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SECTION I: Annual Report Overall Project

This section describes briefly the salient aspects of the research for the 2010-11 reporting period.
Additional details about sub-tasks are provided in subsequent sections.

I. SUMMARY OF WORK

The overall objective of our project is to help improve the care of battlefield-related cardiac
injuries by providing novel methods to design and fabricate 3-D models of cardiac sub-
components critical in restoring heart function.

Our current research investigated the significance of geometrical constraints on the process of
mammalian myogenesis. In addition development of microvasculature in-vivo and in-vitro using
a cell-laden polymeric stamp was undertaken.

Skeletal myogenesis is a highly orchestrated terminal differentiation process. In this study, we
investigated the influence of two-dimensional geometrical cues on the differentiation of C2C12
myotubes by using three different geometries. The results have potential implications in
engineering skeletal muscle tissues and designing muscle cell bio-actuators.

Using 3D stereo-lithographic technology we developed a microvascular stamp that released
multiple angiogenic growth factors and guided the formation of neovessels within patterns
defined by the stamp.

The research included the study of the: a) effect of myocyte network on local and global
contraction performance, b) behavior of myocyte on thin pdms-membranes and c) effect of
myocyte alignment on topographically patterned substrates.

In order to test hydrogel constructs in vivo we developed a mouse myocardial infarction model.
Using this model we have tested the creation, placement, and adhesion of patterned hydrogel
heart patches.

The fabrication process described in this work demonstrated for the first time, the ability to
produce distributed feedback (DFB) biosensor surfaces uniformly over surface areas substantial
enough to incorporate into standard format microplates. The fabrication was carried out in
laboratory setting; however, all methods are compatible with extension of the process to a roll-
based manufacturing paradigm.

II. INTRODUCTION

The regeneration of cells and tissue after injury or trauma is critical to medical and civilian
communities. Cardiac injuries and regenerative engineering poses specific challenges since
cardiac myocytes, the primary cells responsible for the mechanical beating of the heart muscle,
do not regenerate. The cardiac system poses a significantly challenging problem in tissue
engineering due to the complex 3-dimensional mechano-actuation properties of the cardiac cells.
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A grand challenge in cardiology since early 50s is the development of an artificial heart that
can replace a failing heart. Until today, artificial heart is used only for the temporary use (hrs)
until a healthy donor heart is found. The latter is difficult to get, and is often rejected by the body
after successful replacement. This very limited success in heart replacement, in spite of
considerable effort and resources invested so far, calls for a new paradigm in the approach of
heart replacement. This project attempts to offer such a paradigm by proposing to "grow" the
heart or its components from the basic building blocks, namely the cells (differentiated
cardiomyocytes) of the patient, biomaterials design, namely the hydrogel scaffolds to house the
cells, and nanotechnology, namely the stereo-lithographically-patterned 3D substrate. New
knowledge on cells' response to mechanical cues, and recent findings on cardiomyocyte
functionality on mechanically tuned substrates from our labs form the basis for the project. In
summary, stem cell differentiation in scaffolds, novel 3-D fabrication technologies, use of the
appropriate biomaterials, integration of peptides for cardiac cell attachment and cell growth, the
characterization of the scaffold materials and the transmembrane proteins, and cardiac cell
mechanics are all critical elements of a comprehensive design approach proposed in this project
for 3-D cardiac tissue engineering.

This project offers the use of 3-D stereolithography for fabricating the hydrogel scaffolds with
cardiac cells, and nanoscale mechanical and optical tools for characterization of cardiac cells and
their interactions with the scaffolds. Our objectives are to integrate these multi-disciplinary
efforts and develop the strategies and methodologies for novel designs of 3-D components of
an artificial heart.

The project overview and research thrusts for each of the co-Pls are provided in the figure below,
and the following table enlists third year project goals:

Stem Cell Biology
(Schook)

SLA&3-D Micro/Nano- Polymer and
Fabrication Medicated Hydrogels

(Bashir] Cardiac Tissue (Kong)
Engineering

Mechano-Biology Nanoscale Optical

of Cardiac Cells Characterization
(Saif) (Cunningham)

Consultants

Dr. Sherrie Clark, Dr. M. Gibb,
UIUCswine species Head of Cardiology,
veterinarian Carle Hospital




Year 3 Project Goals

1| Interface DFB laser biosensor and detection instruments w/ engineered cell scaffolds and
observe cell membrane activity during cell seeding, proliferation, exposure to pulsating
flow, exposure to chemical compounds/ growth media.

2| To demonstrate and characterize the capability of using SL to design and generate complex
3-D tissue with tunable architecture

3| Measure cardiac myocyte beating frequency versus material stiffness.

4| Develop 2D cantilever substrates with cardiac cells to explore the range of deformation
and the frequencies of the cantilevers.

5| Demonstrate improved cardiac tissue function in hydrogels with properties optimized via
in vitro cell studies.

III. BODY

Potential Military Relevance. Battlefield trauma resulting in a variety of injuries is of significant
concern to our military and civilian administration. Tissue engineering or regenerative medicine
offers viable alternatives to counter many such injuries. Our project envisages improving the
care of battlefield-related cardiac injuries by providing novel methods to design and fabricate
3-D models of cardiac sub-components that would be critical in restoring the function of the
heart. According to the report on 'Capturing the power of biomaterials for military
medicine'(NRC Report,2004), four areas in which enhancement of biomaterials and
biotechnology will have a major impact on acute, chronic, and rehabilitation care in military
medicine are (1) wound care, (2) tissue engineering, (3) drug delivery, and (4) physiological
sensors and diagnostics. Our target area of research in cardiac tissue engineering, addresses one
of the critical needs for the care in military medicine. The ultimate goals of our research are to
resolve chronic medical problems and ultimate rehabilitation of injured military personnel (NRC
Report, 2004). Our approach of using a mobilized cell population also provides flexibility in
obtaining human MSCs in the field. They could be harvested from the soldiers and banked so
they would have a source of their own cells. This approach is much faster and safer than bone
marrow derived cells. The scaffolds we will develop could also be loaded with drugs that would
be released over time to allow minimizing rejection by the body. Clearly, new methods for
development of engineered tissues will have many applications beyond cardiac tissue
engineering to engineering of vessels, skin, and many other organs.

IV. KEY RESEARCH ACCOMPLISHMENTS

»Using stereolithography a microvascular stamp was developed that released multiple
angiogenic growth factors and guided the formation of neovessels within patterns defined by
the stamp.

=Observed that myocyte-network also was dependent on the region the cells were extracted
from the heart.



sFour key capabilities of the stereolithography assembly (SLA) were established, these
included to: (i) pattern tissue-like hydrogels into complex 3D constructs, (ii) encapsulate
cells into these hydrogel constructs, (iii) incorporate multiple materials, cell types, and
proteins into distinct layers on the same construct, and (4) maintain cell viability, spreading,
and proliferation over long periods in culture.

*A method was developed to provide excellent spatial control over the matrix architecture
into the gel using a stereolithographic assembly (SLA). A ‘living’ microvascular stamp was
created that released multiple angiogenic factors and subsequently created neovessels with
the same pattern as those engraved on the stamp.

*Improved mouse myocardial infarction model.

»Production of distributed feedback (DFB) biosensor surface was demonstrated uniformly
over surface areas substantial enough to incorporate into standard format microplates.

V. REPORTABLE OUTCOMES
List of Publication Accepted by Peer-Reviewed Journals

e C.Cha, S.Y. Kim, L. Cao, H. Kong, Decoupled control of stiffness and permeability with
a cell-encapsulating poly(ethylene glycol) dimethacrylate hydrogel. Biomaterials (2010)
31, 4864-4871

e R.J. DeVolder, H. Kong, Three dimensionally flocculated proangiogenic microgels for
neovascularization. Biomaterials (2010) 31, 6494-6501

e Y. Liang, T.W. Jensen, E.J. Roy, C. Cha, R.J. DeVolder, R.E. Kohman, B.Z. Zhang, K.B.
Textor, L.A. Rund, L.B. Schook, Y.W. Tong, H. Kong, Tuning the non-equilibrium state

of a drug-encapsulated poly(ethylene glycol) hydrogel for stem and progenitor cell
mobilization. Biomaterials (2011) 32, 2004-2012

e J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, C. Dyck, K.J. Hsia, R. Bashir, and H. Kong.,
‘Living’ microvascular stamp for patterning of functional neovessels; Orchestrated
control of matrix property and geometry. Advanced Materials (2011) in press.

e Bajaj P., Reddy Jr. B., Millet L., Wei C., Zorlutuna P., Bao G. and Bashir R., “Patterning
the differentiation of C2C12 skeletal myoblasts”, Integrative Biology 2011; 3: 897-909
(Inside Cover Article).




Abstract and Conference Presentations

J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, Rashid Bashir, and Hyunjoon Kong, “In situ
cell encapsulation into a vascularized hydrogel matrix using a SLA.” Outstanding
research award in stem cell and regenerative medicine, Tissue Regenerative
Symposium, March 24, 2010, Chicago, IL, USA.

J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, R. Bashir, H. Kong, “Assembly of
functional neovessels using a stereolithogrphically assembled hydrogel.” 1% place
poster winner on Regenerative Biology and Tissue Engineering, October 22, 2010,
Institute for Genomic Biology, Champaign, IL, USA.

J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, R. Bashir, H. Kong, “Assembly of
functional neovessels using a stereolithographic hydrogel matrix.” Oral presentation,
American Chemical Society (ACS) National Spring Meeting, March, 2011, Anaheim,
USA.

J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, R. Bashir, H. Kong, “Assembly of
functional neovessels using a stereolithographic hydrogel matrix.” 2011 Society For
Biomaterials (SFB) Annual meeting, April 13-16, Orlando, FL, USA.

J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, C. Sukotjo, R. Bashir, H. Kong,
“Independent control stiffness and permeability of a cell-encapsulating hydrogel for
tissue engineering.” Oral presentation, 2011 BMES Annual meeting, October 12-15,
2011, Hartford, USA.

J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, R. Bashir, H. Kong, “Independent control
stiffness and permeability of a cell-encapsulating hydrogel; Integration of Bio-inspired
material chemistry and microfabrication.” Oral presentation, 2011 AIChE Annual
Meeting, October 16-21, 2011, Minneapolis, MN, USA.

