
AWARD NUMBER:     W81XWH-15-1-0607 

TITLE:   The Effect of the Elimination of Micromotion and Tissue Strain on Intracortical 
Device Performance 

PRINCIPAL INVESTIGATOR:   Joseph J. Pancrazio 

CONTRACTING ORGANIZATION:  The University of Texas at Dallas 

REPORT DATE: Dec 2019 

TYPE OF REPORT:   Final 

PREPARED FOR:   U.S. Army Medical Research and Materiel Command 
  Fort Detrick, Maryland  21702-5012 

DISTRIBUTION STATEMENT: Approved for Public Release; 
 Distribution Unlimited 

The views, opinions and/or findings contained in this report are those of the author(s) and 
should not be construed as an official Department of the Army position, policy or decision 
unless so designated by other documentation.



REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE 
Dec 2019

2. REPORT TYPE
Final

3. DATES COVERED
30 Sep 2015 – 29 Sep 2019

4. TITLE AND SUBTITLE

 

5a. CONTRACT NUMBER  

The Effect of the Elimination of Micromotion and Tissue Strain 
on Intracortical Device Performance
 

5b. GRANT NUMBER 
W81XWH-15-1-0607
5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S)
Joseph J. Pancrazio
 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

E-Mail: joseph.pancrazio@utdallas.edu
 

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

 

8. PERFORMING ORGANIZATION REPORT
NUMBER

The University of Texas at Dallas 
800 W. Campbell Road 
Richardson, Texas 75080

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Materiel Command 
 Fort Detrick, Maryland 21702-5012 11. SPONSOR/MONITOR’S REPORT

NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited 

13. SUPPLEMENTARY NOTES

14. ABSTRACT
Intracortical probes can be used to record brain signals to control paralyzed or robotic prosthetic limbs. Unfortunately, this
technology is not reliable, likely for the reason that these devices are made of extremely stiff materials – 1 million times stiffer
than the surrounding brain tissue. This difference in stiffness is believed to create inflammation which degrades the brain
tissue and leads to device failure. While it has been previously proposed that flexible intracortical probes would exhibit an
improved tissue response and enhanced device performance, there have been no definitive studies that definitively test this
hypothesis. We are developing intracortical probes using shape memory polymers (SMPs): materials which have the capacity
to transition from stiff to soft upon implantation. We will tune the degree of stiffness such that we can definitively address a
fundamental question which limits progress in the field: Does probe softening improve the surrounding tissue response and
recording performance of the device? The short term impact will be on the scientific community through publications and
presentations. Over the long term, the core technology has exceptional promise for translation into the clinic. SMP-based
probes are compatible with reliable manufacturing practices.

15. SUBJECT TERMS
Intracortical probe, neuroprosthesis, polymers, neural recording

16. SECURITY CLASSIFICATION OF: 17. LIMITATION
OF ABSTRACT

18. NUMBER
OF PAGES

19a. NAME OF RESPONSIBLE PERSON
USAMRMC 

a. REPORT

Unclassified

b. ABSTRACT

Unclassified

c. THIS PAGE

Unclassified
 Unclassified 

30 19b. TELEPHONE NUMBER (include area 
code)

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18



3 
 

 
 
 

Table of Contents 
 

 
 

 
1.  Introduction ………………………………………………………….  4 
   
2.  Keywords …………………………………………………………….  4 
 
3.  Accomplishments ………..………………………………………… 4-24 
 
4.  Impact …………………………...……………………………………. 24-25 
 
5.  Changes/Problems ...….……………………………………………. 25 

   
 6.  Products …………………………………….……….….……………. 25-27 
 

7.  Participants & Other Collaborating Organizations …………… 27-28 
  
8.  Special Reporting Requirements ………………………………… 30 
 

 



4 
 

INTRODUCTION 
 

The goal of this research has focused on understanding how a key material property, 
stiffness, influences the robustness of implantable neuroprosthetic technologies. By 
bypassing damaged regions of the nervous system, brain machine interfaces (BMIs) offer 
the promise of reducing the burden of injury, a burden disproportionately borne by veterans, 
and enabling these injured individuals to live more full and interactive lives. Unfortunately, 
these devices, which take the form of implantable microelectrode arrays or intracortical 
probes, do not demonstrate long-term robustness. A major aspect of this issue has been 
hypothesized to be due to the differential stiffness between the implantable device and 
surrounding brain tissue. We are leveraging state-of-the-art shape memory polymer (SMP) 
material science where the degree of material softening can be precisely controlled in order 
to systematically address the importance of implantable device softening in the brain for 
robust intracortical probe performance. In addition, the fabrication approaches used to 
create these test structures takes advantage of industrial level manufacturing processes 
such that promising technology arising from this proposal has the capacity for translation by 
leveraging standard semiconductor processing techniques. 

 
KEYWORDS 

 
cyclic voltammetry, cytotoxicity, dynamic mechanical analysis, electrochemical impedance 
spectroscopy, immunohistochemistry, micromotion, modulus, shape memory polymer, 
sterilization, insulation 

 
ACOMPLISHMENTS 

 
The table below lists the specific aims as proposed and the status of the subtasks as 
identified in the SOW. This report covers the performance relative to Lead Investigators Dr. 
Pancrazio and Dr. Voit of the University of Texas at Dallas (Site 1) (for review of progress 
from Site 2, please refer to the companion report from Dr. Capadona from Cleveland VA 
which is Site 2 below).  
 

Specific Aim (as specified in proposal) Timeline Site 1 Site 2 Status 
Specific Aim 1: Quantitatively compare the 
tissue response evoked by short term and 
chronic implantation of non-softening, 
moderately softening, and softening shape 
memory polymer (SMP)-based intracortical 
probes. 

Months Lead 
Investigator(s) 

Lead 
Investigator % complete 

Subtask 1: Fabricate non-functional SMP probes 
and verify physical and thermo-mechanical 
properties 

1-6 Dr. Voit  100% 

Subtask 2: Implant all variants of non-functional 
SMP probes into motor cortex of rats 6-18  Dr. Capadona 100% 

Subtask 3: Harvest tissue from non-functional SMP 
probes implanted rat motor cortex 12-24  Dr. Capadona 100% 

Subtask 4: Comprehensive immunohistochemical 
analysis of tissue response for acute and chronic 
SMP-based intracortical probes 

18-30  Dr. Capadona 100% 

Subtask 5: Dissemination of data through 
publication and presentation 24-36 Drs. Pancrazio 

& Voit Dr. Capadona 100% 
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Milestone Achieved: Identification of distinctive 
tissue profiles due to differential modulus of non-
functional SMP probes 

 Drs. Pancrazio 
& Voit Dr. Capadona 100% 

Milestone Achieved: Local IRB/IACUC approval 3  Dr. Capadona 100% 
Milestone Achieved: HRPO/ACURO approval  6  Dr. Capadona 100% 
Specific Aim 2: Quantitatively compare the long 
term recording capability of softening and non-
softening SMP-based intracortical probes 

    

Subtask 1:  Fabricate functional SMP probes and 
verify physical and thermo-mechanical properties 1-9 Drs. Voit & 

Pancrazio  100% 

Subtask 2: Implant all variants of functional SMP 
probes into motor cortex of rats 6-30 Dr. Pancrazio  100% 

Subtask 3: Perform bi-weekly recordings of single 
unit activity and electrochemical impedance 
spectroscopy using functional SMP probes 

6-33 Dr. Pancrazio  100% 

Subtask 4: Equivalent circuit modeling from EIS 27-36 Dr. Pancrazio  100% 
Subtask 5: Comprehensive immunohistochemical 
analysis of tissue response for chronic SMP-based 
intracortical probes at identical time to non-
functional, and at failure. 

24-36 Dr. Pancrazio Dr. Capadona 100% 

Subtask 6: Dissemination of data through 
publication and presentation 24-36 Drs. Pancrazio 

& Voit Dr. Capadona 100% 

Milestone Achieved:  Determination of differential 
device performance as a function of the modulus of 
SMP probes 

30 Drs. Pancrazio 
& Voit Dr. Capadona 100% 

Milestone Achieved: Local IRB/IACUC approval 3 Dr. Pancrazio  100% 
Milestone Achieved: HRPO/ACURO approval 6 Dr. Pancrazio  100% 

 
Milestones: With the no-cost extension, we have completed all tasks and milestones 
associated with this project. We have performed comprehensive immunohistochemical 
analyses of non-functional probes as well as functional probes, demonstrated the ability to 
reliably fabricate multi-laminar devices comprised of shape memory polymer, insulating 
layers of Parylene-C, and gold electrical contacts. We moved beyond proof-of-concept to 
demonstrate the successful implantation and recording from a softening microelectrode 
array that does not require an insertion aid.  
 
Specific Aim 1, Sub task 1: Figure 1 illustrates the overall concept associated with the 
creation of fully encapsulated SMP intracortical devices consisting of materials of differential 
stiffness as demonstrated by dynamic mechanical analysis (DMA). We performed 
accelerated aging tests on all SMP formulations including the fully-softening formulation 
(SMP 7.1). Polymer samples were immersed for up to 8 weeks in 77 °C phosphate buffered 
saline (PBS) and for up to 4 weeks in 37°C in 1 molar sodium hydroxide solution. It was 
found that the SMP 7.1 starts to degrade after 4 weeks in 77 °C PBS, which can be projected 
to 13 months of aging at 37 °C. Similar results were observed with other SMP formulations. 
For our benchmark of 1 year in vivo for rat experiments, our results are satisfactory, although 
a clinical device will require a new SMP formulation that does not utilize ester chemistry 
which our data suggest will be far less susceptible to degradation. While beyond the scope 
of the present project, we have recently identified an entirely new SMP formulation that 
exhibits extreme softening but does not rely on ester chemistry. This SMP formulation 
(denoted as SMP-A in the figures below) performs very well in accelerated aging tests and 
appears to be highly promising. 
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Our hypothesis relative to the new formulation is based on the idea that the degradation 
can be attributed to hydrolysis of ester groups, which are part of the polymeric 
backbone of SMP 7.1. Thus, we have designed a new, ester-free formulation of SMP 
(SMP-A in Figures 2 and 3) which can soften to an even greater extent than SMP 7.1 
to nearly ~10-20 MPa. It was verified with accelerated aging studies that the new SMP 
is comparatively more resistant to degradation and assuming a typical Q10 for 
degradation processes for polymeric materials, we anticipate that the new material will 
be stable for at least 8 years under in vivo conditions. 
 

 
Figure 2: DMA measurements two fully softening SMP formulations. SMP-A which is ester-free (A) and SMP 7.1, 
which is ester containing (B). 

 
 
 

 

 
Figure 1: Dynamic Mechanical Analysis (DMA) measurements of the SMP versions for the non-softening, semi-
softening and fully-softening SMP formulations for fabrication of neural probes. Measurements show the softening 
kinetics of SMP specimen of 30 µm thickness while immersed in 37 °C PBS.  
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Figure 3: A measure of material stability, mass loss of SMP-A (ester free) and SMP-7.1 (ester containing) 
polymers, both of which are fully-softening polymer under aqueous conditions. Mass change under accelerated 
aging conditions at 77 °C in PBS (A), mass change with a 1 M sodium hydroxide solution also at 77 °C (B). 

 
Specific Aim 1, Sub tasks 2-4: After successful fabrication shanks comprised of all 
formulations of SMP non-functional shanks, the Capadona Laboratory implanted all variants 
of non-functional SMP probes into motor cortex of rats. Tissue was harvested at the 
scheduled endpoints and comprehensive immunohistochemistry was performed. Two 
findings related to the problem of implantation of novel flexible cortical probes emerged: 1) 
To address difficulties in buckling associated with some of the SMP shanks that were too 
thin and long to tolerate insertion, the Capadona team developed a novel bio-inspired 
implantation method based on the mosquito proboscis (Figure 4).  With the biomimetic guide 
in place, the rate of successful microprobe insertion increased from 37.5% to 100% due to 
the rise in the critical buckling force of the microprobes by 3.8-fold. The results were 

important for the field, and have been published in Scientific Reports.  2) We discovered the 
potential for thermal damage during the craniotomy to implant the microelectrodes.  In our 
efforts to standardize implantation protocols, to ensure the most rigorous evaluation of our 
developed implants, we characterized the effects of craniotomy on the damage to the blood-
brain barrier.  These results were published in Journal of Neural Engineering.  
 
 

 

Figure 4: Mosquito-inspired guide to 
reduce buckling of flexible 
microelectrodes during insertion into 
brain tissue. Mosquitos use 
their labium (labeled above) to brace 
the fascicle during insertion through 
the tough skin. Mechanically, this 
changes the end-condition of the 
fascicle from a free- to a fixed-end 
condition and reduces the effective 
length. Similarly, our manufactured 
guide may be placed on the skull 
above the site of device implantation. 
A narrow slit, slightly wider than the 
microelectrode provides lateral 
support. The additional bracing 
prevents buckling. 
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With respect to the implantation results, two papers document our findings.  The first, 
“Characterization of the Neuroinflammatory Response to Thiol-ene/Acrylate Shape Memory 
Polymer Coated Intracortical Microelectrodes” assessed the functionality of the materials we 
are testing within the added factor of mechanical changes.  Surface properties contribute 
significantly to biocompatibility.  Thus, we examined the SMP materials for intracortical 
neural electrodes by comparing standard state of the art devices with and without the SMP 
materials coated on the device. Figure 5 shows the experimental comparisons between 
silicon and SMP-coated silicon shanks. Astrocytes, a glial cell, play a number of important 
roles in the brain, including contributing to the blood-brain barrier by  reacting to injury and 
foreign implanted materials in the brain by changing morphology, migrating toward the 
implant, and expressing or upregulating the expression of a host of proteins, including glial 
fibrillary acidic protein (GFAP). While there were no significant differences between silicon 
and SMP dip-coated devices at 2 weeks (Figure 6), there was a small, yet significant 
reduction in astrocytic response for dip-coated implants at 16 weeks compared to the bare 
silicon control. Specifically, the statistically significant differences were in the concentric 
ranges 50–100 µm and 100–150 µm from the hole remaining after device extraction (Figure 
7). With respect to other markers for neurons (NeuN), blood-brain barrier permeability (IgG), 
and activated microglia (CD68), no other statistical differences between the tissue 
responses from silicon and SMP-coated probes were determined. 

 
Figure 5: Probe design schematic. Cross-sectional dimensions of the silicon (top) and dip-coated (bottom) devices 
and view of the profile from the side (right). Here, 30 µm thick silicon wafers were used to fabricate the bare silicon 
probes whereas a 14 µm thick silicon wafer (after etching) was used to produce the dip-coating substrate so that 
the overall device thickness resulted as ~30 µm for both device types. 
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Figure 6: Representative images of 
horizontal (transverse) slices showing 
implantation site of silicon (Si) and SMP-
coated silicon shanks. Activated 
astrocytes shown in red intensity by 
immunohistochemical labeling for GFAP. 
Scale bar is 200 µm. To account for the 
known variation of the histological 
response along the depth of the implant, 
slices were collected and compared at an 
array of locations spanning randomized 
depths of 500–1500 microns. Stained 
slides were imaged using a 10× objective 
on an AxioObserver Z1 and AxioCam 
MRm (Zeiss Inc.). The void in the tissue left 
by the explanted microelectrode was 
manually defined by tracing each image 
on-screen. The area defined by this tracing 
was collected and used to tabulate the 
explanted hole size. Fluorescent intensity 
was then tabulated in expanding 
concentric contours around the 
microelectrode-tissue interface edge. 

 

 
Figure 7: Astrocytic response to silicon vs. SMP dip-coated implants. (A) Astrocytic scarring at 2 weeks and (B) 
16 weeks. There were significant differences between the silicon and dip-coated glial fibrillary acidic protein 
(GFAP) response at 16 weeks, specifically at bucketed distances 50–100 µm and 100–150 µm from the hole. 
There were no differences between the groups at 2 weeks or any other regions from the hole at 16 weeks post-
implantation.  

 
 
We also examined whether the dual targeting of the innate immune response by inhibiting 
innate immunity pathways associated with CD14, and the mechanical mismatch could 
improve the neuroinflammatory response to intracortical microelectrodes. A thiol-ene probe 
that softens on contact with the physiological environment was used to reduce mechanical 
mismatch. The thiol-ene probe was both softer and larger in size than the silicon control 
probe. Cd14-/- mice were used to completely inhibit contribution of CD14 to the 
neuroinflammatory response. Contrary to the initial hypothesis, dual targeting worsened the 
neuroinflammatory response to intracortical probes.  Therefore, probe material and CD14 
deficiency were independently assessed for their effect on inflammation and neuronal 



10 
 

density by implanting each microelectrode type in both wildtype control and Cd14-/- mice. 
IHC results show that 2 weeks after implantation, targeting CD14 results in higher neuronal 
density and decreased glial scar around the probe, whereas the thiol-ene probe results in 
more microglia/macrophage activation and greater blood-brain barrier disruption around the 
probe. Chronic IHC demonstrate no differences in the inflammatory response at 16 weeks. 
Over acute time points, results also suggest immunomodulatory approaches such as 
targeting CD14 can be utilized to decrease inflammation to intracortical microelectrodes. 
The results obtained in the current study highlight the importance of not only probe material, 
but probe size, in regards to neuroinflammation. 
 
The final study conducted by the Capadona Lab, which concluded during the No Cost 
extension period, was to perform a highly controlled study on multiple microelectrodes 
fabricated of matched material properties, but with different stiffness.  Within the bounds 
tested here ranging across three orders of magnitude of Young’s modulus (“stiff”, moderately 
softening or “medium”, and “soft”), taken together, there were no significant differences in 
the neuroinflammatory response. Thiol-ene shape memory polymers are being used as a 
microelectrode substrate. Their mechanical stiffness can be modulated by changing the ratio 
of monomer concentrations and their cross-linking density. When heated above their glass 
transition temperature, Tg, they dramatically soften. Taking advantage of this property allows 
us to implant the devices while stiff, allowing them to soften only later in response to warming 
up to body temperature. We measured several neuroinflammatory markers. For example, 
we investigated the neuron density adjacent the implants (Figure 8), the accumulation of 
activated (CD68+) microglia and macrophages (Figure 9), the permeability of the local 
blood-brain barrier (Figure 10), and the progression of a GFAP+ glial scar (Figure 11) after 
devices were implanted in the rat cortex for 2- or 16-weeks. 
 

  
Figure 8: Neuronal density (NeuN staining) at (left) 2 weeks and (right) 16 weeks after microelectrode implantation.  
There were no significant differences between the three material stiffness implants, at the two time points tested. 
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Figure 9: Microglia response to variable stiffness SMP implants.  Activated macrophages and microglia (CD68) at 
(left) 2 weeks, and (right) 16 weeks. There were no differences between each probe type for either time point tested. 

 

  
Figure 10: BBB response variable stiffness SMP implants.  Blood-brain barrier (BBB) permeability marked by IgG 
staining at (left) 2 weeks and (right) 16 weeks after microelectrode implantation.  There were no differences between 
each probe type for either time point tested. 

 

  
Figure 11: Astrocytic response to variable stiffness SMP implants.  (left) Astrocytic scarring at 2 weeks, and (right) 
16 weeks.  There were no significant differences between the different stiffness probes with regards to GFAP 
response to the implants at either time point. The response to the medium stiffness probe at 2 weeks appeared to 
be higher compared to the other probe groups, although not significantly so. We do not have a specific explanation 
as to why the medium stiffness group performed differently than the soft and stiff probes. It is likely to be an 
aberration, given the generalized trends observed across the other stains. 

 
In our study, we observed no differences in the markers tested at either of the time points. 
The thiol-ene devices appeared to be well-tolerated, but within the stiffness range tested, 
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there were no significant differences. The findings have implications for the field engaged in 
designing and evaluating flexible substrates for use as intracortical microelectrodes.  In 
addition to softness/flexibility, we need to pay attention to size, geometry, surface chemistry, 
swelling behavior, and sterilization efficacy. These factors together likely determine the level 
of neuroinflammation elicited after implantation in the cortex. 
 
Specific Aim 1, Subtask 5 Progress: As evidenced by the extensive list of peer-reviewed 
publications and presentations that comprise our product list, the Capadona laboratory, 
often in collaboration with the Pancrazio and Voit groups, has been extremely productive. 
This productivity positions the team well for pursuit of transitional research support and the 
continued development and demonstration of novel flexible intracortical probes. 
 
Specific Aim 2, Subtask 1 Progress: Over the course of this project, we tackled a series of 
problems that ultimately were key for creating a functional device and we have disseminated 
our findings. Specifically, we have characterized the material dielectric properties, surface 
roughness, electrical continuity (through our innovative ZIF connector solution), internal 
layer adhesion optimization, optimization of UV curing, and particulate contamination. As a 
result, we have been able to create functional devices using industry standard 
photolithography that are robust and reliable. Our initial designs used an imbalanced 
layering strategy where one side of the probe consisted of a thicker layer of SMP than the 
other which supported the gold traces. The reason for this was that we wanted to only etch 
through a minimum layer of SMP to expose microelectrode sites since we were concerned 
that the etching process would not be uniform through depth of the material. The result with 
the imbalanced architecture was that devices would develop asymmetric intrinsic stress 
profiles and there was a greater propensity for device tips to bend after sterilization. Our last 
set of devices make use of a balanced layer architecture where the etching process has 
been refined and the tip bending is no longer a major issue. 
 

 
Specific Aim 2, Subtasks 2 and 3 Progress:  
 
Device Fabrication: For our functional recordings, we focused on two formulations of SMP 
as well as measurements from standard Neuronexus intracortical probes with similar 
dimensions and features.  Utilizing both softening (SMP 7.1) and moderately softening (SMP 
6) materials, we successfully fabricated devices and performed implantations into rat motor 
cortex for at least 13 weeks. All of our devices were fully encapsulated with SMP with a thin 
layer of Parylene-C around the gold traces for proper electrical insulation. Shanks were 5 
mm long, 290 µm wide at the base, and 35 ± 5 µm thick with an asymmetric geometry that 
tapered toward the tip as seen in Figure 12. Electrode sites were 180 µm2 and coated with 
sputtered iridium oxide film (SIROF).  
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Figure 12: (a) full device with Omnetics connector, (b) side view to show straight shank, (c) intracortical probe shank 
with 15 electrode sites coated with SIROF.  
 
Weekly recordings of single-unit activity: Electrophysiological recordings were carried out on 
lightly anesthetized animals (0.5–1.5% isoflurane) immediately following surgical 
implantation and once per week for 13 weeks afterward. Spontaneous wideband recordings 
(0.1–7000 Hz) were collected using 15-channel Michigan style SMP arrays (IC-5-16E, 
Qualia, Inc.) and an Omniplex acquisition system (Plexon, Inc., Dallas, TX, USA) from all 15 
recording sites simultaneously at 40,000 Hz for 10 min. Wideband data were processed 
using a four-pole Butterworth high pass filter with a cutoff frequency of 250 Hz. Individual 
waveforms (spikes) were identified by filtered continuous data crossing a threshold of −4σ, 
based on the root mean square (RMS) of the filtered continuous signal. Single units were 
manually identified from collections of spikes using 2D principal component space, but were 
excluded from further analysis if they did not contain at least 100 individual spikes, or if >3% 
of spikes violated a 1.5-ms minimum refractory period. The signal to noise ratio (SNR) was 
calculated by dividing the mean peak-to-peak voltage of each unit (Vpp) by the RMS noise 
of its associated channel. The RMS noise was calculated as the RMS of the filtered 
continuous signal after removing all samples exceeding the 4σ threshold. 
 
Recordings from SMP6 (moderately softening devices): Examples of recordings and 
analyses that were performed are shown in Figure 13. Well-resolved single units could 
be observed from each of the microelectrode sites along the length of the implanted 
intracortical probe. Findings are summarized in plots in Figure 14 which suggests stability 
of the moderately softening devices during the 13-week study in terms of recording 
capability. Linear regression revealed no statistical changes in peak-to-peak voltage 
(Vpp), % active electrodes, or signal to noise ratio (SNR) over time, indicating relative 
stability of the implantable devices. Our findings for this class of device were documented 
in a special issue of the journal Micromachines in a publication entitled “Chronic 
intracortical recording and electrochemical stability of thio-lene / acrylate shape memory 
polymer electrode arrays”. 
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Figure 13: Neural data acquisition and waveform analysis. (a) Implantation schematic denoting the implantation 
site (red ‘x’) and stabilizing screws, (b) filtered continuous data from three representative electrodes on a single 
array, (c) representation of single-unit sorting principals (left) and representative multi-unit activity from a single 
recording electrode (right), (d) single units recorded on a single array during a single recording session, ordered 
from array tip (electrode E2) to base (electrode E15).  
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Figure 14: (a) Peak to peak voltage, (b) percent active electrodes, (c) signal to noise ratio, and (d) # units over 13 
weeks. Linear regression revealed no statistical changes in peak-to-peak voltage (Vpp), % active electrodes, or 
signal to noise ratio (SNR) over time.  

 
Recordings from SMP 7.1 (softening devices): SMP 7.1 exhibits an elastic modulus of ~2 
GPa in dry, room temperature conditions but softens to ~20 MPa after implantation in the 
brain. SMP 7.1 devices were fabricating by spinning a 29 µm layer of SMP on a silicon wafer 
and curing for 3 min under 254 nm UV light followed by 1 hour under 365 nm UV light and 
24 hrs in a vacuum oven. Next, 1 µm of Parylene C was deposited over the SMP, followed 
by 500 nm of gold. The gold was etched to create the appropriate metallization pattern. 
Another 1 µm layer of Parylene C was deposited, and then etched to form coaxial 
encapsulation of the gold. The wafer then received a top SMP layer of 6 µm. Electrode and 
bond pad sites were then etched to expose the gold. The electrode sites received a layer of 
SIROF to decrease the impedance of the sites. After etching, the devices were mounted to 
custom PCBs and attached to Omnetics connectors. We also fabricated size and shape-
matched silicon shanks for histological comparisons. The devices were size matched with 3 
mm long shanks, 290 µm base width and 36 µm thickness. Figure 15 shows optical images 
of a fully packaged SMP 7.1 device and the non-functional silicon structure.  
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Figure 15: Optical images of probes. (A) A fully packaged SMP 7.1 device. The inset (B) is a close-up of the 
metallization leading to the microelectrode sites which appear black due to the SIROF coating). (C) A non-
functional silicon shank mounted in a ZIF connector. 

 
We implanted n=8 Long Evans rats with functional SMP 7.1 devices and non-function silicon 
shanks in either motor cortex. SMP devices featured 16 electrode contacts. Animals were 
anesthetized and mounted in a stereotaxic frame for surgery. An incision was made down 
the midline of the scalp to reveal the skull. Three stainless steel screws were drilled into the 
skull to serve as ground and reference points and provide mechanical stability for the skull 
cap. A craniotomy (approximately 1.5-2 mm2) were performed over each motor cortex and 
the dura was resected. Devices were implanted using a hydraulic micropositioner (Kopf 
Instruments, Tujunga, CA, USA) at a speed of 2 mm/s to a depth of 2 mm. Following 
implantation of the SMP devices, ground and reference wires were wrapped around the 
screws. Dehydrated collagen was used to cover the brain tissue surrounding the devices to 
reseal the dura and then covered in a biocompatible cyanoacrylate. Finally, dental cement 
was used to create a skull cap that firmly mounted the devices to the skull and covered all 
exposed wires. Starting immediately after implantation, we took weekly 10 min 
electrophysiological recordings using an Omniplex system (Plexon, Inc., Dallas, TX) at 40 
kHz for 16 weeks. Wideband data were process with a 4 pole Butterworth filter (250 Hz cutoff 
frequency) and then a -4σ threshold was used to identify potential spikes which were 
manually identified with 2D principal component analysis. The signal-to-noise ratio was 
calculated by dividing amplitude of each unit by the RMS of the channel noise. 
 
We tracked single-unit amplitude, signal-to-noise ratio (SNR), RMS noise, and active 
electrode yield of 16 channel SMP 7.1 devices in rat motor cortex over 16 weeks. 
Representative single unit activity is shown in Figure 16.  
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Figure 16: (A) Representative units from three channels on a single device. (B) A single representative unit from 
one electrode. 

 
Figure 17 summarizes the results from the chronic study from fully softening probes. While 
amplitude, SNR, and RMS noise remained stable over that time, we saw a decrease in active 
electrode yield over time from 20% yield at week 0 vs 10% yield at Week 16.  
 

 
Figure 17: Neural data results. We tracked (A) single-unit amplitude, (B) RMS noise, (C) active electrode yield, 
and (D) signal-to-noise ratio over 16 weeks. All data are represented as mean ± standard error of the mean. 
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Recordings from Neuronexus Control Devices: For comparison purposes, we performed 
comparative intracellular recordings with Neuronexus commercially available devices. 
Similar to the SMP devices, NeuroNexus probes (A1x16-3mm-100-177, NeuroNexus 
Technologies Inc.) were implanted into the left motor cortex of female Sprague Dawley rats 
(n=3). The single shank 16-channel probes were 3 mm in length, with a 123 x 15 µm cross-
section at the shank base with a tapered edge, and electrode surface area of 177 µm2. 
Neuronal recordings were performed weekly over the course of 8 weeks. As summarized in 
Figure 18, approximately 50% of electrodes were able to record single unit activity (SUA) 
immediately after implantation. During the subsequent 6 weeks, this percent active electrode 
yield decreased to between 18-35%, before increasing back to near Week 0 levels. Single 
unit amplitude and signal-to-noise ratio (SNR) both decreased during the 8-week indwelling 
period. 
 
 

Figure 18: Chronic recording stability of silicon probes. (A) Percent active electrode yield over 8 weeks, defined 
as the percentage of electrodes that were able to record single unit activity. (B) Peak-to-peak voltage of sorted 
waveforms. (C) Signal-to-noise ratio of sorted waveforms. Data were averaged across all electrodes (n=48) and 
rats (n=3). Error bars are standard error of the mean. 

 
Specific Aim 2, Subtask 4: Utilizing in vivo electrochemical impedance spectroscopy, we 
characterized the impedance across the microelectrode sites for each implanted array. 
Based on the impedance profile, we utilized a well-established equivalent circuit model for 
the sputtered iridium oxide microelectrode contacts and followed the derived values across 
time.  
 
Weekly electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) 
measurements: EIS and CV measurements were carried out on all electrodes each week 
immediately following in vivo electrophysiological recordings. The Plexon headstage was 
removed and replaced with a pre-wired 18 pin dual strip Nano-D female connector (NSD-
18-WD-18.0-C-GS, Omnetics Connector Corporation, Minneapolis, MN, USA) attached 
to multiplexor inputs of a model 604E Series Electrochemical Analyzer/Workstation (CH 
Instruments Inc., Austin, TX, USA). EIS was performed using a 10 mV RMS sinusoidal 
signal (Vrms), starting at a frequency of 100 kHz and decreasing to 1 Hz, recording 
current 12 times per decade of frequency. The impedance magnitude at each frequency 
was calculated by the CH instruments software.  
 
Electrochemical impedance results from SMP6 probes: Figure 19a shows representative 
traces for mean EIS for a single device prior to implantation (in vitro), immediately following 
implantation, and at 5, 9, and 13 weeks following implantation. To evaluate the stability over 
a frequency relevant to extracellular spikes, the mean 1 kHz impedance across all devices 
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is plotted in Figure 19b over the 13-week time period. All electrodes exhibited a significant 
increase in impedance magnitude one week post-implantation (1.23 ± 0.07 MΩ) versus in 
vitro measurements (0.62 ± 0.09 MΩ), similar to observations made in previously. 
Impedance magnitudes remained largely consistent at this value across the first 7 weeks of 
the study, and then decreased slightly during the remaining 6 weeks. This decrease did not 
show any correlation with the mean active electrode yield however, suggesting that although 
there may have been degradation of the insulating material, this degradation did not hinder 
the devices’ ability to resolve and record single unit activity. 
 

 
The in vivo EIS experimental data were additionally analyzed in terms of equivalent electrical 
circuit modeling using ZSimpWin V3.60 software (Princeton Applied Research, Oak Ridge, 
TN). Equivalent circuit modeling can be useful in understanding the physiochemical 
properties of the device, as well as in monitoring the condition of the device in vivo. Several 
equivalent circuit models based on previously proposed circuits of iridium oxide films1,2, 3 
were tested on individual electrode sites on SMP6 based intracortical probes over the course 
of the study in order to establish a representative model that fit the majority of the data. The 
quality of the fitted models was estimated using both the chi-square test (χ2 values between 
10-3 and 10-4) and by minimizing the relative standard error between the experimental and 
calculated values for each individual circuit element.  
 
Figure 20 shows the circuit model, along with a representative impedance and phase 
spectra for one SMP6 probe averaged across weeks 1, 5, 9, and 13 time points.   
 

 
1Doyle RL, Lyons MEG (2013) An electrochemical impedance study of the oxygen evolution reaction at hydrous iron 
oxide in base. Phys. Chem. Chem. Phys. 15(14) 5224. 

2Doyle et al. (2013) Redox and electrochemical water splitting catalytic properties of hydrated metal oxide modified 
electrodes. Phys. Chem. Chem. Phys. 15 (33) 13737.  

3Weiland JD, Anderson DJ (2000) Chronic neural stimulation with thin-film, iridium oxide electrodes. IEEE Trans. 
Biomed. Eng. 47(7) 911–918. 

 
Figure 19: Electrochemical impedance spectroscopy for SMP6 (moderately softening) devices. (a) Impedance 
values for a single representative electrode over time. (b) Impedance (mean ± SEM) at 1 kHz for all electrodes over 
13 weeks. After an initial increase in impedance after implantation at Week 0, likely due to the acute immune 
response, impedance gradually returned to its original, pre-implantation value. 
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Figure 20: Equivalent circuit model for SIROF microelectrodes on SMP6 probes. The impedance and phase 
spectra are from a representative electrode and have been averaged across the Week 1, 5, 9, and 13 time points. 
The circuit model is divided into three sections. Circuit elements in green represent electrolyte resistance. Circuit 
elements in blue represent the double layer capacitance and charge transfer at the interface. Circuit elements in 
red represent the inner oxide layer. 

 
Model elements in green represent active electrolyte resistance, while those in blue 
represent the double layer capacitance and charge transfer at the interface. Q is a 
generalized Warburg diffusion element referred to as a constant phase element (CPE) 
that represents the impedance of a capacitive process displaying frequency dispersion, 
i.e. an imperfect capacitor. Depending on its phase, the impedance of the CPE can 
reflect that of an ideal capacitor, a pure resistor, or somewhere in between. Circuit 
elements in red represent the interaction at the inner oxide layer. Overall, the model 
remained relatively stable over the duration of the in vivo study, which was expected 
given the stability of the impedance data. The stability of this model indicates that there 
were little to no unexpected interactions at the electrode-electrolyte interface indicating 
stability of the electrochemical interface. 
 
Electrochemical impedance results from SMP 7.1 probes: Similar results emerged from data 
collected from the softening (SMP 7.1) probes as observed with the moderately softening 
devices, which is consistent with the stability of the SIROF microelectrode sites. The overall 
microelectrode electrode impedance measured at 1 kHz remained stable at ~600 kΩ 
through the duration of the in vivo recordings. 
 
Electrochemical impedance results from Control Neuronexus probes: Electrochemical 
impedance spectroscopy (EIS) was performed to for comparison purposes using control 
single shank 16 microelectrode site laminar probes commercially provided by Neuronexus. 
As summarized in Figure 21, all microelectrode sites exhibited an increase in mean 
impedance at 1 kHz from in vitro (1.24 ± 0.0453 MΩ) to 1 week post-implantation (1.90 ± 
0.674 MΩ) which is consistent with prior observations comparing in vitro and in vivo 
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impedances1,2. We anticipated higher impedances since these microelectrode sites consist 
of gold rather than SIROF. Impedance values decreased substantially over the 8-week 
period, falling below in vitro magnitudes, indicating possible encapsulation delamination or 
an increase in the conductive surface area of the probes. Overall, our results are consistent 
with previous literature investigating the chronic longevity of NeuroNexus probes3,4, and are 
similar to the changes we observed with the SMP functional devices in vivo. 
 
 

Figure 21: Electrochemical impedance spectroscopy (EIS) of silicon probes. (A) Mean impedance magnitude at 
1 kHz measured over 8 weeks. The initial time point represents the impedance measured before implantation in 
vitro. (B) Representative traces of EIS spectrum at different time points. Traces were chose from the same 
electrode from the same animal. Mean impedance magnitude was averaged across all electrodes (n=48) and rats 
(n=3). Error bars are standard error of the mean. 

 
Specific Aim 2, Subtask 5: To evaluate the induced foreign body response related to chronic 
implantation of functional SMP devices, we performed histology targeting neuronal cell 
bodies (NeuN), astrocytes (GFAP), and activated microglia/macrophages (CD68). 
Astrogliosis (GFAP intensity) and neuronal density were quantified as described previously4. 
Briefly, images were imported into Fiji, and open source imaging software package based 
on ImageJ. Using a custom macro, GFAP intensities and NeuN+ nuclei per area were 
calculated within at least 8 concentric bands of 50 µm thickness generated from a user-
defined implant site. All reported values were normalized to measurements from the band 
located 350-400 µm from the device edge. 
 
Immunohistochemical characterization of tissue after chronic implantation of moderately 
softening (SMP6) probes. Figure 22a shows representative fluorescence images for each 
marker with respect to increasing depth along the shank of the device. The most severe and 
apparent immune response was observed at the base of the shank, represented by 
“superficial” slices, within the first 50 µm of the device perimeter. However, this effect tapered 
off along the length of the probe, represented by “middle” and “deep” slices. Additionally, 
consistent with previous studies reporting histological outcomes, we observed slight 
astrogliosis in areas with neuronal dieback, again with the most severe response near the 

 
4 Stiller, A.; Black, B.; Kung, C.; Ashok, A.; Cogan, S.; Varner, V.; Pancrazio, J. A Meta-Analysis of Intracortical 
Device Stiffness and Its Correlation with Histological Outcomes. Micromachines 2018, 9, 443, 
doi:10.3390/mi9090443. 
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base of the shank but tapered off toward the tip. This is in contrast to previous reports of 
significant neuroinflammatory response within 100 µm of the device when using silicon-
based arrays. Additionally, there were few or no apparent activated microglia around the 
device at “middle” and “deep” slices (Figure 22b). It is important to note that the 
microelectrode sites on this device are located near the end of the device shank, and 
therefore best represented by the “middle” and “deep” slices. These results suggest that the 
neuroinflammatory response was modest proximal to the microelectrode site locations. 
 

Figure 22: Immunohistochemistry for SMP6 moderately softening implant after 13 weeks in vivo. (a) Columns 
represent tissue collected at superficial, middle, and deep slices in relation to the surface of the motor cortex. Rows 
represent neuronal nuclei (NeuN) (gray, top), activated microglia/macrophages (CD68) (green), astrocytes (GFAP) 
(red), and Composite (bottom) images. Scale bar represents 200 µm in the transverse plane across all images. 
Yellow ellipses indicate probe location. (b) Quantification of NeuN and GFAP for n = 2 animals at varying slice depths 
(one slice per region) with respect to the shank location in the brain. 

 
Immunohistochemical characterization of tissue after chronic implantation of fully softening 
(SMP7.1) probes: After 16 weeks, the animals were sacrificed with sodium pentobarbital 
and perfused with 4% paraformaldehyde. The probes were removed from the brains which 
were then sliced in a direction cross-sectional to the trajectory of the probe using a Leica 
CM 3050 Microtome Cryostat (Leica Biosystems, Buffalo Grove, IL, USA). After obtaining  
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50 µm slices, the tissue was placed on 
slides for staining. Brain slices were 
incubated with primary antibodies 
targeting NeuN, a marker for neuronal 
nuclei, glial fibrillary acidic protein 
(GFAP), a marker for astrocytes, CD68, 
a marker for activated macrophage and 
microglia, and DAPI. After staining, Z-
stack images were taken using an 
inverted confocal microscope  
 (Nikon Ti eclipse + A1R, Tokyo, 
Japan). Images were analyzed using a 
custom ImageJ macro that allowed the 
user to select the perimeter of the hole 
created by the probe. The macro then 
generated concentric 50 µm bands 
around the hole up to 400 µm away. For 
analysis of GRAP and CD68 stains, the 
macro calculated average intensity in 
each band. For analysis of NeuN, the 
area of each band was measured and 
the macro automatically counted the 
number of neurons in each band. From 
these measurements, cell density in 
each band was calculated. For all 
stains, values in the first three bands, 0-
50 µm, 50-100 µm and 100-150 µm, 
were normalized to value in the last 
band, 350-400 µm. The figure below 
compares outcomes for GFAP, NeuN, 
and CD68 at a slice depth 
approximately 1 mm below the surface 
of the brain. Figure 23 shows 
representative immunohistochemical 
images from horizontal brain slices. 
The summarized quantitative results for 
the softening SMP 7.1 probe versus 

silicon are shown in Figure 24.  This analysis did not show a difference in histological results 
between SMP and silicon devices. However, these data were only from a single slice depth 
and restricted to three markers.  We are considering a more comprehensive survey of 
various depths and markers (e.g., oxidative stress, blood-brain-barrier injury, etc.) to create 
a more comprehensive picture of tissue response to the devices. This subsequent analysis 
will compare SMP and silicon outcomes at multiple, distinct slice depths (e.g., near the 
surface of the brain, near the middle of the probe shank, and near the tip of the probe shank). 
 

 
Figure 23: Representative immunohistochemistry at 1 mm 
slice depth for a SMP 7.1 device (left column) and silicon 
shank (right column). Scale bar = 100 µm. 
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Figure 24: Immunohistochemistry results from 3 rats at a slice depth approximately 1 mm deep. In all panels, the 
black bars represent results for SMP 7.1 probes and the grey bars represent results for silicon shanks.  All data are 
presented as mean ± standard error of the mean. 

 
 
Summary of comparative immunohistochemical analyses of tissue after implantation with 
functional softening probes: One of our main hypotheses focused on the ability for softening 
probes fabricated from SMP to mitigate tissue response, where more flexible probes would 
exhibit both reduced tissue response and improved recording performance. The data, at this 
stage of inquiry, do not support that notion as SMP 6 based devices appeared to perform 
somewhat better or at least no worse than the SMP 7.1 based probes. It may be that there 
are additional factors (e.g., changes in constituent chemistry, surface hydrophobicity, etc) 
that have a more dominant influence on the performance of these devices in vivo.   
 
Specific Aim 2, Subtask 6: Over the period of the project, our collective team spanning UT 
Dallas and Case Western Reserve University/Cleveland VA generated 17 peer-reviewed 
publications and 12 conference poster presentations tied to the CDMRP-supported work. 
Many of which were developed with co-authorship between group members spanning 
institutions. 

 
IMPACT 

 
Brain electrodes are typically fabricated from conductive and insulating materials such as 
metals and plastics that are inherently stiff, much stiffer than the surrounding brain tissue. 
The neuroscience community has known that the ability of these devices to record electrical 
activity is lost after 6 months to 1 year after implantation. The mismatch between the stiff 
devices and soft brain tissue is believed to be responsible for inflammatory tissue response 
that plays a major role as a mechanism of failure. Our work aimed to test the idea that if we 
can not only make a probe that softens in the brain, but more importantly, the performance 
of the softening device would improve over devices fabricated from non-softening materials. 
We are capitalizing on a novel material strategy: shape memory polymers (SMP). Our group, 
in collaboration with Dr. Capadona’s team, are the world leaders in fabricating SMP based 
neuroelectronics and performing detailed physiological characterizations. To date, we have 
made significant progress in identifying the problems related to SMP-based devices and 
have developed and demonstrated solutions for each. Our data with the SMP based devices 
demonstrate that it is possible to create functional devices with performance and 
immunohistological profile that is at least no worse than silicon devices. Our collaboration 
with Dr. Capadona and his group has been highly successful as evidenced by the 
large number of inter-group publications. 
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There remains a need in the neuroscience community interested in basic science questions 
for devices capable of long-term chronic recording. It may be that future SMP based devices 
that soften to a much greater extent could address this need. It is evident from our work that 
in addition to the elastic modulus of the material comprising an intracortical probe, there 
must be consideration towards the size (cross-sectional area), geometry, surface chemistry, 
swelling behavior, and sterilization efficacy. These factors together likely determine the level 
of neuroinflammation elicited after implantation in the cortex. Beyond the use of SMPs as 
the penetrating probes themselves, material components of future implantable devices could 
leverage the SMPs to advance bioelectronics especially in the area of cabling or surface 
adherent non-penetrating electrode grids, not unlike paddle arrays used in spinal cord 
stimulation. SMP remains a viable candidate as a potentially useful material for implantable 
devices, as it is a material that can accommodate thin film processing for manufacturing 
reproducible devices. 
 

 
CHANGES/ PROBLEMS 
 
N/A 
 

 
PRODUCTS 
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A B S T R A C T

Background: Brain-implanted devices, including intracortical microelectrodes, are used in neuroscience appli-
cations ranging from research to rehabilitation and beyond. Significant efforts are focused on developing new
device designs and insertion strategies that mitigate initial trauma and subsequent neuroinflammation that
occurs as a result of implantation. A frequently published metric is the neuroinflammatory response quantified as
a function of distance from the interface edge, using fluorescent immunohistochemical markers.
New method: Here, we sought to develop a graphical user interface software in Matlab to provide an objective,
repeatable, and easy-to-use method for analyzing fluorescence immunohistochemistry images of neuroin-
flammation. The user interface allows for efficient batch-processing and review of images, and incorporates
zoom and contrast features to improve the accuracy of identifying the ‘region of interest’ (ROI).
Results: The software was validated against previously published results and demonstrated equivalent scientific
conclusions. Furthermore, a comparison between novice and expert users demonstrated consistency across levels
of training and a rapid learning-curve.
Comparison with existing method(s): Existing methods published in the intracortical microelectrode literature
include a wide variety of procedures within ImageJ and Matlab. However, specific procedural details are often
lacking.
Conclusions: The distribution of the methodology may promote efficiency and reproducibility across the field
seeking to characterize the tissue response to implanted neural interfaces. It may also serve as a template for
researchers seeking to perform other types of histological quantification as a function of distance from an ROI.

1. Introduction

Brain-implanted devices have been utilized for a number of research
and clinical purposes (Ajiboye et al., 2017; Hochberg et al., 2012;
Pancrazio and Peckham, 2009). While we believe the following method
has utility in multiple research areas, the current study focuses on in-
tracortical microelectrodes. Intracortical recording microelectrodes are
used for electrophysiology, cortical mapping, and studying neural cir-
cuitry. Within non-clinical research, microelectrodes are used ubiqui-
tously and in large numbers, while within clinical research they are
used selectively in smaller numbers of patients for exploratory re-
habilitation applications. For example, they are often utilized in brain
computer interface (BCI) systems that restore natural motion to patients
with paralysis and limb loss. Certain entrepreneurs are simultaneously
exploring their use in other, more futuristic, endeavors (Pancrazio and
Peckham, 2009; Wu and Rao, 2017). While tremendous achievements

have been made in the BCI field, there is a need for better neural in-
terfaces that maintain viable levels of performance for longer duration
(Jorfi et al., 2015). Typical implants begin degrading within the first
weeks of implantation and many fail within just a few years (Jorfi et al.,
2015).

For intracortical recording microelectrodes, it has become apparent
that the neuroinflammatory response likely plays a role in their dete-
rioration in recording performance over time (Barrese et al., 2016,
2013; Rennaker et al., 2005; Biran et al., 2005). Accordingly, the re-
duction of the neuroinflammatory response to implanted materials in
the brain is an active area of research (Hermann et al., 2018; Bedell
et al., 2018; Nguyen et al., 2016; Michelson et al., 2018; Cody et al.,
2018). Efforts are focused both on understanding and mitigating initial
iatrogenic trauma as well as the chronic neuroinflammatory foreign
body response resulting from implantation of the devices (Goss-Varley
et al., 2017).
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Several aspects of the neuroinflammatory response due to im-
plantation are potentially detrimental to the efficacy of the intracortical
microelectrode (Shoffstall and Capadona, 2018). The release of cyto-
toxic soluble factors by localized activated microglia and recruited
macrophages contributes to oxidative corrosion and degradation of the
microelectrode interface (Jorfi et al., 2015). Hypertrophic astrocytes in
the region of the injury aid in scar formation around the implant, which
may ultimately reduce recording quality over time (McCreery et al.,
2016). Neurodegeneration around the implant can also reduce the
functionality of the microelectrode (Biran et al., 2005). While many
potential biological factors have been identified, there is still the need
for continued research to improve our understanding of the biological
system and the prognostic role of the various biomarkers (Michelson
et al., 2018; McCreery et al., 2016). In addition to electrophysiological
and motor behavioral studies, the majority of groups researching in this
area rely on histological and immunohistochemistry methods to mea-
sure the biological response at the neural device-tissue interface (Jorfi
et al., 2015; Hermann and Capadona, 2019).

Analysis of the neuroinflammatory response in post-implantation
tissues can be accomplished using various histological techniques.
There are dozens of groups actively working in this area and each has
developed slightly different methods for their analyses (McCreery et al.,
2016; Potter et al., 2012a, b; Sohal et al., 2016; Oakes et al., 2018; Lo
et al., 2018). Histology can be used to categorize inflammatory markers
based on their relative distance from the resulting hole after explanting
the microelectrode implant in order to gain a greater understanding of
the spatial reach of the neuroinflammatory response to implantation.
For example, McCreery et al. refer to the measurement of neuron and
glial fibrillary acidic protein (GFAP) density within ‘overlapping con-
centric annuli’ from the center of the microelectrode tip (McCreery
et al., 2016). Some groups use Matlab to quantify fluorescence intensity
via calculation of concentric ellipses or generation of rotational in-
tensity sweeps around an implant region of interest; others use LabView
to perform a pixel extraction algorithm (Sohal et al., 2016; Potter et al.,
2012b; Sohal et al., 2016; Oakes et al., 2018; Lo et al., 2018). Similar
measurements are reported with slight variations throughout the lit-
erature. The Capadona lab previously published a software called
MINUTE (‘Microelectrode INterface Universal Tool for Evaluation’),
which semi-automates the process of generating intensity-based quan-
tification as a function of distance from a selected region of interest.
However, it has been cited relatively infrequently throughout the lit-
erature, potentially due to user-interface challenges (Potter et al.,
2012a; Lee et al., 2017). Some of these challenges include long pro-
cessing times for single-file sequential processing, inability to zoom or
contrast images, an assumption that the implant hole geometry is
purely elliptical, and difficulty in reviewing or updating analyses.
Within the broader literature that provides openly available methods,
various groups have demonstrated different strategies for quantifying
histological outcomes. The efforts include pure intensity-based mea-
surements and cellular counts using fully automated versus fully
manual methods, but these methods often lack in simple user-interfaces
and require a high level of training for proficiency [Shoffstall et al.,
2018-26]. Additionally, variety among these histological quantification
analysis methods contributes to a range in data error and reproduci-
bility among specific users and groups.

There does not appear to be any obvious field-specific consensus
regarding the best practices to study the neuroinflammatory response
due to implanted intracortical microelectrodes. Therefore, we sought to
develop an easy-to-use and open-source graphical user interface (GUI)
in Matlab, coined ‘SECOND’ (alluding to both its improved speed
compared to MINUTE, and its being the 2nd version of the program), to
process and analyze immunohistochemistry fluorescence-based images.
The methods of construction and use, as well as the code’s validation,

are presented here. The goal of this work was to achieve a software that
is openly available to the field to improve the efficiency, accuracy, and
standardization of results across groups.

2. Materials and methods

2.1. Overview

SECOND is a Matlab (Mathworks, Inc., Natick, MA) program with a
basic Graphical User Interface (GUI) for histological image configura-
tion and fluorescence intensity analysis. The histological images can be
efficiently viewed and analyzed in large sets. The user-driven config-
uration and automated processing method in SECOND allows for var-
iations in image quality and implantation procedures. SECOND can be
used across various fields in need of analyzing fluorescence intensity as
a function of distance from a defined region of interest (ROI).

The GUI for the program contains multiple tools necessary in order
to work from image setup to data analysis and collection. The flow of
the program follows the GUI toolbar from left to right, the details of
which are outlined in Supplementary Figs. 1 and 2. The user first opens
the desired set of images for analysis under the File menu in the toolbar.
In the next step under the Setup menu, the program requires the user to
manually configure the image parameters, including contrast adjust-
ments and area definitions applied to all channels within the image, and
to save the results in a Matlab file. After a set of images is configured,
the user selects “Batch Run” from the Analysis menu for a collection of
images and the corresponding configuration files are automatically
processed for fluorescence intensity quantification. Once results are
compiled under the Review menu, the script produces a collection of
analysis files containing the averaged fluorescence intensities in each of
the predefined buckets of distances emanating from the ROI.

The results are compiled and output three ways: a Matlab file with
raw analysis data, a raw intensity plot, and a final contrast-adjusted
image with overlaid exclusion and distance masks. The final “Compile
Results” step is valuable for integrating the data into another program
for more efficient review and revision of the total set of images.
According to specific study requirements, the user may combine results
further and perform statistical analysis with the resulting data after
using SECOND for measuring intensities.

A step-by-step video tutorial has been uploaded to YouTube to help
orient first-time users of the program: https://www.shofflab.com/
research/videos

2.2. Sample images

For the purpose of demonstration, the sample images throughout
the manuscript were taken from a previous study of cortical rat brain
(Shoffstall et al., 2018). Tissue was sliced, 20 μm in the transverse di-
rection after removal of a planar silicon microelectrode array implanted
in the primary motor cortex. The removal of the device after perfusion-
fixation with formaldehyde leaves a characteristic hole which is clearly
visible in the center of the image (Fig. 1). The slides were stained for
GFAP (glial fibrillary acidic protein) following published protocols
(Shoffstall et al., 2018).

In order to be compatible with SECOND, image files must be saved
in the TIFF grayscale format with 16-bit depth. Bit depths of 8 do not
provide sufficient resolution of intensity levels for most analysis ap-
plications. If multiple channel analysis is being performed, each
channel must be represented by a unique grayscale image file. All the
files pertaining to a single multi-channel capture must be located in a
single folder by themselves. It is recommended that each file be de-
signated with a channel in its name with an underscore at the end. For
example, a typical naming scheme we have adopted is “SpecimenID_#
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(SliceID)_Channel.tif”. There are no other defined limits as to the pixel
resolution or other dimensions of the files. However, it is recommended
that the images be of sufficient resolution to allow for all features to be
resolved (i.e., not pixelated or blurry). Since the tissue response is
normalized to a background level at a set distance from the region of
interest, it is also important the images contain a sufficient distance
away from the electrode such that the response plateaus to a baseline
value. In our case, we perform image stitching on a 3-by-3 or 4-by-4
tiled region at 20x magnification to ensure a large enough region,
roughly 1500 μm -by- 1500 μm microns has been captured. In our ex-
perience the inflammatory response for most of our markers (e.g. GFAP,
CD68, IgG), return to baseline by 300–500 μm away from the implant
edge. Pixel resolution is determined by the combination of the objective
magnification and the resolution of the camera used to capture the
images. The calibration factor must be determined for each experi-
mental setup and input during the configuration process in SECOND.

2.3. Pre-analysis image configuration

16-bit monochrome TIF image files are loaded into the program, one
for each channel (e.g., each fluorophore: DAPI, GFP, Cy5, etc.). The
user performs contrast adjustments on each channel separately to view
the details within the images (Fig. 1). Contrast adjustments allow the
user to more easily define the implantation hole as the ROI and to
define any necessary image exclusions, such as bubbles on the slide and
tears in the tissue. The contrast bounds, ROI mask, and exclusion masks
as a result of the user’s adjustments are saved in a Matlab configuration
file (‘_sconfig.mat’) for the image.

2.4. Data analysis

2.4.1. Load configuration and parameters
Further analysis requires the user to ‘batch run’ a set of microscope

images and the configuration files. The code loads the configuration
data, which includes image files for each channel, bounds for contrast
adjustment, definitions for the ROI and any exclusions, and general
settings. The settings include the grouping width for defining concentric
distance buckets around the hole, micron-per-pixel conversion factor
(determined by the microscope camera configuration), and configura-
tion date. The code is optimized for use with 16-bit TIF monochrome
images collected with 12–16 bit CCD cameras .

2.4.2. Generate exclusion mask
After loading all configuration data, the program creates an exclu-

sion mask as a combination of the ROI (center) and exclusions (per-
iphery) as defined by user input (Fig. 2). The exclusion mask initializes
as an array of ‘ones’ that has the same dimensions as the image. The
program inserts values of ‘NaN’ (‘not a number’) in the array for each
pixel within the exclusion boundaries. The exclusion mask is applied to
each channel within the image.

2.4.3. Generate distance map
Next, the program creates a map of pixel distances emanating lin-

early outward from the ROI using the Matlab function ‘bwdist’
(Supplementary Fig. 3). These pixel distances are converted to micron
distances based on the predefined conversion factor for the image. The
distance map is further bucketed based on the predefined micron
grouping width so that fluorescence intensity can be measured and
averaged within each bucket. For a sample micron grouping width of
50 μm, the intensities would be calculated in a bucket of 0–50 μm,
50–100 μm, etc. around the hole (Supplementary Fig. 4, Fig. 3).

Fig. 1. Contrast adjustment within SECOND. A) Unadjusted monochrome GFAP-stained image showing a void in the center of the image created from explanting a
single-shank silicon microelectrode device. B) Contrast-adjusted image according to user-selected bounds. Bubbles are obviously visible at the top and bottom edge of
the images – the bubbles are excluded from the analysis in later steps. Scale bars= 400 μm.
fx1
Code Snippet 1: The built-in Matlab function ‘cellfun’ is used to call a custom function ‘applyContrast’ to adjust each of the channels loaded into the cell array image
storage variable ‘m1’.

Fig. 2. Binary exclusion mask, showing the tissue void at the center from the
explanted device as well as 3 other regions to remove bubbles as image artifact.
The regions are all user-defined and saved in the image configuration file.
fx2
Code Snippet 2: An exclusion mask is generated from user-defined input of the
'hole' ROI and any other artifacts such as bubbles and tears. Again the functions
are serialized using the built-in Matlab function ‘cellfun’ for efficiency and
modularity.
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2.4.4. Fluorescence intensity analysis
Analysis of the fluorescence intensity in the non-excluded areas of

the image is automatically performed by the program (Fig. 4). The
mean intensity for the fluorescent objects of interest in each channel is
measured and categorized based on the predefined distance buckets.
Accordingly, the total number of pixels within each distance grouping
increases at larger distances away from the ROI. The fluorescence in-
tensity data is formatted into a plot and output by the program. The
final image files with contrast adjustments, area definitions, and dis-
tance bucket mapping are also output by the program during this step,
generating individual ‘_analysisresults.mat’ MAT-files for each set of
images.

2.5. Data compilation

After SECOND analyzes the fluorescence intensity data for each
channel of a set of images, the user may compile the data for further
analysis and review (Fig. 5). Compiling the results collates the data into
the user’s program(s) of choice for data processing and statistics (e.g.
Excel, R, etc.), including intensity profiles and final images. This allows
the user to perform further graphical and statistical analyses for entire
batches of images, resulting in a wider view of the measurements of
interest. As referenced in previously published papers, the raw intensity
curves are further normalized to a baseline level established far from
the injury site and aggregated using discrete area-under-the-curve ta-
bulations (Bedell et al., 2018).

Image processing and fluorescence quantification via the script
keeps the user blind to the experimental group, but further analyses can
be accomplished after accumulating the data for a set. Blinding the user
from knowing the specific experimental group aims to minimize bias in
image configuration and masking selections. To categorize data after
using SECOND, the compiled results should be given unique identifiers
based on analysis user, date, or lab-specific attributes. These can be
added as an additional column which can be used as a grouping vari-
able in most data analytics software (e.g. Excel, Minitab, SPSS, SAS, R,
etc.).

3. Results & discussion

3.1. Scientific validation testing

In order to validate that the software would perform similarly to
previously published results, and result in equivalent scientific con-
clusions, we analyzed the same set of data using both SECOND and
MINUTE. Additional details about the methods and data of the study
represented in Fig. 6 can be found in the referenced publication (Potter
et al. (2012a)). For the purposes of clarity in this manuscript, we have
chosen to simply refer to the experimental groups as “1, 2, 3, etc.”.

The Capadona lab previously studied the accuracy of fluorescence
intensity quantification at the tissue-electrode interface using various
immunohistochemical methods, and we used the same experimental
images to compare the quantification methods in SECOND versus
MINUTE (Fig. 6). We determined that the two analysis methods pro-
vided very similar data output, and as a result the scientific conclusions
from the study would have been the same. Statistics were run using a
ANOVA with Tukey tests for pairwise inter-group comparisons
(Minitab).

3.2. Novice vs expert analysis (training efficiency testing)

Two groups, “expert” and “novice”, were tested using SECOND to
analyze three histological tissue images from two different animals for a
total of six images. The six tissue samples were imaged with three
fluorescent channels each, DAPI, ED1 (CD68), and GFAP. The findings
from the GFAP analysis are shown in Fig. 7, while results from the other
channels are shared in Supplementary Fig. 5. The “novice” testing
group was comprised of nine students chosen from an undergraduate
lab course. The novices were given no formal training to use SECOND,
only told to follow the prompts from the program to analyze the

Fig. 3. Contrast-adjusted image with overlaid 'Bucket' grouping lines. Red de-
notes the hole. Yellow denotes exclusions applied to the image. Both are re-
moved from the analysis. Scale bar= 400 μm.
fx3
Code Snippet 3: Sub-indices are generated from the distance map to aid in
bucket grouping.

Fig. 4. Intensity profile as a function of distance from the neural interface re-
gion of interest. The intensity decays to a constant background level, typically
within the first 500 μm from the hole edge. This example reflects a single trace
of raw intensity data.
fx4
Code Snippet 4: Intensity profiles as a function of distance from the hole edge
are calculated by leveraging the function 'accumarray' which allows for trans-
formation of data along sub-indices.
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Fig. 5. Image Review. The panel shows the entire array of slices and stains performed for a given subject. The review makes it apparent that there are two panels that
require re-masking. Panels “EGFP/106” and “EGFP/114”, where there are two apparent areas void of cellular staining toward the bottom-right edge. Results from a
minimum of 3-4 image replicates for a given tissue sample are suggested to be averaged together in order to achieve statistical power. Red denotes exclusion of
imaging artifacts (bubbles, tears, etc.). Yellow denotes the hole definition. Scale bars= 400 μm.
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intensities among the set of six images. The four experts were chosen
from the Capadona lab, since they had regularly used SECOND to
perform similar analyses. The two groups completed the program flow
from manual contrast adjustments and area definitions to automated
micron bucketing and analysis of fluorescence intensity.

The resulting intensity values from their analyses were normalized
and bucketed into groups of 50 μm outwards from the implant hole
(Fig. 7A). There were no statistically significant differences between the
experts and the novices at any of the distance intervals (Table 1). The
majority of the error was contributed by image-to-image variability
rather than user-to-user variability (Extended ANOVA results are shown
in Supplementary Table 1). However, it can be noted in Fig. 7B that
there was at least one novice user that yielded outlier results. Given
additional training, it is anticipated that the inconsistency could be
resolved. On average, even with no training, the novices were able to
obtain very similar intensity profiles for the images, showing that
SECOND continues to be efficient among users of various training le-
vels.

3.3. Processing algorithm & efficiency

Substantial efficiency was gained using SECOND compared to
MINUTE, providing the ability to generate image masks and a compiled
dataset within several hours compared to several days of analysis. The
efficiency was primarily gained as a result of the following:

1) Batch-processing compared to sequential-processing allowing for
user flexibility, and

2) Fast processing algorithm taking only 30–60 seconds compared to
15–20minutes to analyze each image. Most of the efficiency was
gained by using the ‘bwdist’ function rather than an iterative cal-
culated expansion of concentric ellipses mapped to pixel-space.

3) Built-in image contrast and zoom to make hole and exclusion defi-
nition easier and more precise

4) Ability to define non-ellipsoidal holes

Data analysis was also made more efficient through a number of
other means. The manual contrast adjustment by the user takes only a
few seconds and allows for more accurate detection of image details.
The adjustment is applied only to the visualization while the underlying
data remains unaltered. Defining the implant hole and exclusions is
additionally made simpler by a program prompt to zoom in on a smaller
area of the image containing the definition of interest. These user-
driven annotations take a few minutes to complete per image, but the

Table 1
Analysis of Variance (P-Value) Table. The image contributes most significantly
to the source of variability. There were no significant differences between the
expert and novice users in either of the image sets tested (stained with GFAP
and ED-1).

P-Values from ANOVA-Tukey Tests Distance Bucket (μm)

Marker 1 (GFAP) Source 0-50 50-100 100-150 150-200
Expert/Novice 0.158 0.548 0.595 0.202
Image <0.001 <0.001 <0.001 <0.001
Marker 2 (ED-1) Source
Expert/Novice 0.753 0.838 0.869 0.947
Image <0.001 <0.001 <0.001 <0.001

Fig. 6. SECOND versus MINUTE. A comparison between the data results found
using the two different algorithms. There were not statistically significant dif-
ferences between MINUTE and SECOND for any of the datasets tested.

Fig. 7. Experts versus novices analysis. A) Expert users are compared to novice users in their analysis of the same set of 6 images stained with GFAP. Normalized
intensities resulting from the two user groups and based on distance buckets are shown. The error bars represent the standard deviation of the average normalized
intensities for each user group. B) The same data is shown with individual normalized intensity (0–50 μm bucket) measurements for each user (black-diamonds)
overlaid on each group’s average for each of the 6 images analyzed.
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result is an image that can be automatically processed and analyzed in
seconds with increased accuracy and ability for post-hoc review.

A distance map (‘bwdist’) is created in order to later measure the
fluorescence intensity as a function of distance from the implant hole
(Supplementary Fig. 3). The distance map for the image is generated
more efficiently than other algorithms that rely on iterative methods,
such as direct calculation of elliptical coordinates or image dilation
(Potter et al., 2012a). Elliptical coordinates oversimplify the neural
interface right at the edge where it matters most, and image dilation is a
very processing-heavy task. Previous methods in MINUTE iteratively
calculated ellipses expanding from the ROI before mapping discrete
pixels to the area to determine distances. The built-in Matlab function
‘bwdist’ provides a very rapid and efficient method for tabulating the
intensity as a function of distance, and does not force the geometry to
be perfectly ellipsoidal.

The image (TIF format) is loaded into Matlab as an unsigned 16-bit
integer array (Fig. 1A). Without any contrast and level adjustment, the
image is dark with indistinguishable details. This would make any user
interaction to define the hole edges very challenging. Therefore, a
contrast procedure is performed (Fig. 1B). The contrast adjusted image
is easier to see. While the display shown to the user is adjusted, the
underlying pixel values are kept constant. This is accomplished by ad-
justing the image display bounds (‘CLim’) within Matlab image prop-
erties.

While the goal during sectioning and cover-slipping tissue slides is
to minimize tears and bubbles, these issues are sometimes unavoidable.
Artifact removal is a necessary part of research, so the methods pro-
vided give a simple means to annotate and review exclusions. An ex-
clusion mask is created as a combination of the defined ROI and se-
lected exclusions (Fig. 2). The exclusion mask serves to eliminate
regions from the image that should not contribute to fluorescence in-
tensity measurements. The inside area of the implant hole is excluded,
because its perimeter is set as the origin for categorizing distances
emanating outwards from the hole. Bubbles on the slide, major tissue
tears, and any abnormalities to the image are excluded by the user to
reduce error in the fluorescent intensity measurements. The user in-
terface provides a simple method for removing artifacts from the ana-
lysis.

Due to the changes above, we estimate the average user-input time
decreased by 2.5-fold, from 5 to 2min, and computation time decreased
by 20-fold, from 20 to 60 s, per image.

3.4. Special considerations

While SECOND attempts to generalize the analysis of neuroin-
flammation in histological images, there are a few factors to consider
for each experiment-specific goal.

3.4.1. Pixel-to-Micron conversion factor
The conversion factor is a vital component to accurately reporting

the image analysis and will vary based on lab-specific instrumentation.
Pixel distances are converted to micron distances based on a predefined
conversion factor (Supplementary Fig. 3). In order to perform analysis
of the fluorescence intensity surrounding the hole, we further group
micron distances into buckets based on a predefined group width.
Therefore, it is highly recommended that users verify that the image
processing techniques are accurately reporting distances. One possible
method for checking accuracy would include collecting an image with a
calibrated slide containing a ruler (Supplementary Fig. 6).

3.4.2. Intensity normalization
Specific selection of the normalization band should be done with

care and justification. Near the implant hole, fluorescent intensity is
typically highest due to the inflammatory response, and exponentially
decreases to a dimmer background level. The separately included
‘CompileResults’ code normalizes the intensity data for each channel

according to a selected band deemed far enough away from the hole
that the inflammatory response has subsided to baseline. In our ex-
perience, depending on the stain, this can vary between 200–500 μm
away (Bedell et al., 2018).

3.4.3. Image review for quality control
Especially for analysis being performed by multiple users, it is im-

portant to have a system for reviewing images for quality control. For
this reason, the final image output displays the contrast adjustments,
ROI definition, and perimeter lines for each micron bucket emanating
from the ROI (Fig. 3). The review image is valuable for the user to
manually check the details of the area definitions and boundaries of the
measurements. Shown in Fig. 5 is a montage of the review JPG images
for a single subject. While code for generating the panel montage is
provided, it will require customization according to the user-specific
naming scheme.

3.4.4. Appropriateness of intensity metric
Typical immunofluorescent labeling procedures used by the

Capadona lab and analyzed with SECOND include GFAP, IgG, and CD68
stains, among others (Hermann et al., 2018; Bedell et al., 2018; Nguyen
et al., 2016; Goss-Varley et al., 2017; Potter et al., 2012a, b). These
stains correspond to protein biomarkers expressed at different amounts
near the tissue-electrode interface, with quantities depending on the
level of inflammation or injury to the tissue. While it is appropriate to
analyze some IHC markers using an intensity-based approach, we have
found that for some stains, including those that are sparsely populated
and/or discretely stained (e.g., neuronal nuclei), the more scientifically
relevant metric may rather be a cell count or density. In that case, an
alternative analysis method would be required.

3.4.5. Considerations for multi-tined electrodes
The analysis of a matrix-style array type electrode would also be

possible using the SECOND code. In this case, each tine would have to
be analyzed one-at-a-time. While this is feasible, it would be highly
cumbersome. In that case, it would be best to make a slight alteration to
the code that would enable multiple ROIs to be defined (1 for each tine
of the electrode). The remainder of the code would not require altera-
tion.

4. Conclusion

Intracortical microelectrodes represent one of the principle types of
brain-implanted devices currently under investigation. Beyond in-
tracortical microelectrodes, there is interest in developing other novel
neural interfaces for the central and peripheral nervous systems. A
common goal is to develop interfaces that reduce the inflammatory
response, so as to reduce tissue impedance and the distance between the
device and neural tissue. Since many disparate research groups are each
using slightly varied methods to achieve similar measurements of the
neuroinflammatory response to implanted materials, reporting in the
literature is equally varied and is potentially leading to inefficient du-
plication of efforts.

Using SECOND, the intensity of various fluorescent molecules on
histological images can be quantified as a function of distance from a
user-specified ROI. The code is openly available to the field, and if
adopted, may improve the efficiency, accuracy, and standardization of
results across groups. The ultimate goal of providing the analysis
method here is to improve implanted neural device efficacy and long-
evity. While the code is currently optimized for use with microelec-
trodes implanted in cortical tissue, it may be adapted for broader study
applications involving intensity based-measurements radiating from a
specifically defined region of interest.

S.C. Lindner, et al. Journal of Neuroscience Methods 317 (2019) 141–148
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Abstract: Neural implants offer solutions for a variety of clinical issues. While commercially available
devices can record neural signals for short time periods, they fail to do so chronically, partially
due to the sustained tissue response around the device. Our objective was to assess the correlation
between device stiffness, a function of both material modulus and cross-sectional area, and the
severity of immune response. Meta-analysis data were derived from nine previously published
studies which reported device material and geometric properties, as well as histological outcomes.
Device bending stiffness was calculated by treating the device shank as a cantilevered beam. Immune
response was quantified through analysis of immunohistological images from each study, specifically
looking at fluorescent markers for neuronal nuclei and astrocytes, to assess neuronal dieback and
gliosis. Results demonstrate that the severity of the immune response, within the first 50 µm of the
device, is highly correlated with device stiffness, as opposed to device modulus or cross-sectional
area independently. In general, commercially available devices are around two to three orders of
magnitude higher in stiffness than devices which induced a minimal tissue response. These results
have implications for future device designs aiming to decrease chronic tissue response and achieve
increased long-term functionality.

Keywords: intracortical implant; microelectrodes; stiffness; immunohistochemistry; immune
response; neural interface response; neural interface

1. Introduction

Paralysis and limb loss pose significant personal, financial, and health burdens. Each year in
the U.S. alone, there are over 17,500 cases of spinal cord injury where less than 1% achieve complete
recovery [1]. The nationwide prevalence of amputees is even higher at 185,000 new cases each year [2].
To address this issue, engineers and scientists are developing a range of technologies with the intent of
bypassing the damaged component of the peripheral or central nervous system, to replace or restore
lost motor function [3]. State-of-the-art devices are implanted intracortically, or directly into the brain,
where they can record biopotentials associated with voluntary movement [4]. Neural data can then
be decoded and used to drive the movement of assistive devices and prosthetic limbs, or control
stimulation for functional restoration of paralyzed limbs [5,6].

While many groups have demonstrated success resolving neural signals with intracortical probes
for periods of about one year [7,8], these devices tend to lose their ability to record neural signals
for longer time periods [4,8,9], limiting more widespread clinical use. While there are multiple
factors influencing device performance, one prominent hypothesis for device failure pertains to a
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chronic immune response characterized by glial encapsulation of the device, as well as local neuronal
death [10,11]. Both of these compromise stable neural recordings over time. It has been suggested that
a drastic mismatch in mechanical properties between the soft brain tissue and stiff neural implant may
regulate the immune response [12–14]. Commercially available devices are fabricated using materials
with a high elastic modulus, resulting in stiff devices that create concentrations of mechanical stress at
the tissue interface [15], and provoke a significant, persistent immune response.

A common goal in the neuroengineering community is the development of more biocompatible
implants, which elicit a decreased tissue response, with the intent of increasing their functional lifetime.
These efforts are largely divided into two groups: (1) creating devices that are significantly smaller than
the state-of-the-art [16,17], or (2) fabricating devices from softer materials to bridge the mechanical
mismatch at the brain-device interface [18,19]. Both approaches have yielded promising results,
such as decreased neuronal death and glial encapsulation, raising the possibility that a common link
exists between both approaches. Our hypothesis is that these outcomes may be attributed to a single
underlying parameter hereafter referred to as stiffness (kb), a function of both the material properties
and geometric dimensions of the device.

Based on the mechanics of static bodies, an implantable neural probe may be treated as a simple
cantilevered beam, where the beam is fixed on one end, while a downward force is placed on the
other end, causing a deflection [20]. The magnitude of the deflection is inversely proportional to the
stiffness of the probe, with greater deflections associated with lower stiffness. Changes in the physical
dimensions and/or the mechanical properties of the probe modulate its overall stiffness. The same is
true for implantable devices. Devices with lower stiffness values, or greater flexibility, can be created
by modifying the cross-sectional area (CSA) and/or by using softer constituent materials.

However, ‘stiffness’ (or ‘flexibility’) is often used synonymously to describe the softness or
modulus of the implantable device or device substrate, even though stiffness must consider the
contributions of device dimensions. For example, while polymer-based devices may be comprised of
inherently soft materials, whether or not the device is highly flexible depends on more than just their
material makeup. Instead, stiffness (kb) assessments can be made based on calculations incorporating
device dimensions to determine relative flexibility as compared to commercially available and other
novel devices. The novelty of this study is the recognition that histological outcomes across material
and geometric properties may be correlated to a single consolidated variable, kb, as opposed to relating
changes in histological outcomes to a single aspect of device design.

Here, we re-evaluated a number of studies reporting details on device design and the histological
outcomes following implantation in rodent brain. The analysis draws upon studies utilizing a variety of
devices fabricated from a wide range of materials and dimensions, yielding a range of stiffness values.
Through quantitative analysis of previously published immunohistological images, we demonstrate
that the severity of the immune response is highly correlated with device stiffness. This is a function of
both elastic modulus and size, in contrast to correlations considering only modulus or cross-sectional
dimensions independently.

2. Materials and Methods

2.1. Stiffness Calculations

Table 1 lists the studies and devices used in the meta-analysis. All devices were treated as
simplified cantilevered beams (Figure 1) in order to solve for bending stiffness, kb, as a function of area
moment of inertia, I, device length, L, and Young’s modulus, E, (Equation (1) [20]).

Device tip geometries and shank asymmetries were neglected for the sake of simplicity. It is
important to note that many single shank devices do exhibit tapered geometries meaning that
cross-sectional area, and area moment of inertia, are not necessarily uniform along the length of
the device. However, preliminary computational modeling suggests that using average width values
does not have a significant effect on stiffness calculations. Specifically, use of a simplified symmetric
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model resulted in a 12% difference in maximum tip deflection in the cantilevered device bending
simulation, when compared to the original tapered geometries (Figure 2). It is important to mention,
however, that the tapering angle used in this simulation was relatively high when compared to those
reported. Therefore, this represents a ‘worst-case scenario’ for difference in tip deflection.

Table 1. Devices from studies used in meta-analysis.

Author, Year Material Modulus CSA (µm2)
Calculated

Stiffness kb (N/m)
Time

Implanted
Stain

Analyzed

Mercanzini et
al., 2008 [21] Polyimide 2.5 GPa 4200 0.00024 1 week GFAP

Harris et al.,
2011 [13]

Nanocomposite
(poly(vinylacetate)

and cellulose)
12 MPa 51,200 0.49 4 weeks NeuN and

GFAP

Biran et al.,
2005 [11] Silicon 179 GPa 3000 1.12 4 weeks NeuN and

GFAP
Knaack et al.,

2016 [22] Silicon 179 GPa 1875 0.15 4 weeks NeuN and
GFAP

Lee et al., 2017
[23]

OSTE soft
(thiol-ene-epoxy) 6 MPa 5600 0.00016 4 weeks NeuN and

GFAP
Lewitus et al.,

2014 [24]
Agarose with carbon

nanotubes
Agarose-85

MPa 8220 0.02 4 weeks GFAP

Kozai et al.,
2012 [25] Carbon fiber 234 GPa 38 0.01 2 weeks NeuN and

GFAP

Thelin et al.,
2011 [26]

Stainless steel
microwire (50 µm and

200 µm diameter)
200 GPa 50 µm: 1963

200 µm: 31416
50 µm: 32

200 µm: 8080 12 weeks NeuN and
GFAP

Lind et al.,
2010 [27]

Bundled tungsten
microwires in gelatin

Tungsten-411
GPa 70,686 7940 6 weeks GFAPMicromachines 2018, 9, x 3 of 10 
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Figure 2. Computer simulated bend tests. Cantilever bend tests were used to determine the percent
difference between device geometries with tapered and symmetrical shanks. In this case, shank (A)
featured a width of 290 µm and tapered to 65 µm starting halfway down the shank. Shank (B) featured
a width of 234 µm, calculated based on the weighted average of width down the length of shank (A).
Both shanks were 30 µm thick and 3 mm long. Colored scale bars indicate deflection in meters.
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Bending simulations were performed in COMSOL Multiphysics® v. 5.2. (COMSOL AB, Stockholm,
Sweden) and the setup mirrored the cantilever-style bend test depicted in Figure 1. Further evaluation
using Linear Buckling Analysis in COMSOL revealed only an 8% difference in critical buckling force
between either geometries, indicating they are mechanically similar. Therefore, representative stiffness
values (Equation (1) [20]) were calculated using average values of device width along the length of
the shank. For devices with polymer coatings, stiffness was assumed to be dominated by the stiffest
constituent material, and calculated accordingly. Most devices did not exhibit tapering as severe as
the simulation presented above; rather, this was to illustrate the worst-case scenario. As such, most
of the devices exhibit less than an 8 or 12% difference in critical buckling force and maximum tip
deflection, respectively. All devices were treated as having either rectangular cross sections with height,
h, and width, b, or circular cross sections with diameter, d, affecting the way in which moment of
inertia of the cross-sectional area was calculated (Equations (2) and (3) [20]). Length was taken to be
the overall length of the device shank, unless the implantation depth was otherwise stated in the study.

kb =
3EI
L3 (1)

Irectangle =
bh3

12
(2)

Icircle =
πd4

64
(3)

2.2. Image Analysis

The immune response for each study was quantified by analysis of fluorescent
immunohistochemical images, from staining with several cell markers commonly associated with the
immune response. For the purposes of this analysis, we focused on stains for neurons and astrocytes,
specifically neuronal nuclei (NeuN) and glial fibrillary acidic protein (GFAP), a protein expressed
in astrocytes.

Images were analyzed using Fiji [28], an open source image processing software based on
ImageJ [29] (NIH). A custom macro was created to select the perimeter of the device within the
image, and subsequently create concentric bands in 50 µm increments, while calculating the area in
each band. For GFAP analysis, we computed the average intensity of GFAP immunofluorescence
within each concentric band surrounding the probe (Figure 3a). For NeuN analysis, neurons were
manually counted within each band using Fiji’s Cell Counter plugin to quantify neuronal density
(Figure 3b). Both GFAP intensity and neuronal density were normalized by dividing each band by the
value in a band at least 200–250 µm from the device perimeter. This was done to ensure normalization
with respect to tissue expected to be relatively unaffected by the implant. If healthy tissue samples
were provided by the study, values were normalized with respect to areas from those samples.

While several of these studies reported their own analyses of fluorescent images, we chose not to
include these quantifications in this meta-analysis. This was done in order to ensure that all NeuN
density and GFAP intensity values were measured and normalized consistently across all studies,
for accurate comparison. However, it is important to note that studies often feature figures that best
illustrate the point of the study, i.e., fluorescent images that exemplify a reduced immune response.
Therefore, our results likely reflect a conservative estimate of correlations between immune markers
and device parameters.
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Figure 3. Example image analysis on a stainless steel microwire. Scale bar 100 µm. (a) glial fibrillary
acidic protein (GFAP) intensity and (b) neuronal density quantification in 50 µm concentric bands.
Adapted from Thelin et al., 2011 [26]. Scale bar = 100 µm.

2.3. Statistical Analysis

To examine the possible relationships between material properties, dimensions, and device
flexibility with both neuronal density and GFAP intensity, a Spearman rank correlation coefficient
was calculated for each data set using functions available in MATLAB R2017a (MathWorks, Natick,
MA, USA). Spearman correlation is a nonparametric test which assesses the monotonic relationship
between ranked datasets. Good correlation is indicated by ρ values closest to 1 or 1 for positive and
negative correlations respectively, with a high correlation being between 0.70 to 1.00 (or −0.70 to
−1.0) [30]. A p-value less than 0.05 was taken as indicative of a significant correlation.

3. Results

Calculated stiffness levels varied over six orders of magnitude ranging from 8 × 103 to
1.6 × 10−4 N/m. Statistical analysis across multiple studies showed a high positive correlation
(ρ = 0.89, p < 0.05) between device stiffness and normalized GFAP intensity, within a 50-µm band of
the device perimeter, indicating that gliosis is more severe when using a stiffer implant (Figure 4).

Additionally, there was a high negative correlation (ρ = −0.92, p < 0.05) between device stiffness
and normalized NeuN density in the same area, indicating that neuronal loss is increased when using
a stiffer implant.

Device modulus and cross-sectional area did not exhibit significant correlation values within the
same band, for either GFAP intensity or NeuN density, suggesting that the dependence on stiffness is a
contributing factor in the severity of the immune response (Table 2). However, results also suggest that
this trend is only relevant within the first 50 µm around the device. Outside of the first 50 µm band,
neither GFAP intensity nor neuronal density show good, significant correlation with device stiffness,
with the exception of GFAP intensity in the 100–150 µm band, therefore these data was not shown.

Table 2. Spearman’s rho correlation results for 0–50 µm band.

Stiffness Modulus CSA

Spearman’s rho

GFAP Intensity
Correlation Coefficient 0.89 * 0.62 0.42

Significance (two-tailed) 0.001 0.06 0.23
N 10 10 10

Neuronal Density
Correlation Coefficient −0.92 * −0.09 −0.5

Significance (two-tailed) 0.01 0.85 0.27
N 7 7 7

*: p < 0.05.
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vertically are from the same reference. 26a and 26b reference the 50 µm and 200 µm stainless steel
devices, respectively.

4. Discussion

Our meta-analysis across multiple studies indicated that the tissue response triggered during
implantation may be most closely correlated with stiffness of an implanted device, as opposed to
material moduli or geometric properties independently. Devices featured in this study exhibit stiffness
values ranging from 10−4 to 103 N/m. For reference, a commercially available Michigan-style silicon
probe might exhibit a stiffness around 102 N/m. Devices with a lower calculated bending stiffness
exhibited decreased amounts of gliosis and neuronal death around the perimeter of the implant when
compared with stiffer devices. These results were found to be significant within the first 50 µm of
the device boundary, which is of critical importance in the context of functional neural recordings.
Typically, neurons must be within 50 µm of the device electrodes in order to resolve single unit
recordings at appropriate signal to noise ratios [31], and a severe immune response within this range
would limit the device capabilities. Previously published studies have also reported on immune
response with respect to 50 µm bands as important landmarks for histological outcomes [13,23].
Improved histological outcomes with respect to both GFAP intensity and NeuN density appeared to
level off when a device reached the 10−1 to 10−2 N/m stiffness range (Figures 4 and 5) indicating that
this could serve as a threshold for optimal device stiffness. This stiffness could be achieved with a
commercially available Michigan-style probe by reducing the thickness from 50 µm to 10 µm while
maintaining an average width of 125 µm and an implantation length of 2 mm. Stiffness of tapered
devices may be more accurately calculated using cantilevered setups or computational models.

Overall, high correlation between device stiffness and the severity of the immune response may
be a representation of how well these devices are able to move with the brain. Cross-sectional area
or elastic modulus alone do not provide a full picture: a soft object may be so large that it is stiff
and cannot flex with the brain. Conversely, a small device made from a material with a high elastic
modulus may face the same issue. It has been well documented that the brain experiences significant
micromotion due to breathing and vascular pulsation [32]. It is likely that decreased stiffness allows
these devices to move with the brain, and therefore put less strain on the surrounding tissue, perhaps
leading to a less significant tissue response.
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In general, these findings support approaches to changing either the material properties,
or physical dimensions of devices, to reduce the severity of the tissue response. Ideally, devices
featuring both soft materials and small dimensions would offer improved tissue response, but in the
absence of an insertion aid, mechanical considerations must also inform the minimal stiffness required
to successfully penetrate the brain. This specific limitation explains a lack of histological studies in the
literature performed, using highly soft and flexible devices which would provide additional insight
into the relationship between flexibility and tissue response. Additionally, very stiff devices made from
high modulus materials are prone to brittle fracture, which places limits on the minimum achievable
dimensions during fabrication. Furthermore, ultra-small devices have limited available surface area
for electrode sites on device structures, limiting the creation of high-density probes.

The results of this meta-analysis should however encourage further exploration of materials
for devices which can be fabricated in a way that limits overall stiffness (kb). This can be done
through a reduction of material modulus (E) or a cross-sectional moment of inertia (I), with the goal of
better matching stiffness to that of brain tissue, and subsequently improving chronic integration with
surrounding tissue. Additionally, the possibility remains that the immune response may be a result
of cells responding to stress concentrations due to material mismatch, as opposed to stiffness of the
device itself. This hypothesis could be tested directly using an approach in which probe geometries
are kept constant while varying material stiffness, or similarly, maintaining stiffness but using varied
cross-sectional geometries.

Micromachines 2018, 9, x 7 of 10 

 

implant when compared with stiffer devices. These results were found to be significant within the 
first 50 µm of the device boundary, which is of critical importance in the context of functional neural 
recordings. Typically, neurons must be within 50 µm of the device electrodes in order to resolve 
single unit recordings at appropriate signal to noise ratios [31], and a severe immune response within 
this range would limit the device capabilities. Previously published studies have also reported on 
immune response with respect to 50 µm bands as important landmarks for histological outcomes 
[13,23]. Improved histological outcomes with respect to both GFAP intensity and NeuN density 
appeared to level off when a device reached the 10−1 to 10−2 N/m stiffness range (Figures 4 and 5) 
indicating that this could serve as a threshold for optimal device stiffness. This stiffness could be 
achieved with a commercially available Michigan-style probe by reducing the thickness from 50 µm 
to 10 µm while maintaining an average width of 125 µm and an implantation length of 2 mm. Stiffness 
of tapered devices may be more accurately calculated using cantilevered setups or computational 
models. 

 
Figure 5. Neuronal density analysis from neuronal nuclei (NeuN)-stained fluorescent images. 
Normalized neuronal density as a function of device stiffness three concentric 50 µm bands from 
device perimeter. * p < 0.05. Numbers indicate reference from Table 1. References are only included 
for 0–50 µm data, but all points aligned vertically are from the same reference. 26a and 26b reference 
the 50 and 200 µm stainless steel devices, respectively. 

Overall, high correlation between device stiffness and the severity of the immune response may 
be a representation of how well these devices are able to move with the brain. Cross-sectional area or 
elastic modulus alone do not provide a full picture: a soft object may be so large that it is stiff and 
cannot flex with the brain. Conversely, a small device made from a material with a high elastic 
modulus may face the same issue. It has been well documented that the brain experiences significant 
micromotion due to breathing and vascular pulsation [32]. It is likely that decreased stiffness allows 
these devices to move with the brain, and therefore put less strain on the surrounding tissue, perhaps 
leading to a less significant tissue response. 

In general, these findings support approaches to changing either the material properties, or 
physical dimensions of devices, to reduce the severity of the tissue response. Ideally, devices 
featuring both soft materials and small dimensions would offer improved tissue response, but in the 
absence of an insertion aid, mechanical considerations must also inform the minimal stiffness 
required to successfully penetrate the brain. This specific limitation explains a lack of histological 
studies in the literature performed, using highly soft and flexible devices which would provide 
additional insight into the relationship between flexibility and tissue response. Additionally, very 
stiff devices made from high modulus materials are prone to brittle fracture, which places limits on 

Figure 5. Neuronal density analysis from neuronal nuclei (NeuN)-stained fluorescent images.
Normalized neuronal density as a function of device stiffness three concentric 50 µm bands from
device perimeter. * p < 0.05. Numbers indicate reference from Table 1. References are only included for
0–50 µm data, but all points aligned vertically are from the same reference. 26a and 26b reference the
50 and 200 µm stainless steel devices, respectively.

5. Conclusions

Intracortical device stiffness may influence the severity of the chronic immune response, more than
size or material properties of the device independently. Our novel results, which draw upon findings
from multiple studies, indicate that device stiffness is especially important in close proximity to the
device perimeter, which may profoundly affect the ability of devices to record from nearby neurons.
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A Mosquito Inspired Strategy to 
Implant Microprobes into the Brain
Andrew J. Shoffstall1,2, Suraj Srinivasan1,2, Mitchell Willis1,2, Allison M. Stiller3, Melanie Ecker  4,6, 
Walter E. Voit3,4,5,6, Joseph J. Pancrazio3,4,6 & Jeffrey R. Capadona1,2

Mosquitos are among the deadliest insects on the planet due to their ability to transmit diseases 
like malaria through their bite. In order to bite, a mosquito must insert a set of micro-sized needles 
through the skin to reach vascular structures. The mosquito uses a combination of mechanisms 
including an insertion guide to enable it to bite and feed off of larger animals. Here, we report on a 
biomimetic strategy inspired by the mosquito insertion guide to enable the implantation of intracortical 
microelectrodes into the brain. Next generation microelectrode designs leveraging ultra-small 
dimensions and/or flexible materials offer the promise of increased performance, but present difficulties 
in reliable implantation. With the biomimetic guide in place, the rate of successful microprobe insertion 
increased from 37.5% to 100% due to the rise in the critical buckling force of the microprobes by 3.8-
fold. The prototype guides presented here provide a reproducible method to augment the insertion of 
small, flexible devices into the brain. In the future, similar approaches may be considered and applied to 
the insertion of other difficult to implant medical devices.

The parasitic bite of a female mosquito allows it to both inject an anticoagulant to thin the host’s blood, and 
then, like a miniature hypodermic needle, suck out blood to aid in egg production1. To enable the mosquito to 
penetrate the host’s skin with a set of blood-sucking needles (fascicles), multiple mechanisms are employed2. 
Specifically, the mosquito must increase the critical buckling force of each fascicle, while also reducing the force 
required to penetrate the skin.

A series of recent studies have discussed strategies taken by nature to prevent buckling and, in effect, improve 
the performance of percutaneous instruments (e.g., microneedles)3. Sakes et al. categorized strategies to either 
increase the critical buckling load, or conversely decrease the required penetration load. Interestingly, the mos-
quito does both, inspiring the design of “painless” microneedles2,4. We are particularly intrigued by the mosquito’s 
ability to increase the critical buckling force for adaptation to our application to implant intracortical microelec-
trodes into the brain. These devices offer a means of probing the functional neuronal network activity for both 
basic science and rehabilitation applications5–7.

To increase the critical buckling load, the mosquito reduces the effective length of its fascicles by using a sec-
ond structure, the labium, as an insertion guide (Fig. 1, left)2,4. To prevent fascicle buckling during insertion, the 
critical load must be higher than the penetration load. The mosquito fascicle and host tissue interface does not 
perfectly follow Euler’s formula for critical buckling load of an ideal beam due to complementary mechanisms of 
insertion (violating both the static condition and rigid-beam condition). However, one of the takeaways remains 
true—the effective length of the implant dictates the critical load that it can withstand without buckling4. Length 
and end-conditions (combined to make up the denominator “effective length” or “KL”) play an important role, 
defining an inverse-squared relationship to critical buckling force such that a 2-fold reduction of effective length 
results in a 4-fold increase of Euler critical load, FEuler Critical (Equation 1):

π
=F EI

KL( ) (1)
Euler critical
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where E is the materials modulus of elasticity, I is the area moment of inertia, K is the effective length factor, and 
L is the unsupported length of the column. Through the use of the labium, the mosquito effectively reduces the 
length of the load bearing portion of the fascicle, enabling insertion of the higher aspect ratio needles, where the 
needles would not otherwise have been able to penetrate the skin. Intrigued by this capability, and with the goal 
of creating a new system for the implantation of ultra-small, flexible microelectrode devices into the brain, we set 
out to investigate whether a biomimetic strategy would enable an effective insertion guide approach (Fig. 1, right). 
Our work demonstrates for the first time that an insertion guide inspired by the fascicle/labium approach of the 
mosquito enables reliable insertion of microprobes within the brain.

Microelectrodes implanted in the cortex of the brain have the potential to be used in a number of exciting new 
neuroprosthetic applications specifically to enable brain-computer interface (BCI) and brain-machine interface 
(BMI) approaches. Neuroprostheses have the potential to improve the lives of individuals with paralysis and limb 
loss by reducing the burden of injury and enabling more full and interactive lives5,8–10. Unfortunately, penetrating 
intracortical microelectrodes such as those used for BMI applications demonstrate poor chronic neural recording 
performance and reliability11,12. The loss in performance is characterized by increased electrode contact and tis-
sue impedance, decreased signal-to-noise ratio, and ultimately the inability to record from sufficient numbers of 
neurons to allow for robust decoding algorithms13. Performance typically degrades over several weeks-to-months, 
and is thought to result from both electromechanical and host tissue response mechanisms13.

While the small size of microelectrodes minimizes, in part, the iatrogenic trauma to the brain during inser-
tion, penetration of the brain tissue is still sufficient enough to damage the blood-brain barrier and initiate an 
immediate inflammatory response14–16. The resulting foreign body response yields encapsulation of the recording 
device and both physically and electrically isolates the device from the adjacent neurons13,17. The hypothesis that 
inflammation is a key mediator of device longevity has been supported by several key studies13,17–22. Therefore, 
many different designs for microelectrodes exist, with an ever increasing array of approaches to minimize both 
the injury from implantation, and the resulting neurodegenerative inflammatory response. Recent approaches 
have used smaller and smaller electrode designs as well as flexible materials to both minimize the microelec-
trode footprint and the resulting strain on the cortical tissue23–36. A challenge that arises, however, is that during 
insertion, the device must be stiff enough to pierce the brain tissue without buckling13,37–40. A number of inno-
vative approaches to address the issue of buckling during insertion have been developed and has been recently 
reviewed41. Some of the reported approaches include coating microelectrodes with sacrificial polymers or coat-
ings that dissolve away during or after insertion42–47, fast insertion speeds48, a variety of introducer designs49–51, 
and materials that dynamically soften after insertion38,40,52–54. We recognized that the mosquito has solved the 
problem of reliable insertion of microscale needles into host tissue. Therefore, we sought to leverage the strategy 
used by the mosquito to enable robust insertion of novel microprobes into the brain. Mimicking the function 
should prove to be more broadly applicable to the various microelectrode designs currently under investigation.

To begin, guides were cut from plastic sheets made in varying dimensions ranging from 3 mm to 15 mm in 
diameter and 1/16″ to 1/8″ thickness using a laser cutter with motorized programmable x-y controls (150-Watt 
CO2 laser cutter, Universal ILS12.150D, Scottsdale, AZ). CAD drawings were created in CorelDRAW x6 (Ottawa, 
ON). During the optimization of the laser cutting process, we found that the following power settings to produce 
the highest quality cuts (achieving a balance between achieving the smallest kerf and least burnt edges possible): 
power (40%), speed (60%) and PPI (5000 dpi). A number of insertion guide materials were tested including 

Figure 1. Mosquito-inspired guide to reduce buckling of flexible microelectrodes during insertion into brain 
tissue. Mosquitos use their labium (labeled above) to brace the fascicle during insertion through the tough skin. 
Mechanically, this changes the end-condition of the fascicle from a free- to a fixed-end condition and reduces 
the effective length. Similarly, our manufactured guide may be placed on the skull above the site of device 
implantation. A narrow slit, slightly wider than the microelectrode provides lateral support. The additional 
bracing prevents buckling. Figure was prepared by Erika Woodrum of the Cleveland FES Center, a contributor, 
with permission granted for use.
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low-density polyethylene (LDPE), high-density polyethylene (HDPE), polyethylene terephthalate glycol (PETG), 
polytetrafluoroethylene (PTFE) and poly (methyl methacrylate) (PMMA). We found PTFE and PMMA provided 
the best machinability with our laser, allowing thin and uniform slits to be cut. Further, PMMA had the best 
post-processing transparency, allowing the ready visualization of underlying blood vessels and other brain struc-
tures. Additional design features were also possible, including angled slits for inserting at non-90° angles, guides 
with breakaway perforations, and guides with circular holes cut into them instead of slits (as would be used for 
fiber optic cables or microwires). The guides were produced such that a microelectrode could be inserted through 
the slit with the use of handheld forceps or custom-fit stereotaxic frames (Supplementary Figure 2).

With prototype labium mimetic guides fabricated, we next tested the buckling mechanics using a linear actu-
ator and a force transducer (Fig. 2A). Thin rectangular films (n = 9 samples) were compressed axially with or 
without the guide in place in a paired fashion (n = 18 individual trials) and maximal force was recorded. Since 
the 2 mm displacement was not sufficient to cause plastic deformation of the PE dummy samples, we judged that 
randomized-paired testing (with and without the guide) on each sample would be appropriate.

Peak force was achieved rapidly followed by a sudden decline and plateau in force, characteristic of buckling 
(Fig. 2B). We found that the guide increased the average maximally achieved force (—Fmax , Equation 2) by 3.8-fold 
(±1.5 S.D.; Fig. 2C), and that the effect on force augmentation was correlated with the length of the microprobe 
(Fig. 2D).

= ∑ =—F F
n
( )

(2)max
i
n

max1

The longer the microprobe, the less impact the 1/16′′ guide (~1.6 mm) was able to effect. If we limited the 
microprobe lengths to 5-times that of the guide thickness (or the guide being 20% of the microprobe length), the 
ratio of —Fmax increase then became 4.5-fold (±1.1). The —Fmax  for all microprobes was 160 mN with the guide, 
compared to 50 mN without the guide (p < 0.001).

Figure 2. Mechanical testing of guide. (A) Illustration showing testing rig setup. Rectangular tests strips (n = 9) 
were placed in grips one side with a flat plate and force transducer opposing it. Maximal force in compression 
was measured with and without the guide in-place. (B) Representative mechanical testing traces for two back-
to-back trials of the same dummy electrode. (C) Maximum force achieved in compression with and without the 
guide in-place, p < 0.001 (***), calculated by paired t-test of maximal achieved force with vs without guide in-
place. (D) Scatterplot of fold-change in maximal force (i.e. fold-change = (Fmax,with/Fmax,without)) for each sample 
plotted against supported length (%) of the sample. Samples were of varying lengths, while the guide remained 
a constant 1/16′′ thickness. There is a very strong positive correlation as would be expected (i.e., the longer the 
probe, the more unsupported length there is to buckle). Part A of the figure was prepared by Erika Woodrum of 
the Cleveland FES Center, a contributor, with permission granted for use.
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The critical design feature elucidated by this study was supported length, or the ratio of device length to 
guide thickness. This proportion was found to be largely determinant of maximal force before buckling. The 
design tradeoff of total device length versus desired depth of penetration is an important consideration. In this 
study, the depth of interest was set by the thickness of the rat cortex (~2 mm)55. Additional work is required to 
fully optimize and balance device length and cross-sectional geometry versus guide thickness. Furthermore, slit 
opening-thickness was minimized such that it was the smallest dimension possible, but still allowed the materials 
to slip between unimpeded. Operationally, this was approximately twice the film thickness (~150 µm). When 
testing, we found that a gap twice the thickness of the probe led to a good balance between easy slip between the 
two surfaces, without detrimentally impacting the bracing force of the guide. Tolerances 10–15 µm wider than the 
films themselves were too narrow and impeded insertion. Finer resolution laser cutting processes may enable a 
better optimization process to determine whether this gap thickness can be reduced further.

With an understanding of the design parameters between device and guide, we next developed a model 
of microprobe insertion with and without the guide, using 0.6% agar gel as a model for brain tissue56. Success 
was defined as complete insertion of the microprobe ~2 mm into the gel without any visible deformation of the 
microprobe; failure was everything else, including partial insertion or total deflection off the surface (Fig. 3A,B). 
Furthermore, insertion was still sometimes possible even in the event of buckling. However, buckling is poten-
tially an undesirable outcome as it may mean the microprobe is then inserted at an angle and may not reach the 
desired brain structure target or perhaps be damaged. Interestingly, there was a marked difference in the number 

Figure 3. Agar gel model insertion with and without the guide. The microprobes were inserted using a 
stereotactic arm with a micropositioner. The microprobes were lowered to just above the surface of the gel, and 
inserted at a speed of ~1 mm/s. (A) Example of a failed insertion attempt without the guide in-place. Note the 
dummy microprobe buckling as it makes contact with the surface of the 0.6% agar model. (B) Example of a 
successful insertion with guide in place. (C) Successful rate of insertion with and without guides. (D) Rate of 
trials resulting in any buckling regardless of insertion status.
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of successful attempts between those with and without the guide in place. The guide yielded successful insertion 
92.3% of attempts versus 23.1% without the guide (Fig. 3C). Partial insertions, included as “failures” in the anal-
ysis, occurred 50% of the time without the guide and 0% with the guide (Fig. 3C). Moreover, with the guide, the 
dummy microprobes buckled only 19.2% of attempts versus 84.6% without the guide (Fig. 3D).

Encouraged by the substantial difference in implantation success rates achieved between conditions with and 
without the insertion guide, we next tested the impact of guided insertion on the implantation of intracorti-
cal microprobes into rat motor cortex. As mentioned above, many approaches have been developed to create 
intracortical microprobes that minimize implant mediated neuroinflammation13, including those that involve 
materials that dynamically soften upon insertion into the brain39,40,57–60. Dynamically softening materials, rely 
on a responsive stimulus such as moisture or body heat to effect the change in material properties after inser-
tion40. Dynamically softening microelectrodes are typically polymer nanocomposites or shape memory polymers 
(SMPs), and are thus orders of magnitude softer than traditional materials used in microelectrode design. For 
example, polymer microelectrodes remain softer at room temperature (2–5 GPa) than typical silicon, tungsten, 
or Pt/Ir microprobes (150–500 GPa) (Table 1)28,39. Furthermore, the extremely small size of the devices makes the 
implantation procedure challenging such that an insertion guide strategy could minimize the likelihood of SMP 
microprobe buckling.

In this study, fully softening thiol-ene SMP structures were fabricated similarly as previously reported66 so that 
the onset of their glass-transition temperature was just above that of body temperature and moisture-induced 
plasticization of the polymer network would cause softening after rigid insertion (Supplementary Figure 1). 
Therefore, as the microprobes were implanted and heated above their glass transition temperature (Tg), the mate-
rials softened from ~2 GPa to ~30 MPa (indicated by vertical dashed gray line in Supplementary Figure 1).

While the system is designed to allow for successful insertion at room temperature, it was found that especially 
with an automated insertion system that controls the speed of insertion, the microprobes of chosen thickness 
were more prone to buckling, deflection and ultimately failed insertion without the use of an insertion guide 
(Fig. 4). With the insertion guide, we may be able to minimize device thickness in the future to achieve the same 
depth of penetration, leading to a less invasive implant.

We also examined the utility of the insertion guide in conjunction with the use of an automated motorized 
insertion system during in vivo implantations in the rat motor cortex (Kopf Instruments, Tujunga, CA, Model 
2650 with a hydraulically driven micro-positioner). Due to the size of the guide, a large craniotomy was pre-
pared (~1 cm2), allowing the entire guide to be placed directly in contact with the dura. The guides significantly 
increased the rate of successful insertion of SMP microprobes (p < 0.05). Specifically, the insertion guide enabled 
100% (8 of 8 trials) successful insertion using the automated system compared to 37.5% (3 of 8 trials) without 
the guide (Fig. 4). It was noted in an early experiment that the guides were not as effective if placed on the skull, 
leaving an air-gap in which the microprobes were not supported at the site of entry into the brain (Supplementary 
Figures 3 and 4). Future design iterations may include either (1) a smaller diameter guide that doesn’t require such 
a large craniotomy, or (2) a beveled lip that allows the guide to be placed on the skull but with a recessed center 
which dips toward the brain surface.

Normally during intracranial microelectrode placement, the dura is reflected. As a demonstration of the 
added mechanical benefit to the insertion process, a dynamically softening SMP microprobe was inserted 
transdurally into rat brain (Supplementary Figure 5). Without the guide in place, buckling and failure to insert 
occurred every time. The microelectrodes (which are ~2 GPa at room temperature), buckled and deflected off the 
surface of the dura. With the guide in place, it became possible to insert the microelectrode through the tough 
dura. While it may still be preferred to reflect the dura to prevent shearing damage to the electronics on the face 
of the microelectrode, and to prevent an accelerated inflammatory response by dragging peripheral cells from 
the meninges into the parenchyma, insertion through the dura demonstrates the guide’s value as added lateral 
support to prevent buckling.

In summary, inspired by the labium guide of the female mosquito, we developed a novel method for intro-
ducing flexible microprobes into the brain. The bioinspired insertion strategy significantly reduces the propensity 
for buckling during insertion by increasing the insertion force without buckling by a factor of ~4. While this is 
a great improvement, it should be noted that the mosquito achieves much higher insertion efficiency by using 
a multimodal delivery system including: 1) barbed maxillae integrated in their labrum that oppositely recipro-
cate and saw open the skin and break the surface tension2,4, 2) an oscillatory insertion motion that results in a 
time-dependent shear thinning of the skin3, and 3) a follower-force applied by the labrum that further optimizes 

Material
Approximate Young’s 
Moduli (MPa) Refs.

Silicon ~165,000 61

Pt/Ir (90%/10%) ~170,000 62

Cellulose nanocomposite (Pre/Stiff)(Post/Soft) 4,2001.6 40,63

Thiol-ene/acrylateShape Memory 
Polymer (Pre/Stiff)(Post/Soft) ~2,000~30 28

Rat brain tissue 0.015–0.45 61,64,65

Table 1. Young’s moduli of example microelectrode substrates versus rat brain. While the methods and values 
vary in the reported literature, the relative magnitudes are conserved such that Young’s moduli of typical 
electrode substrates are much greater than polymer-based microelectrode substrates, even dynamically 
changing materials in their ‘stiff ’ state.
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the mechanics to reduce buckling4. The reader is referred to the above-referenced sources for additional informa-
tion regarding the mosquito bite mechanism.

While acknowledging that the mosquito has a much more sophisticated delivery system for microneedles, our 
analog guides are more easily fabricated from off-the-shelf polymer sheeting and are readily implemented during 
surgery. Furthermore, it was possible to use our bioinspired guide as a complementary strategy to dynamically 
softening polymers which are themselves a promising strategy utilized to overcome buckling of microelectrodes 
during insertion. Together, using the combined strategy, it was possible to: 1) insert flexible devices transdurally 
(e.g. without prior reflection of the dura) and 2) insert flexible microelectrodes into rat brain using an automated 
motorized insertion device. The purpose of these experiments was to establish the proof-of-concept data and 
identify critical design factors in terms of manufacturing feasibility, buckle-prevention efficacy, and intraoper-
ative usability (Table 2). The approach can be further optimized by tuning the guide’s slit thickness and angle. 
While there are a number of other strategies to insert flexible electronics in the brain, the guide developed here 
is an additional tool and may be complementary to these other strategies. Finally, we envision the ease of imple-
mentation of our guide design to not just other microelectrode designs, but any other microscale medical device 
that suffers from difficulties in implantation.

Methods
Guide Design and Fabrication. Insertion guides were fabricated from various 1/16″ polymer sheets using 
a 150-Watt CO2 laser cutter (Universal ILS12.150D). The width of the channel at the top was ~150–200 µm, 
and narrowed to ~75–150 µm at the bottom. The laser cutting method was the fastest method at our disposal to 
develop a workable prototype. However, we envision several other potential advanced manufacturing methods to 
meet more repeatable and precise design criteria (e.g., lithography, chemical/photo-etching, and others). For the 
purpose of these experiments, 1/16″ polytetrafluorethyulene (PTFE) and poly (methyl methacrylate) (PMMA) 
were used. However, other thicknesses and materials could also be accommodated (e.g. polycarbonate, PETG, 
HDPE). Other incarnations of the device could include set non-90° angles to achieve specific targets or depths. 
The slit width and height may also be altered in order to accommodate electrodes of differing dimensions. Plastic 

Figure 4. Implantation with shape memory polymer microelectrode with guide on brain surface. (A–D) 
feature progressive screen shots from a video taken during implantation of thiol-ene/acrylate microelectrodes. 
Guide thickness = 1 mm for reference. (E) 100% (8 of 8) insertion trials were successful with the automated 
insertion system and guide in place versus only 37.5% of trials without the guide.

Critical Design Factors Recommendations

Manufacturing
Heat Resistant Polymers; 
Laser Cutting Parameters (Speed, Power); 
Small Geometry, Precise Cuts; 
Scalability

PTFE, PMMA; 
Fast speed, low power <100 µm features; 
100 devices in ~5 min

Mechanics
Supported Length; 
Slit Thickness; 
Guide Placement on Surface

>20% → >4x increase in Fmax; 
2x microelectrode thickness; 
Direct contact with dura

Usability
Visual characteristics; 
Placement and Removal Handling; 
Adherence to Surface During Insertion

Transparent materials; 
Design amenable to gripping tools; 
Thru holes for bonding to skull

Table 2. Critical Design Factors. A number of design factors were found to be critical to the manufacturability, 
mechanics, and usability of the guide.
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sheets were ordered from McMaster Carr. Part numbers include: LDPE (8657K111), HDPE (8619K421), PTFE 
(8545K22), PETG (85815K11), PMMA (8589K11).

Dummy Microelectrode Design, Characterization and Fabrication. For the purposes of testing the 
basic guide mechanics and insertion into agar gels, ‘dummy’ microelectrodes were fabricated from 3 mil (~75 µm) 
polyethylene (PE) films (Young’s modulus ≈300 MPa). PE closely resembles the flexible and compliant nature 
of conventionally used flexible microelectrodes. Different electrode dimension configurations were examined 
to produce an electrode for ‘dummy’ insertion testing. To exaggerate the buckling effects of the material dur-
ing insertion, the length was made extremely long (in comparison to typical microelectrodes), with a length of 
13.5 mm, base thickness of 6 mm, with a straight taper (internal angle 25°). They were fabricated using a 40 Watt 
CO2 laser cutter by placing the polyethylene films upon a sacrificial sheet of PTFE which absorbed the residual 
laser beam and heat. This ensured that the polyethylene was not burnt or singed during fabrication as the film 
tends to shrivel and form a blunt tip when heated to high temperatures.

Dynamically softening (dummy, non-functional) microelectrodes were provided by the Voit Lab (UT Dallas). 
The SMP-FS consists of a thiol-ene shape memory substrate composed of 0.5 mol% 1,3,5-Triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATATO), 0.45 mol% trimethylolpropane tris(3-mercaptopropionate) (TMTMP), and 
0.05 mol% tris [2-(3-mercaptopropionyloxy)ethyl] isocyanurate (TMICN). The SMP probes were prepared as 
previously described by radical initiated photo-polymerization66,67.

Compression buckle testing. Compression buckle testing was performed using a universal testing appa-
ratus (EnduraTec, Minnetonka, MN) equipped with a pneumatic linear actuator and load cell. Rectangular test 
strips (3-mil polyethylene film) were placed in clamps orthogonal to a custom-machined flat plate. The test strips, 
were advanced toward the flat plate either with or without the guide fixed in place to provide lateral support. 
Displacement was fixed to a maximum of 2 mm at a speed of 0.5–1.0 mm/s. Data was oversampled at 1000 Hz fre-
quency to ensure capture of maximal forces attained during compression loading. Maximal force was determined 
with post-hoc analysis of the curves in Matlab (Natick, MA). Sample dimensions are shown in Supplementary 
Table 1.

Gel Model Fabrication (Agarose Hydrogels) and Testing. Agarose hydrogels (0.6% w/v, UltraPure™ 
Agarose from ThermoFisher Scientific) were prepared as a model of brain tissue56. Agarose solutions were heated 
and poured into a Pyrex petri dish to cool and solidify at room temperature. The temperature will greatly impact 
the nature of the agar gel model and to a much lesser degree our test strip made of polyethylene which we selected 
for its mechanical properties at room temperature and which has a glass-transition temperature of Tg ~ −125 °C 
(significantly lower than both room and body temperature). All testing was performed at room temperature, 
for which the probe stiffness and agar gel model were optimized56. A stereotaxic micromanipulator was used to 
lower flexible dummy polyethylene electrodes into the agar gels with and without the guides in-place. The micro-
electrodes were lowered to just above the surface of the gel and the insertion guide was positioned accurately 
such that the microelectrode would enter and be guided into the agarose. Subsequently, the microelectrode was 
lowered into the hydrogel through the insertion guide at ~1 mm/s. The judgement of success was based upon a 
human-objective standard and included two facets: insertion and buckling. Insertion was successfully achieved if 
the microelectrode vertically entered the agar to a depth of 2–3 mm below the surface. Partial insertions occurred 
when the microelectrode penetrated the surface of the agar and subsequently buckled within the testing medium. 
In some cases, successful or partial insertions were achieved but after the electrode had already undergone some 
buckling, and were noted separately.

Guide-Assisted Insertion of a Dynamically Softening Microelectrode. Rats were anesthetized with 
5% isoflurane and given an intraperitoneal shot of a KXA (ketamine, xylazine, and atropine) cocktail as previ-
ously described60. The animal was then secured in a stereotaxic frame and then dexamethasone was administered 
subcutaneously. Lidocaine was then administered at the incision site. The scalp was shaved and the skin was 
removed from the skull area. Several craniotomies were created for the insertion tests. Insertion guides were 
fabricated from a clear plastic, PMMA with a diameter of 3 mm, a height of 1 mm, and a slit width of approxi-
mately 0.25 mm. The slit was accessible from the side of the device so that it could be removed after implantation. 
Implantation tests were completed using non-functional thiol-ene/acrylate SMP microprobes from the Voit lab 
(UT Dallas) with a 3 mm shank, approximately 200 µm width, and 30 µm thickness. Devices were manually posi-
tioned directly above the mosquito device slit. The micro-positioner motor drive was then activated to lower the 
device through the slit and into the brain at 2000 µm/s. All procedures and animal care practices were approved 
by, and performed in accordance with the Louis Stokes Cleveland Department of Veterans Affairs Medical Center 
Institutional Animal Care and Use Committees.

Statistics. Peak force from compression testing was analyzed by paired t-test in Minitab (State College, PA). 
Statistics were run on comparison of the average maximal forces achieved by each sample with and without the 
guide in place (n = 9, displayed as fold-change in the graph, Fig. 2B). Percentage of successful trials (Fig. 3C), was 
analyzed with a 2 × 2 probability table (Outcome A: 1 = success, 2 = partial/failure; Group B: 1 = With Guide, 
2 = Without Guide) with Fisher’s Exact test (n = 26 trials). Fishers Exact test and odds ratio 99% confidence inter-
val were calculated in Matlab. Graphs were produced in Origin software (Northampton, MA).



www.nature.com/scientificreports/

8SCIEnTIfIC REPORtS |  (2018) 8:122  | DOI:10.1038/s41598-017-18522-4

References
 1. Fradin, M. S. Mosquitoes and mosquito repellents: A clinician’s guide. Annals of Internal Medicine 128, 931–940, https://doi.

org/10.7326/0003-4819-128-11-199806010-00013 (1998).
 2. Kong, X. Q. & Wu, C. W. Mosquito proboscis: an elegant biomicroelectromechanical system. Phys Rev E Stat Nonlin Soft Matter Phys 

82, 011910, https://doi.org/10.1103/PhysRevE.82.011910 (2010).
 3. Sakes, A., Dodou, D. & Breedveld, P. Buckling prevention strategies in nature as inspiration for improving percutaneous instruments: 

a review. Bioinspir Biomim 11, 021001, https://doi.org/10.1088/1748-3190/11/2/021001 (2016).
 4. Ramasubramanian, M. K., Barham, O. M. & Swaminathan, V. Mechanics of a mosquito bite with applications to microneedle design. 

Bioinspir Biomim 3, 046001, https://doi.org/10.1088/1748-3182/3/4/046001 (2008).
 5. Ajiboye, A. B. et al. Restoration of reaching and grasping movements through brain-controlled muscle stimulation in a person with 

tetraplegia: a proof-of-concept demonstration. The Lancet 389, 1821–1830 (2017).
 6. Hochberg, L. R. et al. Neuronal ensemble control of prosthetic devices by a human with tetraplegia. Nature 442, 164–171 (2006).
 7. Nicolelis, M. A. L. Brain–machine interfaces to restore motor function and probe neural circuits. Nature Reviews Neuroscience 4, 

417–422 (2003).
 8. Hochberg, L. R. et al. Reach and grasp by people with tetraplegia using a neurally controlled robotic arm. Nature 485, 372–375, 

https://doi.org/10.1038/nature11076 (2012).
 9. Donoghue, J. Bridging the Brain to the World: A Perspective on Neural Interface Systems. Neuron 60, 511–521, https://doi.

org/10.1016/j.neuron.2008.10.037 (2008).
 10. Sharma, G. et al. Using an Artificial Neural Bypass to Restore Cortical Control of Rhythmic Movements in a Human with 

Quadriplegia. Sci Rep 6, 33807, https://doi.org/10.1038/srep33807 (2016).
 11. Ludwig, K. A. et al. Using a Common Average Reference to Improve Cortical Neuron Recordings From Microelectrode Arrays. J 

Neurophysiol 101, 1679–1689, https://doi.org/10.1152/jn.90989.2008 (2009).
 12. Pancrazio, J. J. & Peckham, P. H. Neuroprosthetic devices: how far are we from recovering movement in paralyzed patients? Expert 

Review of Neurotherapeutics 9, 427–430, https://doi.org/10.1586/ern.09.12 (2009).
 13. Jorfi, M., Skousen, J. L., Weder, C. & Capadona, J. R. Progress towards biocompatible intracortical microelectrodes for neural 

interfacing applications. Journal of Neural Engineering 12, 011001 (2015).
 14. Biran, R., Martin, D. & Tresco, P. Neuronal cell loss accompanies the brain tissue response to chronically implanted silicon 

microelectrode arrays. Exp Neurol 195, 115–126, https://doi.org/10.1016/j.expneurol.2005.04.020 (2005).
 15. Polikov, V. S., Tresco, P. A. & Reichert, W. M. Response of brain tissue to chronically implanted neural electrodes. J Neurosci Methods 

148, 1–18 (2005).
 16. Potter, K. A., Buck, A. C., Self, W. K. & Capadona, J. R. Stab injury and device implantation within the brain results in inversely 

multiphasic neuroinflammatory and neurodegenerative responses. J Neural Eng 9, 046020 (2012).
 17. Kozai, T. D. Y., Jaquins-Gerstl, A. S., Vazquez, A. L., Michael, A. C. & Cui, X. T. Brain Tissue Responses to Neural Implants Impact 

Signal Sensitivity and Intervention Strategies. ACS Chemical Neuroscience 6, 48–67, https://doi.org/10.1021/cn500256e (2015).
 18. Sommakia, S., Lee, H. C., Gaire, J. & Otto, K. J. Materials approaches for modulating neural tissue responses to implanted 

microelectrodes through mechanical and biochemical means. Current Opinion in Solid State and Materials Science 18, 319–328, 
https://doi.org/10.1016/j.cossms.2014.07.005 (2014).

 19. Tresco, P. A. & Winslow, B. D. The challenge of integrating devices into the central nervous system. Critical Reviews in Biomedical 
Engineering 39, 29–44 (2011).

 20. Gunasekera, B., Saxena, T., Bellamkonda, R. & Karumbaiah, L. Intracortical Recording Interfaces: Current Challenges to Chronic 
Recording Function. ACS Chemical Neuroscience 6, 68–83, https://doi.org/10.1021/cn5002864 (2015).

 21. Rennaker, R. L., Miller, J., Tang, H. & Wilson, D. A. Minocycline increases quality and longevity of chronic neural recordings. J 
Neural Eng 4, L1–5 (2007).

 22. Saxena, T. et al. The impact of chronic blood–brain barrier breach on intracortical electrode function. Biomaterials 34, 4703–4713, 
https://doi.org/10.1016/j.biomaterials.2013.03.007 (2013).

 23. Lacour, S. et al. Flexible and stretchable micro-electrodes for in vitro and in vivo neural interfaces. Med Biol Eng Comput 48, 945–954, 
https://doi.org/10.1007/s11517-010-0644-8 (2010).

 24. Köhler, P. et al. Influence of Probe Flexibility and Gelatin Embedding on Neuronal Density and Glial Responses to Brain Implants. 
PLoS One 10, e0119340, https://doi.org/10.1371/journal.pone.0119340 (2015).

 25. Jarchum, I. A flexible mesh to record the brain. Nat Biotech 33, 830–830, https://doi.org/10.1038/nbt.3316 (2015).
 26. Sohal, H. S. et al. The sinusoidal probe: a new approach to improve electrode longevity. Front Neuroeng 7, 10, https://doi.org/10.3389/

fneng.2014.00010 (2014).
 27. Kim, E. G. R. et al. A hybrid silicon–parylene neural probe with locally flexible regions. Sensors and Actuators B: Chemical 195, 

416–422, https://doi.org/10.1016/j.snb.2014.01.048 (2014).
 28. Simon, D. M. et al. Design and demonstration of an intracortical probe technology with tunable modulus. J Biomed Mater Res A 105, 

159–168, https://doi.org/10.1002/jbm.a.35896 (2017).
 29. Huang, S.-H., Lin, S.-P. & Chen, J.-J. J. In vitro and in vivo characterization of SU-8 flexible neuroprobe: From mechanical properties 

to electrophysiological recording. Sensors and Actuators A: Physical 216, 257–265, https://doi.org/10.1016/j.sna.2014.06.005 (2014).
 30. Kim, T., Branner, A., Gulati, T. & Giszter, S. F. Braided multi-electrode probes: mechanical compliance characteristics and recordings 

from spinal cords. Journal of Neural Engineering 10, 045001–045001, https://doi.org/10.1088/1741-2560/10/4/045001 (2013).
 31. Lin, C.-M., Lee, Y.-T., Yeh, S.-R. & Fang, W. Flexible carbon nanotubes electrode for neural recording. Biosensors and Bioelectronics 

24, 2791–2797, https://doi.org/10.1016/j.bios.2009.02.005 (2009).
 32. Tang-Schomer, M. D. et al. Film-based Implants for Supporting Neuron-Electrode Integrated Interfaces for The Brain. Adv Funct 

Mater 24, 1938–1948, https://doi.org/10.1002/adfm.201303196 (2014).
 33. Kolarcik, C. L. et al. Elastomeric and soft conducting microwires for implantable neural interfaces. Soft Matter 11, 4847–4861, 

https://doi.org/10.1039/c5sm00174a (2015).
 34. Luan, L. et al. Ultraflexible nanoelectronic probes form reliable, glial scar-free neural integration. Sci Adv 3, e1601966, https://doi.

org/10.1126/sciadv.1601966 (2017).
 35. Subbaroyan, J. & Kipke, D. R. In Conf Proc IEEE Eng Med Biol Soc. 3588–3591.
 36. Park, S. et al. One-step optogenetics with multifunctional flexible polymer fibers. Nat Neurosci 20, 612–619, https://doi.org/10.1038/

nn.4510 (2017).
 37. Jorfi, M., Roberts, M. N., Foster, E. J. & Weder, C. Physiologically Responsive, Mechanically Adaptive Bio-Nanocomposites for 

Biomedical Applications. ACS Appl. Mater. Interfaces 5, 1517–1526 (2013).
 38. Capadona, J. R., Tyler, D. J., Zorman, C. A., Rowan, S. J. & Weder, C. Mechanically adaptive nanocomposites for neural interfacing. 

Materials Research Society Bulletin 37, 581–589, https://doi.org/10.1557/mrs.2012.97 (2012).
 39. Harris, J. P. et al. In vivo deployment of mechanically adaptive nanocomposites for intracortical microelectrodes. Journal of Neural 

Engineering 8, 046010 (2011).
 40. Capadona, J. R., Shanmuganathan, K., Tyler, D. J., Rowan, S. J. & Weder, C. Stimuli-responsive polymer nanocomposites inspired by 

the sea cucumber dermis. Science 319, 1370 (2008).
 41. Lecomte, A., Descamps, E. & Bergaud, C. A review on mechanical considerations for chronically-implanted neural probes. J Neural 

Eng. https://doi.org/10.1088/1741-2552/aa8b4f (2017).

http://dx.doi.org/10.7326/0003-4819-128-11-199806010-00013
http://dx.doi.org/10.7326/0003-4819-128-11-199806010-00013
http://dx.doi.org/10.1103/PhysRevE.82.011910
http://dx.doi.org/10.1088/1748-3190/11/2/021001
http://dx.doi.org/10.1088/1748-3182/3/4/046001
http://dx.doi.org/10.1038/nature11076
http://dx.doi.org/10.1016/j.neuron.2008.10.037
http://dx.doi.org/10.1016/j.neuron.2008.10.037
http://dx.doi.org/10.1038/srep33807
http://dx.doi.org/10.1152/jn.90989.2008
http://dx.doi.org/10.1586/ern.09.12
http://dx.doi.org/10.1016/j.expneurol.2005.04.020
http://dx.doi.org/10.1021/cn500256e
http://dx.doi.org/10.1016/j.cossms.2014.07.005
http://dx.doi.org/10.1021/cn5002864
http://dx.doi.org/10.1016/j.biomaterials.2013.03.007
http://dx.doi.org/10.1007/s11517-010-0644-8
http://dx.doi.org/10.1371/journal.pone.0119340
http://dx.doi.org/10.1038/nbt.3316
http://dx.doi.org/10.3389/fneng.2014.00010
http://dx.doi.org/10.3389/fneng.2014.00010
http://dx.doi.org/10.1016/j.snb.2014.01.048
http://dx.doi.org/10.1002/jbm.a.35896
http://dx.doi.org/10.1016/j.sna.2014.06.005
http://dx.doi.org/10.1088/1741-2560/10/4/045001
http://dx.doi.org/10.1016/j.bios.2009.02.005
http://dx.doi.org/10.1002/adfm.201303196
http://dx.doi.org/10.1039/c5sm00174a
http://dx.doi.org/10.1126/sciadv.1601966
http://dx.doi.org/10.1126/sciadv.1601966
http://dx.doi.org/10.1038/nn.4510
http://dx.doi.org/10.1038/nn.4510
http://dx.doi.org/10.1557/mrs.2012.97
http://dx.doi.org/10.1088/1741-2552/aa8b4f


www.nature.com/scientificreports/

9SCIEnTIfIC REPORtS |  (2018) 8:122  | DOI:10.1038/s41598-017-18522-4

 42. Lewitus, D., Smith, K. L., Shain, W. & Kohn, J. Ultrafast resorbing polymers for use as carriers for cortical neural probes. Acta 
biomaterialia 7, 2483–2491, https://doi.org/10.1016/j.actbio.2011.02.027 (2011).

 43. Lind, G., Linsmeier, C. E., Thelin, J. & Schouenborg, J. Gelatine-embedded electrodes—a novel biocompatible vehicle allowing 
implantation of highly flexible microelectrodes. Journal of Neural Engineering 7, 046005, https://doi.org/10.1088/1741-
2560/7/4/046005 (2010).

 44. Gilgunn, P. J. et al. In IEEE 25th International Conference on Micro Electro Mechanical Systems (MEMS). 56–59.
 45. Lo, M. C. et al. Coating flexible probes with an ultra fast degrading polymer to aid in tissue insertion. Biomedical microdevices 17, 

34, https://doi.org/10.1007/s10544-015-9927-z (2015).
 46. Patel, P. R. et al. Insertion of linear 8.4 mum diameter 16 channel carbon fiber electrode arrays for single unit recordings. J Neural 

Eng 12, 046009, https://doi.org/10.1088/1741-2560/12/4/046009 (2015).
 47. Huijing, X. et al. A flexible parylene probe for in vivo recordings from multiple subregions of the rat hippocampus. Conf Proc IEEE 

Eng Med Biol Soc 2016, 2806–2809, https://doi.org/10.1109/EMBC.2016.7591313 (2016).
 48. Dryg, I. et al. Magnetically Inserted Neural Electrodes: Tissue Response and Functional Lifetime. IEEE Transactions on Neural 

Systems and Rehabilitation Engineering 1–1, doi:10.1109/tnsre.2015.2399856 (2015).
 49. Kim, B. J. et al. 3D Parylene sheath neural probe for chronic recordings. J Neural Eng 10, 045002, https://doi.org/10.1088/1741-

2560/10/4/045002 (2013).
 50. Kozai, T. D. & Kipke, D. R. Insertion shuttle with carboxyl terminated self-assembled monolayer coatings for implanting flexible 

polymer neural probes in the brain. Journal of Neuroscience Methods 184, 199–205 (2009).
 51. Gopalakrishnaiah, S. K., Joseph, K. & Hofmann, U. G. Microfluidic drive for flexible brain implants. Current Directions in Biomedical 

Engineering 3, 675–678 (2017).
 52. Capadona, J. R. et al. Polymer nanocomposites with nanowhiskers isolated from microcrystalline cellulose. Biomacromolecules 10, 

712–716 (2009).
 53. Ware, T. et al. Thiol-ene/acrylate substrates for softening intracortical electrodes. Journal of Biomedical Materials Research Part B: 

Applied Biomaterials, doi:10.1002/jbmb.32946, https://doi.org/10.1002/jbmb.32946 (2013).
 54. Ware, T., Simon, D., Rennaker, R. L. & Voit, W. Smart Polymers for Neural Interfaces. Polymer Reviews 53, 108–129, https://doi.org

/10.1080/15583724.2012.751924 (2013).
 55. Defelipe, J. The evolution of the brain, the human nature of cortical circuits, and intellectual creativity. Front Neuroanat 5, 29, https://

doi.org/10.3389/fnana.2011.00029 (2011).
 56. Pomfret, R., Miranpuri, G. & Sillay, K. The substitute brain and the potential of the gel model. Ann Neurosci 20, 118–122, https://doi.

org/10.5214/ans.0972.7531.200309 (2013).
 57. Harris, J. P. et al. Mechanically adaptive intracortical implants improve the proximity of neuronal cell bodies. Journal of neural 

engineering 8, 066011 (2011).
 58. Nguyen, J. K. et al. Mechanically-compliant intracortical implants reduce the neuroinflammatory response. Journal of neural 

engineering 11, 056014 (2014).
 59. Potter, K. A. et al. Curcumin-releasing mechanically adaptive intracortical implants improve the proximal neuronal density and 

blood-brain barrier stability. Acta Biomater 10, 2209–2222, https://doi.org/10.1016/j.actbio.2014.01.018 (2014).
 60. Nguyen, J. K. et al. Influence of resveratrol release on the tissue response to mechanically adaptive cortical implants. Acta 

biomaterialia 29, 81–93, https://doi.org/10.1016/j.actbio.2015.11.001 (2016).
 61. Lee, H., Bellamkonda, R. V., Sun, W. & Levenston, M. E. Biomechanical analysis of silicon microelectrode-induced strain in the 

brain. Journal of Neural Engineering 2, 81–89 (2005).
 62. Johnson, M. D., Kao, O. E. & Kipke, D. R. Spatiotemporal pH dynamics following insertion of neural microelectrode arrays. J 

Neurosci Methods 160, 276–287, https://doi.org/10.1016/j.jneumeth.2006.09.023 (2007).
 63. Shanmuganathan, K., Capadona, J. R., Rowan, S. J. & Weder, C. Stimuli-responsive mechanically adaptive polymer nanocomposites. 

ACS Appl Mater Interfaces 2, 165–174, https://doi.org/10.1021/am9006337 (2010).
 64. Chatelin, S., Constantinesco, A. & Willinger, R. Fifty years of brain tissue mechanical testing: from in vitro to in vivo investigations. 

Biorheology 47, 255–276, https://doi.org/10.3233/BIR-2010-0576 (2010).
 65. Maikos, J. T., Elias, R. A. & Shreiber, D. I. Mechanical properties of dura mater from the rat brain and spinal cord. J Neurotrauma 25, 

38–51, https://doi.org/10.1089/neu.2007.0348 (2008).
 66. Do, D.-H., Ecker, M. & Voit, W. E. Characterization of a Thiol-Ene/Acrylate-Based Polymer for Neuroprosthetic Implants. ACS 

Omega 2, 4604–4611, https://doi.org/10.1021/acsomega.7b00834 (2017).
 67. Ecker, M. et al. Sterilization of Thiol-ene/Acrylate Based Shape Memory Polymers for Biomedical Applications. Macromolecular 

Materials and Engineering 302, 160331 (2017).

Acknowledgements
The authors would like to acknowledge Erika Woodrum from the Cleveland FES Center for her illustrations 
and other assistance with our figures. This work was supported in part by the Office of the Assistant Secretary 
of Defense for Health Affairs through the Peer Reviewed Medical Research Program under Award No. 
W81XWH-15-1-0608, and in part by Merit Review Award # B1495-R (Capadona) and Presidential Early Career 
Award for Scientist and Engineers (PECASE, Capadona) from the United States (US) Department of Veterans 
Affairs Rehabilitation Research and Development Service. None of the funding sources aided in collection, 
analysis and interpretation of the data, in writing of the manuscript, or in the decision to submit the manuscript 
for publication. The contents do not represent the views of the U.S. Department of Defense, the U.S. Department 
of Veterans Affairs or the United States Government.

Author Contributions
A.J.S. served as the study experimental lead and was responsible for experimental design, conducting 
experiments, data analysis, figure preparation, and writing the manuscript. S.S., M.W., A.M.S., and M.E. 
participated in conducting experiments and data analysis. W.E.V. and J.J.P. assisted in design of experiments 
and review of manuscript. J.R.C. served as scientific lead, oversaw the overall study design and rationale for the 
experiments, data analysis, and interpretation of results. A.J.S. and J.R.C. lead the team in preparation of the 
manuscript, while all authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18522-4.
Competing Interests: The authors declare that they have no competing interests.

http://dx.doi.org/10.1016/j.actbio.2011.02.027
http://dx.doi.org/10.1088/1741-2560/7/4/046005
http://dx.doi.org/10.1088/1741-2560/7/4/046005
http://dx.doi.org/10.1007/s10544-015-9927-z
http://dx.doi.org/10.1088/1741-2560/12/4/046009
http://dx.doi.org/10.1109/EMBC.2016.7591313
http://dx.doi.org/10.1109/tnsre.2015.2399856
http://dx.doi.org/10.1088/1741-2560/10/4/045002
http://dx.doi.org/10.1088/1741-2560/10/4/045002
http://dx.doi.org/10.1002/jbmb.32946
http://dx.doi.org/10.1002/jbmb.32946
http://dx.doi.org/10.1080/15583724.2012.751924
http://dx.doi.org/10.1080/15583724.2012.751924
http://dx.doi.org/10.3389/fnana.2011.00029
http://dx.doi.org/10.3389/fnana.2011.00029
http://dx.doi.org/10.5214/ans.0972.7531.200309
http://dx.doi.org/10.5214/ans.0972.7531.200309
http://dx.doi.org/10.1016/j.actbio.2014.01.018
http://dx.doi.org/10.1016/j.actbio.2015.11.001
http://dx.doi.org/10.1016/j.jneumeth.2006.09.023
http://dx.doi.org/10.1021/am9006337
http://dx.doi.org/10.3233/BIR-2010-0576
http://dx.doi.org/10.1089/neu.2007.0348
http://dx.doi.org/10.1021/acsomega.7b00834
http://dx.doi.org/10.1038/s41598-017-18522-4


www.nature.com/scientificreports/

1 0SCIEnTIfIC REPORtS |  (2018) 8:122  | DOI:10.1038/s41598-017-18522-4

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/


Journal of Visualized Experiments www.jove.com

Copyright © 2018  Journal of Visualized Experiments August 2018 |  138  | e57917 | Page 1 of 9

Video Article

A Novel Single Animal Motor Function Tracking System Using Simple, Readily
Available Software
Keith R. Dona1,2, Monika Goss-Varley1,2, Andrew J. Shoffstall1,2, Jeffrey R. Capadona1,2

1Advanced Platform Technology Center, Rehabilitation Research and Development, Louis Stokes Cleveland Department of Veterans Affairs Medical Center
2Department of Biomedical Engineering, Case Western Reserve University

Correspondence to: Jeffrey R. Capadona at jrc35@case.edu

URL: https://www.jove.com/video/57917
DOI: doi:10.3791/57917

Keywords: Behavior, Issue 138, Behavior, rat, ladder, open field grid, tracking algorithm, behavioral analysis, movement analysis

Date Published: 8/31/2018

Citation: Dona, K.R., Goss-Varley, M., Shoffstall, A.J., Capadona, J.R. A Novel Single Animal Motor Function Tracking System Using Simple,
Readily Available Software. J. Vis. Exp. (138), e57917, doi:10.3791/57917 (2018).

Abstract

We have recently demonstrated that implanting intracortical microelectrodes in the motor corteces of rats results in immediate and lasting motor
deficits. Motor impairments were manually quantified through an open field grid test to measure the gross motor function and through a ladder
test to measure the fine motor function. Here, we discuss a technique for the automated quantification of the video-recorded tests using our
custom Capadona Behavioral Video Analysis System: Grid and Ladder Test, or BVAS. Leveraging simple and readily available coding software
(see the Table of Materials), this program allows for the tracking of a single animal on both the open field grid and the ladder tests. In open field
grid tracking, the code thresholds the video for intensity, tracks the position of the rat over the 3 min duration of the grid test, and analyzes the
path. It then computes and returns measurements for the total distance traveled, the maximum velocity achieved, the number of left- and right-
handed turns, and the total number of grid lines crossed by the rat. In ladder tracking, the code again thresholds the video for intensity, tracks the
movement of the rat across the ladder, and returns calculated measurements including the time it took the rat to cross the ladder, the number of
paw slips occurring below the plane of the ladder rungs, and the incidence of failures due to stagnation or reversals. We envision that the BVAS
developed here can be employed for the analysis of motor function in a variety of applications, including many injury or disease models.

Video Link

The video component of this article can be found at https://www.jove.com/video/57917/

Introduction

There are many established methods to assess both functional and behavioral motor and cognitive impairments1,2,3. Some of the more
commonly employed methods include testing fine motor function via paw placement, stepping, and limb coordination on a ladder test4, testing
gross motor function and stress behavior via the open field grid test5,6, and testing for fear, depression, and despair via the forced swim test7,8

or rotor rod9. However, many of these methods rely on human researchers to "score" the animal or to judge its performance subjectively. The
need for a subjective human assessment can slow the generation and analysis of the data, as well as present the opportunity for an intentional
or unintentional influence of research bias in the study10. Further, subjective assessment of the data also presents the risk of inaccurate data
representation, be it through forgetfulness, poor motivation, improper training, or negligence11.

We have recently reported the use of both an open field grid test and a ladder test in rats implanted with intracortical microelectrodes12,13. Due to
the novelty of the findings in those studies, we immediately began employing those and additional functional testing in many ongoing studies in
the laboratory. In anticipation of unintentional human-generated variability resulting from an increase in the number of subjective evaluators, and
to improve the analysis throughput, we set out to create an automated, computer-assisted program to score behavioral testing, and greatly limit
the potential for error.

Here, we report on the development of the BVAS. The BVAS uses computer analysis to score an open field grid test and a ladder test as metrics
of gross and fine motor function, respectively. The results can be used to elucidate possible motor function deficits caused by injury or disease,
regardless of the injury or disease model. The analysis codes can be adapted to account for changes in behavioral testing equipment or to score
various metrics of motor function. Therefore, the BVAS can be implemented in many applications, beyond our intended use or the intended use
of those currently employed by other laboratories.

Note that the open field grid and ladder tests require video recording. Therefore, each test will require a video camera [1080 p, minimum 15
frames per second (fps)], a laptop, and a room to store the video data. For both tests, place the camera in a centered position, allowing for
the whole apparatus to be seen on the frame. Anchor the camera on a tripod or scaffolding so that it does not move during the testing. Keep
the edges of the video frame as close to parallel with the edges of the testing apparatus as possible. Be sure the same personnel complete all
testing and the room is well-lit with a temperature-controlled system. Use the same room for all animals throughout the course of the testing, with
minimal changes to the room. Cereals or banana chips make good rewards to encourage the animals to complete the behavior tests.
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Protocol

All procedures and animal care practices were approved by and performed in accordance with the Louis Stokes Cleveland Department of
Veterans Affairs Medical Center Institutional Animal Care and Use Committee. The behavioral testing protocol closely follows previously
published work12,13.

1. Behavioral Testing: Filming the Tasks

NOTE: Here, the animals were tested for 8 weeks to detect any chronic behavioral changes. The study duration is dependent on the application/
injury/disease model used for the study.

1. Open field grid testing
 

NOTE: The grid test has a 1 m2 area with 40 cm walls and was built in-house. The bottom is partitioned into nine squares via brightly colored
tape (Figure 1A). For the use of the automated BVAS, it is important that the color of the line and the grid contrast with the rat. Here, white
Sprague Dawley rats were used; thus, the grid background was painted black, and the lines were created with bright pink tape.

1. Test the animals 2x per week for all tests including the week before beginning the study in order to create a baseline score for use in
later calculations.

2. Clean all the testing equipment with a chlorine dioxide-based sterilant at the beginning of each testing session and between each
animal.

3. Bring the animals to the room for testing and allow them to adjust to the room for 20 min prior to starting the trials.
4. Begin filming and place the animal in the center of the grid, facing away from the researcher, to begin the grid test.
5. Allow the animal to run freely for 3 min while being video recorded from above.
6. Stop filming when the 3 min time period has ended and return the animal to its home cage. Clean the grid with a chlorine dioxide-based

sterilant, taking care to fully dry the surfaces before testing. Test each animal 1x per session.

2. Ladder testing
 

NOTE: The ladder test was built in-house and consists of two acrylic side walls, each 1 m in length, connected by 3 mm diameter rungs
spaced at 2 cm intervals (Figure 2). The animals require a week of ladder training before beginning the official testing. There is no difference
between the training and the testing protocol. Note that the training does not need to be filmed.

1. For the use with the BVAS, cover the wall behind the ladder with a black poster board and delineate the level of the rungs, start, and
finish lines with bright tape to create a contrast with the white rats.

2. Test the animals 2x per week for all tests including the week before beginning the study to create a baseline score for use in later
calculations.

3. Clean all the testing equipment with a chlorine dioxide-based sterilant at the beginning of each testing session and between each
animal.

4. Bring the animals to the room for testing and allow them to adjust to the room for 20 min prior to starting the trials.
5. Place the animal in a clean temporary cage before the ladder testing.

 

NOTE: A temporary cage is a short-term cage to hold the animal while the animal's home cage is used at the end of the ladder. There
is no age bias as all animals used in the study are the same age and complete testing over the same time period. The control used
here is a naïve animal having never received surgery.

6. Set the ladder apparatus up to span two cages; the start cage is a clean cage, and the end cage is the animal's living cage, an
incentive to complete the run.

7. Place the camera on a tripod, centered on the length of the ladder. Extend the tripod so the lens of the camera is at the height of the
ladder rungs. Position the camera so that the rungs are exactly aligned with the lens as this is important for the slip detection algorithm
in the BVAS code.

8. Start the video recording and allow the rat to begin the run by holding their front paws over the first rung of the ladder. Allow the animal
to move onto the ladder unassisted.

9. Allow the animal to move from the start line to the finish line at their own pace while filming. End the video recording and remove the
animal from the ladder once the animal has completed the run.

10. Consider the run a failed run if the animal turns around or remains stagnant for 20 s. End the video recording and remove the animal
from the ladder if the animal fails the run. Assign a penalty score for failed runs which is equivalent to the slowest time recorded during
the pre-surgery baseline testing.

11. Ensure that each animal completes 5 runs per testing day and give them a 1 min rest period between each trial.
 

NOTE: In this study, the animals were tested 2x per week for 8 weeks. However, the timeframe is up to the discretion of the researcher.

2. File Storage and Naming

NOTE: The BVAS code uses specifically designated video file and folder naming conventions so that videos may be reliably parsed and
analyzed properly. Different naming conventions are currently not supported. After the completion of a testing session, the video file is saved in
the default location under a default name.

1. Individual video naming
1. Name each video with the animal's designation for all grid testing videos.
2. Collect 5 ladder videos per testing session for each animal. Select all five videos and rename the first video, using the animal's

designation. For example, if the animal's name is "C1NS", the files are named "C1NS (1)", "C1NS (2)", "C1NS (3)", etc.
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2. Storage folder naming
1. Take the videos now named after each animal and place the files in their own storage folder. Name this folder using the following

convention: "TestingWeek_TestMode_MM_DD_YY".
 

NOTE: For example, if this folder holds the first week of grid videos and was filmed on January 1st, 2018, the folder holding these
videos is named "Week1_GridTest_01_01_18".

2. Place this specifically named folder in another folder that will denote the larger study that this set of experiments belongs to.
 

NOTE: There are no naming requirements for the folder tree system to keep studies and testing modes organized. The only folder the
system selects is the folder holding videos named in step 2.2.1.

3. Spreadsheet file creation
1. Using an outside spreadsheet program (see the Table of Materials), create a new empty spreadsheet file to store the data for each

study and testing mode.
 

NOTE: There are no naming or storage location requirements for this file. Each study requires two spreadsheet files for use with the
system, one for grid testing and one for ladder testing. Leave these files empty for now.

2. Check to ensure these spreadsheet files are not open on any computers while the BVAS is running.
 

NOTE: If the BVAS attempts to open a spreadsheet file that is already open, this will result in an error.

3. System Installation

NOTE: The BVAS was built and tested on PC operating systems and leverages Runtime components from simple and readily available coding
software. Other system configurations are currently not supported.

1. Installing latest BVAS version
1. Run the installer by double-clicking on the installer icon labeled 'BVASX.XXinstaller'. "X.XX" is the current version number, currently

'BVAS3.30installer'.
 

NOTE: This is open source software. Contact the corresponding author for the most recent version.
2. Follow the on-screen instructions to install the BVAS.

 

NOTE: The installer will check the system for the correct version of the software (e.g., MATLAB Runtime) and if it is not found, it will
install the software from the internet.

3. Once installed, launch the program by clicking the 'BVAS.exe' file.

4. System Use

1. Opening the program
1. Double-click on the BVAS program icon to bring up the BVAS main menu which allows the following options: 'Grid Analysis', 'Ladder

Analysis', 'Ladder Review', or 'Quit'.
 

NOTE: There is also a drop-down menu located in the top left corner labeled 'Email Settings' (Figure 3A).

2. Email settings
1. Click on the 'Email Settings' drop-down menu and first select 'Change email destination'.
2. Enter a preferred email address to receive updates on the analysis and select 'OK'. Select 'Cancel' to not change the email currently

saved.
3. Click the 'Send Test Email' button to send a test email to the email currently saved in the system. Close the 'Email Sent!' window pop-

up signifying the test's completion.

3. Open Field Grid Test Analysis
1. Select 'Grid Analysis' from the top menu screen.
2. Ensure the toggle button labeled 'Single Video/Whole Session/Plot Data' is displaying Whole Session to complete the analysis on a

whole set of testing session videos.
3. Utilize the '…' button next to the upper input box to browse the file system to find the file of videos to analyze. Select the folder labeled

in the style discussed in step 2.2.1.
4. Utilize the … button next to the lower input box to browse the file system to select the spreadsheet file in which to store the data.

 

NOTE: Note that, as well as outputting the data to a spreadsheet file, the complete path data for each video is stored in a data file
(.mat) in the same directory that holds the videos chosen in step 4.3.3.

5. Ensure the toggle button mentioned in step 4.3.2 is set to 'Single Video' to complete the analysis on a single video.
6. Utilize the … button next to the upper input box to browse the file system to find the file of the video to analyze.
7. Utilize the … button next to the lower input box to browse the file system to select a directory to save the data file (.mat) that results

from the single video analysis.
 

NOTE: The data file will be named after the video, which is named after the animal.
8. Select 'Output Data' from the toggle mentioned in step 4.3.2. to output the data from a previously analyzed grid video. Examples of this

plotted data are shown in Figures 1B and 1C.
9. Utilize the … button next to the upper input box to browse the file system to select a previously created grid video data file. Select 'Go!'

to create the plot and data figure.
 

NOTE: This function also creates a text file, named the same and located in the same directory as the data file, which has the animal's
run data in it.
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10. Once both necessary files have been located, select 'Go!' to begin the video analysis. Note that the 'Return' button will reopen the top
menu and the 'Quit' button will close the program completely. Choose the 'Debug Display' toggle to show a visual representation of the
tracking algorithm (Figures 3C and 3D).

11. Select 'Go!' to start the analysis process. Examine the images of each video on the reviewer screen. Use the 'Next' and 'Previous' page
buttons if there are more than five videos.

12. To bring up a manual selection menu, select the 'Edit' button if there are no green lines or the green line does not appear to be in the
correct square around the testing area. To edit the corners, select the 'Edit Corners' button.
 

NOTE: The 'Next Frame' button changes the representative image to the next frame of the video in question. Select the 'Next Frame'
button if the frame given automatically is obstructed or out of focus.

13. Follow the instructions to the right of the representative image to select the testing area and hit 'Enter' to complete the selection
process.
 

NOTE: The selected green lines will now be shown on the representative image.
14. Select 'Done' to save the selection and return to the reviewer screen.
15. Select the center 'Done' button to start the complete analysis process once the grid area for each video is selected correctly. Allow the

program to run and, upon completion, a success prompt will appear.
 

NOTE: The full analysis of a session of videos can take some time, approximately 10 min per animal.

4. Ladder test analysis
 

NOTE: The protocol for the initial ladder test analysis is very similar to the protocol outlined in steps 4.3.10–4.3.15. The notable differences
prior to those steps are as follows:

1. Select 'Ladder Analysis' from the top menu to open the ladder analysis menu.
2. View the two options in the toggle, 'Single Video' and 'Whole Session' (Figure 3B).
3. With 'Whole Session', select the upper input … button to select the folder with ladder videos named in step 2.2.1.Select the lower …

button to select a directory to save a folder with data from the ladder videos to review later.
4. If 'Single Video' is selected, select a single video file with the upper … button and a location the same as in step 4.4.3.
5. Select 'Go!' to start the analysis process and bring up the ladder test area reviewer screen.
6. Follow steps 4.3.10–4.3.15 the same way for the ladder as for the grid. Allow the program to run and, upon completion, a success

prompt will appear.
 

NOTE: If something goes wrong during the analysis, an email is sent to the email address entered in step 4.2.2. Upon completion of an
analysis of any kind, a completion email is sent to the same email address.

5. Ladder image review
 

NOTE: The following protocol is to review previously analyzed ladder videos to confirm any failures and paw slips. Note, spreadsheet files for
a ladder crossing are not generated to view until 'Ladder Image Review' (steps 4.5.1–4.5.5) is completed.

1. From the top menu, select 'Ladder Image Review'. This brings up the Ladder Review file select screen.
2. Select the top … button to select the folder of the data files.

 

NOTE: The files are saved in the location chosen in step 4.4.2 and are named in the following format: "M1_D1_Y1 Ladder Video
Session HH_MM M2_D2_YYYY". M1, D1, and Y1 are the date of the session being analyzed. "Ladder Video Session" will read "Single
Video Analysis" if only a single video was analyzed. HH_MM and M2_D2_YYYY are the time and date that the review session was
started.

3. Select the bottom … to select the spreadsheet file created for the study.
4. Select 'Go!' to start the manual review process.
5. View the automatically opened ladder data reviewer menu. If a slip is detected, use the 'Next Frame' and 'Last Frame' buttons to check

any consecutively recorded frames if available.
6. Utilize the slip toggle to denote what foot of the rat has slipped. Leave the toggle on 'No Slip' if the detection is a false positive. Click

'Save/Continue' to move on to the next detection (Figure 2A).
7. In the case of failure, use the toggle to denote whether the failure is due to reversal (where the rat turned around during the run) or

stagnation (where the rat failed to complete the run in a timely manner).
8. Click 'Save/Continue' to move on to the next detection. On the last detection, click 'Save/Continue' to complete the analysis and save

the data to the spreadsheet file chosen earlier. Dismiss the completion notice.
 

NOTE: After the review is completed, the folder that was reviewed is renamed "REVIEWED M1_D1_Y1 Ladder Video Session HH_MM
M2_D2_YYYY".

5. Output Data Analysis

1. Grid spreadsheet file
1. Locate the created data in the spreadsheet file from each grid video.

 

NOTE: The columns are left to right as follows: animal name, date of test, week of study number, total distance traveled, total time
stopped, maximum velocity achieved, right turns, left turns, and grid line crosses (Figure 1D).

2. Use these metrics to quantify the gross motor performance and create comparison plots between animals and time points.

2. Ladder spreadsheet file
1. Locate the created data in the spreadsheet file from each ladder video following the failure and paw slip review.

 

NOTE: The columns are left to right as follows: animal name, run number 1–5, week of study number, date of test, run type (either
success or failure), time of run for successes, percent completion, paw slips on each paw, and failure mode. The time column is blank
for a failure and the failure mode column will read either reversal or stagnation (Figure 2B).

2. Use these metrics to quantify the fine motor performance and create comparison plots between animals and time points.
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Representative Results

Following the methods presented here, rats completed the open field grid and ladder tests 2x per week. The data were analyzed both by using
BVAS and manually with a stop-watch by trained and novice reviewers. The results presented are an average of the raw weekly scores from a
single non-implanted control animal over an 8 week study, where week "0" corresponds to the baseline testing. Note there was no testing during
week 1 as this was a rest week for the surgery animals. Because the open field grid is tested 1x per day, the ladder is tested 5x per day, and
there are two testing days per week, there is a sample of 16 trials for open field grid whereas there are 80 trials for the ladder test in the same 8
week time period.