Molly Melhem, Tor Jensen, Jae Hyun Jeong, Vincent Chan, Rashid Bashir, Hyunjoon
Kong, Lawrence Schook. A Cardiac Patch for Delivering Therapeutic Stem Cells to
the Heart Following Myocardial Infarction. University of Illinois, Chicago. Third
Stem Cell and Regenerative Medicine Symposium. May 20, 2011

List of Manuscripts in Preparation

"Plastic-based distributed feedback laser biosensors in microplate format," Y. Tan, A.
Chou, C. Ge, M. Lu, W. Goldshlag, J. Huang, A. Pokhriyal, S. George, and B.T.
Cunningham, IEEE Sensors Journal, Accepted, July 2011.



e C. Ge, J. Zheng, C.Wagner, M. Lu, B. T. Cunningham and J. G. Eden, "Optically
tunable ring external-cavity laser", IEEE photonics conference, Arlington VA, October
2010.

e Tan, Y.; Ge, C.; Chu, A.; Lu, M.; Goldshlag, W.; Huang, C.; Pokhriyal, A.; George, S.;
Cunningham, B.; "Plastic-Based Distributed Feedback Laser Biosensors in Microplate
Format," Sensors Journal, IEEE, vol.PP, n0.99, pp-1, 0
doi: 10.1109/JSEN.2011.2163933

VI. CONCLUSION

The dynamic of myocyte network and its effect on its own evolution has been observed,
revealing that the global myocyte dynamic is severely affected by local effects such as resistance
to motion provoked by sticky debris and tissue fragments on the substrates. Alignment of
myocytes on patterned substrates is not obvious and cannot be anticipated, as it is not only
substrate-dependent but also on the type of myocyte. A rigorous investigation is needed to clarify
this question. For instance, the current results show the tendency of ventricle myocytes to align
and to build long connections up to 2 mm but this did not occur for atrial myocytes. The
experiment and results of long living myocytes on PDMS membrane motivates new
investigations on the effect of mechanical environment on myocytes using this device.
Understanding why myocytes die in vitro studies can be fundamental for improve in vivo cell
regeneration.

With the current in vivo model we will perfect the production and application of hydrogel-based
heart patches generated by stereolithography assembly (SLA). Both encapsulated cells and drugs
will be tested for their ability to reduce cardiac damage following myocardial infarction. Initial
experiments in the mouse model will allow for the scaling of similar patches in larger, more
relevant animal models in the future. Current adhesive patch designs will also have direct
relevance to other applications in soft tissues requiring prolonged exposure of target tissues to
cells and/or drugs stabilized by hydrogel matrices.

We have developed a ‘living’ microvascular stamp that releases multiple angiogenic factors and
subsequently creates neovessels with the same pattern as that engraved in the stamp. The stamp
consists of live cells that secrete angiogenic factors, an engineered hydrogel matrix that promotes
cellular expression of angiogenic factors, and a three-dimensional (3D) geometry that localizes
the angiogenic factors within the pattern. When the stamp was implanted on a target site, it
created the desired pattern of neovessels based on 3D geometry of the stamp, allowing the
control of the density and spacing of blood vessels.

Overall, this study demonstrated that the bulk properties of the cardiac patch played a critical
role in activating cellular expression of proangiogenic factors and the geometry of the
microchannel patterns regulated the local distribution of proangiogenic factors on the implant
site. These two material variables were orchestrated to spatially organize neovessels into the
predefined pattern of the cardiac patch. This patch can be readily modified for clinical settings
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with other cell types, such as mesenchymal stem cells, which also endogenously express multiple
proangiogenic growth factors. In the near future, we plan to incorporate this cardiac patch into an
in vivo myocardial infarct animal model to see if it can stimulate the growth of spatially
organized neovessels at the site of injury, thereby preventing scarring and deterioration of the
heart.

The fabrication process described in this work demonstrated for the first time, the ability to
produce DFB biosensor surfaces uniformly over surface areas substantial enough to incorporate
into standard format microplates. Although the fabrication was carried out in a laboratory
setting, all methods are compatible with extension of the process to a roll-based manufacturing
paradigm. In particular, the nanoreplica molding approach used in this work has been
implemented upon continuous rolls of plastic film in a step-repeat process that can utilize a
master wafer for thousands of iterations without damage. Incorporation of a label-free sensor
into a microplate format represents an important step in the development of a technology that
can be accepted into pharmaceutical high throughput screening, as this liquid handling method
is heavily utilized for assay automation and integration with standard liquid handling systems.
A substantial advantage of the DFBLB sensor surface is that any region on the surface is a
sensor, and as a result, capture molecules and illumination can occur at any location. We also
envision a label-free surface scanning detection approach, in which the excitation spot is
rastered across the DFBLB surface to generate a spatial map of biomolecular or cellular binding
for applications such as label-free microarrays and label-free cell attachment imaging.
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SECTION II: Annual Report from Project Subgroups
Research Group: Rashid Bashir

Period Aug’10 to Aug’11

Patterning the differentiation of C2C12 myoblast

Research Description and Potential Impact:

Skeletal myogenesis is a highly orchestrated terminal differentiation process in which the
proliferating mono-nucleated myoblasts differentiate and fuse to form multi-nucleated myotubes.
In this study, we investigated the influence of two-dimensional geometrical cues on the
differentiation of C2C12 myotubes by using three different geometries - lines of different widths,
tori of different inner diameter, and hybrid structures (linear and circular features with different
arc degrees). These different geometries were created by micro-contact printing (LCP) of
fibronectin on the surface of Petri dishes. The differentiation of C2C12 cells was quantified; we
report the differentiation parameters of (1) fusion index, (2) degree of maturation, (3) alignment,
and (4) response to electrical pulse stimulation (EPS). These results can have implications in
engineering skeletal muscle tissues and designing muscle cell bio-actuators.

Research Obijectives:

The overall objective of the current research was to investigate the significance of geometrical
constraints on the process of mammalian myogenesis.

Aim 1: To create the different geometrical patterns on two-dimensional Petri dishes.

Aim 2: Quantify the difference in the degree of differentiation on the different patterns by using
the differentiation parameters of (1) fusion index, (2) degree of maturation, (3) alignment, and
(4) response to electrical pulse
stimulation (EPS).

Control S Torus ID 200 pm Terug ID 100 um i Torus ID 4 pm

Aim 3: Investigate the reasons for
the difference in the myogenesis on
the difference geometries.

|

Progress towards the Objectives:

r‘.

Aim 1: Creating different Fig. 1: Fluorescent images of the cells on the different pCP cell
geometrical patterns on the Petri | islands — lines of different width (300 pm, 150 pm, 80 pm, 40
dishes. pm, 20 pm, and 10 pm), tori of different inner diameter (40 um,

100 pm, and 200 um), and hybrid patterns of different arc degree
Fig. 1 shows the fluorescent images | (30° 60° and 90°) on day 7. Cells were stained for anti-MHC
C2C12 cells patterned on the | (green)and nucleus (blue) (Scale bar = 100 pm).
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different geometries at the end of seven days. Approximately, 75,000 cells were seeded on each
substrate and observed for nine days resulting into an initial cell seeding of 7800 cells/cm® for
the 35 mm Petri dish. We patterned three different geometries, with multiple sized structures for
each geometry. For linear patterns, we used 2000 um long lines of various widths (300 pm, 150
um, 80 pm, 40 um, 20 pm, and 10 pm). Torus patterns consisted of the various inner diameters
(ID) (40 um, 100 um, and 200 pm) and outer diameters (OD) (200 um, 260 um and 360 pum).
Hybrid patterns were fabricated to produce a linear element with a central circular belly; the
linear element was 100 um wide, whereas the arc of the circular belly was either 30°, 60° or 90°.
The fourth, unpatterned substrate (control) was the unpatterned Petri dish.

Aim 2: Quantify the difference in the degree of differentiation on the different patterns.

C2C12 myoblasts when deprived of serum undergo cell cycle arrest and start to fuse together to
form multinucleated myotubes. Myotubes serve as the building blocks for skeletal muscle, thus
understanding the differentiation process of C2C12 skeletal myoblasts in vitro has the potential
to resolve mechanisms of the myogenic differentiation process in vivo as well. Fusion index was
calculated as the ratio of nuclei number in myocytes with two or more nuclei versus the total
number of nuclei. Hybrid structures with the smallest arc degree (hybrid 30°) showed the best
results for all four differentiation parameters. The hybrid 30° pattern exhibits a ~2-fold increase
in the fusion index when compared to the line patterns and ~3-fold increase when compared to
the toroid pattern. Hybrid 30° (45.38 + 2.57 %) showed greater than 1.5 fold differentiation
compared to hybrid 60° (29.20 + 1.20 %) and hybrid 90° (25.71 + 2.62 %). In contrast, there was
no significant difference in the differentiation of C2C12 myotubes on the linear patterns of
different widths. However, myotubes on the linear patterns showed a significant decrease in
differentiation when compared to the control at p <0.01. The large width line pattern (300 pum)
was used to mimic the unpatterned control. Presumably, even thicker patterns are required so that
the cells on these patterns start mimicking the properties of the cells on the unpatterned control.
Similar results were observed for the circular geometry. There was no significant difference of
differentiation between the toroids of different IDs; when compared to controls, all of the toroids
showed a decrease in differentiation at p <0.01. Fig 2A summarizes the fusion index for all the
different geometries by incorporating the highest for each type.