BVAS vs. manual analysis:
 

To confirm the consistency of the BVAS system and validate it against manual analysis, the results for grid lines crossed and ladder crossing time
were compared to the manual results from three expert reviewers (n = 3) as a "gold standard." Novice users (n = 7) also reviewed the data both
manually and using the BVAS. For the validation, each reviewer examined the same one day of experiments for one animal (grid testing = one
video/trial; ladder testing = five independent trials). The results for the open field grid test showed that expert reviewers were more consistent
than novice reviewers were (a variance of 0 versus a variance of 17.1, respectively), but when using the BVAS, there was zero variance for both
expert and novice users (Figure 4A). Similarly, the results for the ladder test showed that expert reviewers were more consistent than novice
reviewers were (~3.5x larger: a variance of 0.120 versus a variance of 0.414, respectively), but when using the BVAS, there was again zero
variance for both expert and novice users (Figure 4B).

Therefore, where possible, behavior metrics for both the open field grid and ladder test were quantified manually by the same expert user and
compared to the results generated using the BVAS. Here, the results from all included animals throughout the duration of the experiments were
evaluated. All error is reported as a standard error of the mean (SEM) unless reported otherwise. The difference between the two methods
ranged from an average of 0.64 ± 0.06 s for the ladder test and 3.56 ± 0.53 lines for the grid test. The average difference for the open field grid
test over the course of 8 weeks between the two methods was 11.13 ± 3.03%. The average difference for the ladder test over the course of 8
weeks between the two methods was 9.05 ± 1.07%. The percent difference between the two methods was calculated following Equation 1.

Equation 1:

Note also for the ladder test timing, the manual data collection is only precise to 1 s (which can change based on the device used to keep time),
while the BVAS is precise to the inverse of the frame rate of the video being reviewed. For example, if the video is filmed at 15 frames per
second, the BVAS data is precise to 1/15th of a second.

Open field grid test:
 

Following previously published protocols12,13, animals were allowed to run freely in an open field grid test for 3 min to measure their gross motor
function and stress behavior. The video recorded during the testing was analyzed using the BVAS to quantify the raw scores for the maximum
velocity, the total distance, the number of gridlines crossed, and the percentage of right turns achieved by the animal (Figure 5). While this data
is only representative of one animal, trends were seen over the course of the study of increased maximum velocity achieved, increased total
distance traveled, and an increased number of gridlines crossed. Unsurprisingly, when compared to each other, the total distance traveled, and
the total gridlines crossed had a strong positive correlation. Comparing the manual quantification to the BVAS gridline quantification revealed
comparable results (Figure 5C). For this particular animal, the percentage of right turns largely hovered between 40% and 50% (Figure 5D).
Of note, the metrics for the total distance traveled, maximum velocity, and turn direction were unable to be quantified manually, and represent
another added feature of the automated BVAS program.

Ladder test:
 

As previously reported4,14, the ladder testing was completed to measure the coordinated grasp and fine motor function. The video recorded
during the testing was analyzed using the BVAS to quantify the raw scores for the time to cross and the number of paw slips (Figure 6).In this
animal, there was a decreasing trend in the time to cross the ladder, followed by an increase in time starting around week 4. Comparing the
manual quantification to the BVAS crossing time quantification revealed comparable results (Figure 6A). As the animal presented was a non-
surgical control, paw slips were infrequent, and comparable in number between the left and right paw (Figure 6B).
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Figure 1: Example of open field grid test results. (A) This panel shows the behavioral testing 1 m2 open testing area with a black background
and pink grid lines. (B) This is an example of a plot of a single animal's 3-min grid run. This animal made one circuit of the grid and then
remained mostly stationary for the remainder of the time. The red O's and X's denote where the turn detection algorithm detected a left (O) or
a right (X) turn. (C) This is a second example of a plot of a single animal's 3-min grid run. This animal was extremely active for the entire 3-min
testing period. The red O's and X's denote where the turn detection algorithm detected a left (O) or a right (X) turn. (D) This is an example of the
output in the data file for the two runs seen in panels B and C. Please click here to view a larger version of this figure.

 

Figure 2: Example of a ladder data reviewer screen. (A) This panel shows the ladder data reviewer screen, complete with a screenshot
demonstrating the ladder test set-up. This screen is where the user will confirm detected slips and failures. This example shows a positively
detected right front paw slip. (B) This is an example of the output in the data file for the ladder run that was examined in panel A. Please click
here to view a larger version of this figure.

 

Figure 3: Example of BVAS analysis screens. (A) This panel shows the top menu of the BVAS. Note the four buttons along the bottom and the
Email Settings drop-down menu in the top left corner. (B) This is an example of a file selection screen, in this case for the ladder video analysis.
(C) This is an example of a debug analysis viewer for a grid test video. This demonstrates the detection algorithm during the analysis of a grid
test. (D) This panel shows an example of a debug analysis viewer for a ladder test video. This demonstrates the detection algorithm during the
analysis of a ladder test. Please click here to view a larger version of this figure.
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Figure 4: Example of expert and novice testing results. These panels show the results of a manual and a BVAS expert and novice testing for
(A) the number of gridlines crossed on the open field grid test and (B) the time to cross on the ladder test. For both tests, the results showed that
expert users had a lower variance than the novice users for the manual analysis, while using the BVAS resulted in zero variance, regardless of
the user expertise. The standard deviation is reported. Please click here to view a larger version of this figure.

 

Figure 5: Representative open field grid test results. These panels show representative open field grid test results for a non-implanted control
animal for (A) the maximum velocity achieved, (B) the total distance traveled, (C) the total number of gridlines crossed, and (D) the percentage
of right turns made by the animal. Please click here to view a larger version of this figure.

 

Figure 6: Representative ladder test results. These panels show representative ladder test results for a non-implanted control animal for (A)
the time to cross the ladder, and (B) the number of right- and left-front-paw slips. Please click here to view a larger version of this figure.

Discussion

The most critical portion of the protocol to ensure a strong analysis is the consistent filming. If the videos are well lit and filmed at the correct
position as discussed in the first section of the protocol, the system will be able to do a precise analysis. As with any image-processing problem,
the work done in preprocessing will make the post-processing more accurate and simple. As such, making sure that the apparatus and animals
are well-lit during the testing and any shadows or other motion in the frame is kept to a minimum will mean the BVAS can function at a higher
level of accuracy.

The protocol presented here can be used to efficiently and reproducibly analyze results from both gross and fine motor function testing in rodents
via an open field grid and a ladder test. Additionally, it reduces the possibility of human error or bias in the analysis process as the data analysis
is largely completed by the self-functioning computer without any user input. Because of this feature, the BVAS system can be used with the
same level of accuracy by both expert and novice users. The BVAS program is self-checking, easy to implement, and inexpensive to use.
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Further, the code can be adapted to fit a researcher's individual needs. For example, the open field grid code can be used to analyze a variety
of metrics including the total distance traveled, the maximum speed achieved, and the number of left and right turns, and could likely be easily
modified for the tracking in a water maze or forced swim task. Additional modifications can be made to the code to account for varying room
lighting, differences in grid and ladder line color, and differences in animal color. Although the testing apparatus and the BVAS code presented
here were designed for their use in rat studies, we expect that either could be scaled up or down to be used with various sized animals, although
this has not been verified to date.

As with all behavior testing and data analysis, it is important to maintain as much consistency as possible throughout the study and subsequent
analyses. Although the presented BVAS greatly reduces any reliance on human input for the data analysis, human variance can come into play
with the researcher working with the animals and handling the procedures15. Furthermore, changes in the testing location16 or housing and
husbandry conditions17 can also influence the results. While the BVAS can be updated to account for lighting and camera angle, factors such as
smells, personnel, or diet can only be accounted for at the time of the study. Therefore, researchers should take caution to remain as consistent
as possible in the animal testing and housing conditions, testing personnel, and analytical methods, among others.

The BVAS is novel because of its compound detection system. Each frame of the video is passed through multiple image filters to create binary
masks all calibrated to look for the rat in the frame. Each possible rat shape is then rated by the system on its likelihood of being the rat. This
rating factors in size, the number of filters the shape is detected on, and the last known location and the predicted location of the animal based
on the previous trajectory. This makes for a strong animal detection that can overcome most issues that arise based on shadows and changes in
the lighting. Unlike current commercially available animal tracking systems, this method does not require any modifications to the animal to make
it more visible and uses a single standard-speed webcam for the video recording. The BVAS system is also an improvement over conventional
manually quantified behavior testing because all the metrics that are outputted are objectively measured from the videos. A human quantified
behavioral study will have some subjectivity in nature as the researcher decides what constitutes a paw slip or grid line cross.

The system requires a somewhat specific setup to work to its fullest capabilities. While it is possible to adapt the system to changes in the
apparatus, it would currently require some fluency in computer coding to edit the code. With some coding fluency, troubleshooting is made easy
because the error notice emails include a full error information readout. If the videos fed into the system are not at the ideal resolution or frame
rate (1080 p, 15 fps), the user is alerted via a warning message. This change will affect the accuracy of the system, but it still can run on lower
resolution videos. Any lighting or shadow problems that cause an error during the analysis will lead to a dynamic error message sent to the
user-entered email. The user can then use the debug viewer to watch the frame by frame analysis to understand what issue arose. The error
message also includes an error report, so if it is a coding issue, it can be addressed simply.

In the future, the BVAS system may be able to be further adapted without any knowledge of the syntax from coding software. The addition of
a tracking options menu could allow the user to select the color of the animal and grid lines simply and conveniently. The ladder test tracking
will also increase in accuracy with the possible addition of a cascade object detector in the code and a better ladder lighting rig to accompany
the ladder test and filming apparatus. Therefore, we expect that the BVAS system described here can be readily implemented into an array of
behavioral and motor function tasks spanning a wide variety of disease and injury models.
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ABSTRACT

Intracortical microelectrodes are used both in basic research to increase 
our understanding of the nervous system and for rehabilitation purposes 
through brain-computer interfaces. Yet, challenges exist preventing the 
widespread clinical use of this technology. A prime challenge is with the 
neuroinflammatory response to intracortical microelectrodes. This mini-review 
details immunomodulatory strategies employed to decrease the inflammatory 
response to these devices. Over time, broad-spectrum anti-inflammatory 
approaches, such as dexamethasone and minocycline, evolved into more 
targeted treatments since the underlying biology of the neuroinflammation 
was elucidated. This review also presents studies which examine novel 
prospective targets for future immunomodulatory targeting.
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Introduction: Brain-dwelling Intracortical Microelectrodes—
Uses and Limitations

Intracortical microelectrodes were created as a tool for basic 
neuroscience research to understand the normal and diseased 
physiology of the brain for the treatment of neurological disorders, 
and they have since expanded to become critical components 
for brain-machine interfacing (BMI)1-3.  BMI technologies have 
shown great success in enabling locked-in patients to interact with 
computers, robotic limbs, and their own electrically driven limbs3,4. 
The recent advances have inspired worldwide enthusiasm resulting 
in billions of dollars of federal and industrial sponsorships to 
promote understanding the brain for rehabilitative and preventative 
medicine applications. Additionally, private philanthropists have 
also demonstrated excitement in the field by investing in the use of 
brain interfacing technologies as a means to human augmentation5,6. 
In the future, brain-dwelling microelectrodes could restore 
patterns of normal brain function in diseased or injured patients 
through therapeutic modulation of dysfunctional pathways. Thus, 
implantable microelectrodes in the future can be transformative 
in not only restoring sensorimotor abilities but also improving the 
treatment of brain disorders and augmenting human capabilities.

While the promise of these incredible technologies is real, caution 
must be taken as implications regarding optimal performance and 
unforeseen side effects following device implantation into the brain 
are not fully characterized. For example, we recently demonstrated 
that rats with intracortical microelectrodes implanted in the 
primary motor cortex exhibited a remarkable 527% increase in the 



Bedell HW, Capadona JR. Anti-inflammatory Approaches to Mitigate the Neuroinflammatory 
Response to Brain-Dwelling Intracortical Microelectrodes. J Immunol Sci. (2018); 2(4): 
15-21

Journal of Immunological Sciences

Page 16 of 21

time required to complete a fine motor task7. Notably, the 
increased time to complete fine motor tasks was correlated 
with persistent damage to the blood-brain barrier, as a 
result of the neuroinflammatory response. 

Despite the incredible enthusiasm for brain interfacing 
technologies, it is widely understood that microelectrodes 
for BMI technologies exhibit limited long-term viability 
where recordings typically fail 6 months to 1 year after 
implantation, due to multimodal failure mechanisms.8 
One of the primary causes for this failure is believed to 
originate from the perpetual inflammatory response 
following implantation9,10. Since the neurodegenerative 
progression of the disease and injured states are often 
associated with the progression of cognitive and motor-
related disease symptoms, the relative contribution of 
implanting potentially restorative devices that could 
actually contribute to the perceived progression of disease-
like symptoms remains unclear, and in most cases untested.  
Therefore, these critical questions need to be answered 
in respect to both understanding disease progression 
and the role of interfacing technologies in both treating 
and propagating disease-like symptoms of deteriorated 
cognitive and motor abilities. 

Fortunately, much work is being done surrounding 
microelectrode design to reduce the inflammatory 
response (for review see8,11).  Although significant 
progress has been made fabricating ultra-small implants, 
a universal approach to reduce inflammation regardless of 
the device decreases the need for design restrictions for 
successful tissue integration. For example, larger brain-
dwelling electrodes are necessary to reach deep brain 
structures such as nucleus accumbens12. Additionally, 
in order to input/output more degrees of freedom from 
these neural prostheses, many electrode sites are needed 
resulting in designs with greater surface area13. Larger 
electrodes result in more foreign material in the brain 
disrupting tissue; the more invasive the implant, the more 
tissue is damaged during implantation. Ideally, lessons 
learned about the neuroinflammatory response to smaller 
intracortical microelectrodes can be applied to future 
applications of any brain-dwelling electrode, regardless 
of size or design.  The factors that drive the inflammatory 
response must be targeted to reduce neuronal dysfunction 
and damage, to lead to improved signal for any application 
using implantable microelectrodes to ensure chronic, high-
fidelity function. 

An active immunomodulatory approach should afford 
the resolution of the damage caused during the implantation 
of the microelectrode, while also curtailing the chronic 
neurodegenerative aspects of the neuroinflammatory 
response to enhance the long-term function of the device.  
Furthermore, an immunomodulatory approach should 
also work in combination with innovative design strategies 

to combat the foreign body response, as no one solution 
can adapt as fast as the dynamic temporally facilitated 
biological response. In addition to modifications in the 
design of the probe to mitigate the inflammatory response, 
there are also biological and materials-based approaches 
undertaken to reduce neuroinflammation to chronically 
implanted intracortical microelectodes (reviewed in 8). 
In this mini-review, however, we focus on only direct 
immunomodulatory approaches applied to reduce the 
inflammatory response and improve the function of 
implantable intracortical microelectrodes, and we provide 
our current vision of the leading prospects moving forward. 

Discussion
The following sections will discuss leading active anti-

inflammatory approaches to mitigate microelectrode-
induced neuroinflammation.

Steroids: Dexamethasone (DEX)

The first method to directly modulate the immune 
system after implantation of microelectrodes was the use 
of systemic injection of dexamethasone (DEX), commonly 
used for the treatment of multiple sclerosis in the clinic. DEX 
is a synthetic glucocorticoid that induces pleiotropic anti-
inflammatory functions through cellular glucocorticoid 
receptors. Most cells, including microglia, express receptors 
for glucocorticoids such as dexamethasone14. 

The first group to report the use of DEX to minimize 
neuroinflammation in response to intracortical 
microelectrodes peripherally injected DEX (200 mg/kg) 
in rats daily for six days beginning the day of surgery. The 
systemic administration of DEX led to decreased astrocytic 
response at 1 and 6 weeks post-implantation15. However, 
the same systemic repeated administration of DEX at 
a lower dose (200 µg/kg) in rats,  led to a  “transient 
increase” in both microglial/macrophage responses and 
laminin deposition which was interpreted by the authors 
as a response to injury, repair, and/or angiogenesis16. 
Since high systemic delivery of steroids can have serious 
side effects,  DEX has also been incorporated into different 
probe coatings: poly(ethyl-vinyl) acetate, nitrocellulose, 
carbon nanotubes, and poly(lactic-co-glycolic acid) 
nanoparticles within alginate hydrogel matrices17,18. Each 
of the studies delivering DEX locally examined different 
markers of neuroinflammation.  Benefits common to all the 
studies included decreased astrocytic response, reduced 
microglial/macrophage activity, mitigated neuronal 
loss, and minimized chondroitin sulfate proteoglycan 
expression15,19-21.

DEX has also been shown to improve the functional 
recording performance of intracortical microelectrode. For 
example, DEX was loaded into electrospun biodegradable 
nano-fibers followed by an alginate hydrogel encapsulation 
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to allow for long-term release. Poly (3,4-ethylene 
dioxythiophene) (PEDOT) was then electrochemically 
polymerized on the electrode sites within the scaffold. 
The composite coating with PEDOT elicited decreased 
impedance compared to non-PEDOT coated electrodes and 
allowed for higher applied charge density than traditional 
electrodes22. DEX incorporated into nanoparticle embedded 
coatings reduced impedance compared to no-drug controls 
by 25%, likely due to the demonstrated decreased tissue 
response23. Zhong and colleagues were able to release DEX 
from nitrocellulose coatings for 16 days in vitro. However, 
once the drug is depleted from the probe material, it is 
currently not possible to reload the material with the drug, 
Furthermore, acute strategies to mitigate the inflammatory 
response have not been completely successful at more 
chronic time points24,25. Currently, continuous local delivery 
of a drug such as DEX can be delivered in vitro on a 1.5 
mm metal neural probe using microfluidic technology26. 
As the development of this technology progresses to 
incorporate a microfluidic delivery system into smaller, 
functional, neural probes, local continuous delivery of DEX 
can be a promising strategy in a larger multifaceted anti-
inflammatory approach. 

Antibiotics
Another broad-spectrum drug that has been investigated 

to decrease neuroinflammation associated with 
microelectrode implantation is minocycline. Minocycline is 
a semi-synthetic tetracycline shown to be neuroprotective 
in brain and spinal cord injury27. Rennekar and colleagues 
were the first group to use minocycline to improve neural 
recordings from intracortical microelectrodes. The 
team dissolved minocycline-HCl in the drinking water of 
experimental rats for 2 days prior to probe implantation 
through 5 days post-implantation. It was estimated that the 
rats received about 4 mg minocycline per day (13–20 mg 
kg−1), based on water consumption. After 6 days, the group 
receiving minocycline yielded significantly higher signal to 
noise ratios (SNR) and the percentage of active channels 
detecting neural activity was higher than the control 
group. Both metrics for improved recording quality were 
maintained through 4 weeks post-implantation (study 
completion). Additionally, glial scarring was reduced with 
minocycline administration at both of the time points 
in which histology was examined, 1 and 4 weeks post-
implantation 28. Unfortunately, no report of neuronal 
density, known to die back around the implants, was 
provided in Rennekar’s study.

An earlier study had previously shown that to achieve 
neuroprotective effects, minocycline must be present 
by the neurons at much higher levels29,30. Thus, Zhang et 
al. incorporated minocycline into thin film coatings on 
oxidized silicon, a common material for neural electrodes31. 
The thin film coatings allow for increased loading and local, 

sustained release of higher concentrations of minocycline 
(over 46 days). In preliminary in vitro testing, minocycline 
incorporated in thin film coatings were able to elicit 
neuroprotective activity similar to controls dispersed 
directly into the culture media.  Although these studies 
were conducted in vitro, the results demonstrated promise 
for the extended delivery of minocycline via neural probes. 
Additionally, recent work showed that minocycline 
delivered through microfluidic channels fabricated within 
an implanted neural probe led to reductions in microglial 
reactions between 200-400 µm from the probe interface32. 
Such distances are unlikely to impact neural recording 
quality. Interestingly, minocycline delivery had no effect 
on astrocyte density, inconsistent with the original 
findings from Rennekar et al. Similarly, in concordance 
to the previously mentioned studies, Hayn et al. (2017) 
administered minocycline in a single local dose (20 µg/µL) 
via cannula implantation in the motor cortex of rats and 
found decreased neuronal death and anti-inflammatory 
effects with improved motor function33. Overall, these 
studies demonstrate promise for minocycline to mitigate 
the neuroinflammatory response around implanted 
microelectrodes.  

However, long-term dosing of minocycline begets 
an increased risk of adverse events—including 
hyperpigmentation of the skin and other organs 34,35. 
Minocycline possesses an increased chance of serious 
adverse events relative to other tetracyclines35.  Thus, 
minocycline could be part of a multi-faceted approach to 
reduce initial neuroinflammation, but less risky alternative 
therapies are needed for chronic applications. 

Because of an increased understanding of the biological 
response to microelectrode implantation, more specific 
immunomodulatory approaches are being utilized to 
mitigate the inflammatory response and improve the 
chronic performance of these devices.

Mitigating the Glial Response
Both microglia and astrocytes contribute to the 

biological response affecting electrode function. Thus, an 
effective way to modulate the immune response would 
be to mitigate the glial response. The Bellamkonda group 
utilized alpha-melanocyte stimulating hormone (MSH) 
(an endogoneous tridecapetide) to target the microglial 
response36. Alpha-MSH has been shown to inhibit both 
nitric oxide and pro-inflammatory cytokines produced 
by activated microglia—both of which are detrimental 
to neuronal health37. In their study, the Bellamkonda 
group coupled the Alpha-MSH peptide to silicon single 
shank planar microprobes and implanted the probes into 
the motor cortex of rats. The astrocytic and activated 
microglial response was examined via histology at 1 and 4 
weeks post-implantation. At both time points, the activated 
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microglial response was significantly decreased compared 
to a non-coated control probe. There was no notable 
difference in astroglial scarring at 1 week, but at 4 weeks 
post-implantation significantly less scarring was present36. 

Purcell et al. administered flavopiridol to rats 
implanted with Michigan-style single shank silicon multi-
channel intracortical electrodes38. Flavopiridol arrests 
progression into the cell cycle, yet, re-entry into the 
cell cycle has been demonstrated in glial activation as 
shown by upregulation of cell-cycle components39.  Thus, 
flavopiridol was hypothesized to lead to decreased glial 
activation and improved intracortical microelectrode 
recording performance. However, Purcell et al. were 
unable to demonstrate improved neural recording or 
decreased presence of glial cells (astrocytes and microglia 
combined)38. 

Another immunomodulatory approach that has been 
explored was to use a cytokine receptor antagonist to 
reduce neuroinflammation.  Interleukin- 1 receptor 
antagonist (IL-1Ra) has been used in human clinical trials 
for rheumatoid arthritis treatment and is endogenously 
released by microglia to facilitate neuroprotection 40,41. 
Neural probe coatings incorporated with IL-1Ra have been 
successfully used to improve neuronal survival and reduce 
glial scarring as long as four weeks post-implantation42,43. 
Unfortunately, no information has been reported to date 
about either chronic time points or the effects on recording 
performance.

Targeting the Inflammasome
Given the role of the inflammasome in brain injury 

models, targeting the players of this construct can be pivotal 
in reducing neuroinflammation following intracortical 
microelectrode implantation. The inflammasome is an 
innate immune protein complex. The inflammasome 
activates caspase-1, an enzyme which allows a pivotal 
pro-inflammatory cytokine, IL- 1β, to achieve its active 
form. IL-1β has been shown to be significantly upregulated 
around intracortical probes and plays a role in blood-brain 
barrier (BBB) dysfunction11,44. Kozai et al. used a knock-out 
mouse model to demonstrate caspase-1 as a promising 
immunomodulatory target for improving chronic single-
unit recordings by intracortical microelectrodes implanted 
in the visual cortex of mice45. Data obtained by Kozai et 
al. suggested that pharmacologic interventions which 
target the components and downstream players of the 
inflammasome can yield more stable chronic neural 
recordings. Future studies could entail using a caspase 
inhibitor such as VX-765 or Ac-YVAD-cmk, both of which 
have demonstrated neuroprotection in various models46-48.

Targeting Blood-derived Cells
Blood-derived cells have been shown to be major 

contributors to the inflammatory response of brain-
dwelling intracortical microelectrode, despite the 
perception of the immune privileged brain49,50. Thus, a 
recently developed hypothesis is that immunomodulatory 
strategies that limit blood-derived immune cells from the 
area within the brain, surrounding the implanted neural 
electrodes, could mitigate the inflammatory response and 
concurrently improve recording performance.  Targeting 
monocyte chemoattractant protein-1 (MCP-1) using a knock 
out mouse model was found to decrease the inflammatory 
response to intracortical microelectrode implantation51. 
MCP-1 is a chemoattractant which attracts monocytes to 
areas of inflammation, such as the response to a neural 
electrode in the brain. Although this study did not directly 
evaluate reductions to blood-derived cells, they found that 
MCP-1 knock-out mice reduced BBB leakage, microglia/
macrophage response, and astrocytic response, all leading 
to an increased neuronal density at acute and chronic time 
points. Notably, the improved neuroinflammatory response 
was recapitulated with pharmacological inhibition of MCP-
1 via daily intraperitoneal injections51. It will be critical 
for future studies to also investigate the impact on neural 
recordings. 

Pattern Recognition Receptors 

Given the presence of blood and cellular damage 
present at the tissue-device interface after implantation, 
targeting cellular receptors that recognize damage and 
initialize the production of pro-inflammatory cytokines 
promises to reduce the inflammatory response and 
improve intracortical microelectrode performance. 
Pattern recognition receptors detect cellular damage 
and blood proteins and are found on microglia, neurons, 
astrocytes, and blood-derived macrophages present at 
the probe interface.  Through the use of knock-out mouse 
models and a small-molecule inhibitor, we have previously 
shown that targeting the toll-like receptor (TLR)/cluster 
of differentiation 14 (CD14) pathways can improve both 
acute and chronic microelectrode performance49,52. Thus, 
pattern recognition receptors are amenable targets to 
improve neural recording from brain-dwelling intracortical 
microelectrodes, yet appropriate dosing regimens for 
optimal wound healing and anti-inflammatory responses 
remains to be determined.

Conclusion and Perspectives
The goal of our mini-review was to highlight key 

studies in the many parallel approaches to mitigating the 
neuroinflammatory response to brain-dwelling neural 
electrodes (Table 1).  The mini-review was intended as 
a starting point for discussion towards the integration of 
a more targeted approach to device integration.  As the 
list of interesting targets within the brain for interfacing 
continues to grow, a more comprehensive and specific 
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strategy for device integration will be required. Electrode 
design alone will not be the answer. As a more detailed 
understanding of the biology at the probe-tissue interface 
is elucidated, more directed therapeutic interventions 
which modulate the immune system will be required 
to improve device performance to a long-term, reliable 
system. It should be clear that many promising approaches 
to mitigation of inflammation are under development and 
studies looking at the effects of neural recording to many 
of these approaches need to be conducted before the 
aforementioned approaches are widely adapted. Strategies 
that utilize immunomodulatory interventions already in 
the clinic will need to be coupled with responsive local 
delivery platforms to avoid peripheral anti-inflammatory 
treatment that should not be a long-term solution. Large 
animal and clinical demonstration of such approaches will 
soften the barrier to novel immunomodulatory strategies 
at earlier stages of development and ultimately bring forth 
significant benefit to the function of these devices and the 
rehabilitation of disabled individuals.
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Bioinspired materials and systems for neural
interfacing
Andrew J. Shoffstall1,2 and Jeffrey R. Capadona1,2

Abstract

Brain-implanted devices have a number of applications with
significant potential. Widespread adoption hinges on the ability
to produce an interface that can engage with neural tissue over
long periods of time. Biomimetic approaches can help
camouflage implants by altering their characteristics to better
reflect the neural environment, which may promote an atten-
uated inflammatory response, improving integration into native
tissue, and ultimately improve device performance. Addition-
ally, as new neural interfacing technologies are developed,
unexpected challenges can arise, requiring novel tools to
enable their implementation. Unlikely inspiration from the
mechanically-dynamic sea-cucumber-dermis, mechanism of a
mosquito bite, squid beak mechanics, and the woodpecker’s
dynamic control of intracranial pressure represent some of the
exciting bioinspired systems that may lead to unique solutions
to recent challenges in neural interfacing.
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Introduction
The first generations of chronic intracortical recording
microelectrodes were introduced in their current forms
starting in the 1970s and consisted of either metal
microwires, silicon-based planar substrates (“Michigan-
type”), or the multidimensional Pt/Ir-based “Utah
Array” [1e3]. While significant strides in manufacturing,
connectors and wireless telemetry have been made,
surprisingly, the substrates for the neural interface itself,

be it steel, gold, silicon or platinum/iridium, have
remained relatively consistent across commercially
available systems [4]. In the last two decades however, a

new focus on designing a more biocompatible neural
interface has expanded the neural engineer’s toolbox
beyond silicon and purely metallic substrates to a host of
polymers, flexible carbon-based systems, and other sys-
tems that more closely resemble the endogenous bio-
logical environment.

Potential applications of neural interfaces vary, ranging
from electrical stimulation vs. recording, pain manage-
ment vs. restoration of sensation, clinical vs. research, and
these applications may even possess potential for human

augmentation and eventual integration with consumer
electronics [5,6]. Each approach presents unique chal-
lenges for an optimal neural interface. Non-invasive
technologies such as electroencephalography (EEG)
controlled prostheses aim to reduce the risk of neural
recording, but unfortunately do not currently produce
signal quality as robust as theirmore invasive counterparts
[7]. More invasive approaches like intracortical implants,
produce high fidelity signals, but performance degrades
over time due in part to degradation of the materials as
well as the synergistic changing of the microenvironment

near the device [4]. Placement and location also matter.
The brain comprises a unique environment compared to
other tissues in the body, owing to the bloodebrain barrier,
and is considered immune privileged [8]. Peripheral immune
cells are typically prevented from escaping the vascular
space since the environment being tightly regulated by
lymph- and glymph-atic systems [9,10].

As recently highlighted by multiple labs, the role of
neuroinflammation in the failure of recording micro-
electrode is still not entirely understood [11e13]. When

a neural device is placed near the site of interest, that
site is inherently changed and immediately begins
remodeling. The remodeled tissue produces a scar,
altering both actual and detectable neural activity and
circuits. Depending on electrode placement in or next
to neural tissue, the impact of scarring can have a more
severe impact on device performance or on surrounding
tissue. For example, new evidence further demonstrates
that microelectrodes implanted in the motor cortex of
the brain alters the motor behavior of rats, a finding that
is highly correlated with chronic bloodebrain barrier
damage [14]. An ideal electrode would be one that can

interface with the neural tissue without affecting any
changes in the local environment.
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Bioinspired and biomimetic approaches to neural
Interfacing have the potential to help solve the issue of
achieving more seamless device integration within the
brain (Figure 1). Biomimicry is defined here as altering
the physical, chemical, or electrical characteristics of an
implanted material to more closely match the endoge-
nous neural environment (Table 1). Bioinspiration, on
the other hand, enhances neural systems by leveraging

materials, methods, or other cues from nature and
applying them toward analogous functions to improve
the implantation and implementation of the device.
This review discusses the recent advances (focusing on
the last two-to-three years, 2015e2017) in both bio-
mimetic and bioinspired approaches to improve the
performance of neural interfaces.

It should be noted that while many groups have not
specifically identified their research or developments as
“biomimetic”, the field of neural engineering is moving

knowingly or unknowingly toward a more integrated
biological approach. Therefore, the broad definition
stated above has been adopted to the work discussed in
the current review.

Mimicking physical aspects of the brain
Bulk stiffness & flexibility
Mechanical mismatch between the traditionally rigid
materials used for neural interfaces and the pliant neural
tissue is thought to play a role in recording longevity

[15]. Strain generated by the device on the tissue is a
function of micromotion, tethering, bulk stiffness and
flexibility [16]. It has been postulated that there may be
a threshold or limit for reducing the tissue response
[17]. While a number of groups have published studies
comparing the inflammatory response of stiff versus soft
microelectrodes [4], few have been able to achieve de-
vices in the same order-of-magnitude range as brain

tissue.

Recently, Cui’s research group has developed an ultra-
soft (w1 MPa) material as well as a delivery vehicle
system to produce an electrode that closely resembles
the brain’s stiffness (Figure 2A) [18,19]. Cui and col-
leagues demonstrated the ability to reduce the inflam-
matory response, improve neural integration, and reduce
mechanical damage to nearby neurons [18]. Their
microwires (125 mm diameter), made from an elasto-
meric and conductive PEG/PEDOT blend, were also

capable of acute signal recordings [18,19]. Dissolvable
adhesives on needles allowed the probes to be easily
introduced into the brain.

Beyond just modifying bulk stiffness, multiaxial flexi-
bility is likely to be in important factor. Luan et al.
demonstrated an ultra-pliant probe made from nano-
threads [20]. To achieve mechanical pliance on the same
magnitude as the brain, the Durand lab developed what
they call nanotube (CNT) “yarns” which are extremely

Figure 1

Overview schematic of biomimetic vs. bioinspired systems. Bioinspired and biomimetic systems for next generation neural interfaces have the
potential to produce a robust neural interface that can engage with neural tissue over long periods of time. Biomimetic devices camouflage implanted
materials by altering their characteristics to better reflect the local neural environment (e.g., physically, chemically, and electrically) which may promote a
weaker inflammatory/immune response and improve device performance. Bioinspired neural systems leverage materials, methods, or other cues from
nature and apply them toward analogous functions to improve the use or integration of the device. Figure courtesy of Cleveland FES Center.
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small and ultra-pliant (Figure 2B) [21]. While the bulk
materials themselves may be very stiff (on the order of
several hundred GPa), they are easily flexed in any di-
rection, thus mitigating any unnatural strains or stresses
on the brain tissue.

Surface topography
At the microscale perspective, brain tissue is not a

smooth surface. It is comprised of a vast network of
extracellular matrix scaffolding, cytoskeleton structure,
and is organized by distinct meningeal layers and
distinct cortical layers, permeated throughout with
vasculature. Each niche environment has a distinct set
of mechanical properties and presentation to cells
involved in the inflammatory response such as macro-
phages, microglia, and astrocytes. This complicated ar-
chitecture is in contrast to the smooth fabricated
electrodes typically implanted in the brain.

Therefore, it is not surprising that surface topography
appears to be an important factor in the development of
the inflammatory response surrounding the electrode
[22]. Aiming to better match the brain’s natural topog-
raphy, Ereifej et al. demonstrated a method for
manufacturing precise parallel grooves etched into the
surface of a silicon device (Figure 2C) [23]. While their
results indicated that their nanopatterned devices did
not reduce histological markers of neuroinflammation
compared to control implants, they did significantly alter
gene expression. The authors have previously suggested

a positive influence of nanopatterning on astrocytes that
has the potential to better stabilize the device [24].

Size & form factor
Brain cells are soft, amorphous and on the microscale,
while proteins are even smaller, with features at the pico-
and nano-scale. Leading thoughts on the subject of
microelectrode design have suggested that “smaller is
better,” and that scaling the devices to the subcellular
level has the potential to largely reduce penetrating
trauma during insertion and thus preventing the inflam-
matory or immune responses to the materials [25].
However, at that scale, traditional materials are

challenging to manufacture. The choice of materials is
balanced by the need for high conductivity and surface
area and having enough strength to withstand implanta-
tion and indwelling tissue strains. Consequently as
microelectrode sizes have gotten smaller, high charge ca-
pacity coatings (e.g., poly(3,4-ethylenedioxythiophene)

(PEDOT)) combined with new substrates with better
mechanical properties (e.g., silicon carbine (SiC) and
carbon nanotubes (CNT)) have yielded ultra-small mi-
croelectrodes capable of implantation without shattering
[25]. Silicon amorphous SiC has the benefit of being
corrosion resistant, and has thus been studied as an
alternative, more inert coating layer for Si-devices [26].
Along those lines, graphene and other next-generation
materials also hold significant potential for developing
ultrasmall, flexible, durable and conductive electrodes
[27].

Neurons form intricate branched structures that sprawl
many orders of magnitude greater than their individual
size. Therefore, 3D macroporous nanoelectronic
injectable mesh networks that form a sprawling neural
interface mimicking the native network design, hold
significant promise for developing a truly minimally
invasive brain probe, (Figure 2D) [28,29]. “Neural dust”
takes a similar approach as the injectable meshes but
instead uses miniaturized devices integrated with
piezocrystal transceivers which communicate to an

externally placed transceiver via ultrasound energy,
(Figure 2E) [30]. Such approaches have significant ad-
vantages of being able to interface with larger tissue
volumes without the need for placing a large electrode
into the tissue.

Managing and mimicking chemical aspects
of the brain
In order for neurons and nerve cells to communicate
with one another, complex chemical reactions send
chemical signals from cell to cell. Unfortunately, some of
the chemical and biological signaling molecules used by
glial cells within neural tissue can lead to undesirable
chemical reactions in neural cells, leading to neurode-
generative states. Many neurodegenerative glial cell

Table 1

Table of some common biomimetic approaches. Implanted devices are mechanically, chemically, or electrically altered to exhibit similar
properties to the natural neural environment. Features in the brain are small and mechanically pliant (Physical). Proteins are the first
molecules to react to device implantation and their conformation determines downstream effects (Chemical). Neural tissues are excitable
by ionic currents (Electrical). Ultimately, the brain is a dynamic, living environment. Permanent synthetic structures are more likely to
cause inflammation and damage over time. Living systems have the advantage of being able to dynamically respond to a changing
environment.

Mechanical Chemical Electrical Living/Dynamic

➢ Bulk stiffness & flexibility ➢ Managing the protein corona ➢ Ionic conductors ➢ Cell-seeded scaffolding
➢ Surface topography ➢ Bioactive surfaces ➢ Flexible conductors ➢ Tissue ingrowth/remodeling
➢ Size & form-factor ➢ Antioxidants & free-radical scavengers ➢ Electrically responsive

materials
➢ Biodegradable systems
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Figure 2

Examples from recent neural interface approaches in literature. A) Kolarcik et al. developed an electrically conductive soft polymer electrode by coating
extruded PDMS wires with PEDOT [19]. These implants aim to match the mechanics and conductivity of native tissue. B) McCallum et al. developed an
ultrasmall and flexible probe for electrophysiological recordings, made from a CNT yarn [21], reproduced under the creative commons license https://
creativecommons.org/licenses/by/4.0/. C) Nanopatterned silicon substrate microelectrodes attempt to better mimic the innate microenvironment as
extracellular matrix and cells form intertwining networked structures rather than smooth planar sheets that are currently present on the surface of
microelectrode devices [23]. D) Injected polymer mesh electrodes unfold in situ to form sprawling network of microelectrode contacts, better mimicking
the neural environment, and allowing for greater volume coverage without requiring a more invasive procedure [29]. E) “Neural dust” developed by
researchers at Stanford University and funded by DARPA represents an attempt to even further miniaturize electrophysiological recording technology so
that it can be deployed to and interact seamlessly with nerves [30,31]. F) Goding et al. generated “living electrodes” by layering multiple coatings,
including a hydrogel scaffold which could support neural cell seeding and tissue in-growth [32]. Figures reproduced with copyright permission.
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processes can be initiated by the inflammatory response
to neural interfaces. Therefore, it is not surprising that
chemistry has also been employed as a tool to inhibit
unwanted inflammatory responses to neural interfaces.
The biochemical methods for altering implanted
microelectrode surfaces has been previously reviewed by
Sommakia et al. [33] and Jorfi et al. [4], therefore this
review will focus on only the most recent advances in

managing and mimicking the chemistry of the brain.

Managing the protein corona
Protein adsorption to the surface of an implanted ma-
terial is the first observable event upon the contact of a
synthetic material with physiological fluids [34]. When
soluble protein encounters implanted synthetic mate-
rials or devices, non-covalent interactions facilitate the
denaturing of the protein. The denatured adsorbed
protein then initiates an inflammatory response. The
extent of denaturation of the protein and the amount of
protein that adsorbs is largely controlled by the chem-
istry of the material [35,36]. Therefore, managing the
protein corona to camouflage an implanted device re-

mains the holy grail of surface modification for
biomedical engineering applications.

Many approaches have been employed to create non-
fouling surfaces [37]. Glycocalyxelike and carbohy-
drate decorated materials have an obvious biomimetic
inspiration. However, polyethylene glycol (PEG) surface
modification remains a common strategy for managing
the protein corona for implanted devices. The extent of
biomimicry in PEG approaches varies in the secondary
modifications to the PEG itself, to incorporate additive

features, such as drug delivery and crosslinking to con-
trol mechanics. Regardless, inert substrates in general
are at least in part inspired by a natural analog in
structure, chemistry, or function.

One of the most recent attempts to utilize PEG in
neural interfacing was by the Otto laboratory. Otto’s
group showed that dip-coating intracortical microelec-
trode with PEG appears to be relatively ineffective at
altering the foreign body response [38] despite the
studies that have incorporated these coatings [39].

While the results may be discouraging, it has been
widely recognized that not all PEG coatings are created
equal. The PEG chain length and grafting density is a
major factor for determining the coatings hydrodynamic
mobility and therefore its efficacy of managing protein
adsorption [40]. With the dip-coating (non-covalently
bound) approach, limited efficacy may have been
attributable to premature dissolution from the surface.

Bioactive surfaces, antioxidants, & free-radical
scavengers
While the above section described the requirement to
inhibit nonspecific protein-material interactions, there

are equally as desirable interactions and reactions that
are often the inspiration for biomaterials design of neural
interfaces. Two of the most recent strategies to incor-
porate bioactive design into neural interfacing come
from the Cui and Capadona laboratories. First, building
from earlier work from the Tresco group [41], the Cui
lab has spent years developing neural interfaces which
incorporate the neuroadhesive L1 coating on neural in-

terfaces to attenuate acute microglial attachment to
neural electrodes [42], and which demonstrate
improved neuronal density surrounding the implanted
device [43]. Alternatively, the Capadona lab was the first
to investigate the use of natural and biomimetic anti-
oxidants such as resveratrol and curcumin, as well as free
radical scavengers (MnTBaP) that may reduce local
tissue response [44e46]. Anti-oxidative enzyme secre-
tion is regulated during neuroinflammation to protect
neurons from oxidative damage, which is often a
consequence of frustrated phagocytosis [47]. The

development of biomimetic and bioinspired systems to
regulate oxidative damage promises to stabilize the
neural interface and lead to improved tissue health and
device performance.

Mimicking electrical aspects of the brain
Electrical signals are primarily transmitted in the brain
by ions; devices transmit electrons. At the interface of
these two systems is the Helmholtz double layer, where

the ionic charges are converted to Faradaic or electron-
based charge [48]. Therefore, many bioinspired sys-
tems have been explored to facilitate the transfer of
charge between tissues and neural interfaces.

Ionic conductors (PEDOT)
Similar to nervous system tissue, poly(3,4-ethylen-
edioxythiophene):polystyrene sulfonate (PEDOT:PSS,
or simply PEDOT) is a water-permeable volume-
conductor. PEDOT along with a counter-ion, e.g., PSS,
has been investigated extensively over the last several
years [49e53]. PEDOT increases the surface area of the
microelectrodes, decreasing impedance and increasing
charge transfer capacity, and can facilitate ultra-small
high-density arrays [54]. Significant work has been
performed to characterize and improve PEDOT’s per-

formance and biocompatibility [55e57].

Flexible conductors
The brain conducts ionic currents through soft pliable
nerves. Wang et al. developed stretchable, conductive
polymers that may serve as interconnects [58]. The
flexibility may improve the mechanical stability and
integrity over repeated strain cycles. There are un-
doubtedly new polymers and materials yet to be
discovered that may play a significant role in improving
the device-tissue interface to transfer charge most effi-
ciently from biological to in silico. Other applications may
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even require ionically responsive materials as developed
by Meng and Wnek et al. [59,60].

Dynamic (living) systems
At the cellular and molecular level, everything within
the body is in a permanent state of flux and remodeling.
Dynamically changing materials and systems may
therefore have an advantage in their interacting with
living neural tissue.

The ultimate biomimetic electrode may incorporate
actual living elements. Cells attached to the electrode
surface or incorporated into a scaffold have the advan-

tage of being able to dynamically respond to changes in
the local environment. Goding et al. developed a
construct for seeding cells onto extracellular matrix
components, (Figure 2F) [32]. Cui’s group developed
PEDOT/graphene-oxide (GO) materials that may
improve the stability of neural stem cells during

transplantation [61]. While the study was performed for
a different purpose, the substrate may also be used for
camouflaging implanted microelectrodes or providing
sustained release of factors from an attached layer of
mesenchymal stem cells. A third approach, developing
macroporous nanowire nanoelectronic scaffolds, allows
for the ingrowth of tissue [62,63], enabling the device to
becomes tightly incorporated in the tissue environment

after implantation. Having the biology interface well
with the device opens up possibilities for introducing
therapeutic cells (e.g. stem cells) or engineered cells as
well as physiological recording with minimal disturbance
to the tissues. Unfortunately, a significant concern with
dynamic living systems is the possible complication if
the device were to ever need removal.

Bioinspired systems for the neural interface
Developing new materials and systems to mimic the
brain has also elicited the requirement of novel methods

Figure 3

Bioinspired neural engineering solutions. A) The sea cucumber regulates interactions among collagen fibrils which organize in a chemo-responsive
manner to transition from ~5 to ~50 MPa, upon exposure to a chemical regulator. Using a polymer analog, Capadona et al. produced an implant material
that transitions from 4200 to 1.6 MPa upon exposure to emulate physiological conditions, enabling implantation into the brain in the “stiff” state, and
mechanical matching of the pliant tissue in the “soft state” [64]. B) The squid beak comprises a single composite material that undergoes a continuous
transition from soft-to-hard regions. Similar to the squid beak, Fox et al. developed nanocomposites with a controllable degree of cross-linking along the
length of the device [65]. They utilized tunicate cellulose nanocrystals as the nanofiller which where functionalized with allyl moieties, allowing the team
to use photo-induced thiol-ene chemistry to cross-link the nanofiller in a controlled fashion. Ultimately, the team was able to produce an increase in wet
modulus from 60 to 300 MPa (~500% increase). C) The female mosquito uses its labium to help brace and guide its fascicle through the skin of its host
prey. Taking inspiration from this, Shoffstall et al. developed a simple guide to brace planar microelectrodes at their tip during insertion to reduce
effective length and increase the critical buckling load [66]. D) The woodpecker repeatedly slams its head against tree trunks with apparently little-to-no
long-term consequences to its well-being due to its ability to temporarily regulate intracranial pressure to reduce dead-volume in the skull. A group of
researchers and physicians invented a method of recreating the effect with the use of a simple compression brace placed around the neck [67,68].
Figure courtesy of Cleveland FES Center.
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and tools to overcome new challenges which require
thinking outside the box. Scientists and engineers have
looked to nature for inspiration (Figure 3).

Sea cucumber inspired dynamic stiffness material
Over time, the quality of electrophysiological recordings
from intracortical microelectrodes degrades. The result
is likely due to a combination of changes within the
material as well as neural degeneration along with other
physiological changes occurring around the implant [4].
As discussed above in Bulk Stiffness & Flexibility,

neuroinflammation is thought to play a role in the
sequelae of the degeneration and micro-motion, and
repeated tissue strain from mechanical mismatch be-
tween the electrode material (stiff) and the brain tissue
(soft) is thought to play a major role [16,17]. While a
number of soft substrates had been investigated for use
in microelectrodes, purely soft, flexible materials suffer
from the challenge of buckling during insertion. To
overcome this hurdle, Capadona et al. took their inspi-
ration from the sea cucumber which is able to rapidly
and reversibly stiffen its dermis as a defense mechanism

when threatened (Figure 3A) [64]. Capadona applied
the same design used by the sea cucumber to develop a
polymer matrix that changes its stiffness in response to a
chemical trigger (i.e., water hydration). The result was a
material that was capable of being implanted into the
brain while stiff to avoid buckling during insertion, and
only subsequently softens after hydration in the brain
tissues.

Squid beak inspired stiffness-graded transition
material
The use of soft polymer systems with hard engineered
devices leads to a significant challenge and a frequent

failure point: the interface between the two dissimilar
materials. Fox et al. looked to the squid’s beak for
inspiration (Figure 3B) [65]. The team noticed that the
beak of the giant squid is comprised of a seemingly single
composite material, but had graded changes in stiffness
between the soft tissue interface of the stiff beak
portion. The authors sought to develop a system that
mimicked this gradual change in stiffness, so to avoid the
harsh transition and reduce failure rates. Such systems
may provide significant advantages in interconnects
(transition from head-stage to flexible wires) which are a

major failure point in current neural implants.

Mosquito bite inspired insertion guide
While dynamically softening polymers aid in the inser-
tion of the devices into the brain, the systems are still
relatively flexible due to their form factor (often thin
films or microwires), and thus can be more challenging
to implant than their very stiff (>700 GPa) silicon or
metallic counterparts. Inspiration was taken from the
mosquito, which uses a combination of mechanisms that
includes an insertion guide to enable the mosquito to

insert a set of micro-sized needles through the skin to
reach vascular structures (Figure 3C) [66]. By bracing
the needle at its base during insertion, the critical
buckling force of the microprobes increased by 3.8-fold.
With the guide in place, the rate of successful micro-
probe insertion increased from 37.5% to 100%. The
prototype guides provided a reproducible method to
augment the insertion of small, flexible devices into the

brain, and can potentially be scaled for use in inserting
other micro-scaled medical devices that suffer from
challenges in implantation due to buckling.

Woodpecker inspired method to prevent chronic
traumatic encephalopathy
While not directly related to devices implanted in the
brain, it was worth mentioning this very interesting
bioinspired method for interfacing with the brain non-
invasively. This example shows how thinking creatively
and looking to nature which has evolved over millennia
may provide significant inspiration to solve new scien-
tific and technical challenges.

Chronic traumatic encephalopathy appears to be linked
to repeated trauma to the skull/brain, especially relevant
to sports and battlefield injuries. The woodpecker
amazingly slams its head against tree trunks without
causing unintentional damage. Trauma is avoided by
modulating intracranial pressure via constriction of the
jugular vein. Constriction increases the blood volume
retained in the brain (Figure 3D) [67]. Researchers have
mimicked this action with a neck collar that contracts
the omohyoid neck muscles to gently apply pressure to
the jugular veins [68,69]. The mechanism of protection

is hypothesized to be due to the reduction of “slosh” in
the brain upon skull impact, thereby reducing risk of
brain injury. In preclinical models, axonal amyloid pre-
cursor proteins, degenerative neurons, reactive astro-
cytes, and microglial activation have been reduced [67].
Perhaps future generations of neural interfaces can
dynamically sense the impact to the head, and respon-
sively initiate jugular compression to prevent trauma in a
dynamically-responsive biomimetic design.

Conclusion
Biological systems have evolved over millions of years.
Bioinspired and biomimetic strategies can leverage
those advances to improve engineered neural interface
devices. Biomimetic approaches taken over the last few
years have included physical, chemical, and electrical
modifications, and have even begun to incorporate living
elements (e.g., seeded with cells). All these approaches
have the potential to aid in forming a more compatible

neural interface that causes less disruption to the
existing physiology which may enable innovative medi-
cal applications in the fields of neural-controlled pros-
thetics and brain-computer interfacing. Despite all the
knowledge gained through decades of research, a better
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appreciation of what biological factors impact neural
recordings is still required so that new microelectrode
neural interfacing technology may be rationally
designed. As new systems are developed, neural engi-
neers will be presented with unique challenges relating
to miniaturization, surgical delivery, manufacturing, and
other technical aspects. Looking to nature for bio-
inspired ideas may yield interesting and unforeseen

approaches that take advantage of evolutionarily-
optimized systems.
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Abstract: Thiol-ene based shape memory polymers (SMPs) have been developed for use as
intracortical microelectrode substrates. The unique chemistry provides precise control over the
mechanical and thermal glass-transition properties. As a result, SMP substrates are stiff at room
temperature, allowing for insertion into the brain without buckling and subsequently soften in
response to body temperatures, reducing the mechanical mismatch between device and tissue. Since
the surface chemistry of the materials can contribute significantly to the ultimate biocompatibility,
as a first step in the characterization of our SMPs, we sought to isolate the biological response to the
implanted material surface without regards to the softening mechanics. To accomplish this, we tightly
controlled for bulk stiffness by comparing bare silicon ‘dummy’ devices to thickness-matched silicon
devices dip-coated with SMP. The neuroinflammatory response was evaluated after devices were
implanted in the rat cortex for 2 or 16 weeks. We observed no differences in the markers tested
at either time point, except that astrocytic scarring was significantly reduced for the dip-coated
implants at 16 weeks. The surface properties of non-softening thiol-ene SMP substrates appeared to
be equally-tolerated and just as suitable as silicon for neural implant substrates for applications such
as intracortical microelectrodes, laying the groundwork for future softer devices to improve upon the
prototype device performance presented here.

Keywords: intracortical; microelectrodes; shape-memory-polymer; electrophysiology

1. Introduction

Intracortical microelectrodes are used for electrophysiology recordings from the brain in a number
of applications across both basic neuroscience and rehabilitation [1–4]. The specific needs of the
given application dictate how long the microelectrode must endure, what type of signal is required
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(e.g., single units versus local field potential), and the design of the electrode required for reaching the
targeted location [5–9]. Unfortunately, the currently available implantable microelectrode arrays do
not demonstrate long-term robustness, as evidenced by a gradual decline in the signal-to-noise ratio
and ultimately a diminishing percentage of contacts that are able to record spiking behavior [10–13].
Therefore, there are many types of intracortical microelectrodes under development [3,4].

The failure mechanisms of recording microelectrodes are multifaceted and include a number
of interrelated processes involving mechanical, material, and biological pathways [14–18]. Among
these interrelated processes, the neuroinflammatory response is thought to play a central role in
microelectrode failure. Prolonged neuroinflammation can cause a build-up of oxidative species that
can promote neurodegeneration while also initiating the degradation of implanted materials, resulting
in a positive feedback cycle [19,20]. Numerous materials-based and therapeutic strategies have the
potential to intervene in several of the failure modes by combining mechanical strategies, bioactive
coatings, and/or drug-eluting substrates [21].

To reduce the tissue response and combat chronic neurodegeneration around implanted
intracortical microelectrodes, the neural engineering field has been increasingly moving toward smaller,
softer materials and electrode designs [21–23]. Using soft polymer substrates, like polyimides [24–26]
or Parylene-C [27], compliant devices appear to reduce the appearance of chronic inflammation
in end-point histology [28–30]. Ultra-small concepts have also proven to work well for reaching
superficial cortical targets of the brain [28,31–33]. However, such devices may not be compatible with
implantation strategies for more difficult to access structures of the brain.

Thiol-ene and thiol-ene/acrylate shape memory polymers (SMPs) comprise a new class of
substrate under development for neural interfaces [34,35]. Thiol-ene/acrylate acts as a versatile
material that is stiff at room temperature and softens after implantation in response to body
temperatures and fluid exposure. The softening effect can be as large as a transition from 1 GPa
to 18 MPa [35]. The combination of thiol, alkene and acrylate monomers modulates the rubbery
modulus and allows for the adjustment of the glass transition temperature via a composition ratio
(i.e., relative concentrations of multivalent monomers from all three groups) [36–38]. Sterilization
methods have been optimized [39], allowing for the first demonstration of acute recordings signals
from the primary auditory cortex of rats [40]. While thiol-ene-based SMPs appear to be promising, thus
far, there have not been robust analyses of the neuroinflammatory response elicited by their long-term
implantation in the cortex.

The objective of the current study was to quantify the neuroinflammatory response to implanted
SMP materials. Here, we chose to first compare our SMP to a bare silicon substrate similar to
those used in commercially available planar microelectrodes. The goal was to first understand
the biological response to the thiol-ene material itself, without the confounding variable of stiffness
(and resulting differential tissue strains). To that end, the SMP material was dip-coated onto a silicon
surface and compared to a size-matched bare silicon substrate. As a result, the bulk flexibility of the
microelectrode was held consistent, while only the tissue-exposed surface varied. Given the similar
size and stiffness, we hypothesized that stiff silicon microelectrodes dip-coated with a shape memory
polymer would elicit a similar or reduced neuroinflammatory response compared to size-matched
bare silicon microelectrodes after implantation into the rat cortex.

2. Materials and Methods

2.1. Study Design

Male Sprague Dawley rats (200–250 g, n = 11 per group) were implanted with either stiff
silicon microelectrode probes dip-coated with shape memory polymer or size-matched bare silicon
microelectrode probes. As performed previously by our group and others, microelectrode probes were
implanted bilaterally (one in each hemisphere) and treated as independent of one another [41,42]. After
implantation, animals were housed for 2 or 16 weeks, spanning the periods of initial and late-onset
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neurodegeneration [43,44]. Immunohistochemistry markers tested included neuronal density (NeuN),
activated microglia (CD68), blood-brain barrier permeability (Immunoglobulin G (IgG)), and reactive
astrocytes (glial fibrillary acidic protein (GFAP)) [20,43,45–49].

2.2. Device Fabrication and Sterilization

Silicon ‘dummy’ probe devices, substrates without a recording functionality, were fabricated by a
photolithographic process using a deep-reactive ion etching procedure as described below. In detail,
silicon shanks of the desired thickness were fabricated from the appropriate SOI (silicon on insulator)
wafer. These SOI wafers contained a device silicon layer and a buried oxide layer of 2 µm on top of
400 µm silicon handle layer. A hard mask of 2 µm thermal oxide was grown on these SOI wafers using
a Tystar Diffusion/Oxidation Furnace. The wafers were then patterned using standard lithography
techniques to yield the desired probe pattern. The thermal oxide hard mask and the device silicon
layer were etched using CHF3/Ar plasma and a Bosch sequence (SF6/Ar and C4F8 plasmas) using a
Plasma-Therm deep silicon etcher respectively. The buried oxide layer was used as the etch stop layer
for the device silicon etch. The wafers were then soaked in solvent to remove the photoresist residues
and in diluted 10:1 hydrofluoric acid overnight to lift-off the silicon shanks before they were triple
rinsed in distilled water. The silicon shanks were further singulated from each other by breaking the
tab that connects them using very fine metal tweezers under a microscope. The use of two different
thickness of silicon wafers allowed us to generate devices that were either 30 µm or 14 µm thick
(25 µm prior to etching). The latter devices were then modified with a dip-coating process to add a
thiol-ene shape memory polymer to generate a nearly equivalent ~30 µm thick SMP dip-coated device
(Figure 1).
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Figure 1. Probe design schematic. Cross-sectional dimensions of the silicon (top) and dip-coated
(bottom) devices and view of the profile from the side (right). Here, 30 µm thick silicon wafers were
used to fabricate the bare silicon probes whereas a 14 µm thick silicon wafer (after etching) was used
to produce the dip-coating substrate so that the overall device thickness resulted as ~30 µm for both
device types. Due to the photomasks used, the widths of the etched silicon devices were held constant
so that the bare silicon probes were 130 µm in width and after coating, the dip-coated probes were
slightly larger, ~135 µm, in width. The actual coating thickness varied slightly along the length of the
probe as shown in Supplementary Figure S1.

SMP pre-polymer solution was prepared as described previously [39]. The material is
characterized by a glass transition temperature (Tg) of 45 ◦C in the dry state, and a Tg of 30 ◦C
after being soaked in phosphate buffered saline (PBS) at 37 ◦C for at least 30 min. The storage
modulus E′ of the materials decreases from 1.7 GPa (dry) to 20 MPa (wet) due to plasticization
effects. The monomer ratios were 50 mol% 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
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(TATATO), 45 mol% trimethylolpropane tris(3-mercaptopropionate) (TMTMP), and 5 mol%
Tris[2-mercaptopropionyloxy)ethyl] isocyanurate (TMICN). All monomers were mixed with 0.1 wt%
of photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) before they were used for dip coating.

The silicon shanks were individually mounted on ethylene oxide indicator tape for handling
purposes. To enhance the SMP adhesion, bare silicon shanks were subjected to a surface treatment prior
to the dip-coating which included a roughening step via O2/Ar plasma in a March reactive ion etching
(RIE) system for 16 min at 200 mT/50 W followed by SF6 plasma treatments at 120 mT/100 W for
5 min in a Technics RIE system on both sides. The surface-treated silicon shanks were then held with
tweezers and dipped manually at an average speed of 7–13 mm·s−1 (assessed by videotaping) into
the pre-polymer solution. The viscosity (h) of the thiol-ene pre-polymer solution was 0.18 ± 0.1 Pa·s
(TA discovery HR3 rheometer (TA Instruments, New Castle, DE, USA), sweep from 1 to 1000 s−1).
The SMP solution was prepared immediately before dip-coating. The coated pre-polymer was cured
on all sides using a 365 nm handheld UV gun for about 30 s. The probes were inspected under an
optical microscope to ensure the shank was coated successfully (i.e., showing full polymer coverage
and no beads). Only sufficiently coated probes were selected and fully cured for 1 h in a cross-linking
chamber (UVP CL-1000 (UVP, LLC, Upland, CA, USA) with five overhead bulbs) followed by an
overnight post-cure at 120 ◦C under vacuum. To verify the thickness of the SMP layer and to ensure
evenly coated surfaces, the fully cured samples were investigated using scanning electron microscope
(SEM) (Zeiss Supra 40 and Zeiss EVO LS 15 Scanning Electron Microscopes, Zeiss, Inc., Oberkochen,
Germany). SEM parameters included: EHT (accelerating voltage) between 0.5 kV and 5.0 kV and
various magnifications. Individual parameters are displayed at the bottoms of the SEM images.
The contact angle of water for the SMP material was ~70◦ while the silicon had a contact angle of ~40◦.

Devices were sterilized using ethylene oxide (EtO) as previously described [39]. Briefly, the devices
were loaded into a liner bag along with gas indicator tape and a glass ampoule containing 18 g of
liquid EtO before it was sealed using Velcro wrap and placed into the ethylene oxide sterilizer (AN 74i,
Anprolene, Andersen Sterilizers Inc., Haw River, NC, USA). The sterilization cycle at atmospheric
pressure lasted for 24 h followed by a 2 h purge/aeration. To remove any residual EtO from the
samples, they were subjected to an addition degassing for 72 h at 37 ◦C under vacuum. To validate the
effectiveness of this sterilization method, we have previously performed residual endotoxin testing on
pre- and post-sterilization materials as well as a host of mechanical testing (e.g., dynamic mechanical
analysis (DMA)) to ensure that the mechanical properties were not adversely impacted in the described
process [39].

2.3. Device Implantation

All procedures were reviewed and approved by the Louis Stokes Cleveland Department of
Veterans Affairs Institutional Animal Care and Use Committee. Sprague Dawley rats were anesthetized
(3–5%) and kept under anesthesia (1–3%) using an isoflurane vaporizer to maintain a surgical plane of
anesthesia. Once anesthetized, eye lubricant was applied and the fur on the scalp was shaved and
cleaned. Prior to surgery, the rats received 16 mg/kg cefazolin and 1 mg/kg meloxicam subcutaneously
as a prophylactic antibiotic and analgesic, respectively. Additionally, a single dose of 0.2 mL of 0.25%
bupivacaine (local anesthetic) was administered subcutaneously at the incision site. The surgical site
was cleaned in triplicate with betadine followed by isopropyl alcohol scrubs. Surgery was performed
under an operating microscope. Craniotomies were performed carefully with a combination of
intermittent pausing and saline application, to prevent overheating from drilling [50]. A sterile ruler
and forceps were used to mark the area to be drilled, 2 mm lateral to midline, 3 mm posterior to
bregma (corresponding to a region of the sensory cortex). Removal of the final thinned bone flap was
performed with ultrafine rongeurs to prevent incidental mechanical damage to the brain from the
drill tip. After careful reflection of the dura, microelectrodes were implanted ~2 mm deep by hand
using micro-forceps, avoiding superficially visible vasculature. Kwik-Cast was applied to cover the
craniotomy and allowed to cure, followed by application of cold-cure dental acrylic to build up a stable
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cement base around the implant. Given the low profile of the dummy probe implants (e.g., as compared
to functional recording microelectrodes that require an exposed head-stage), the skin was sutured
together and treated with a non-prescription triple-antibiotic cream. A post-operative analgesic was
provided for 2 days following implantation (1 mg/kg meloxicam q.d.) and post-operative prophylactic
antibiotics were provided for 1 day following implantation (16 mg/kg cefazolin, b.i.d.). There were
no complications with post-operative infection or observations of overtly unmanaged pain from
the procedure.

2.4. Tissue Extraction and Preparation

At the pre-determined end points (2 or 16 weeks), animals were perfused transcardially under
deep anesthesia to prepare the tissue for histological processing. After achieving a deep plane of
anesthesia, using a ketamine/xylazine cocktail (80 mg/kg and 10 mg/kg respectively), rat aortas were
cannulated with a gavage needle via an incision in the left ventricle and connected to a perfusion
pump. Phosphate buffered saline (1×) was perfused until the fluid exiting the excised vena cava/right
atrium appeared clear. Tissue was then fixed by perfusion with ~200 mL of 4% w/v paraformaldehyde
solution. The tissue was post-fixed in 4% w/v paraformaldehyde solution overnight. After careful
extraction, brains were subsequently cryoprotected with a gradient of sucrose (with 0.1% sodium
azide) from 10 % to 30% w/v and frozen in OCT (Opjmal Cu ng. Temperature) blocks and stored at
−80 ◦C until sectioning. Tissue sections, 20 µm thick, were generated on a cryostat and were collected
on Fisherbrand ‘Superfrost Plus’ glass slides.

2.5. Quantification of Immunohistochemistry

Immunohistochemistry was performed as previously described for neuronal density (NeuN),
activated microglia (CD68), blood-brain barrier permeability (IgG), and astrocytes (GFAP) [45,51].
To account for the known variation of the histological response along the depth of the implant,
horizontal (transverse) slices were collected and compared at an array of locations spanning
randomized depths of 500–1500 microns. Stained slides were imaged using a 10× objective on
an AxioObserver Z1 (Zeiss, Inc.) and AxioCam MRm (Zeiss Inc.). All images except those stained for
NeuN were analyzed using SECOND (version 030918, MathWorks, Inc., Natick, MA, USA), a custom
MATLAB program developed to analyze fluorescent intensity profiles around the electrode [52].
In summary, the void in the tissue left by the explanted microelectrode was manually defined by
tracing each image on-screen. The area defined by this tracing was collected and used to tabulate the
explanted hole size. Fluorescent intensity was then tabulated by the program in expanding concentric
contours around the microelectrode-tissue interface edge. To quantify neuron populations around
the implant site, the number of neurons in each ring was manually counted to obtain the number of
neurons per area for each radial distance [19,43]. In each case a normalized metric was generated,
where the average intensity for a given concentric bin was divided by a concentric bin far enough
away from the microelectrode implant that the neuroinflammatory response was minimal: 600–650 µm
for intensity-based measures (IgG, GFAP, CD68), and 250–300 µm for count-based measures (NeuN).

Statistics were calculated in Minitab 18 (State College, PA, USA). The continuous outcome
measures, including neuronal density, captured at endpoint histology were evaluated to compare
inter-group differences for individual distance buckets (i.e., 0–50 µm, 50–100 µm,) using two-sample
t-tests, with a significance at level p < 0.05. Intensity-based histological measures (GFAP, CD68, IgG)
were analyzed using previously established quantification methods [43,46], wherein the fluorescent
intensity was plotted as a function of distance from the electrode surface and the statistical outcome
was the area-under-the-curve, corresponding to the level of overall tissue response for a given stain.
Similarly, inter-group differences for individual distance buckets were calculated by two-sample t-tests,
with a significance at level p < 0.05.
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2.6. Characterization

2.6.1. Dip-Coating Silicon ‘Dummy’ Microelectrodes with Thiol-ene Polymer

Dummy microelectrodes were successfully dip-coated with a thiol-ene polymer (Figure 2).
Multiple parameters appeared to influence the coating thickness and ability to form a uniform layer,
especially the surface of the silicon shanks and the rate of removal from the polymer solution. If the
silicon shanks were unmodified, the SMP did not adhere well to the surface (Figure 2A). However, after
applying a surface treatment to the bare silicon shanks (O2/Ar and SF6 plasma), the shanks could be
uniformly coated with SMP (Figure 2B). The viscosity of the pre-polymer solution, h = 0.18 ± 0.1 Pa·s,
was set by the previously defined composition of monomers. A change in the composition would result
in a change of thermomechanical properties and was therefore not desired. Another way to change
the viscosity of the solution would be by the addition of solvent. However, the addition of solvent
would alter the curing kinetics and cross-link density and thus the thermomechanical properties as
well. Therefore, only the removal speed could be varied to alter the surface coating. An average speed
of 7 to 13 mm·s−1 of manual dip-coating turned out to result in sufficient coatings (Figure 2B). In some
cases, more dominant at lower speeds, beading of the coating was visible along the microelectrode
shank (Figure 2C). Only probes which showed full coating and no visible beads were used for the
in vivo study.
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Figure 2. Characterization of silicon ‘dummy’ microelectrode with thiol-ene polymer. Dip coating
of 25 µm thick microelectrodes with a uniform layer of shape memory polymer (SMP) to generate
approximately 30 µm thick coated devices; (A) the polymer detached before surface modification
of silicon probes, (B) nicely coated the silicon shanks after surface modification. (C) In some cases,
the coating would form ‘beads’ due to slow removal. Checkmarks and crosses indicate whether probes
were used for in vivo studies or not. (D) Optical and scanning electron microscope (SEM) images in
the side view to assess the thickness of the coating, and (E) schematic drawing of coating thickness
with respect to the shank geometry.

Dip coating quality and uniformity were approximated using optical microscopy and SEM on
several representative devices. We found that the coating profile was consistent across various probes.
The thickness of the coating, however, had no uniform thickness throughout the length of the shanks
(Figure 2D). The tip of the probes had a very thin layer of polymer (less than 1 µm), whereas the
rest of the probe had a layer thickness of about 10 to 30 µm on the top and bottom, respectively.
The thickest coating was consistently found at the part of the probes where the shank started to narrow
down about 850 µm distance from the tip (Figure 2E). This can be explained by the dipping process.
The pre-polymer solution was flowing down the probes due to gravity before they were cured and
accumulated at the abovementioned part of the probe due to an abrupt change of geometrical surface
area. After the surface modification of the bare silicon shank, which included reactive ion etching,
the thickness of the shanks was reduced from 25 µm to 14 µm. The averaged thickness of the SMP
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coating across the surface was approximately 8 µm on either side, which adds up to an overall probe
thickness of about 30 µm. Even if the coating had no consistent thickness throughout the probe,
the overall probe volume, and with that the averaged footprint of the implanted part of the dip-coated
probes, was still similar to that of bare silicon probes.

2.6.2. Durability of Dip Coated Probes

The thiol-ene formulation used here was stable under physiological conditions for up to
13 months without any signs of hydrolytic degradation (paper under review). In order to directly
test the dip-coating stability after in vivo implantation, explanted polymer coated silicon probes were
investigated after 2 weeks (Figure 3A,B) and 16 weeks of dwelling in the rat cortex (Figure 3C,D).
The coating of the probes was investigated before and after aging by means of SEM imaging. It was
found that the coating was stable and did not show any signs of degradation over the course of
implantation. The coating looked intact after being implanted into rat cortex for 2 weeks and 16 weeks,
as demonstrated by the representative SEM images in Figure 3. In order to further assess the durability
of the SMP coating and its adhesion to the silicon shanks, the dip-coated probes were further tested
in vitro under accelerated aging conditions. The dip-coated probes were mounted onto the cap of a
glass jar and were immersed into phosphate buffered saline (PBS) at 57 ◦C for a minimum of 84 h.
While the surfaces of the probes became rougher, they remained visibly intact under SEM imaging
(Supplementary Figure S2).
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Figure 3. Ex vivo Characterization of coating stability. Dip-coated probes inside the skull with all tissue
removed captured using optical microscopy (A) and SEM (B) showing that the SMP coating of the
silicon shanks is still intact after two weeks. (C) Side-view SEM image of a dip-coated probe, explanted
after 16 weeks in the rat cortex, showing the SMP coating intact. Black rectangle inset is blown up
further in (D).
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2.6.3. Tissue Void from Device Explantation

To verify that the cross-sectional area was held consistent between the two types of implants, we
quantified the remnant hole in the tissue after device explantation. As expected, the hole sizes were
similar to, but slightly larger than, the cross-sectional area of the actual probe devices (~3900 µm2,
Figure 4A,B). The difference in the hole to device size could be due to a thin layer of tissue remaining
adhered to the microelectrode, or any slicing (edge) artifact. Interestingly, the remnant tissue hole size
variability appeared to be higher at 2 weeks compared to 16 weeks and may have resulted from a
looser, more immature scar or increased edema at that time.
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Figure 4. Characterization of the remnant tissue hole after explantation and ‘dummy’ probe device
dimensions. (A) Remnant hole size after probe extraction was consistent (no statistically significant
differences) across both implant types. The hole was slightly larger than the theoretical cross-sectional
area denoted by the horizontal line; n = 9 (Si-2w), 10 (Si-16w), 10 (dip-2w), 10 (Dip-16w). (B) Mean
explanted hole size (dashed line) drawn in relative scale to the actual device dimensions. The letters
correspond with the matching bar in the chart shown in (A). The 130 µm scale bar is shown to provide
context for the microelectrode dummy probe width. The 50 µm scale bar provides context for the
analysis of bucket widths for the histological analysis. Tissue responses can extend several hundred
microns away from the tissue-device interface.

As described above, the size of the dip-coated probe devices was controlled by applying a ~8 µm
thick layer of SMP to a bare silicon device with 14 µm thickness to achieve an approximately 30 µm
overall thickness (Figure 1). Compared to the actual device sizes, the increased hole diameters appeared
to be marginal (Figure 4B). In the largest group, two-week silicon implants (‘2w-Si’), the equivalent
mean increase in radius was calculated to be ~16 microns (Figure 4B).
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3. Results

3.1. Endpoint Histological Analysis

3.1.1. Astrocyte Response

Astrocytes, a glial cell, play a number of important roles in the brain, including contributing to
the blood-brain barrier [16,53]. They react to injury and foreign implanted materials in the brain by
changing morphology, migrating toward the implant, and expressing or upregulating the expression
of a host of proteins, including glial fibrillary acidic protein (GFAP) [18,54].

While there were no significant differences between silicon and SMP dip-coated devices at 2 weeks
(Figure 5A), there was a significantly lower response for dip-coated implants at 16 weeks compared
to the bare silicon control. Specifically, the statistically significant differences were in the concentric
ranges 50–100 µm and 100–150 µm from the hole remaining after device extraction (Figure 5B).Micromachines 2018, 9, x  9 of 17 
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Figure 5. Astrocytic response to silicon vs. SMP dip-coated implants. (A) Astrocytic scarring at
2 weeks and (B) 16 weeks. There were significant differences between the silicon and dip-coated glial
fibrillary acidic protein (GFAP) response at 16 weeks, specifically at bucketed distances 50–100 µm
and 100–150 µm from the hole. There were no differences between the groups at 2 weeks or any other
regions from the hole at 16 weeks post-implantation. (C) Representative images of the GFAP staining
results with 200 µm scale bars in the bottom right-hand corner.

3.1.2. Activation of Microglia and Macrophages and Blood-Brain Barrier Permeability

CD68 is a marker of activated microglia and macrophages and has been associated with
heightened neuroinflammatory responses to implanted foreign materials in the brain [55–58]. IgG is a
blood immunoglobulin protein not normally found in the brain and is therefore commonly used as a
marker for blood-brain barrier permeability [59]. All the stains followed a typical decay profile with
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the largest expression at the explant hole edge, returning to a baseline response within a few hundred
microns. While overall there was a trend of a reduced response in both CD68 (Figure 6A,B) and IgG
(Figure 6C,D), there were no statistically significant differences between any of the silicon and SMP
dip-coated implants for either stain at each time point.Micromachines 2018, 9, x  10 of 17 
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Figure 6. Microglia and BBB response to silicon vs. SMP dip-coated implants. Activated macrophages
and microglia (CD68) at (A) 2 weeks and (B) 16 weeks. Blood-brain barrier (BBB) permeability
marked by immunoglobulin G (IgG) staining at (C) 2 weeks and (D) 16 weeks after microelectrode
implantation. There were no differences in either stain between each probe type for either time point
tested. (E,F) Representative images of the CD68 (E) and IgG (F) staining results with 200 µm scale bars
in the bottom right-hand corner.
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3.1.3. Neuronal Density

Insertion surgery and the subsequent neuroinflammatory response is thought to contribute to
neuronal loss near the microelectrode interface [60]. In our studies, a decrease in neuronal density near
the explanted microelectrode site was observed both at 2 weeks and 16 weeks for both probe types
(Figure 7). For both probe types, neuronal densities returned to background levels by 200–250 µm at
2 weeks post-implantation and by 50–100 µm at 16 weeks post-implantation. There were no statistically
significant differences between the silicon and dip-coated implants.Micromachines 2018, 9, x  11 of 17 
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Figure 7. Neuronal density (NeuN staining) at (A) 2 weeks and (B) 16 weeks after microelectrode
implantation. There were no significant differences between either material group, silicon vs dip-coated,
at the two time points tested. (C) Representative images of the NeuN staining results with 200 µm
scale bars in the bottom right-hand corner.

4. Discussion

Thiol-ene and thiol-ene/acrylate shape memory polymers (SMP) are under development for use
as an implanted microelectrode substrate [35]. The materials are advantageous owing to their unique
and highly tunable chemistry, the potential for reproducible manufacturing, and ability to soften after
implantation in the brain [40]. We have previously demonstrated that intracortical probes that reduce
their modulus after implantation into the brain significantly reduce the resulting neuroinflammatory
response [45,61–63], likely due to the reduction in tissue strain and micro-motion [64]. We have also
shown that the protein, cellular, and tissue responses to synthetic materials are highly correlated to the
surface chemistry [65–69]. Therefore, in order to disentangle the potential differential effects on the
biological response from both the new material chemistry and the unique mechanics, in this study, we
first sought to hold the bulk mechanics as constant as possible while only varying the surface exposed
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to the brain tissue after implantation. By dip-coating SMP onto the surface of silicon probe devices,
we were able to compare the biological response to implanted thiol-ene polymer materials without
regards to their bulk stiffness or flexibility.

The only marker with statistically significant results was in the astrocytic response after 16 weeks
of implantation, where the dip-coated silicon devices exhibited a significantly lower response than
the bare silicon control devices at distances of 50–150 µm from the implant surface (Figure 5B).
We found no statistically significant differences between the two implanted probes with regards to
microglia and macrophage activation, blood-brain barrier permeability, or neuronal density. While
the surface mechanics of the dip-coating layer may have played a minor role, we have shown before
that the overall flexibility of the devices is driven by the underlying silicon [62]. Several studies have
investigated the effects of substrate stiffness (modulus) on the astrocytic response, both in vitro [70,71]
and in vivo [70,72], showing an enhanced response around stiff materials (~10 kPa) compared to softer
materials (~100 Pa). While consistent with our overall observations of a decrease in activated astrocytes
proximal to the implant, it is important to note that the modulus of the SMP coating here was at least
twice as stiff as the “stiffer” substrates in each of the mentioned studies, with “soft” substrates often an
order(s) of magnitude softer than the SMP reported here.

As the neuroinflammatory events surrounding the implanted microelectrode are constantly
changing with respect to glial cell density, biochemical environment, neuron viability, and blood-brain
barrier leakage [13,73,74], it is important to consider several time points. Here, we chose 2 weeks
and 16 weeks, as they correspond with both early-onset and late-stage neurodegeneration [43]. Upon
implantation, microelectrodes immediately disrupt brain tissue and neurovasculature, initiating a
multi-phasic inflammatory response [3,43]. The acute response plateaus within the first few weeks of
implantation and inflammation thereafter is driven in a chronic state by various mechanisms, including
the fibrotic glial scar formation, microglial and macrophage activation, free radical oxidation and
chronic dysfunction of the blood-brain barrier [43,49,75,76].

In the current study, the astrocytic response was observed to be greater for the non-coated
silicon at the 16 week time point but not the 2 week time point. Since GFAP expression was only
greater at the later-stage time point, our results suggest that the main differences appear after the
normal wound-healing response has subsided. The overall magnitude of the response to the silicon
implants at 16 weeks was similar to that of the silicon and dip-coated material at 2 weeks. Therefore,
the increased astrocyte response for silicon versus the dip-coated at 16 weeks appears as a prolonged
state of activation phase (or inability to ‘de-activate’) rather than the increased initial magnitude of
astrocyte activation. Furthermore, differences were not observed in any of the other markers, including
microglial/macrophage activation, blood-brain barrier permeability, or neuronal density, suggesting
that the different response may be uniquely centered around astrocytes (at least of the markers tested).
Increased astrocytic scarring has been associated with negatively impacting signal quality, either
through directly increasing tissue impedance, or through physical separation and increased distance
between the microelectrode contacts and viable neurons [77]. Results demonstrating that the SMP
material exhibits a reduction in GFAP expression at 16 weeks are promising and deserve further
exploration in future recording studies.

The SMP polymer formulation used here demonstrated a slightly higher contact angle (more
hydrophobic) compared to bare silicon. We have previously demonstrated that slight changes in contact
angle measurements can have profound impacts on the nature of protein adsorption and the resulting
cell adhesion [68]. Upon initial observation, the higher contact angle (more hydrophobic) SMP material
would have been thought to lend itself to a greater adsorption of proteins that promote the development
of the glial scar. On the contrary, we found less GFAP expression for the SMP group compared to
bare silicon at 16 weeks. It is possible that the dip-coated surface may preferentially attract a different
composition or conformation of adsorbed proteins that does not react with astrocytes as strongly.
Similar results have been demonstrated with other coating approaches to microelectrode substrates.
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By comparison, Lee found that coating planar silicon microelectrodes with polyethylene glycol
(PEG) previously demonstrated no effect on the foreign body response [41]. Considering that PEG
is highly hydrophilic, this is somewhat contradictory to the expected results. However, as noted by
the authors of the paper, it is unlikely the PEG coatings remained intact over the course of the entire
4 week study. Considering the work reported by Lee, and our current study together, it is unclear if a
high degree of hydrophobicity alone is enough to influence the long-term foreign body response.

Future studies will investigate the recording performance and neuroinflammatory response to
probes made entirely from the SMP materials. Preliminary experiments with dummy (non-functional)
SMP probes have suggested that stereotactic insertion of the SMP microelectrodes will be challenging.
Due to their thin and flexible nature, many of the fabricated SMP devices have a curved surface that
prevents their successful insertion using stereotactic methods. The probes bend, deflect, or buckle
at a relatively high frequency. Since the current study was planned to be compared to a study of
microelectrodes made completely of the SMP material, all implantations were performed by-hand to
allow for cross-comparability between the experimental conditions. However, it is likely that the error
injected into the study is minimal compared to other experimental confounds. We have previously
compared the neuroinflammatory response of microelectrodes implanted by either stereotactic or
by-hand method and found the variability of the histological responses to be negligible compared the
larger subject-to-subject variability inherent with both methods (Supplementary Figure S3). While the
magnitude of the impact may be debated, the discrepancy must be noted as a known limitation of the
present study.

In conclusion, thiol-ene and thiol-ene/acrylate shape memory polymers are currently under
development for a wide range of neural implant applications, including intracortical microelectrodes,
spinal cord stimulators, sciatic-tibial-sural ‘Y’ electrodes, longitudinal intrafascicular electrodes,
and self-coiling nerve cuff electrodes [22,35,40,78–80]. Here, our initial study sought to investigate
the foreign body response to the material in absence of its mechanical softening properties so that as
many extra and potentially confounding variables as possible could be eliminated. From the results of
the current study, we can conclude that the thiol-ene polymer material performs similar to, or better
than, bare silicon in terms of the biological markers tested over 16 weeks of implantation in the rat
cortex. It is well documented that silicon-based microelectrodes, such as the controls used here, are
not a long-term solution for intracortical microelectrodes. Therefore, the fact that our thiol-ene shape
memory polymer merely performs as well is not overly inspiring. However, the anticipated advantage
of the thiol-ene shape memory polymer system is in the mechanical softening, which was not exploited
here. Therefore, at worst, our SMP is adequate as an intracortical microelectrode substrate. Additional
studies are required to test how the mechanics (dynamically softening after implantation) will affect
the neuroinflammatory response.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/9/10/486/s1,
Figure S1: SEM measurement of dip-coating thickness along the length of the probe, Figure S2: Accelerated
aging representative SEM, Figure S3: Comparing neuronal density around stereotactically and hand inserted
Michigan-style microelectrodes 16 weeks post implantation.
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Abstract: Current intracortical probe technology is limited in clinical implementation due to the short
functional lifetime of implanted devices. Devices often fail several months to years post-implantation,
likely due to the chronic immune response characterized by glial scarring and neuronal dieback.
It has been demonstrated that this neuroinflammatory response is influenced by the mechanical
mismatch between stiff devices and the soft brain tissue, spurring interest in the use of softer polymer
materials for probe encapsulation. Here, we demonstrate stable recordings and electrochemical
properties obtained from fully encapsulated shape memory polymer (SMP) intracortical electrodes
implanted in the rat motor cortex for 13 weeks. SMPs are a class of material that exhibit modulus
changes when exposed to specific conditions. The formulation used in these devices softens by an
order of magnitude after implantation compared to its dry, room-temperature modulus of ~2 GPa.

Keywords: intracortical implant; microelectrodes; softening; immunohistochemistry; immune response;
neural interface; shape memory polymer

1. Introduction

Successful clinical application of brain-machine interfaces (BMIs) requires stable, chronic, selective
recordings from task-associated neural networks. Noninvasive techniques for the acquisition of neural
signals include electroencephalography and electrocorticography [1–3]; however, these methods cannot
achieve high-density, single-unit resolution, and are therefore limited as high information content
BMI systems [4–6]. Multichannel intracortical microelectrode arrays (MEAs) are able to record single
units and local field potentials from adjacent neural tissue within the brain. While several styles of
intracortical MEAs are commercially available, they are limited in clinical implementation due to a
relatively short functional lifetime, only recording distinguishable units in non-human primates for an
average of 1-6 years post-implantation [7–10].

While there are various factors that contribute to MEA failure, findings suggest that the tissue
response may be one component that contributes to the premature loss of stable neural recordings [11–14].
The chronic foreign body response stems from the recruitment of activated support cells to the injury site,
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initiating signaling cascades that result in upregulated local production of inflammatory and neurotoxic
cytokines [14,15]. This leads to the accumulation of glial cells around the implant (i.e., encapsulation)
concurrent with local neuronal death [11,15–18], both of which are obstacles for reliable signal acquisition.

State-of-the-art, commercially available devices are fabricated using very stiff (high elastic modulus)
materials, such as silicon or tungsten (50–400 GPa). Current research suggests that this mechanical mismatch
between the low modulus of the brain (~1–10 kPa) and the high modulus of the device may play a major role
in aggravating the chronic immune response [17,19,20]. This effect is exacerbated by constant micromotion
of the brain around the implant [21], which results in the development of strain fields in tissue adjacent to
the probe [22,23]. Several groups have demonstrated that softer implants may mitigate the tissue response
over time when compared to stiffer counterparts [24,25]. However, these materials are often too soft to
provide appropriate mechanical support for successful penetration into the brain tissue without the aid of
insertion guides [26,27]. Conversely, stiffer devices are brittle and prone to fracture, making them difficult
to handle in a clinical setting.

Shape memory polymers (SMPs) are a class of materials that undergo dramatic programmed
mechanical deformations or modulus changes when exposed to external stimuli such as light, electric
currents, or heat [28–30]. Recently, softening thiol-ene/acrylate-based SMPs, which exhibit changes in
modulus when transitioning from ambient to physiological conditions, have been investigated for their
use as substrate and encapsulation materials for neural interfaces [31,32]. Specifically, this type of SMP
can maintain a high modulus and mechanical stability necessary for the implantation of a thin device,
but softens by an order of magnitude within only a few minutes [33]. However, to date, no published
study has evaluated the chronic recording and electrochemical performance of fully encapsulated
thiol-ene/acrylate-based SMP MEAs in vivo. To address this issue, we have implanted 15-channel
Michigan-style SMP devices in the motor cortex of five rats and conducted electrophysiological
recordings as well as electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) over
a 13-week period. Additionally, we have performed immunohistochemistry (IHC) to evaluate tissue
response. Our results demonstrate that these SMP devices consistently recorded units for 13 weeks
and induced a minimal immune response in the surrounding tissue.

2. Materials and Methods

2.1. Shape Memory Polymer Devices

All experiments were carried out using IC-5-16E devices (Figure 1) provided by Qualia, Inc.
(Dallas, TX, USA). Devices featured 15 electrode sites coated with sputtered iridium oxide film (SIROF)
with an electrode area of 180 µm2. Parylene C encapsulated the thin metal traces to ensure proper
electrical insulation. Shanks were 5 mm long, 290 µm wide at the base, and 35 ± 5 µm thick, with an
asymmetric geometry that tapered toward the device tip. The SMP formulation used in these devices
softens by an order of magnitude from its dry room-temperature modulus of ~2 GPa to ~300 MPa after
implantation. This transition occurs within a few minutes of implantation.
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induced by KXA. After reaching a deep anesthesia plane, confirmed by tail and toe pinches, the scalp 
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subcutaneously between the shoulders (2 mg/kg), followed by subcutaneous injection of 0.4 mL 0.5% 
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and the surrounding skin and muscle were retracted with hemostatic forceps. All loose tissue and 
debris was removed from the skull surface using sterile cotton swabs, and the skull was roughened 
using the surgical blade to promote binding of the head cap post-surgery. 
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Graft, Cook Medical, Bloomington, IN, USA) were placed around the implanted device to act as a 
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Sarasota, FL, USA). We applied dental cement around the device and all three anchoring screws to 
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Figure 1. Optical images of shape memory polymer (SMP) probes. (a) Device with Omnetics connector,
(b) side view demonstrating a straight shank prior to implantation, (c) tip with sputtered iridium oxide
film (SIROF)-coated electrodes.

2.2. Surgical Implantation

All animal handling, housing, and surgical procedures were approved by the University of Texas
Institutional Animal Care and Use Committee. Long Evans rats (n = 5, Charles River), weighing
300–450 g, were implanted with functional SMP devices. Devices underwent brief electrochemical
impedance testing before implantation to ensure all electrode sites were below 1 MΩ at 1 kHz frequency.
Animals were anesthetized by an intraperitoneal (IP) injection of KXA cocktail consisting of ketamine
(65 mg/kg), xylazine (13.33 mg/kg) and acepromazine (1.5 mg/kg) followed by an intramuscular
injection of atropine sulfate (0.05 mg/kg) to counteract the cardiovascular depression induced by
KXA. After reaching a deep anesthesia plane, confirmed by tail and toe pinches, the scalp was shaved
using small hair clippers. Ophthalmic ointment was applied to the animal’s eyes to mitigate drying
and post-operative irritation. The anesthetic plane was supplemented and maintained using 1–2%
isoflurane mixed with 100% oxygen for the duration of the surgery.

Three alternating rounds of 10% iodine solution and 70% ethanol, ending with ethanol, were
used to sterilize and clean the point of incision on the scalp. Dexamethasone was then administered
subcutaneously between the shoulders (2 mg/kg), followed by subcutaneous injection of 0.4 mL 0.5%
lidocaine at the incision cite. A surgical blade was used to make a midline incision down the scalp and
the surrounding skin and muscle were retracted with hemostatic forceps. All loose tissue and debris
was removed from the skull surface using sterile cotton swabs, and the skull was roughened using the
surgical blade to promote binding of the head cap post-surgery.

A surgical drill was used to create a 1–2 mm2 craniotomy centered in the right motor cortex,
approximately 2.5 mm rostral and 2.5 mm lateral from bregma. Three anchoring screws were positioned
approximately 1 cm from the perimeter of the insertion site. The dura was resected and the device
was implanted at 1000 µm/s to a depth of 1.5–2 mm using a pneumatically controlled micropositioner
(Kopf Instruments, Tujunga, CA, USA). No significant curvature or bending of the device was observed
prior to or during implantation. Collagen-based dural grafts (Biodesign Dural Graft, Cook Medical,
Bloomington, IN, USA) were placed around the implanted device to act as a dura replacement,
and then set in place with Gluture topical adhesive (World Precision Instruments, Sarasota, FL, USA).
We applied dental cement around the device and all three anchoring screws to construct a protective
head cap, promoting chronic mechanical stability. Before being removed from the isoflurane, the animal
was given 0.15 mg/kg of sustained release buprenorphine SR LAB (ZooPharm, Windsor, CO, USA)
and 5 mg/kg of cefazolin antibiotic along with subcutaneous sterile saline to prevent dehydration.
All animals received follow-up analgesic injections of buprenorphine SR 72 h following surgery. None
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of the animals showed signs of post-operative complications including chronic bleeding, signs of
infection, or skin ulcers.

2.3. Electrophysiological Recordings and Single-Unit Analysis

Electrophysiological recordings were carried out on lightly anesthetized animals (0.5–1.5%
isoflurane) immediately following surgical implantation and once per week for 13 weeks afterward.
Spontaneous wideband recordings (0.1–7000 Hz) were collected using 15-channel Michigan style SMP
arrays (IC-5-16E, Qualia, Inc.) and an Omniplex acquisition system (Plexon, Inc., Dallas, TX, USA)
from all 15 recording sites simultaneously at 40,000 Hz for 10 min. Wideband data were processed
using a four-pole Butterworth high pass filter with a cutoff frequency of 250 Hz. Individual waveforms
(spikes) were identified by filtered continuous data crossing a threshold of −4σ, based on the root
mean square (RMS) of the filtered continuous signal. Single units were manually identified from
collections of spikes using 2D principal component space, but were excluded from further analysis
if they did not contain at least 100 individual spikes, or if >3% of spikes violated a 1.5-ms minimum
refractory period. The signal to noise ratio (SNR) was calculated by dividing the mean peak-to-peak
voltage of each unit (Vpp) by the RMS noise of its associated channel. The RMS noise was calculated
as the RMS of the filtered continuous signal after removing all samples exceeding the 4σ threshold.

2.4. EIS and CV Measurements

EIS and CV measurements were carried out on all electrodes each week immediately following
in vivo electrophysiological recordings. The Plexon headstage was removed and replaced with a
pre-wired 18 pin dual strip Nano-D female connector (NSD-18-WD-18.0-C-GS, Omnetics Connector
Corporation, Minneapolis, MN, USA) attached to multiplexor inputs of a model 604E Series
Electrochemical Analyzer/Workstation (CH Instruments Inc., Austin, TX, USA). EIS was performed
using a 10 mV RMS sinusoidal signal (Vrms), starting at a frequency of 100 kHz and decreasing to 1 Hz,
recording current 12 times per decade of frequency. The impedance magnitude at each frequency was
calculated by the CH instruments software. CV evaluations were performed by applying a negative
potential ramp starting at the open circuit potential (vs. 316 stainless steel) with no external direct
current bias applied. The potential was reduced to −0.6 V and then cycled at 50 mV/s for two complete
cycles between −0.6 V and 0.8 V while recording current every 10 ms. A second CV measurement was
performed under the same conditions, but at a sweep rate of 50,000 mV/s.

Electrochemistry results were process in MATLAB to extract the values of real impedance (Ω)
directly from the EIS recordings at the physiological frequencies of 0.01, 1, and 10 kHz. MATLAB
scripts also determined cathodal charge storage capacity (CSCc), a measure of the total cathodal charge
available per unit of geometric area, from the CV cathodal current between the limits of −0.6 to 0.8 V.

2.5. Immunohistochemistry

2.5.1. Tissue Preparation

Rats were administered a 200 mg/kg IP injection of sodium pentobarbital. After confirming
unconsciousness through tail and toe pinches, the rats were transcardially perfused with room-
temperature phosphate buffered saline (PBS) followed by room-temperature 4% paraformaldehyde
(PFA) solution. The brain was removed such that the device was kept intact with the connector and
surrounding skull. The brain was stored in PFA at 4 ◦C overnight, then transferred to PBS with sodium
azide and stored at 4 ◦C until sectioning.

Prior to sectioning, brains were submerged in a 4% (m/V) agarose solution for stability. Vibratome
sections (Leica VT 1000 S, Leica Biosystems Inc., Buffalo Grove, IL, USA) were collected from the
surface of the brain to a 2 mm depth (200 µm slices) and then stored in PBS with 0.1% (w/v) sodium
azide (Alfa Aesar, Tewksbury, MA, USA) at 4 ◦C until staining.
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2.5.2. Antibody Staining

Brain slices were blocked in 4% (v/v) normal goat serum (Abcam Inc., Cambridge, UK) with 0.3%
(v/v) Triton X-100 (Sigma-Aldrich, Saint Louis, MO, USA) in 1× PBS with 0.1% sodium azide (Alfa
Aesar) for one hour. Slices were then incubated overnight with primary antibodies targeting neuronal
nuclei (NeuN), astrocytes (GFAP), and activated microglia/macrophages (CD68) (Table 1) at 4 ◦C in a
buffer solution containing only 0.1% (v/v) Triton X-100.

Table 1. Primary antibodies.

Primary Vendor ID# Dilution Labeling

NeuN Sigma-Aldrich ABN91 1:500 Neuronal nuclei
GFAP Millipore-Sigma AB5541 1:500 Astrocytes
CD68 Fisher Scientific MS397P0 1:1000 Activated microglia/macrophages

The following day, slices were washed and incubated for one hour in blocking solution with
secondary antibodies, goat anti-rabbit IgG (TRITC), goat anti-mouse IgG (Alexa Fluor 488), goat
anti-chicken IgY (Alexa Fluor 647), at 1:1000 dilution, and DAPI (0.6 µM) (Abcam Inc.). Slices were
subsequently washed and mounted on glass slides with Fluoromount aqueous mounting medium
(Sigma-Aldrich).

2.5.3. IHC Imaging

Stained tissue slices were imaged using an inverted confocal microscope (Nikon Ti eclipse + A1R,
Tokyo, Japan) controlled by Nikon Instruments Software package (version AR 4.40.00). Briefly, z-stack
images were collected at 1024 × 1024 transverse resolution and 5 µm per axial slice using a 20× Ph2
objective. Fluorescence signal-to-noise was increased by enabling 2× pixel averaging and bleed-over
between emission lines was reduced by collecting each emission line in series. All microscope hardware
and software settings were conserved between individual image collections and imaging sessions.
Following acquisition, z-stack images were collapsed to single maximum intensity projection image.

2.5.4. IHC Quantification

Astrogliosis (GFAP intensity) and neuronal density were quantified as described in [34]. Briefly,
images were imported into Fiji [35], and open source imaging software based on ImageJ [36]. Using
a custom macro, GFAP intensities and NeuN+ nuclei per area were calculated within at least eight
concentric bands of 50 µm thickness generated from a user-defined implant site. All reported values
were normalized to measurements from the band located 350–400 µm from the device edge.

2.6. Statistical Analysis

Statistical analysis and graphing were carried out in OriginPro 2017 (Origin Lab, Northampton,
MA, USA). In all cases, statistical significance of increasing/decreasing differences (p < 0.05) was
determined by carrying out analysis of variance (ANOVA) tests on residuals. In the case of both EIS
and CV measurements, a single-tiered Grubb’s test was applied at a 0.05 significance level to exclude
aberrant statistical outliers.

3. Results

3.1. Chronic Single Unit Recordings

To evaluate the chronic recording performance of thiol-ene/acrylate-based SMP devices,
we implanted 15-channel Michigan-style single shank electrode arrays in the motor cortex of five Long
Evans rats and collected spontaneous wide-band 10-min recordings for 13 weeks post-implantation
(Figure 2). Immediately following implantation, we observed that 18.3 ± 6.9% (mean ± SEM, n = 60)
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of electrode sites across all devices exhibited distinguishable single units (termed “Active electrode
yield %”) (Figure 3b). At this time, the mean peak-to-peak voltage of sorted waveforms (Figure 3a)
was 66.8 ± 3.1 µV, n = 75, resulting in an excellent mean signal-to-noise ratio (SNR) of 9.80 ± 0.47
(Figure 3c). One week post-implantation, the active electrode yield increased to 41.3 ± 12.7%. While,
there was no significant change in active electrode yield or SNR over the remaining 13-week period,
the total number of recorded units (Figure 2d) increased slightly (R2 = 0.02, p = 0.02). Overall, these
data suggest that our SMP electrodes were stable with regard to their recording capabilities.
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Figure 2. Neural data acquisition and waveform analysis. (a) Implantation schematic denoting the
implantation site (red “x”) and stabilizing screws, (b) filtered continuous data from three representative
electrodes on a single array, (c) representation of single-unit sorting principals (left) and representative
multi-unit activity from a single recording electrode (right), (d) single units recorded on a single array
during a single recording session, ordered from array tip (E2) to base (E15).
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Figure 3. Chronic recording stability. (a) peak-to-peak voltage (Vpp), (b) active electrode yield %,
(c) signal-to-noise ratio (SNR), and (d) number of units. Each time point reflects n = 75 electrodes,
except weeks 0 and 5, which reflect n = 60 electrodes. Linear regression analysis indicates no change in
Vpp, active electrode yield %, or SNR, while number of units increased slightly (R2 = 0.016, p = 0.02).
Week 0 represents data taken on the day of implantation. Data are shown as mean ± SEM.

3.2. Chronic In Vivo Electrochemistry

To evaluate the electrochemical stability of the SMP devices over time, we performed EIS and
CV measurements on each array across all electrode sites for 13 weeks post-implantation. EIS and CV
data are also presented for week 0 data points indicating pre-implantation measurements taken in
room temperature PBS. Figure 4a shows representative traces for mean EIS for a single device prior to
implantation (in vitro), immediately following implantation, and at five, nine, and 13 weeks following
implantation. To evaluate the stability over a frequency relevant to extracellular spikes, the mean
1 kHz impedance across all devices is plotted in Figure 4b over the 13-week time period.

All electrodes exhibited a significant increase in impedance magnitude one week post-implantation
(1.23 ± 0.07 MΩ) versus in vitro measurements (0.62 ± 0.09 MΩ), similar to observations made in [37].
Impedance magnitudes remained largely consistent at this value across the first seven weeks of the study,
and then decreased slightly during the remaining six weeks. This decrease did not show any correlation
with the mean active electrode yield, however, suggesting that although there may have been degradation
of the insulating material, this degradation did not hinder the devices’ ability to resolve and record single
unit activity.
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Figure 4. Electrochemical impedance spectroscopy. (a) Impedance across 1–10 kHz frequency range
for a representative electrode at five time points and (b) impedance magnitude at 1 kHz across all
electrodes on all devices. Impedance was initially low (~600 kΩ) upon testing before implantation,
but increased following implantation. From week 1 until week 13, impedance magnitude decreased
over time. Pre-implantation data are from n = 45 electrodes. All other time point reflect n = 75 electrodes,
except weeks 0 and 5, which reflect n = 60 electrodes.

Figure 5a–d shows representative CV traces for a single electrode at two different sweep rates
(50 and 50,000 mV/s) at selected time points, as well as mean CSCC for both sweep rates across all
devices and time points. Faster sweep rates are indicative of conductive pathways that are near the tip
of the device, while slower sweep rates allow access to conductive pathways proximal to the tip.
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Figure 5. Cyclic voltammetry (CV) results. (a,c) slow (50 mV/s) and fast (50 k mV/s) CV over 13 weeks,
(b,d) slow and fast CV curves across five time points on a representative electrode.
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We observed an increase over time in CSCC at 50,000 mV/s, (R2 = 0.07, p < 0.001) likely
indicating increased access to conductive paths that could be due to cracks or separation between
the insulating and conductive layers near the tip. CSCC at 50 mV/s decreased within the first two
weeks post-implantation as compared to in vitro measurements, and continued to decrease until week
8, suggesting a possible loss of the SIROF coating. After week 10, however, the CSCC increased.
This change was attributable to values recorded from a single device (device 4), as demonstrated in
Figure 5a,c, and also supported by EIS results (Figure 4b). Nevertheless, the majority of the devices
exhibited stable electrochemistry over time, as also supported by the stable neural recordings.

3.3. Histology

To evaluate the induced FBR related to chronic implantation of softening SMP devices, we performed
histology targeting neuronal cell bodies (NeuN), astrocytes (GFAP), and activated microglia/macrophages
(CD68). Figure 6a shows representative fluorescence images for each marker with respect to increasing
depth along the shank of the device.
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Figure 6. Immunohistochemistry for SMP implant after 13 weeks in vivo. (a) Columns represent
tissue collected at superficial, middle, and deep slices in relation to the surface of the motor cortex.
Rows represent neuronal nuclei (NeUN) (gray, top), activated microglia/macrophages (CD68) (green),
astrocytes (GFAP) (red), and Composite (bottom) images. Scale bar represents 200 µm in the transverse
plane across all images. Yellow ellipses indicate probe location. (b) Quantification of NeuN and GFAP
for n = 2 animals at varying slice depths (one slice per region) with respect to the shank location in
the brain.
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While Figure 6 demonstrates promising histological outcomes, these results are preliminary and
require a more comprehensive analysis comparing SMP with standard silicon devices to make statistical
claims. The most severe apparent immune response was observed at the base of the shank, represented
by “superficial” slices, within the first 50 µm of the device perimeter (Figure 6b). However, this effect
tapered off along the length of the probe, represented by “middle” and “deep” slices. Additionally,
consistent with previous studies reporting histological outcomes, we observed slight astrogliosis in
areas with neuronal dieback, again with the most severe response near the base of the shank but tapered
off toward the tip. This is in contrast to previous reports of significant neuroinflammatory response
within 100 µm of the device when using silicon-based arrays [15]. Additionally, there were few or no
apparent activated microglia around the device at “middle” and “deep” slices. It is important to note
that the microelectrode sites on this device are located near the end of the device shank, and therefore
best represented by the “middle” and “deep” slices. Therefore, it appears that the neuroinflammatory
response was modest proximal to the microelectrode site locations.

4. Discussion

Significant efforts have been directed toward developing penetrating intracortical MEAs that
mitigate the FBR. Prior work has made use of three general strategies or combinations thereof:
(1) decreasing MEAs dimensions [38,39], (2) utilizing soft or softening materials for MEAs [24,25],
and (3) coating MEAs with biomimetic gels, proteins, or growth factors to depress the foreign body
response or facilitate local regeneration [40,41]. While these approaches have all yielded varying
levels of success in terms of histological response, the chronic recording reliability of penetrating
intracortical MEAs remains a significant challenge. Here, for the first time, we have demonstrated
stable chronic recordings from a fully encapsulated softening SMP-based electrode array implanted in
the motor cortex of rats. Importantly, we observed no significant decrease in active electrode yield
over a 13-week indwelling period. Additionally, we performed electrochemical measurements to
evaluate the electrical stability of these arrays. While we initially observed an increase in 1 kHz
impedance magnitude, most likely associated with acute inflammation, the impedance approached
its pre-implantation values over time, suggesting a resolution of the acute immune response over the
first eight weeks in vivo [42]. This is further supported by the limited FBR we observed following
device explantation. Cathodal charge storage capacity was also found to be largely consistent over the
indwelling period. However, in the case of one electrode array, the CSC increased dramatically over the
final three weeks of implantation (approximately 2 orders of magnitude). Concurrently, this electrode
array exhibited reduced impedances. This was most likely due to trace or wire bundle breakage.

Table 2 summarizes previous studies using state-of-the-art single-shank silicon- and SMP-based
electrode arrays. While there are important differences in all these studies in terms of N number, study
duration, implantation site, single-unit sorting criteria, and electrode material/deposition, our results
(top row) compare well in terms of terminal AEY% with the current state of the art (25 ± 11% versus
10–59%). Additionally, there have been significant prior efforts to leverage soft or softening polymers
as either an insulator or a structural material for intracortical MEAs. Luan et al. demonstrated chronic
recording capability with a comparable active electrode yield (20–25%), and also exhibited minimal
tissue response [43]. However, due to their extreme flexibility, they required an insertion guide, which
may not be practical for applications using multi-shank structures. This highlights one of the inherent
advantages of softening over soft material approaches. Other groups have investigated Parylene
C [44,45] and polyimide [46], but have not achieved chronic recordings up to or longer than one month.
Others have investigated softening polymers [24,25], but face significant challenges in fabricating
functional devices due to water absorption during softening.
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Table 2. Planar single-shank electrode array comparison. Active electrode yield (AEY) percentage
represents spontaneous single-unit activity unless otherwise indicated.

Ref Model (R/M), Implant Site N, Study Duration AEY% Substrate, Electrode Material

- R, MC N = 5, 13 weeks 25 ± 11% SMP, SIROF
[32] R, MC N = 2, 11 weeks * 37 ± 13% SMP, PEDOT:PSS
[47] R, MC N = 8, 6 weeks 59% (Ir, SNR > 2) Si, Ir or PEDOT
[37] R, MC N = 5, 12 weeks 33 and 39% Si, Au or PEDOT:TFB
[7] R, MC N = 4, 4 weeks * 27% Si, Ir
[48] M, VC N = 4, 27 weeks * 10% (spontaneous) Si, Ir

* Represents approximate or recalculated values in the case that AEY was not reported. (R/M)—Rat or Mouse
model. MC—motor cortex, VC—visual cortex.

The feasibility of SMP-based recording MEAs has been demonstrated in both rat auditory [31]
and motor cortex [32]. The work presented here takes full advantage of SMP as an encapsulation
material. Whereas previous studies have assessed devices that are SMP on one side and Parylene C
on the other, the devices used here are completely sandwiched between layers of both Parylene C
and SMP. In this way, we show that SMP is viable for use as a substrate material for neural device
encapsulation, along with a thin layer of Parylene C necessary for electrical isolation. Additionally,
SEM images collected post-explantation (Figure 7) reveal no evident signs of encapsulation failure
or cracking.
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Figure 7. SEM post-explantation. (a) Explanted array showing some, but limited, biofouling, (b) interface
between SMP layers at an electrode site, indicating no apparent layer separation, (c) interface between
SMP layers at the tip of the array, (d) representative electrode site, showing no apparent signs of SIROF
delamination.

Future studies focused on the design and development of SMP-based MEAs should take advantage
of both geometrical and chemical considerations. For example, recently developed SMP formulations
may extend the dynamic softening range of SMP devices [48]. Additionally, one inherent disadvantage
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of thiol-ene/acrylate polymers based on ester linkages is that they may exhibit degradation due to
hydrolysis. The development of hydrolytically stable SMP formulations may provide a more chronically
useful substrate. Nevertheless, for experiments over the time course of 13 weeks in vivo, the present SMP
formulation appears sufficient to realize functional devices.

5. Conclusions

Here we demonstrated stable neural recordings and electrochemistry using IC-5-16E devices fully
encapsulated with SMP. Devices consistently recorded single units for 13 weeks in the rat motor cortex
and preliminary histology demonstrated only a modest tissue response in the tissue adjacent to the
insertion site. Our results establish a valuable baseline for the evaluation of other softening probe
technologies including devices comprised of SMPs capable of increased softening after implantation.
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Abstract: Thiol-ene/acrylate-based shape memory polymers (SMPs) with tunable mechanical and
thermomechanical properties are promising substrate materials for flexible electronics applications.
These UV-curable polymer compositions can easily be polymerized onto pre-fabricated electronic
components and can be molded into desired geometries to provide a shape-changing behavior or a
tunable softness. Alternatively, SMPs may be prepared as a flat substrate, and electronic circuitry
may be built directly on top by thin film processing technologies. Whichever way the final structure
is produced, the operation of electronic circuits will be influenced by the electrical and mechanical
properties of the underlying (and sometimes also encapsulating) SMP substrate. Here, we present
electronic properties, such as permittivity and resistivity of a typical SMP composition that has a low
glass transition temperature (between 40 and 60 ◦C dependent on the curing process) in different
thermomechanical states of polymer. We fabricated parallel plate capacitors from a previously
reported SMP composition (fully softening (FS)-SMP) using two different curing processes, and then
we determined the electrical properties of relative permittivity and resistivity below and above
the glass transition temperature. Our data shows that the curing process influenced the electrical
permittivity, but not the electrical resistivity. Corona-Kelvin metrology evaluated the quality of the
surface of FS-SMP spun on the wafer. Overall, FS-SMP demonstrates resistivity appropriate for use
as an insulating material.

Keywords: Polymer; Dielectric; Resistivity; Permittivity; Curing; Corona-Kelvin

1. Introduction

Thermoset thiol-ene and thiol-ene/acrylate shape memory polymers (SMPs) have been
demonstrated lately as attractive substrate materials in flexible electronics. That includes organic
and inorganic thin film transistors and diodes [1–6] as well as multi-electrode arrays for biomedical
applications. [7–12] Shape memory polymers (SMPs) have the ability to change shape and/or softness
in response to external stimuli [13–17] and therefore enable multifunctional and responsive devices.
The use of highly tunable thiol click chemistry allows for the design of substrate and packaging
materials having the desired mechanical and thermomechanical properties for a particular application.
This can be achieved by controlling the cross-link density and the glass transition temperature (Tg) of
the polymer [7,18].
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The fabrication of electronic circuits, semiconductors, and diodes on flexible polymeric substrates
has been enabled by low-temperature processing techniques [19,20]. Our group successfully
demonstrated the fabrication, electrical stability, and lifetime of hafnium oxide (HfO2) dielectric [2] and
indium–gallium–zinc-oxide (IGZO) [1,3] thin film transistors on top thiol-ene/acrylate-based flexible
substrates with softening capabilities. Additionally, SMP materials can be used for deployable devices,
or parts thereof, and for the molding of specific device’s components. With this, the polymer can not
only serve as a substrate, but also as an encapsulant or packaging material for electronic circuitries.

One example where responsive SMP substrates may be used is bioelectronics devices. In this
case, the polymers have been engineered to transition from a stiffness of 2 GPa to as low as
~20 MPa in vivo [10,18,21–25]. These particular polymers undergo plasticization upon immersion
into aqueous environments, and with this, their glass transition temperature (Tg) shifts towards
lower temperatures [23,24,26,27]. The associated transition in Young’s modulus allows SMP-based
devices to be rigid during handling and insertion in air but soften to a more compliant modulus soon
after implantation if the right polymer composition was chosen. For implantable devices that form
intimate contact with soft tissue, the resulting interface with these SMP materials effectively decreases
mechanical mismatch at the device–tissue interface. In the case of neural recording probes, commonly
used devices have mechanical mismatch due to composition with stiff materials, like metal and silicon.
The mismatch poses a source of constant inflammation and has been proposed as a basis for probe
failure under chronic conditions [28–30]. Therefore, interest in softening SMPs as an integral material
component for implantable bioelectronics devices has grown [10,14,31–34]. If SMPs are to serve not
only as substrate material but also as an electrical insulation between electronic components, it is
imperative to characterize their electric behavior.

Flexible electronic devices mainly consist of conductive traces surrounded by an electrically
insulating material. As we consider the move to device miniaturization, these component layers,
especially the insulation, can become thinned to the point that electrical properties, like polarization,
breakdown, and resistivity becomes an extremely important consideration in device performance.
Additionally, these properties are directly linked to the electrical issues of leakage, cross-talk,
and parasitic shunt capacitance [35–37]. The goal of the present work was to characterize the
electrical permittivity and resistivity of a representative thiol-ene SMP candidate. We have selected
an SMP we named fully softening (FS-SMP) in previous studies [23,38] because it has a low glass
transition temperature (between 40 and 60 ◦C dependent on the curing process), which allowed us to
easily examine material parameters in the glassy as well as in the rubbery state. Additionally, we have
considered two different curing approaches for the FS-SMP materials, which can affect the mechanical
properties of the material [18,23].

The relative permittivity was 5.26 ± 0.11 and 6.38 ± 0.11, below and above Tg respectively,
determined for FS-SMP cured under 254 nm wavelength (λ) ultraviolet (UV) radiation for 2 h.
Reducing the curing exposure time under 254 nm UV to 3 min, followed by 1 h at 365 nm UV,
increased the relative permittivity to 5.87 ± 0.08 below, and 7.79 ± 0.09 above Tg. Unlike relative
permittivity, resistivity for FS-SMP was only modestly altered between glassy and rubbery states.
Surface resistivity, irrespective of cure, was just above 1014 Ω/sq in the glassy state, which was reduced
by 10% in the rubbery state. The volume resistivity was reduced by an additional order of magnitude
from 1014 Ω·cm in the glassy state to 1013 Ω·cm in the rubbery state. Finally, preliminary work with
corona-Kelvin metrology, a non-contact method employed in the semiconductor industry to detect
defects in dielectrics, suggested that while FS-SMP-spun films are heterogeneous, there were also large
areas of homogeneity which might be suitable for device fabrication.
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2. Materials and Methods

2.1. Materials and Fabrication

The fabrication of FS-SMP was previously described [38]. The formulation described in
Ecker et al. [23] was a slight variation thereof. The polymer is composed of a mixture of three monomer
components (Figure 1): 0.5 mol% 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO) (Sigma
Aldrich, St. Louis, MO, USA), 0.45 mol% trimethylolpropane tris(3-mercaptopropionate) (TMTMP)
(Sigma Aldrich, St. Louis, MO, USA), and 0.05 mol% Tris[2-(3-mercaptopropionyloxy)ethyl]
isocyanurate (TMICN) (Evans Chemetics, Teaneck, NJ, USA). 2,2-dimethoxy-2-phenylacetophenone
(DMPA) (Sigma Aldrich, St. Louis, MO, USA) was used as a photo-initiator. All of the chemicals were
used as received without further purification.
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Figure 1. Chemical structures of monomers used for the synthesis of the fully softening shape memory
polymer (FS-SMP).

FS-SMP was prepared by mixing exact mole fractions of the liquid monomers, TATATO, TMTMP,
and TMICN, with 0.1 wt.% of DMPA into a vial at room temperature (~22 ◦C). The vial was covered in
aluminum foil to prevent incident light from contacting the solution and mixed thoroughly using a
DAC150.1 FV planetary speed mixer (FlackTec Inc., Landrum, SC, USA). The mixed solution was spin
cast upon substrates consisting of a 100 mm diameter silicon wafer (University Wafers, Boston, MA,
USA) using a Laurell WS-650-8B spin coater (Laurel Technologies, North Wales, PA, USA). Prior to
spinning, each of the substrates had 20 nm of titanium followed by 400 nm of gold evaporated onto the
surface using a Temescal 1800 single chamber evaporation system (FerroTec Inc, Santa Clara, CA, USA)
to serve as the ground plate for the test capacitors.

We have evaluated two curing methods for the FS-SMP polymer fabrication. Figure 2 demonstrates
that the two processes produce equivalent moduli in the glassy and rubbery state but shifted Tg.
The first process, previously reported in [23], involved spinning the mixed monomers onto silicon
substrates followed by exposure to 254 nm UV radiation at room temperature (~22 ◦C) and ambient
atmosphere within an UVP CL-1000 cross-linking chamber (UVP LLC, Upland, CA, USA) containing
five overhead UV bulbs for 120 min (2 h cure). The second polymerization condition was performed at
ambient temperature under 254 nm with a reduced time of three minutes, which was immediately
followed by 1 h of exposure to 365 nm UV light (3 min cure). At the completion of polymerization,
the samples were placed in a vacuum oven, at 120 ◦C and 127.5 Torr, for 18 h to achieve complete
curing. The resulting thickness of each wafer or slide was individually characterized to the nearest
0.1 µm using a Dektak 8 profilometer (Veeco, Plainview, NY, USA) to facilitate capacitance calculations.
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Figure 2. Graphs of storage modulus, E’, for fully softening shape memory polymers obtained using
dynamic material analysis in air using the two curing methods discussed in this study. At temperatures
below 37 ◦C, both curing formulations were in the glassy state, with E’ above 109 Pa. However, while
the 3 min curing process nearly reached its fully softened, rubbery state at 50 ◦C, the 2 h cure became
only semi-soft with an E’ of ~500 MPa.

To determine the electrical properties of FS-SMP, we crafted physical capacitors (Figure 3) for
testing. The top plate of the physical capacitors and outer ring were fabricated using the following
methodology. First, 20 nm of titanium, followed by 400 nm of gold, were blanket evaporated onto
a silicon wafer. Next, FS-SMP was spin-coated and cured on top before another layer of Ti/Au was
evaporated. The capacitors having sizes of 2, 3, and 4 mm, surrounded by 1 mm wide rings with
gaps between of 0.5, 1, 1.5, and 2 mm, were patterned using photolithography via positive photoresist.
The gold was wet-etched using Iodine-based etchant, and 10:1 Hydrofluoric acid solution was used to
remove the underlying titanium adhesion layer.
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Figure 3. Fabrication of physical capacitors for testing. (a) shows a schematic of the sequence of
the materials used for the fabrication of capacitors, (b) displays the stack after photolithography,
and (c) shows a photograph of a typical device having differently sized capacitors.

2.2. Electrical Characterization

The electrical properties of resistivity and permittivity for SMP were measured and evaluated
using guidelines published by the American Society for Testing and Materials (ASTM International)
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and the Association Connecting Electronics Industries (IPC) [39–41]. Round, parallel plate SMP
capacitors were used for all measurements (Figure 3). The outer rings facilitated measurement of the
leakage current across the surface of the material, while volume resistivity through the bulk of the
SMP was measured between top and bottom plates. Leakage currents were used to calculate average
surface and volume resistivity, while capacitance was used to calculate the relative permittivity for
the FS-SMP [39–41]. In detail, capacitance was determined using the characteristic time (RC time
constant t) required to charge a resistor-capacitor (RC) circuit. A carbon fiber resistor, characterized
at 6,997 Ω, was connected in series with the top plate of the FS-SMP capacitor using a Model S-926
micro-positioner with a P pivot head and ST-T 5 µm point tungsten tips (Signatone, Gilroy, CA, USA).
An RG-174/U coaxial cable containing a low-density polyethylene dielectric was utilized to connect the
voltage source, a Keithley 3390 50 MHz Arbitrary Waveform Generator (Tektronix, Inc., Beaverton,
OR, USA). Square wave pulses with an amplitude of 10 Vpp and periods of 0.01, 0.001, 1.0 × 10−4,
and 1.0 × 10−5 s with equal high and low phases were continuously delivered. The output voltage
waveforms were measured with a TBS 1052B Digital Oscilloscope Generator (Tektronix, Inc., Beaverton,
OR, USA) using 10X attenuated voltage probes (TPP0051, Tektronix, Inc., Beaverton, OR, USA), which
were characterized to have ~12 pF capacitance and 10 MΩ input resistance. The RC time constant
was determined for the different square wave frequencies and the corresponding capacitance was
calculated. These capacitances where then used to calculate the relative permittivity of the SMP-FS
according to ASTM D150-11 [40], using the parallel plate equation.

Volumetric leakage current through the bulk of the material and surface current leakage through the
top plate and outer ring electrode were measured using a 9103 USB Auto-Ranging Picoammeter (RBD
Instruments, Bend, OR, USA) in response to DC voltage biasing. The 9103 provided a battery-powered
voltage source of 90 V. The current was recorded every 50 ms for a total of 3 min using software
provided by RBD Instruments. The initial current pulse was removed from the recordings, and the
current was averaged across the total time period. The measured leakage currents were used to
calculate the volume and surface resistivity according to ASTM 257-14 [39].

The electrical impedance of the wires and carbon resistors were considered in the calculations for
all resistivity and permittivity calculations. Approximations for capacitance due to electrical fringing
effects were removed using equations provided in the standards document [40].

Given that the FS-SMP was designed to operate over a specific temperature range, we examined
the temperature dependence of the FS-SMP electrical properties. We placed the FS-SMP devices on
a Fisherbrand™ Isotemp™ Stirring Hotplate, which included a Thermo Scientific FS PT100 external
probe (Fisher Scientific, Waltham, MA, USA) for thermal feedback control. The polymer was heated to
50 ◦C, and the samples were held at this temperature for 10 min before measuring the capacitance and
leakage currents again.

In total, two different wafers were fabricated, one for each polymer curing scenario, namely the
3 min and 2 h cure. Measurements were performed on individual, differently sized capacitors within
these wafers. For the relative permittivity, N = 9 (2 h cure) and N = 14 (3 min cure) capacitors were
measured at four different frequencies each. Thus, a total number of N = 36 (2 h cure) and N = 56
(3 min cure) measurements were performed at 22 and 50 ◦C, respectively. For the surface resistivity,
N = 7 (2 h cure glassy), N = 8 (2 h cure rubbery), N = 18 (3 min cure glassy), and N = 16 (3 min cure
glassy) measurements were performed. Volume resistivity was measured on N = 8 (2 h cure glassy),
N = 8 (2 h cure rubbery), N = 19 (3 min cure glassy), and N = 16 (3 min cure rubbery) capacitors,
respectively. All results are given as mean values ± standard deviation (SD).

2.3. Kelvin Force Probe Characterization

Non-contact voltage mapping has been used in the silicon circuit industry as a quick,
non-destructive method to detect defects in insulators [42–45]. While the process has been described
in detail previously, a brief explanation of the process is as follows. The Si wafer containing the
FS-SMP thin film was placed on a grounded vacuum chuck. A 2 mm diameter vibrating Kelvin probe,
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accompanied with a vibrating reference electrode, was placed approximately 1 mm above the surface
of the FS-SMP. The reference electrode is DC-biased and vibrates normally to the measured surface.
The time-variation in capacitance, caused by the changes in the angular frequency of the vibration,
was monitored using a lock-in amplifier in response to reference electric potential sweeps to determine
the contact potential difference (Vcpd). Vcpd was a series system composed of the potentials from
the work function difference from the metal probe and references, the air insulation, the insulating
film, and the semiconductor space charge region. The DC voltage applied to the reference electrode
generated current due to the changes in the capacitance and was then adjusted to reduce the current to
zero, at which point Vcpd = −VDC. Equipment calibration removed the contact potential of the Kelvin
probe and reference electrode. Contributions from the potential due to the semiconductors surface
barrier, VSB, were removed by subtracting the potential obtained under wafer illumination, producing
excess carriers to reduce surface band bending, and the wafer recorded in the dark. The remaining
potential was the contribution of the dielectric material, VD. As this potential is proportional to the
dielectric charge-to-permittivity ratio, variations indicated changes in material electronic properties.
The entire wafer surface was scanned by moving the wafer under the probe.

3. Results

Figure 4 displays the relative permittivity obtained for the two curing processes of FS-SMP
evaluated at two temperatures that provide for the thermomechanical state of the FS-SMP. At room
temperature, FS-SMP was in a glassy state, and the relative permittivity of the 2 h cure FS-SMP was
5.26 ± 0.11. The 3 min cure FS-SMP at the same temperature produced a permittivity of 5.87 ± 0.08.
Increasing the temperature to change the state of the FS-SMP to rubbery demonstrated that the 2 h
cure FS-SMP relative permittivity elevated to 6.38 ± 0.11, whereas the 3 min cure FS-SMP relative
permittivity levels were 7.79 ± 0.09, respectively.
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Figure 4. Mean relative permittivity of fully-softening shape memory polymer (FS-SMP) obtained at
glassy and rubbery thermomechanical states. N = 36 (N = 9 capacitors with 4 replicate measurements
each) for the 2 h cure FS-SMP and N = 56 (N = 14 capacitors with 4 replicate measurements each) for the
3 min cure FS-SMP. Standard deviation is represented through the positive error bars. The temperatures
of measurement for the glassy state were 22 ◦C and for the rubbery, 50 ◦C.

A three-way ANOVA was performed with a threshold of 0.05 between the variables of square-wave
voltage signal frequency, the thermomechanical state of the polymer, and the curing method. Statistics
for the tested factors are reported listing the F value, including the associated degree of freedom and N
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value separated in parenthesis, as well as the p value for the test. The permittivity was found to be
statistically independent from changes in the frequency range from 100 to 10,000 Hz (F(3,332) = 0.02465,
p = 0.99476). Thus, the measurements at the different frequencies were grouped together (Figure 4).
Additionally, the interaction between frequency and thermomechanical state (F(3,332) = 0.62841,
p = 0.5971), and the interaction for the factors for frequency, curing, and thermomechanical state
(F(9,332) = 0.26987, p = 0.98231) demonstrated no statistically significant effect on the overall mean
relative permittivity. Removing the frequency as an independent variable, we compared the factors
of polymeric state (F(1,214) = 81.76, p = 9.4 × 10−17), and curing (F(3,214) = 92.61, p = 1.89 × 10−38),
as well as the interactions between these factors (F(3,214) = 6.59, p = 2.81 × 10−4), and demonstrated
evidence of significantly different mean values for relative permittivity.

In summary, the method of polymer curing, along with the thermomechanical state of the polymer,
has an influence on the relative permittivity.

A post hoc Tukey test was used to investigate specific factors which influenced the relative
permittivity at a threshold level of p < 0.05. The 3 min cure produced a significantly higher mean
relative permittivity than the 2 h cure when both samples were evaluated within the same environment
and the thermomechanical state remained constant. A change in thermomechanical state from glassy
to rubbery produced a significant increase in relative permittivity. To summarize, the change in state
from glassy to rubbery produced a significant increase in relative permittivity, the longer curing process
significantly reduced molecular polarization within the FS-SMP.

While the electric property of relative permittivity is an important factor in the consideration of
AC leakages, electrical resistivity is an extremely important factor when considering DC leakages in an
insulating material. We measured not only the resistivity of bulk FS-SMP, but also the resistivity across
the skin, or surface, of the polymer. The mean surface and volume resistivity ± standard deviation
of FS-SMP samples fabricated with the two curing techniques is displayed in Figure 5. The surface
resistivity for the 2 h cure FS-SMP was 1.47 × 1014

± 5.60 × 1013 Ω/sq in its glassy state, and 1.20 × 1013

± 2.01 × 1013 Ω/sq in the rubbery state. The 3 min cure FS-SMP possessed a mean surface resistivity of
1.25 × 1014

± 1.35 × 1014 Ω/sq below Tg, and 2.50 × 1012
± 2.72 × 1012 Ω/sq above Tg.

The volume resistivity in the glassy state was 4.55 × 1014
± 3.83 × 1014 Ω·cm for the 2 h cure

FS-SMP, and 8.13 × 1014
± 9.24 × 1014 Ω·cm for the 3 min cure. The volume resistivity in the rubbery

state was 4.75 × 1013
± 7.99 × 1013 Ω·cm for the 2 h cure, and 3.37 × 1013

± 3.87 × 1013 Ω·cm for the
3 min cure.
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Figure 5. Two bar graphics displaying the mean surface and volume resistivity of FS-SMP, respectively.
N = 7–8 (2 h cure) and N = 16–19 (3 min cure) measurements were performed for surface and volume
resistivity at 22 and 50 ◦C, respectively. Standard deviation is represented through the positive
error bars.

Figure 6 displays an example of the contact potential voltage, VCPD, mapped across the surface of
a 100 mm diameter, boron-doped P-type silicon wafer of 1 Ω·m resistivity, 7 µm thick film of FS-SMP,
and cured with the 3 min FS-SMP methodology. VCPD value ranges between 1.6 V and −2.8 V with an
average of −0.885 V and a standard deviation of 0.691 V across the wafer. Positive VCPD are mostly
confined near the edges of the wafer. VCPD below −2 V appear as islands, and the two dominant
such islands are approximately 10–15 mm in size. There are large areas of VCPD values possessing
homogeneous potential.
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4. Discussion

Relative permittivity in amorphous polymers has been theorized to arise from two main molecular
interactions. The first is from charge polarization due to dipoles within the polymer chain. Another is
the relaxation process which has been associated with the mobility of molecules and motion within
portions of the main chain, side chains, or side groups [46]. This relaxation has been generally linked
to thermal processes which rise in effective strength with an increase in temperature. As FS-SMP
does not possess side chains or groups, one must consider the overall chain rigidity and the chemical
composition of the polymer. It has been shown that these latter factors are extremely important in the
formation of permanent dipoles and increase in relative permittivity [46,47].

Our study focuses on a single polymer chemistry under two different polymerization methods.
As discussed previously, the method of polymerization by exposure to 254 nm wavelength UV light
for two hours has demonstrated a wider transition window in FS-SMP as well as an up-shift of Tg by
about 10 ◦C as compared to the 3 min method, which is attributed to differences in the cross-linking
mechanism [18,23]. In the case of the 3 min method, where exposure to 254 nm wavelength UV radiation
is limited to 3 min and polymerization is completed by subsequent exposure to 365 nm wavelength UV
light, our DMA findings suggest a reduction in cross-link density and a more homogenous network
formation (Figure 2). Although dielectric relaxation has been demonstrated to greatly increase at
the glass transition temperature [47], we have seen a much larger proportional increase in relative
permittivity during the physical transformation from glassy to rubbery for the 3 min cure process
than the 2 h cure. Most likely, this effect is attributable to the lower overall curing dose (short amount
of exposure to the high energy/lower wavelength followed by one hour of exposure to the lower
energy/higher wavelength), as opposed to two hours exposure with the high energy/lower wavelength,
which would create a polymer inherent with additional relaxation during cross-linking (less curing
stress) and increased chain mobility compared to the 2 h cure. However, it should be noted that
the 2 h cure is still within its transition temperature and not fully rubbery at the high-temperature
measurement (50 ◦C). This might also contribute to the mobility of the polymer and associated
relaxation. The hydrophobicity of both polymer films was similar. The contact angle of water droplets
was measured to be (70.7 ± 5.5◦) for the 2 h cure and (80.3 ± 2.9◦) for the 3 min cure. Thus, the samples
of the 3 min cure resulted in slightly higher hydrophobicity.

We found that the surface and volume resistivity of FS-SMP exceeded the thresholds of
1.0 × 1012 Ω/sq, and 1.0 × 109 Ω·cm respectively, while in glassy or rubbery states and regardless of
the curing methodology, and therefore classifies as an insulating polymer [48,49]. Since the mean
and standard deviation values of measured resistivities were close together, we also looked at the
sample percentiles (Table 1). We found that the majority (at least 90%) of the measured samples were
above that threshold that classifies them as insulating polymer. The only exception was the 3 min
cure FS-SMP in the rubbery state that had only 71% of the measured samples above the threshold of
1.0 × 1012 Ω/sq for the surface resistivity, while the volume resistivity was still above 90%.

Table 1. Mean values ± standard deviation (SD) and values for surface and volume resistivity at the
10th percentile.

Material
Surface Resistivity (Ω/sq) Volume Resistivity (Ω·cm)

Mean ± SD 10th Percentile Mean ± SD 10th Percentile

2 h cure glassy 1.47 × 1014
± 5.60 × 1013 7.58 × 1013 4.55 × 1014

± 3.83 × 1014 2.03 × 1012

2 h cure rubbery 1.20 × 1013
± 2.01 × 1013 2.41 × 1013 4.75 × 1013

± 7.99 × 1013 1.09 × 1011

3 min cure glassy 1.25 × 1014
± 1.35 × 1014 1.23 × 1013 8.13 × 1014

± 9.24 × 1014 1.33 × 1012

3 min cure rubbery 2.50 × 1012
± 2.72 × 1012 2.44 × 1011 3.37 × 1013

± 3.87 × 1013 3.22 × 109

When we compare the SMP-FS with other insulating materials at room temperature (Table 2),
we can see that it falls well within their values for volume and surface resistivity.
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Table 2. Comparison of dielectric properties of various insulating materials from [50] if not
stated differently.

Material Volume Resistivity (Ω·cm) Surface Resistivity (Ω/sq)

SMP-FS 1014 1014

Ceramics 1011–1014 -
Soda-lime glass 1011–1013 1010–1012

Hard rubber 1015–1017 1010–1018

Epoxy cast resin 1014–1015 107 –>1014

Acrylic >1015 >1014

Polypropylene 1015–1017 >1015

Parylene C 1012–1016 [51] 1015

Polyimide (Kapton) 1017 [52]

Uniformity is an important aspect of processing micro- and nano-sized devices, and insulating
materials should perform as designed. Kelvin force probe characterization is widely used in the
semiconductor industry to quickly scan entire production wafers with the aims to ensure quality
of dielectric materials, detect possible device destroying defects, and increase the product yield.
We utilized this technique to assess charge distribution in spin-coated FS-SMP. The film was found to be
mostly homogeneous at around −900 mV contact potential with some isolated area showing potential
differences. Unfortunately, the measurement from the Kelvin probe process only allows detection
of differences in potential. It is not possible to accurately use the method to attribute the changes to
variations in surface thickness or to chemical defects within the matrix. Future investigations will be
needed to characterize the mechanisms behind the potential variations. We also conducted atomic
force microscopy (AFM) measurements to investigate the surface roughness of the samples and found
that the spin coating resulted in relatively smooth polymer surfaces. The surface roughness of SMP
samples after both curing scenarios was similar. AFM measurements revealed root mean square
averages of height deviations of the assessed profile Rq of 0.291 and 0.316 nm for the 2 h and 3 min
cure samples, respectively.

5. Conclusions

Thiol-ene and thiol-ene/acrylate-based shape memory polymers have been developed by our
group to demonstrate desirable mechanical properties for flexible electronics, such as organic and
inorganic thin film transistors and diodes, and multi-electrode arrays for biomedical applications.
Although the mechanical properties have been reported across multiple investigations, the electrical
properties have not been reported for this promising material.

Our investigations demonstrated that reducing the exposure of the FS-SMP monomer mixture to
254 nm UV light from 2 h to 3 min during polymerization changes the polymer network slightly and
increases the relative permittivity: 5.3 to 5.8 in the glassy state. Relative permittivity measured in the
rubbery state was consistently higher than that in the glassy state for both curing methods.

FS-SMP, according to the standards established by the ESD Association, displays good electrical
properties when compared to other thin film materials. The surface and volume resistivity of
the material classifies as an insulating polymer, independent of curing or thermomechanical state.
FS-SMP may also be considered as a dielectric for use in flexible capacitors.
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Abstract
A recent development in bioelectronic devices involves the utilization ofmultifunctional polymers as
substratematerial. Dynamically softening, thin-film polymers reduce themechanicalmismatch
between device and tissue after implantation and therefore improves the device–tissue interaction.
However, when implementing a newmaterial into the fabrication of fully functional and chronically
viable devices, there are specific challenges that need to be addressed. The key for allmultimaterial
devices is to ensure a good adhesion and connectivity between the different layers. That is especially
true if one of thematerials is sensitive to stimuli such as temperature andmoisture. This reviewwill
give an overview on the development of a variety of neural interfaces for recording and stimulation
with softening shapememory polymers (SMPs) as substratematerial. This review discusses specific
requirements for device fabrication, testing, and durability.

1. Introduction

Thefield of bioelectronic devices [1] comprises non-invasive wearable devices such as temperature and pressure
sensors [2–9], as well as implantable devices such as neural interfaces [10–17] and pacemakers [18, 19]. All of
these devices have in common the fact that they are built ofmultiplematerials, resulting inmultimaterial based
bioelectronics devices. The range of appliedmaterials within these devices is wide and spans organicmaterials
such as polymers to inorganicmaterials such asmetals [20–23]. A relatively newdevelopment is the use of
multifunctional polymers as substratematerial for various bioelectronic devices [22, 24].

The challengewhen fabricating devices comprised ofmultiplematerials, independent of thematerials used,
is to ensure a good interlayer adhesion such that the resulting device is appropriate for chronic applications
without early failure. For devices consisting of layers ofmaterials that are capable of dynamic shape and stiffness
changes, interlayer adhesion is particularly challenging. Therefore, it is essential to perform sufficient durability
testing to ensure reliable and long-lasting devices through in vitro and in vivo experiments [25–28].

Another important aspect when usingmultifunctionalmaterials such as shapememory polymers (SMPs) is
the processing. Often, the fabrication of bioelectronic devices involves exposure to harsh conditions, whichmay
impact themultifunctionality of thesematerials. These processing conditions include high temperatures,
plasma treatments, and chemicals. Therefore, it is important to ensure that the fabrication is performed in away
that is compatible with the temperature andmoisture sensitivematerials [29].

Finally, whenmultifunctionalmaterials are being used for biomedical devices, it needs to be ensured that
thesematerials are biocompatible and can be sterilizedwithout losing their functionality.

RECEIVED

7May 2018

REVISED

26October 2018

ACCEPTED FOR PUBLICATION

1November 2018

PUBLISHED

11December 2018

© 2018 IOPPublishing Ltd

https://doi.org/10.1088/2399-7532/aaed58
https://orcid.org/0000-0002-0603-6683
https://orcid.org/0000-0002-0603-6683
https://orcid.org/0000-0002-4271-1623
https://orcid.org/0000-0002-4271-1623
https://orcid.org/0000-0002-0436-7403
https://orcid.org/0000-0002-0436-7403
https://orcid.org/0000-0002-6616-1179
https://orcid.org/0000-0002-6616-1179
https://orcid.org/0000-0002-9198-1822
https://orcid.org/0000-0002-9198-1822
https://orcid.org/0000-0001-8276-3690
https://orcid.org/0000-0001-8276-3690
https://orcid.org/0000-0003-0135-0531
https://orcid.org/0000-0003-0135-0531
mailto:melanie.ecker@utdallas.edu
mailto:walter.voit@utdallas.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/2399-7532/aaed58&domain=pdf&date_stamp=2018-12-11
http://crossmark.crossref.org/dialog/?doi=10.1088/2399-7532/aaed58&domain=pdf&date_stamp=2018-12-11


This reviewwill focus on specific requirements when usingmultifunctional polymers for the fabrication of
multimaterial electronic devices for biomedical applications.Wewill discuss in particular the use of softening
polymeric substrates for neural interfaces that have beenfirst reported in 2012 byWare et al (figure 1) [30, 31].
Since its introduction, the technology has constantly evolved, and a variety ofmaterial and device iterations have
been developed.

2. Types of devices

Bioelectronic devices are electronic devices to be used to interactwith biological systems and function as information
processing systems. They canbeused to extract biological relevant information from the body through recording
andmonitoring of physiological signals, including temperature, bloodpressure, andneural activity. They can also be
used tomanipulate the bodyby altering electrical signals to activatemuscles andmodulate neural activity.

Depending on the task, the device design can vary greatly. Devices formonitoringmay be non-invasive,
wearable devices; whereas devices for neural stimulation are often invasive and need to be implanted in close
proximity to the neural tissue to achieve specificity. This paperwill give a general overview about implantable
neural interfaces that are fabricated from responsive polymeric substratematerials.

In general, neural interfaces are small electronic devices that interact with the neural system [15, 32]. They
can either record electrical signals associatedwith neural activity, or they can stimulate tomodulate the activity
of the central nervous system (CNS) or the peripheral nervous system (PNS). Depending on the targeted area,
neural interfaces can differ in their invasiveness. There are electrodes that are entirely non-invasive, e.g., scalp
electrodes for electroencephalography (EEG). In order tomonitor single neuronal units, it is necessary to place
the electrodes closer to the neurons, whichmakes these devicesmuchmore invasive. The specifics of the device
design depend on the targeted neurons. This includes the overall device shape and the substratematerial, choice
of electrode size andmaterials, as well as integration of active elements such as transistors or diodes. The use of
softening polymeric substrates has been shown to be amenable tomany of these design permutations. Three
implantable device types were identified, which seem to benefit from softening polymeric substrates for various
reasons: cortical probes, spinal cord stimulators, and nerve cuffs.

Figure 1. (A) Schematic illustration indicating themodulus ofmaterials used in neural interfaces relative to biological tissues. (B)
Process schematics (left) and images (right)demonstrating the utilized transfer by polymerization process. Substrate prepared for the
transfer of patterned devices from the sacrificial to the final substrate (top left) schematic. Devices after synthesis of thefinal substrate
and removal of the sacrificial substrate (bottom left). Opticalmicroscopy images of example cortical probes fabricated using the
transfer by polymerization process. Cortical probewith eight recording channels and a ground fabricated and insulatedwith patterned
Parylene-C (right). (C)Photograph of a 16-channel intracortical electrode array next to anAmerican pennywith an optical
micrograph of a single penetrating shank (scale bar 60 mm) and impedance spectroscopy of electrodes (n 5 16) before and after
electroplating platinum (error bars represent 95%CI). (A)was reproduced fromWare et al [38], (B)was reproduced fromWare et al
[31], and (C)was reproduced fromWare et al [38]

2

Multifunct.Mater. 2 (2019) 012001 MEcker et al



2.1. Cortical probes
Traditional cortical probes consist primarily of siliconwhich has an elasticmodulus that exceeds the
surrounding tissue by 6 orders ofmagnitude (figure 1(A)). Onemajor limitation observedwith current cortical
probes is the low level of long-term reliability, where neural activity can become variable and decreasemonths
after implantation [33]. One of the causes attributed to this overall failuremay originate from the inflammatory
response initiated following intracortical probe implantation, in addition to biotic factors including tissue
encapsulation and astroglial scarring [22, 34, 35]. This foreign body response has often been attributed in large
part to themechanicalmismatch that exists between thematerials that comprise intracortical probes and the
surrounding brain tissue [35]. Themagnitude of the strain field in highly compliant cortical tissue can be
minimized through the reduction of implant elasticmodulus [36]. Therefore, by creating cortical probes that are
less stiff, tissue strainwould be reduced, resulting in an improved tissue response and device performance.

The use of softening polymers is an approach tominimize themechanicalmismatch and associated tissue
response to improve the device–tissue interaction. Softening polymers offer the advantage of being stiff enough
during the implantation to ensure that they can penetrate the tissue.However, the polymers change their
mechanicalmodulus and becomemuch softer in an aqueous environment (figure 1(A)). The underlying effect is
the so-called “solvent induced plasticization,”whichwill be discussed inmore detail in the section 3.1.1.

TheVoit group has developed a series of thiol-ene/acrylate polymers that can undergo various degrees of
softening under physiological conditions [31, 37–42] and fabricatedMichigan stylemulti-electrode arrays to
study neural activity in the rat cortex (figures 1 and 2) [38, 43]. Studying the physiological response to devices

Figure 2. (A) Fabrication and packaging of a SMP-based intracortical probe using 47%mol TCMDA. Probes have 16 evenly spaced
microelectrode sites along the lower 1.5 mm region of the device with PEDOT:PSS deposited on top. Electrochemical impedance
spectroscopy of thiol-ene/acrylate probes before (Auonly) and after PEDOT:PSS electroplating showing impedancemagnitude and
phase as a function of frequency. (B) Single unit recording from the SMP-based intracortical probe. Recording from a typical
microelectrode recording site fromday 2 in vivo. (C)Device capture immunohistochemical analysis of the implanted SMP cortical
probe. TheConfocal opticalmicrograph of an SMP intracortical probe in brain tissue for 77 days. (D) Fully packaged cortical probe of
a newer generation fully encapsulatedwith SMP and surgical setup for stereotactic implantation of probes into the rat cortex. (E)
Mosquito inspired insertion guide showing the concept (left), insertion of a dummyprobe (center), and success rates (right). (A) to (C)
are reproduced fromSimon et al [43], and (E) is reproduced fromSchoffstall et al [66].
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possessing different overall stiffnessmay give important insights to the hypothesis that stiffermaterials are
linked to increased foreign body responses. Early devices (figure 1(B) and (C)), whichwere fabricated between
2012 and 2013, used the transfer by polymerizationmethod. Their designwas simple and the probes were still
rather big, but successfully demonstrated the compatibility of the SMP substrate with standard
photolithographical processes. These devices were used for acute [31] and subchronic (4weeks) [38] in vivo
studies. Devices that were fabricated later (figure 2) becamemore advanced. Their overall size was reduced, their
channel count was increased, and theywere fully packaged. These devices allowed single unit recordings from
the rat cortex for durations up to 77 days [43] and 13weeks [44], respectively.

An approach used by other groups tominimize the foreign body response is byminimizing the probe size to
reduce the overall footprint [45–47]. Additionally, by reducing the thickness, the probe becomesmore flexible
sinceflexural/bendingmodulus is not only dependent on the Young’smodulus, but also on the thickness of the
material. Commonmaterials used for polymeric cortical probes are polyimide [21, 48–52], SU-8 [12, 53–55],
and Parylene-C [56–59]. However, these polymers remain stiff after implantation due to a high glass transition
temperature and are therefore not responsive to the body environment. The insertion of cortical probes is
usually performed using a stereotaxic surgery (figure 2(D)), following the procedure described by Fornari et al
[60], which helps to standardize the procedure and tominimize variations during the procedure. Thatmethod
allows the exact positioning of the probe, set angle, and insertion speeds.However, even if the polymeric
substratematerials of the devices are still in the glassy state, the devicesmay buckle during the insertion
depending on their geometry.While for 30 μm-thick and 3 to 5 mm-long probes the insertionworks
adequately, buckling becomesmore relevant as the shank length of the probes increases and their thickness
decreases. This general phenomenon independent of thematerials arises when probes become thinner andmore
flexible. They lose their stiffness andmechanical support, which are needed in order to overcome insertion
forces. In the past, some approaches have been identified to enable the implantation of devices that would
otherwise buckle because of their flexibility or softness. These strategies include insertion shuttles [55, 61–63],
and coatings thatmake probes temporarily stiffer and that dissolve after implantation [59, 64, 65]. However,
these techniques increase the footprint of the probe,may have negative impact on the tissue response, and are
therefore contradictory to the general trend of probeminiaturization. To eliminate the risk of buckling and
bending for thin andflexible electrodematerials without the need for probemanipulation ormodification,
Shoffstall et al have developed amosquito inspired insertion guide (figure 2(E)) [66]. That allows the insertion of
themicroprobe through a small slit (∼150 μm), which provides lateral support, reduces the effective length of
the device, and increases the critical buckling load during insertion.

2.2. Nerve cuffs
Nerve cuff electrodes have been used for years on relatively large and accessible somatic nerves. However, new
clinical applications targeting smaller autonomic nerves composedmostly of unmyelinated axons present new
challenges. Current silicone cuff electrodes have amedium-soft shore hardness with thick (200–600 μm)walls,
and they cannot be size-adjusted during surgery. These characteristics contribute tofibrotic tissue growth over
and inside the device, which restricts nervemovement, alters nerve conduction, and often causes nerve damage
[67, 68]. These adverse reactions can also be the result of cuff thickness (200–600 μm), sharp edges, inadequate
cuff-nerve fitting, amechanicalmismatch between silicone/platinum-iridium electrodes and the nerve tissue,
and tissue damage due to stimulation or electrode dissolution [69, 70]. To address several of the limitations of
the silicone cuff electrodes,flexible thin-film electrode arrays using polyimide or silicone as substrates are under
investigation [22, 70–72]. TheVoit lab has also developed a new type of thin-film cuffs that are based on
softening polymers that can soften from theGPa range to theMPa range under physiological conditions and can
bewrapped around nerves of different sizes, providing optimal nerve–electrode contact [68, 73]. These unique
characteristics are likely to contribute to the fabrication of clinical electrodes thatwill offermore sensitive
recording and safer electrical stimulation of small and fragile peripheral nerves, thus enabling access to a number
of autonomic nerve targets for clinical neuromodulation applications. Thefirst generation of cuff electrodes
were hook-like and self-coiling utilizing the shapememory effect (figures 3(A) and (B)) [30]. Stimulation of the
vagus nervewas demonstrated in an acute setup through amarked decrease in heart rate and arterial oxygen
saturation. These early devices were limited to acute applications only. However, they demonstrated the overall
concept and feasibility. The newer generations are folding electrodes that canwrap tightly around the tissue and
comprise of various electrode sizes to address differently sized nerves for acute and chronic studies [68, 73]
(figures 3(C) to (F)). Although the thin-film cuffs show advantages over the silicone cuff/tunnel devices in terms
of device–tissue interaction, onemajor limitation is that they do not offer a self-closingmechanism and
therefore need to be anchored by adhesives or sutures as visible infigures 3(C) and (E), respectively.
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2.3. Spinal cord stimulators
The spinal cord has a large range ofmotionwhich creates a difficult environment for neural prostheses within
the spinal canal [74], therefore such devices need to be tough enough towithstand highmechanical stress and
strain.However, such devices need to be soft to prevent damage to the spinal cord tissue, which is highly supple
andflexible [75]. Current commercially available devices are usuallymade of softmaterials, e.g., silicone, in
paddle or cylindrical shapes integrating different electrodematerials, for instance, platinum, iridium, and Pt/Ir
alloys. Nonetheless, these devices often fail due tomigration or glia scar encapsulation and they can also cause
epidural hematomas, spinal tissue damage, and painful stimulation [76]. Also, an invasive surgery
(laminectomy) is required to implant such a paddle-shaped device inwhich vertebrae is removed. Overall,
polymeric substrates are preferred over stiffermaterials as themechanicalmismatch between the spinal cord
tissue and the electrode leads is reduced. TheVoit lab has demonstrated the fabrication process of thin-film
softening spinal cord stimulation arrays integrating gold interconnections and titaniumnitride stimulating
electrodes (figure 4) [77]. These devices are stiff at room temperature and become supple once exposed to
physiological conditions, allowing the surgeon for an easy device handling and reducing their elasticmodulus
once implanted. Tensile tests and dynamicmechanical analysis (DMA)were performed to the neat softening
polymer and to fabricated softening devices, respectively, to determine themodulus in dry (room temperature)
andwet (body temperature) conditions, as shown infigure 4(F). Figure 4(B) displays a 3D rendering of the
implanted device based on a computed tomography (CT) scan. The softening property of SMP-based devices
allows for an easy implantation, which requires a single laminectomy and sliding the thin-film implant in the
epidural space which becomes soft and conforms around the spinal cord. These devices were tested in vitro in an
accelerated aging paradigm for a simulated time of 29weeks. They have also been implanted for up to 29weeks
in the cervical spinal cord of a ratmodel andwere able to deliver stimulation pulses and evokemuscle responses,
whichwere recorded by electromyograms throughout the time implanted showing stable performance in terms
of their stimulation threshold and electrode impedance.

Figure 3. (A) Showing the concept and (B) an implanted probe of thefirst generation of SMP-based cuff electrodes with a self-coiling
mechanism. (C) to (F) shows various newer designs for SMP-based cuff electrodes for different nerve targets. (C)A softening cuff
1.2 mmwide tightly hugging the tibial nerve aftermore than amonth. (D)Two-channel extra-neural cuff wrapped around the sciatic
nerve and (E) 16-channel extra-neural cuff wrapped around the tibial nerve. (F) shows a fully packagedmultisize SMP cuff electrode
array that was designed to fit nerves ranging from100–1000 μmin diameter. (A) is reproduced fromWare et al [30] and (D) and (E)
are reproduced fromModi et al [73]
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3. Fabrication ofmultimaterial devices

This sectionwill focus on the fabrication ofmultifunctional andmultimaterial devices for recording and/or
stimulation of neural activity [29–31, 38–40, 73, 78–81]. In order to fabricate fully functional neural interfaces,
multiplematerials need to be integrated into one device. Thesematerials include substratematerials, interlayers
for encapsulation, andmaterials for electrodes and interconnects. As Szostak et al [11] have already pointed out
for cortical probes, there are variety of key requirements for the successful fabrication of neural recording and
stimulating devices.Won et al [82]have also just recently summarized the recent developments inmaterial
selections for durable neural interfaces. That includes the selection ofmaterials used for the different parts of the
devices,material interfaces, and the processing.

3.1.Materials
3.1.1. Substratematerial: softening polymers
As alreadymentioned earlier, the use of softening polymers is beneficial formany bioelectronic device
applications.With softening, devices becomemore compliant and reduce themismatch inmodulus that
otherwise exists between the device and the tissue.

Ware et alhave reported thefirst versions of dynamically softening polymers in 2012 [31]. These substrates
comprised of themonomersmethyl acrylate (MA), isobornyl acrylate (IBoA), and 1wt%poly(ethylene glycol)
diacrylate as crosslinker. Shortly thereafter, thiol-ene/acrylate click-chemistry have been explored as an ideal
chemistry to create a softening substrate for neural interfaces [30, 39]. Commonmonomers used include di- and
tri-functional alkenes, thiols, and acrylates such as 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
(TATATO), trimethylolpropanetris(3-mercaptopropio-nate) (TMTMP), and
tricyclodecanedimethanoldiacrylate (TCMDA) (figure 5(A)). The softening effect of the polymers can be
explained by the solvent induced plasticization effect [83].When the polymer swells inwater, the free volume of
the polymer chains increase andwith this, the glass transition temperature (Tg) drops (figure 5(C)). This effect is
also used to trigger the shape recovery of shapememory polymers.

By tuning the polymers to have aTg that is above body temperaturewhen dry, but below after soaking and
plasticizing in 37 °Cwarmwater or phosphate buffered saline (PBS), thematerial will soften from its glassy state
to the rubbery regime (figure 5(C)). By tuning both theTg and the crosslink-density of the polymers, the degree
of softening can be varied, resulting in polymers that do not soften at all under physiological conditions to
polymers with amodulus that drops over orders ofmagnitudes during the plasticization process.