The maturation index (% myotubes > 5 nuclei) was also used as a parameter to evaluate the
differentiation of C2C12 myotubes. The maturation index can also be used to quantify the size of
the myotube; a higher maturation index represents a myotube which is larger in size. The hybrid
30° pattern, which showed highest fusion index, also shows the highest maturation index for the
myotubes. The maturation index for the hybrid 30° (73.09 + 4.41 %) pattern was statistically
higher (p < 0.05) than that for the control (60.24 + 2.19 %), hybrid 60° (55.11 + 3.83 %) and
hybrid 90° (46.71 + 3.91 %) (p < 0.01). There was no statistically significant difference in the
size of the myotubes on line patterns of different widths. Also, the toroid patterns showed similar
results where no significant difference could be seen in the maturation index for tori of different
inner diameter. However, each of them showed smaller maturation for the myotubes when
compared to the control. Fig 2B summarizes the maturation index for all the different geometries
by incorporating the highest for each type.
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Controlling the alignment of

A = B @
- T .. [ZZ7Z]1Control . . . .
%0 i F S 80 nyre e cells is critical for any tissue
—_ lybri c [Line 300 pm . .
2 mmLne i20um © o T Torus D200 um engineered graft. In vivo, many
H . .
3 401 ol cells/tissues like neural cells,
* Q ] .
£ T - cardiac  muscle, skeletal
s S 5 muscle, corneal tissue,
0 .
2 E vascular tissue have a very
p 4 7 :E 0= a high degree of alignment
Days Days associated with them which in
turn enhances their

Fig. 2: Quantification of the differentiation parameters of fusion and
maturation index on the different geometries. (A) The highest from each
of the different cell islands are plotted together to show the geometry
that maximized the fusion index of C2C12 cells - hybrid 30°. (B) The
highest maturation index for the different geometries. Significance ** p
< 0.01, *p < 0.05, and NS = not significant. Data is represented as

functionality. In particular, for
skeletal and cardiac muscle,
alignment of cells is extremely
important in order to maximize
the contractile power of the

mean = S.E.M (n = 10 patterns). ‘,[issue', We . therefore
investigated the alignment of
myotubes on the

micropatterned cell islands using two-dimensional FFT. Myotubes on the control (unpatterned)
substrate showed no distinguishable peak in the two-dimensional FFT alignment plot indicating
that there is no alignment of myotubes on this substrate. This was further confirmed by looking
at the angle of deviation of myotubes from the principal axis and only less than 20% myotubes
showed 15° or less deviation. As expected, myotubes on the linear patterns showed a very high
degree of cell alignment. Myotubes on the line (width 80 pm) showed a very sharp narrow peak
which is indicative of high degree of cell alignment. More than 90% of the myotubes showed
less than 15° of deviation from the principal (long) axis of the linear geometry. However, as the
width of the linear geometry was increased from 80 um to 300 um, a sharp decrease in the
alignment of myotubes was seen. Less than 40% of the myotubes now showed 15° or less of
cellular deviation. Also, the two-dimensional FFT alignment plot is now much broader which
indicates more than one axis of alignment. By quantifying the alignment of myotubes on the
hybrid patterns, we see that hybrid 30° patterns (width of the linear portion is about 100 um)
showed the highest fusion and maturation index for the myotubes also showed a very high
degree of myotube alignment. Almost 90% of the myotubes showed 15° or less of deviation
while 100% of the myotubes were within 30° of deviation from the principal axis of the
geometry. The two-dimensional FFT alignment plot also showed a narrow high peak indicating
high degree of alignment for the myotubes. However, the alignment of myotubes for the hybrid
90° patterns (width of the linear portion is about 100 um) was not very high. Less than 30% of
the myotubes showed < 15° of deviation from the principal axis of the geometry and the two-
dimensional FFT alignment plot did not show peaks. Taken together, these results suggest that as
the width of the linear portion in the geometry is increased, the degree of alignment goes down.
Also, by adding a curvature to the linear geometry, the degree of alignment decreases. However,
for small curvatures, the deviation is small as seen for the hybrid 30° pattern. As the arc degree
of the curvature increases the alignment decreases substantially as seen for the hybrid 90°
pattern.
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Fig. 3: Box plots showing the average displacements of the patterns on
(A)day 4 (n=3) (B) day 7 (n =5 for the torus, n = 7 for line (300 um)
and n = 13 for control and hybrid 30° patterns). The mean is
. represented as the solid square in the box plot and the top and bottom
applied to them. The data (x) show the 99 percentile and 1 percentile respectively. Significance,

suggests _that it is possible to *p < 0.05, and NS = not significant. Data is represented as mean =+
synchronize the frequency of | ¢\

contractions of myotubes to the
electrical pulse frequency. The displacement of myotubes under the application of an electric
filed for cells on different patterns was quantified. Twitch responses of myotubes were observed
at lower frequencies (1 — 10 Hz) while tetanic contractions were observed at higher frequencies
(> 30 Hz). The displacement amplitude slightly increased from day 4 to day 7 for all the different
patterns as can be seen in Fig. 3. The highest displacement was seen for the hybrid 30° pattern
with the average being 1.24 = 0.16 pum. The line pattern (width 300 pm) showed the second
highest displacement which was 0.71 £ 0.09 um followed by the torus (ID 200 um) pattern
which registered an average of 0.60 = 0.09 um displacement. Patterns with higher
fusion/maturation index show higher displacements.

Aim 3: Investigate the reasons for the difference in the myogenesis on the difference geometries.

The same numbers of cells were seeded on each of the substrates (initial seeding density was the
same on all patterns), but the outcome shows different cell densities for each pattern. This could
be attributed to the different areas and different number of patterns on each chip. Since, it is
known that myogenesis is density dependent process; we wanted to confirm that the differences
in the differentiation parameters of fusion and maturation index cannot be attributed to the
different densities of cells on the different patterns. Fig. 4A shows the average cell density on
the different patterns plotted together with the fusion index for day 7. Hybrid 30° pattern showed
the highest average cell density and the highest fusion index. The inset for Fig. 4A shows cell
density plotted against the fusion index of cells. The Pearson’s correlation coefficient is 0.495
which suggests that there is a very low level of associativity between fusion index and cell
density. Even though the highest cell density showed the highest cell fusion, density cannot be
the dominant factor because of these differences in the fusion indices are seen on the different
patterns. For example, there is a statistically significant difference between the fusion index of
the hybrid 30° and the hybrid 60° pattern at p <0.01. However, for the two same geometries,
there is no significant difference in the density. In contrast, the linear geometries (20 pm versus
150 um) show no significant difference in the fusion indices while there is a statistically
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significant difference in the densities between these two different structures. The same argument
also holds true for Fig. 4B where the cellular density and maturation index is plotted against the
type of pattern while the inset shows them plotted against each other. The Pearson’s correlation
coefficient is 0.551 which means that there is low associativity between the two parameters —
maturation index and cellular density. Under our given experimental conditions we can conclude
that the effects of maturation index and fusion index on the different patterns are not likely to be
attributed to the differences in densities on those patterns. Rather, the data suggests that other
inherent mechanisms and cellular pathways exert a dominant influence on this fusion and
maturation process for different micropatterned geometries.

Protein micro patterning g s
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myoblasts_ We Fig. 4: (A) The fusion index and density of C2C12 myotubes on the various
investigated the micropatterned cell islands on day 7. The inset shows a scatter plot of the

fusion index and the density of C2C12 myotubes. (B) The maturation index
(% myotubes > 5 nuclei) and density of C2C12 myotubes on the various

differentiation of C2CI12
myoblasts on three main

geometries _ linear micropatterned cell islands on day 7. The inset shows a scatter plot of the
circular and a hybrid maturation index and the density of C2C12 myotubes. Significance ** p <
pattern which combined 0.01, *p < 0.05, and NS = not significant. Data is represented as mean +
lincar  and  circular | SEM (=10 patterns).

features together in one
geometrical unit. Hybrid 300 pattern emerged as the most optimum geometry to maximize the
differentiation of C2C12 myotubes.

Bajaj P., Reddy Jr. B., Millet L., Wei C., Zorlutuna P., Bao G. and Bashir R., “Patterning the
differentiation of C2C12 skeletal myoblasts”, Integrative Biology 2011; 3: 897-909 (Inside
Cover Article).

Development of microvasculature In-vivo and In-vitro using a cell-laden polymeric stamp

Research Description and Potential Impact:

Using stereolithography, we developed a microvascular stamp that releases multiple angiogenic
growth factors and guides the formation of neovessels within patterns defined by the stamp. The
stamp consists of living cells that secrete angiogenic growth factors, an engineered hydrogel
matrix that promotes cellular expression of angiogenic growth factors, and a three-dimensional
(3D) geometry that localizes the angiogenic growth factors within the patterns. The potential
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impact is the development of functioning vasculature that supports biological components in
vitro (i.e. cell clusters in a bio-bot) or regeneration of chronic diseases or ischemic wounds in
Vivo.

Research Objectives:

The overall goal is to build a microvascular patch using 3D stereo-lithographic technology to
guide and pattern blood vessel formation.

Aim 1: To adapt the 3D stereo-lithographic apparatus for biological components (i.e. living cells,
photopolymerizable hydrogels, and signaling proteins)

Aim 2: To develop a novel photopolymerizable hydrogel matrix that decouples elastic modulus
and swelling ratio

Aim 3: To demonstrate blood vessel patterning using microvascular stamps implanted on chick
chorioallantoic membranes (CAMs)

Progress toward Objectives and Significant Achievements:

Aim 1: To adapt the 3D stereo-lithographic apparatus for biological components

Figure 1

First, we introduced the
capabilities of the SLA
technology. The SLA is a
computer-aided design
(CAD) based rapid
prototyping system that
provides excellent spatial
control over the matrix
architecture (Fig. 1A). The
core concept is to use a UV
laser to polymerize a liquid
photopolymer by repetitive
deposition and processing
of individual layers into a
desired 3D pattern. The
SLA is both reproducible and high-throughput. In our recent work, we established four key
capabilities of the SLA. It can be used (1) to pattern tissue-like hydrogels into complex 3D
constructs (Fig. 1B), (2) to encapsulate cells into these hydrogel constructs (Fig. 1C), (3) to
incorporate multiple materials, cell types, and proteins into distinct layers on the same construct
(Fig. 1D), and (4) to maintain cell viability, spreading, and proliferation over long periods in
culture (Fig. 1E, 1F).
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Aim 2: To develop a novel photopolymerizable hydrogel matrix that decouples elastic modulus
and swelling ratio

The dream to manufacture clinically-viable tissues and organs jump-started the field of tissue
engineering and regenerative medicine in the 1990s to accommodate for the shortage of organ
donors. Today, the shortage still exists and the development of tissue equivalents has stalled.
This is partly due to the lack of advanced vascularization strategies for controlling the direction
and spacing of neovessel growth. Metabolically-demanding tissues such as those in the heart,
brain, and liver need capillaries within 500 um of each other in order to have sufficient oxygen
tension. Therefore, vascularization is a central component in the design of any approach to tissue
engineering. The aim of our work is to focus on enabling technologies to develop a clinically-
viable vascularization method through the combined use of a 3D stereo-lithographic (SLA)
patterning technique and a novel growth factor-cell-matrix combination therapy.