The degree of softening can easily be tuned by tailoring the polymer composition (figure 5(D)) [37, 41],
which allows for a detailed study of the relationship between the properties of thematerials and the tissue
response.However, not only the choice and quantity of themonomers have influence over the resulting polymer

Figure 4. (A) Softening spinal cord stimulator (SCS) as fabricated. (B)CAD rendering obtained bymagnetic resonance images of the
spinal cord of a ratmodel with a softening SCS array implanted in the epidural spacewith electrodes at theC4 andC5 sections. The
optical pictures express detail at 20×magnification of the SMP-based SCS array showing (C) the serpentine 100 μm-wide gold
interconnects and (D) one of the device’s two high-charge injection capacity TiN electrodes. (E)A scanning electron
micrograph (SEM) shows the inherently rough, nanostructured TiN surface that enables large electrochemical surface area per
geometric surface area. (F)Tensile test shows themechanical properties of the SCS arraywhen tested at dry conditions and in
phosphate buffered saline (PBS), both at 37°C. (G)Cyclic voltammetry of a TiN electrode. Charge storage capacity (CSC)was
calculated to be 2.02 mC cm−2 and the impedance at 1 kHz is 856 ohms. (H)Electrochemical impedance spectroscopy of TiN
electrodes. The graph shows both the impedancemagnitude and the phase angle. Adapted fromGarcia-Sandoval et al [77]with
permission from IOPPublishing.
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properties, but also the fabrication parameters. For example, thewavelength and time for curing and the film
casting technique (e.g., spin coating and injection casting) alter the thermomechanical properties of the polymer
(figures 5(D) and (E)) [41]. The use of thiol-ene and thiol-ene/acrylate polymers offer a huge toolbox to design
softening polymers. These polymers undergo a photo-initiated radical reaction (figure 5(B)), which is a step
growth reaction. Therefore, the curing stresses areminimized, which is important tomaintain dimensional
stability of the cured polymer films during the electrode fabrication and later during their application as afinal
device. Another important factor is the swelling behavior of the polymer. Since the polymers need to absorb
water in order to undergo the plasticization induced softening (figure 5(C)), theywill also swell to some extent.
However, the thiol-ene/acrylate polymers swell only up to 3%,which ensures dimensional stability after
softening [29, 41].

The thermal stability of the thermoset thiol-ene/acrylate polymers was determined by a thermal gravimetric
analysis (TGA). It was found that these polymers start to decompose at temperatures higher than 300 °C [41, 84].
The fabrication of functional devices is therefore limited by this temperature.

3.1.2. Interlayers for encapsulation
The solvent induced plasticization phenomenon described earlier has an effect not only on the
thermomechanical properties but also on the electromagnetic properties of the polymer.Water uptake, in
general, increases the dielectric constant and decreases the volume resistivity, hindering electrical insulation
functionality [82]. Electrical leakage across the softened polymer substratemay be tolerable when the exposed
electrodes of a neural interface device are large in size, which provide a low impedance pathway to electrical
currents typically in the kΩ range, andwhen the embeddedmetal traces are separated by a sufficient amount of
polymer. A thicker polymer encapsulation has the effect of increasing the resistance between traces, and

Figure 5. (A) displays chemical structures of representativemonomers used for softening SMPs and (B) the reactionmechanism of a
thiol-ene click reaction. (C)DMAmeasurements of a softening polymer showing the isothermal softening behavior in PBS at 37 °C
(left), the tangent delta peak (center), and the storagemodulus of the polymer before (orange) and after (blue) soaking in PBS (right).
(D)DMAmeasurements that demonstrate how the thermomechanical properties of the thiol-ene/acrylate polymers can be tailored
by changing the conditions for curing or by changing the content of the acrylatemonomer and (E) schematics of different fabrication
methods. A andB are adapted fromEcker at al [37]. D and E are reproduced fromDo et al [41]with permission fromACS publishing.
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therefore decreasing the current leakage. However, when small electrode sites are used, electrode impedancewill
most likely increase well into theMΩ range. Additionally, down-scaled devices limit real estate and require
closer spacing of themetal traces, and the reduced distance between traces increases the current leakage. The
increasing impedance of the electrode sites and the decreasing impedance of the leakage pathways then can
create a situationwhen shunting through the softened substrate becomes unreasonably high. In this situation,
the use of an interlayermaterial of better barrier properties becomes desirable. Simon et al [43] have presently
employedminimal amounts of Parylene-C, which has beenwidely used [56, 85–87] as a liner between the gold
wiring and the softening polymer. Since this Parylene-C liner comprises a relatively small volume contribution
to the overall device, effects of the liner on devicemechanics are virtually negligible. Other polymericmaterials
that are used asmaterial for encapsulation in (flexible)microelectronics are SU-8 [53, 54], polyimide [88, 89],
and PDMS [90–93]. Besides that, inorganicmaterials, such as silicon carbide (SiC) [94, 95], silicon nitride (SiNx)
[8, 96, 97], silicon oxide (SiO2) [98], aluminumoxide (Al2O3) [99], and hafniumoxide (HfO2) [100] have shown
some promise. Some of them, however, show also leakage over timewhen fully immersed in physiological
environment [96].

3.1.3. Selection of electrodematerial
The electrodematerial provides an electrochemically reliable interface to neural tissue. In order to be able to
fabricate devices with reasonable electrochemical properties, it is important that the substrate is compatible with
microfabrication processes [101, 102]. Platinum (Pt), titaniumnitride (TiN), and sputtered iridiumoxide
(SIROF) coatings have been used as amethod to reduce interface impedance and to increase charge storage
capacity (CSC) [11, 13, 17, 23, 25, 42, 78, 82, 102–104]. TheVoit lab has developed a fabrication process to
incorporate reliable high-performance electrodematerials onto the thiol-ene-based softening substrate such as
TiN [68, 105] and activated iridium electrodes [78].Material selection is of high importance for the integration
of electronic elements onto the flexible substrate. Especially for the softening neural interfaces, thin-film stress,
interlayer adhesion, and strain tolerance are critical factors. In addition, SMP-based devices are compatible with
electroplating of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT-PSS) [43], iridiumoxide
(EIROF) [73], and carbon nanomaterials [106]which aim to reduce interface impedance.

3.1.4.Materials for Interconnects
Besides thematerial for the electrodes, thematerial used for traces and interconnects is equally important [107].
The traces are needed to transport the electrical signals from the electrode side to the connector and ultimately to
an external device for data interpretation.Widely usedmaterials inflexible devices are noblemetals, such as gold
(Au), platinum (Pt), and iridium (Ir). The traces are traditionally patterned throughmicrofabrication including
photolithography as displayed infigure 6.

Gold has the advantage that it has a high electrical conductivity and ismoremalleable compared to other
metals. The thickness of suchAu traces is usually between 100 to 500 nm.While neural interfaces are implanted,
theymay experience various degrees of deformation such as bending and torsion, depending on their

Figure 6.Depicts the photolithographic process for the fabrication of 16-channel TiN electrodes using the transfer by the
polymerization process.
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surroundings, which increase the risk of trace cracking and breaking. In order tominimize internal stresses, it is
recommended to have the interconnects in the so-called “neutral plane” of the device [108, 109]. Another
commonmethod is tracing the pattern in the shape of the serpentines (figures 4(A) and (C)), which give
additional stress relief [110–112].

3.2.Material interfaces
A typical stack of a simple SMPbioelectronic devicemay consist of SMP/Parylene-C/Au/Parylene-C/SMP. In
this architecture, there are three different interfaces involved, SMP to Parylene-C, Parylene-C toAu, and SMP to
SMP. To evaluate the strength of interfaces/adhesion between various layers, the tests are typically done directly
after fabrication. These testsmay include scratch and tape tests [113, 114] andT-peel tests [115]. Often, the
resultsmay show good adhesion of thematerials when dry.However, when using these devices for functional
tests in vitro as well as in vivo, one can see that the devices are not robust enough and that delamination between
layers occurs. Therefore, it is necessary to test the interface adhesion under accelerated aging conditions that
represent the actual environment. That will be addressed inmore detail in section 5.2.

If the adhesionbetween layers is not sufficient, theperformancemaybe improvedby theuseof adhesionpromoters
suchasA-174 silane, thiol-based adhesionpromoters, and surface treatment suchas etching (RIE) [116–118].

3.3. General processing
The fabricationof early softening neural interface devices (producedbetween 2011 and2014)was basedona
moldingprocess termed “transfer bypolymerization” [30, 31, 40]. Thismethoduses twoglass slides, strips of spacer
materials of a desired thickness and spring-loaded clips to create themold inwhich themonomer solution is
photopolymerized and cured as displayed infigure 5(E). Byhaving one of the glass slides coatedwith a thin layer of
gold andusing the other glass slide aswindow for the photopolymerizationprocess, the polymerfilm cures in
contactwith the gold surface and likelydevelops covalent bonding through the available thiol groups.After curing,
at disassembly of themold, theweakly adhering gold to glass interface separates, and the gold layer becomes
essentially “transferred” to the polymerfilm (figure 1(B)) [31, 38]. The goldfilm then canbe patternedby standard
photolithography andwet chemical etchingusing potassium iodide and iodine (KI/I2) chemistry at room
temperature (figure 6). The surface of polymerwith patterned gold is then coatedwith a fewmicrons thick layer of
Parylene-C (roomtemperatureGorhammethod), andwindowson theParylene-C are openedbyphotolithography
andoxygenplasma-based reactive ion etching through the photoresistmask. Thefinal device outline is etchedout
by lasermicromachining.Themain advantage of the ‘transfer by polymerization’based fabrication is its simplicity,
but it has limitations tohowaccurately themoldedpolymerfilm thickness couldbe controlled.

More recently, theVoit lab beganmaking the polymer substrate by a spin-coating process (figure 5(E)). Spin
coating provides precise control over polymer film thickness and allows for additional softening polymer layers
to be incorporated into the devices [37, 41, 77]. Disadvantages of the spin-coating process as compared to
transfer by polymerization includes larger amounts of wastedmonomer solution, and challenges associatedwith
open-surface polymerization in air. Nevertheless, spin-coated polymer thinfilms of thiol-ene/acrylate
compositionwere found to be extremely smooth at 0.3 nm rms surface roughness (unpublished), providing an
excellent substrate for thin-filmmicrofabrication. On this surface, gold is deposited and patterned to serve as
electrical wiring, with orwithout an interlayer of Parylene-C (as discussed earlier in section 3.1.2). Gold is still
the choice formaking the conductive traces because of its high electrical conductivity (4E7 Sm−1) and its
favorablemechanical properties (78 GPaYoung’smodulus and 27 GPa rigiditymodulus)when compared to
othermetals. A novel solution to pattern high-resolution gold traces was developed in theVoit laboratory
(unpublished). It was sought to replace thewet isotropic etching process that produces significant feature edge
roughness and size irregularity with polycrystalline gold films deposited by thermal evaporation. “Lift-off”
patterningmethods use sacrificial photoresistmaterials to define patterns by blocking and shadowing regions
during the deposition process and are known to produce smoother feature edges; however, conventional
photoresist-based lift-off layers are incompatible with thiol-ene polymers due to swelling by solvents and etch
non-specificity. TheVoit group has identified low-stress silicon nitride (SiN) produced by plasma-enhanced
chemical vapor deposition (PECVD) as a highly compatible sacrificialmaterial, and developed a bi-layer based
lift-off process (unpublished).With this new approach, a gold patterning resolution can be achieved that is only
limited by the photolithography equipment, which is approximately 2-micronminimal feature sizes. PECVD
SiNbecame key in anothermicrofabrication process, as it can be employed as hardmaskmaterial for the dry
etching of the softening polymer thinfilms. Using a hardmaskmaterial (that is of high etch selectivity and
virtually acts as an etch stop layer) allows for extended plasma processing and results in highfidelity patterning of
polymer thicknesses up to 100 μmor so. The last step of the device fabrication consists of the device release from
the carrier substrate, which is either a glass slide or a siliconwafer, by soaking in de-ionizedwater.
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3.4. Processing of active devices
Low-temperature electronics have enabled the capability to add active devices on top offlexible substrates. This
represents the possibility to leverage advances fromdiverse areas such asmaterials science, the physics of
semiconductors,mechanical engineering, chemistry, and biomedical engineering, among others. However, the
combination of different disciplines alsomay increase the complexity required to achieve functional
applications. For instance, the synthesis of the flexible substrate is a clear example of combining several
disciplines to achieve bioelectronic applications. It requires an appropriate level of chemical knowledge,
biocompatibility, and an affinity for semiconductor processing. The fabrication of electronic circuits on top of
theflexible substrate will allow addressability in order to stimulate and read electrical signals from the nerves. In
addition,mechanical stability plays an important role due to the bending stresses between the substrate and
electronic devices, which can affect their performance and lifetime.

Once all the requirements have beenmet, future active devices should be able to interact with a larger
number of stimulation/sensing electrodes. The entire systemwill be controlled by electronic circuitry and
powered/communicated via wireless. Previously, the fabrication of active devices such as thin-film transistors
(TFTs) [119–122] and Schottky diodes [123–127] on top of polymer substrates has been reported to achieve the
control and communication/energy forflexible applications, respectively.

The fabrication of active or semiconductor devices on top of softening polymer substrates has been
previously reported; where standard photolithographic processes are usedwith photomasks, wet and dry etch, as
well as lift-off technique (figure 7) [128–131]. Once the softening polymer is deposited by transfer or spin
coating, on top of a glass slidewhich is itsmechanical carrier, the active structure fabrication is done by
depositing and patterningmultiple layers of films, such as conductors, semiconductors, and dielectrics.

Besides the previous reports about active devices fabricated on top of a softening polymer, there are still
issues that need to be addressed to ensure their reliability, such asmethods of encapsulation, electrical stability,
andmechanical resilience.

3.4.1. Fabrication of transistors
The fabrication of transistors on softening polymeric substrates has been successfully demonstrated [128–130,
132]. The transistors or TFTswere fabricated using a bottom-gate/top-contact configuration (figure 7(D)).
First, a gold (Au) layer of 200 nm is deposited by thermal evaporator to define the gate contact. After eachfilm
deposition, a patterning process is done using a photolithographic process and usingwet etching.Next, 50 nmof
hafniumoxide (HfO2), by atomic layer deposition, is deposited using a chamber temperature of 100 °C as a gate
dielectric. The active layer or semiconductor (IGZO) is deposited by sputtering at room temperature. Then,
another Au layer of 100 nm is deposited to define the source and drain contacts. Figures 7(A), (B), and (D) show
examples of the 3D structures of a transistor fabricated on top of the softening substrate. Finally, the sample with
the TFTs is subjected to a temperature treatment of 200 °C for 2 hours.

Posterior to the fabrication, the sample is released from the glass slide for bending stress and electrical
characterizations (figure 7). Each transistor is tested, with a semiconductor analyzer, by sweeping the applied
voltage at the gate contact (VGS), keeping a constant voltage between the drain source (VDS) and evaluating the
currentflow through the drain (IDS) and gate (IGS) electrodes. The electrical performance is evaluated by the
transfer curve (figure 7(C)) and the transistors channel dimensions (width:W and length: L). Thewell-accepted
MOSFETmodel (equation (1)) is used to analyze the transistor performance, where Ci is the capacitance density
of theHfO2,μ is the saturationmobility, andVTH the threshold voltage of the transistor:
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Commonly, the IGZOTFTs SMPexhibit amobility value andVTHof approximately 10 cm2V−1s−1 and 2 V,
respectively [132]. Another parameter representing transistor performance is the on/off current ratio, which is 106

with a subthreshold swing of 200mV/decade. Presently, theVTHhysteresis is approximately 0.5 V after 100
electrical cycles (not shown), which couldbecome aproblem if theVTH increased.However, this electrical stability
can be affectedby the lack of an appropriate encapsulationorwith a very pronounced physical bend. For this
reason, it is also important to performadurability testwith accelerated aging to predict the operational lifetime.

3.4.2. Fabrication of diodes
Tominimize risk associatedwith percutaneous and to reduce the overall size of biosensors andother implantable
devices, wireless power transmission is desirable.Wireless power transfer canbe accomplished through the
transmission of an external radio-frequency (RF)power, a signal receiving itwith an antenna, andbyperforming
rectification.One promising approach for implementing rectifiers inneural interfaces is utilizing Schottky diodes
basedona semiconductor suitable for thin-filmprocessing [127, 133–137]. Schottky diodes, beingmajority-
carrier devices, possess advantageous properties such as fast switching andhigh cut-off frequency,making theman
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ideal candidate forwireless applications.While there has been an increasing interest in thin-filmSchottky diodes
[127, 133–137], the current scientific literature gives no reports detailing implementationonmultifunctional
materials, such as SMPs.There are twochallenges in fabricating thin-filmSchottky diodes on suchnovel polymers
as a substrate: (1) limited process temperature (<250 °C) and (2) incompatibility of these polymerswith organic
solvents regularly used in cleanroomphotolithography (e.g., acetone). Therefore, both the selectionof appropriate
anode/semiconductor/cathodematerials aswell as themodificationof conventional fabricationprocesses are
essential for implementing these devices on suchpolymers.

Figure 7(D) illustrates a preliminary (not published) study on the fabrication of thin-film Schottky diodes on
a thiol-ene/acrylate-based SMP.Here, amorphous indium-gallium zinc-oxide (a-IGZO) is used as the

Figure 7. (A)A cross-section schematic (recolored) and opticalmicrograph of an organic thin-film transistor are shown on top.
Devices are pictured on SMP substrates after fabrication, at thefixed (bent)meta-stable shape and after a full shapememory cycle on
the bottom. (B)Cross section of anOTFT fabricated on an SMP substrate (top), illustration of anOTFTon an SMP substrate
conforming towarm surface (center), andOTFTs are able to deploy from their planar fabrication state to helices with r=2.25 mm
where the scale bar is 10 mm (bottom right). A planarOTFTdeploys into a helix andwraps around a rod ( r=2.25 mm) after it passes
through a 150 μm-thick opening in a thermal barrier (bottom left). Comparing the transfer curves shows slight shifting of theV th

after both thermal deformation steps (bottom center). (C) Indium-gallium-zinc-oxide (IGZO) thin-film transistors (TFTs) shown as a
3Ddiagram (left) and in opticalmicroscopy images of a single IGZOTFT and a logic inverter circuit using two IGZOTFTs (center).
Optical images highlight the thiol-ene-based SMP substrate as it is fixed into ameta-stable shape by applyingmechanical deformation
and a temperature cycle (right). (D)Thin-film IGZOSchottky diodes on a softening polymer. (a)Cross-sectional device structure. (b)
Fabricated single diode (100 μm×100 μm). (c) Fabricated diodes on a softening polymer. (d)Rectification characteristics. (e)Radio-
frequency characteristics. (A) is reproduced fromAvendano-Bolivar et al [129], (B) is reproduced fromReeder et al [128], and (C) is
reproduced fromGutierrez-Heredia et al [130]
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semiconductor and Pt as an anodemetal, forming a Pt-IGZOSchottky junction (figure 7). IGZO is chosen due
to its high electronmobility>10 cm2 V−1s−1 and low fabrication temperature (<250 °C). Processing
techniques, including the use of a sacrificial layer andUV-ozone surface treatment, were employed tomake the
device fabrication process viable. Figure 7 shows images of a single device andmultiple devices fabricated on
SMP, respectively. These devices exhibit amaximum rectification ratio of∼105 and a cut-off frequency of
approximately 1 GHz. Based on the demonstrated rectification capability and the high operational frequency,
these devicesmay serve as a building block towardmore complex circuits that enable wireless powering. Future
work includes integration of these diodes withother thin-film components (i.e., antenna and capacitors) to
form fully integratedwireless energy harvesting technology.

4. Biocompatibility and sterilization

All devices which aremeant to be used for in vivo applications need to be tested toward biocompatibility and
need towithstand sterilization to gain regulatory approval [138]. Different SMPs have been tested toward their
compatibility to various sterilizationmethods, which include autoclave, radiation, and ethylene oxide (EtO)
[37, 139–141]. Based on thesemeasurements, EtO emerged as a sufficientmethod that did not change the
thermomechanical properties of the temperature andmoisture sensitive thiol-ene/acrylate polymers. The
sufficiency of the sterilizationwas confirmed by the low endotoxin levels [37].

The biocompatibility ofmaterials is often initially tested in vitro by cytotoxicity assays following ISO
10993–5 [142]. Various thiol-ene/acrylate SMPs have been tested using fibroblast and cortical neuron cell lines
and have proven to be non-cytotoxic [143]. Tests have been performed onmaterial extracts. In all cases the cell
viability was significantly above 70%,which is considered to be the threshold for ISO guidance.

Another way to test the biocompatibility of newmaterials is to test them in vivo in a comparative study to
already establishedmaterials [144, 145], such as silicone or tungsten. That allows for a study of the biological
responses to thematerials, whichmay differ from in vitro testing due to the complexity of the biological tissue in
a live environment. Neural devices often lose their recording capabilities due to astrogliosis and neuronal loss
near the implant as a result of foreign body responses.

In the case of the softening polymers, silicon devices dip-coatedwith thiol-ene polymers were compared to
pristine silicon shanks having the same dimensions toward their biological response [146]. That study aimed to
investigate the influence of the surface chemistry of newmaterials only, and therefore the factor of thematerials
stiffness was eliminated. The neuroinflammatory responsewas evaluated after devices were implanted in the rat
cortex for 2 and 16weeks. It was found that the dip-coated probes are equally tolerated and just as suitable as
silicon for neural implant substrates.

5.Durability of devices

It is important to ensure that the bioelectronic devices are durable and stable before they can be translated as
commercial products. In vitromethodologies are less expensive and less time consuming than extensive testing
in animalmodels.

The durability of devices can be evaluated in different ways. It is common, to test the basicmaterials or full
devices under aggravated and accelerated aging conditions, to speed up the normal aging process of the
materials. The choice of themedium and the storage temperature are important parameters that should be
chosen in accordance to the expected in vivo conditions. A typical experiment to speed up the aging process of
implantable devices is storage in PBS at temperatures higher than body temperature.Molecular activity doubles
in organicmolecules for every 10 °Caccording to a derivation of the Arrhenius equationwhere the temperature
coefficientQ10 is chosen to be two, which is a good approximation formost polymers [147–149]. Therefore,
storing a product for onemonth at 47 °Cwill result in a two-month accelerated aging. Similarly, storing a
product at 57 °C for onemonthwill result in an accelerated aging period of fourmonths, and so on.

Another commonly usedmethod for aggravated aging is the use of different, harshermedia for aging tests.
To accelerate chemical processes such as hydrolysis, samples are aged in a sodiumhydroxide (NaOH) solution
[28] orwith reactive oxygen species such as hydrogen peroxide [26]. However, it is not clear howwell such tests
mimic degradation processes in vivo.

5.1. Testing of thematerial
Thefirst step is to test thedurability of the substratematerial [26, 28, 50, 150, 151]. Onlywhen thebasicmaterial is
sufficiently stable, can thematerial beused to fabricate fully functional devices. After the functional polymers are
subjected to various aging scenarios and aging times, the durability of thematerials is testedwith various analytical
methods [84, 150]. First, themass loss of the samples ismonitored todetect degradation and estimate the overall
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robustness of thematerial. The agingmedia can be investigatedwithmethods such as nuclearmagnetic resonance
(NMR) and gas chromatography–mass spectrometry (GS-MS) to detect degradationproducts and to validate
degradationmechanisms. Especiallywhen functionalmaterials are tested, it also important to determine any
changes in thermomechanical properties using a dynamicmechanical analysis (DMA), differential scanning
calorimetry (DSC), a thermal gravimetric analysis (TGA), and tensile testing. Thesemethods can provide
information on structural changes of thepolymer due to degradation anddecomposition. It was found that the
thiol-ene/acrylate polymers are stableup to fourweeks under accelerated aging inPBS at 75 °C, roughly translating
to 13months at body temperature before initiating hydrolysis [84].While this time period is enough formost of the
chronic small animal experiments,which usually last three to sixmonths, for pursuing clinical applications it is
necessary tohave polymers that are stable for years.Anewly developed thiol-enepolymer consists of ester-free
monomers andmay therefore become apromising candidate for future, long-use devices. A recent study has
shown that this polymer is stable for the equivalent of years under hydrolytic conditions [84].

Many neural interfaces utilize a very simple device component, the electrode, which is simply composed of a
conductivematerial as the interface sending and receiving electrical signals, and an insulator to specify the target
area of interaction and prevent unwanted signal transmission between traces and outside the device.With larger
implant devices, like the stimulators used in deep brain implantation therapeutics, insulation can be nearly a
millimeter thick, which is very adequate for the application, but asmany neural implants are reduced in size to
decrease implantation invasiveness and increase target specificity, the insulation is often reduced to only a few
micrometers. Electrical properties like electrical permittivity and resistivity nowbecome extremely important as
they directly affect negative qualities like shunt capacitance and electrical leakage [152–154].

While there aremany differentmethods to evaluate amaterials electrical property, a fewhave been selected
as guidelines by standards groups like by the American Society for Testing andMaterials (ASTM International)
and theAssociationConnecting Electronics Industries (IPC) [155–158]. Insulators, which are utilized for low
power signal applications, would optimally have a low permittivity to reduce parasitic capacitance, and a high
resistivity to reduce electrical leakage between adjacent traces and the external electrolytic environment. The
standards use capacitors that would then be characterized across a large range of frequencies for complex
impedance, while resistivity is usually determined using the actual leakage currentmeasured between two
electrodes after the application ofDC voltage.

Neural interfaces functionwithin an electrolytic environment, andmany are required to function
chronically.Many of these standard techniques evaluating electrical properties of dielectricmaterials become
complicated or even impossible due to the presence ofmobile ionic substances in the environment around the
capacitor and its electrodes. Additionally, it has been shown that insulator properties formanymaterials change
within the electrolyte when compared to the parameters obtained in a dry environment. The absorption of
water, an easily polarizable substance, into thematrix of amaterial tends to increase relative permittivity and can
lead to physical insulation failure due to swelling and degeneration [159–162]. Ionic substances have also been
shown to diffuse into thematerial, creating both conductive pathways as well as the formation of random
electrical fields that can influence overall relative permittivity [163, 164]. JMurry [165–167] describes the
methodology to examine dielectric properties of insulation immersedwithin electrolytes. Thematerial under
test is placed on a conductivemediumon one side, while the opposite side is placed in contact with an
electrolyte, creating a parallel plate capacitor. A counter electrode is placed into the electrolyte completing the
circuit and allowing an electrochemical impedance analysis and subsequent characterization to determine the
overall electrical properties.When the characterization is complete, it can be determined if any novelmaterial
would be appropriate for applications for neural interface insulation, and this characterization is extremely
important when considering the fabrication of chronic devices that requiremonths, to even years, of reliable
device functionality.

5.2. Testing ofmaterial interfaces
For the fabrication ofmultimaterial devices, it is important to ensure sufficient interlayer adhesion so that the
devices will not fail due to delamination or leakage [107]. There aremultiplematerial interfaces within one
device, including polymer–polymer, polymer–metal, andmetal–metal. The adhesion between twomaterials can
be tested by peel tests, which include a T-peel test [115, 168, 169], by scratch tests [113], and by tape tests [114].
Usually these tests are done directly after fabrication and test howmuch force is needed to delaminate the two
layers.However, in the case of the implantable devices, it is also necessary to test the interlayer adhesion after
soaking under physiological conditions. The adhesion propertiesmight change upon soaking in variousmedia
due to differences in swelling and hydrophobicity. It is also helpful to optically inspect the samples for defects.
Typical procedures to enhance the adhesion between layers include plasma treatment or the use of adhesion
promoting substances including A-174 silane [87, 116, 170, 171]. In the case of an unpublished studywhere the
influence of various surface treatments, includingmild oxygen plasma andA-174 adhesion promoter on the
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adhesion, were tested in over the course of fourweeks in 77 °CwarmPBS, obvious defects like solvent pockets
were visible to the naked eye (figure 8(A)). It tuned out that the oxygen plasma alters the polymeric surface in a
way that reduces the adhesion to its adjacent layers. These findings are in linewith a study of Vishnuvarthanan
et al [170]whohave investigated the effect of the oxygen plasma treatment of polypropylene films.

The variable reliability of chronically implanted neural interface devices has been one of the factors reducing
their use inwidespread clinical translation [172–177].Many novelmaterials have been proposed as a solution to
these issues; for instance, shapememory polymersmay provide an ideal platform to increase device reliability by
becomingmore compliant after implantation [37, 38, 41]. However,many of thesematerials have only been
characterized individually, and nothing is known about the complete interactionwith othermaterials. As
expounded upon in the last section, an physical failuremechanismhas been identified as insulation failure
attributed tomoisture absorption and ionic uptake. This, in turn, leads to themodulation of dielectric properties
and plays a contributing factor tomaterial degradation, swelling, and delamination [20, 38, 178]. To ensure that
novelmaterials can be utilized in a neural interface, evaluation should include an examination of the ability of
the insulatingmaterial to reliablywithstand a simulated physiological environment while also providing
protection for the conductive electrodematerials.

Investigating the integrity of the novel neural device insulationmaterial has been demonstrated using
specialized interdigitated electrode devices (IDE) [179]. These specialized IDE contain at least two electrodes
totally encapsulatedwithin the insulationmaterials, and should use the finalmaterial stack that has been
exposed to the full array of fabrication processes. IDE characterization consists of at least three electrochemical
measurements, performed using a two-contactmeasurementmode, and performedwithin an appropriate
electrolytic environment. Thesemethods include electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and chronoamperometry (CA) [179–182]. Conductive pathways in either the insulating
material between the electrodes or formed fromone electrode to the outside electrolytic environment will
decrease the high impedance and increase the leakage current. In addition to testing under ambient conditions,
the IDE characterization providesmethods to examine device performance over time through accelerated aging
based on theArrhenius’ relationship [179–181].

Interdigitated devices have been used to verify thiol-ene/acrylate-based shapememory polymers with gold
electrodes within PBS (unpublishedwork). The initial device consisted simply of 15 μmof SMP surrounding
gold electrodes andwas evaluated at 37 °C. Figure 8(B) shows the impedance and phase obtained fromEIS
plotted for each day. Failurewas quantitatively determined if the impedance at 1 Hz fell below 108Ω, while a
qualitative analysis was required if the phase angle increased above−80° at 1 Hz. Failure criteria was achieved six
days after PBS immersion, although changes in phase hinted to the instability of the device just hours after
immersion as the phase increased to−60° at 1 Hz. Figure 8(b) demonstrates amore complicated IDE device.
30 μmof SMP serves as a back substrate formechanical stability, while 5 μmof SMPon the top side serves to
maintain a small relative distance to the surface to reduce signal degradation. 1μmof Parylene-C surrounds
each of the electrodes to provide a boost to insulation. The devicewasmeasured under accelerated conditions at
a temperature of 60 °C, increasing the time of exposure from14 to 70 days. The addition of a small amount of
Parylene-C around the electrodes allowed the integrity of the insulation to bemaintained, with impedance well
above 109Ω and a phase pf∼80° at 1 Hz. The data in Figure 8 shows that while SMP is amaterial with the
mechanical advantage to soften into amore compliant state when exposed towater, the absorption of water has a
negative effect on its ability to provide adequate insulation for small devices, like cortical implants. The addition
of a small layer of Parylene-C directly around the electrode and tracematerials provides an adequate amount of
protection andwill be used in the fabrication of future devices.

Figure 8. (A) SMP to SMP adhesion after accelerated aging in PBS at 75 °C. (B)Opticalmicrograph of a shapememory polymer
interdigitated electrode (SMP-IDE) used for the testing (left), a Bode plot displaying real impedance and phase obtained from a SMP-
IDEusing electrochemical impedance spectroscopy (EIS; center), and a Bode plot obtained fromEIS data showing an SMP-IDE
supported by a 1 μm-thick Parylene-C inner insulator surrounding the electrode and traces (right).
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5.3. Testing of device functionality
The development of novelmultifunctionalmaterials for biomedical devices requiresmany hours of
characterization and design.We have discussed the importance of the characterization for both physical and
electrical properties as well as the evaluation ofmaterial reliability. A full characterization of these factors will
enable the intelligent design of a neural interface device that can be designed to optimally interact with the neural
environment for long periods. After the fabrication of the final device, device characterization is normally
conductedwith a focus on the electrochemical interaction between aworking electrode and the external
electrochemical environment. These tests will evaluate not only the electrochemical impedance of the electrode
and its ability to send and store charge, but it can also detect possible issues with the insulatingmaterials.Many
publications used thesemethods to establish functionality of neural interface devices, reporting on electrodes
not only composed of commonly used conductors like gold, platinum, and iridium, but alsomany other novel
materials like the ceramic-like conductor coatings titaniumnitride (TiN) and iridiumoxide, and conductive
polymer coatings like PEDOT [102, 183–185].

6. Future directions and conclusions

The use ofmultifunctionalmaterials as a substratematerial for neural interfaces is a promising approach, which
helps to improve the device–tissue interaction formultiple applications. These applications range from cortical
probes to spinal cord stimulators and peripheral nerve cuffs. The benefit of the softening, thin-film devices is not
only that they approach the tissuemodulus after implantation and that they are compliant, but they are also far
less brittle than traditional silicon devices and are therefore robust against fracture upon insertion. Another
benefit of the use of softening polymeric substrates is that they are compatible withmost of themicrofabrication
processes, which enables the fabrication of complex and versatile devices, similar to other polymeric substrates
such as polyimide [48, 49], SU-8 [55], and Parylene-C [14, 186]. Although the basic concepts could be
successfully demonstrated, and first chronic in vivo studies have been performed, there remain several
technological challenges. The long-term stability and robustness of these SMPdevices have yet to be proven.
Interlayer adhesion seems to be one of the next critical hurdles, which needs to be surmounted to fabricate
chronically reliable devices. Another important aspect for future devices is the integration of active components,
such as transistors and diodes, to create complex and high throughput devices capable of wireless signaling and
powering.
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Abstract
Objective. Our objective was to determine how readily disruption of the blood–brain barrier 
(BBB) occurred as a result of bone drilling during a craniotomy to implant microelectrodes 
in rat cortex. While the phenomenon of heat production during bone drilling is well known, 
practices to evade damage to the underlying brain tissue are inconsistently practiced 
and reported in the literature. Approach. We conducted a review of the intracortical 
microelectrode literature to summarize typical approaches to mitigate drill heating during 
rodent craniotomies. Post mortem skull-surface and transient brain-surface temperatures 
were experimentally recorded using an infrared camera and thermocouple, respectively. 
A number of drilling conditions were tested, including varying drill speed and continuous 
versus intermittent contact. In vivo BBB permeability was assayed 1 h after the craniotomy 
procedure using Evans blue dye. Main results. Of the reviewed papers that mentioned methods 
to mitigate thermal damage during craniotomy, saline irrigation was the most frequently 
cited (in six of seven papers). In post mortem tissues, we observed increases in skull-surface 
temperature ranging from  +3 °C to  +21 °C, dependent on drill speed. In vivo, pulsed-drilling 
(2 s-on/2 s-off) and slow-drilling speeds (1000 r.p.m.) were the most effective methods we 
studied to mitigate heating effects from drilling, while inconclusive results were obtained 
with saline irrigation. Significance. Neuroinflammation, initiated by damage to the BBB and 
perpetuated by the foreign body response, is thought to play a key role in premature failure 
of intracortical recording microelectrodes. This study demonstrates the extreme sensitivity 
of the BBB to overheating caused by bone drilling. To avoid damage to the BBB, the authors 
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recommend that craniotomies be drilled with slow speeds and/or with intermittent drilling 
with complete removal of the drill from the skull during ‘off’ periods. While saline alone was 
ineffective at preventing overheating, its use is still recommended to remove bone dust from 
the surgical site and to augment other cooling methods.

Keywords: electrophysiology, craniotomy, blood–brain barrier, intracortical, rodent models
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Introduction

Intracortical recording microelectrodes have tremendous 
potential for use in both research and medical applications [1–
4]. Intracortical microelectrodes act as an electrical interface 
that can map and record neural activity [5, 6]. The informa-
tion captured can be processed to reveal how neuronal cells 
interact with one another in response to certain stimuli such 
as in neurological diseases, neurorehabilitation and/or due to 
environmental factors [6–10]. The signals can also be decoded 
to reveal practical information for use in medical applications. 
Most prominently, signal decoding can yield intended move-
ments or actions that can be used as controlling input for pros-
thetic devices, cursors on a screen or even to restore volitional 
control of a paralyzed patient’s own muscles via functional 
electrical stimulation [2, 5, 6, 8, 11].

While the promise is great, widespread adoption is chal-
lenged by inconsistent device longevity and performance [12–
15]. Loss of signal from intracortical microelectrodes is likely 
a result of a multitude of biological and material factors [12]. 
Many approaches have been tested to understand and modu-
late the mechanisms leading to microelectrode failure [12]. 
While many factors are probably intertwined and together 
propagate the neurodegenerative and corrosive responses to 
microelectrode implantation, the process is clearly initiated 
during device implantation.

Several groups have demonstrated a direct connection 
between the damage to the neural tissue and surrounding 
vasculature and the performance of the implanted microelec-
trode [16–18]. In particular, damage to the blood–brain barrier 
(BBB) in the presence of a prolonged foreign body response 
appears to set up a self-perpetuating pro-inflammatory state 
[19, 20]. While preventative techniques have been developed, 
damage to the brain tissue during microelectrode insertion 
is inevitable [21, 22]. Trauma to the BBB allows blood pro-
teins and cells that are not normally present into the immune-
privileged brain tissues. Soluble factors that are released from 
the disrupted BBB play different roles in the inflammatory 
process, with detrimental effects on neural cells and the elec-
trode [23–29]. The breach allows macrophages to infiltrate the 
brain tissue and localize at the implanted device [30], while 
microglia that are normally not activated in the tissues become 
activated due to both cellular and acellular changes in the 
microenvironment [30–33]. As a result, the activated mono-
cytes release more soluble factors (including reactive oxygen 
species) [19, 34–37] at the implant site, further triggering 

BBB leakage and perpetuating a pro-inflammatory state [20, 
38]. While the inflammatory cascade is complex and takes 
weeks to develop, trauma during the implantation marks its 
onset and may be a major determining factor in the magnitude 
of the ultimate response.

To attempt to mitigate the inflammatory response, we 
therefore focused our attention on the initial surgery to 
implant the intracortical devices. First and foremost, the pro-
cedure requires the removal of bone from the skull to allow for 
access to the brain [39]. Laboratories carrying out microelec-
trode work commonly use craniotomies produced by high-
speed drills to insert devices into the rodent brain [39]. While 
many labs regularly take precautions against drill overheating, 
for example by using saline irrigation [40], the heat of the 
drill is a potential source of damage that has not been exten-
sively explored with relation to intracortical microelectrode 
implantation.

New evidence from our ongoing studies of neuroinflam-
matory response to implanted intracortical microelectrodes 
indicated that the BBB was disrupted at acute time points 
(less than 1 h) as a result of the craniotomy procedure alone 
(i.e. in ‘sham’ rats). As part of our studies to investigate meth-
ods to reduce the neuroinflammatory response to chronically 
implanted intracortical microelectrodes, we injected Evans 
blue dye intravenously in rats prior to performing the cra-
niotomy. Evans blue dye binds to circulating albumin in the 
bloodstream, which cannot normally cross the BBB, therefore 
making it a sensitive marker of BBB permeability [41–43]. 
One hour post-craniotomy, we observed a drastic increase 
in dye concentration in the brain compared with that in ani-
mals that had not undergone the craniotomy procedure (i.e. 
naïve rats). We sought to better characterize the effects of and 
determine the cause of BBB permeability at acute time points. 
Since dye extravasation was localized directly under the site 
of drilling, we hypothesized that the effect was a result of 
local heating.

While it is generally understood that drill over-heating 
may cause tissue damage [44–46], a phenomenon particularly 
well documented in the orthopedics field [47], the impact of 
craniotomy on highly vascularized brain tissue has not been 
adequately characterized in the field of intracortical microe-
lectrode research (figure 1). In their comprehensive review of 
drill bone heating in orthopedic fixation procedures, Pandey 
et al identified a number of factors that influence the degree of 
drill heating [47]. These factors, as well as others found from 
our literature review, are shown in table 1.
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Since visible lesions and/or overt functional damage have not 
been observed in our study, nor reported in the literature associ-
ated with craniotomy procedures, the amount of heating caused 
by drilling is likely not sufficient to cause permanent thermal 
damage to brain tissues. However, given our interest in inves-
tigating the neuroinflammatory response after device implant-
ation, and the role that serum proteins may play in promoting 
inflammatory cascades, the increased permeability of the BBB 
may significantly influence or confound the results found in 
experimental models that require a craniotomy [16, 17, 19].

In the current study we sought to: (1) review the literature 
for rodent craniotomy procedures for methods to prevent drill 
over-heating, (2) test our hypothesis that observed BBB dam-
age was due to drill over-heating, (3) better characterize the 
temperatures and parameters that may lead to drill over-heat-
ing and BBB damage, and (4) determine a drilling protocol 
that avoids damage to the BBB.

Methods

Literature review of rodent craniotomy methods, within  
the context of microelectrode implantation

An extensive review of rodent craniotomy methods described 
in the intracortical microelectrode literature was conducted 
using the PubMed database. We pulled references pertaining 
to craniotomy procedures in rodent models or intracortical 
microelectrodes in rodent models.

PubMed search string

‘(craniotomy OR (microelectrode AND intracortical)) 

AND (rat OR mouse OR rodent)’

The initial search yielded approximately 698 results. We then 
omitted all articles for which access to the full article was not 
available or which were published prior to 1 January 2000 
(N  =  219 results). The remaining 479 journal articles were then 
categorized into broad medical fields (e.g. oncology, orthope-
dics and imaging). To reduce the scope of the search and hone-
in on our particular interests, we then focused on the subset of 
papers related to the intracortical microelectrode field.

We systematically reviewed each paper to determine if the 
methods sections  contained information pertaining to crani-
otomy methods (e.g. factors mentioned in table 1) and/or the 

Figure 1. Literature review of rodent craniotomy methods. We identified 479 journal articles from a PubMed database search that included 
a search for rodent (rat or mouse) craniotomy methods, as well as all papers pertaining to ‘intracortical microelectrodes’. Column 1: articles 
were categorized by their primary field of publication (e.g. ‘trauma’ versus ‘orthopedics’). Column 2: of the subset of journal articles 
pertaining to ‘intracortical microelectrodes’ (N  =  61), 89% did not specifically mention methods for the prevention of drill overheating 
during craniotomy and 38% provided no details regarding the craniotomy method whatsoever. Column 3: of the subset of intracortical 
microelectrode papers that described a method to prevent drill overheating (N  =  7), 4/7 described the use intermittent saline, 2/7 described 
the use of continuous saline irrigation, and 1/7 described the use of an alternative method for producing the craniotomy, i.e. a biopsy punch.

Table 1. Factors that influence bone drill overheating [44, 45, 47, 
71, 72].

•  Drill speed
•  Contact time
•  Feed rate (force of application)
•  Bit age (sharp/dullness)
•  Bit size (dimensions)
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generation or prevention of heating. We then further analyzed 
the group of articles that referenced craniotomy methods for a 
number of other specific factors related to drill-heating and pre-
vention, such as the use of saline irrigation as well as the speed, 
size and sharpness of a drill bit. It is important to note that the 
review of specific methods sections was limited to the context 
of papers related to intracortical microelectrode implantation. 
The review of heat prevention methods, therefore, omitted other 
related results such as from fields of in vivo optical imaging via 
cranial windows, implantation of fiber optic or other probes, 
traumatic brain injury, stroke and other fields, that may also 
produce craniotomies in rodent models for which the implica-
tions of our research findings may be equally relevant.

Materials 

Evans blue dye and dimethylformamide (DMF), were pur-
chased from Sigma Aldrich (St Louis, MO, USA). Evans blue 
solutions for in vivo infusion were prepared as 4% w/v solution 
in 0.9% sterile saline. The solutions were then sterile filtered 
to remove precipitates with a 0.2 µm syringe filter. All other 
reagents were used as-received. The high-speed power drill 
was purchased from Pearson Dental, Osada Model EXL-M40 
(Los Angeles, CA, USA). Spherical drill bits were purchased 
from Stoelting (Wood Dale, IL, USA) and were 1.75 mm in 
diameter (Stoelting Co., no. 514556).

Rat surgical procedures

All surgeries were performed acutely, i.e. with euthanasia of 
the animal prior to it waking up [48]. Briefly, rats were anes-
thetized with 4% isoflurane, shaved and mounted in a stereo-
taxic frame equipped with blunt ear bars and an incisor bar. A 
dose of 0.2 ml of 0.25% Marcaine was administered subcutane-
ously at the incision site, followed by cleaning of the skin with 
betadine and isopropyl alcohol. Anesthesia was maintained via 
the oxygen flow path on the stereotaxic frame using 0.5–2% 
isoflurane. Prior to surgery, the rat received 16 mg  kg−1 of 
cefazolin subcutaneously as an antibiotic as an extra precau-
tion to prevent intraoperative infection as well as 1 mg kg−1 of 
meloxicam subcutaneously for pain management.

To perform the craniotomy, a 1-inch incision down midline 
of the scalp (~2 cm) was followed by removal of superficial soft 
tissues such that the dry bone skull was exposed. All drilling 
was completed with a 1.75 mm diameter spherical drill bit (as 
identified above). While not specifically controlled, the angle 
was approximated at ~75° (in reference to the table) to allow 
for simultaneous drilling and visualization by the microscope. 
A single hole was created using a drill-press style (as opposed 
to tracing a circle or rectangular hole). After the drilling or heat-
ing of the skull was performed, and all measurements taken, 
rats were euthanized under deep anesthesia via cardiac perfu-
sion with saline. All rat procedures were reviewed and approved 
by the Louis Stokes Cleveland Department of Veterans Affairs 
Medical Center Institutional Animal Care and Use Committee.

In vivo Evans blue BBB permeability experiment

Rats were anesthetized and prepared as described above. 
Once the skull bone was exposed, rat tails were catheterized 

with a 24-gauge needle, and infused with sterile-filtered 
4% Evans blue solution over the course of 1 min at a dose 
of 2 ml kg−1. Proper infusion was verified by the rat’s ears, 
nose and eyes turning blue. Evans blue was allowed to cir-
culate for 5 min prior to commencement of drilling. Drilling 
was performed bilaterally (one hole on either side of the mid-
line, −3 mm anteroposterior, ±  3 mm midline). Craniotomies 
were performed at various speeds (1000, 5000, 10 000, and 
15 000 r.p.m) as well as either continuously or with intermit-
tent application (15  000 r.p.m., 2 s-on/2 s-off) to allow the 
bone to dissipate heat between each application. During ‘off’ 
periods, the drill bit was entirely removed from the skull sur-
face to allow for heat dissipation in the air. Another cohort 
of rats was provided with continuous saline irrigation at 
10 ml min−1 from a calibrated syringe pump and suction setup 
(i.e. the continuous drilling group ‘15k saline’).

After drilling, the scalp was temporarily closed and the rat 
was maintained on isoflurane for 1 h. After 1 h, the rat was 
euthanized via cardiac perfusion with saline. The brains were 
harvested, coronally bisected through the area exposed by the 
craniotomy, and photographed to visualize the extent of blue 
dye extravasation. Small biopsies of the affected brain tissue 
were then collected using a 3 mm diameter biopsy punch and 
suspended in 400 µl DMF overnight. Affected tissue had eas-
ily identified margins of blue staining, as seen in the inlaid 
picture in figure 4. The 3 mm biopsy punch sufficiently cap-
tured the entire margins.

After incubation at room temperature, 100 µl of each sam-
ple was pipetted into a 96-well glass plate. An Evans blue 
standard curve was produced, ranging from 25 µg ml−1 to 
~0.2 µg ml−1 in DMF by 2×  serial dilution. Samples were 
read on a plate reader (SpectraMax M3, Molecular Devices, 
Sunnyvale, CA, USA) using the Evans blue fluorescent spec-
tra peak (620/680 excitation/emission). The results were com-
piled and graphed in Origin (North Hampton, MA, USA).

Determination of typical drilling times and peak temperatures

Craniotomy holes were drilled with the power-drill at manu-
facturer-set speeds of 1000, 5000, 10 000 and 15 000 r.p.m. 
Maximum temperatures and temperature profiles were 
obtained with an infrared camera (FLIR model E6, Wilsonville, 
OR, USA). Drilling times were recorded as the time required 
to perform the full craniotomy, i.e. expose but not disrupt the 
dura. At least three trials per speed combination were per-
formed and representative infrared images are shown.

Post mortem measurement of transient increase in brain 
surface temperature from drilling

We sought to understand how the brain surface temperature 
was transiently affected throughout the drilling procedure. We 
used a post mortem preparation of rat skulls (post-euthanasia). 
A single hole was drilled in the skull, through which a temper-
ature measurement probe (miniature type-T thermocouple, 
0.02 inch diameter, TC-Direct, Hillside, IL, USA) was placed 
and tunneled on the surface of the brain, about 2–3 mm away. 
(figure 3, inlay) The skull was then drilled directly over the 

J. Neural Eng. 15 (2018) 034001



Note

5

thermocouple, continuously, pulsed for 2 s on/2 s off, or 2 s 
on/5 s off. Temperature changes were directly recorded via a 
National Instruments DAQ, USB-6008 (National Instruments, 
Austin, TX, USA) and the baseline temperature subtracted. 
Measurements were recorded in triplicate for each drilling 
method.

Statistics

One-way analysis of variables (ANOVA) was performed to 
compare the Evans blue dye concentration by drilling method. 
Tukey tests were used to make pairwise comparisons between 
groups with the significance level set at p  <  0.05. Statistics 
were performed in Minitab (State College, PA, USA). Graphs 
were produced in Origin.

Results

Literature review of rodent craniotomy methods

During an initial review of the literature on intracortical 
microelectrodes, we found a wide range and depth of report-
ing details regarding specific craniotomy methods. Details 
related to heat dissipation from bone drilling were absent in 
the majority of papers. As a result, it was often unclear if and 
how techniques were being applied. We therefore sought to 
more thoroughly review the currently available literature ref-
erencing the performance of rodent craniotomies. Of the 61 
articles we categorized as related to the ‘intracortical micro-
electrode’ field, 23 (37.7%) had little to no reference to spe-
cific techniques used to perform a craniotomy, and 31 (50.8%) 
referenced a craniotomy method in general terms but did not 
mention heat and/or methods to mitigate the effects of heat. 
Overall, only 7 (11.5%) referenced a specific method for the 
prevention of thermal damage from drill overheating (figure 
1). Saline irrigation, either continuous or intermittent was 
used in six of the seven papers that described specific methods 
to avoid drill overheating. An alternative drilling method, a 

biopsy punch, was used in one of the seven papers. Relevant 
quoted text from the methods sections of the seven articles are 
provided in table 2.

Typical drilling times and peak temperatures

To determine the magnitude of heating caused by drilling, 
we performed craniotomies on post mortem rat skulls while 
simultaneously imaging the surgical field with a thermal 
infrared camera. Given the wide range of drilling methods we 
encountered during the literature review, we tested various 
drill speeds, including 1000, 5000, 10 000 and 15 000 r.p.m. 
Pictures were recorded for each of the tested speeds at the 
maximum recorded temperatures. At each of the speeds, from 
slowest to fastest, temperatures increased by 3, 5, 8 and 21 °C, 
respectively (figure 2). With fastest drill speed (15 000 r.p.m.) 
the temperature reached a maximum of 21 °C above baseline, 
which was much higher than anticipated given the brevity of 
the procedure. In our experiments we found that there was 
significant variability in time-to-produce-craniotomy. Typical 
drilling times ranged from 15 to 30 s. Interestingly, there was 
only a mild increase in time to complete the craniotomy with 
10 000 and 5000 r.p.m. speeds compared with 15 000 r.p.m. 
(16.4  ±  3.8 s and 17.0  ±  4.1 s, versus 14.9  ±  1.6 s, respec-
tively). Slow drilling at 1000 r.p.m. had the greatest impact on 
drill time, almost doubling the total time (28.4  ±  1.6 s) when 
compared with 15 000 r.p.m.

Transient increase in brain surface temperature from drilling

Three types of drilling were tested (continuous, pulsed 2 s 
on/2 s off, pulsed 2 s on/5 s off, all at 15 000 r.p.m.) in triplicate 
(figure 3). A thermocouple was used to record the temperature 
under the skull over time while drilling (figure 3, schematic 
inset). The continuous drilling had higher peak temperatures 
(+20.7 to  +27.8 °C) than any of the other drilling methods; 
pulsed 2 s on/2 s off drilling yielded a temperature range 
of  +9.1 to  +13.6 °C and pulsed 2 s on/5 s off drilling yielded 
a range of  +3.1 to  +7.9 °C.

Table 2. Methods to prevent drill overheating during rodent craniotomy procedures referenced from the intracortical microelectrode literature.

Ref.

‘The biopsy punch prevented heat damage caused by motorized drills and provided a well-defined 3 mm opening’ [50]

‘A craniotomy (5 mm  ×  3 mm) was made in the parietal bone to expose the somatosensory cortex. Sterile saline was applied during 
pauses while drilling to help dissipate any local heating and to clean the surfaces’

[55]

‘A single craniotomy, roughly 2.5 mm in diameter, was made centered at approximately  −1.5 mm posterior to bregma and 2.1 mm 
lateral to midline using a dental drill (Z-35, Henry Schein Inc., Melville, NY). Sterile saline was applied during pauses while 
drilling to help dissipate any local heating’

[40]

‘A 3–4 mm diameter craniotomy was created over primary motor cortex using an air driven drill bit with sterile saline rinses to 
prevent excessive heating’

[17]

‘A 4 mm by 6 mm craniotomy was made by thinning the skull over the somatosensory and visual cortex using a high speed dental 
drill and then removed with forceps. The skull was periodically bathed in saline to ensure that the underlying cortex did not 
experience thermal damage from drilling’

[56]

‘A small pinhole craniotomy was made over visual cortex with a high-speed dental drill and bone fragments were carefully removed 
with forceps and saline. Saline was applied continuously onto the skull to dissipate heat from the high-speed drill’

[54]

‘The top surface of the skull was exposed and a 3 mm by 3 mm craniotomy made over the primary visual cortex using a manual hand 
drill. Saline was applied onto the skull continuously to dissipate heat from the high-speed drill’

[53]
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The heating rate and cooling rates were approximated by fit-
ting the transient thermal curves with a linear model where the 
peak temperature value was used as a common point on either 
side, i.e. as the last point during the heating phase and the first 
point during the cooling phase. The average rate of heating for 
the continuous scenario (figure 3(A)) was  +2.7 (±2.2) °C s−1, 
represented as mean (±SD). For the intermittent scenarios, 
pulsed 2 s on/2 s off (figure 3(B)), and pulsed 2 s on/5 s off 
(figure 3(C)), the heating rate was  +0.5  (±0.1) °C s−1 and 
+0.3 (±0.3) °C s−1, respectively. The average rate of cooling 
for the continuous, pulsed 2 s on/2 s off and pulsed 2 s on/5 s 
off scenarios were  −0.4 (±0.2) °C s−1, −0.2 (±0.1) °C s−1 
and  −0.1 (±0.02) °C s−1, respectively.

The experiment was performed on post mortem tissue, 
since placement of the thermocouple was impractical in a 
live rat preparation. Since the lack of perfusion would have 
decreased heat dissipation rates via fluid convection, the 
main heat transfer mode was by conduction through the tis-
sues and air interface. We recapitulated these findings in a 
simple bio-heat finite-element model (see the supplemen-
tary information), comparing our findings with theoretical 
spatial and temporal mechanics of heat transfer through the 
skull and brain tissue. As expected, while lack of perfusion 
was determined to have an effect on heat transfer, at the scale 
and magnitude relevant for craniotomy, the impact on peak 
temperatures was projected to be minimal (dashed-line in sup-
plementary figure 1, stacks.iop.org/JNE/15/034001/mmedia). 
Both the infrared camera technique and direct measurement 
of brain surface temperature with a thermocouple led to simi-
lar peak temperature measurements, with the peaks occurring 
directly below the site of the drill bit, suggesting rapid and 
efficient transfer of heat through the skull.

Drilling during rat craniotomy can quickly and unintentionally 
increase BBB permeability

In order to investigate damage to the BBB caused during crani-
otomy, a variety of powered drill methods were explored. Rats 
were subjected to continuous drilling at different speeds (1000, 
5000, 10 000, 15 000 r.p.m.), pulsed application (15 000 r.p.m., 
2 s on/2 s off) or saline application (15 000 r.p.m. continuous), 
and compared with naïve rats (‘no drill’) as controls (figure 4).

Among the drill speeds tested, only 1000 r.p.m. appeared to 
be slow enough to reliably avoid damage to the BBB. Drilling 
at 15 000, 10 000, and 5000 r.p.m. led to a significantly higher 
Evans blue concentration within the brain tissue than the ‘no 
drill’ condition (p  <  0.001, p  <  0.001, p  <  0.05,  respectively). 
Furthermore, drilling at 1000 r.p.m. led to a lower dye con-
centration than both 15 000 and 10 000 r.p.m. (p  <  0.01 and 
p  <  0.05, respectively), and did not significantly differ from 
the ‘no drill’ condition. Drilling at 5000 r.p.m. led to incon-
sistent results, with different rats displaying either significant 
or insignificant BBB permeability, suggesting a potentially 
narrowly gated threshold for inducing BBB permeability. 
However, overall, drilling at 5000 r.p.m. led to significantly 
higher dye concentration in the brain tissue than the ‘no drill’ 
condition (p  <  0.05).

A separate cohort of rats was subjected to pulsed drill-
ing, 2 s on and 2 s off, allowing the drill and tissue to cool 
off in between drilling periods. The Evans blue concentration 
from intermittent drilling was very similar to that of the ‘no 
drill’ control tissue (n.s.) and was significantly lower than 
drilling at high speeds (10 000 and 15 000 r.p.m., p  <  0.01 
each). The concentration of Evans blue is visibly higher in 
the 15 000 r.p.m. continuously drilled side than with 15 000 
pulsed drilling on the same rat, as shown in the inlaid picture 

Figure 2. Maximum temperature recorded during drilling of rat craniotomy. To quickly visualize whether we were overheating the skull 
during drilling, we captured thermal images of the drilling with an infrared camera. Maximum temperatures exceeded an increase of   
+21 °C from baseline for the 15 000 (15k) r.p.m. drill speed. The image shown was captured using a thermal infrared camera to show the 
temperature profile of the skull surface. A picture was taken for 1k, 5k, 10k and 15k r.p.m., which increased the baseline temperature by   
+3 °C, +5 °C, +8 °C and  +21 °C, respectively.
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in the top right corner of figure 4. Importantly, the damage is 
not visible without the aid of the dye, and can therefore occur 
essentially invisibly during the course of a typical experiment.

Discussion

In our study, we examined the role of damage caused by drill 
overheating during craniotomy on the permeability of the 
BBB. We found that the damage to the BBB was extraordi-
narily easy to reproduce with drill speeds of 15  000 r.p.m. 
and a typical commercially available 1.75 mm drill bit. 
Furthermore, the damage occurred in under 15–30 s and 
achieved temperature increases of  >25 °C as measured at the 
brain surface. Intermittent drilling (2 s on, 2 s off), even with-
out saline irrigation (though not recommended as standard 
practice), was sufficient to prevent damage to the BBB from 
drill overheating.

The authors are not asserting that all craniotomies per-
formed in the field have incurred BBB damage. In fact, one 
notable example publication describes robust methods to 
avoid thermal damage during drilling. Xu et al describe the 
use of intermittent drilling, where cooling of the drill bit 
with cold artificial cerebrospinal fluid is performed [49]. 
Furthermore, since visible lesions and/or overt functional 
damage have not been observed in our previous studies, nor 
reported in the literature associated with craniotomy proce-
dures, the amount of heating caused by drilling is likely not 

sufficient to cause permanent thermal damage to brain tissues. 
However, given how quickly changes in BBB permeability 
can occur, without any visible damage to the surface of the 
brain (in the absence of a tracer such as Evans blue dye), it 
seemed appropriate to investigate and share our findings with 
the research community.

A critical finding of our study is that methods for crani-
otomy are inconsistently reported in the field. We conducted 
a comprehensive review of the intracortical microelectrode 
literature to evaluate the frequency and content of reported 
craniotomy methods. We found that very few published arti-
cles provided explicit details about their craniotomy methods, 
especially those relating to the prevention of heating (e.g. drill 
speed, drill bit sharpness, duration etc). Of the reviewed intra-
cortical microelectrode literature, 7 of 61 papers described a 
craniotomy procedure that detailed a method to prevent over-
heating. While heat prevention during drilling is regularly 
practiced by most groups, its use is inconsistently reported, 
and therefore assumed to be inconsistently performed with 
various parameters in the literature on rat craniotomy and 
related electrophysiological recording. Equally important, 
some researchers opt not to use a power drill approach and 
instead used a biopsy punch, a manual low-speed hand-drill 
or rongeurs for craniotomies to presumably avoid overheating 
of brain tissues [39, 48, 50–53]. While seemingly mundane 
disclosures, craniotomy procedure parameters may have sig-
nificant unintended confounding impacts on findings.

Figure 3. Transient temperature changes at the brain surface during 15 000 r.p.m. drilling (directly below the post mortem rat skull). We 
placed a small thermocouple on the brain surface from a secondary hole previously drilled about 2 mm away from the site (figure inlay). 
The experiment was performed with post mortem tissue as placement of the thermocouple was likely to cause damage to the superficial 
surface of the brain during placement therefore making in vivo measurement impractical. Three types of drilling at 15 000 r.p.m. were 
tested (continuous, pulsed 2 s on/2 s off, pulsed 2 s on/5 s off) in triplicate (N  =  3 per condition). We observed that continuous application of 
the drill led to temperature increases greater than 25 °C within 15–30 s. Pulsed application still led to a significant increase in temperature 
(ranging from  +9.1 to  +13.6 °C). Further extending the duration of the ‘off’ period to 5 s during pulsed application of the drill, to allow for 
additional cooling, resulted in a temperature increase of  +3.1 to  +7.9 °C. In all tested cases, the brain cooled down back to baseline within 
60 s of reaching peak temperature.
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Of the papers reviewed, external saline irrigation was the 
most frequently cited method for prevention of heating [17, 
40, 54–56]. While it is widely accepted practice in orthopedics, 
some have suggested that saline alone may not be enough to 
prevent overheating since the drill bit may be buried deep in 
the tissue while the saline is only applied at the skull surface 
[47]. One group demonstrated that light application pressure 
was required in addition to saline coolant to sufficiently control 
temperatures [57]. Nonetheless, it would appear that the con-
sensus opinion is that saline irrigation is effective as long as it is 
applied in the proper manner (e.g. cold saline applied at a high 
enough rate) [47]. Our experience showed it to be very easy to 
accidentally overheat brain tissue with the power drill during 
craniotomy, even with the use of continuous saline irrigation 
at high flow rates (10 ml min−1). Our findings are consistent 
with those found in the literature. Others in the traumatic brain 
injury literature (for controlled cortical impact models) have 
previously suggested that the craniotomy-only group may not 
be a ‘true sham’ as this itself causes damage to the underlying 
tissues from heat, vibration and removal of a bone flap [58]. 
Similar results were found by Olesen et  al, who found that 
there was significant leakiness of the vasculature after crani-
otomy [59]. Adelsen et al reported on increased extravasation 
of Evans blue dye at 1 h time points in their craniotomy-sham 
procedures alone [60]. Specifically, the craniotomy produced a 
two-fold increase in Evans blue over unoperated controls after 
1 h. Importantly, Adelsen et al also observed that BBB perme-
ability returned to baseline after just 24 h [60]. While the other 
groups indicated that their craniotomy procedure may have 
induced mild trauma, none presented the potential cause as 
being related to thermal damage from drilling.

From our study, it is apparent the BBB is highly sensitive 
to temperature change, a finding that is consistent with other 

studies. In their paper, Kiyatkin et  al showed that systemic 
hyperthermia conditions (36–42 °C), induced mild-to-mod-
erate increased permeability of the BBB, resulting in brain 
edema [61]. In a different study that chronically implanted a 
cranial window, the authors described heat loss which resulted 
in temper ature dysregulation [62]. They showed that the brain 
temperature directly under the window was roughly 10 °C 
cooler than the core temperature of mice [62]. The authors 
reported lasting effects on blood vessel diameters observed 
through the window. Similar effects on vasculature were 
recently observed using optical coherence topography imag-
ing, and it is possible that temperature effects played a role 
[18]. Kosaras et  al, described the vascular and innervation 
structures of the rat skull calvaria and showed the highly vas-
cularized mesh network [63]. Disruption or structural changes 
to blood vessels in the brain may cause premature and addi-
tional activation of inflammatory pathways concurrently with 
the implantation of intracortical devices, which already elicit a 
foreign body inflammatory response. Increasing the permea-
bility of the BBB immediately prior to device insertion may act 
as a priming effect that exacerbates the inflammatory response.

Interestingly, during our transient response experiment, we 
found that the temperature was still significantly increased 
by 2 s on/2 s off intermittent application. However, from our 
in vivo experiments we know that the method was sufficient 
to prevent damage to the BBB. Therefore, we believe that 
intermittent application, which yielded temperature increases 
of  +9.1 to  +13.6 °C, was below the BBB damage threshold 
for the duration of application. Another potential explanation 
is that the perfusion of the highly vascularized brain cooled 
the affected area much more quickly than suggested by our 
post mortem transient response curves. Unfortunately, it was 
impractical to place our thermocouple in an in vivo preparation 

Figure 4. Evans blue dye concentration 1 h after performing various powered drill craniotomy techniques. We measured Evans blue 
concentrations after drilling at various speeds (15k (15 000), 10k, 5k, 1k r.p.m.) as well as either continuously or pulsed 2 s on/2 s off. There 
was a nearly 15-fold increase in dye concentration in the brain tissues that were exposed to continuous 10k or 15k speed drilling versus the 
‘no drill’ control. Slow speed (1k) and pulsed application appear to be the most effective means to reduce impacts on BBB permeability. 
Interestingly, saline application was not an effective or repeatable method to mitigate increases in BBB permeability from 15k continuous 
drilling. N  =  11 for 15k and ‘no drill’ conditions; N  =  4 per group for 10k, 5k, 1k, ‘15k pulsed’, and ‘15k saline’ conditions. Bars represent 
mean  ±  standard error of the mean. Analysis included ANOVA with pairwise comparisons with Tukey tests: *p  <  0.05; **p  <  0.01; 
***p  <  0.001.
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due to potential damage to the brain. Therefore, the brain sur-
face temperature may have varied from the infrared camera 
measurements of the superficial skull surface. Together, the 
results seem expected since tissue damage is both a function 
of the magnitude of the temperature and the duration of the 
contact [64, 65].

Since drilling times were not significantly altered when dif-
ferent rotational speeds were used this suggests that the feed-
rate of the drill was held relatively constant between groups, 
and therefore not optimized for the particular rotational drill 
speed. In other words, at faster rotational speeds, the drilling 
(or raking of bone bits) was essentially less efficient than at 
slower speeds, where some of the additional work output was 
heat. In order to prevent this unnecessary build up of heat with 
faster rotational drilling speeds it may be necessary to drill 
with faster feed rates. However, faster feed rates to achieve 
the ‘optimal’ rate for a fast drill speed are probably contrain-
dicated in this particular application since severe damage may 
occur if the surgeon were to overshoot the margin of the skull 
and accidentally penetrate the brain tissue. It is probably bet-
ter in most hand-driven applications to simply use a slower 
rotational speed and a slower feed-rate. We therefore reach a 
similar recommendation to that of Toews et al—to use a slow 
drill speed combined with sufficient axial force to advance the 
drill as rapidly as possible through the bone [66].

A limitation of our study was the significant trial-to-trial 
variability in both temperature and time, suggesting that force, 
feed-rate, angle of application and other variables inherent in 
manual drilling influenced the heating outcome in each trial. 
Applied force (and the proportionally related feed-rate param-
eter) increases the rate of heat generation, as does rotational 
speed. At the same time, increases in force, feed-rate and rota-
tional speed also decrease the contact time needed to penetrate 
the bone, which overall decreases the total temperature change 
of the bone [66–69]. The heat generated during bone drilling 
is complex and has been extensively studied and modeled in 
the orthopedics literature [67]. Due to the competing effects of 
the different mechanical parameters, the impact of each one has 
a nonlinear relationship with maximum bone temperature dur-
ing drilling. Surgeons most often use constant-force drilling as 
opposed to a constant feed rate [67], using the change in load 
as a feedback detection for knowing when the boundaries of the 
bone have been reached. During our experiments, every attempt 
was made to use a consistent force applied to the drill bit, taking 
great care not to mechanically damage the brain surface after 
the skull had been breached. While we did not directly assess 
post mortem tissue histopathology to assess the condition of the 
meninges, gross anatomy of the brain surfaces appeared intact. 
The same surgeon performed all procedures and in a similar 
manner across the study. While these factors were controlled 
as well as possible, future studies may find better repeatability 
and accuracy with automated drilling setups such as the one 
described by Pak et al, which can tightly control feed-rate and/
or force of application (as well as x–y controls) [70].

The use of more sophisticated technologies may be able to 
mitigate the issue of heating during bone drilling. Internally 
cooled drill bits have been used in orthopedics [45, 47]. While 
the use of such drilling apparatus in research is currently 

limited due to added cost and complexity, it is worthwhile not-
ing that it exists and may potentially alleviate heating issues 
in these applications if it can be adapted to the required size 
constraints for performing rodent craniotomies. Gupta et  al 
recently published an ultrasonic cortical drilling method to 
reduce the risk of heating [46]. The use of novel cutting meth-
ods like this may even further reduce risk to the underlying 
tissues.

As a final limitation to our study, we did not directly meas-
ure the effect of increased acute permeability of the BBB 
on the evolution of the chronic inflammatory cascade for 
implanted intracortical microelectrodes. Future work may be 
aimed at determining if there is a significant impact on the 
cellular immune/inflammatory response, based on the extent 
of initial BBB breach during craniotomy, or even device inser-
tion. However, a main conclusion of the present study is that 
prevention of overheating can be easily and unintentionally 
achieved. If the nuanced differences between performing the 
same procedure indeed have an effect on the broader inflam-
matory response after microelectrode implantation, this may 
further contribute to the challenge of comparing results across 
different research groups and surgeons.

Conclusion

We hypothesized that overheating the brain tissues during typ-
ically performed craniotomy drilling procedures may inadver-
tently increase the permeability of the BBB, and that practices 
to avoid routine iatrogenic injury have been inconsistently 
reported and practiced in the field. We confirmed that drilling 
was indeed a source of heat, and that it was capable of pro-
ducing temperature increases on the brain surface of  >25 °C. 
We consequently determined the root cause of the effect and 
validated a method to avoid drill overheating in the future, 
i.e. pulsed drilling with intermittent or continuous irrigation 
with saline. While pulsed application still produced heat, 
even momentarily increasing surface brain temperatures to 
above  +13 °C, it was apparently below the threshold to pro-
duce measureable damage to the BBB.

While the authors are not suggesting that every rat crani-
otomy method published in the field is confounded as a result 
of overheating, we are suggesting that it is rather easy to 
do accidentally, and it should be brought to the forefront of 
researchers’ minds as they are studying the varying impacts 
of materials implanted in the brain on the neuroinflammatory 
response. To avoid a systematic and potentially confound-
ing variable, the authors recommend that individual research 
labs validate their specific and potentially nuanced craniot-
omy procedures with the use of intravenously injected Evans 
blue dye, which provides a simple and rapid evaluation of 
BBB permeability. The authors additionally recommend that 
researchers use a slow drill speed combined with sufficient 
axial force to advance the drill as rapidly as possible through 
the bone, and in conjunction with other prevention methods 
such as intermittent (pulsed on/off) drilling with complete 
removal of the drill from the skull during ‘off’ periods. While 
saline alone was ineffective at preventing overheating, its use 
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is still recommended to remove bone dust from the surgical 
site and to augment other cooling methods.
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This chapter outlines and discusses the history and 
current state of the neural recording field, specifically 
in the context of cortical neural prostheses. For in-depth 
reviews of the subject matter, the reader is referred to 
excellent reviews by Jorfi et al. (2015), Murphy et al. 
(2015), Gunasekera et al. (2015), and Tresco and Winslow 
(2011). Topics covered in this chapter include:
  

 1.  Motivation, progress, and challenges for intracortical 
recording electrodes

 2.  Commonly used electrodes for intracortical 
recording

 3.  Summary of intracortical recording electrode failure 
mechanisms

 4.  The biological response to electrode implantation
 5.  Intracortical electrode technologies to evade the 

inflammatory response and improve long-term 
performance

 6.  Perspectives on the future of cortical neural 
recording interfaces

MOTIVATION, PROGRESS, AND 
CHALLENGES FOR INTRACORTICAL 

RECORDING ELECTRODES

Motivation

The development of a stable intracortical recording 
electrode has tremendous implications for the rapidly 
expanding field of neuroprosthetics and, more broadly, 
brain–machine interfaces (BMIs). BMIs have significant 
potential to reduce the burden associated with paral-
ysis and limb loss. By bypassing damaged regions of 
the nervous system, BMIs offer the promise of reduc-
ing the burden of injury and enabling injured individu-
als to live fuller and more interactive lives (Pancrazio 
and Peckham, 2009). Unfortunately, microelectrodes 
that are currently used for BMI applications demon-
strate poor chronic neural recording performance and 
reliability. Signal-to-noise ratio degrades over several 
weeks to months (Burns et al., 1974), resulting from a 
multifactored failure mechanism having both electro-
mechanical (abiotic) and host tissue (biotic) root causes 
(Jorfi et al., 2015).

In part due to the potential for BMI applications and 
the need for further development, on April 2, 2013, 
President Obama launched an initiative to “accelerate the 
development and application of new technologies that 
will enable researchers to… show how individual brain 
cells and complex neural circuits interact at the speed of 
thought.” In response to this grand challenge, the direc-
tor of the National Institutes of Health (NIH) released 
the scientific vision of the Brain Research through 
Advancing Innovative Neurotechnologies (BRAIN) 
Working Group, which asked for $4.5 billion over the 

next 10–12 years to support a strategy for addressing 
that goal. The BRAIN Initiative looks beyond the cur-
rent rehabilitative applications proposed for BMIs, to a 
comprehensive, mechanistic understanding of cogni-
tion, emotion, perception, and action in health and dis-
ease. The first 5 years of the NIH vision focus largely 
on developing new “platform” tools and technologies 
to advance human neuroscience and integrate them 
into therapeutic interventions. With notable support-
ers like National Science Foundation (NSF), US Food 
and Drug Administration (FDA), Defense Advanced 
Research Projects Agency (DARPA), and many private 
organizations, the magnitude of the potential impact of 
the NIH BRAIN Initiative has been compared with that 
of the Apollo Program and the Human Genome Project  
(Insel, 2015).

Progress

Intracortical recording electrodes were initially devel-
oped in the 1940s to advance our basic understanding 
of the nervous system (Grundfest, 1942; Grundfest et al., 
1950; Renshaw and Morison, 1940). The first devices 
consisted of glass pipette and microwire electrodes and 
were used to interrogate the cortical electrophysiology 
of various animal models. Since that time, the field has 
achieved significant strides, both in fabrication technolo-
gies and in advancing medical applications of intracorti-
cal recording electrodes.

For the past two decades, hundreds of publications 
have been added to the literature involving “intracortical 
recording” (or “intracortical microelectrodes”), with over 
one-third being published since 2010 (Fig. 28.1). With the 
initiation of more than 120 funded projects stemming 
from the BRAIN Initiative, this number is set to soar 
exponentially in the coming years (The Brain Initiative 
Website, 2016). Today, there are intracortical microelec-
trodes that have FDA approval (namely the Utah Array 
from Blackrock). Additionally, there are a broad range 
of advanced materials and devices with novel capabili-
ties in the preclinical pipeline for future implementation 
and approval. Recent clinical trials have demonstrated 
tremendous success, enabling quadriplegic patients to 
feed themselves, not only with robotic arms (Hochberg 
et al., 2012) but also with their own muscles with applied 
stimulation (Bouton et al., 2016). Very recent evidence 
even points to the possibility that brain–computer inter-
faces may be able to trigger partial lower limb recovery 
in paraplegic patients (Donati et al., 2016). Wireless com-
munication has been integrated into new generations 
of devices that simplifies their clinical implementation 
and overcomes tethering challenges (Rajangam et al., 
2016). The use of optogenetic techniques to allow neu-
ral recording or stimulation with light currently remains 
in preclinical study, but may someday soon provide a 
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means for less invasively or more selectively interact-
ing with neural circuits (Yazdan-Shahmorad et al., 2016; 
Gagnon-Turcotte et al., 2015). The pace of innovation 
and the achievement of milestones is astonishing.

While the field has made significant progress, BCI 
has yet to break into the mainstream. To achieve a reli-
able and natural brain control paradigm, neural signals 
must be recorded with high-quality and fine spatial 
resolution such that neuron populations can be triangu-
lated, decoded, and correlated with a person’s intended 
movement (Murphy et al., 2015). Such applications 
often rely on intracortically implanted microelectrodes. 
Due to the moderate risk associated with implantation 
surgery and the limited longevity of current recording 
configurations, one must consider and balance risk to 
the patient (or animal) with the potential benefit it may 
serve. The Holy Grail of neural recording interfaces has 
yet to be perfected: a device that is minimally invasive 
but can still provide high-density, chronically stable 
signals.

Challenges

A central focus of neuromodulation has been on the 
development of electrodes for stimulation applications. 
Surface chemistries and stimulation paradigms are opti-
mized to balance charge delivery and prevent dissolution 
and corrosion of the electrode contacts. The host tissue 
response (including inflammation and encapsulation) is 
an important consideration, but resulting changes can 
often be compensated for by tuning stimulation settings 
(e.g., amplitude, pulse width, direction, etc.) to achieve 
the desired functional outcome: excitation or blockade of 
surrounding neurons.

For intracortical recording applications, some unique 
considerations regarding the neural electrode must be 
made. Researchers working in the field are challenged 

with a dynamically changing environment, which 
includes biological, material, and electrical factors, that 
can be roughly grouped into biotic and abiotic in origin. 
For a more complete discussion of failure mechanisms, 
the reader is referred to Jorfi et al. (2015), Polikov et al. 
(2005), Biran et al. (2005), and Kozai et al. (2015a).

Biotic. In recording applications involving implanted 
neural electrodes, the host tissue response plays a 
much larger role in determining long-term recording 
performance and stability than it does in stimulation 
applications. Inflammation, the healing response, and 
encapsulation result in changes to the physical and elec-
trical properties of the tissue (Jorfi et al., 2015). Cellular 
composition and the normal pattern of neural activity 
surrounding the electrode are altered.

Abiotic. Electromechanical failures include the break-
age of the fine electrode shanks, degradation of insu-
lation, and corrosion of metal contacts. These failures 
result in changes to an electrode’s exposed conductive 
surface area, conductivity, and, ultimately, its ability to 
transduce ionic extracellular signals into electrical sig-
nals (Jorfi et al., 2015).

There are a wide breadth of neural recoding elec-
trodes available, reflecting the huge motivation in the 
field to produce a device capable of long-term high- 
quality intracortical recordings and the diversity of tar-
geted tissue regions for a variety of applications.

COMMONLY USED ELECTRODES FOR 
INTRACORTICAL RECORDING

There are a number of electrode designs used for 
cortical recordings, segmented here as: Utah arrays, 
Michigan-type electrodes, microwires, and encephalog-
raphy (electrocorticography [ECoG] and electroencepha-
lography [EEG]). The factors that influence the electrode 

FIGURE 28.1 Wordle depicting the current focus of the intracortical recording field. This wordle and graph of total of publications were cre-
ated based on titles from a PubMed database search of the term “intracortical AND (recording OR microelectrode).” To create the wordle, we used 
software freely available from MathWorks (Owen, 2014). Word font size is proportional to the frequency of appearance in the literature search 
titles.
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selection primarily include invasiveness, spatial reso-
lution, and relatedly quality and stability of the signal  
(Fig. 28.2). To date, for neuroprosthetic BMI applica-
tions, the Utah and Michigan electrodes have outpaced 
microwires, ECoG and EEG, owing to their superior spa-
tial resolution.

The Utah Electrode Array

The Utah Electrode Array (UEA) consists of silicon-
based microelectrode typically with a 10 × 10 array of 
1.5-mm tines (Campbell et al., 1991). Developed by 
Normann et al. at the University of Utah in 1991, it has 
remained at the forefront of the intracortical recording 
field. It provides extremely high-resolution informa-
tion, with tines spaced 400 μm apart. Several challenges 
prevent its wider acceptance and use in broader appli-
cations: (1) it requires an invasive procedure, involving 
high-speed pneumatically driven insertion, and (2) it has 
suffered from inconsistent performance owing to biolog-
ical (neuroinflammatory) response and/or manufactur-
ing defects (Miranda et al., 2015). Nonetheless, the UEA 
is the only high-density, penetrating recording electrode 
approved by the FDA. It has 510(k) approval for record-
ing or stimulation experiments of less than 30 days and 
investigational device exemption (IDE) approval for 
chronic recording or stimulation studies longer than 

30 days (Brain Initiative Website, 2017). Additionally, the 
Utah Array has received the CE mark in Europe.

Variations of the UEA have also been explored, 
including a slanted-tine design for achieving various 
tissue depths (Branner and Normann, 2001), a design 
shape that conforms to complex anatomical geometries 
(Bhandari et al., 2008), ultra-high aspect ratio devices 
(Bhandari et al., 2010), and high-density arrays (Wark 
et al., 2013). Recently, a collaboration between Brown 
University and Blackrock Microsystems has generated a 
commercially available wireless version of the UEA (Yin 
et al., 2013; Borton et al., 2013).

The majority of clinical work with UEA technol-
ogy to date has focused on rehabilitative applications 
(Warren et al., 2001; Kim et al., 2006; Suner et al., 2005; 
Schwartz et al., 1988). As part of the BrainGate clinical 
trials, Hochberg et al. implanted UEAs into the primary 
motor cortex of their volunteers with tetraplegia. Using 
a robotic arm, they were able to restore reach and grasp 
functions to the individuals by recording and decod-
ing volitional movement intent (Hochberg et al., 2012, 
2006). Jarosiewicz et al. (2015) used similar approach to 
achieve virtual typing for paralyzed individuals, and 
Ajiboye et al. (2017) demonstrated reaching and grasp 
through brain-controlled muscle stimulation. Gilja 
et al. (2015) recently demonstrated neural recording 
for more than 1 year with UEAs implanted in patients 

FIGURE 28.2 Neural recording devices, including invasive and noninvasive. ECoG, electrocortocography; EEG, electrocephalography;  
EMG, electromyography; LFPs, local field potential; NPs, neuroprostheses. Modified from Jorfi, M., Skousen, J.L., Weder, C., Capadona, J.R., February 
2015. Progress towards biocompatible intracortical microelectrodes for neural interfacing applications. J. Neural Eng. 12 (1), 011001.
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with amyotrophic lateral sclerosis (ALS). Other groups 
around the globe have also been making significant 
advances in the field of BCI, including from Shwartz 
(Wodlinger et al., 2015; Golub et al., 2014), Andersen 
(Stetson and Andersen, 2015; Klaes et al., 2015; Graf 
and Andersen, 2015), and Nicolelis (Rajangam et al., 
2016; Vouga et al., 2017).

Despite the tremendous progress that has been 
achieved, improving recording performance and lon-
gevity remains a principal focus (Jorfi et al., 2015; 
Rousche and Normann, 1998; Barrese et al., 2013). For 
examples, in their review of DARPA-led efforts in BCIs, 
Miranda et al. (2015) argue that overcoming interface 
failure is one of the largest remaining hurdles for BCI 
researchers and that without overcoming these issues, 
the vision of life-long BCI systems will remain just out 
of reach.

Michigan-Style Microelectrodes

Whereas the Utah Arrays consist of a two-dimensional, 
10 × 10 array of shanks, Michigan-style electrode arrays 
(MEAs) are planar devices with multiple recording con-
tacts located along one or several silicon shanks (Wise, 
2005). Developed by Wise et al., first at Bell Labs in 1966 
and later at the University of Michigan, these electrodes 
are frequently studied in preclinical BCI applications (Wise 
and Angell, 1975; Wise et al., 1970; BeMent et al., 1986; 
Hetke et al., 1994; Kipke et al., 2003; Vetter et al., 2004). 
While chronic recording studies have been reported, the 
consistent longevity of recordings remains among the big-
gest hurdles (Ludwig et al., 2006). To the authors’ knowl-
edge, MEAs have yet to be studied in human clinical trials.

MEAs are sold commercially by NeuroNexus, a sub-
sidiary of GreatBatch Inc. Recent advances have yielded 
on-board signal digitization (SmartProbe) and a variant 
that can be used as an optogenetic probe (optoelectrodes 
or simply “optrode”). For additional details on the devel-
opment and application of MEAs, the reader is referred 
to a review by Wise (2005).

Microwires

Microwires were first developed by Salcman, Bak, 
and Schimdt at the NIH in the early 1970s (Salcman 
and Bak, 1973, 1976). These electrodes consisted of 2- to 
11-μm-diameter iridium (Ir) and platinum (Pt) alloys. In 
one of the first long-term demonstrations of the technol-
ogy, Salcman and Schmidt recorded single neuron unit 
activity for up to 223 days with a microwire implanted 
in the motor cortex of a nonhuman primate (Salcman 
and Bak, 1976; Schmidt et al., 1976). Since then, a vari-
ety of microwire devices have been developed for BMI 
applications (Schmidt et al., 1976, 1988; Liu et al., 2006; 

Kruger et al., 2010). However, as with other microelec-
trodes, neuroinflammation appears to degrade record-
ing performance over time (Burns et al., 1974; Schmidt 
et al., 1976; Prasad et al., 2012, 2014), most likely through 
the degradation of insulating materials and corrosion of 
metals (Prasad et al., 2012, 2014).

Electrocorticography

ECoG is frequently used clinically to map epilepto-
genic regions of the brain and facilitate the surgical exci-
sion of operable focal lesions. ECoG arrays are placed 
temporarily intraoperatively and removed immediately 
or shortly after lesion resection surgery.

Many groups have investigated the use of ECoG 
arrays placed subdurally or epidurally to collect neu-
ral signals for use in BMI applications (Murphy et al., 
2015; Schalk and Leuthardt, 2011; King-Stephens et al., 
2015; Bouchard and Chang, 2014; Bleichner et al., 2016; 
Kellis et al., 2012). ECoG arrays pick up LFP signals 
and are reported to have a spatial resolution of about 
4 mm (Murphy et al., 2015). Even with this limitation, 
applications involving two- and three-dimensional 
arm movements (Marathe and Taylor, 2013; Chao et al., 
2010) that predict arm movement with 3 degrees of free-
dom (df) (Nakanishi et al., 2013), and determine trajec-
tory and kinetics for use in an FES system (Flint et al., 
2014) have been developed, with individual reports of 
chronic recordings up to 7 years (King-Stephens et al., 
2015). While ECoG arrays have the distinct benefit of 
being placed superficial to the meninges, and thus 
potentially less invasive than implanted MEAs, most 
applications have focused on gross motor rather than 
fine motor tasks that may require a higher spatial 
resolution.

Electroencephalography

Due to noninvasiveness contacts placed on the scalp, 
EEG benefits from sampling a wider number of areas 
around the skull. However, its spatial resolution is rela-
tively coarse at about 3 cm (Murphy et al., 2015). To date, 
the best performance of an EEG BCI system in control 
of extrinsic operations is 3 df, which was achieved only 
after months of intensive training (McFarland et al., 
2010). Other BMI investigations include those by sur-
veying the EEG response to various motor task (Ramos-
Murguialday and Birbaumer, 2015) and decoding 
movement intent in a sitting-to-standing task in healthy 
volunteers (Bulea et al., 2014). Interestingly, as one group 
has recently shown, EEG may be used in a complimen-
tary fashion to other sources of neural control (Soekadar 
et al., 2015): electrooculography in conjunction with EEG 
to improve hand-grasp task of an exoskeleton.
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Optical Microelectrodes

Optical microelectrodes (or “optrodes”) are also 
under development by a number of groups, primar-
ily for use in optogenetic research (Yazdan-Shahmorad 
et al., 2016; Abaya et al., 2012; Segev et al., 2017; Iseri 
and Kuzum, 2017; Chamanzar et al., 2014). Notably, 
Yazdan-Shahmorad et al. (2016) developed a micro-
ECoG array that was capable of recording large-scale 
cortical activity spanning the S1 somatosensory and 
M1 motor regions in a nonhuman primate. With recent 
advances in optogentic techniques and novel implant-
able probe designs, such devices are improving at a 
rapid rate.

SUMMARY OF INTRACORTICAL 
RECORDING ELECTRODE FAILURE 

MECHANISMS

Failure of microelectrode recordings is character-
ized by a decrease in signal-to-noise ratio, leading to 
inability to accurately discriminate neuronal firing from 
background (Burns et al., 1974; Ludwig et al., 2006; Liu 
et al., 2006, 1999; Freire et al., 2011). There are a num-
ber of underlying failure mechanisms that have been 
described, but, by definition, all lead to either electrical 
or neural circuit disruption. Failure modes for microelec-
trode recordings include:
  

 1.  Degradation of insulation (e.g., dissolution, 
peeling of polymer coatings) (Schmidt et al., 1988, 
1999; Hammerle et al., 2002; Maloney et al., 2005; 
Hsu et al., 2009; Loeb et al., 1977; Winslow  
et al., 2010)

 2.  Corrosion of electrical contacts (e.g., oxidation, 
pitting of electrode contacts and connectors) 
(Prasad et al., 2014; Merrill, 2010; Patrick et al., 2011; 
McCarthy et al., 2011; McDord and Fridovich, 1969; 
Potter et al., 2013)

 3.  Local neurodegeneration (e.g., neuronal loss, 
dysfunction) (Potter et al., 2012)

 4.  Device migration (e.g., movement of microelectrode 
away from neuron population of interest) (Barrese 
et al., 2016)

 5.  Direct mechanical damage (e.g., electrode, lead 
fractures), (Barrese et al., 2013; Prasad et al., 2012, 
2014; Ward et al., 2009)

  

As suggested in Fig. 28.3, the primary mechanisms 
are influenced by a number of secondary and tertiary 
factors, namely:
  

 •  Secondary (neuroinflammation, tissue strain, 
chemical environment, material fatigue)

 •  Tertiary (acute implantation injury, chronic 
micromotion and exposure, and manufacturing 
defects)

  

These factors are not mutually exclusive and may con-
tribute synergistically to failure. In particular, it seems that 
neuroinflammation may underpin a number of interre-
lated failure mechanisms (Prasad et al., 2012; Ward et al., 
2009). Neuroinflammation releases a number of cytotoxic 
substances (leading to neurodegeneration), altering the 
microenvironment by lowering pH and releasing reac-
tive oxidative species (leading to corrosion and degrada-
tion of insulation), and depositing scar tissue (electrically 
and physically isolating the device from neurons).

Neuroinflammatory Underpinnings

While the dominant mechanism leading to functional 
loss following intracortical implantation is unresolved, 
neuroinflammation is thought to play a major role in 
both biotic and abiotic failure mechanisms (Jorfi et al., 
2015; Harris, 2011). Upon implantation, microelectrodes 
immediately disrupt brain tissue and neurovasculature, 
initiating a multiphasic inflammatory response (Potter 
et al., 2012). The acute response plateaus within the first 
few weeks of implantation, and inflammation thereafter is 
driven in a chronic state via various mechanisms, includ-
ing microglial and macrophage activation, the fibrotic glial 
scar, free radical oxidation, and chronic dysfunction of the 
blood–brain barrier (BBB) (Potter et al., 2012; Skousen 
et al., 2015; Potter-Baker et al., 2014b; Nguyen et al., 2012).

To directly demonstrate the impact of neuroinflam-
mation on recording signal quality, Harris et al. admin-
istered LPS (lipopolysaccharide, an endotoxin that elicits 
an inflammatory response) to rats and observed signal 
degradation within the first 4 weeks (Harris, 2011). Signal 
degradation was observed as an increase in signal-to-noise 
ratio a decrease in local field potential power in the LPS-
treated group compared with their control group. These 
results demonstrated that the inflammatory response 
directly affected signal quality during chronic recordings.

While the inflammatory process has been implicated 
in recording signal loss, so far no strategies to mitigate 
it have proved to be safe and effective for long-term 
use. A deeper understanding of the underlying biol-
ogy is of significant importance. To better understand 
how to modulate/mitigate the inflammatory response, 
one must better understand the underlying cellular and 
physiologic changes that take place after implantation.

THE BIOLOGICAL RESPONSE TO 
ELECTRODE IMPLANTATION

Overview

Upon implantation, the microelectrode disturbs the 
natural resting physiology of the brain tissue. Several 
groups have shown that the vasculature is immediately 
and significantly affected (Hammer et al., 2014; Bjornsson 
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et al., 2006; House et al., 2006). Small and large vessels 
may be disrupted, which allow cells, large proteins, and 
molecules that normally cannot pass through the BBB 
to pass into the extravascular tissue. Consequently, an 
inflammatory and wound-healing response is simulta-
neously set into motion (Potter et al., 2012).

In cases of acute and nonsevere instances of brain 
injury, the BBB typically reforms after 3–4 weeks (Hammer 
et al., 2014), and weeks later, the inflammatory response 
subsides (Potter et al., 2012). However, in the case of an 
implanted material, macrophages and microglia, the cells 
responsible for clearing debris (Tresco and Winslow, 2011; 
Polikov et al., 2005; Biran et al., 2005, 2007; Potter et al., 
2012), are unable to engulf and phagocytose the micro-
electrode and continue to promote a proinflammatory 
state. Therefore, the blood–brain barrier remains chroni-
cally leaky (Kozai et al., 2015b). Microglia and astrocytes 
begin to wall off the electrode, releasing reactive chemi-
cal species and depositing extracellular matrix proteins 
in a process known as astrogliosis. Astrogliosis results in 
fibrotic encapsulation around the implantation site.

In addition to the inflammation response set off 
by the initial injury, additional mechanisms, such as 

motion-induced injury, may promote persistent or 
chronic inflammation. Since the base materials in tra-
ditional electrodes are stiff (e.g., silicon), and the brain 
is comparatively much softer and in constant motion, 
albeit micromotion, chronic fluctuating strains are 
placed on the brain tissue surrounding the implanted 
electrode (Subbaroyan et al., 2005; Sridharan et al., 2013; 
Polanco et al., 2016). While the exact underlying biologi-
cal mechanism for how the strain field is translated into 
inflammatory response is unknown, in vivo findings 
support the correlation. When compliant, rather than 
stiff, electrodes are implanted to minimize the strain/
stress in response to motion, a reduced inflammatory 
response is observed in the rat brain tissue surrounding 
the electrode (Harris et al., 2011a,b; Nguyen et al., 2014).

Soluble Factors Kill Neurons, Degrade and 
Corrode Implanted Materials, and Maintain  
the Inflammatory Response

Soluble factors (e.g., growth factors and cytokines) play 
a major role in cell signaling to help mediate the wound 
healing response as well as inflammation after injury 

FIGURE 28.3 Failure mechanisms of intracortical microelectrodes. Innermost circles denote direct causes of failure, caused by electrical or neural 
circuit disruption and characterized by a signal-to-noise ratio attenuation. Outer circles are secondary (and tertiary) causes for electrode failure that act 
indirectly to lead to recording malfunction. The neuroinflammatory response plays a key role in affecting a number of failure pathways and, for that 
reason, has been studied extensively as a means to prolong microelectrode recording performance. Mechanisms related to neuroinflammation, both 
upstream and downstream, are circled in red. Example images show (1) histology of neuroinflammation (staining for activated astrocytes at 2 weeks 
after implantation), (2) histology of neurodegeneration (loss of neurons most proximal to implanted microelectrode 2 weeks after implantation), (3) SEM 
of explanted electrodes showing insulation peeling, contact corrosion, and direct mechanical damage after 2 weeks of implantation (Prasad et al., 2012).
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(Skousen et al., 2015). Upon initial injury, the BBB is dis-
rupted, allowing macrophage, serum proteins, and other 
blood cells to infiltrate the immune-privileged neural 
space. In particular, macrophages and microglia have been 
identified as releasing a number of soluble factors that not 
only act on the tissue immediately touching the electrode 
but also diffuse from the implant surface, increasing the 
radius of the cells’ effects (Skousen et al., 2011).

Interleukins (tumor necrosis factor [TNF]α, interleu-
kin [IL]-1, IL-6) are upregulated at the microelectrode 
location (He et al., 2006). MCP-1, a chemoattractant, 
and metalloproteases (e.g., MMP-2, MMP-9) are also 
expressed (Jorfi et al., 2015; Biran et al., 2005). TNFα, in 
particular, has direct cytotoxic effects on neurons, while 
both TNFα and MCP-1 have been shown to associate 
with the BBB and to help to recruit macrophages (Block 
et al., 2007; Chao et al., 1995; Quagliarello et al., 1991; 
Clark et al., 2010; Feuerstein et al., 1994; Gosselin and 
Rivest, 2007; Stamatovic et al., 2003, 2005; Sugama et al., 
2009; Yadav et al., 2010). Proteases, among other roles, 
aid in breaking down extracellular matrix proteins. 
Further, reactive oxygen species appear to accumulate at 
the implant site (Potter et al., 2013). Together, these solu-
ble factors may have multiple effects, including material 
corrosion, degradation, and neuronal loss (Takmakov 
et al., 2015). Importantly, reactive oxygen species and the 
other factors appear to further afflict the BBB, causing it 
to be “leaky” and allowing for additional cellular and 
serum protein infiltration, thus perpetuating an inflam-
matory cycle (Potter et al., 2012).

Insoluble Factors Serve a Vital Role in Healing 
and Regeneration but Also Isolate Neurons 
Electrically and Physically From the Recording 
Electrode

Extracellular matrix proteins serve an important role 
after central nervous system injury: reconstruction and 
walling off the damaged tissue to prevent dysfunction 
and promote reformation of the BBB (Silver, 2016; Busch 
and Silver, 2007). While the “dogma” in the field has 
historically categorized astrocytes as a primary cell type 
responsible for scarring and for walling off the injury 
site, new evidence strongly supports its role additionally 
as both one of regeneration and mediation of the inflam-
matory response (Silver, 2016; Cregg et al., 2014; Liberto 
et al., 2004). After injury, glial fibrillary acidic protein 
(GFAP) and a number of proteoglycans (e.g., chondroi-
tin sulfate [CSPGs]) are upregulated and expressed at 
the site of the electrode (Busch and Silver, 2007; Zhong 
and Bellamkonda, 2007). CSPGs are typically considered 
neuroinhibitory because they form synaptic-like con-
nections with axons, entrapping neurons. However, it 
has been suggested that CSPGs may also serve a pro-
tective role by preventing neuronal destruction from 

invading macrophages (Silver, 2016; Friedlander et al., 
1994; Gopalakrishnan et al., 2008; Hynds and Snow, 
1999; Iijima et al., 1991; Kuffler et al., 2009; Nakanishi 
et al., 2006; Yamada et al., 1997; Filous et al., 2014).

While it may be debated exactly how and what func-
tions these molecules serve, their presence appears to 
displace neurons as well as change the electrical prop-
erties of the surrounding tissue, potentially limiting 
recording function (Burns et al., 1974; Schmidt et al., 
1976; Williams et al., 2007).

Neuronal Loss at the Electrode–Tissue Interface 
Attenuates the Source Signal

Neuronal density is significantly reduced surround-
ing implanted electrodes as a result of inflammation and 
fibrous scar tissue formation (Biran et al., 2005; Potter 
et al., 2012; Seymour and Kipke, 2007; Thelin et al., 
2011; Collias and Manuelidis, 1957; Ravikumar et al., 
2014a). Given that electric field potentials decay rap-
idly, as an inverse square of distance from the source, 
proximity is an extremely important factor for recording 
electrode performance. Effective recording ranges have 
been estimated at 50–150 μm for local field potentials 
and 25–50 μm for single-unit recordings (Buzsáki, 2004). 
Unfortunately, neuron survival is not simply a function 
of the initial injury. Chronic inflammation also appears 
to reduce neuron populations; however, the exact rela-
tionship with recording quality has yet to be identified. 
Neuron viability is likely more relevant to recording 
quality than is the density. Regardless, as neurons die 
back, and are physically separated from the recording 
electrode by scar tissue, recorded signals are signifi-
cantly attenuated (Biran et al., 2005; Kozai et al., 2015b).

INTRACORTICAL ELECTRODE 
TECHNOLOGIES TO EVADE THE 
INFLAMMATORY RESPONSE AND 

IMPROVE LONG-TERM PERFORMANCE

Various strategies, specifically aimed at reducing the 
neuroinflammatory response, have been investigated 
to achieve recordings over clinically meaningful time 
frames. The list of strategies broadly include (1) drug 
administration, (2) material selection/modification, and 
(3) implantation technique/system design. The follow-
ing sections and Fig. 28.4 serve as a primer for more in-
depth reading on each approach.

Drug Administration

Drug administration is appealing because its effects 
are temporary and can be tuned to an individual’s needs. 
One must consider the safety, efficacy, ability of the drug 



INTRACORTICAL ELECTRODE TECHNOLOGIES TO EVADE THE INFLAMMATORY RESPONSE AND IMPROVE LONG-TERM PERFORMANCE 401

V. BRAIN, COMPUTER AND MACHINE INTERFACING

to cross the BBB, and duration of a drug regimen as well 
as the desired effect. Some therapies have proved to be 
effective in the acute phase after implantation but due to 
safety concerns are not appropriate or practical for long-
term use.

Broad-Spectrum Anti-Inflammatory Agents
Local anti-inflammatory treatment after implantation 

have been shown to reduce histological inflammatory 
response (dexamethasone) and improve recorded signal 
quality (minocycline), while vehicle control agents did 
not (Zhong and Bellamkonda, 2007; Rennaker et al., 2007). 
While anti-inflammatory drugs helps to confirm the role 
of inflammation, unfortunately, due to side effects of 
these therapeutics (i.e., osteoporosis, infection, cataracts, 
high blood pressure, impaired wound healing), chronic 
administration is contraindicated (Girbovan et al., 2012; 
Patel et al., 2011; Khodagholy et al., 2013; Chung et al., 
2013). Minocycline is a tetracycline and appears to shift 

macrophages and microglia toward a quiescent, rather 
than activated, phenotype (Lee et al., 2004; Kobayashi 
et al., 2013). Promising in vivo data showed that neural 
recording from rats receiving minocycline fared better 
in signal-to-noise ratio and number of simultaneously 
viable channels. While recording was not investigated, 
dexamethasone reduced the histologically measured 
inflammatory response compared with untreated ani-
mals (Zhong and Bellamkonda, 2007; Shain et al., 2003; 
Spataro et al., 2005; Zhong et al., 2005; Wadhwa et al., 
2006).

Targeted Anti-Inflammatory Agents
The inflammatory response is extraordinarily com-

plex and composed of many intertwined pathways 
(Polikov et al., 2005; Potter et al., 2012; Ravikumar et al., 
2014b; Cui et al., 2011). Targeted agents may have the 
ability to more specifically address neuroinflammation 
in response to device implantation, without inducing 
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the plethora of unwanted side effects seen with broad-
spectrum anti-inflammatory agents. For example, 
α-melanocyte–stimulating hormone (α-MSH) and IL-1 
receptor antagonist (IL-1Ra) are among the agents that 
have been tested for this purpose (Galimberti et al., 1999; 
Zhong and Bellamkonda, 2005; He et al., 2007; Taub 
et al., 2012).
α-MSH is an endogenous tridecapeptide that acts 

through the inhibition of proinflammatory cytokines and 
by inhibiting nitric oxide (NO) production (Galimberti 
et al., 1999; Zhong and Bellamkonda, 2005). By immo-
bilizing α-MSH on a device both in vitro and in vivo, 
the Bellamkonda laboratory demonstrated a significant 
reduction in reactive astrocyte (GFAP) and macrophage/
microglia (ED1) staining at both 1 and 4 weeks postim-
plantation (He et al., 2007). Taub et al. (2012) investigated 
the antagonization of the proinflammatory cytokine 
IL-1Ra–coated microelectrodes. Short-term histologic 
studies verified IL-1Ra–coated microelectrodes signifi-
cantly reduced astrogliosis compared with noncoated 
microelectrodes. Recently, Gutowski et al. (2015) showed 
that glial cell attachment to the electrode surface was 
significantly reduced in vitro with IL-1Ra incorporated 
in a PEG-based on-demand release system. While their 
in vivo study in rats produced less resounding results, 
they found that IgG, a marker for blood proteins, was 
significantly reduced in their IL-1Ra–positive group at 4 
weeks after implantation. For both these targeted agents 
(α-MSH and IL-1Ra), longer-term histologic and record-
ing outcomes have not been investigated and warrant 
additional research.

Drug/Coating Combinations

Antioxidants
Given the reported accumulation of reactive oxygen 

species at the implant site, researchers have investi-
gated the use of antioxidants to combat their negative 
effects (Potter et al., 2013; Potter-Baker et al., 2015, 
2014c; Pangeni et al., 2014). While there are a number 
of antioxidant agents readily available, a few of the 
most frequently investigated for use in central ner-
vous system injury associated with microelectrode 
insertion include resveratrol, curcumin, and superox-
ide dismutase (SOD) mimetics [e.g., Mn(III) tetrakis 
(4-benzoic acid)porphyrin (MnTBAP)] (Potter-Baker 
et al., 2015, 2014c; Liu et al., 2011; Li and Zhou, 2011; 
Batinić-Haberle et al., 2010).

Potter et al. (2013) found that rats receiving resveratrol 
showed signs of improved BBB stability and increased 
neuronal density after 2, but not after 4, weeks at the 
microelectrode–tissue interface. While these effects were 
lost at 4 weeks, the authors suggest that the effects may 
have subsided as it was a single-dose experiment. They 
later tested repeated intraperitoneal administration and 

showed continued effects up to 16 weeks and, impor-
tantly, a reduction in neurodegeneration by staining 
with Fluoro-jade C (Potter-Baker et al., 2015).

Surface modification with covalently bound antioxi-
dative catalysts is appealing because the effects are tar-
geted directly at the site of desired action. Additionally, 
as opposed to local drug delivery, where the bioactive 
molecule is consumed over time, permanent surface 
modification may have longer-lasting effects. For an ini-
tial proof of concept, Potter et al. coated a microelectrode 
surface with the SOD mimetic MnTBAP (Potter-Baker 
et al., 2014b). With this system, they observed a burst 
release of the molecule, accompanied with a sustained 
surface immobilized approach. The modified surfaces 
provided sustained activity, reducing the accumulation 
of reactive oxygen species up to several days (Potter-
Baker et al., 2014c). Long-term histologic and recording 
outcomes are ongoing.

Neurotrophic Factors
To promote neural growth (neurite extension) toward 

the electrode surface, as well as to promote cell survival, 
several groups have investigated the local delivery of 
neurotrophic factors from electrode coatings (Winter 
et al., 2007; Kim et al., 2007b). In both studies, nerve 
growth factor was used for its ability to encourage neu-
rite extension and even attachment on the electrode sur-
face. While initial results have been promising, chronic 
applications have not been studied to know if the effect 
persists for prolonged periods of time and in the pres-
ence of the chronic inflammatory response. Further, 
translation of such a technique may prove to be chal-
lenging given the high regulatory burden required for 
biologics and drug-device combinations.

Material Selection/Surface Properties, Coatings

Cell Adhesion Proteins
Two primary reasons exist for the desire to increase 

cell adhesion to the electrode surface. First, increasing 
tissue adherence has been suggested to minimize the 
micromotion between the implant and the tissue. To date, 
this phenomenon has been demonstrated only in silico 
(Lee et al., 2005). Additionally, minimizing the distance 
between electrode contacts and viable neurons has been 
suggested to increase the signal amplitude to single-unit 
neural recordings (Buzsáki, 2004). Therefore, several 
groups have applied biomolecules to electrodes to pro-
mote cell adhesion. For example, both laminin (He et al., 
2006) and L1 (a transmembrane neuronal cell adhesion 
molecule) have been used (Azemi et al., 2008; Kolarcik 
et al., 2012). Unlike laminin, L1 demonstrated an increase 
in both neuron cell bodies and neuronal filaments at the 
electrode–tissue interface. Neither approach has been 
shown to impact neural recording quality, to date.
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Hydrogel and Other Nonfouling Surfaces
Immediately on implantation, proteins are adsorbed 

onto the material’s surface. Depending on the protein 
milieu that is attracted and how those proteins are altered 
(e.g., denatured by electrostatic interactions), various 
attachment sites are produced that may help determine 
the cellular and inflammatory response. Therefore, sev-
eral groups have investigated methods to prevent cell 
adhesion to the microelectrode surface.

Garcia et al. developed silicon microelectrodes coated 
with hydrogels consisting of poly(I-isopropylacryl-
amide) (pNIPAm) and cross-linked with poly(ethylene 
glycol diacrylate) (PEG) (Gutowski et al., 2014). A fre-
quently used tactic in surface modification, the PEG 
chains inhibit protein adsorption (Leckband et al., 1999; 
Capadona et al., 2005). While the coating was effective 
at preventing cell adherence, in vivo studies yielded 
persistent inflammation and lower neuronal density for 
both uncoated and coated microelectrodes after implan-
tation up to 24 weeks in rat cortex (Gutowski et al., 
2014). Similar results were found for Parylene C coatings 
(Winslow et al., 2010) and additional hydrogel coatings 
for review (Jorfi et al., 2015).

Silicon carbide (SiC) is an attractive material, given 
its long track record and documented biocompatibil-
ity in other biomedical applications, including ortho-
pedic implants and coronary stents (Knaack et al., 
2016). Recently, Knaack et al. (2016) characterized 
amorphous SiC as a biomaterial for chronic neural 
implants in vivo, demonstrating that it was not dis-
similar to standard silicon device in terms of its histo-
logic response (NeuN, CD68, and DAPI). For a more 
through discussion of SiC as a biomaterial, readers are 
referred to Saddow (2012). Overall, while the nonfoul-
ing approaches may minimize surface attachment of 
inflammatory cells, glial scarring and neuron loss are 
not significantly impacted.

Soluble Factor (Cytokine) Sinks
Soluble factors such as cytokines play a major role in 

promoting and perpetuating the proinflammatory state. 
To counteract these soluble factors, researchers have 
developed passive diffusion “sinks,” or porous surface 
coatings, which absorb and entrap these potentially 
harmful molecules (Skousen et al., 2015; Winn et al., 1989; 
Jaeger et al., 1991; Bridge and Tresco, 2008; Kim et al., 
2007a; Moxon et al., 2004). While a significant amount 
of evidence suggests this may be a viable technology, 
since the hydrogels typically used as passive sinks are 
themselves soft, it should be caveated that mechanical 
compliance may confound the interpretation of results 
(La Flamme et al., 2007; Lopez et al., 2006). Additionally, 
the implementation of hydrogel coating create the added 
complexity of increasing the functional distance between 
electrode contacts and nearby neurons.

Conductive Polymers
To increase the biocompatibility of a material, 

researchers often look to mimic the native biologi-
cal environment. While tissue conducts electricity via 
ionic transport, electronic devices conduct electrons. 
Conducting polymers complexed with biologically 
active counterions are unique in that they can act in a 
hybrid fashion, enabling either electron or ionic trans-
port (Kim et al., 2008). Further, they can be directly 
deposited onto microelectrode substrates, with relatively 
simple manufacturing processes (Kim et al., 2008). It is 
unclear whether conductive polymers indeed increase 
the biocompatibility of devices as a result of their elec-
trical conduction, or whether it is by other mechanisms, 
but a number of groups have reported success with 
poly(3,4-ethylenedioxythiophene) (PEDOT) coatings 
integrated in microelectrode devices (Mandal et al., 2014; 
Luo et al., 2011; Ludwig et al., 2011; Cui and Zhou, 2007; 
Cui and Martin, 2003; Castagnola et al., 2015). Reports 
of the performance of PEDOT are exceedingly positive, 
with several recent reports of its inclusion in microelec-
trode recording applications (Castagnola et al., 2016; 
Charkhkar et al., 2016; Kozai et al., 2016). However, some 
skepticism remains as to long-term stability of the poly-
mers in vivo, especially for stimulating applications.

Material Selection/Bulk Properties

Flexible Substrates
A number of flexible microelectrode designs have 

been described in the literature including those made 
from polyimide, benzocyclobutene (BCB), polydimeth-
ylsiloxane (PDMS), Parylene C, and SU-8 (Rousche et al., 
2001; Subbaroyan and Kipke, 2006; Takeuchi et al., 2005; 
Wester et al., 2009; Fernandez et al., 2009; Mercanzini 
et al., 2009; Lu et al., 2009; Lacour et al., 2010; Köhler 
et al., 2015). With these, researchers have been able 
to successfully record neurons from rat cortex, BCB 
(Clement et al., 2003), and even record single units, SU-8 
(Altuna et al., 2013). Additionally, a number of innova-
tive flexible probe designs have been recently published, 
including sinusoidal designs (Sohal et al., 2014) and for 
peripheral applications a flexural neural ribbon (Xiang 
et al., 2016). Excitingly, Liu et al. (2015) recently demon-
strated an injectable mesh microelectrode. Giving more 
credence to the hypothesis that flexible electrodes may 
help to evade the inflammatory response, Luan et al. 
(2017) demonstrated robust cortical recording up to 
16 weeks, with minimal inflammatory response, which 
they deemed “glial scar free.” They performed in vivo 
two-photon imaging and incredibly tracked the same 
neuronal population over the several-month study and 
showed that they survived in close proximity to the neu-
ral probe. To overcome the flexibility during insertion, 
they developed a simple introducer system consisting of 
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a rod with a hook at the end that appears to drag the 
electrode through the tissue.

While flexible electrode designs show a significant 
amount of potential, to date, there have been no compre-
hensive systematic studies comparing recording perfor-
mance and longevity between stiff and flexible electrodes 
controlling for all other variables, such as having similar 
surface chemistry. Further, one of the main drawbacks of 
an entirely flexible electrode is that it is often impossible 
to, by itself, be inserted into the brain without buckling.

Methods to address soft microelectrode insertion 
(namely prevention of buckling) include coating micro-
electrodes with sacrificial polymers or coatings that dis-
solve after insertion (Lewitus et al., 2011; Lind et al., 2010; 
Gilgunn et al., 2012; Lo et al., 2015), fast insertion speed 
(Dryg et al., 2015), treating implantation site with col-
lagenase to soften the tissue prior to insertion (Paralikar 
and Clement, 2008), a variety of introducer designs 
(Kozai and Kipke, 2009; Kim et al., 2013), and materials 
that dynamically soften after insertion (Capadona et al., 
2008, 2009, 2012; Reeder et al., 2014; Simon et al., 2013; 
Ware et al., 2012a,b, 2013a,b). Each approach is at a dif-
ferent stage of development.

Dynamically Softening Materials
Dynamically softening materials used for intracorti-

cal microelectrodes were first introduced as a means to 
both enable the insertion of a less-rigid device and to 
minimize the effects of chronic micromotion and mechani-
cal mismatch between the microelectrode and the tissue 
(Capadona et al., 2008). The first-generation mechanically 
responsive microelectrodes developed by Capadona et al. 
mimicked the sea cucumber, which reacts to threats by 
rapidly transitioning their outer shell from soft to stiff via 
chemically induced cross-linking. As an initial finding, the 
team demonstrated the ability of the dry implants to be eas-
ily inserted through the pia mater and into the brain cortex 
of a rat (Harris et al., 2011a; Hess et al., 2013). Histologic 
evaluations by Nguyen et al. (2014) demonstrated nearly 
significantly reduced inflammatory response and mini-
mal loss of neuronal density by 16 weeks postimplanta-
tion. Additionally, Hess et al. have demonstrated several 
advances in fabrication techniques leading to the inclusion 
of a Parylene C coating for additional electric insulation 
between sputtered contacts (Hess et al., 2009, 2011).

Alternatively to the sea cucumber inspired materials, 
a few laboratories have also explored the use of shape 
memory polymers (SMPs) for their tunable thermal and 
mechanical transitions (Ware et al., 2012b, 2013a; Sharp 
et al., 2006). For example, the Voit laboratory has devel-
oped SMP-based microelectrodes from acrylate and thi-
olene/acrylate polymers (Ware et al., 2012a,b, 2013a). 
Initial studies demonstrated that their SMP-based 
microelectrodes were capable of recording neuronal 
signals in a rat cortex. However, the team has not yet 

completed their histologic or electrophysiologic head- 
to-head comparison to that of traditional microelec-
trodes (Ware et al., 2013a).

Nanomaterials/Carbon Nanotubes
Nanomaterials are an exciting class of materials that 

have been tested in a variety of biomedical applications, 
including for neural interfacing (Aguilar, 2012; Mozafari, 
2007; Giersig and Khomutov, 2008; Baldrighi et al., 2016). 
Notably, nanomaterials have the potential to interact 
with biological tissues at the cell and even subcellular 
levels, facilitate transportation of molecules, and have 
desirable electrical properties (conduct electrical/ionic 
charges) (Kozai et al., 2016; Wang et al., 2015).

Carbon nanotubes (CNTs), carbon nanofibers (CNFs), 
and graphene-based materials, due to their extraordi-
nary strength and electrical conductivity and the number 
of attributes that can be designed into them, CNTs have 
been widely studied for use in microelectrodes (Voge 
and Stegemann, 2011; Kotov et al., 2009; Hanein and 
Bareket-Keren, 2013). However, despite these advan-
tages, CNTs by themselves are rigid and non-compliant 
and tend to have high electrical impedance due to their 
extremely small dimensions.

To develop flexible nanotube systems, CNTs have been 
combined with a number of flexible substrates, including 
polyimide, PDMS, and Parylene C (Hanein and Bareket-
Keren, 2013; Hsu et al., 2010; Gabay et al., 2007; Hanein, 
2010). Further, to overcome the challenge of high imped-
ance, several groups have investigated inclusion of PEDOT 
in their material matrices (Castagnola et al., 2016; Wang 
et al., 2015; Luo et al., 2013; Kozai et al., 2016). In one study, 
Kozai et al. (2016) observed chronic spike recording stabil-
ity up to at least 4 months. Wang et al. (2015) conjugated a 
bioactive peptide (YIGSR) to the CNT surface to promote 
cell adhesion. The pace and quality of developments in the 
field of nanomaterials for recording interfaces are rapid 
and exciting. When also considering new medical applica-
tions that include both electrical stimulation and recording, 
nanomaterials hold significant potential (Vitale et al., 2015).

Implantation Technique and System Design

Avoidance of Vasculature
Intracortical microelectrodes are invasive by nature, 

and inevitably damage occurs during surgical implanta-
tion. Live imaging of in vivo preparations has made it pos-
sible to observe the dynamic and longitudinal response to 
microelectrode insertion, particularly of the vasculature 
(Hammer et al., 2014, 2016). The impact on blood vessels is 
immediate and extensive and persists for a long duration. 
According to research by Saxena et al. (2013), the chronic 
breach in the BBB may play a major role in determining 
electrophysiologic performance. In the future, image-
guided techniques such as those taken by Kozai et al. (2010) 
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may provide a means to minimize damage to the brain tis-
sue during insertion, particularly the vasculature.

Shape and Speed of Insertion
Several groups have investigated electrode shapes 

and insertion speeds to minimize damage to the tissues 
(Bjornsson et al., 2006; Casanova et al., 2014; Dryg et al., 
2015; Fekete et al., 2015). Bjorssen et al. (2006) suggested, 
based on computational modeling and ex vivo studies, 
the sharpest (5 degrees) and fastest (2 mm/s) insertion 
minimized potential for damage based on blood vessel 
displacement, rupture, severing and dragging, as well as 
overall tissue strain. Findings from Bjorssen et al. are con-
sistent with techniques described by Rosuche et al. for 
extremely fast pneumatic insertion and, more recently, 
by Dryg et al. for magnetic insertion of microelectrodes 
(Rousche and Normann, 1992; Dryg et al., 2015).

However, there are a number of other groups that 
have tested moderately fast insertion speeds ranging 
from 0.1 to 10 mm/s that suggest perhaps the opposite 
is true. Their findings suggest that speed may have less 
impact than tip shape. Specifically, Fekete et al. found 
that tip shape, namely its sharpness, played a signifi-
cant role in the peak force of insertion. Fekete was able 
to reduce insertion force by nearly 5-fold with sharp-
ening of the silicon probe alone (Fekete et al., 2015). 
Interestingly, in the same study, however, they found 
that increased speeds led to doubled insertion forces 
and produced minimal effect on dimpling (Fekete et al., 
2015). These findings are echoed by Welkenhuysen 
et al. (2011), who observed minimal impact of the speed 
of insertion on neuroinflammatory histologic out-
comes among the range of moderate insertion speeds. 
Therefore, it appears that there may be a more com-
plex answer than simply faster is better, depending on 
whether one is trying to minimize shear stress, dam-
age to vasculature, or dimpling during insertion. The 
optimal speed and tip shape appear to be dependent on 
each other and perhaps specific applications.

Floating Versus Tethered Lead Wires
Most electrode designs currently incorporate teth-

ers cemented into the skull, which mechanically fixes 
the electrode at its base and therefore limits movement 
with the brain (particularly for stiff electrodes). Fixation 
to the skull contributes to a fluctuating strain within 
the brain tissue that may lead to tissue damage with 
chronic exposure (Biran et al., 2007; Karumbaiah et al., 
2013; Subbaroyan, 2007). Floating designs (Ersen et al., 
2015) and designs with extreme flexural compliance  
(Sohal et al., 2014; Gilgunn et al., 2012) may reduce 
the tethering effect. Given recent advances in devices 
with wireless communication capabilities and compli-
ant materials, this challenge may be mitigated even 
further.

PERSPECTIVES ON THE FUTURE OF 
NEURAL RECORDING INTERFACES

To develop a robust cortical recording interface, the 
microelectrode must retain the ability to record distinct 
action potentials throughout the lifetime of the patient. 
Many factors contribute independently and synergistically 
to electrode performance. During the past decade, signifi-
cant strides have been made in the understanding of the 
biological and abiological failure modes. Importantly, the 
field is beginning to come to a consensus on the major fac-
tors that affect recording performance. Now, novel materials 
are being designed for the application, as opposed to simply 
using what was available at the time of electrode develop-
ment. The challenge of premature electrode failure is being 
attacked from a multitude of angles and with a number of 
innovative technologies. Therefore, there is little doubt that 
as a field we will develop a chronically stable intracortical 
device capable of high-fidelity neural recordings.

Moving forward, it will be important to consider the 
complexity of the biological response and the role that the 
biological response to the electrodes plays on materials-
based failure modes. There will be no single strategy that 
will ensure the stability of chronic intracortical recordings. 
The biological response is too complex and dynamic for 
a single approach. Instead, the implants and anti-inflam-
matory approaches must become equally as dynamic as 
the inflammatory response and respond, in time, to the 
changing neurodegenerative, corrosive environment.

Future studies to better understand failure modes will 
need to rely more heavily on transgenic animal models, 
and advances in histological methods, including live ani-
mal imaging for real-time correlation between implant/
tissue interface and the recording performance. Evasion 
of the inflammatory response to improve long-term 
recording performance is possible and certain.
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Abstract

Medical devices implanted in the brain hold tremendous potential. As part of a Brain Machine Interface (BMI) system, intracortical
microelectrodes demonstrate the ability to record action potentials from individual or small groups of neurons. Such recorded signals have
successfully been used to allow patients to interface with or control computers, robotic limbs, and their own limbs. However, previous animal
studies have shown that a microelectrode implantation in the brain not only damages the surrounding tissue but can also result in functional
deficits. Here, we discuss a series of behavioral tests to quantify potential motor impairments following the implantation of intracortical
microelectrodes into the motor cortex of a rat. The methods for open field grid, ladder crossing, and grip strength testing provide valuable
information regarding the potential complications resulting from a microelectrode implantation. The results of the behavioral testing are correlated
with endpoint histology, providing additional information on the pathological outcomes and impacts of this procedure on the adjacent tissue.

Video Link

The video component of this article can be found at https://www.jove.com/video/57829/

Introduction

Intracortical microelectrodes were originally used to map the circuitry of the brain, and have developed into a valuable tool to enable the
detection of motor intentions which can be used to produce functional outputs1. Detected functional outputs can offer individuals suffering from
spinal cord injuries, cerebral palsy, amyotrophic lateral sclerosis (ALS), or other movement-limiting conditions the control of a computer cursor2,3

or robotic arm4,5,6, or restore function to their own disabled limb7. Therefore, intracortical microelectrode technology has emerged as a promising
and quickly growing field8.

Due to the successes seen in the field, clinical studies are underway to improve and better understand the possibilities of BMI technology5,9,10.
By realizing the full potential of communication with neurons in the brain, the rehabilitation applications are perceived as limitless8. Although
there is great optimism for the future of intracortical microelectrode technology, it is also well-known that microelectrodes eventually fail11,
possibly due to an acute neuroinflammatory response following implantation. The implantation of a foreign material in the brain results in
immediate damage to the surrounding tissue and leads to further damage caused by the neuroinflammatory response that varies depending
on properties of the implant12. In addition, an implant in the brain can cause a microlesion effect: a reduction in glucose metabolism thought
to be caused by acute edema and hemorrhage due to the device insertion13. Furthermore, the signal quality and the length of time that useful
signals can be recorded are inconsistent, regardless of the animal model11,14,15,16. Several studies have demonstrated the connection between
neuroinflammation and microelectrode performance17,18,19. Therefore, the consensus of the community is that the inflammatory response of the
neural tissue that surrounds the microelectrodes, at least in part, compromises electrode reliability.

Many studies have examined local inflammation11,20,21,22 or explored methods to reduce the damage to the brain caused by insertion11,23,24,25,
with a goal of improving the recording performance over time14,26. Additionally, we have recently shown that an iatrogenic injury caused by
a microelectrode insertion in the motor cortex of rats causes an immediate and lasting fine motor deficit27. Therefore, the purpose of the
protocols presented here is to give researchers a quantitative method to assess possible motor deficits as a result of brain trauma following the
implantation and persistent presence of intracortical devices (microelectrodes in the case of this manuscript). The behavior tests described here
were designed to tease out both gross and fine motor function impairments, and can be used in many models of brain injury. These methods
are straightforward, reproducible, and can easily be implemented in a rodent model. Further, the methods presented here allow for a correlation
of motor behavior to histological outcomes, a benefit that until recently, the authors have not seen published in the BMI field. Finally, as these
methods were designed to test fine motor function28, the gross motor function29, and stress and anxiety behavior29,30, the methods presented
here can also be implemented into a variety of head injury models where the researchers want to rule out (or in) any motor function deficits.
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Protocol

All procedures and animal care practices were approved by and performed in accordance with the Louis Stokes Cleveland Department of
Veterans Affairs Medical Center Institutional Animal Care and Use Committees.

NOTE: To educate researchers on the decision about the use of a stab injury model as a control, it is recommended to review the work done by
Potter et al.21.

1. Microelectrode Implantation Surgical Procedure

1. Pre-surgical animal preparation
1. Anesthetize the animal in an induction chamber using isoflurane (2 - 4%). While under anesthesia, continuously monitor the animal

using a vital measurement system to monitor the heart rate and the blood-oxygen content.
2. Move the animal to a nose cone to continue the anesthetic. Subcutaneously (SQ) inject a cephalosporin antibiotic, e.g. cefazolin (25

mg/kg) and a non-steroidal anti-inflammatory, e.g. carprofen (5 mg/kg) to prevent infection and manage the pain, respectively.
3. Liberally apply ophthalmic ointment to the animal's eyes to prevent them from drying.
4. Using small animal nail clippers, trim the toenails to prevent the animal from scratching the sutures during the wound healing. Ensure

that the nails are not clipped too short, as this can lead to pain and bleeding for the animal.
5. Shave the animal's head thoroughly from behind the ears to between the eyes using an electric razor trimmer.
6. Provide a local analgesia with an SQ injection of bupivacaine (0.3 mL of 0.125% bupivacaine diluted from stock solution) at the top of

the animal's head in the area of the incision.
7. Mount the animal on a stereotaxic frame, using ear bars to keep the head from moving during the surgery. Place a circulating water

heating pad under the animal to maintain the animal's internal temperature. 
8. Apply a sterile drape, e.g., institutionally-approved sterile plastic wrap, to isolate the surgical field.
9. Scrub the surgical area using an alternating betadine solution and isopropanol scrubs.
10. Perform a toe pinch according to the institutional protocol to ensure the animal is under the surgical plane.

2. Prepare animal for implantation
1. Create an incision of approximately 1 in down midline exposing the skull using a No. 10 scalpel blade. Bluntly remove the periosteum

using a cotton-tipped applicator, and stop any bleeding using a gauze pad. Retract the surrounding tissue using alligator clips and
clean and dehydrate the skull with hydrogen peroxide.

2. Place a few drops of cyanoacrylate-based tissue adhesive on the exposed skull to improve the dental cement bonding in later steps.
3. In the chosen hemisphere, mark the region of the motor cortex corresponding to forepaw movement approximately 3 mm lateral to

midline and 2 mm anterior to bregma by creating a nick in the bone.
4. Remove a portion of the skull using a 1.75-mm rounded tip dental drill, taking special consideration not to drill too quickly or too deeply,

and supporting one hand on the stereotaxic frame. The drill should be applied to the skull intermittently to avoid overheating31.
5. Reflect the dura using a fine hooked 45° dura pick.
6. Clean any bleeding using a cotton-tipped applicator and saline, taking care to not directly touch the brain surface.

3. Insertion of microelectrode in motor cortex
1. Carefully mount the sterilized microelectrode in the universal holder on the stereotaxic frame, taking caution not to bump the shank of

the electrode. Ensure that the headstage interface connector of the electrode is firmly held by the holder.
 

NOTE: Here, a non-functional Michigan-style silicon shank electrode measuring 2 mm x 123 µm x 15 µm was used, and the shank was
inserted using fine forceps.

2. Using the micromanipulators on the stereotaxic frame, carefully position the tip of the electrode over the open craniotomy.
3. Gently lower the electrode approximately 2 mm into the brain using the micromanipulators as a measurement guide (depending on

the choice of electrode, an automated insertion at controlled rates may be required.) Take caution to avoid any visible vasculature
whenever possible. Once the electrode is in place, carefully release the connector from the universal holder and retract the insertion
arm.

4. Carefully clean any bleeding from around the electrode using a cotton-tipped applicator and saline.
5. Seal off the craniotomy around the implanted electrode using a silicone elastomer.
6. Fix the electrode to the skull using dental cement.
7. Once the cement is completely dry, bring the edges of the incision together at the front and back of the cement headcap and suture

them shut.

4. Post-operative care
1. Allow the animal to recover on a circulating water heating pad while continuing to monitor its vital signs. Avoid using heat lamps as the

temperature from lamps is more difficult to control and animals can overheat.
2. Once the animal is fully awake, move the animal to a clean cage with easy access to food and water.
3. During post-operative days 1 - 3, provide the animals with SQ cephalosporin antibiotic (25 mg/kg) and a non-steroidal anti-inflammatory

(5 mg/kg) to prevent infection and manage their pain.
4. Monitor the animals daily for the signs of pain or discomfort, bleeding, weight change, or suture issues through at least post-operative

day 5.
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2. Behavioral Testing

1. For all behavior testing, test the animals 2x per test in the week prior to the electrode implantation surgery to calculate their pre-surgery
baseline scores. Following the surgery, allow the animals to rest for 1 week before beginning behavior testing 2x per week on each test.
Consistent testing conditions should be used throughout the study for both pre- and post-surgical testing to minimize the effects of stress on
the performance, which could result in a measurement of anxiety.

1. Clean all testing equipment with a chlorine dioxide-based sterilant at the beginning of each testing session and after each animal.
2. Film the open field grid and ladder testing. These tests require a video camera (1080p, minimum of 15 fps, 78° diagonal field of view), a

laptop, and room to store the video data.
3. At the beginning of each testing day, bring the animals to the testing room and allow them to acclimate for at least 20 min before

beginning the testing. The room should be light and temperature-controlled, and the same personnel should complete all testing.
Ideally, the same room will be used for all animals throughout the course of the testing with no changes to the room.

4. Use food rewards to encourage the animals to complete the tasks, especially during the ladder training. Cereals or small pieces of
banana chips or crackers make good rewards.

5. Normalize all weekly testing performances to the pre-surgery scores for each individual animal (Equation 1).
 

Equation 1: 

2. Open field grid testing
 

NOTE: The open field grid test was built in-house and has a running surface of 1 m2 with approximately 40-cm high opaque side walls.
The bottom running surface of the grid is divided into 9 equal squares from the underside using tape (Figure 1A). The recording camera is
permanently mounted above the center of the grid on scaffolding.

1. To begin open field grid testing, place the animal in the center of the grid facing away from the tester.
2. Allow the animal to run freely for 3 min while recording a video.
3. When the animal has completed testing, remove the animal from the grid and return it to the cage. Clean the grid thoroughly with

chlorine dioxide-based sterilant.
4. Test each animal 1x per testing day.
5. Analyze the number of gridlines crossed, the total distance traveled, and the maximum velocity of the animal as metrics of the gross

motor function using a video tracking software.
 

NOTE: The data presented here were quantified manually by trained researchers, but it is preferred to use a recently developed in-
house tracking algorithm32.

3. Ladder testing
 

NOTE: The ladder test was built in-house and consists of 2 clear acrylic side walls, each 1 m in length, connected by 3-mm diameter rungs
spaced at 2 cm apart (Figure 2A). Ladder testing is a skilled test, and therefore requires 1 week of training prior to recording the pre-surgery
baseline scores. The protocol for the training and testing is the same.

1. Move the animal to a temporary clean holding cage to begin ladder testing.
2. Set the ladder up so that it bridges 2 cages. The start end of the ladder rests on a clean cage, and the finish end rests on the animal's

home cage to serve as a motivation to complete the run.
3. Position the same (or similar) video camera on a tripod at the center of the ladder. The position of the camera should be at rung height

and allow for the whole ladder to be seen.
4. With the video camera running, hold the animal to the starting line of the ladder, allowing their front paws to touch the first rung.
5. Allow the animal to cross the ladder at their own pace. The time elapsed between the moment when the animal's paw touches the first

rung and the finish line at the third to last rung will determine the animal's time to cross.
6. If the animal turns around on the ladder or does not move for a period of 20 s, consider the animal to have failed the run. Assign the

animals a penalty score time for each failed run. Determine the penalty time by the slowest performance recorded during pre-surgery
testing27.

7. Allow each animal to cross the ladder 5x per testing day with approximately 1 min rest in between each run.
8. Average the fastest 3 runs per day as a metric of fine motor function. Additionally, record the number of times each of the front paws

slips off the rungs using a video tracking software.
 

NOTE: The data presented here were quantified manually by trained researchers, but it is preferred to use a recently developed in-
house tracking algorithm using Dona et al.32.

4. Grip strength testing
1. Calibrate the grip strength meter before each testing session, and measure the strength in grams.
2. Position the grip strength meter on the edge of a counter with the grip handlebars extended over the floor.
3. Allow the animal to grab the handlebars with both front paws while holding the animal by the base of the tail (Figure 3A).
4. Once the animal has a firm grip with each paw, pull the animal away from the meter by the base of the tail with slow and steady force.
5. Record the maximum grip strength exerted by the animal which is displayed on the digital output by the grip strength meter.
6. Test each animal 3x per testing day with approximately 2 min rest in between each test.
7. As a metric of fine motor function, record and average the maximum grip strength output from each of the 3 trials.

3. Post-behavioral Protocol

1. Following all behavioral testing (e.g, 8 - 16 weeks after the implantation), anesthetize the animals deeply using ketamine (160 mg/kg) and
xylazine (20 mg/kg), transcardially perfuse them, harvest their brains and cryo-slice them, and stain the tissue using immunohistochemical
markers to quantify the cellular response around the site of implantation33,34,35,36,37,38.
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4. Statistical Analysis

NOTE: A prospective power analysis is strongly suggested for any studies seeking to answer a particular research question. The power analysis,
which informs the number of animals required to achieve a statistical significance for a particular study design, should be based on the particular
research hypothesis, the design of the experiment, the estimated effect size and variability of the intended treatments, as well the effect size
required to achieve clinical or scientific relevance.

1. Conduct statistical analyses using common statistical software.
2. Tabulate the descriptive statistics and display them as Mean ± Standard Error.
3. Analyze the behavioral performance [in the open field grid (step 2.2), ladder (step 2.3), and grip strength testing (step 2.4)] at each weekly

time point to compare the control vs. implanted groups using a two-sample t-test. Consider each weekly time point an independent measure.
4. Quantify the longitudinal performance using a mixed effect linear model. The week and the group are fixed factors and an experimental

animal is nested within the group as a random effect. An analysis of variance (ANOVA) is used to determine the factor effect with a
significance level of p < 0.05.

5. Compare the ladder performance with immunoglobin G (IgG) intensity using a linear regression analysis. Calculate the correlation coefficient
by a Pearson's method.

Representative Results

Using the methods presented here, a microelectrode implantation surgery in the motor cortex is completed following established
procedures39,40,41,42, followed by open field grid testing to assess the gross motor function and ladder and grip strength testing to assess the
fine motor function27. Motor function testing was completed 2x per week for 16 weeks post-surgery in implanted animals, with no surgery non-
implanted animals as a control. All post-surgery scores were averaged per week and normalized to each individual animal's pre-surgery baseline
scores. All error is reported as standard error of the mean (SEM).

To measure their gross motor function and stress behavior, animals were allowed to run freely in an open field grid test for 3 min (Figure 1A).
Various metrics from this test can be recorded, including the number of grid lines cross, the total distance traveled, and the maximum speed
achieved by the animal. In this previously reported data, the number of grid lines crossed is presented27. In the first week following the recovery
period (the 2-week timepoint), a significant difference was seen in the open field grid performance between the 2 groups. However, there was no
further significance throughout the rest of the study (Figure 1B). The control and microelectrode-implanted animals scored similarly throughout
testing, and the variance in performance was relatively high in both sets of animals. No significance was seen when comparing the open field
grid performance in both sets of animals across the entire experimental time. Because there was no difference in performance between the 2
groups of animals, this result was interpreted to indicate that there is no gross motor deficit or severely limiting stress caused by a microelectrode
implantation in the motor cortex27. When interpreting the data, a decrease in the number of grid lines crossed, the total distance traveled, or the
maximum speed achieved by the animal all indicate a decrease in its gross motor function (Table 1).

To measure the coordinated grasp and fine motor function, animals took part in a horizontal ladder test (Figure 2A) where the time it took the
animal to cross the ladder and the frequency of paw slips were recorded. Post-surgery ladder crossing times were normalized for each animal
to each individual animal's pre-surgery scores. Therefore, a positive percentage coincides with a decrease in time to cross the ladder and an
increased performance, and a negative percentage coincides with an increase in time to cross the ladder and a decreased performance (Figure
2B, Table 1).

In this previously reported data, the control animals, having received no implant, displayed the slowest performance times (82.6 ± 26.0%) during
the first week of post-surgery testing immediately after the recovery phase27. Beginning in the second week of post-surgery ladder testing, the
control animals resumed their baseline performance times and maintained scores comparable to their baseline scores over the course of the
study with very little variance.

The animals receiving an intracortical microelectrode saw a reduced performance straightaway following surgery. These animals demonstrated
an increased ladder crossing time compared to their baseline of 199.1 ± 61.4% in the first week of post-surgery testing. The implanted animals
displayed a reduced performance for the duration of the study and their performance did not return to their baseline scores. At their worst,
implanted animals decreased in performance during week 11 to an average of 526.9 ± 139.4% compared to their baseline performance.
Additionally, the implanted animals showed a higher variance compared to the control animals. There was no significant difference between the
control and implanted animals during the first week of testing. However, a significant difference in the percent change compared to the baseline
times was seen between the groups at all subsequent weeks in the study (p < 0.05) (Figure 2B).

Further evidence of fine motor impairment was demonstrated by the frequency of front right paw slips between the 2 groups of animals. The
performance of the front right paw was of particular interest because microelectrodes were implanted in the left hemisphere of the brain in the
region of the motor cortex responsible for front paw control. By meticulous video analysis, paw slips were chronicled and quantified (Figure 2C).
While no significant differences were seen in the frequency of left paw slips, it was found that the implanted animals experienced significantly
more front right paw slips as compared to the control animals (an average of 0.54 ± 0.07 front right paw slips per week in the implanted animals
as compared to an average of 0.32 ± 0.02 front right paw slips per week in the control animals). When interpreting the data, an increase in the
time to cross the ladder or an increase in the number of paw slips indicates a decrease in fine motor function (Table 1).
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As a secondary measure of coordinated grasp and fine motor function, the animals completed a grip strength test (Figure 3A) where the
maximum grip strength exerted by the animals was recorded. The individual animal's weekly grip scores were normalized to their pre-surgery
baseline grip strength. It was seen that the implanted animals' post-surgery grip strength was significantly reduced compared to the control
animals' at almost every post-surgery time point. (Figure 3B). The control animals' grip strength improved following pre-surgery testing, likely
due to the training effect. Further, the control animals' grip strength was significantly greater than the baseline throughout the course of the study
(p < 0.05). Interestingly, the implanted animals' grip strength performance was significantly worse than the baseline (p < 0.01) in the first week
of testing following the recovery phase, but slowly returned to their baseline performance. Of note, a decrease in the maximum grip strength
achieved by the animal indicates a decrease in fine motor function (Table 1).

Various histological markers can be used to visualize the microenvironment near a brain implant, including neuronal nuclei, astrocytes, and
blood-brain barrier stability. Here, we performed immunohistochemical staining for IgG, a common blood protein not commonly found in the
brain. Earlier work has shown that IgG is a useful indicator of blood-brain barrier integrity as it is an antibody found in the blood, and not normally
present in the brain16,18, and therefore the presence of IgG in the surrounding brain tissue can be correlated to the integrity of the blood-brain
barrier43. Here, IgG fluorescence intensity was normalized to background brain tissue and quantified starting at the boundary of the electrode
explantation hole and moving out in concentric bins until IgG was no longer present in the tissue. The implanted animals showed a significant
increase in IgG intensity near the hole out to 150 µm as compared to the control animals. The IgG intensity in the implanted animals gradually
returned to background intensity over the distance radiating from the implanted microelectrode hole. In the control animals, having never been
implanted with a microelectrode, the normalized IgG intensity was not present in significant quantities above background intensity as the blood-
brain barrier was not damaged in these animals.

Because significant differences were seen in both the ladder performance and IgG intensity, the two were correlated (Figure 4). Here,
the normalized fluorescent intensity of the IgG area under the curve from 0-50 µm from the tissue-electrode interface for each animal was
correlated with the average of each animal's ladder performance over the course of the study. A correlation coefficient of 0.90 was determined,
demonstrating a very strong correlation between the fine motor performance and damage to the blood-brain barrier.

 

Figure 1. Representative open field grid test results. (A) This panel shows a behavioral testing setup for an open field grid test (for gross
motor and anxiety testing). The open field grid test consists of a 1 m2 acrylic sheet with 4 opaque walls of 40 cm in height, and square bottom
sections of approximately 33 cm each. (B) This panel shows a gross motor function performance measured by the number of grid lines crossed,
compared to the baseline performance. A significant difference in performance was seen between the control (n = 10) and the implanted (n = 17)
groups at 2 weeks post-surgery (p < 0.05). All error is reported as SEM. This figure is reprinted from Goss-Varley et al.27 with permission from
the Nature Publishing Group. Please click here to view a larger version of this figure.
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Figure 2. Representative ladder test results. (A) This panel shows a behavioral testing setup for a ladder test (for fine motor function testing).
The ladder consists of 2 clear acrylic sides of 1 m in length and 25 cm in height, joined by stainless steel rungs spaced at 2 cm with a 3-mm
diameter. (B) This panel shows fine motor function performance measured by time to cross the ladder, compared to the baseline performance.
The results below the dashed line indicate a decrease in performance as compared to the baseline performance. A significant difference in
performance was discovered between the control (n = 10) and the implanted (n = 17) groups for the post-surgery weeks 3 - 16 (* = p < 0.05, ** =
p < 0.01) and longitudinally across the entire study (# = p < 0.05). (C) This panel shows a quantified instance of right front paw slips. A significant
difference was discovered in the occurrence of right front paw slips per week when comparing the control and the implanted groups (* = p <
0.05). (D) This is an example of a paw slip. All error is reported as SEM. This figure is reprinted from Goss-Varley et al.27 with permission from
the Nature Publishing Group. Please click here to view a larger version of this figure.

 

Figure 3. Representative grip strength test results. (A) This panel shows a behavioral testing setup for grip strength (for fine motor function
testing). The grip strength meter consists of a weighted base with a mounted strength gauge connected to a grip handlebar. (B) This panel
shows the fine motor function performance, measured by the maximum grip strength exerted compared to the baseline performance. The results
below the dashed line indicate a decrease in performance as compared to the baseline performance. Significant differences were seen between
the control (n = 5) and the implanted (n = 6) animals for almost all post-surgical weeks (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). Further
significance was seen between the control animals' weekly and baseline performances (# = p < 0.05) and between the implanted animals'
weekly and baseline performances (## = p < 0.01). The control and the implanted animals performed significantly different longitudinally across
the entire study (@@@ = p < 0.001). Please click here to view a larger version of this figure.
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Figure 4. Correlation of IgG and ladder performance. A normalized IgG fluorescence intensity around the site of implantation was correlated
with a change in ladder performance, and a correlation coefficient of 0.901 was found (p < 0.001). Please click here to view a larger version of
this figure.

 

Table 1. Overall representative behavior data showing increase and decrease in performance compared to baseline scores for each
testing metric. The green boxes represent an improved performance which makes a motor deficit unlikely, and the red boxes represent a
reduced performance which makes motor function deficits likely.

Discussion

The protocol outlined here has been used to effectively and reproducibly measure both fine and gross motor deficit in a model of rodent brain
injury. Additionally, it allows for the correlation of fine motor behavior to histological outcomes following a microelectrode implantation in the motor
cortex. The methods are easy to follow, inexpensive to set up, and can be modified to fit a researcher's individual needs. Further, the behavior
testing does not cause great stress or pain to the animals; rather, the researchers believe the animals grew to enjoy the exercise and rewards
that came with testing. Previous studies have suggested that motor cortex damage can cause motor, memory, and functional damage44,45.
However, despite this knowledge, there is limited information on the functional impact caused by a microelectrode implantation in the motor
cortex27, which could negatively impact the clinical outcomes in patients.

Modifications can be made throughout the protocol, both in the surgical procedure and in the behavior testing. This protocol outlines the
procedure to implant microelectrodes in the motor cortex of animals in the region affecting the forepaws. This procedure can be easily adapted
to vary the implant, including electrodes for electrical stimulation46 or cannulas for drug delivery47, or the type of injury, including a TBI model48.
Further modifications can be made to the scoring metrics used on the open field grid test, and to the ladder testing apparatus. In addition to the
number of gridlines crossed, the total distance traveled, and the maximum velocity achieved by the animal, the time spent stagnant and the
number of right and left turns can also be recorded as additional parameters of motor performance32. In the ladder test, removing rungs49 or
placing the ladder on an incline50 can increase difficulty, although with the current implants the authors did not find this necessary to tease out
fine motor deficits in this application. Finally, although the testing apparatus presented here were designed to be used with rats, the units could
be scaled up or down to be used with various-sized rodents. It is important to note that if issues arise where an animal is not able to complete the
pre-surgery testing consistently, the animal should be removed from the study.

As with all behavioral testing, it is critical to remain as consistent as possible over the course of the study. It has been shown that test results can
vary based on the researcher working with the animals51, the location in which the testing is performed52, and environmental factors including
animal housing and husbandry procedures53. Additionally, research has shown great variability in producing a brain injury by way of skull heating
during a craniotomy procedure31 and models of TBI including the weight-drop model54 and mechanical variation in a controlled cortical impact
model55. Researchers should, therefore, take special care to maintain consistency in the surgical procedure, testing and housing conditions, and
in the testing personnel, among others.

Future directions of these behavior testing methods could expand upon the testing presented here to provide more thorough results. For
example, a water maze test or a rotor rod test could be incorporated to further extract anxiety56 or gross motor function57 deficits, respectively.
Additionally, future work might also aim to reduce the tissue damage caused by a device insertion in the brain. Current work in this area has
focused on inflammation mitigation through anti-oxidant treatments42,58, mechanically compliant implants41,59,60, the inhibition of the innate
immunity signaling pathway14,15, and reducing vascular damage during a device implantation31,61.
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Lastly, it must be considered that the current work was completed using healthy, juvenile, male rats that do not necessarily embody the
characteristics of the typical human patient receiving a brain implant. Additional research exploring further fine and gross motor function tasks
in characteristic disease models is required to ratify the findings presented here. In varying disease models, differences between implanted and
non-implanted sham animals may require the above-mentioned modifications to test conditions.
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Candidate materials for next generation neural recording electrodes include shape

memory polymers (SMPs). These materials have the capability to undergo softening

after insertion in the body, and therefore reduce the mismatch in modulus that usually

exists between the device and the tissue. Current SMP formulations, which have shown

promise for neural implants, contain ester groups within the main chain of the polymer

and are therefore prone to hydrolytic decomposition under physiological conditions

over periods of 11–13 months in vivo, thus limiting the utility for chronic applications.

Ester free polymers are stable in harsh condition (PBS at 75◦C or NaOH at 37◦C)

and accelerated aging results suggest that ester free SMPs are projected to be stable

under physiological condition for at least 7 years. In addition, the ester free SMP is

compatible with microfabrication processes needed for device fabrication. Furthermore,

they demonstrate in vitro biocompatibility as demonstrated by high levels of cell viability

from ISO 10993 testing.

Keywords: neural interfaces, softening behavior, accelerated aging, hydrolytic stable, shape memory polymer,

thiol-ene degradation, chronic viable polymer

INTRODUCTION

Shape memory polymers (SMPs) are an emerging class of materials. Their capability to restore
their original shape after being deformed is outstanding (Dietsch and Tong, 2007; Liu et al.,
2007; Mather et al., 2009; Lendlein, 2010; Hu et al., 2012b; Hager et al., 2015) and these
materials have found utility in a variety of potential applications, including airspace, (Ishizawa
et al., 2003; Barrett et al., 2006; Rory Barrett et al., 2006; Yanju and Jinsong, 2010; Yanju et al.,
2014) anti-counterfeiting technology, (Pretsch et al., 2012; Ecker and Pretsch, 2013, 2014a,b)
textile industry, (Matilla, 2006; Hu and Chen, 2010; Hu et al., 2012a) and as medical devices
(Feninat et al., 2002; Buckley et al., 2006; Baer et al., 2007; Kulshrestha and Mahapatro, 2008;
Lendlein and Behl, 2008; Baudis et al., 2014; Wang et al., 2017). The triggers for SMPs to
recover to their permanent shape are diverse and include direct heating above the transition
temperature of the polymer, indirect heating through electric or magnetic activation, and less
commonly, chemical modification including plasticization. The plasticization of the SMP with
solvent molecules, e.g., water, leads to a lowering of the glass transition temperature (Tg) of
the polymer due to swelling and the resulting increased free volume of the polymer chains
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(Immergut and Mark, 1965; Singhal et al., 2013). When the Tg

of a polymer is above room temperature (RT) before, but below
after plasticization, the SMP may recover its permanent shape
upon immersion in aqueous solutions at ambient temperatures.
At the same time, the polymer changes from a glassy (stiff)
materials to a rubbery (soft) material. This behavior of SMPs is
what is of interest for the development of (self)-softening SMP
substrates for bioelectronics devices. Especially for cortical neural
interfaces, there is a need for devices which are stiff enough
during the implantation to enable a sufficient penetration of the
tissue with least possible trauma. However, after implantation,
materials that soften to a modulus that is much closer to the
tissue modulus offer the promise of decreasing the foreign body
response and micromotion effects. Previously, the Voit Lab has
presented a new generation of neural implants comprising of
softening thiol-ene/acrylate polymers used as substrates (Ware
et al., 2013, 2014; Do et al., 2017; Ecker et al., 2017; Simon et al.,
2017). These devices work well for acute experiments and for
chronic experiments on the order of 1–3 months. At least one
factor limiting the long term stability of current SMP devices
may be the fact that these polymers contain ester groups in their
backbone which are vulnerable to hydrolytic degradation under
moist conditions. For future applications, including translation
to the clinic, it is necessary to have substrate materials with
increased durability under in vivo conditions to enable chronic
experiments over the course of years (Ryu and Shenoy, 2009;
Rubehn and Stieglitz, 2010; Takmakov et al., 2015; Teo et al.,
2016; Lecomte et al., 2017; ASTM, 2018), Reit et al. (2015)
have demonstrated, that the use of ester free thiol-monomers
significantly increases the durability of thiol-ene networks while
it still allows to tune the glass transition temperature and cross-
link density.

Here, we present a thiol-ene SMP formulation that is
chemically and structurally similar to the most recent ones,
but does not contain any ester groups (Do et al., 2017; Ecker
et al., 2017; Simon et al., 2017; Garcia-Sandoval et al., 2018;
Shoffstall et al., 2018). We have optimized the synthesis of a
new monomer and tailored the polymer composition to have
similar in vivo softening capabilities as previous reported SMPs.
Dynamic mechanical analysis (DMA) of the hydrolytically stable
SMP revealed that the SMP has a glass transition temperature
above body temperature when dry, but below body temperature
after being soaked in phosphate buffered saline (PBS). Thus, the
novel SMP is also able to soften under physiological conditions
to a modulus that is much closer to the tissue. To verify the
improved stability of the newmaterial against hydrolysis, we have
performed accelerated aging tests in PBS at elevated temperatures
(75◦C) for 8 weeks and in one molar sodium hydroxide (NaOH)
solution at body temperature over the course of 4 weeks. Weight
loss and mechanical properties were determined and compared
to a SMP composition that contains ester groups in the main
chain. Our results demonstrate that the ester free SMP remained
stable over the course of the study whereas the ester-containing
counterpart lost about 15% of mass after aging in PBS and even
39% after aging in NaOH. We have also demonstrated that the
new softening polymer is biocompatible, can be sterilized, and
is compatible with microfabrication methods. That makes this
polymer an ideal substrate candidate for future neural implants.

MATERIALS AND METHODS

Synthesis of 1,3,5-tris(3-mercaptopropyl)-
1,3,5-triazinane-2,4,6-trione
(TTTSH)
Trithiol monomer TTTSH was synthesized following
previously reported method (Lundberg et al., 2010) with
minor modifications (Scheme 1). Briefly, 30 g (120.4 mmol)
1, 3, 5-triallyl-1, 3, 5-triazine-2, 4, 6-trione (TATATO), 82.40 g
(1,080 mmol) thioacetic acid, and 1.98 g (12.04 mmol) 2,
2′-azobis (2-methylpropionnitrile) (AIBN) were placed in a
500mL three-neck round-bottom flask which was equipped with
condenser and nitrogen inlet. Afterward, the reaction mixture
was stirred at 65◦C for 24 h under a nitrogen atmosphere.
Excess thioacetic acid was removed by reduced pressure and
then was reacted with methanol (100ml) and concentrated
hydrochloric acid (50ml) at 65◦C for 36 h to cleave the
thioester bond. After cooling down to room temperature,
water was added (300ml) and extracted for three times
with methylene chloride (300ml). The organic mixture was
washed with sodium hydrogen carbonate solution (5%), dried
over MgSO4, and concentrated with reduced pressure. After
purification by column chromatography with gradient hexane:
ethyl acetate mixtures 1:0 to 1:4 yellowish viscous liquid was
obtained.