We developed a novel poly(ethylene glycol) diacrylate (PEGDA) and methacrylic alginate (MA)
hydrogel matrix (Fig. 2A) capable of stimulating encapsulated cells to release multiple
proangiogenic growth factors, while maintaining structural integrity at the implant site. The
elastic modulus and swelling ratio were tuned to prepare a rigid, yet permeable PEGDA-MA
hydrogel so that the cell-encapsulated hydrogel would not only remain stable, but also support
cellular expression of proangiogenic factors (Fig. 2B). The role of MA was to reverse the typical
inverse relationship between stiffness and bulk permeability that conventional hydrogel systems
have. The increase in the bulk permeability of the PEGDA-MA hydrogel translated into
improved cell viability compared to PEGDA only (Fig. 2C). Subsequently, fibroblasts that are
known to endogenously express proangiogenic factors were encapsulated into the PEGDA-MA
hydrogels. As revealed by microarray analysis, fibroblasts encapsulated within PEGDA-MA
hydrogels expressed large amounts of multiple proangiogenic factors (Fig. 2D).
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Aim 3: To demonstrate blood vessel patterning using microvascular stamps implanted on chick
chorioallantoic membranes (CAMs)

By combining the SLA technology with this novel hydrogel system, we created a microvascular
patch that releases multiple proangiogenic factors along its predefined patterns to spatially
organize neovessels (Fig. 3A). Microchannels with controlled spacing were introduced into the
PEGDA-MA hydrogels with the goal of driving neovessel growth along its circular pattern (Fig.
3B). Fibroblast-encapsulated hydrogels were implanted onto CAM membranes to validate
whether the microchannel geometry of the hydrogels affected neovessel formation (Fig. 3C). We
hypothesized that the neovessel growth direction could be controlled by increasing the flux of
cell-secreted proangiogenic factors through the microchannel wall, with the intent to localize
neovessels within the microchannel lumen. According to Fick’s law of diffusion, we determined
that, for a 200 um thick hydrogel, the diameter (d) of the microchannels should be less than 800
pm in order for the flux through the microchannel wall to be greater than the flux through the
bottom of the patch with the same diameter. Based on this prediction, microchannels with d =
300, 500, and 1000 um were fabricated to test this hypothesis. Remarkably, implantation of the
PEGDA-MA hydrogel containing microchannels with d = 300 (Fig. 3D) and 500 um (Fig. 3E)
stimulated the growth of neovessels along its circular pattern, while microchannels with d =
1000 um (Fig. 3F) did not.

Figure 3

Overall, this study demonstrated
that the bulk properties of the
cardiac patch played a critical
role in activating cellular
expression of  proangiogenic
factors and the geometry of the
microchannel patterns regulated
the  local  distribution  of
proangiogenic factors on the
implant site. These two material
variables were orchestrated to
spatially organize neovessels into
the predefined pattern of the
cardiac patch. This patch can be
readily modified for clinical

A

.Omnlnd neovessels

with desired pattern

settings with other cell types, such as mesenchymal stem cells, which also endogenously express
multiple proangiogenic growth factors. In the near future, we plan to incorporate this cardiac
patch into an in vivo myocardial infarct animal model to see if it can stimulate the growth of
spatially organized neovessels at the site of injury, thereby preventing scarring and deterioration
of the heart.
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Research Group: Taher Saif
Period Oct’10 to Sept.30, 2011
I. SUMMARY OF WORK

We have researched in three directions to study the: a) effect of myocyte network on local and
global contraction performance, b) behavior of myocyte on thin pdms-membranes and c) effect
of myocyte alignment on topographically patterned substrates. The network studies have shown
that myocytes avoid debris during culture evolution. The connections between myocytes via
fibroblast stop after optimizing the number of connections and local density. Large amplitudes
and high contraction rates are typical properties of optimized networking. Myocytes on elastic
pdms membranes have shown smaller contraction and lower rate than myocytes on polystyrene
substrates during the first three days of cell culture. However, this scenario inverts with culture
evolution. After 27 days, myocytes on membranes contracts with amplitude of 7 pm and rate of
30 bpm compared to 2 um and 6 bpm for myocytes on polystyrene. Interestingly, myocytes on
thin elastic membranes survived 103 days compared to 34 days on hard substrates. These results
indicate that adjusting the myocyte environment by choosing the correct mechanical properties
may become crucial for myocyte survival in cell regeneration therapies. Myocyte alignment
along parallel topographical patterns expedited the synchronization effects but did not
significantly change the dynamical performance in terms of amplitude and rate. All studies above
were made for different segments of the hearts and regional differences are mentioned below.

. INTRODUCTION

The goals of the Saif’s subgroup were to assess the intrinsic properties of myocyte dynamical
behavior in vitro and to control the myocyte evolution for engineered designed substrates. Cell-
injection therapies have been used to create new tissue, however cell death and limited
proliferation after transplantation hinder the formation of new myocardium[1]. A significant
challenge remains in identifying the optimal cell type for integration into the heart to promote
cardiac myogenesis[2,3]. The heterogeneity of cell types and their function in the heart is a
source of the underlying complexity in cardiac regeneration therapies. Previous investigations
have shown that myocytes from different regions of the heart are different in terms of sarcomere
length[4] and dynamical properties[5]. In this part of the project is studied how the myocyte-
network develops in flat and topographically patterned substrates. An ultra-thin PDMS-
membrane is proposed as potential substrate to promote myocyte dynamic. A record of myocyte
age was obtained by observation of dynamical active myocytes even after 104 days of cell
culture.
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I11. BODY
1. Myocyte-network

Network formation was observed from images collected using phase contrast optics on an
Olympus IX81 microscope using a 20X objective and videos recorded at 72 frames per second.
Image processing was done via MATLAB (The MathWorks, Natick, MA) and statistical analysis
was computed in Origin (OriginLab Corporation, Northhamption, MA).The myocyte contraction
was tracked via the previous introduced Displacement Myocytogram (DMG)[6] and displayed as
a scalar field of rate and amplitude. One myocyte culture is extracted from one segment of one
heart (apex, ventricle or atrium) and cultured in separate polystyrene petri dishes. Multiwell plate
with grids purchased from Pioneer Scientific (Code: PSMP6-G) were used to re-find the same
location at different days.

Figure la-c display a typical network formation for myocytes from atrium at the day2, day6 and
dayl0, for a, b and c, respectively. The size of one image is (408 x 309) um and the bar in each
image corresponds to 100 um. These images are only one example of how myocyte-network
forms and stops. The complete experiment and following data analysis is based on the video-
microscopy recorded every day at three independent regions on the petri-dish for 6 independent
hearts and the complete frame of interest is four times larger (=816x480 um) than one image
displayed below. The use of such large area is a necessary condition to assess global properties.
A re-finding procedure was tested prior to this study. The deviation from the expected match for
test images was less than 5 um in 408 um. The accuracy of 98.75% enables the exclusion of re-
finding error in later discussions. A total amount of 36 videos were recorded daily for 3 weeks
(=6 hearts x 3 segments x 3 regions on petri-dish).

At early stage of cell culture (=day2) the amplitude of contraction is small and the rate is low for
atrial myocytes (Figure 1d,g). Myocytes from the ventricle do not behave in the same way. The
amplitude and rate at day 2 displayed in Figure 2d,g by the scalar fields is significantly different
than the values for atrial myocytes. The amplitude increases for both type of cells with evolution
of the network, but they keep their relative difference as shown in Figurele and Figure2e.
Interestingly, the rate of atrial myocytes does not change with time but the scalar fields for
ventricle cells display that amplitude and rate is increased Figure 2d,e, gh. At daylO, the
amplitude of atrial myocytes does not show relevant differences compared to day6 (Figure le,f).
However, this statement is not valid for the rate which increases from values of 10 to 25 (bpm)
(Figure 1h,i). The opposite is observed in case of ventricle myocytes for the evolution during this
period of time. Large amplitudes are rather localized (Figure 2f) at particular regions and the rate
generally decreases (Figure 21i) at day10.

The observations above are based on the global properties of the network from different types of
myocytes obtained from the analysis of all data recorded in this experiment. Local effects can be
observed depending on the type of networking. Due to unknown reason, atrial myocytes have
typically larger amount of tissue fragments and debris. Their network is dense from early stages
but not necessarily dense from contractile cells. This property is suggested as a reason for the
very different behavior between atrial and ventricle myocyte during the first week of culture.
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After one week, a monolayer build of fibroblast covers the entire area and provides similar
substrate conditions for both types of cells resulting in similar contraction amplitudes. A change
of amplitude does not implicate on a change of rate. The results show that the amount of
myocyte-fibroblast-myocyte connections plays fundamental role for the contraction rate and the
sequence of movies recorded for this study reveals that the density of contractile cells is higher
for ventricle than for atrial myocytes. It is suggested that the same tissue fragments and debris
from early stage of culture sticks to the substrates and becomes a source of dynamical resistance
in later evolution. This argument is consistent with the observations of morphological differences
between atrial and ventricle myocytes[7,8].

Figure 1.
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Figure 2
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2 Effect of myocyte alignment on topographically patterned substrates

In this section we studied how atrial and ventricle myocytes respond to topographically patterned
pdms substrates. Liquid PDMS of 1:10 ratio (cross-link:polymer) was poured on the top of an

electronic circuit (Figure 3 below) and removed after curing at 75°C.

23

60

50

40

30

20

10



Figure 3
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The bar in the left image corresponds to 300 um. The lateral separation between the lines is
175415 pm and the depth between the lines is approximately 200 um. The substrates were
treated with fibronectin and the two types of myocytes were cultured on these surfaces for 7days.
Figure 4a-c displays series of images to reconstruct the global view of how atrial myocytes
adhered to the surfaces.