Fabrication of Polymers
1,3,5-Triallyl- 1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO),
Trimethylolpropane tris(3-mercaptopropionate) (TMTMP), and
2,2-Dimethoxy-2-phenylacetophenone (DMPA) were purchased
from Sigma Aldrich, whereas Tris [2-(3-mercaptopropionyloxy)
ethyl] isocyanurate (TMICN) was purchased from Evans
Chemicals, and 1,10-Decanedithiol (DDT) from TCI
Chemicals. All the chemicals were used as received without
further purification. TTTSH was synthesized as described
under section Synthesis of 1,3,5-tris(3-mercaptopropyl)-
1,3,5-triazinane-2,4,6-trione (TTTSH). Two thiol-ene SMP
compositions were prepared, an ester-free (SMP-A) and an
ester containing (SMP-B) formulation, each consisting of
stoichiometric quantities of thiol to alkene functionalities.
Exact mole fractions are: TTTSH/DDT-TATATO = 0.3/0.2–0.5
(SMP-A) and TMTMP/TMICN-TATATO = 0.45/0.05–0.5
(SMP-B) (Figure 1). A total of 0.1 wt% DMPA of total
monomer weight was dissolved in the solution for the
initiation of the photopolymerization of the monomer
solution. The vial was covered in aluminum foil to prevent
incident light from contacting the monomer solution and
kept at room temperature. Without exposing the solution
to light, the vial was mixed thoroughly by planetary speed
mixing.

The polymer solutions were spin cast on 75 × 50mm glass
microscope slides using a Laurell WS-650-8B spin coater. Spin
speed was 350 rpm and time was 45 s for SMP-A and 600 rpm
and 25 s for SMP-B in order to achieve thicknesses of about
30µm, respectively. Polymerization was performed at ambient
temperature using an UVP CL-1000 crosslinking chamber with
five overhead 365 nm UV bulbs for 60min under air. Cured
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SCHEME 1 | Reaction scheme of the TTT-SH synthesis.

FIGURE 1 | (A) Chemical structures of monomers and photoinitiator (PI) used for synthesis of polymers SMP-A and SMP-B. Ester groups are highlighted in blue, (B)

reaction mechanism of thiol-ene click reaction, and (C) schematic of polymer fabrication.

samples were then placed in a vacuum oven at 120◦C and 5 inHg
(∼16.9 kPa) for 24 h to further complete network conversion.

Test devices were either fabricated using a CO2 laser or were
fabricated in the UT Dallas Class 10,000 cleanroom facility.
The above SMP-on-glass substrates were used as the starting
substrates in the cleanroom. Low temperature silicon nitride
(using PlasmaTherm-790 PECVD) was deposited to act as a hard
mask for the following plasma etching processes in which the
device outline/shape was patterned. Adjacently, the nitride hard
mask was etched away in the 1:10 HF dip. For some SMP samples
top 4µm thick crust was etched away in oxygen plasma (Technics
RIE). In a final step, the test devices having dimensions of 4.5 ×
50mm× 30µmwere delaminated from the glass slide by soaking
in water.

Accelerated Aging
SMP-A and B were subjected to two different accelerated aging
scenarios; test samples were either immersed in 20ml phosphate
buffered saline (PBS) at 75◦C or in 1M sodium hydroxide
(NaOH) solution at 37◦C, respectively. A number of N = 3

samples were removed after 7, 14, 21, and 28 days immersion
in NaOH and after 7, 14, 21, 28, 35, 42, 49, and 56 days after
immersion in PBS. After removal, the samples were rinsed in
de-ionized water before they were dried with a lint-free cloth.
The accelerated aging in PBS follows the Arrhenius equation
under the conservative assumption for biomedical polymers
(Hemmerich, 1998) that Q10 = 2:

Accelerated Aging Time (tAA) =
Real Aging Time (tRT)

Q10

(TAA−TRT )
10

(1)

where tAA is the accelerated aging time, tRT the real aging time,
TAA temperature for accelerated aging, TRT temperature for real
time aging and Q10 the temperature coefficient. According to
the Q10 temperature coefficient, which is a derivation of the
Arrhenius equation, 1 week in PBS at 75◦C is equal to 14 weeks
at 37◦C.
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Weight and Thickness Loss
The dry weight of all samples was determined with 0.01mg
precision before and after aging. The weight loss was calculated
according the following equation:

mass loss (%) =
m0 −mT

m0
× 100 (2)

wherem0 is the weight of the neat samples andmT is the weight of
the samples after aging. A Marathon micrometer with 0.001mm
precision was applied to determine thickness of samples before
and after the aging study. The mean value and standard deviation
was calculated for N = 3 samples per aging time.

Dynamic Mechanical Analysis (DMA)
DMA was performed using a TA Instruments RSA-G2 Solids
Analyzer with the immersion system in tension mode in order to
quantify the storage modulus E’ and tan δ of dry or in PBS soaked
samples. All measurements were performed on rectangular
samples as received after the clean room processing or CO2 laser
cutting, having a width of 4.5 ± 0.1mm and thicknesses of 30 ±
3µm. The following parameters were selected: clamping distance
of 15mm, a preload force of 0.1N, a frequency of 1Hz, and a
deformation amplitude of 0.275% strain. Dry experiments were
run from 10 to 100◦C or from 20 to 120◦C using a heating rate
of 2◦C min−1. Soaking experiments were performed using the
immersion system of the RSA-G2 filled with PBS. The first step
(the soaking) included the heating from room temperature to
37◦C followed by isothermal oscillating for 60 or 120min. The
second step comprised first cooling down to the start temperature
with a rate of 3 C min−1 followed by heating from 10 to 80◦C
applying a heating rate of 2◦C min−1. All measurements were
performed on three independent specimens in order to gather
statistical results. Graphics show representative measurements
only.

Termogravimetric Analysis (TGA)
A Mettler Toledo TGA/DSC 1 was used to perform Thermal
Gravimetric Analysis on N = 3 samples before and after
accelerated aging. The polymer samples were heated from 25
to 700◦C at a heating rate of 20◦C/min and flow of 50 ml/min
nitrogen gas. Samples were approximately 5mg each.

Cytotoxicity Test
Cytotoxicity assays were carried out as previously described
(Black et al., 2018) and in accordance with the International
Organization for Standards (ISO) protocol “10993-5: Biological
evaluation of medical devices”(ISO, 2008). Briefly, 50% and
100% concentration shape-memory polymer (SMP-A) extract
was evaluated against Tygon-F-4040-Lubricant Tubing extract
(positive control) and cell medium (negative control). Material
extracts which reduced normalized cell viability percentages
below 70% were considered cytotoxic in accordance with the ISO
protocol (ISO, 2008).

Material extracts were made by soaking 3 cm2/ml of positive
control and SMP A in Dulbecco’s Modified Eagle Medium
(DMEM) at 37◦C, 5% CO2, and 95% relative humidity for

24 h in a polystyrene, glass-bottom 24 well plate (Greiner Bio-
One, Austria). NCTC clone 929 fibroblasts (ATCC, USA) were
routinely sub-cultured and seeded in a separate 24 well plate at a
density of 100,000 cells per well in complete cell medium (DMEM
with 10% horse serum) and allowed to incubate at 37◦C, 5%
CO2, and 95% relative humidity for 24 h until a semi-confluent
monolayer of cells was formed. Cell media was replaced with the
respective material extract for 24 h before being stained using
a LIVE/DEAD Cytotoxicity kit for mammalian cells (Thermo
Fisher, L3324) using manufacturer protocol. Briefly, Cells were
washed three times with sterile PBS and incubated at 37◦C with
2µM Calcein AM (CaAM) and 4µM Ethidium Homodimer
(EthD-1) for 15min. CaAM dye stained the cytoplasm of
live cells while EthD-1 stained the nucleus of apoptotic cells.
2 × 2 field stitched fluorescent images (10x objective) were
taken in each well using an inverted microscope (Nikon Ti
eclipse).

Live/dead cell counts were quantified using ImageJ (NIH).
Briefly, images were treated with a 2.0 Gaussian Blur then
automatically counted based on local intensity maxima. Further
analysis using a MATLAB program identified cells that exhibited
both live and dead stains based on cell-to-cell proximity through
and were removed from the live count. Cell viability percentage
was defined as the ratio of live cells to the total number of
cells. Cell viability percentages reported were normalized to the
negative control.

RESULTS

Synthesis of Ester Free Monomer
Trifunctional thiol (TTTSH) was synthesized by radical addition
reaction between TATATO and thioacetic acid followed by
hydrolysis in acidic media. Column chromatography was applied
to remove byproducts. Yield: 30 g (71%). 1HNMR, 13CNMR and
FTIR, support the successful synthesis (detailed plots are shown
in SI, Supplementary Figures 1–3). 1HNMR [600 MHz, CDCl3,
δ (ppm)]: 3.98 (t, J = 7Hz, 6H, -N-CH2-CH2-), 2.54 (dt, J = 7
Hz/ J = 8Hz, -CH2-SH), 1.94 (quintet, J= 7Hz, 6H, -CH2-CH2-
CH2-), 1.52 (t, 3H, J= 8Hz, -SH).13CNMR [150 MHz, CDCl3, δ
(ppm)]: 149.03(–C=O), 41.84 (–NCH2–), 31.87 (–CH2–), 21.95
(–CH2SH). FT-IR (cm−1): 2962, 2933, 2854, 2566 (νS−H), 1671
(νC=O), 1454, 1423, 1373, 1334, 1288, 1230, 759.

Softening Effect on Pristine SMPs
Our aim was to synthesize an ester free SMP formulation with
similar softening properties as previously used ester-containing
thiol-ene and thiol-ene/acrylate polymer compositions. In order
to mimic the effect of body fluids on mechanical properties of the
polymer SMP-A, dynamic mechanical analysis was performed
in dry and soaked conditions (Figure 2A). The glass transition
temperature (Tg) and storage modulus (E’) in the glassy and
rubbery state was tuned to be similar to the previously used SMP-
B (Figure 2B). Soaked conditions were achieved by immersing
the polymers in phosphate buffered saline (PBS) at 37◦C and
monitoring the storage modulus loss until the modulus no longer
decreases. We determined that the composition consisting of
TTTSH/DDT-TATATO = 0.3/0.2–0.5 had comparable values.
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FIGURE 2 | Representative DMA data of SMP-A (A) and SMP-B (B) showing the changes in the storage modulus (top), loss modulus (center), and tan delta (bottom)

after softening in PBS, respectively.

Soaking in PBS led to a modulus decrease for SMP-A from 1,020
± 67 MPa at room temperature (23◦C) to 22.1 ± 0.3 MPa after
20min at 37◦C, while the modulus of SMP-B dropped from 2,187
± 98 MPa to 28.8 ± 0.4 MPa. After soaking in PBS, the peaks
of loss modulus and tan (delta) which show the glass transition
temperature of both SMPs decreased by 12–14◦C compared to
the dry values (Figure 2). For SMP-A, Tg dropped from 46.3 ±

0.7 to 34.6 ± 0.8◦C and for the SMP-B, fell from 47.8 ± 0.4 to
33.0± 0.6◦C.

Accelerating Aging Test in PBS at 75◦C
Chronic implantable bioelectronic devices must consist of stable
substrate materials in biological environment to enable operation
for many years in vivo (Lyu and Untereker, 2009). To compare
the hydrolytic stability of the sample’s network in physiological
conditions, aging in PBS was performed. In order to accelerate
the aging process, the temperature was increased to 75◦C.
The effect of the aging conditions on mass change (Figure 3)
and viscoelastic behavior (Figure 4) of the samples were then
assessed. As shown in Figure 3A, the SMP-B was stable for nearly
4 weeks, but thereafter began to continually lose mass until the
test was stopped. After 8 weeks at elevated temperature, SMP-
B lost 14.7 ± 0.9% of its original mass. On the other hand,
SMP-A exhibited no weight loss. A similar trend is seen in
Figure 3B, where SMP-A displayed no change in thickness over

the testing period, whereas SMP-B began to thin after 5 weeks.
At the end of 8 weeks SMP-B lost 9.8 ± 1.6% of its original
thickness.

The DMA data of the SMPs aged in PBS indicates that
Tg increased each week, which can be seen in the peak shifts
of tan delta and the loss modulus, respectively. As seen in
Figure 4, the Tg for both SMP-A and SMP-B displayed higher
glass transition temperatures after soaking in PBS at 75◦C
(shifting from 47 to∼61◦C). Figure 4B indicates that rubbery
modulus of SMP-B decreases gradually and tan delta peak is
getting wider and asymmetric with increasing aging time. On the
other hand SMP-A does not show any changes in the shape of
graphs.

Accelerated Aging Test in 1M NaOH
Solution
The effect of harsh conditions (1.0M NaOH, 37◦C) on our
two different polymers (SMP-A and B) was investigated.
Mass and thickness changes (Figure 5) and mechanical
properties (Figure 6) of the polymers were compared to
the initial pristine and dry polymers. Figure 5A shows
the change in polymer mass over time. Over the course
of the 4 weeks investigation, SMP-A had no appreciable
loss of mass, whereas SMP-B showed remarkable mass
change during 4 weeks with a final mass loss of 38.7 ±
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FIGURE 3 | Mass change (A) and thickness change (B) of SMP-A and SMP-B after various aging times in PBS at 75◦C.

FIGURE 4 | Representative DMA measurements of SMP-A (A) and SMP-B (B) showing changes in the storage modulus (top), loss modulus (center), and tan delta

(bottom) after various aging times in PBS at 75◦C, respectively.

0.3%. In addition to the weight loss study, the thickness of
each polymer was monitored during the aging. Figure 5B

indicates significant thickness loss (42.1 ± 1.7%) for SMP-
B over the course of the aging test, while SMP-A was
stable.

Dynamic mechanical analysis (DMA) was performed to
investigate the stability of thermomechanical properties of both
SMPs after aging in NaOH (Figure 6). It can be seen that

there are no changes in the profiles of the storage/loss moduli,
and tan delta. We could not measure the thermomechanical
properties of SMP-B after 4 weeks of aging in NaOH, since
the polymers were already too degraded and the specimen
were brittle and ruptured (see Supplementary Figure 4 in SI).
These findings are in line with the weight loss and thickness
measurements, which also revealed drastic changes. Thermal
gravimetric analysis (TGA) was performed in order to compare
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FIGURE 5 | (A) Mass change of SMP-A and SMP-B in 1M NaOH with (B) corresponding thickness loss.

FIGURE 6 | Representative dynamic mechanical analysis after aging test in 1M NaOH solution showing changes in the storage modulus (top), loss modulus (center),

and tan delta (bottom) after various aging times at 37◦C (A) SMP-A (B) SMP-B.

thermal stability of materials before and after the aging study
in NaOH and PBS (Figure 7). It can be seen in Figure 7A

that SMP-A (top) was not affected by the aging study in
both media and degradation temperature and mass loss rate
did not change. However, SMP-B (bottom) displays a slightly

lower onset in the decomposition temperature after 4 weeks in
NaOH (from 320 to 300◦C) and even larger shift (from 320
to 250◦C) after 8 weeks in PBS media. Figure 7B displays a
more detailed view on the aging effects of 75◦C PBS on SMP-
B. The onset of the decomposition temperature shifts downward
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FIGURE 7 | Thermal gravimetric analysis of SMPs. (A) Showing weight loss and mass change rate of SMP-A (top) and SMP-B (bottom) after 4 weeks in 1 M NaOH

solution at 37◦C (red line) and 8 weeks in PBS at 75◦C (green line). (B) Weight loss (top) and mass change rate (bottom) of SMP-B in PBS over 8 weeks.

about 8–10◦C per week. In addition, the mass loss rate pattern
changes over time, in detail the shoulder at higher temperature
diminishes.

Cytotoxicity Test
To evaluate the cytotoxicity of SMP-A in vitro, we carried
out live/dead assays based on material extract treatments
in accordance with ISO protocol 10993-5. After fibroblasts
were incubated for 24 h in the material extract, cell viability
percentages were calculated and normalized to the negative
control (Figure 8). SMP A at 50 and 100% concentrations
had normalized viability percentages of 97.8 ± 0.8% (mean
± SEM, n = 6) and 93.6 ± 1% (mean ± SEM, n = 6),
respectively. The positive control had a significantly lower
viability percentage of 21.8 ± 4.7% (mean ± SEM, n = 6)
(Figure 8B). Normalized viability percentages for SMP A at
both 50 and 100% concentrations were both above the 70%
threshold and deemed non-cytotoxic in accordance with ISO
protocol 10993-5.(ISO, 2008) The in vitro cytotoxicity of SMP-
B was evaluated in a different study (Black et al., 2018) and is
therefore not shown detailed herein. The other study revealed
that SMP-B (which was named FS SMP in the other study) had
normalized viability percentages of 99.1 ± 0.7 % in the case of
NCTC fibroblasts.

DISCUSSION

The focus of this study was to compare the stability of two types
of SMPs that are applicable for flexible bioelectronic devices.
Finding the appropriate substrate for the use in self-softening
bioelectronic devices requires an understanding of the chemical
structure and composition of the monomers for fine-tuning
of the glass transition temperature of the final polymer. Glass
transition (Tg) is critical to designing polymeric substrates for

softening bioelectronic devices, since the Tg must be higher than
body temperature prior to insertion for easy handling. After
insertion however, a Tg higher than body temperature may cause
an inflammatory response because the polymer is still in its glassy
(stiff) state. Both SMP-A and SMP-B were synthesized utilizing a
thiol-click polymerization mechanism and the glass transitions
were tuned to be between 42 and 46◦C in dry conditions and
around 34◦C when immersed in PBS. The mechanical properties
of the SMPs change in the aqueous environments due to the
plasticization effect of water molecules on polymer films. The

storage modulus E
′

decreased significantly after 25 and 10min
immersion in PBS at 37◦C, for SMP-A and SMP-B, respectively.
Therefore, the glass transition in dry condition is high enough
for handling during insertion and low enough to minimize an
inflammatory response under physiological conditions. After
finding the proper composition for both SMPs, the polymers
were evaluated for long-term stability in two different media;
PBS to mimic the aqueous environment in vivo at elevated
temperature (75◦C) and a harsher alkaline solution (NaOH)
at 37◦C. Afterward, the weight loss and thermomechanical
properties of the SMPs were investigated.

The weight loss and thickness loss data of polymers in PBS
(Figure 3) indicates that SMP-B is stable until the fourth week
but thereafter begins to continually lose weight and thickness up
to 15 and 10%, respectively. According to equation 1, aging test
at 75◦C for 1 week is equivalent to 14 weeks at body temperature.
Therefore, SMP-B is expected to start to degrade after about 56
weeks (14 months) under physiological conditions. While this
time span might be long enough for many chronic and sub-
chronic studies on animals, which usually last 3 months to a
year, it would not be sufficient for long-term chronic applications,
which may take several years to decades. In contrast, SMP-A data
shows that ester-free polymers are stable under these conditions
until the end of this study, which was 8 weeks (projected to
∼26months under physiological conditions) without any signs of
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FIGURE 8 | SMP-A Cytotoxicity assays using NCTC fibroblasts (A)

Fluorescent image of NCTC fibroblasts stained with CaAM (green) and EthD-1

(red). Green cells represent live cells while red cells represent apoptotic cells.

Scale bar represents 100 µ m (B) Mean normalized cell viability percentage of

SMP A at 50 and 100% concentrations, positive control, and negative control.

Blue dotted line represents the 70% threshold based on ISO protocols (ISO,

2008) needed to pass for non-cytotoxic materials.

degradation. Harsh conditions (1M NaOH) were used to further
accelerate aging, which will be discussed later.

DMA data (Figure 4) reveals that the glass transition
temperature of both polymers shifts to a higher temperature with
increasing aging time, which is indicated by shifted loss modulus
and tan delta peaks. In order to investigate whether this effect
is due to the PBS or due to the relatively high temperature (this
effect was not seen upon aging on NaOH at 37◦C), additional
experiments were performed. We aged SMP-A samples in de-
ionized (DI) water at 75◦C for up to 3 weeks, respectively, before
DMAmeasurements were conducted and compared to the aging
study in PBS at the same temperature. DMA data (shown in SI,
Supplementary Figure 5) revealed that the samples aged in water
showed similar shifting in Tg, which shows that the elevated
temperature causes annealing effects. We do not expect to see
such effects at body temperature. In addition, the DMA data

shows that after 4 weeks of aging test in PBS, the rubbery storage
modulus started to decrease and tan delta got wider which means
the SMP-B started to lose the crosslink density. Since accelerating
aging test was performed at 75◦C (above the glass transition of the
polymer), the mobility of polymer chains and diffusion of water
molecules were increased. Therefore, the water migration into
the polymer was faster than the reaction rate of the hydrolysis,
which leads to bulk degradation (Lyu and Untereker, 2009).
TGA data (Figure 7B) also confirms that at higher temperature
water molecules can diffuse into the polymer structure and
hydrolize ester functional groups. That causes a loss in the
crosslink density of polymer. With that, the thermal stability of
the polymer was reduced as shown by decreased decomposition
temperatures. The diminishing shoulder at higher temperatures
can be attributed to the fact that the polymer network got
already broken down by hydrolysis. Fragments of the hydrolyzed
TMICN and TMTMP monomers have already left the polymeric
network and therefore do no longer contribute to the thermal
decomposition profile of the polymer. To further investigate
the degradation of the polymers, gas chromatography-mass
spectroscopy (GS-MS) was applied on the PBS solution after
aging. GC-MS data (shown in SI, Supplementary Figure 7)
indicates that tris(hydroxymethyl)propane was released from
SMP-B. In contrast, however, SMP-A did not reveal any
degradation products in the PBS after aging. That confirms
our assumption that the ester-containing SMP-B undergoes
hydrolysis since tris(hydroxymethyl)propane is a fragment of the
monomer TMTMP, which used for the synthesis of this polymer
(Supplementary Scheme 1).

Figure 5 shows the weight loss and thickness loss of SMP-A
and SMP-B in NaOH solution. According to the graphs, SMP-
A, which does not contain ester groups, is completely stable and
the weight and thickness did not change over the course of the
aging study. On the other hand, ester-group containing SMP-
B started to hydrolize which leads to a 38% and 42% decrease
in weight and thickness, respectively after 4 weeks. It was seen
that SMP-B had a maximum weight loss of 15% after 8 weeks in
PBS at 75◦C, which was approximately the same as for aging in
NaOH for 9 days. Therefore, we assume that the aging in NaOH
at 37◦C is roughly six times faster than in PBS at 75◦C. Based
on the equation 1, 1 week in PBS at 75◦C is equal to 14 weeks at
37◦C. Taking both considerations into account, we estimate that
4 weeks degradation in NaOH at 37◦C is equal to 24 weeks at
75◦C. Therefore, it could be concluded that SMP-A is projected
to be completely stable for at least 7 years under physiological
conditions.

The DMA data of SMP-A and SMP-B after aging in NaOH
(Figure 6) indicates that Tg, loss and storage moduli of SMP-
A are completely conserved, while SMP-B degrades too rapidly
for data collection after 4 weeks. All of the SMP-B samples
tore apart during testing before obtaining a glass transition
temperature (see Supplementary Figure 4 in SI). Since salts and
ions have low solubility in polymer chains, hydroxide ions did
not diffuse into the polymer structure and hydrolysis took place
on the surface (Lyu and Untereker, 2009). Therefore, erosion
of the polymer occurred from the outside to the inside of the
film. Another finding was, that in contrast to the aging in
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PBS, the rubbery modulus of SMP-B did not decrease. That
indicates that there are no changes in the polymeric network
and the crosslink density. These findings support the hypothesis
that aging in NaOH follows surface erosion rather than bulk
degradation. We have also noticed, that the aging at 37◦C was
not affecting the Tg of the polymers, which indicates that no
annealing took place at this temperature. Additionally, we have
performed ATR-FTIR of polymers SMP-A and SMP-B before
and after both aging scenarios (Supplementary Figure 8 in SI).
SMP-A shows as expected no changes in surface chemistries
after both aging studies. SMP-B however has shown only minor
changes after 4 weeks in NaOH, wheras it shows more distinct
changes after aging for 8 weeks in PBS. It can be seen for
example a broad peak appearing between 2,500 and 3,500 cm−1,
which can be assigned to the hydroxyl (OH) and carboxyl
(OH) streching vibration signatures, which is due to hydrolized
polymer fragments. These measurements support the bulk vs.
surface erosion theory further. Even if ATR is a surface method,
the penetration depth of the IR beam is between 0.5 and 5µm
into the bulk of the sample. Therefore, the bulk degraded sample
(PBS aged) shows a higher number of degraded moieties per
volume measured.

Thermogravimetric analysis graph (Figure 7) displays
SMP data before and after aging in NaOH. Figure 7A

indicates that SMP-A is completely stable, while for SMP-B
the onset of decomposition shifts about 30–40◦C toward
lower temperatures after aging. In general, polymers with
decomposition temperatures higher than ∼300◦C are favorable
for the fabrication of bioelectronic devices. Themicro-fabrication
of such devices uses processes such as photolithography, metal
deposition, reactive ion etching, and chemical etching.

It should be noted that long term implants are not only
subjected to hydrolytic degradation in an in vivo environment.
Takmakov et al. (2015) pointed out that hydrolytic degradation
alone may not adequately capture the aggressive chemical
environment that is created by activated immune cells, which
release digestive enzymes and reactive oxygen species (ROS).
They have developed an in vitro system to simulate degradation
of neural implants that can occur in a stressful environment
by using hydrogen peroxide to mimic the effect of ROS
generation during the brain’s injury response.While this presents
an important part of real live conditions, the focus of the
present study is on the hydrolytic degradation only, because
we wanted to demonstrate the improved durability of the ester
free SMP-A against the ester containing SMP-B. In future
studies however, we will perform experiments to evaluate
the durability of thiol-ene and thiol-ene/acrylate formulations
against oxidative species such as hydrogen peroxide. We do
not expect to see any differences between ester containing
and ester free versions because the ester groups are reported
in literature to be not susceptible for oxidation (Lyu and
Untereker, 2009). The sulfide groups however, may undergo
oxidation to sulfoxides and sulfones using 30% aqueous
hydrogen peroxide (Jeyakumar and Chand, 2006; Gregori et al.,
2008).

The ultimate goal is to utilize the hydrolytically stable SMP-
A as a substrate for neural interfaces and therefore have an

alternative to the currently used softeing SMP versions (Simon
et al., 2017; Garcia-Sandoval et al., 2018). To validate that
the polymer is compatible with microfabrication processes,
SMP-A was spin-coated on silicon wafers and subjected to
photolithography as previously decribed (Ecker et al., 2017).
Briefly, the polymer was covered by a silicon nitride (SiN) hard
mask before it was coated with positive photoresist. Afterward,
a photomask was used to pattern the pacifier probe through
the photoresist by exposure to UV light. Next, the probe was
subjected to dry etch with SF6 to remove unpatterned hard
mask. Subsequently, oxygen plasma was applied to remove excess
polymer and patterned photoresist. Finally, the sample was
etched with hydrofluoric acid to remove SiN that was on the
SMP (Garcia-Sandoval et al., 2018). Themicro-fabricated pacifier
probes were also used for the in vitro cytotoxicity test.

Another important aspect is that materials for biomedical
applications should be biocompatible and sterilizable. The
materials need to be able to show a desirable performance
with respect to a specific medical treatment, without any
unwanted effects on the tissues (Johnson and Shiraishi, 2014;
Huang et al., 2017). One of the tests for evaluating prospective
biocompatibility of biomedical devices before clinical survey
is in vitro cytotoxicity (Johnson and Shiraishi, 2014). To
investigate the potential toxicity without affecting the mechanical
or chemical properties of the polymer, cytotoxicity tests were
performed on pacifier probes by incubating fibroblasts with
extract of SMP-A for 24 h. Figure 8 confirms that the extract of
the polymer at both concentrations is reliable and the polymer
is expected to be safe for biomedical applications. We have
seen, that SMP-B produces some water soluble byproducts after
hydrolysis. These byproducts may undergo some deleterious
reactions including oxidation in vivo. Therefore, the degraded
polymer may not prove to be as biocompatible as the original
polymer. Additional studies, such as functional neurotoxicity or
cytotoxicity assays using primary cortical neurons, (Charkhkar
et al., 2014) need to be performed to further investigate
potential harm of degradation product. On the other hand,
SMP-A sustained even in harsh conditions without any signs of
degradation and therefore is less of a biocompatibility concern.
Biomedical devices need to be sterilized properly for in vivo
studies. To inquire the effect of sterilization on mechanical
properties, SMP-A was subjected to sterilization with ethylene
oxide (EtO) as previously described (Ecker et al., 2017). Since
the sterilization with EtO was performed at a low temperature,
it has negligible effects on the mechanical properties of SMPs.
DMA data (shown in SI, Supplementary Figure 6) before and
after sterilization shows that storage modulus and glass transition
did not change remarkably.

CONCLUSION

Ester free (SMP-A) and ester containing (SMP-B) polymers
with comparable thermomechanical properties and softening
capabilities were prepared and their stability in vitro was
evaluated. Accelerated aging tests were performed on both
polymers and their stability was compared. According to the test
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results, ester free polymers are projected to be stable for at least 7
years in the biological environment, whereas the ester containing
polymer should be stable for approximately 1 year. Therefore,
the new ester-free polymer (SMP-A) is a good candidate for
future devices. It was stable under the tested conditions and
is therefore much more reliable and robust than SMP-B, but
still biocompatible. Furthermore, fabrication of pacifier probes
demonstrated that SMP-A was stable in cleanroom processes and
conserved its mechanical properties. Next steps will include the
fabrication of fully functional neural interfaces and their testing
in vitro as well as in vivo.
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1. Introduction

Polymers and polymer-composites are increasingly used 
for in vivo biomedical applications and have become an 
indispensable part of modern medicine.[1] This is attrib-
uted to their versatility: polymers can be designed and pre-
pared with a wide variety of structures with customized 
physical, chemical, and surface properties. Applications 
include, but are not limited to, polymeric therapeutics and 
diagnostics, dental implants, catheters, joint replacements, 
ligaments, vascular grafts, and heart valves.[2]

Polymer classes used for biomedical applications 
include biodegradable polymers,[3] polymeric micelles 
and vesicles,[4] nanoparticles,[5] hydrogels,[6] and den-
drimers.[7] Recently, shape memory polymers (SMPs) have 
been under extensive investigation for their use for bio-
medical applications.[8]

In general, SMPs are stimuli responsive materials.[9] 
They have the capability to change their shape in 
response to certain external stimuli, such as temperature, 
electricity, magnetic fields, pH, or moisture. Beyond that, 
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their phase (and thus, their shape) transition tempera-
ture can be shifted in response to plasticizing effects of 
solvents, including water, resulting in a lower modulus 
at a given temperature. With regard to biomedical appli-
cations, current studies focus on surgical and implant-
able devices for therapeutics and diagnosis, such as 
self-expanding stents,[10] intelligent sutures,[11] active 
catheters,[12] and microscale neural interfaces.[13] In fact, 
our group focuses on the development and demonstration 
of self-softening devices for recording and stimulation of 
neural systems, taking advantage of the thermomechan-
ical properties of SMPs.[14] The principle of these devices 
is that they are rigid (glassy) during insertion but become 
elastic (rubbery) during use to minimize the modulus dif-
ferential between neural tissue and the device that has 
been associated with neuroinflammation.[15]

Medical devices undergo sterilization to be used in 
clinical environments in order to remove various micro-
organisms.[16] Established methods, which are listed in 
the FDA Guidance[17] include steam, ethylene oxide (EtO), 
and radiation.[16,18] However, these techniques may influ-
ence the material properties of the polymers significantly. 
Therefore, it is important to study the physical impact 
of the sterilization methods on medical devices,[19] espe-
cially on heat sensitive materials such as SMPs, which 
may alter their thermomechanical properties.[20] Hence, it 
is no surprise that in 2014, Wong et al. raised significant 
concerns about the biomedical practicality of SMPs, given 
the uncertainties related to sterilization.[21]

In this paper, we examine the effects of sterilization 
on the thermomechanical properties of neural probe 
test structures comprised of SMP. We verify sterilization 
efficacy by performing chromogenic residual endotoxin 
assays with samples composed of SMP formulations. 
Our findings indicate that SMPs composed of thiol-ene 
and thiol-ene/acrylates are sensitive to various steriliza-
tion approaches, where shifts in transition temperature 

and modulus are evident. We show that with the use of a 
mild plasma etch prior to steam and EtO sterilization, the 
SMP based test devices exhibit homogenous mechanical 
behavior that is consistent with well-defined polymer 
network structures. The overall procedure does not affect 
the functionality of the SMPs, such that the test devices 
still undergo controlled softening after immersion in 
aqueous solution.

2. Results

2.1. Fabrication of SMP Test Devices

To create SMPs which could undergo different degrees of sof-
tening, we prepared thiol-ene (SMP-FS, fully softening) and 
thiol-ene/acrylate (SMP-SS, slightly softening) poly mers  
with stoichiometric thiol to ene contents using photo-
initiated thiol-ene click chemistry (Scheme 1).[22] In order 
to mimic the conditions actual devices would undergo, 
both SMP substrates were photolithographically defined 
using cleanroom processing methods such as nitride depo-
sition, plasma, and hydrofluoric acid (HF) etch to receive 
rectangular specimens having dimensions of 4.5 mm ×  
50 mm × 30 μm. Some of the samples were subjected to an 
additional oxygen plasma etching step before they were 
singulated. This removed ≈4 μm of the top surface but was 
accompanied by the nontransparent, milky appearance 
of the samples due to light scattering at the roughened 
surface.

In contrast to prior studies, where cast samples with 
thicknesses in the mm range were used for thermome-
chanical investigations due to a limitation of traditional 
techniques in their ability to measure thin films,[14a,c] we 
herein prepared spin coated samples in the μm thick-
ness range, which is the thickness of devices used for  
in vivo studies. Unexpectedly, the thermal and mechanical 

Macromol. Mater. Eng. 2017,  ,  1600331

Scheme 1. Chemical structures of monomers used for the different polymer compositions and the used photoinitiator (left) and scheme 
of thiol-ene reaction (right).
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properties were strongly dependent on the preparation 
method. The Tg of cast samples was significantly lower 
than spin coated samples having the same monomer com-
position. This might be explained by different curing sce-
narios: namely, the cast samples were covered by a glass 
slide which absorbs a part of the UV radiation and thus 
leads to lower energy transfer to the polymer solution 
including the photoinitiator compared to the spin cast 
samples which were uncovered. In addition, the exposure 
of the polymer solution to oxygen as part of the atmos-
phere in case of the spin cast samples might influence the 
cross-linking behavior as well. It is known, that oxygen 
can inhibit the cross-link reaction of acrylates.[23] In case 
of the thiol-ene reaction, oxygen is not acting as inhibitor, 
but however can be incorporated into side chains of the 
polymer network through a well-described mechanism.[24] 
In order to eliminate possible effects caused by oxygen, 
some samples were cured under varied curing scenarios, 
namely irradiation under 254 nm for 2 h under nitrogen 
and argon atmosphere instead of air. The thermomechan-
ical properties of SMP-FS after the different curing sce-
narios are shown in Figure 1. The properties did not sig-
nificantly differ from each other after curing under varied 
atmospheres, indicating that the presence of oxygen 
during the curing did not influence the bulk thermome-
chanical properties of thick polymer networks. However, a 
removal of the top 4 μm from the top surface by an oxygen 
plasma etch changed the polymer properties noticeably. 
The drop in modulus was more pronounced and the glass 
transition region was narrower, which is representative of 
more homogenous networks as prior to etching. This sur-
face treatment was used prior to all following sterilization 
procedures in order to assure consistent conditions.

In addition, the differences in surface chemistries 
before and after etching were investigated by means of 
attenuated total reflectance Fourier transform infrared 
spectroscopy (ATR-FTIR) (shown in Figure S1, Supporting 

Information). The oxygen plasma etching resulted in an 
increased absorbance from 3580 to 3060 cm−1, which is 
attributed to hydroxyl groups. Beyond that, the peaks at 
2961, 2926, and 2854 cm−1, which are attributed to asym-
metrical and symmetrical CH stretching vibration of CH3 
and CH2 groups, increased noticeably. The rest of the 
spectra showed no significant changes. This observation 
indicates that the oxygen plasma etching causes changes 
in the number of the alkyl and hydroxyl groups within 
the polymer surface, possibly through bond breaking, for-
mation of radicals, and reformation of new bonds.[25]

2.2. Sterilization of SMP Test Devices

Surface etched SMP samples were subjected to different 
sterilization methods. All specimens were mounted in a 
manner that they were hanging downward and were free 
floating (not attaching any surface) in order to prevent 
them from bending or twisting. The impact of sterilization 
on thermomechanical properties appeared to depend on 
the sterilization method rather than on the polymer com-
position. For example, SMP-FS and SMP-SS showed similar 
shifts in Tg after EtO exposure (Figure 2). In addition, the 
surface properties of the SMP samples were investigated 
by means of ATR-FTIR spectroscopy to see if there are any 
changes caused by the sterilization procedures (Figure 3). 
The IR spectra of both investigated SMP networks showed 
only minor changes in the peak intensities after the 
applied sterilization methods. This suggests that sterili-
zation does not alter the chemical properties of the SMP 
materials.

2.2.1. UV Sterilization

After 120 min of UV irradiation at 254 nm, the glass 
transition region was less narrow than for neat samples 
(Figure 2). At the same time, the characteristics of the drop 
in storage modulus E′ when passing the glass transition 
region changes drastically where the curve shows a two-
fold transition. The initial modulus change was similar 
to neat samples, but after 8–10 °C the slope changed to a 
smaller value. In the tan δ curves of the UV sterilized sam-
ples, there was also a second, less distinct but broad peak/
plateau visible. In case of the SMP-FS, the second Tg was 
found around 68 °C, in case of the SMP-SS the tan δ curve 
remained at a plateau after the Tg peak. However, the main 
Tg remained almost unaffected at the same temperature.

These findings indicate that the resulting polymer net-
work within the sample is inhomogeneous. In order to 
verify whether this behavior was due to any plasticizing 
effects caused by the ethanol dip prior to UV exposure, we 
also investigated the material properties for UV treatment 
only. The effects appeared to not be related to the ethanol 
dip, since the modulus followed the same characteristics 

Macromol. Mater. Eng. 2017,  ,  1600331

Figure 1. DMA measurements of SMP-FS samples after curing 
in different atmospheres, namely air, argon, and nitrogen. The 
dashed graph shows the storage modulus E′ of a sample cured 
under air, but with postetching of the first 4 μm.



M. Ecker et al.

www.mme-journal.de

Macromolecular
Materials and Engineering

© 2016  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim
1600331 (4 of 10)

www.advancedsciencenews.com

in both cases. However, a removal of the top 4 μm from 
the UV exposed surface by an additional oxygen plasma 
etch changed the overall materials properties back to a 
uniform glass transition (not shown herein). This obser-
vation suggests that the bulk properties remained unaf-
fected while the surface properties were changed by the 
intense UV irradiation.

2.2.2. Autoclave

The thermomechanical properties of the different polymer 
compositions were not affected by the autoclave steriliza-
tion, which includes exposure to steam at 121 °C followed 
by a drying cycle. The temperature dependent storage 
modulus E′ did not show any significant differences after 
treatment with steam and pressure as visible by almost 
congruent dynamic mechanic analysis (DMA) curves 
(Figure 2). Beyond that, no shift in Tg was evident, indi-
cating that the SMPs are stable with respect to their net-
work structures and hence with their thermomechanical 
properties as well.

2.2.3. Ethylene Oxide

When measuring DMA of SMP samples shortly after steri-
lization with EtO gas, the glass transition region broad-
ened and Tg shifted 5–7 °C toward lower temperatures 
(dashed green lines in Figure 2). The storage modulus 
E′ of both SMPs remained the same in the glassy state 
(at temperatures below the Tg) as well as in the rubbery 
regime (at temperatures above Tg) post sterilization. How-
ever, when repeating the same DMA measurements on 
samples sterilized at least 7 d prior to measurement on 
the DMA, the Tg shifted back to the value of nonsterilized 
samples (solid green lines in Figure 2). This observation 
suggests that EtO gas has a reversible plasticizing effect 
on the polymer, and that the exposed SMP samples need a 
longer aeration phase for removal of EtO gas as compared 
to other materials. The degassing time could be reduced to 
3 d by keeping the samples under low vacuum (0.62 bar). 
It might be possible that the degassing time could be 
reduced even further by simultaneously increasing the 
temperature.

Macromol. Mater. Eng. 2017,  ,  1600331

Figure 3. Normalized ATR-FTIR spectra of surface etched a) SMP-FS and b) SMP-SS samples after various sterilization methods.

Figure 2. DMA measurements of the a) SMP-FS and b) SMP-SS samples after surface etch followed by various sterilization methods. Top 
shows the storage modulus E′, the bottom the tan δ, respectively.
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In order to further investigate this phenomenon, we 
performed ATR-FTIR measurements on samples before 
and after EtO sterilization. We observed only minor 
changes in the surface chemistry of the SMP (Figure 3). 
The broad peak at 3580–3060 cm−1 was slightly increasing, 
indicating the incorporation of hydroxyl groups. Since the 
ATR-FTIR measures only surface effects, we also extracted 
the remaining EtO from sterilized SMP-FS samples in 
acetone after different degassing times and performed 
1H-NMR spectroscopy (shown in Figure S2, Supporting 
Information). Directly after the sterilization, a peak at 
2.6 ppm was evident. This peak diminished significantly 
after additional degassing time.

2.3. Endotoxin Measurements of Sterilized Test Devices

Endotoxin tests were performed on SMP-FS and SMP-SS test 
devices that were sterilized by EtO using a 24 h cycle, followed 
by 15 d of outgassing under standard ambient temperature 
and pressure. Both samples showed minimal endotoxin 
contamination, achieving levels below the threshold sug-
gested in the FDA Guidance for Industry for cerebrospinal 
fluid (CSF)-contacting implanted devices (0.06 EU mL−1,  
Figure 4).[26] In particular, the samples revealed values of 
0.037 (SMP-FS) and 0.045 EU mL−1 (SMP-SS), respectively.

2.4. Soaking of Neat and Sterilized SMP Test Devices in 
Phosphate Buffered Saline (PBS)

We investigated the soaking behavior of the different SMP 
compositions before and after sterilization. DMA measure-
ments were performed using the RSA-G2 with Immersion 
System (Figure 5).

The specimens were clamped, the PBS added, and 
the measurement was started immediately. The first  
step consisted of rapid heating from room temperature to 

37 °C followed by isothermal soaking of the polymer films 
(Figure 6). The second step included cooling from 37 to  
20 °C followed by application of a heating ramp from 
20 to 70 °C while still immersed in PBS (Figure 7). As 
expected, the aqueous environment altered the mechan-
ical properties of the SMP. For both compositions, the 
storage modulus E′ dropped noticeably after 10–20 min 
immersion in PBS at 37 °C, for the fully softening SMP 
more pronounced than for the slightly softening SMP 
(Figure 6). After the initial drop, the modulus remained 
at a constant plateau for the remaining soaking interval. 
The behavior before and after sterilization with EtO was 
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Figure 4. Results of endotoxin testing for SMP-FS and SMP-SS 
samples after sterilization with EtO. Control sample is certified 
endotoxin-free water exposed to the incubation period, han-
dling, and preparation as the test devices. Thresholds of accept-
able endotoxin concentration (EU mL−1) limits, as set forth by FDA 
Guidance for Industry for implantable devices, are indicated by 
horizontally dashed lines.

Figure 5. Setup for a) dry and b) immersed DMA measurements.

Figure 6. DMA measurements of surface-etched SMP-FS (top) 
and SMP-SS (bottom) before and after EtO sterilization. Shown 
are the storage modulus E′ (black) and the respective tempera-
ture (grey) during soaking in PBS over the immersion time.
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similar. The modulus of nonsterilized SMP-FS dropped 
from 1809 MPa at room temperature directly after inser-
tion to 41 MPa after 20 min in PBS at 37 °C, whereas 
the modulus of sterilized SMP-FS dropped from 1490 to 
31 MPa. For the SMP-SS, E′ dropped from 1768 to 1232 MPa  
before, and from 1721 to 1165 MPa after sterilization. 
After 60–120 min soaking in PBS, the Tg of both compo-
sitions was observed to decrease by 15–20 °C compared 
to the dry values (Figure 7). The glass transition tempera-
ture for nonsterilized SMP-FS (control) dropped from 49.0 
to 33.3 °C; the sterilized SMP-FS dropped from 48.4 to  
33.9 °C. The Tg values for the nonsterilized SMP-SS sam-
ples changed from 74.6 to 57.9 °C, whereas the sterilized 
samples changed from 74.4 to 55.9 °C. The storage moduli 
in the glassy and rubbery states after soaking have been 
almost the same for both compositions, before and after 
sterilization with EtO. The only difference was observed 
for the SMP-FS at 25 °C, where the glassy modulus for 
sterilized samples was lower (540 MPa) as for the non-
sterilized equivalents (950 MPa). This might be caused by 
plasticization effects, but has no impact to the function-
ality of devices since these are values of soaked samples. 
For dry samples, the storage modulus in the glassy state 
is in any case high enough for a reliable handling during 
insertion. Although the maximum temperature to which 
the immersed samples could be heated was limited to  
70 °C, which was attributed to the experimental setup, 
this was high enough to verify the tan δ peak and the 
rubbery modulus of both compositions after softening 
because the glass transition of both polymers was within 
this temperature range.

The softening characteristics of the herein tested 
thiol-ene and thiol-ene/acrylate were not impaired. This 

indicates, that sterilization with EtO gas has insignificant 
influence on modulus as a function of temperature and 
does not affect the degree of softening of the SMP.

3. Discussion

We have shown for the first time that SMP-based struc-
tures designed for neural implantation tolerate steriliza-
tion procedures necessary for reliable preclinical studies 
and eventual clinical use.

One key challenge, when using biomedical devices  
in vivo, is their proper sterilization. A common way to 
sterilize temperature sensitive polymeric devices is the 
use of 254 nm UV light. However, the thermomechan-
ical properties of SMP-SF and SMP-SS were significantly 
affected through the UV treatment (Figure 2). The inho-
mogeneity between surface and core could be explained 
by accelerated ageing effects of the polymer caused by 
irradiation for 2 h at 254 nm. These include chain scis-
sions and formation of new bonds. In particular, thioether 
bonds are relatively weak and are known to be susceptible 
to photoinduced cleavage.[27] Further investigations would 
be necessary to clarify the specific underlying mecha-
nisms in these particular networks.

In contrast, sterilization with steam and EtO did 
not significantly affect the thermomechanical proper-
ties of the SMP test devices or their surface character-
istics as demonstrated by DMA (Figure 2) and ATR-FTIR 
(Figure 3) measurements, respectively. These findings are 
in line with the findings of Yakacki et al.,[20] who studied 
the thermomechanical behavior of acrylate-based SMPs 
after various sterilization methods.

Macromol. Mater. Eng. 2017,  ,  1600331

Figure 7. DMA measurements of surface-etched a) SMP-FS and b) SMP-SS before and after EtO sterilization. Showing the storage modulus 
E′ (top) and the tan δ (bottom) of dry (black) and of in PBS soaked (grey) samples, respectively. Vertical line indicates the values at 37 °C.
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However, with regard to the fabrication of function-
alized devices, steam sterilization is inappropriate. The 
deposited metals and electronic connecters might be 
corroded by the harsh conditions. From a more general 
viewpoint, it would also be difficult to sterilize tempo-
rary deformed SMPs having a transition temperature 
below 120 °C without triggering the shape memory 
effect.

Unlike sterilization by steam, EtO sterilization is per-
formed at low temperatures and therefore more suitable 
for temperature sensitive materials such as SMP. Even 
though the Tg is depressed shortly after sterilization by a 
few degrees due to plasticization, this effect was shown to 
be reversible (Figure 2). After an extended degassing step, 
the material behaved the same as before sterilization.

Sterilization methods, including EtO, steam, and dry 
heat, were previously tested to compare their ability to 
remove endotoxins from silicon microelectrodes. Ravi-
kumar et al. demonstrated that decreased levels of endo-
toxin contamination left on sterilized implants directly 
corresponded to decreases in acute neuroinflammation 
surrounding microelectrodes implanted in mice brains.[28] 
Specifically, EtO gas sterilized implants had less residual 
endotoxins, resulting in less neurodegenerative effects 
than autoclaved or heat treated implants. Consequently, 
we strived to apply an EtO-based sterilization method 
for SMP devices. In fact, SMP-FS and SMP-SS met the 
FDA-recommended criteria for maximum residual endo-
toxin concentration for CSF-contacting implanted devices 
(<0.06 EU mL−1) (Figure 4).

With regard to the application of SMP as softening 
neural probes, equally as relevant as the room tempera-
ture behavior of dry test devices, is their behavior under 
conditions representative of in vivo use. Therefore, we 
soaked the test devices before and after sterilization in 
PBS at 37 °C and monitored the change of their thermo-
mechanical properties. The water uptake accompanied 
rapid reduction of both the modulus and glass transition 
temperature, faster than prior studies.[13b] After 10 min 
of immersion, the storage modulus of SMP-FS decreased 
by two orders of magnitude, while the modulus of 
SMP-SS decreased just by a few hundred MPa (Figure 6), 
which is in line with the proposed softening character-
istics of the individual polymers. For both compositions, 
the modulus was stabilized at a plateau after 15–20 min, 
and therefore the softening of the SMP test devices was 
considered to be complete. This gives the surgical time-
frame for the reliable insertion of devices (≈10 min) into 
the body before they become too elastic and may buckle 
when attempting to penetrate tissue. The values for 
the EtO sterilized samples were comparable to the non-
sterilized equivalents, showing that the degree of sof-
tening and the time required for plasticization, was not 
impaired.

The second part of the measurement of the soaked 
samples comprised a heating ramp from 20 to 70 °C 
to validate the material properties after plasticization 
caused by the aqueous solution (Figure 7). It is widely 
known that molecular interaction between water and 
the polymer chains leads to increased free volume which 
allows increased chain segment mobility.[29] As expected 
from prior studies with similar thiol-ene and thiol-ene/
acrylate networks,[13b] the shift in Tg from the dry to the 
soaked state was ≈15 °C for both, the fully softening and 
the slightly softening SMP. Once again, the sterilization 
with EtO gas had only a minor influence on the thermo-
mechanical properties of the herein tested thiol-ene and 
thiol-ene/acrylate, showing that the functionality of the 
SMP was not affected. Thus, this sterilization method 
seems to be promising for functionalized devices using 
the herein presented SMPs as a substrate. However, the 
properties of fully functionalized and packaged devices 
may differ from the herein investigated test structures, 
and therefore it is important to investigate in how far 
sterilization has an impact on the electrical behavior and 
overall performance on bioelectronic devices.

4. Conclusions

We have demonstrated that softening SMPs composed of 
either thiol-ene or thiol-ene/acrylate networks are compat-
ible with various sterilization methods. In particular, the 
treatment with EtO gas did not damage thin photolitho-
graphically defined polymer films and seems to be a prom-
ising method to sterilize softening neural probes. Using 
DMA equipped with an immersion system, we observed 
that EtO sterilized samples showed only minor changes 
in their thermomechanical properties, and more impor-
tantly, the engineered softening behavior of SMPs was not 
impaired. In addition, sterilization of the samples met the 
FDA Guidance for residual endotoxin concentrations. Our 
findings have significant implications for the commercial 
biomedical application of SMP-based devices including 
neural electrodes. By building sterilization methods into 
our fabrication processes and factoring sterilization effects 
into material design, the biomedical application potential 
of novel materials such as SMPs can be realized.

5. Experimental Section

5.1. Polymer Solutions

1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO), 
tricyclo[5.2.1.02,6]decanedimethanol diacrylate (TCMDA), 
trimethylolpropane tris(3-mercaptopropionate) (TMTMP), 
2,2-dimethoxy-2-phenylacetophenone (DMPA) were purchased 
from Sigma-Aldrich (Scheme 1). All the chemicals were used as 
received without further purification.

Macromol. Mater. Eng. 2017,  ,  1600331
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Two SMP compositions were prepared, a thiol-ene and a 
thiol-ene/acrylate, each consisting of stoichiometric quantities of 
thiol to ene functionalities. Exact mole fractions were: TMTMP-
TATATO = 0.5-0.5 (SMP-FS) and TMTMP-TATATO/TCMDA = 0.345-
0.345/0.31 (SMP-SS). A total of 0.1 wt% DMPA of total monomer 
weight was dissolved in the solution for the initiation of 
the photopolymerization of the monomer solution. The vial 
was covered in aluminum foil to prevent incident light from 
contacting the monomer solution and kept at room temperature. 
Without exposing the solution to light, the vial was mixed 
thoroughly by planetary speed mixing.

5.2. Sample Preparation

The polymer solutions were spin cast on 75 mm × 50 mm glass 
microscope slides using a Laurell WS-650-8B spin coater. Spin 
speed was 600 rpm and time was 30 s for SMP-FS and 25 s for 
SMP-SS in order to achieve thicknesses of about 30 μm, respectively. 
Polymerization was performed at ambient temperature using an 
UVP CL-1000 cross-linking chamber with five overhead 254 nm UV 
bulbs for 120 min under air. In addition, some samples were cured 
in the UV chamber floated with either nitrogen or argon gas. Cured 
samples were then placed in a vacuum oven at 120 °C and five in 
Hg for 24 h to further complete network conversion.

5.3. Nonfunctional Devices

Test devices were fabricated in the UT Dallas Class 10 000 clean-
room facility. The above SMP-on-glass substrates were used as 
the starting substrates in the cleanroom. Low temperature sil-
icon nitride (using PlasmaTherm-790 plasma-enhanced chemical 
vapor deposition (PECVD)) was deposited to act as a hard mask 
for the following plasma etching processes in which the device 
outline/shape was patterned. Adjacently, the nitride hard mask 
was etched away in the 1:10 HF dip. For some SMP samples, top 
4 μm thick crust was etched away in oxygen plasma (Technics 
reactive ion etch (RIE)). In a final step, the test devices having 
dimensions of 4.5 mm × 50 mm × 30 μm were delaminated from 
the glass slide by soaking in water.

5.4. DMA

DMA was performed using a TA RSA-G2 with Immersion System 
in tension mode in order to quantify the storage modulus E′ and 
tan δ of dry or in PBS soaked samples (Figure 5). All measure-
ments were performed on rectangular samples as received after 
the cleanroom processing, having a width of 4.5 ± 0.1 mm and 
thicknesses of 30 ± 3 μm. The following parameters were selected: 
clamping distance of 15 mm, a preload force of 0.05 N, a fre-
quency of 1 Hz, and a deformation amplitude of 0.275% strain. 
Dry experiments were run from 10 to 100 °C or from 20 to 120 °C 
using a heating rate of 2 °C min−1. Soaking experiments were run 
using the immersion system of the RSA-G2 filled with PBS. The 
first step (the soaking) included the heating from room tempera-
ture to 37 °C followed by isothermal oscillating for 60 or 120 min. 
The second step comprised first cooling down to the start tem-
perature with a rate of 3 °C min−1 followed by heating from 10 to 
80 °C applying a heating rate of 2 °C min−1. It should be noted, that 

there was an offset of about 10 °C between the set temperature 
and the measured temperature inside the solution, based on the 
experimental setup. All measurements were performed on three 
independent specimens in order to gather statistical results.

5.5. Infrared Spectroscopy

ATR-FTIR measurements were performed with an IRAffinity-1 
spectrometer from Shimadzu using a deuterated, L-alanine 
doped triglycine sulfate (DLATGS) detector. The ATR cell was 
equipped with a ZnSe crystal. The spectra were recorded from 
4000 to 800 cm−1 as the average of 32 scans at a resolution of  
2 cm−1. Analysis of data included baseline correction, ATR correc-
tion, and normalization.

5.6. UV Sterilization

Specimens were dipped in ethanol (EtOH) and immediately 
transferred to a UV chamber equipped with five overhead 
254 nm UV bulbs, in which they were irradiated for 120 min.

5.7. Autoclave Sterilization

Specimens were mounted inside containers and loaded into a 
Getinge 400/500LS-E series steam sterilizer. Small strips of auto-
clave indicator tape were applied to the containers before they 
were placed into the autoclave. Superdry cycle was selected, 
which includes exposure to steam for 30 min at 121 °C and 
15 psi, followed by 75 min drying cycle. Post sterilization cycle, 
the stripe color of the indicator tape was inspected to verify 
whether or not the desired temperature of 121 °C was reached.

5.8. Ethylene Oxide Sterilization

Specimens were mounted inside appropriate size glass petri 
dishes, sealed, and loaded into a liner bag along with gas indi-
cator tape and biological indicators, such as a Dosimeter and a 
Steritest. Next, the packed samples were loaded into the ethylene 
oxide sterilizer (AN 74i, Anprolene, Andersen Sterilizers Inc.) 
along with a Humidichip to ensure a minimum of 35% relative 
humidity inside the sterilization liner bag. After a minimum 
of 4 h of prehumidification, the glass ampoule containing 18 g 
of liquid EtO was added to the liner bag which was then sealed 
using velcro wrap. The room temperature and atmospheric pres-
sure 24 h sterilization cycle was then started and samples were 
retrieved after the 2 h purge/aeration and degassing cycles fol-
lowing sterilization, to remove the residual EtO. All indicators 
were inspected for color changes to make sure the gas came in 
contact with the specimens.

5.9. Measurement of Residual Endotoxins

A Kinetic-QCL chromogenic limulus amebocyte lysate (LAL) 
endotoxin assay (Lonza, Inc., Catalog Number: 50-650U) was 
used to determine the level of residual endotoxins on the 
surface etched SMP test devices after EtO sterilization. The 
Kinetic-QCL assay was a quantitative assay for the detection of 
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gram-negative endotoxins. Endotoxin level was indirectly meas-
ured as a function of the reaction time associated with endo-
toxin-activation of an enzyme that catalyzed the release of the 
chromogen p-nitroaniline.

Three independently prepared test devices were assayed, in 
triplicate, for each SMP composition (n = 3). Residual endotoxins 
were extracted from test devices via incubation with certified 
endotoxin-free water for 24 h at 37 °C (LAL Reagent Water, 
Lonza). All glassware and handling instruments were rendered 
endotoxin-free by dry heat or EtO prior to use. Endotoxin activity 
on a given microelectrode sample was calculated from a five-
point log–log standard curve generated from the Kinetic-QCL kit 
following methods described by the vendor (Lonza). Negative 
(blank) controls confirmed the absence of contamination from 
handling and preparation of the assay. A positive-spike control test 
confirmed that the SMP materials did not interfere with the assay.
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Intracortical microelectrodes record neuronal activity of individual neurons within the
brain, which can be used to bridge communication between the biological system
and computer hardware for both research and rehabilitation purposes. However,
long-term consistent neural recordings are difficult to achieve, in large part due to
the neuroinflammatory tissue response to the microelectrodes. Prior studies have
identified many factors that may contribute to the neuroinflammatory response
to intracortical microelectrodes. Unfortunately, each proposed mechanism for the
prolonged neuroinflammatory response has been investigated independently, while it
is clear that mechanisms can overlap and be difficult to isolate. Therefore, we aimed
to determine whether the dual targeting of the innate immune response by inhibiting
innate immunity pathways associated with cluster of differentiation 14 (CD14), and the
mechanical mismatch could improve the neuroinflammatory response to intracortical
microelectrodes. A thiol-ene probe that softens on contact with the physiological
environment was used to reduce mechanical mismatch. The thiol-ene probe was both
softer and larger in size than the uncoated silicon control probe. Cd14−/− mice were
used to completely inhibit contribution of CD14 to the neuroinflammatory response.
Contrary to the initial hypothesis, dual targeting worsened the neuroinflammatory
response to intracortical probes. Therefore, probe material and CD14 deficiency were
independently assessed for their effect on inflammation and neuronal density by
implanting each microelectrode type in both wild-type control and Cd14−/− mice.
Histology results show that 2 weeks after implantation, targeting CD14 results in higher
neuronal density and decreased glial scar around the probe, whereas the thiol-ene
probe results in more microglia/macrophage activation and greater blood–brain barrier
(BBB) disruption around the probe. Chronic histology demonstrate no differences in
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the inflammatory response at 16 weeks. Over acute time points, results also suggest
immunomodulatory approaches such as targeting CD14 can be utilized to decrease
inflammation to intracortical microelectrodes. The results obtained in the current study
highlight the importance of not only probe material, but probe size, in regard to
neuroinflammation.

Keywords: intracortical microelectrodes, neuroinflammation, innate immunity, softening electrode, shape
memory polymer

INTRODUCTION

Intracortical microelectrodes allow researchers to record single-
unit and multi-unit activity from individual or groups of
neurons by detecting changes to the extracellular potential
as a result of neurons generating action potentials (Renshaw
et al., 1940; Wessberg et al., 2000). Recorded neural signals
afford neuroscientists insight into the activity of specific
populations of neurons. Thus, intracortical microelectrodes
provide a valuable research tool to the field of cognitive and
sensorimotor neuroscience. Intracortical microelectrodes are also
utilized in brain–computer interfacing (BCI) applications to
record neural activity as an input signal to decode and extract
motor intent (Schwartz, 2004; Hochberg et al., 2012). Recorded
neural signal informs the generation of a desired action for an
external device, prosthetic, or muscles (via muscle stimulators)
for a patient suffering from paralysis or limb loss. Thus,
intracortical microelectrodes are a promising technology for both
basic research and the development of clinical neuroprosthetic
devices.

For both clinical and research applications, intracortical
microelectrodes must be able to record from single cortical
neurons for long periods (months to years). Unfortunately,
there are limitations to intracortical microelectrodes that
impede device reliability. Many studies document the failure
of intracortical microelectrodes exemplified by both decrease of
signal to noise ratio and loss of number of channels detecting
single units (Polikov et al., 2005; Liu et al., 2006; Rennaker
et al., 2007; Barrese et al., 2013). There are multiple factors
that contribute to the failure of intracortical microelectrodes,
including but not limited to a biological response to chronically
implanted intracortical microelectrodes (Rennaker et al., 2007;
Saxena et al., 2013; Kozai et al., 2014b; Hermann et al.,
2017).

Inflammation ensues after the device damages tissue during
implantation when blood vessels are unavoidably severed leading
to blood infiltration and serum protein adsorption onto the
device. Implantation results in the release of endogenous damage
signals such as high mobility growth box 1 (HMGB1) and
inflammatory lipids from damaged cells (Potter et al., 2014).
Plasma proteins and damage-associated molecular patterns
(DAMPs) are recognized by cellular receptors such as the toll-
like receptor (TLR)/cluster of differentiation 14 (CD14) complex.
As a result, microglial and infiltrating macrophage cells become
inflammatory or “activated” and subsequently release of pro-
inflammatory molecules (Kim S. et al., 2013; Zanoni et al.,
2017). Glial encapsulation, neurodegeneration, and neuronal

death follow this inflammatory cascade. Since the long-term
success of the devices depends on the presence of healthy,
active neurons immediately adjacent to the recording sites of
the probe, the inflammatory process leads to a reduction of
detectable signals necessary for BCI and other neuroscience
research applications (Schwartz, 2004; Bjornsson et al., 2006; Jorfi
et al., 2015).

In addition to the primary injurious events caused by
the initial implantation, a persistent inflammatory response is
present at the probe–tissue interface under chronic conditions.
The pro-inflammatory microenvironment resulting from probe
implantation leads to further breakdown of the blood–brain
barrier (BBB) and increased vascular permeability perpetuating
the inflammatory cascade (Abdul-Muneer et al., 2015).

Furthermore, the mechanical mismatch between a traditional
probe (with a metal or silicon substrate) and the brain can
exacerbate inflammation (Harris et al., 2011; Moshayedi et al.,
2014; Nguyen et al., 2014; Du et al., 2017; Lee et al., 2017a).
The mechanical discrepancy in modulus between the non-
compliant probe and the pliant brain results in tissue strain and
compression at the tissue–device interface. We have shown that
reducing the modulus of the probe from 100 to 1000 s of GPa,
to 1–10 s of MPa to more closely match that of gray matter
in brain tissue (E = ∼3–6 kPa (Green et al., 2008)) reduces
the micromotion-induced strain (Sridharan et al., 2015). As a
result, after implantation of such relatively compliant materials,
the inflammatory response to intracortical microelectrodes is
significantly reduced, but not completely eliminated, providing
neuroprotection and a more stable BBB (Harris et al., 2011;
Nguyen et al., 2014).

Increased BBB permeability can facilitate the infiltration of
myeloid cells into the injured brain tissue. These peripheral
immune cells become activated and perpetuate the inflammatory
response leading to neuronal death by the probe–tissue
interface (Ravikumar et al., 2014). To combat the inflammatory
response from microglia and infiltrating myeloid cells triggered
by recognition of DAMPs and serum proteins, our lab
has explored targeting the TLR/CD14 pathway involved in
the recognition of DAMPs as a method to improve the
chronic recording performance and reduce inflammation around
the brain–electrode interface (Hermann et al., 2017). More
recently, we have also shown that targeting the TLR/CD14
pathway in only infiltrating blood-derived cells leads to an
improvement in chronic recording quality (Bedell et al.,
2018).

Our initial softening probes used in the Capadona Lab yielded
desirable mitigation of the neuroinflammatory response to
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intracortical microelectrodes (Capadona et al., 2008; Nguyen
et al., 2014). However, these initial materials swelled up to
70% in aqueous conditions, making fabrication into functional
electrodes problematic. In collaboration with the Voit and
Pancrazio labs, we have begun exploring similar softening
materials, thiol-ene and thiol-ene/acrylate shape memory
polymers (softening from ∼1.7 GPa down to ∼35 MPa (Ecker
et al., 2017)) that possess fabrication benefits over the initial
nanocomposite softening probes. These polymers soften under
physiological conditions due to plasticization effects, but swell
only up to 3%. The strong interaction between thiols and noble
metals commonly used for electrodes yields improved adhesion
between substrate and thin film metals (Nuzzo et al., 1987).
Moreover, thiol-ene and thiol-ene/acrylates are more compatible
with high yield, high-resolution photolithographic processes
enabling manufacturability. Most importantly, a functional
device, comprised of a thiol-ene/acrylate substrate, has been
synthesized which was able to record single units for more than
2 months (Simon et al., 2017). Therefore, in the current study,
thiol-ene was used as a probe substrate material that more closely
matches the modulus of the brain to reduce BBB breakdown
while also targeting an innate immune pathway involved in
the recognition of serum proteins. Our work combines these
approaches using a softening material and targeting CD14
through Cd14−/− mice, to reduce neuroinflammation in
response to single-shank intracortical microelectrode probes.

RESULTS

The current study aimed to determine whether the dual targeting
of the innate immune response and the mechanical mismatch
between tissue and a single-shank probe, which generates
tissue damage, results in combinatorial or synergistic effects
to improve neuronal density and reduce inflammation at the
probe–tissue interface. We utilized a thiol-ene probe, which is
stiff when inserted, but softens at physiological temperatures as
the probe that more closely matches the brain tissue modulus.
A Cd14−/− knock-out model was used to target the innate
immune response while immunohistochemistry was used to
evaluate the neuroinflammatory response. A neuronal nuclear
protein, NeuN, was used as an immunohistochemical marker
for cortical neurons around the probe (Mullen et al., 1992).
The glial scar is an indicator of neuroinflammation, so glial
fibrillary acidic protein (GFAP), a type of intermediate filament
protein upregulated by reactive astrocytes, was examined via
immunohistochemistry (Landis, 1994). To explore microglia
and macrophage activation, an antibody to CD68, was used
to detect activated microglia/macrophages around the probe
interface. CD68 is an lysosomal-associated membrane protein
which may play a role in antigen processing and presenting
(Song et al., 2011). Furthermore, BBB dysfunction characterizes
inflammation resulting from a neural implant such as an
intracortical probe. BBB disruption was evaluated by quantifying
the presence of IgG, a prolific plasma protein not found in the
brain parenchyma under normal conditions, using an anti-IgG
antibody (Potter et al., 2012a).

Comparing Dual Innate Immune
Response and Mechanical Mismatch to
Control
We first aimed to determine whether knocking out CD14
while using a softening probe would lead to reduced
neuroinflammation and improved neuronal density around
the probe at 2 weeks post implantation. For both experimental
and control conditions, neuronal density at 0–50 µm from
the implant surface was significantly lower than that at the
background (300–350 µm from probe surface). Additionally,
neuronal density surrounding softening (thiol-ene) probes in
Cd14−/− animals was significantly higher than control animals
at each 50 µm interval from 100 to 250 µm from the probe
surface (Figure 1A). There was no difference in glial scar
between these two conditions at any distance interval from
the probe (Figure 1B). However, the combinatorial targeting
approach increases BBB disruption and activated macrophages
and microglia at each 50 µm interval from 0 to 150 µm from
the probe (Figures 1C,D). Altogether, these data suggest that
dual targeting the innate immune response while using the thiol-
ene softening probe actually worsens the neuroinflammatory
response. Thus, subsequent experiments were conducted to
delineate the role of each strategy – targeting CD14 versus using
a thiol-ene probe.

Delineating Effect of Each Variable –
Probe Stiffness and CD14 Expression
To elucidate if either factor (probe stiffness or CD14 expression)
drove the increased neuroinflammatory response of the
combinatorial targeting, additional animals were set up as
controls for each factor resulting in four different conditions
(silicon shank+WT, silicon shank+ Cd14−/−, thiol-ene+WT,
thiol-ene + Cd14−/−). Additional animals were also set up to
examine more chronic (16 weeks post-implantation) time points
for each of the four experimental conditions. Comparisons were
made between levels of each independent variable – responses
of softening thiol-ene probes versus stiff silicon probes and
comparisons between Cd14−/− and wild-type animals.

Neuronal Density
At both 2 and 16 weeks post implant, neuronal density at
0–50 µm from the electrode surface was significantly lower
than that at the background for all conditions regardless of
substrate material or genotype (Figures 2A,B). In the absence
of CD14, neuronal density at each interval from 0 to 300 µm
was significantly higher than that of wild-type at 2 weeks post
implant (Figures 2A,C). However, at the chronic time point,
16 weeks, CD14 deficiency seemed to play a lesser role as there
were no significant differences between wild-type and Cd14−/−

animals (Figures 2B,D). At both 2 and 16 weeks post implant,
the thiol-ene probe did not result in increased neuronal density
compared to the control silicon probe (Figure 2). Furthermore,
the combinatorial approach of using a softening substrate and
targeting CD14 did not significantly improve neuronal density
over the other conditions (Figure 2). Thus, targeting CD14
results in higher neuronal density around the probe at 2 weeks,
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FIGURE 1 | Immunohistochemical evaluation comparing the dual targeting of the innate immune response and mechanical mismatch to control at 2 weeks after
implantation. All analyses were evaluated with respect to distance from the explanted microelectrode hole (µm). (A) Neuronal density evaluated as NeuN+ cells.
(B) Astrocyte encapsulation evaluated as GFAP expression. (C) Blood-brain barrier permeability evaluated as IgG expression. (D) Microglial and macrophage
activation evaluated as CD68 expression. ∗ Denotes significance between silicon shank + WT and thiol-ene + Cd14−/−; # denotes significant difference from
background neuronal density.

but combining CD14 inhibition with a reduction in probe
stiffness was counterproductive.

Glial Scarring
In all conditions, the glial scar was the densest closest to the
probe and decreased as a function of distance from the probe–
tissue interface (Figure 3). The glial scar became denser from
2 to 16 weeks post-implantation for all conditions (Figure 3),
indicated by more intense GFAP staining from 0 to 50 µm
from the surface of the implants. In animals that do not express
CD14, there is less glial scar compared to wild-type animals at
each 50 µm interval from 100 to 300 µm from the probe-tissue
interface at 2 weeks post-implantation (Figures 3A,C), but not
16 weeks post-implantation (Figures 3B,D). Notably, there were

no significant differences in the glial scar between the thiol-ene
probe and control silicon probe at either time point (Figure 3).To
summarize, targeting CD14 decreases glial scar around probe at
2 weeks.

Microglia/Macrophage Expression
Overall, microglial/macrophage activation as assessed via CD68
expression was heavily increased at the probe–tissue interface,
and declined to background levels (zero expression) as a
function of distance from the interface (Figure 4). The thiol-
ene probes resulted in more activated microglia/macrophages
than the silicon probes at 2 weeks post-implantation at
each interval 0–200 µm from the probe–tissue interface
(Figures 4A,C). However, there were no significant differences
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FIGURE 2 | Immunohistochemical evaluation of neuronal density. Neuronal density evaluated as NeuN+ cells with respect to distance from the explanted
microelectrode hole (µm). (A) 2 weeks. (B) 16 weeks. (C) Representative images of 2 weeks neuronal density. (D) Representative images of 16 weeks neuronal
density. Scale bar: 100 µm. @ Denotes significance between WT and Cd14−/−; # denotes significant difference from background neuronal density.

between wild-type and Cd14−/− groups at 2 weeks post-
implantation (Figures 4A,C). By 16 weeks post-implant,
activated microglia/macrophages for all groups had decreased
compared to 2 weeks post-implantation (Figures 4A,B).
Additionally, there were no differences in activation of
microglia/macrophages among the conditions at 16 weeks
(Figures 4B,D). Altogether, thiol-ene probe results in more
microglia/macrophage activation around the probe at 2 weeks,
but not 16 weeks post-implantation.

BBB Disruption
Similar to the glial scar and activated microglia/macrophages,
BBB disruption (IgG expression) was found to be greatest
at the probe-tissue interface and decreased in intensity as
distance from probe-tissue interface increased (Figure 5). The

only significant differences found between the groups were at
2 weeks post-implantation (Figures 5A,C). At 2 weeks post-
implantation, the softer thiol-ene probes yielded significantly
greater BBB breakdown compared to the stiff silicon probes
(at each interval examined between 0 and 250 µm from probe
interface, Figures 5A,C). In summary, thiol-ene probe results in
greater BBB disruption around the probe at 2 weeks.

DISCUSSION

The current study explores how a softening thiol-ene probe
and/or targeting the TLR/CD14 innate immune pathway affects
inflammation and neuronal density at both 2 and 16 weeks post-
implantation of intracortical microelectrode probes. Because
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FIGURE 3 | Immunohistochemical evaluation of glial scarring assessed via astrocyte encapsulation. Astrocyte encapsulation evaluated as GFAP expression with
respect to distance from the explanted microelectrode hole (µm). (A) 2 weeks. (B) 16 weeks. (C) Representative images of 2 weeks glial scar. (D) Representative
images of 16 weeks glial scar. Scale bar: 100 µm. @ Denotes significance between WT and Cd14−/−.

initial results exploring synergistic effects of two different
approaches resulted in increased neuroinflammation, we set out
to parse out the response of each variable to gain a better
understanding of each strategy alone. Our results demonstrate
targeting CD14 results in higher neuronal density and decreased
astroglial scarring around the probe at 2 weeks (Figures 2A,C,
3A,C). We also describe the use of the thiol-ene probe with a
modulus 3 orders of magnitude lower and a cross-sectional area
4× greater than the control silicon probes. Our observations
demonstrate that a probe with a lower modulus but larger

implantation footprint resulted in more BBB breakdown and
activated microglia/macrophages than the control silicon probes.
However, in spite of these markers of inflammation, the softening
thiol-ene probes did not result in significantly decreased neuronal
density or increased astroglial scarring around the implant at
either acute (2 weeks) or chronic (16 weeks) time points.

Physiological sources such as respiration and vascular
pulsations result in micromotion of an intracortical probe
against brain tissue resulting in strain on brain tissue which
can induce tissue damage (Subbaroyan et al., 2005; Gilletti
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FIGURE 4 | Immunohistochemical evaluation of activated microglia and macrophages. Microglial and macrophage activation evaluated as CD68 expression with
respect to distance from the explanted probe hole (µm). (A) 2 weeks. (B) 16 weeks. (C) Representative images of 2 weeks activated microglia and macrophages.
(D) Representative images of 16 weeks activated microglia and macrophages. Scale bar: 100 µm. ∗ Denotes significance between silicon and thiol-ene probes.

and Muthuswamy, 2006). One of the approaches to reduce
the effects of micromotion is to increase probe flexibility.
Decreasing the modulus of the probe material is one commonly
explored/hypothesized methods to increase flexibility of the
device. Probes made of polymers with a modulus or overall
stiffness closer to brain tissue such as PDMS, polyimide, and
SU-8 have been explored (Rousche et al., 2001; McClain et al.,
2011; Altuna et al., 2013). However, implanting such soft probes
present challenges with their insertion into the brain. A probe
with too soft of a modulus will buckle during insertion and
compress the brain tissue during the insertion process (Hess

et al., 2013; Jorfi et al., 2015). Current methods used to implant
soft electrodes while avoiding buckling include temporarily
increasing the stiffness of the probe by use of a coating that
dissolves after implantation or a stiff shuttle that accompanies
the soft probe and is later removed (Lewitus et al., 2011; Kim B.J.
et al., 2013; Kozai et al., 2014a; Vitale et al., 2015). Unfortunately,
both approaches increase the footprint of the primary implant
which can exacerbate the acute damage to brain tissue during
implantation and lead to an increase in inflammation.

Materials which are innately stiff enough to implant,
but soften while residing in tissue minimize the modulus
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FIGURE 5 | Immunohistochemical evaluation of blood-brain barrier permeability. Blood–brain barrier permeability evaluated as IgG expression with respect to
distance from the explanted microelectrode hole (µm). (A) 2 weeks. (B) 16 weeks. (C) Representative images of 2 weeks BBB permeability. (D) Representative
images of 16 weeks BBB permeability. Scale bar: 100 µm. ∗ Denotes significance between silicon and thiol-ene probes.

difference between probe and brain tissue. Previous literature
has suggested that a softening material can compensate for
increased damage footprint generated by a device with a larger
cross-sectional area compared to a stiff silicon control probe
(Nguyen et al., 2014). However, we found this phenomenon
to be inconsistent in the current study as the larger thiol-ene
probes had a larger cross-sectional area and resulted in more
activated microglia/macrophages and increased evidence of BBB
breakdown at 2 weeks compared to the smaller, stiffer silicon
probes (Figures 4A,C, 5A,C).

The thiol-ene probes used in the current study had a cross-
sectional area of about 9000 µm2, which is a 4× increase over

the silicon probes utilized. The bending stiffness of the probe
is determined by both the Young’s modulus (E) and the probe
dimensions. Although modulus of the probe material affects
flexibility of the device, the probe dimensions play more of a
role in reducing stiffness; bending stiffness is proportional to Et3,
where t is the cross-sectional area of the probe (Salatino et al.,
2017).