Figure 4

b)

The black bar corresponds to 200 um and the red arrows indicate the position of the contractile
myocytes. Interestingly, these myocytes do not necessarily follow the alignment and curve of the
substrate but bridges the 150 um gap between two lines. The typical contraction property of
these myocytes is displayed in the DMG below (Figure 6a).
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Displacement (um)

Ventricle myocytes again behaves different in this new scenario as it is shown in Figure 5:

Figure 5
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As above, the black bar corresponds to 200 um and the red arrows indicate the position of the
contractile myocytes. Multiple myocytes are connected through thin ‘ligaments’ following the
curve and approaching a final length up to 2mm. A segment of this connection is demonstrated
in Figures 5a-c. The first connection to the substrate is seen in top left of Figure 5a. The direction
of the arrow indicates to direction of view. Therefore, Figure 5b is the continuation of Figure 5a
but slightly moved to the right following the curve and likewise it proceeds in Figure 5c. The
ventricle myocytes contract synchronous and the typical behavior is shown by the DMG below
(Figure 6b):
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Contraction rate and amplitude are following similar behavior as discussed above for flat
substrates at the same culture-age, however, the long myoycte-myocyte connection observed on
the patterned substrate is a new and revealed new differences between these two types of
myocytes. A systematic investigation of age on patterned substrates is necessary for rigorous
understanding of the differences due to the combined effect of different myocyte types and
different topographically patterned substrates.

3. Myocyte evolution on ultra-thin elastic pdms-membranes

A ultra-thin PDMS membrane of 10 um thickness and 20 mm for width x height is constructed
in a way that myocytes can be cultured from both sides of the membrane as displayed in the
schematic diagram below (Figure 7).

Figure 7
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The device is designed to study purely mechanical communication between myocytes. With a
400 um needle the myocytes suspension in inserted in the chamber and cultured from the bottom
side. Later, the membrane is turned upside down and myocytes are cultured on the top of the
membrane. The image below (Figure 8) shows a monolayer of ventricle myocytes only on the
top of the membrane:

L 3
v

Figure 8
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The myocytes were cultured for 104 days and were still contracting with rate of 22 bpm and
amplitude of 5 um. This positive surprising result breaks the record of 21 days of myocyte-age in
vitro reported in earlier studies [9] and 34 days in the present study on polystyrene. This device
promotes also potential investigation of induced mechanical oscillation and effect of gradient
stiffness along the membrane.

IV. KEY RESEARCH ACCOMPLISHMENTS

e Myocyte-network also depends on the region the cells are extracted from the heart.

e The local formation of myocyte-fibroblast-myocyte-connection is limited by the
distance between myocytes and the local density of cells including tissue fragments and
debris.

e Optimized networking is characterized by largest amplitude and highest contraction
rate compared to their neighborhood

e Ultra-thin PDMS-membranes favors myocyte dynamic after the 4th day of cell culture

e The culture age of myocytes on membranes is extended to 104 days (new record)
compared to 34 days observed in this study and 21 in earlier investigation[9]

e Myocyte alignment via topographically structured substrates contributes to earlier
synchronization as compared to non-aligned cells cultured on flat surfaces.

V. REPORTABLE OUTCOMES (papers submitted and in preparation)

e Cardiac myocytes' dynamic contractile behaviour differs depending on heart segment.
Full Article submitted to Biochemical and Biophysical Research Communications

e A vector field analysis of contraction from atrial, ventricle and apex myocytes in-vitro.
Full Article submitted to Biotechnology and Bioengineering

e Mapping myocytes contraction via digital correlation analysis: A new method for
quantification of dynamical fields with sub pixel accuracy. Full Article submitted to
Cytometry Part A

e Effect of myocyte networking on local and global stability of myocyte culture (Paper in
preparation)

e Ultra-thin PDMS-membrane improve myocyte culture age (Paper in preparation)

VI. CONCLUSION

The dynamic of myocyte network and its effect on its own evolution has been observed for the
first time, (to our knowledge), revealing that the global myocyte dynamic is severely affected by
local effects such as resistance to motion provoked by sticky debris and tissue fragments on the
substrates. Alignment of myocytes on patterned substrates is not obvious and cannot be
anticipated because it depends on the substrate but and also on the type of myocyte. A rigorous
investigation is needed to clarify this question. For instance, the current results show the
tendency of ventricle myocytes to align and to build up long connections up to 2 mm but this did
not occur for atrial myocytes. The experiment and results of long living myocytes on PDMS
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membrane motivates new investigations on the effect of mechanical environment on myocytes
using this device. Understanding why myocytes die in vitro studies can be fundamental to
improve cell regeneration in vivo.
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Research Group: Larry Schook
Period Aug *10 to Sept ‘11

Year 3

e To demonstrate and characterize the capability of using SL to design and generate
complex 3-D tissue with tunable architecture

e Demonstrate improved cardiac tissue function in hydrogels with properties optimized via
in vitro cell studies

I.  Summary of Work

In order to test hydrogel constructs in vivo we have developed a mouse myocardial infarction
model. Using this model we have tested the creation, placement, and adhesion of patterned
hydrogel heart patches.

Il. Introduction

The goals for the Schook group were to develop an in vivo model capable of testing practical
applications for hydrogel heart patches. The mouse model was chosen for initial testing due its’
relative simplicity and widespread use in testing new cardiac materials and methods.

I11. Body

Patch transfer onto mouse hearts: Hydrogel patches approximately 200-30000m thick with a
diameter of 4mm generated by SL were transferred to mouse cadaver hearts to establish
techniques for transferring patches in the in vivo model. A thoracotomy is performed to expose
the heart and the patch is transferred to the heart surface (Figure 1A). Patches were also applied
to the heart surface of living animals under anesthesia. Hydrostatic adhesion was sufficient to
hold the patches in place on hearts beating at approximately 180 beats per minute.(Figure 1B)
but not after chest closure and evacuation (Figure 1C).

Figure 1. Hydrogel patches are applied to the surface of (A) cadaver and (B) living mouse hearts. The image in (B)
is blurred due to the rapid heart rate. (C) After chest closure and evacuation, transferred patches do not remain on

heart surface.
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Improved mouse thoracotomy: In order to improve mouse survival during thoracotomy
additional training in mouse cardiac biology and cardiology techniques was received at Jackson
Laboratories in Bar Harbor Maine during a weeklong workshop entitled “Comprehensive
Approaches to the in vivo Assessment of Cardiovascular Function”.  Echocardiograph
measurements and mouse heart physiology were prominent classes and training sessions of the
workshop. The full myocardial infarction procedure, including intubation and thoracotomy, was
also demonstrated. Based on suggestions given during the workshop, the thoracotomy procedure
was altered from a transverse thoracotomy across the 3" to 5" ribs to an intercostal thoracotomy
between the 3™ and 4™ ribs to improve survival rates (Figure 2). Current thoracotomy survival
rate is above 90%.

Figure 2. Intercostal thoracotomy improves survival rates. (A) The ribs are exposed by retracting the muscle layers
and the intercostal space between the 3™ and 4" ribs is indicated by yellow arrows. (B) The heart is exposed after
rib retraction allowing for cardiac patch application. (C) Improved closure is achieved with intercostal
thoracotomy.

Adhesive testing: Using an intercostal thoracotomy between the 3™ and 4™ ribs, two new
methods of increasing hydrogel adhesion were tested. Patch retention on the heart surface is
poor for hydrogel only constructs. Addition of collagen incorporated into the hydrogel scaffold
resulted in only minimal improvement. Next, a glutaraldehyde-BSA surgical glue was used to
increase patch adhesion to the heart surface. Glutaraldhyde glue was compatible with the
hydrogel patch and increased initial adhesion to the heart surface. Longer-term adhesion (1 hour
with chest cavity closed and evacuated) was unsuccessful.

New patch design: To increase adhesion of patches and control adhesive placement, a new patch
design was formulated by the Kong group. The active adhesive unit from Mussel Adhesive
Protein (MAP) is incorporated into an adhesive layer on one side of the hydrogel patches using
SLA (Figure 3). The adhesive dyhydroxyphenyl group is incorporated into the heart-proximal
side of the hydrogel patch allowing for directional, controlled adhesion.
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Cell-encapsulating hydrogel

(SLA: layer-by-layer technique) . .
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Infarction Studies: Limited 14-day infarction studies have begun. Therapeutic patches will be
used in this model to test efficacy. A single suture is placed in the left anterior descending
(LAD) artery of the mouse to block blood flow. Mice are sutured closed, revived, and monitored
for an additional 14 days. After euthanization the heart is removed and the damage is assessed
indicates the initial stages of scar formation. (Figure 4).

b

A B

Figure 4. A suture is placed in the LAD to create myocardial infarction. After 48 hours, animals are euthanized and
hearts removed for analysis. White patch below suture indicates the initial stages of scar formation.

IV. Key Research Accomplishments
* Improved mouse myocardial infarction model
* Design and initial testing of hydrogel heart patch

» Design and initial testing of adhesion formulations
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V. Reportable Outcomes

Molly Melhem, Tor Jensen, Jae Hyun Jeong, Vincent Chan, Rashid Bashir, Hyunjoon
Kong, Lawrence Schook. A Cardiac Patch for Delivering Therapeutic Stem Cells to
the Heart Following Myocardial Infarction. University of Illinois, Chicago. Third
Stem Cell and Regenerative Medicine Symposium. May 20, 2011

V1. Conclusion

With the current in vivo model we will perfect the production and application of hydrogel-based
heart patches generated by SLA. Both encapsulated cells and drugs will be tested for their
ability to reduce cardiac damage following myocardial infarction. Initial experiments in the
mouse model will allow for the scaling of similar patches in larger, more relevant animal models
in the future. Current adhesive patch designs will also have direct relevance to other applications
in soft tissues requiring prolonged exposure of target tissues to cells and/or drugs stabilized by
hydrogel matrices.
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Research Group: Hyunjoon Kong
Period Aug’10 to Aug’11

I. SUMMARY OF WORK

Kong’s group’s goal was to build a microvascular stamp using 3D stereo-lithographic technology to
guide and pattern blood vessel formation.

Aim 1: To adapt the 3D stereo-lithographic apparatus for biological components (i.e. living cells,
photopolymerizable hydrogels, and signaling proteins)

Aim 2: To develop a novel photo-polymerizable hydrogel matrix that decouples elastic modulus
and swelling ratio

Aim 3: To demonstrate blood vessel patterning using microvascular stamps implanted on chick
chorioallantoic membranes (CAMs)

Il. INTRODUCTION:

Neovessels play a critical role in homeostasis, regeneration, and pathogenesis of tissues and
organs, and their spatial organization is a major factor in influencing vascular function.
Therefore, successful treatments of wounds, ischemic tissue, and tissue defects greatly rely on
the ability to control the number, size, spacing, and maturity of blood vessels regenerated within
a target tissue. However, technologies to control the spatial organization of mature neovessels in
vivo over physiologically-relevant length scales are still lacking. Here, we present a study of a
‘living’ microvascular stamp that releases multiple angiogenic factors and subsequently creates
neovessels with the same pattern as that engraved in the stamp.

Using stereolithography, we developed a microvascular stamp that releases multiple angiogenic
growth factors and guides the formation of neovessels within patterns defined by the stamp. The
stamp consists of living cells that secrete angiogenic growth factors, an engineered hydrogel
matrix that promotes cellular expression of angiogenic growth factors, and a three-dimensional
(3D) geometry that localizes the angiogenic growth factors within the patterns. The potential
impact is the development of functioning vasculature that supports biological components in
vitro (i.e. cell clusters in a bio-bot) or regeneration of chronic diseases or ischemic wounds in
Vivo.

1. BODY:

A. Progress toward Objectives and Significant Achievements:

Aim 1: To adapt the 3D stereo-lithographic apparatus for biological components

First, we introduced the capabilities of the SLA technology. The SLA is a computer-aided design
(CAD) based rapid prototyping system that provides excellent spatial control over the matrix
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architecture (Fig. 1A). The core concept is to use a UV laser to polymerize a liquid
photopolymer by repetitive deposition and processing of individual layers into a desired 3D
pattern. The SLA is both reproducible and high-throughput. In our recent work, we established
four key capabilities of the SLA. It can be used (1) to pattern tissue-like hydrogels into complex
3D constructs (Fig. 1B), (2) to encapsulate cells into these hydrogel constructs (Fig. 1C), (3) to
incorporate multiple materials, cell types, and proteins into distinct layers on the same construct
(Fig. 1D), and (4) to maintain cell viability, spreading, and proliferation over long periods in
culture (Fig. 1E, 1F).
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Aim 2: To develop a novel photopolymerizable hydrogel matrix that decouples elastic
modulus and swelling ratio

The dream to manufacture clinically-viable tissues and organs jump-started the field of tissue
engineering and regenerative medicine in the 1990s to accommodate for the shortage of
organ donors. Today, the shortage still exists and the development of tissue equivalents has
stalled. This is partly due to the lack of advanced vascularization strategies for controlling the
direction and spacing of neovessel growth. Metabolically-demanding tissues such as those in
the heart, brain, and liver need capillaries within 500 um of each other in order to have
sufficient oxygen tension. Therefore, vascularization is a central component in the design of
any approach to tissue engineering. The aim of our work is to focus on enabling technologies
to develop a clinically-viable vascularization method through the combined use of a 3D
stereo-lithographic (SLA) patterning technique and a novel growth factor-cell-matrix
combination therapy.
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We developed a novel poly(ethylene glycol) diacrylate (PEGDA) and methacrylic alginate
(MA) hydrogel matrix (Fig. 2A) capable of stimulating encapsulated cells to release multiple
proangiogenic growth factors, while maintaining structural integrity at the implant site. The
elastic modulus and swelling ratio were tuned to prepare a rigid, yet permeable PEGDA-MA
hydrogel so that the cell-encapsulated hydrogel would not only remain stable, but also
support cellular expression of proangiogenic factors (Fig. 2B). The role of MA was to reverse
the typical inverse relationship between stiffness and bulk permeability that conventional
hydrogel systems have. The increase in the bulk permeability of the PEGDA-MA hydrogel
translated into improved cell viability compared to PEGDA only (Fig. 2C). Subsequently,
fibroblasts that are known to endogenously express proangiogenic factors were encapsulated
into the PEGDA-MA hydrogels. As revealed by microarray analysis, fibroblasts encapsulated
within PEGDA-MA hydrogels expressed large amounts of multiple proangiogenic factors
(Fig. 2D).
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Aim 3: To demonstrate blood vessel patterning using microvascular stamps implanted on
chick chorioallantoic membranes (CAMs)

By combining the SLA technology with this novel hydrogel system, we created a
microvascular patch that releases multiple proangiogenic factors along its predefined patterns
to spatially organize neovessels (Fig. 3A). Microchannels with controlled spacing were
introduced into the PEGDA-MA hydrogels with the goal of driving neovessel growth along
its circular pattern (Fig. 3B). Fibroblast-encapsulated hydrogels were implanted onto CAM
membranes to validate whether the microchannel geometry of the hydrogels affected
neovessel formation (Fig. 3C). We hypothesized that the neovessel growth direction could be
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controlled by increasing the flux of cell-secreted proangiogenic factors through the
microchannel wall, with the intent to localize neovessels within the microchannel lumen.
According to Fick’s law of diffusion, we determined that, for a 200 um thick hydrogel, the
diameter (d) of the microchannels should be less than 800 um in order for the flux through
the microchannel wall to be greater than the flux through the bottom of the patch with the
same diameter. Based on this prediction, microchannels with d = 300 , 500, and 1000 um
were fabricated to test this hypothesis. Remarkably, implantation of the PEGDA-MA
hydrogel containing microchannels with d = 300 (Fig. 3D) and 500 um (Fig. 3E) stimulated
the growth of neovessels along its circular pattern, while microchannels with d = 1000 um
(Fig. 3F) did not.

A

Overall, this study demonstrated that the bulk properties of the cardiac patch played a critical
role in activating cellular expression of proangiogenic factors and the geometry of the
microchannel patterns regulated the local distribution of proangiogenic factors on the implant
site. These two material variables were orchestrated to spatially organize neovessels into the
predefined pattern of the cardiac patch. This patch can be readily modified for clinical
settings with other cell types, such as mesenchymal stem cells, which also endogenously
express multiple proangiogenic growth factors. In the near future, we plan to incorporate this
cardiac patch into an in vivo myocardial infarct animal model to see if it can stimulate the
growth of spatially organized neovessels at the site of injury, thereby preventing scarring and
deterioration of the heart.
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IV. KEY RESEARCH ACCOMPLISHMENTS:

e Kong’s group has synthesized bioactive, bio-degradable methacrylic alginate (MA) and
demonstrated hydrogel fabrication with stereo-lithographic apparatus.

e The role of MA was to reverse the typical inverse relationship between stiffness and bulk
permeability that conventional hydrogel systems have.

e Kong’s group has developed a novel poly(ethylene glycol) diacrylate (PEGDA) and
methacrylic alginate (MA) hydrogel matrix capable of stimulating encapsulated cells to
release multiple proangiogenic growth factors, while maintaining structural integrity at
the implant site.

e Kong’s group has developed a method to provide excellent spatial control over the matrix
architecture into the gel using a stereolithographic assembly (SLA).

e Kong’s group has created a °‘living’ microvascular stamp that releases multiple
angiogenic factors and subsequently creates neovessels with the same pattern as that
engraved in the stamp.

V. REPORTABLE OUTCOMES:

List of papers published in peer-reviewed Journals

e C. Cha, S.Y. Kim, L. Cao, H. Kong, Decoupled control of stiffness and permeability
with a cell-encapsulating poly(ethylene glycol) dimethacrylate hydrogel.
Biomaterials (2010) 31, 4864-4871

e R.J. DeVolder, H. Kong, Three dimensionally flocculated proangiogenic microgels
for neovascularization. Biomaterials (2010) 31, 6494-6501

e Y. Liang, T.W. Jensen, E.J. Roy, C. Cha, R.J. DeVolder, R.E. Kohman, B.Z. Zhang,
K.B. Textor, L.A. Rund, L.B. Schook, Y.W. Tong, H. Kong, Tuning the non-
equilibrium state of a drug-encapsulated poly(ethylene glycol) hydrogel for stem and
progenitor cell mobilization. Biomaterials (2011) 32, 2004-2012

e J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, C. Dyck, K.J. Hsia, R. Bashir, and H.
Kong., ‘Living’ microvascular stamp for patterning of functional neovessels;
Orchestrated control of matrix property and geometry. Advanced Materials (2011) in
press.
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List of abstracts and presentations in related conferences

e J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, Rashid Bashir, and Hyunjoon Kong, “In
situ cell encapsulation into a vascularized hydrogel matrix using a SLA.”
Outstanding research award in stem cell and regenerative medicine, Tissue
Regenerative Symposium, March 24, 2010, Chicago, IL, USA.

e JH. Jeong, V. Chan, C. Cha, P. Zorlutuna, R. Bashir, H. Kong, “Assembly of
functional neovessels using a stereolithogrphically assembled hydrogel.” 1st place
poster winner on Regenerative Biology and Tissue Engineering, October 22, 2010,
Institute for Genomic Biology, Champaign, IL, USA.

e JH. Jeong, V. Chan, C. Cha, P. Zorlutuna, R. Bashir, H. Kong, “Assembly of
functional neovessels using a stereolithographic hydrogel matrix.” Oral presentation,
American Chemical Society (ACS) National Spring Meeting, March, 2011,
Anaheim, USA.

e J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, R. Bashir, H. Kong, “Assembly of
functional neovessels using a stereolithographic hydrogel matrix.” 2011 Society For
Biomaterials (SFB) Annual meeting, April 13-16, Orlando, FL, USA.

e JH. Jeong, V. Chan, C. Cha, P. Zorlutuna, C. Sukotjo, R. Bashir, H.Kong,
“Independent control stiffness and permeability of a cell-encapsulating hydrogel for
tissue engineering.” Oral presentation, 2011 BMES Annual meeting, October 12-15,
2011, Hartford, USA.

e J.H. Jeong, V. Chan, C. Cha, P. Zorlutuna, R. Bashir, H. Kong, “Independent control
stiffness and permeability of a cell-encapsulating hydrogel; Integration of Bio-
inspired material chemistry and microfabrication.” Oral presentation, 2011 AIChE
Annual Meeting, October 16-21, 2011, Minneapolis, MN, USA.