A larger implant confers more acute tissue damage during
implantation leading to greater extravasation of blood cells and
proteins (Saxena et al., 2013). However, Nguyen et al. showed
that a polyvinyl acetate, another softening material, can overcome
increased inflammation induced by a slightly larger penetration
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profile. The polyvinyl acetate probes used in Nguyen et al. (2014)
had a pre-implant cross-sectional area that was 1.5× larger than
control polyvinyl acetate dip-coated silicon probes. However,
findings by Nguyen et al. (2014) were not recapitulated with
thiol-ene, as the thiol-ene resulted in more activated microglia
and macrophages and increased BBB permeability compared to
the silicon probes (Figures 4, 5). Therefore, there might be a
size threshold to where a probe comprised of a softer material
cannot overcome the increased inflammation resulting from an
increased penetration profile.

The results from the current study suggest that the degree
of initial trauma influences acute but not chronic inflammatory
response, as there were significant results at 2 weeks post
implantation, but there were no differences in the inflammatory
response or neuronal density at 16 weeks between implants of
different sizes (Figures 2B, 3B, 4B, 5B). Current findings are
consistent with Szarowski et al. (2003) which suggests initial
glial response is correlated with the cross-sectional area of
the electrode; however, sustained response of the implant was
independent of probe size.

The different swelling properties of thiol-ene and polyvinyl
acetate could also elicit differences in inflammation. The
polyvinyl acetate swells ∼70% by volume under physiological
conditions (Nguyen et al., 2014), while the thiol-ene substrate
yields very minimal (<3%) swelling in physiologic environment
(Ware et al., 2014). From a fabrication standpoint, minimal
swelling is desirable as fluid uptake from the substrate results in
cracking of thin film conductors used for the electrodes. However,
as posited by Skousen et al. (2015), the thick hydrogel formed
by the swollen polyvinyl acetate could have functioned as a sink
for pro-inflammatory cytokines and chemokines at the probe–
tissue interface, both of which facilitate inflammation. Reduced
pro-inflammatory molecules at the device interface can lead to
decreased inflammation and neuronal death. Future studies will
need to explore the aforementioned theory.

In the current study, the thiol-ene probe resulted in an
increased inflammatory response, likely because of its greater
surface area and vascular damage during implantation, consistent
with previously published research (Karumbaiah et al., 2013;
Lee et al., 2017b; Spencer et al., 2017). The thiol-ene materials
utilized in the present study have previously undergone testing
to control for material surface chemistry. Shoffstall et al.
(2018a) demonstrated that intracortical silicon probes dip-
coated with the SMP material (SI, Section “Materials and
Methods”) generated similar histological responses (with respect
to neuronal survival, activated microglia/macrophages, and BBB
permeability) as compared to size-matched bare-silicon probes.
While there was a statistically significant reduction in reactive
astrocyte staining (GFAP) with the dip-coated probes, taken
by itself it is unclear if the effects are substantially different
from the bare silicon probes. Similar results suggestive of the
effects of cross-sectional dimensions are found using a chemistry-
controlled experiment (Supplementary Figure S1). Thiol-ene
probes with larger cross-sectional width were compared to silicon
probes dip-coated with the thiol-ene material, hereby setting up a
chemistry-controlled comparison. Neuronal survival around the
larger thiol-ene probes appears to be consistently lower compared

to the smaller dip-coated probes, at both 2 and 16 weeks after
implantation. Thus, the differences in size of the two probes in
the current study are the most likely driver for the heightened
inflammatory response of the thiol-ene probes.

Our study adds to the current body of research which suggests
that size of the implant is a very important consideration in
intracortical microelectrode design and too large of an implant
can counteract benefit conferred by improved material selection
or approaches to target the biology (Seymour and Kipke, 2007).
Based on these and other findings from the field, size of the
implant needs to be a major consideration for electrode design.

The current study further highlights the importance of
CD14 for microglial and macrophage responses to DAMPs. As
previously reported, CD14 is central for microglial responses
to damage signals in the brain (Janova et al., 2016). In this
current study, Cd14−/− resulted in higher neuronal density
(Figures 2A,C) and decreased glial scar (Figures 3A,C) at 2 weeks
post implantation, further revealing the importance of CD14 as
a molecular target to reduce neuroinflammation. In our past
work, we have demonstrated that partial inhibition of CD14
(in myeloid cells) was shown to improve single-shank, multi-
channel electrode performance over time, whereas a complete
CD14 inhibition did not result in such promising electrode
performance (Bedell et al., 2018). In the current study, coupling
complete inhibition of CD14 with the thiol-ene probe not only
prevented exaggerated frustrated phagocytosis but also inhibited
proper wound healing; the promising effects afforded by targeting
CD14 were not able overcome the detriments of a larger probe
size. However, the promising results of partial CD14 inhibition
suggest that controlled of the thiol-ene inhibition of CD14 with
a drug may still be promising for the integration of softer
probes.

The dimensions of the thiol-ene probe are larger than
that of the silicon probe, likely contributing to the increased
inflammation seen on the thiol-ene probes compared to the
uncoated silicon probes. The length of the thiol-ene probe taper
(1.4 mm) is greater than that of the uncoated silicon probe taper
(0.6 mm). However, the angle of their tips are similar, at 41.6◦ and
47◦, respectively. As such, the differences in the angle between
the tips are not expected to contribute significantly to vascular
damage and hence tissue response; it is unlikely to affect our
study. It also should be noted that there are conflicting reports in
the literature to the benefits/disadvantages of different insertion
speeds. Although Bjornsson et al. (2006) report that fast insertion
(2 mm/s) results in less vascular damage and tissue strain, there
are other reports indicating that slower insertion speeds afford
time for tissue to adapt to probe thus decreasing compressive
forces (Edell et al., 1992; Andrei et al., 2011).

Together, the results found in the current study suggest
that large cross-sectional area probes comprised of a minimally
swelling, yet softening material cannot overcome inflammation
driven by large penetration profile differences. Accordingly, the
differences in the size of the electrodes is a major limitation of our
study. Overall, the results presented here highlight the detriment
of only considering one or two aspects of probe design and
mitigation of biological response. When approaching translatable
strategies to improve chronic intracortical microelectrode

Frontiers in Neuroscience | www.frontiersin.org 9 October 2018 | Volume 12 | Article 772

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-12-00772 October 29, 2018 Time: 18:17 # 10

Bedell et al. Approaches to Reduce Microelectrode Induced Inflammation

performance by decreasing inflammation, one needs to consider
many characteristics in tandem.

CONCLUSION

The current manuscript demonstrates the impact of size of
the probe on the initial stages of inflammation. To reduce
inflammation, the cross-sectional area of the probe should
be minimized. The current study also characterizes the acute
benefits of targeting CD14 and further confirms the TLR/CD14
pathway as a mechanism amenable for therapeutic targeting.
In the initial weeks after probe implantation, the benefits a
minimally swelling soft probe affords does not exceed the
inflammation driven by a probe with 4× the cross-sectional area.
When optimizing probe design for intracortical microelectrodes,
many elements of the probe need to be carefully considered,
especially size.

MATERIALS AND METHODS

Electrodes
Single shank, uncoated, Michigan style silicon probes
(2 mm × 15 µm × 123 µm; 47◦ taper angle) and
thiol-ene based shape memory polymer (SMP) probes
(3 mm × 30 µm × 290 µm; 41.6◦ taper angle) were used
as intracortical probes (Figure 6). Polymer films were fabricated
as previously described (Ecker et al., 2017). Briefly, 0.5 mol%
1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO),
0.45 mol% trimethylolpropane tris(3-mercaptopropionate)
(TMTMP), and 0.05 mol% Tris[2-mercaptopropionyloxy)ethyl]
isocyanurate (TMICN) were mixed with 0.1 wt% of
photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA).
The polymer solution was then spin coated on glass slides using a
spin coater (Laurell WS-650-23B) to receive∼33 µm films before
they were cured for 2 h at 254 nm (UVP CL-1000 cross-linking
chamber) followed by an overnight post-cure at 120 ◦C under
vacuum. Dummy probes were fabricated in the UT Dallas Class
10000 cleanroom facility. The 33-µm SMP-on-glass substrates
were used as the starting substrates in the cleanroom. Low
temperature silicon nitride (using PlasmaTherm-790 PECVD)
was deposited to act as a hard mask for the following plasma
etching processes. The device outline/shape was then patterned
using standard lithography techniques. The hard mask and
the SMP layer were plasma etched in Technics RIE using SF6
and O2 plasma, respectively. After the 30-µm SMP layer was
plasma etched down to the glass slide, the remaining silicon
nitride hard mask was etched away in diluted 10:1 HF dip.
A ∼3 µm SMP layer from the surface of these devices was
etched in Technics RIE using O2 plasma. The devices were then
released by soaking in DIW. The material is characterized by
a glass transition temperature (Tg) of 52◦C before, and 35 ◦C
after softening under physiological conditions as measured by
dynamic mechanical analysis (TA RSA-G2). The storage modulus
E′ at 37◦C (measured in tension) changes from 1.2 GPa (dry) to
35 MPa (soaked). Stainless-steel wires (∼3 mm length) were used

FIGURE 6 | Bright field microscope image comparing dimensions of probes
used in study. (A) uncoated silicon probe and (B) thiol-ene probe. Both
images are taken at 5× magnification. Scale is in mm.

as dummy ground and reference wires to mimic the implants
involved with functional probes. Probes and wires were sterilized
via a cold ethylene oxide gas cycle as previously described.

Animals
C57/BL6 (strain #000664) and Cd14−/− (C57/BL6 background)
(strain #003726) were bred in-house. Strain of Cd14−/−mice was
verified via genotyping according to the protocols established by
the vendor (Jackson Laboratories). Both male and female mice
between 8 and 12 weeks of age were used for surgeries. Prior to
surgery, mice were group housed with food and water ad libitium
while maintained on a 12-h light/dark cycle. After surgery, mice
were individually housed. All animal handling was performed
in a class II sterile hood using microisolator techniques. All
procedures and animal care practices comply with the protocol
approved by the Case Western Reserve University Institutional
Animal Care and Use Committee.

Surgical Implantation of Electrodes
A total of three holes were drilled in the exposed skull using
a 0.45 mm size bit (Stoetling Co.) with adequate breaks in the
drilling pulses to prevent overheating of the skull (Shoffstall et al.,
2018b). The probe hole was created in the skull over the motor
region of the brain (1.5 mm lateral and 0.5 mm anterior to
bregma) (Tennant et al., 2011). Two additional craniotomies were
conducted for dummy ground and reference wires which were
implanted in the contralateral hemisphere to the probe (∼2 mm
lateral, ∼2 mm rostral and caudal to bregma). The dummy
probes and dummy wires were manually inserted (∼2–3 mm/s)
into the cortex. Silicone elastomer (Kwik-Sil, World Precision
Instruments) and dental acrylic (Fusio/Flow-it ALC, Patterson
Dental) tethered the probe and wires to the skull. The incision site
was then sutured closed using 5-0 monofilment polypropylene
suture. To minimize variability, the same surgeon performed all
implantation surgeries.
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TABLE 1 | Number of experimental animals for each condition at each time point.

2 weeks post
implantation

16 weeks post
implantation

Silicon shank + WT 10 6

Thiol-ene + WT 10 4

Silicon shank + Cd14−/− 8 6

Thiol-ene + Cd14−/− 9 4

Immunohistochemistry
At each 2 and 16 weeks post-implantation, mice were sacrificed
and brain tissue was harvested. At the respective time point,
mice were anesthetized with an intraperitoneal injection of
ketamine/xylazine cocktail. Each animal was then transcardially
perfused with phosphate buffered saline (PBS) followed by 4%
paraformaldehyde (PFA) to fix the tissue. Mouse heads were
post-fixed for an additional 2 days in 4% PFA at 4◦C. After
fixation, brains were extracted and immersed in 30% sucrose for
at least 48 h. After dummy electrodes and wires were removed,
brain tissue was cryopreserved in optimal cutting temperature
compound (OCT) (Tissue-Tek). Horizontal brain tissue sections
(16 µm thick) were obtained using a cryostat and stored at
−80◦C.

To compare neuroinflammation and neuronal density in the
area adjacent the implanted dummy shank among conditions,
immunohistochemistry was utilized using previously established
methodology (Potter et al., 2014). Only tissue slices between
∼320 and 1000 µm from the surface of the cortex were used as
this depth corresponds with Layers III–VI of the mouse motor
cortex, the layers from which functional probes aim to record
(Oswald et al., 2013). After blocking the tissue (4% chicken
serum, 0.3% Trition-X-100 in 1× PBS), the following primary
antibodies (in 4% chicken serum, 0.3% Trition-X-100 in 1× PBS)
were added to incubate overnight at 4 ◦C: Rabbit anti-GFAP
(1:500, Z0334, Dako), mouse anti-neuronal nuclei (NeuN) (1:250,
MAB377, Millipore), rat anti-CD68 (1:500, ab53444, Abcam),
and rabbit anti-immunoglobulin G (IgG) (1:500, STAR26B, Bio-
Rad). Visualization of the inflammatory and neuronal markers
was achieved with respective Alexa Fluor R© secondary antibodies
(1:1000) (in 4% chicken serum, 0.3% Trition-X-100 in 1× PBS).
DAPI (Molecular Probes D3571) was incorporated in secondary
antibody solution to visualize cell nuclei. Furthermore, tissue
autofluorescence was reduced by incubating tissue sections with
of 0.5 mM copper sulfate buffer solution for 10 min (Potter
et al., 2012b). Finally, copper sulfate buffer was washed off
thoroughly with MilliQ H2O, and slides were coverslipped using
Fluoromount-G. Slides were stored in the dark at 4 ◦C until
imaged.

Imaging and Quantitative Analysis
Images were acquired using a 10× objective on a Carl
Zeiss AxioObserver.Z1 (Zeiss Inc.) inverted epifluorescence
microscope. Fluorescent markers were imaged on single optical
sections using an AxioCam MRm monochrome camera with
fixed exposure times for each marker.

Images of fluorescent markers were analyzed using SECOND,
a custom-written MATLAB program previously used in the
Capadona lab (Goss-Varley et al., 2017). The fluorescent intensity
of each marker in concentric rings at fixed distances (normalized
by area) from the probe–tissue interface was measured as a
function of distance from the implant. Prior to measurement, the
user defines the implant hole and any imperfections in the brain
slice to omit from the analysis. For each slice, raw fluorescent
intensities were then normalized to background signal, defined as
the fluorescent intensity of the concentric ring 600–650 µm from
the interface. The area under the curve (AUC) was calculated
from the intensity profile.

Neuronal densities at the interface were determined using
AfterNeuN, another custom-written MATLAB program. Using
AfterNeuN, the user manually defines the electrode implant
region, any areas to be excluded from analysis, and neuronal
cell bodies. The program then outputs the density of neurons
at fixed radial distances from the electrode interface. Neuronal
densities at uniform binned distances (50 µm bins) were then
normalized to background counts from the same brain tissue slice
300–350 µm away from the interface.

Immunohistochemistry Statistical
Analysis
Table 1 indicates number of animals for each condition at
each time point. Measurements from all brain tissue slices for
a given animal were first averaged together (four to six brain
slices per animal, average of 5.29 ± 0.87). Average intensity or
count for a given condition was calculated using independent
animal averages. Statistical analyses for the first experiment,
comparing thiol-ene + Cd14−/− to silicon shank + WT were
performed using unpaired t-tests. All statistical analyses assessing
immunohistochemical results comparing all four conditions were
performed using a general linear model with a two-way analysis
of variance (ANOVA) using Minitab software with genotype (WT
or Cd14−/−) and electrode material (uncoated silicon or thiol-
ene) as separate factors. Results were considered significant at
p < 0.05 and expressed as mean± standard error of mean.
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ABSTRACT: Intracortical microelectrodes exhibit enormous potential for researching the nervous system, steering as-
sistive devices and functional electrode stimulation systems for severely paralyzed individuals, and augmenting the 
brain with computing power. Unfortunately, intracortical microelectrodes often fail to consistently record signals over 
clinically useful periods. Biological mechanisms, such as the foreign body response to intracortical microelectrodes and 
self-perpetuating neuroinflammatory cascades, contribute to the inconsistencies and decline in recording performance. 
Unfortunately, few studies have directly correlated microelectrode performance with the neuroinflammatory response to 
the implanted devices. However, of those select studies that have, the role of the innate immune system remains among 
the most likely links capable of corroborating the results of different studies, across laboratories. Therefore, the overall 
goal of this review is to highlight the role of innate immunity signaling in the foreign body response to intracortical mi-
croelectrodes and hypothesize as to appropriate strategies that may become the most relevant in enabling brain-dwelling 
electrodes of any geometry, or location, for a range of clinical applications. 

KEY WORDS: intracortical microelectrodes, brain machine interfaces, neuroinflammatory response, neurodegenera-
tion, biocompatibility, innate immunity

ABBREVIATIONS: ALS, amyotrophic lateral sclerosis; CE, Conformité Européene; COX-2, cyclooxygenase 2; CD14, cluster 
of differentiation 14; DAMPs, damage (or danger) associated molecular patterns; DLB, dementia with Lewy bodies; ECM, extra-
cellular matrix; FDA, Food and Drug Administration; HSP, heat shock proteins; HNMGB1, High Mobility Group Box 1; iNOS, 
inducible nitric oxide synthetase; IFN-α, interferon-α; IL, interleukin; LPS, lipopolysaccharide; LRR, leucine-rich repeat; MIP-
1α, macrophage inflammatory protein-1α; MHC, major histocompatibility complex; MMP, matrix metalloprotease; MS, multiple 
sclerosis; MSA, multiple system atrophy; NLRs, Nod-like receptors; NO, nitrous oxide; PD, Parkinson’s disease; PAMPs, patho-
gen associated molecular patterns; PRRs, pattern-recognition receptors; PACAP, pituitary adenylate cyclase-activating polypep-
tide; ROS, reactive oxygen species; RLRs, retinoic acid-inducible gene-I-like receptors; SSL3, staphylococcal superantigen-like 
protein 3; TLRs, Toll-like receptors; TNF or TNF-α, tumor necrosis factor

I. INTRODUCTION 

A.  Failure of Intracortical Microelectrodes

In order to become a clinical solution for many brain 
interfacing applications, intracortical microelec-
trodes should ideally operate consistently over time 
ranges of years to decades to prevent the repetition 
of highly invasive brain surgeries. Unfortunately, 
intracortical microelectrodes fail to consistently 
record neural signals over extended periods. Many 
labs studying various chronically implanted intra-
cortical microelectrodes have demonstrated trends 

of the decreasing number of units detected,1–6 the 
number of channels detecting units,1,2,7–11 signal am-
plitudes,4,10,12 and decoder performance,4 as well as 
generally inconsistent recording performance1,7,13 
and recording longevity,8,10,13 regardless of the an-
imal model. Together, such characteristics are not 
ideal for the long-term performance of brain-com-
puter and brain-machine interfaces.

Declining and inconsistent recording perfor-
mance has been ascribed to many failure mecha-
nisms, typically grouped into mechanical, material, 
or biological mechanisms.10 In their review, Barrese 
et al. defined mechanical failures as physical reloca-
tion or damage of the electrode array and hardware, 
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material failures as breakdown of electrode array 
materials, and biological failures as a consequence 
of the foreign body response or implantation trauma 
following device insertion.10 Mechanical and ma-
terials related failure modes have recently been re-
viewed and will not be discussed here (see Prasad 
et al., Barrese et al., Jorfi et al., and Kozai et al. for 
examples7,9,10,14,15). Biological failures are typically 
associated with the interruption of electrical signals 
between cortical neurons and recording contacts. 
They will be further described and discussed in the 
sections that follow. 

B.  Foreign Body Response to Intracortical 
Microelectrodes

Intracortical microelectrodes fail, in part, due to bi-
ological mechanisms, many of which result from 
the foreign body response to the implant and sub-
sequent chronic inflammatory cascades (for review, 
see Jorfi et al.14). As a microelectrode array is in-
serted in the brain, blood vessels are ruptured,16 re-
leasing blood proteins into the brain parenchyma. 
Several components of blood, including proteins, 
can be neurotoxic.17 Furthermore, tissue is displaced 
and neurons and glia cells along the insertion path 
are damaged or killed.18 Blood proteins will adsorb 
to the surface of the electrode array and denature, 
upon which they are recognized by the brain’s major 
inflammatory cells, the microglia.19,20 Subsequently, 
microglia transition from a dormant ramified state 
to a pro-inflammatory amoeboid phenotype by re-
tracting processes and upregulating lytic enzymes.18 
In the activated state, microglia are able to release 
a variety of soluble pro-inflammatory and cytotoxic 
factors, such as nitric oxide, reactive nitrogen spe-
cies, and reactive oxygen species.21–24 Evidence of 
oxidative gene expression and cellular oxidative 
damage have been detected at the electrode tissue 
interface.25 Factors released by pro-inflammatory 
microglia likely contribute to neuronal death and 
neurodegeneration (Fig. 1).21–24 Additionally, solu-
ble factors released by microglia may damage the 
blood-brain barrier by disrupting tight adherens 
junctions connecting endothelial cells of the vas-
culature.26 Furthermore, oxidative factors may also 
contribute to material degradation (Fig. 1).27 Thus, 

consequences of electrode implantation and early 
inflammatory activation may contribute to the de-
cline or unreliability of electrode performance.

Attracted by the release of soluble factors by 
nearby microglia, more microglia migrate from the 
parenchyma. Likewise, additional monocytes and 
other myeloid cells are recruited from circulation 
across the leaky blood-brain barrier.28,29 Blood pro-
teins and necrotic cells from insertion damage, as 
well as the early inflammatory response and leaky 
blood-brain barrier promote pro-inflammatory acti-
vation in the newly recruited inflammatory cells.20,28,30 
One pathway by which microglia and macrophages 
recognize such damage and enact pro-inflammatory 
responses is through Toll-like receptors (TLRs).31 
Later sections of this paper will discuss TLRs in 
depth. Soluble factors from the total collection of in-
flammatory cells around the implant may cause fur-
ther damage to neurons, recording materials (Fig. 1), 
and the blood-brain barrier.21–24 Repeated damage to 
cells and blood-vessels resulting in the recruitment 
and activation of more inflammatory cells is hypoth-
esized to propagate self-perpetuated chronic inflam-
matory cascades indefinitely.20,28 The neuronal and 
material damage resulting from self-perpetuating 
inflammatory cascades may contribute to long-term 
biological failure mechanisms.20,28

As the microglial and macrophage response 
matures, within days to weeks, the fibroblast of the 
brain, astrocytes, begin their response to the implan-
tation of the microelectrode. Astrocytes proliferate, 
become hypertrophic, and migrate to the implanta-
tion site, ultimately resulting in a dense encapsulation 
layer around the electrode.18 Astrocytic responses 
typically start wider and more diffuse, and then be-
come denser and more compact over the course of 
several weeks.18 Astrocytic encapsulation isolates 
the inflammatory or damaged region around the elec-
trode from the surrounding parenchyma. In addition 
to astrocytes, meningeal fibroblasts may migrate to 
the electrode-tissue interface and contribute to elec-
trode encapsulation.6,10 Together, encapsulation of 
the electrode may interfere with diffusion of neuro-
active substances,32 increase the electrical impedance 
between the electrode and neurons,13,33 increase the 
distance between neurons and electrodes,13 or in ex-
treme cases promote extrusion of electrode arrays.10 
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Overall, chronic inflammation, neuronal loss, 
blood-brain barrier permeability, and encapsulation 
of microelectrode arrays may stem from the foreign 
body response to implanted intracortical microelec-
trodes and can be implicated in the recording perfor-
mance of the implanted device. 

C.  Studies Linking Neuroinflammation to 
Electrode Failure 

Despite all the efforts to overcome biological intra-
cortical failure mechanisms (see Jorfi et al. or Her-
mann14,34), only a handful of studies have directly 
compared neuroinflammation to electrode perfor-
mance. Interestingly, each study can be linked to 

the innate immunity, the body’s fast-acting response 
to pathogenic threats. Here we briefly discuss the 
studies directly comparing neuroinflammation to 
electrode performance and their links to innate im-
munity.

Rennaker et al. were the first to demonstrate a 
correlation between microelectrode recording per-
formance and the inflammatory response.35 Specifi-
cally, in their study, Rennaker et al. investigated the 
effects of minocycline, chosen for its neuroprotec-
tive and neurorestorative effects,36 on intracortical 
microelectrode recording performance.35 Rats that 
were administered minocycline via water for two 
days before surgery through five days after surgery 
exhibited improved recording performance over 

FIG. 1: Oxidative stress following neural probe implantation. The implantation of neural probes leads to the over-
production of reactive oxygen species (ROS), which can consequently (1) perpetuate the foreign body response, (2) 
facilitate neuronal death, and (3) facilitate corrosion and delamination of the microelectrode surface. (Reprinted from 
Ereifej et al.25 under a Creative Commons Attribution International License, Copyright 2018: https://creativecom-
mons.org/licenses/by/4.0/.)
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controls after the first week of implantation, upon 
which the signal-to-noise ratio of controls steadily 
dropped.35 End-point histological analyses revealed 
that astrocytic encapsulation was decreased at one- 
and four-week time points after implantation in 
animals treated with minocycline.35 Improved re-
cording performance was hypothesized to be caused 
by decreased inflammation, neuronal dieback, and 
microglia activation in addition to the observed de-
crease in astrocyte encapsulation. Minocycline was 
later shown to inhibit the pro-inflammatory phe-
notype of macrophages.37 Alternative explanations 
could factor in the antibiotic activity of minocycline. 
Perhaps a lower bacterial load activated less inflam-
mation via innate immunity pathways. Regardless 
of the mechanism of action, minocycline is not 
suitable for long-term administration due to detri-
mental side effects including bone discoloration.38,39 
The long-term clinical significance of minocycline 
induced bone discoloration remains unknown, yet 
is reported to be worrisome to orthopedic surgeons 
while further characterization is completed.40,41

In contrast to the previous study administering 
an anti-inflammatory compound, Harris42 examined 
the effects of a pro-inflammatory compound on in-
tracortical microelectrode performance in an unpub-
lished thesis study. At the end of a four-week study, 
rats administered a one-time surgical dose of the 
pro-inflammatory agent lipopolysaccharide (LPS) 
exhibited significantly lower neuronal density within 
the first 50 mm away from the implant.42 Additionally, 
administration of LPS significantly reduced firing 
rates in evoked neural recordings.42 Thus, inflamma-
tion is associated with poor neuronal survival and 
recording performance. Interestingly, the pro-inflam-
matory agent LPS is derived from the bacterial cell 
walls of gram-negative bacteria and predominantly 
recognized by the innate immunity receptors cluster 
of differentiation 14 (CD14) and Toll-like receptor 4 
(TLR4) to induce robust inflammatory responses.43 
The results of Harris42 indicate that activation of in-
nate immunity can result in detrimental effects in re-
cording performance and tissue integration.

Furthermore, Saxena et al. examined the effects 
of blood-brain barrier permeability on recording 
performance.28 In this study, extravasation of blood 
proteins and myeloid cells into the brain parenchyma 

around intracortical microelectrodes implanted in rats 
coincided with poor recording performance.28 The 
team hypothesized that chronic blood-brain barrier 
permeability following intracortical microelectrode 
implantation was part of a positive feedback loop 
with chronic inflammation, resulting in neurodegen-
eration,28 similar to the self-perpetuating neurode-
generative response described by Potter et al.20 One 
mechanism by which microglia and macrophages 
may recognize blood proteins and promote inflam-
mation is through the innate immunity receptor Toll-
like receptors.31,44 Thus, innate immunity may play 
a role in the positive feedback loop of blood-brain 
barrier permeability and chronic inflammation that 
leads to intracortical microelectrode failure.

Finally, Kozai et al. investigated the role of 
caspase-1 in the recording performance of intra-
cortical microelectrodes.11 Caspase-1 was studied 
for its role in the activation of the pro-inflamma-
tory cytokine IL-1β, as well as its role in neuronal 
death related to ischemia and chronic neurodegen-
eration.11 Knockout mice lacking caspase-1 im-
planted with intracortical microelectrodes exhibited 
significantly improved single unit yields over wild 
type controls out to ~ 150 days after implantation 
with similar yields extending to the end of the ex-
periment around 180 days after implantation.45 Co-
incidentally, caspase-1 is involved in several innate 
immunity mechanisms, including inflammasome, 
RIG-like receptor, and TLR signaling.45 In this in-
stance, attenuation of innate immunity improved 
chronic intracortical microelectrode performance. 
Thus, innate immunity appears to play a role in the 
failure of intracortical microelectrodes. 

Overall, studies linking inflammation to intra-
cortical microelectrode performance reveal several 
connections by which innate immunity may be in-
volved in intracortical microelectrode performance.

II. DISCUSSION

A.  Innate Immunity

As indicated above, innate immunity has ties to the 
foreign body response to intracortical microelec-
trodes. Thus, further understanding of the innate 



Innate Immunity and Intracortical Microelectrodes 345

Volume 46, Issue 4, 2018

immunity may inform strategies to mitigate intra-
cortical microelectrode failures. 

Innate immunity is often described as the body’s 
first line of defense against pathogenic threats.46 
Innate immunity should be distinguished from the 
body’s other defense system, adaptive immunity, by 
several characteristics. Innate immunity activates 
much more quickly, responding within minutes or 
hours, as compared to several days.46,47 The quick-
ness in responses is, in part, due to the widely dis-
tributed germline encoded effectors.47 In contrast, the 
adaptive immunity requires genetic recombination 
and clonal expansion of specific effectors.46,47 The 
disadvantage of germline encoded effectors is that 
innate immunity has less diversity and specificity of 
responses.47 However, the recognition of general pat-
terns conserved among classes of pathogens allows 
the innate immunity to be versatile and have capa-
ble effector cells distributed throughout the body.46,47 
In further contrast, the adaptive immunity features 
memory, meaning that adaptive responses to a pre-
viously encountered threat may be activated more 
quickly and with greater intensity.47 Innate immunity 
is not traditionally thought to feature memory; thus, 
innate immune responses enact with a relatively con-
sistent activation time and intensity. However, there 
is growing evidence that innate immunity may fea-
ture some degree of memory.48 Innate and adaptive 
immunity are not completely independent, as the in-
nate immunity often aids in the activation and regu-
lation of adaptive immunity effectors.47 

Innate immunity is comprised of physical bar-
riers, chemical barriers, and cellular responses.47 
Physical barriers include epithelial layers, mucosal 
tissues, and glandular tissues.47 Chemical barriers 
include acidic fluids, anti-microbial proteins, and 
anti-microbial peptides that reside near the physical 
barriers.47 Cellular innate immune responses are typ-
ically mediated by phagocytic cells, such as macro-
phages, neutrophils, dendritic cells, monocytes, and 
microglia, but can also involve natural killer cells, 
leukocytes, epithelial cells, and endothelial cells.47 
Additionally, complement glycoproteins found in 
serum are included in innate immunity.47 

In the event that pathogens bypass the physi-
cal and chemical barriers of the body, cellular ef-
fectors may address the threat. Cellular effectors 

of the innate immunity are generally activated via 
pattern-recognition receptors (PRRs), which rec-
ognize molecular patterns common to categories 
of pathogens referred to as pathogen associated 
molecular patterns (PAMPs). Some PRRs may 
also recognize molecular patterns on endogenous 
molecules released by the body called damage (or 
danger) associated molecular patterns (DAMPs).47 
The family of PRRs employed by the innate immu-
nity are TLRs,49 C-type lectin receptors,50 Retinoic 
acid-inducible gene-I-like receptors (RLRs),51,52 
and Nod-like receptors (NLRs).53,54 The TLRs and 
CLRs are transmembrane proteins expressed across 
plasma membranes; however, TLRs may also be ex-
pressed on endosomes and lysosomes.47 In contrast, 
RLRs and NLRs are expressed in the cytosol.47 Both 
TLRs and NLRs have demonstrated recognition of 
DAMPs in addition to PAMPs.47 Activation of the 
various PRRs may result in pro-inflammatory ac-
tivation, apoptosis, phagocytosis, coagulation cas-
cades, opsonization, or complement activation.46

In the context of foreign body responses to im-
planted intracortical microelectrodes, TLRs may 
be the most relevant. Some TLRs are expressed 
on plasma membranes,55,56 so they may be able 
to respond to external threats directly. The TLRs 
also have the capability to recognize DAMPs and 
PAMPs,31,57 enabling the potential detection of tis-
sue, cellular, and vascular damage associated with 
intracortical microelectrode implantation, in addi-
tion to pathogens introduced with the microelec-
trode. Thus, we will also discuss TLRs and their 
adaptor molecule, CD14.

1.  Toll-Like Receptors and CD14

One major group of effectors in innate immunity 
is a class of PRRs called TLRs.58 The TLRs are 
transmembrane proteins that recognize molecular 
patterns associated with either pathogens or tissue 
damage and enact downstream inflammatory activa-
tion.58,59 The TLRs are expressed on peripheral im-
mune cells, such as macrophages and dendritic cells, 
as well as several cells of the central nervous system, 
including microglia, astrocytes, and neurons.58,60,61

Toll-like receptors are named for their similarity 
to Toll,62,63 a protein responsible for directing dor-
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sal-ventral patterning in Drosophila embryos64 and 
involved in innate immunity in adult Drosophila.65 
The TLRs were later identified in humans based on 
their shared molecular structure and downstream 
signaling pathways.66

Toll-like receptors are type 1 transmembrane 
proteins that feature leucine-rich repeat (LRR) do-
mains on the extracellular side and a Toll/IL-1 re-
ceptor (TIR) domain.58,62,66,67 The LRRs are sequence 
motifs with frequent interspersed instances of the 
amino acid leucine and are found on many proteins 
involved in protein-protein interactions such as sig-
nal transduction.58,68 The other major component of 
Toll-like receptors, the TIR domain, is a protein-pro-
tein interaction module found involved in the host 
responses of both plants and animals.58,69

Building off the common structural elements 
of LRR and TIR domains, the TLR family gives 
rise to at least 12 different functional members in 
mice and 10 different functional members in hu-
mans.49,51,58 The TLRs 1–9 are functional in both 
mice and humans, TLR10 is functional in humans 
but not mice,70 and TLRs 11–13 have been identi-
fied in mice but not humans.49 The members of the 
TLR family vary in membrane location and ligand 
specificity.58 Some TLRs, such as TLR 1, 2, 4–6, 8, 
and 11, are located on the cell membrane, with the 
LRR domain facing the extracellular environment 
and the TIR domain facing the cytosol.49,71,72 With 
an outward-facing ligand-binding domain, TLRs on 
the cell membrane monitor for external threats like 
bacteria. Other TLRs, such as TLR 3, 7, 8, and 9, 
are located on intracellular vesicles, with the LRR 
domains facing the interior of the vesicle and the 
TIR domain facing the cytosol.49,71,72 With a vesi-
cle-facing ligand-binding domain, TLRs on vesicle 
membranes monitor for internal threats, such as vi-
ruses. Each TLR recognizes its own set of ligands, 
which may be pathogen associated molecular pat-
terns (PAMPs) or damage/danger associated molec-
ular patterns (DAMPs).

The PAMPs recognized by TLRs and other 
PRRs are molecular patterns shared among broad 
categories of pathogens, allowing rapid and versatile 
innate immune responses with a handful of widely 
available receptor types.58 The broad, fast-acting na-
ture of TLRs contrasts against the highly specialized 

receptors and antibodies of the adaptive immunity, 
which require time-consuming clonal expansion to 
distribute effector cells to combat pathogens.58 The 
PAMPs are effective targets for immune recognition 
because they occur in pathogens but not host cells, 
allowing inflammatory effector cells to discriminate 
between self and non-self.58 Furthermore, PAMPs 
are typically molecular patterns involved in criti-
cal pathogenic survival mechanisms.58 Mutations in 
pathogens removing PAMPs are typically deadly, 
allowing TLR signaling to remain effective across 
many generations of evolution.58 

Of note, PAMPs can be utilized in the recogni-
tion of bacterial, fungal, parasitic, and viral patho-
gens (for a detailed summary, see Akira et al.73). 
As opposed to PAMPs, DAMPs are patterns found 
in endogenous molecules released in the event of 
noninfectious tissue damage (Table 1) from Pin-
eau and Lacroix,31 Tsan and Gao,57 and Beg.59 The 
DAMPs recognized by TLRs include heat shock 
proteins (HSP), extracellular matrix (ECM) compo-
nents, components of necrotic cells, surfactant pro-
tein A, RNA, DNA, and fibrinogen.31,59 Heat shock 
proteins are molecules released when cells are ex-
posed to various stresses.31,57,74,75 TLRs can recog-
nize HSP22,76 HSP60,77–79 HSP70,80,81 and Gp96.82 
Molecules may be cleaved from the ECM by proteo-
lytic enzymes during the inflammatory response to 
traumatic injury,31 and TLRs can recognize heparan 
sulfate,83–85 hyaluronan-derived oligosaccharide,86,87 
biglycan,88 and fibronectin extra domain A.89 Ne-
crotic cells promote inflammation via TLR recogni-
tion of the released chromatin binding protein high 
mobility group box 1 (HMGB1)30,90–93 or unidenti-
fied ligands.94,95 Surfactant protein A is a component 
of pulmonary surfactant and may activate TLRs.96 
Host RNA97–99 and DNA97,100 can activate TLRs, but 
the method of endosome localization is unclear.97 
Fibrinogen escapes vasculature during inflamma-
tion and can bind TLRs to further propagate inflam-
matory mechanisms.44

Upon binding of a PAMP or DAMP to the se-
quence of LRR domains on a TLR, cytoplasmic 
signaling events occur (for a more detailed review, 
see Akira and Takeda107). Genes induced by TLR 
activation have been implicated in the production 
of pro-inflammatory cytokines, chemokines, major 
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histocompatibility complex (MHC), co-stimulatory 
molecules, and antimicrobial peptides.58 Although 
cytokines and chemokines promote innate immunity 
and inflammatory responses, MHC and co-stimula-
tory molecules facilitate adaptive immune responses. 
Cytokines released in response to TLR activation in-
clude the interleukins (IL) IL-1α,90 IL-1β,90 IL-6,76,108 
and IL-12,81,97 tumor necrosis factor (TNF, also listed 
as TNF-α),78,86–88,90,92,94,97,108 interferon-α (IFN- α),97 
and the chemokines macrophage inflammatory pro-
tein-1α (MIP-1α),86,90,95 MIP-1β,90 MIP-2,86,88,95 MCP-
1,109 and KC.86,95 Cytokines can promote further 
inflammatory activation and edema, and chemokines 
can promote cellular extravasation and trafficking.110 

Other factors released after TLR activation in-
clude the free radical signaling molecule nitric oxide 
(NO)77,78 and an enzyme that produces NO, induc-
ible nitric oxide synthetase (iNOS).92,94 Additionally, 
TLR activation may result in release of the matrix 

metalloprotease (MMP) 3 or MMP9,95 which are in-
volved in tissue repair.89 Finally, TLR activation may 
release the pro-inflammatory enzyme cyclooxygen-
ase 2 (COX-2),92 which activates arachidonic acid/
prostaglandin inflammatory mechanisms.111 Over-
all, TLR signaling pathways utilize a broad range of 
downstream effectors to respond to pathogenic and 
endogenous threats, which can be a likely source of 
the self-perpetuating inflammatory response to mi-
croelectrodes described above. 

Because of established roles of particular PRR 
in neurodegenerative disorders, we have taken par-
ticular interest in the potential role of TLR2, TLR4, 
and the co-receptor cluster of differentiation 14 
(CD14) in the foreign body response to intracortical 
microelectrodes.

The cell-surface receptor TLR2 is expressed on 
endothelial cells and antigen-presenting cells, in-
cluding macrophages and microglia.58,112,113 Rather 

TABLE 1: Summary of major damage associated molecular patterns (DAMPs) recognized by Toll-like receptors 
(TLRs), based on data from Pineau and Lacroix,31 Tsan and Gao,57 and Beg59

DAMP TLR Factors Produced Refs.
Heat shock proteins (HSPs)
HSP60 TLR2, TLR4 TNF, NO 77–79
HSP70 TLR2, TLR4 TNF, IL-1b, IL-6, IL-12 80, 81
Gp96 TLR2, TLR4 TNF, IL-12 82
HSP22 TLR4 TNF, IL-6, IL-12 76
Extracellular matrix components
Heparan sulfate TLR4 TNF 83–85 
Hyaluronan-derived oligosaccharide TLR2, TLR4 TNF, MIP-1a, MIP-2, KC 86, 87
Biglycan TLR2, TLR4 TNF, MIP-2 88
Fibronectin extra domain A TLR4 MMP-9 89
Decorin TLR2, TLR4 PDCD4, IL-10 101
Versican TLR2, TLR6 TNF-α, IL-6 102
Necrotic cells TLR2, TLR3 TNF, IL-8, MIP-2, KC, MMP-3, iNOS 94, 95
RNA TLR3, TLR7 IL-12, IFN-α 97, 98
DNA (in the form of immune complexes) TLR9 IFN-α 97, 100
High mobility group box 1 protein 
(HMGB1)

TLR2, TLR4 TNF, IL-1a,IL-1b, IL-6, IL-8, MIP-1a, 
MIP-1b, COX-2, iNOS

30, 90–93

Lung surfactant protein A TLR4 TNF-α, IL-10 96 
Fibrinogen TLR4 MIP-1α, MIP-1β, MIP-2, MCP-1 44
S100A8 TLR4 TNF-α 103
S100A9 TLR4 IL-1β, TNF-α, IL-6, IL-8 and IL-10 104
Fibrillar β-amyloid TLR2, TLR4 Superoxide radical 105
α-synuclein TLR4 TNF-α, IL-6, CXCL1, ROS 106
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than forming homodimers to activate downstream 
signaling pathways, TLR2 typically forms het-
erodimers with TLR1 or TLR6.58 The main func-
tion of TLR2 is the recognition of Gram-positive 
bacteria via peptidoglycan (disputed by Travas-
sos et al.114) and lipoteichoic acid,115–119 but it also 
binds the PAMPs lipoproteins/lipopeptides,120 li-
poarabinomannan,121 phenol-soluble modulin,122 
glycoinositol phospholipids,123 porins,124 atypical 
LPS,125,126 and zymosan.107,113 In addition to the afore-
mentioned PAMPs, TLR2 recognizes the DAMPs 
HSP60,79 HSP70,80,81 GP96,82 hyaluronan-derived 
oligosaccharide,86 biglycan,88 necrotic cells,94,95 and 
HMGB1.91,93 The broad range of recognized ligands 
makes TLR2 an effective innate immunity activator 
throughout the body, but the important role of TLR2 
in CNS inflammation and neurodegeneration will be 
discussed below.

In contrast to TLR2, TLR4 communicates via 
homodimerization and recognizes Gram-negative 
bacteria.58,127–129 The cell-surface receptor TLR4 is 
expressed on macrophages, microglia, and several 
immune cells.58,66,130 In addition to bacterial rec-
ognition via LPS, TLR4 also recognizes several 
other PAMPs,73,107 including mannan,131 glucuron-
oxylomannan,73,132 viral fusion protein,133 and viral 
envelope proteins.134 Also, TLR4 is also involved 
in the recognition of several DAMPs,31,59 such as 
HSP60,77,78 HSP70,80,81 Gp96,82 HSP22,76 hepa-
ran sulfate,83–85 hyaluronan-derived oligosaccha-
ride,86,87 biglycan,88 fibronectin extra domain A,89 
HMGB1,91,93 and fibrinogen.44 Involvement of TLR4 
signaling in CNS inflammation and neurodegenera-
tion will also be discussed in below.

The co-receptor CD14, a 55 kD glycoprotein 
closely associated with TLR2 and TLR4, is predom-
inantly known for its role in the recognition of LPS.135 
Briefly, CD14 binds LPS monomers extracted from 
LPS aggregates by LPS binding protein (LBP)136,137 
and the TLR4-MD2 complex subsequently binds 
LPS.135,138 Although the exact mechanism of LPS 
transfer from CD14 to TLR4-MD2 has not been elu-
cidated, the presence of CD14 greatly improves the 
sensitivity of LPS recognition by effector cells.139 
Macrophages and to a lesser extent microglia ex-
press CD14,140–142 either linked to a membrane by 
a glycophosphoinositol or released in a soluble 

form.58,135 In addition to LPS recognition, CD14 acts 
as a co-receptor to TLR2 in the recognition of the 
various PAMPs, such as virions143 and the cell wall 
components peptidoglycan (disputed by Travassos 
et al.114) and LTA.119,144 The co-receptor CD14 is 
thought to be an adaptor molecule to the TLRs for 
the binding of both PAMPs and DAMPs.144 For ex-
ample, CD14 acts as a co-receptor to TLR2 and/or 
TLR4 in the recognition of HMGB1,145 β amyloid 
plaques,105 and HSP70.80,146 Furthermore, CD14 sig-
nals independently of TLR2 and TLR4, such as in 
the endosomal recognition of viral nucleic acids by 
TLR7 and TLR9,147 and the non-TLR mediated rec-
ognition of necrotic cells144 and apoptotic cells.148–150 
Finally, CD14 facilitates the internalization of sev-
eral molecules, such as phosphatidylinositol.151 The 
role of CD14 in CNS inflammation and neurodegen-
eration will also be discussed further in below. 

2.  TLR2, TLR4, and CD14 in  
Neurodegenerative Disorders

The innate immunity receptors TLR2, TLR4, and 
CD14 play a prominent role in several neurode-
generative disorders due to their expression in CNS 
tissue and ability to promote potent inflammatory 
mechanisms.152 The receptors TLR2 and TLR4 are 
expressed on microglia and astrocytes in both hu-
man and mice and on neurons in mice only.60,153 
Additionally, TLR2 is expressed on oligodendro-
cytes.153 Although constitutive expression of CD14 
in the brain is limited to perivascular, leptomen-
ingeal, and choroid plexus macrophages, it can be 
upregulated in parenchymal microglia following in-
jury.154,155 Subsequently, activation of TLR2, TLR4, 
and/or CD14 on microglia can induce neurodegen-
eration.156–158 In addition to parenchymal cells of the 
brain, TLR2 and TLR4 are expressed on cerebral 
endothelial cells159 and soluble CD14 may partic-
ipate in the ligand recognition of endothelial cells 
lacking membrane-bound CD14.160 Injuries of the 
CNS may also recruit CD14 positive macrophages 
to enact and propagate inflammatory responses.154 
The receptors TLR2 and TLR4 are commonly ex-
pressed in macrophages as well.

Neuroinflammatory mechanisms involving 
TLR2, TLR4, and CD14 activation have been 
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demonstrated to contribute to neurodegenera-
tion.156–158 Resident microglia or infiltrating mac-
rophages may respond to TLR2, TLR4, and CD14 
ligands linked to CNS disorders and injuries, such 
as α-synuclein,106,161 fibrillar β-amyloid,105 heparan 
sulfate proteoglycans,162 heat shock proteins,77,163,164 
necrotic neurons,94,165 and whole and partial bacte-
ria.156,166 Activation of TLRs on microglia can lead 
to microglial activation and the subsequent release 
of cytokines, chemokines, reactive oxygen spe-
cies,106 and nitric oxide,156 as well as induce phago-
cytosis of both damaged and viable neurons.167 The 
release of reactive oxygen species by activated mi-
croglia can cause damage to neuronal membranes 
and dendrites.168 Additionally, activation of TLRs 
has been shown to interfere with remyelination.169 
In summary, overreaction of microglia to TLR2, 
TLR4, and CD14 can cause neuronal damage in 
many ways.

Contrary to the major role of TLR2, TLR4, 
and CD14 signaling in neurodegeneration, TLR2, 
TLR4, and CD14 have also been linked to neuro-
protection.170 Activation of TLR2, TLR4, and CD14 
may protect neurons by reverting microglia to a 
pro-healing activation state,171 inducing cytokine re-
lease in a beneficial context,172 or to facilitate clear-
ing of dangerous molecules from the CNS.173 Thus, 
well-regulated innate immune signaling is useful for 
maintaining neuronal health. These results contra-
dict many reports of the current understanding of 
TLR2, TLR4, and CD14, but should be further ex-
plored for a more complete understanding of the role 
of innate immunity in microelectrode performance. 

Activation of TLR2, TLR4, and CD14 has been 
implicated in the neurodegeneration caused by a va-
riety of CNS diseases and injuries, including Parkin-
son’s disease (PD),174 dementia with Lewy bodies 
(DLB),174 multiple system atrophy (MSA),174 mul-
tiple sclerosis (MS),175 amyotrophic lateral sclero-
sis (ALS),176 Alzheimer’s disease,105,177 neuropathic 
pain,178 subarachnoid hemorrhage,179,180 traumatic 
brain injury,181 focal cerebral ischemia,182 spinal cord 
injury,183 and brain injury.184 Synucleinopathies (PD, 
DLB, and MSA), Alzheimer’s disease, and ALS will 
be discussed in further detail due to the involvement 
of multiple receptors of interest and heavy innate 
immunity involvement. 

Alzheimer’s disease is a memory disorder in-
volving plaques made of β amyloid in the paren-
chyma of the brain.185,186 Bystander damage caused 
by the chronic inflammatory mechanisms directed 
against β amyloid plaques is hypothesized to be a 
major source of neurodegeneration.187 The receptors 
TLR2, TLR4, and CD14 on microglia recognize 
fibrillar β amyloid and induce a pro-inflammatory 
state involving phagocytosis and ROS release.105 In-
hibiting TLR2 and TLR4 by various means has re-
sulted in decreased generation of pro-inflammatory 
factors and subsequent neurotoxicity.158,185,188–190 On 
the other hand, activation of TLR2, TLR4, and CD14 
signaling has been shown to facilitate the clearance 
of β amyloid,191 and the removal of neurons dam-
aged by Aβ.192 Thus, some degree of TLR activation 
while limiting neuronal damage is likely the optimal 
scenario for treating Alzheimer’s disease.

Recent studies have identified participation of 
TLR2 and TLR4 in synucleinopathies, such as Par-
kinson’s disease, dementia with Lewy bodies, and 
multiple system atrophy.106,161,173,174 Synucleinopa-
thies involve misfolding and buildup of the protein 
α-synuclein, resulting in TLR-mediated neuroin-
flammation and neurodegeneration.106,193 Activation 
of TLR2 disrupts the clearance of α-synuclein via 
autophagy.161 Contrarily, activation of TLR4 pro-
motes the clearance of α-synuclein via phagocytosis, 
while simultaneously promoting neurodegenerative 
inflammatory mechanisms.106,173 Thus, a proper 
balance of clearing harmful materials and limiting 
self-inflicted damage must be maintained to com-
bat synucleinopathies. Alternatively, a TLR4 ligand 
similar to LPS, mono-phosphoryl lipid A, has been 
identified to selectively promote clearance and not 
destructive inflammatory cascades.174 Therefore, ap-
proaches more nuanced than simply shutting down 
the signaling of entire TLRs must be considered in 
the mitigation of TLR-mediated neuroinflammation 
and neurodegeneration.

Amyotrophic lateral sclerosis is a disorder in-
volving death of motoneurons in the motor cortex 
and spinal cord resulting in muscle atrophy and pa-
ralysis.185,194,195 Although the initial cause of moto-
neuron damage is unclear, activated microglia with 
mutations in SOD1 have been shown to exacerbate 
neurodegeneration via the release of superoxide, 
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nitrate, and nitrite.185,196 TLR2, TLR4, and CD14 
have been shown to activate microglia by binding 
extracellular mutated SOD1.197 Furthermore, knock-
ing out TLR4 resulted in increased survival and 
improved functional outcomes in a mouse model 
of ALS.198 Recently, natural and synthetic TLR4 
antagonists have been shown to mitigate neurode-
generation and nitric oxide release (natural TLR4 
antagonist only) by microglia, in vitro.176 Overall, 
persistent activation of microglia via TLR2, TLR4, 
and CD14 in ALS leads to further neurodegenera-
tion, and inhibiting these pathways mitigates harm-
ful outcomes.

In summary, TLR2, TLR4, and CD14 are ex-
pressed on tissues of the CNS, recognize PAMPS 
and DAMPS in the CNS, and promote inflamma-
tory mechanisms involved in neurodegenerative dis-
orders. Temporal and regulated inhibition of TLR2, 
TLR4, and CD14 holds the potential to mitigate 
neurodegenerative disorders, because clearance of 
the ligands that generate inflammation must be con-
sidered for proper healing to occur.

B.  TLR2, TLR4, and CD14 in Foreign Body 
Response to Intracortical  
Microelectrodes

Although there is currently little direct evidence for 
TLR2, TLR4, and CD14 signaling in the foreign 
body response to intracortical microelectrodes, sev-
eral connections exist that suggest their role in the 
recognition of damage to promote and perpetuate 
inflammation. Particularly, TLR2, TLR4, and CD14 
are expressed in the cells at the electrode tissue in-
terface;60,153–155 ligands recognized by TLR2, TLR4, 
and CD14 have been reported at the electrode tis-
sue interface;89,199 and outcomes associated with the 
activation of TLR2, TLR4, and CD14 pathways 
have been reported by several groups.61,66,157,200–205 
Together, the concurrent presence of receptors, li-
gands, and downstream effectors strengthens the 
likelihood for participation of TLR2, TLR4, and 
CD14 in the foreign body response to intracortical 
microelectrodes.

As discussed above, resident parenchymal mi-
croglia express TLR2 and TLR4 constitutively,60,153 
and may express CD14 following injury.154,155 Ad-

ditionally, infiltrating macrophages constitutively 
express TLR2, TLR4, and CD14. Following intra-
cortical microelectrode implantation, both resident 
microglia and infiltrating macrophages accumu-
late at the electrode-tissue interface and revert to a 
pro-inflammatory activated state.29 Therefore, the 
receptors TLR2, TLR4, and CD14 may play a role 
in the pro-inflammatory activation of microglia and 
macrophages through the recognition of ligands.

Several of the ligands that activate TLR2, 
TLR4, and CD14 may be present at the electrode 
tissue interface. Starting with PAMPs, residual en-
dotoxin (LPS) has been detected at levels above 
FDA guidelines for CNS devices on intracortical 
microelectrode probes even following standard ster-
ilization protocols with ethylene oxide.199 Raviku-
mar et al. compared sterilization methods and found 
that probes with higher endotoxin levels exhibited 
higher microglial activation, astrocytic encapsu-
lation, blood-brain barrier permeability, and neu-
ronal dieback at acute time points.199 Since TLR4 
and CD14 are involved in the main pathway of en-
dotoxin recognition,58 their findings indicate that 
activation of TLR4 and CD14 may contribute to un-
favorable inflammatory mechanisms at the electrode 
tissue interface. Immunohistochemical differences 
between sterilization methods were not observed 
16 weeks after implantation, suggesting that endo-
toxin or LPS may not be a significant activating li-
gand for chronic inflammatory responses once the 
LPS introduced by the electrode has been cleared. 
Additionally, as mentioned above, Harris adminis-
tered LPS systemically to rats at the time of intra-
cortical microelectrode implantation and observed 
decreased neuronal survival paired with lower fir-
ing rates in evoked recordings compared to control 
rats,42 indicating that activation of TLR4 and CD14 
may contribute to declining recording performance 
as well as the foreign body response to the electrode. 
Of note, Gram-positive bacterial cell wall compo-
nents, recognized by TLR2, were not quantified in 
the sterilization study but may be present following 
imperfect sterilization methods. 

In addition to PAMPs, several DAMPs may be 
present at the electrode tissue interface due to the 
damage caused by insertion trauma, micromotion, 
and chronic inflammatory mechanisms.199 Enhanced 
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expression of fibronectin, a ligand to TLR4,89 has 
been detected in the reactive tissue around im-
planted intracortical microelectrodes,206 as well as 
cortical impact injures.207 HMGB1, recognized by 
TLR2,91,93 TLR4,91,93 and CD14,145 was observed to 
be upregulated around implanted intracortical mi-
croelectrodes208 as well as in the brain following 
ischemia.92,209,210 Furthermore, necrotic cells, recog-
nized by TLR294,95 and CD14,144 have been observed 
around implanted intracortical microelectrodes.211 
Other DAMPs have been observed in various brain 
injuries and illnesses. A ligand to TLR4, HSP70, 
has been observed in the brain following focal ce-
rebral ischemia.212,213 In vitro studies of CNS cells 
also indicate evidence of DAMP release following 
nervous system injuries. The ligands HSP60 and 
HSP70, recognized by TLR2,79–81 TLR4,77,78,80,81 and 
CD14 (HSP60 only),80,146 were observed on the ax-
ons of cultured DRG neurons that were explanted 
from rats following sciatic nerve injury.163,164 Fur-
thermore, HSP60 was observed being released from 
apoptotic and necrotic cells in mixed CNS culture 
(embryonic forebrain-derived cells of unspecified 
composition).77 Additionally, fibrinogen, a blood 
protein that activates TLR4,44 has been speculated 
to be present around implanted intracortical mi-
croelectrodes.14,21,214 The disruption of vasculature 
upon intracortical microelectrode implantation16 and 
chronic permeability of the blood brain barrier likely 
results in the presence of fibrinogen in the brain at 
both acute and chronic time points.28,215 Overall, a 
variety of DAMPs may be released in the brain fol-
lowing intracortical microelectrode implantation.

Finally, the downstream consequences of TLR2, 
TLR4, and CD14 activation may indicate a role in 
the foreign body response to implanted intracorti-
cal microelectrode. Activation of TLR2, TLR4, and 
CD14 on microglia and macrophages leads to the 
activation of NF-κB, which mediates pro-inflamma-
tory genes responsible for the release of cytokines, 
chemokines, cyclooxygenase-2, and matrix metallo-
proteinase-9 (MMP-9).66,216,217 The factors generated 
following NF-κB activation may perpetuate chronic 
inflammatory mechanisms around the implanted 
device. Activated microglia and macrophages are 
present at the electrode tissue interface long after 
device implantation.29,215 Activation of TLRs has 

the capability to induce neuronal damage,61,157 and 
neuronal dieback is commonly observed along with 
the foreign body response to intracortical microelec-
trodes.21,215,218 Activation of TLRs by DAMP recog-
nition may contribute to the loss of neurons around 
the implant. Additionally, the neurons killed around 
implanted intracortical microelectrodes may pro-
vide further stimulus for TLR activation via necrosis 
or the release of HSP60, HSP70, or HMGB1, thus 
self-perpetuating chronic inflammation. Further-
more, activation of TLRs may contribute to chronic 
blood-brain barrier permeability via the release of 
nitric oxide pro-inflammatory cytokines, NO, and 
reactive oxygen species (ROS), and MMP-9.26,66,200–

205 Blood-brain barrier permeability is a persistent 
problem of the foreign body response to intracor-
tical microelectrodes and has been associated with 
poor recording performance.28,215

Overall, the evidence presented here suggests 
that TLR2, TLR4, and CD14 play a role in the for-
eign body response to intracortical microelectrodes 
via the recognition of PAMPs and DAMPs by mi-
croglia and macrophages and subsequent pro-in-
flammatory, neurotoxic, and blood-brain barrier 
damaging actions (Fig. 2).

1.  Current Strategies to Inhibit TLR2, TLR4, 
and CD14

Several strategies exist for inhibiting TLR2-, TLR4-, 
and CD14-mediated signaling, varying in target and 
molecular composition. The most direct strategies 
target the receptors themselves, however, inhibi-
tion strategies may target other components of the 
TLR2/TLR4/CD14 signal transduction pathways. A 
variety of peptides, antibodies, and RNA sequences 
may disrupt signaling at the various targets. In this 
section, several TLR2/TLR4/CD14 inhibition strat-
egies under different stages of investigation will be 
reviewed (see Table 2).

The first major option for inhibiting TLR2/
TLR4/CD14 signaling we will discuss utilizes 
methods to alter the cell-surface expression of 
TLR2/TLR4/CD14, either by downregulation or in-
ternalization. Administration of rosmarinic acid,219 
siRNA,220 oxymatrine,181 glycyrrhizin,221 argon,222 
pituitary adenylate cyclase-activating polypeptide 
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(PACAP),223 melatonin,224 apigenin,225 and urso-
lic acid,226 resulted in reduced TLR2, TLR4, and/
or CD14 expression; whereas, walnut extract was 
shown to promote receptor internalization.227 Of 
note, intrathecal siRNA that reduces TLR4 expres-
sion attenuated neuropathic pain in a rat model.220 
Oxymatrine and PACAP conferred neuroprotection 
in a rat models of traumatic brain injury by inhibit-
ing the expression and upregulation of TLR4.181,223 
Glycyrrhizin inhibited TLR2-HMGB1 signaling, 
resulting in reduced lymphocyte trafficking in ex-
perimental autoimmune thyroiditis in mice.221 

Melatonin, apigenin, and ursolic acid attenuated 
the effects of subarachnoid hemorrhage, including 
neurobehavioral deficits, blood-brain barrier per-
meability, and neuronal apoptosis.224–226 Even more 
promising, administration of melatonin has resulted 
in improved intracortical microelectrode recording 
and neuronal viability.228 Although melatonin was 
chosen for its ability to inhibit caspase activation, 
cytochrome c release, and oxidative stress, inhibi-
tion of TLR4 may have contributed to improved 
microelectrode integration and performance.224,228 
Reducing the expression of TLR2, TLR4, and/or 

FIG. 2: Potential role of TLR2, TLR4, and CD14 in the foreign body response to intracortical microelectrodes. Mi-
croglia and macrophages at the electrode tissue interface may recognize PAMPs and DAMPs at the electrode tissue in-
terface via TLR2, TLR4, and CD14, resulting in the release of soluble factors such as cytokines, chemokines, reactive 
oxygen species, and reactive nitrogen species. The released soluble factors may damage neurons, blood vessels, and 
electrode materials, leading to poor intracortical microelectrode performance. Cells damaged and killed by the soluble 
inflammatory factors may release DAMPs that activate microglia and macrophages. Blood proteins released following 
damage to the blood brain barrier may also act as DAMPs. Inflammatory cells infiltrating across the blood-brain barrier 
permeability may become activated by DAMPs and contribute to the foreign body response. Thus, TLR2, TLR4, and 
CD14 signaling may contribute to the activation and perpetuation of chronic inflammatory mechanisms in the foreign 
body response to intracortical microelectrodes.
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CD14 effectively attenuates the negative effects 
of overactive TLR signaling. Again, the success of 
cell-surface expression in CNS injuries and disorder 
demonstrate a potential application for integrating 
intracortical microelectrodes. Therefore, we uti-
lized transgenic TLR2, TLR4, or CD14 knockout 
mice to investigate the effects of removal of each 
receptor in the integration and performance of intra-
cortical microelectrodes. Studies with TLR2/TLR4 

utilized dummy implants and investigated only the 
histological response.229 Endpoint histology at 2 
and 16 weeks after implantation demonstrated that 
Tlr4-/- mice exhibited significantly lower BBB per-
meability at acute and chronic time points but also 
demonstrated significantly lower neuronal survival 
at the chronic time point. Additionally, inhibition 
of the TLR2 pathway had no significant histolog-
ical effect compared to control animals. Together, 

TABLE 2: Strategies for the inhibition of TLR2, TLR4, and CD14
Inhibition Target  
Mechanism

Type of  
Therapeutic

Receptor  
Targeted Therapeutic Application(s)

Ligand binding Small molecule CD14/TLR4 IAXO-101 Sepsis,233 neuropathic 
pain,178 malaria234

Ligand binding Small molecule CD14/TLR4 IAXO-102 Aneurysm235

Ligand binding/ receptor 
dimerization

Small molecule TLR2 SSL3236 N/A

Ligand binding Antibody CD14 IC14 LPS responsiveness,241 
sepsis242,243

Co-receptors (non-CD14) Small molecule TLR4 (via MD-2) Eritoran Sepsis250

Co-receptors (non-CD14) Small molecule TLR4 (via MD-2) TAP2 Inflammation251

Co-receptors (non-CD14) Small molecule 
(natural)

TLR4 (via MD-2) Curcumin Integration of intracortical 
microelectrodes208

TLR4-MyD88 Complex 
formation

Small molecule TLR4 Wogonin Inflammation in DRG 
neurons,255 traumatic brain 
injury216

Intracellular TLR domain 
interactions

Small molecule TLR4 TAK-242/resatorvid Sepsis,260 endotoxic 
shock,259 traumatic brain in-
jury,261 cerebral ischemia,257 
intracerebral hemorrhage,257 
optic nerve crush262

Receptor expression at 
cell surface

siRNA TLR4 N/A Neuropathic pain220

Receptor expression at 
cell surface

Small molecule TLR4 Oxymatrine Traumatic brain injury181

Receptor expression at 
cell surface

Small molecule TLR4 PACAP Traumatic brain injury223

Receptor expression at 
cell surface

Small molecule TLR2 Glycyrrhizin Autoimmune thyroiditis221

Receptor expression at 
cell surface

Small molecule TLR4 Melatonin Subarachnoid hemor-
rhage,224 integration of in-
tracortical microelectrode228 

Receptor expression at 
cell surface

Small molecule TLR4 Apigenin Subarachnoid hemor-
rhage225

Receptor expression at 
cell surface

Small molecule TLR4 Ursolic acid Subarachnoid hemor-
rhage226
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our results indicate that complete genetic removal 
of TLR4 was detrimental to the integration of intra-
cortical neural probes, while inhibition of TLR2 had 
no impact within the tests performed in this study. 
Implanting functional recording intracortical micro-
electrodes into Cd14-/- mice exhibited acute but not 
chronic improvements in intracortical microelec-
trode performance without significant differences 
in end point histology.230 However, when we used 
a mouse bone marrow chimera model to selectively 
knockout CD14 from either brain resident microg-
lia or blood-derived macrophages, we were able 
to understand the most effective targets for future 
therapeutic options—brain-derived microglia or in-
filtrating blood-derived cells.231 Using single-unit 
recordings, we demonstrate that inhibiting CD14 
from the blood-derived macrophages improves re-
cording quality over the 16-week long study. We 
conclude that targeting CD14 in blood-derived cells 
should be part of the strategy to improve the perfor-
mance of intracortical microelectrodes and that the 
daunting task of delivering therapeutics across the 
blood-brain barrier may not be needed to increase 
intracortical microelectrode performance. Knowing 
that both TLR4 and CD14 are important mediators 
of intracortical microelectrode integration and per-
formance, other strategies to inhibit their activation 
must be explored. 

Our next step was to consider inhibiting TLR2/
TLR4/CD14 signaling via antagonism of the binding 
domain with a small molecule. The glycolipid IAXO-
101 has demonstrated success as a CD14-TLR4 
antagonist by competitively occupying CD14,232 
resulting in mitigation of sepsis, neuropathic pain, 
and experimental malaria in mice.178,233,234 Therefore, 
we explored the use of IAXO-101 in an intracortical 
microelectrode model. Interestingly, mice receiv-
ing IAXO-101 exhibited significant improvements 
in recording performance over the entire 16-week 
duration without significant differences in endpoint 
histology.230 Combined with our chimera studies, we 
hypothesized that some degree of CD14 signaling 
may be necessary over chronic time ranges to facil-
itate wound healing mechanisms. We also remained 
unsure if IAXO-101 was simply not the most opti-
mal method for small molecule inhibition and are 
exploring other options. For example, a similar com-

pound IAXO-102 attenuated the development of an 
experimental form of aneurysm.235 The naturally 
derived antagonist to TLR2 staphylococcal superan-
tigen-like protein 3 (SSL3) may inhibit TLR2 sig-
naling by both blocking binding sites and disrupting 
heterodimerization.236 Because of the diversity of 
molecular structures recognized by the same TLR, 
the effectiveness of small molecule antagonists to 
interfere with ligand-receptor interactions may vary 
between ligand.237 Small molecule antagonists to the 
TLR2/TLR4/CD14 pathways have demonstrated 
varying degrees of success. The capability of small 
molecule antagonists to mitigate TLR2/TLR4/CD14 
activity and attenuate detrimental inflammatory out-
comes is promising for their utilization in intracorti-
cal microelectrode integration. When contemplating 
the effectiveness of a small molecule antagonist 
approach, it is important to consider delivery to the 
brain. Depending on the approach, delivery through 
the blood-brain barrier is complicated, despite the 
known “leakiness” associated with the neuroinflam-
matory response to intracortical microelectrodes.

Another mechanism of inhibiting TLR2/TLR4/
CD14 signaling by blocking the ligand-receptor in-
teractions utilizes blocking antibodies. Antibodies 
that bind a cellular receptor and prevent ligand bind-
ing have demonstrated success in various inflamma-
tory disorders.238 Anti-CD14 antibodies may disrupt 
CD14 signaling by blocking the binding of LPS to 
CD14239,240 or through mechanisms independent of 
LPS binding.239 The commercially available mono-
clonal antibody IC14 recognizes human CD14 and 
saturates CD14 on monocytes and granulocytes.241 
Intravenous administration of IC14 in humans re-
duced responsiveness to LPS, specifically attenuat-
ing the release of pro-inflammatory cytokines (TNF, 
IL-6, and IL-10), the activation of leukocytes and 
endothelial cells, the acute phase protein response, 
and various symptoms.241 The administration of 
IC14 has produced less promising results in se-
vere cases of sepsis.242,243 One potential setback for 
the use of blocking antibodies is activation of the 
complement pathway by the Fc region of the anti-
body.244 Recent studies employing hybrid antibodies 
with inert Fc regions have been successful in at-
tenuating CD14-mediated inflammatory responses 
without activating complement-related side effects 
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in both in vivo porcine models and ex vivo human 
whole blood models of sepsis.244 Furthermore, pair-
ing complement inhibition with hybrid anti-CD14 
antibodies has demonstrated enhanced survival in 
a porcine model of polymicrobial sepsis.245 Finally, 
hybrid anti-CD14 antibodies with and without con-
current complement inhibition has outperformed the 
synthetic small molecule antagonist eritoran in mit-
igating monocyte activation in response to sepsis.246 
Therapeutic antibodies have demonstrated success 
in mitigating TLR2/TLR4/CD14 mediated disor-
ders despite potential complications. Thus, thera-
peutic antibodies may be applicable for integrating 
intracortical microelectrodes within the brain.

Alternative inhibition strategies to inhibit TLR2 
and TLR4 focus on the non-CD14 co-receptors. 
The protein MD-2 (myeloid differentiation 2) is the 
other major cell-surface co-receptor involved in the 
recognition of LPS. Where CD14 is thought to facil-
itate recognition of both PAMPs and DAMPs, MD-2 
is thought to facilitate response to PAMPs only.144 
Limiting the types of ligands inhibited will likely 
result in different outcomes. Small molecule antago-
nists to TLR4-MD-2 may be derived from synthetic 
and natural sources, such as olive oil and cur-
cumin.237 Synthetic antagonists to TLR4-MD-2 are 
typically similar in structure to the LPS component 
lipid A that is recognized by the TLR4 receptor com-
plex.237 Eritoran is a synthetic small molecule antag-
onist derived from lipid A that binds MD-2 without 
promoting the dimerization of TLR4.237,247 Despite 
promising in vitro248 and animal model results,249 eri-
toran was unable to reduce mortality in clinical trials 
of severe sepsis.250 More recently, the TLR4/MD-2 
antagonist peptide TAP2, hypothesized to bind the 
LPS-binding pocket of MD-2, was shown to atten-
uate LPS-induced inflammatory activation in vitro 
and in mice.251 However, clinical trials with TAP2 
have not been reported. Becaust of the predominant 
interaction of MD-2 with PAMPS,144 the authors 
did not initially expect TLR4-MD-2 antagonists 
to be effective in mitigating chronic inflammation 
associated with the damage caused by intracortical 
microelectrodes. However, Potter et al. previously 
demonstrated that the natural TLR4-MD-2 antag-
onist curcumin improves neuronal survival and 
blood-brain barrier stability around intracortical mi-

croelectrodes implanted in rats.208 Their results may 
indicate a larger role of pathogens at the electrode 
tissue interface, involvement of MD-2 in DAMP 
recognition, or promiscuous activity of curcumin as 
an antioxidant, which was the author’s intended ap-
plication. Regardless of the mechanism, this finding 
indicates the potential for TLR4-MD-2 inhibitors in 
the integration of intracortical microelectrodes.

Additional inhibition strategies to inhibit TLR2/
TLR/CD14 signaling target downstream intracellu-
lar signal transduction pathways. Antagonists have 
been developed or identified to target the adaptor 
molecules MyD88 adaptor-like (Mal) and TRIF-re-
lated adaptor molecule (TRAM),252 the TLR2 TIR 
domain,253 JNK,166 ubiquitin chains,254 TLR4-MyD88 
interactions,255 TLR1-TLR2 heterodimerization,256 
and the intracellular domain of TLR4.257,258 Of note, 
administration of the flavonoid wogonin attenuated 
LPS-induced inflammation in dorsal root ganglion 
neurons255 and improved outcomes in a model of 
traumatic brain injury216 by interfering with TLR4-
MyD88 complex formation.255 Furthermore, cyclo-
hexene-derived TAK-242/resatorvid inhibits TLR4 
signaling by binding the intracellular domain of 
TLR4 and preventing interactions with downstream 
adapter molecules.257,259 In vivo administration of 
TAK-242 for the treatment of sepsis,260 endotoxic 
shock,259 traumatic brain injury,261 cerebral isch-
emia,257 intracerebral hemorrhage,257 and optic nerve 
crush262 resulted in positive outcomes, such as atten-
uated inflammation and neuroprotection. A phase III 
clinical trial (NCT00633477) investigated the utili-
zation of TAK-242 to treat sepsis, but the trial was 
discontinued due to business concerns unrelated to 
safety.263 Strategies to inhibit TLR2/TLR4/CD14 sig-
naling have demonstrated preliminary efficacy but 
have not demonstrated clinical success to this date. 
Nonetheless, many of the in vivo experiments have 
demonstrated efficacy in conditions related to the for-
eign body response to intracortical microelectrodes. 
Traumatic brain injury involves similar phenomena 
exhibited in the foreign body response to intracortical 
microelectrodes, such as blood-brain barrier permea-
bility, neuroinflammation, and neuronal death.264 Ad-
ditionally, ischemic conditions have been observed 
around intracortical microelectrodes.265 The efficacy 
of inhibiting intracellular signal transduction path-
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ways downstream of TLR2/TLR4/CD14 in CNS 
applications is promising for the utilization in the in-
tegration of intracortical microelectrodes.

Overall, TLR2, TLR4, and CD14 may be atten-
uated at different points along their respective sig-
naling pathways (Table 2). Many promising findings 
have been observed in vitro and in vivo, but strong 
clinical performance in humans has not been demon-
strated. Human clinical trials mainly failed in severe 
cases of sepsis, which is likely not the best predictor 
of efficacy mitigating the foreign body response to 
intracortical microelectrodes. However, promising 
in vivo results in CNS injuries and diseases, cou-
pled with our preliminary work in the role of TLR4/
CD14 in microelectrode performance clearly indi-
cate the potential success of additional strategies for 
integrating intracortical microelectrodes.

III.  CONCLUSION: FUTURE PERSPECTIVES 
AND DIRECTIONS 

Electrical signals recorded from the neurons of hu-
man patients by intracortical microelectrodes have 
been used to communicate with computers, control 
robotic limbs, and to control the patient’s own arm. 
The signal quality and the length of time that useful 
signals can be recorded are inconsistent. The widely 
held view of the community is that the inflammatory 
response of neural tissue that surrounds the micro-
electrodes, at least in part, compromises electrode 
reliability. Several studies have demonstrated the 
connection between neuroinflammation and micro-
electrode performance.

Inflammation is initiated when inflammatory 
cells recognize foreign biologics (i.e., damaged/
infiltrating proteins and cells). Serum proteins and 
blood-derived cells invade the central nervous sys-
tem following microelectrode implantation and ag-
gravate the neuroinflammatory response. Cells and 
tissue are damaged from the trauma of microelec-
trode implantation. At the microelectrode surface, 
accumulation of pro-inflammatory molecules causes 
neuronal degeneration and increases the permeabil-
ity of the blood-brain barrier, self-perpetuating the 
process. In rodents, the neuroinflammatory response 
to implanted microelectrodes in the motor cortex 
has been linked to decreased fine motor skills.266

Many labs, including ours, have worked to 
develop new microelectrode designs to reduce to 
neuroinflammatory response to intracortical micro-
electrodes. The extent to which neuroinflammation 
has been altered by electrode design varies between 
labs and designs. In the near term, the field must 
remember the effort that was taken to obtain FDA 
and CE approvals for clinical trials. The most di-
rect route to translation is working with the devices 
further along in development. Ultimately, one elec-
trode design will be unable to reach all the targets 
of the brain that may require interfacing. Therefore, 
simply making the intracortical microelectrode 
smaller, thinner, more flexible, mechanically dy-
namic, or inert may not be enough. We believe that 
the most likely route to enabling intracortical micro-
electrodes to interface with any region of the brain 
is to intimately understand the neuroinflammatory 
process, to allow for the most directed strategies 
for mitigation without interruption of the normal 
healthy response to disease or injury.

Here, we have outlined the rationale behind our 
hypothesis for the importance of the innate immune 
system in intracortical microelectrode performance. 
We have introduced our preliminary efforts and 
attempted to inspire others to also implement ap-
proaches that target the controlled immunosuppres-
sion of the localized and specific parts of the innate 
immune response to intracortical microelectrodes, 
as opposed to broader approaches that may lead to 
greater side effects. Much of the work reported here 
in understanding the role of specific innate immu-
nity pathways was performed in mice. Although 
most basic neuroscience studies of the brain are also 
performed in mice, the majority of brain computer 
interface studies in rodents chose the rat over the 
mouse.267 We have previously reported that there 
is no difference in the inflammatory response to 
microelectrode in the mouse and rat models268 and 
thus chose to focus on the mouse as more transgenic 
models are available in mice than rats. The number 
and type of TLRs in mice varies to that found in hu-
mans; so as with all animal work, precaution should 
be taken in overanalyzing results from transgenic 
studies in mice when deciding pathways to clinical 
translation. Additionally, as chemists and biomate-
rialists, we appreciate the role of new materials and 
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electrode designs in the overall picture. In the end, 
no one approach will work alone, indefinitely. Only 
after we understand the body’s temporally driven 
process for rejection of implanted devices can we 
better engineer the neural interface and our com-
plete strategy for long-term integration.
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