VI. CONCLUSION:

Kong’s group has developed a ‘living’ microvascular stamp that releases multiple angiogenic
factors and subsequently creates neovessels with the same pattern as that engraved in the stamp.
The stamp consists of live cells that secrete angiogenic factors, an engineered hydrogel matrix
that promotes cellular expression of angiogenic factors, and a three-dimensional (3D) geometry
that localizes the angiogenic factors within the pattern. When the stamp was implanted on a
target site, it created the desired pattern of neovessels based on 3D geometry of the stamp,
allowing the control of the density and spacing of blood vessels.

Overall, this study demonstrated that the bulk properties of the cardiac patch played a critical
role in activating cellular expression of proangiogenic factors and the geometry of the
microchannel patterns regulated the local distribution of proangiogenic factors on the implant
site. These two material variables were orchestrated to spatially organize neovessels into the
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predefined pattern of the cardiac patch. This patch can be readily modified for clinical settings
with other cell types, such as mesenchymal stem cells, which also endogenously express multiple
proangiogenic growth factors. In the near future, we plan to incorporate this cardiac patch into an
in vivo myocardial infarct animal model to see if it can stimulate the growth of spatially
organized neovessels at the site of injury, thereby preventing scarring and deterioration of the
heart.
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Research Group: Brian Cunningham
Plastic-Based Distributed Feedback Laser Biosensors in Microplate Format

I. SUMMARY OF WORK

A process that combines polymer nanoreplica molding with horizontal dipping was used to
fabricate large area (~3x5 inch?) distributed feedback laser biosensors (DFBLB) on flexible
plastic substrates, which were subsequently incorporated into standard format 96-well
microplates. A room temperature nanoreplica molding process was used to create subwavelength
periodic grating structures, while a horizontal dipping process was used to apply a ~300 nm, dye-
doped polymer film. In this work, the DFBLB emission wavelength, used to characterize the
device uniformity, demonstrated a coefficient of variation (CV) of 0.41% over the fabricated
device area, representing a thickness standard deviation of only ~35 nm for the horizontal
dipping process. The fabricated sensors were further characterized for sensitivity uniformity by
measuring the bulk refractive index of the media exposed to the sensor surface and by measuring
adsorption of biomolecular layers. An assay for detection of the cytokine Tumor Necrosis
Factor-alpha (TNF-a) was used to demonstrate the operation of the sensor in the context of label-
free detection of a disease biomarker. The demonstrated capability represents an important step
towards roll-to-roll manufacturability for this biosensor that simultaneously incorporates high
sensitivity with excellent wavelength shift resolution, and adaptability to the microplate format
that is ubiquitous in pharmaceutical research.

II. INTRODUCTION
Goal of this investigation:

There is a continuing need to develop label-free detection methods that combine high sensitivity
with high resolution for applications that include detection of low molecular weight analytes that
bind to immobilized proteins, and the detection of protein analytes such as disease biomarkers
that are present at low concentrations. While biosensors based upon optical resonators such as
Surface Plasmon Resonance (SPR) [1-3] and Photonic Crystal (PC) surfaces [4, 5] have been
commercially available for several years, and demonstrated for a wide range of applications,
there has been a strong effort to improve upon their resolution performance through the
implementation of resonators with more narrow resonant bandwidths (higher quality factor, as
defined by Q=A0/AL0). Whispering Gallery Mode (WGM) resonators such as microrings [6-8],
liquid-core optical rings [9, 10], microspheres [11-13] and microtoroids [14, 15] are
representative examples of passive high-Q resonators that have been implemented as biosensors.
However, greater Q-factor is generally accompanied by reduced sensitivity, as measured by the
magnitude of the wavelength shift obtained for adsorption of biomolecules. Furthermore, high Q-
factor results in increased stringency for coupling light into the resonator, leading to a
requirement for a precisely tunable wavelength excitation source that diminishes the applicability
of high Q-factor resonators for high throughput measurements [16].
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How can DFB Biosensors provide a superior screening platform?

To be useful for applications in pharmaceutical high throughput screening (HTS), a biosensor
technology must combine excellent uniformity, low-cost fabrication, compatibility with
automated liquid handling equipment, (for example, through incorporation into standard format
microplates), robust detection instrumentation, and the ability to rapidly measure many sensors.
Sensor uniformity is a key requirement for life science applications because replicate
measurements are used to determine the standard deviation and coefficient of variance of assays,
which in turn determines the statistical relevance of the data. Furthermore, sensor-to-sensor
uniformity is of equal importance to sensitivity in the determination of the Z-factor statistic [17]
used to quantify the statistical quality of HTS data.

Recently, we have demonstrated a DFBLB that represents a departure from previous optical
biosensor approaches based upon passive resonators [18, 19]. The DFBLB is an active device
that achieves high Q-factor through the process of stimulated emission, resulting in Q in the
range 1x104 to 2x105 without a reduction in wavelength shift sensitivity. The DFB cavity is
based on a second-order Bragg grating that supports a vertically emitting mode by first-order
diffraction [20]. A schematic cross-sectional diagram of the DFBLB structure is shown in
Figure 1(a). The dye doped SUS8 layer provides both light confinement along the horizontal
direction and amplification of the oscillation mode, while the TiO2 top layer contributes to
spatial mode bias into the liquid medium. The DFB laser is optically excited by a frequency
doubled, Q-switched Nd:YAG (yttrium aluminum garnet) laser (532 nm, 10 ns pulse width,
single pulse mode), and the emission light is coupled into a spectrometer by an optical fiber
oriented normal to the device surface. A representative emission spectrum is shown in Figure
1(b). We have previously demonstrated DFBLB devices that were fabricated upon glass and
plastic substrates over small surface areas [18, 19], where the dye-doped polymer layer was
deposited by spin coating, a process not compatible with roll-to-roll manufacturing. While the
dimensions of the replica molded grating structure are highly uniform (as they are determined by
the uniformity of the photolithography and etching processes used to create the Si master wafer
used for nanoreplica molding), the thickness of the dye-doped polymer layer has been found to
determine the uniformity of the both the DFBLB operating wavelength and the device
sensitivity. Therefore, we have sought to develop alternative approaches for application of the
dye-doped polymer layer, and have adopted a recently demonstrated approach known as
“horizontal dipping” [21]. Horizontal dipping is compatible with roll-to-roll mass manufacturing
because it is easily controlled, performed at room temperature, and does not require substrate
rotation. The process parameters of the horizontal dipping process (blade height, fluid viscosity,
dipping speed) can be controlled to accurately produce polymer thin films in the thickness range
of ~0.2 - 3.0 um [21, 22].

How can DFB biosensor production scale to levels appropriate for HTS?

Here, we demonstrate the extension of the nanoreplica molding and horizontal dipping process to
large surface areas, enabling the fabrication of 3x5 inch2 DFBLB active areas that are suitable
for incorporation into standard format microplates. We characterize both the short-range and
long-range uniformity of the DFBLB operating wavelength, bulk refractive index sensitivity, and
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biolayer adsorption sensitivity. We also demonstrate the use of the DFBLB microplate for
performing an antibody-antigen detection assay, through a dose-response characterization of the
cytokine TNF-a. The capabilities demonstrated in this work lay the foundations for the transition
of this technology towards roll-to-roll manufacturing, and the ability to produce DFBLB
microplates for applications in pharmaceutical screening and protein biomarker diagnostic
assays.
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Fig. 1. (a) Schematic diagram of the DFBLB structure. The DFB laser is excited by a frequency doubled, Q-
switched Nd:YAG laser (532 nm, 10 ns pulse width), and the emission light is coupled into a spectrometer by an
optical fiber. (b) Lorentz fitted spectrum of DFB laser emission. The blue curve was measured when the sensor
surface exposed to PBS. Full width at half maximum (FWHM) of the lasing emission is 0.053nm, resulting in
quality factor=1x10" for typical devices reported here. The red curve shows the lasing spectra after application of
the anti-TNF-o capture molecules, resulting in a peak wavelength value (PWV) shift of ~0.4nm.

III. BODY

Methods

Design and fabrication of the DFBLB by nanoreplica molding and horizontal
dipping

For a second-order DFB laser, the wavelength of the emitted light (A) is determined by the
equation mA=2ngr A, where m represents the diffraction order (m=2 in this case), N is the
effective refractive index of the guidance layer, and A is the period of the structure. Neg is
determined by both the index and thickness of guidance layer. A is designed to be 400 nm so that
the resonance wavelength is within the gain spectrum of the dye. A thin film (~300 nm) of SU-8
(n=1.58) 1s used as the guidance layer. As the thickness of this film varies, the n. and the
emission wavelength will change correspondingly. Therefore, the standard deviation of the
emission wavelength can used to infer the uniformity of the dye-doped SUS8 guidance layer. The
grating depth is designed to be 40 nm, as discussed in a previous publication [18].For the
nanoreplica molding process, a Si “master” wafer is used as a molding template for producing
the DFB grating structure. A single master wafer may be used thousands of times to produce
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identical gratings. For this work, an 8-inch diameter Si wafer was patterned by nano-imprint
lithography using a Molecular Imprints Imprio 50 machine [23, 24], with a 1x1 cm® grating
imprint template. The nano-imprint lithography process was performed in a step/repeat fashion
to create a 9x12 array of individual grating die, with a grating period of A=400 nm period, 50%
duty cycle on the master wafer. After nano-imprint patterning, the grating structure was
permanently transferred into the silicon by reactive ion etching to a depth of 40 nm and
subsequent removal of remaining imprint resist by O, plasma. To prepare the master wafer for
replica molding, it was treated with Repel Silane (Amersham Biosciences) for three hours to
facilitate mold separation. An SEM photo and AFM measurement (Figure 2(a-b)) confirm that
the master wafer conforms to our design specifications.
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Fig. 2. SEM (a) and AFM (b) images of the master wafer surface, confirming a grating period of A=400 nm period,
50% duty cycle on the master wafer. SEM (c) and AFM (d) of the replica molded grating.

Fig. 3. Photos of DFBLB devices. Before (a) and after (b) the device was bonded to a 96 well bottomless
microplate.
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Following preparation of the master wafer, a replica molding process is used to transfer a
negative volume image of the master wafer to a flexible plastic substrate. The process is
performed at room temperature, and requires only low mechanical pressure between the mold
and the plastic substrate. A small volume (~ImL) of UV curable polymer (PC409, SSCP Co.,
Ltd.) selected for its low refractive index (n=1.39, at A=600 nm after curing) was dispensed onto
the surface of the master wafer in a thin line pattern (~150x80 mm?2). One edge of a 10x4 cm®
PET sheet was placed in contact with the polymer, and a ~5 1b. teflon-coated aluminum cylinder
was rolled over the PET beginning from the edge of the wafer with the line of polymer. As the
cylinder rolled over the PET sheet, the polymer trapped between the sheet and the master wafer
was squeezed to a thickness of ~1.5 um, and the trapped air was expelled towards the leading
edge of the advancing liquid front. The liquid polymer conformed to the shape of the master
wafer, and was cured to a solid by exposure to a high intensity UV lamp (Xenon) for 50s at room
temperature. After curing, the replica was peeled away from the master wafer. SEM and AFM
were used to measure the dimensions of the resulting structure (Figure 2(c-d)). Finally, the cured
polymer was exposed to O, plasma for 3 min to render the surface hydrophobic.

Following replica molding, the horizontal dipping process was used to apply the gain layer.
Before the dipping process, the active polymer layer was prepared by mixing a 5 mg/ml solution
of Rhodamine 590 dye (Exciton) in CH,Cl, with SU-8 (5.0 wt %; Microchem) to a volume
percentage of 10%. This mixture was sonicated for Imin to improve the homogeneity the
solution. The viscosity of the solution was measured to be 1.34 cP. The horizontal dipping
system consists of a custom-built translatable 1mm-diameter cylindrical barrier and a porous
vacuum chuck to hold the PET sheet firmly in place. The porous vacuum chuck (Wenesco Inc.)
was made of anodized aluminum and machined flat to 0.005 in. tolerance over its 6x4 inch” area.
With the PET/grating sheet held in place, the dipping solution was injected into the gap (1.2 mm)
between the barrier and the PET surface. After 1 min., the solution evenly spread to fill the gap,
forming a downstream meniscus via capillary force. Next, the barrier was translated smoothly at
a speed of 0.1cm/s using a motorized linear translation stage, leaving a thin film of the dye-
doped solution on the grating substrate. After the dipping process, the coated device was soft
baked on a 95 °C hotplate for 1 min. to remove the solvent. Finally, the film was
photopolymerized by exposing to UV radiation (A = 365 nm lamp source) with exposure dose of
100 mJ cm 2, and subsequently hard baked on a 95 °C hot plate for 2 min. Figure 3(a) shows the
device after the horizontal dipping process. The process slightly planarized the grating surface,
resulting in periodic surface features of only 1 nm height as measured by AFM (data not shown).
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The final fabrication step is deposition of a 10 nm thick layer of TiO, over the horizontal-dipped
layer using an electron beam evaporator (Denton Vacuum) to improve biomolecular
immobilization and sensor sensitivity as demonstrated in previous research [18, 19]. The finished
device was trimmed to a 3x5 inch? “coupon” that was attached with a die-cut pressure-sensitive
adhesive sheet to a bottomless 96 well microplate. In the finished device (Figure 3(b)), the 6 mm
diameter bottom surface of each microplate well is comprised of a DFBLB biosensor.

Detection instrumentation using pulsed laser excitation and spectrometer-based
measurement of device laser emission

The detection instrument used in this work has been described in a previous publication [21].
Briefly, the device was optically pumped by a frequency-doubled, Q-switched Nd:YAG pulsed
laser (A=532 nm, 10 ns pulse duration, and maximum repetition rate of 10Hz). The pump source
passed through a beam expander and a spatial filter to clean the beam, which was subsequently
focused onto a ~4 mm diameter spot on the DFBLB surface by a 10x objective lens. There is no
requirement for the device to be illuminated at any specific incident angle, therefore coupling
excitation light to the sensor is extremely robust.

The lasing emission was collected by the same 10x objective lens. The collected light passes
through a dichroic mirror and a long pass emission filter to eliminate photons at the same
wavelength as the pump source. The emission was coupled into a 200 um diameter optical fiber
by a NA=0.25 convex lens to reduce the coupling loss due to the weak confinement in the axis
parallel to the grating. The distal end of the fiber was connected to a spectrometer (Horiba,
MODEL #550) with a 0.0125 nm resolution between adjacent wavelength data points in the 580
- 600 nm spectral range of the DFBLB. The spectral output of the laser was fitted to a Lorentzian
to determine the peak wavelength value (PWV) of the emission with greater resolution than
available from the discrete points available from the spectrometer [19].
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Results

Film thickness uniformity measured by laser emission wavelength

Due to the relationship between the lasing wavelength and the guidance layer thickness, the
uniformity of the device was investigated by the distribution of the emission wavelength. Figure
4 shows the spatial distribution and histogram of the emission wavelength over the microplate
area (5%3 inch?). Measurements were taken at the center of each well and 96 points in total were
recorded. The emission wavelengths varied by as much as AA=9 nm over the whole area,
corresponding to ~40 nm thickness variance as determined via Rigorous Coupled Wave Analysis
(RCWA) computer simulations of the device structure. As shown in Figure 4, the overall
uniformity can be further improved through the use of a larger substrate, since the variation in
the thickness near the edges of the sensor coupon is the primary contributor to the total variance.
The calculated standard deviation of lasing wavelength was 6=2.35 nm while the mean lasing
wavelength was Amean=568.50 nm, corresponding to a coefficient of variation of CV=0.41%. To
characterize the uniformity at a finer spatial scale, 64 points within a single well were also
measured. Figure 5 shows the distribution of the lasing wavelength over the ~32 mm? area within
one well. The emission wavelengths varied by as much as AA=1.38 nm and the calculated
standard deviation was 6=0.40 nm with the mean value Amean=576.60 nm, corresponding to a
CV=0.07%. This corresponds to a thickness variation of the guidance layer of only ~6 nm.
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Fig. 6. Histogram of laser wavelength shifts from center of 32 wells due to adsorption of a PPL monolayer.
Wavelength shift of 1.01+0.13 nm with CV=13.60% for the polymeric monolayer was observed. Inset shows the
spatial distribution of the wavelength shift for the 32 wells. The blank squares represent locations where the emitted
bandwidth had broadened, due to the inhomogeneous binding of the protein polymer Poly (PPL).

Sensitivity uniformity measured by response to adsorption of a protein monolayer

The sensor’s bulk sensitivity and uniformity of surface sensitivity were studied by applying
liquids with different refractive indices to the sensor surface and measuring the resulting laser
PWYV shift. To study the device’s “bulk” sensitivity, the sensitivity to changes in the
refractive index (RI) of media exposed to the sensor surface was measured by placing
~100puL of water (RI=1.33), 35% glycerol (RI=1.37), 55% glycerol (RI=1.41) and 75%
glycerol (RI=1.44) in 4 different wells. The recorded laser wavelengths were plotted as
function of liquid RI in (data not shown) and a bulk RI sensitivity of Sb = AMAn was
calculated for each well, where An is the index change of the medium and AX is the wavelength
shift. The average bulk sensitivity over 4 wells was 92.75 nm/RIU, where RIU is the refractive
index unit, and the standard deviation was as small as 0.22 nm/RIU. While the bulk sensitivity
measurement is a common metric for optical sensors, probing the device response to surface-
based binding is a more useful method to study the performance of the biosensor in the context
of a biomolecule binding application. To characterize the near-surface sensitivity, lasing
wavelength shifts due to the absorption of a monolayer of protein polymer Poly (Lys, Phe) (PPL,
Img/mL; Sigma-Aldrich) were measured for 32 wells. Measurements were taken in the center of
each well and results are summarized and compared in Figure 6. We observed a PWV shift of
1.01£0.13nm with CV=13.60% for the polymeric monolayer. Additionally, in order to
characterize the device’s short-range uniformity of sensitivity to surface mass absorption, 64
points within one well were also measured and these results are shown in Figure 7. The
calculated standard deviation was ¢=0.10 nm, the mean value was Ame.n=0.84 nm, and the
corresponding CV was 11.79%. Detection instrument used in this work has been described in a
previous publication [21]. Briefly, the device was optically pumped by a frequency-doubled, Q-
switched Nd:YAG pulsed laser (A=532 nm, 10 ns pulse duration, and maximum repetition rate of
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10Hz). The pump source passed through a beam expander and a spatial filter to clean the beam,
which was subsequently focused onto a ~4 mm diameter spot on the DFBLB surface by a 10x
objective lens. There is no requirement for the device to be illuminated at any specific incident
angle, therefore coupling excitation light to the sensor is extremely robust.
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calculated standard deviation was
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Amean=0.84  nm, and  the
corresponding CV was 11.79%.
Inset shows the spatial distribution
of the PPL shift.
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Application to an assay for detection of TNF-a

To demonstrate the ability of the sensor to detect biomolecules in the context of a binding assay,
four different wells in the sensor microplate were first rinsed and soaked in Phosphate buffered
saline (PBS) buffer to establish an initial baseline emission wavelength. To functionalize the
sensor surface, each well was treated with a 10% solution of polyvinylamine (PVA; provided by
SRU Biosystems Inc.) in water and incubated at 40 °C for 2 hours. All wells were then washed 3
times with water. Each well of the sensor was then exposed to 50 pL glutaraldehyde solution
(25% 1n water; Sigma—Aldrich) for 4 hours, followed by a wash step. Next, a measurement of the
emission wavelength from the PBS-immersed laser surface was made and recorded. A 40uL
volume of anti-TNF-a (Biolegend; MW=55 kDa) was then pipetted into four wells separately,
and allowed to incubate for 30 min at 4C. After rinsing 3x with a solution of PBS with 2% tween
(PBST) to remove unbound anti-TNF-o, the emission wavelength from the center spot of each
well was measured and wavelength shifts compared to the end point of the previous step were
calculated. 40uL of protein-free blocker (Bio-Rad Laboratories) was applied into each well
subsequently and allowed to stabilize for 2 hours at room temperature. The spectrum was
recorded again as the reference after the surface was washed by PBST. TNF-a (R&D Biosystems
Inc.; MW=17 kDa) was dissolved in a S0mL solution of PBS to four different concentrations (5,
2.5, 1.25 and 0.625 pg/mL), and applied separately to each well and stabilized for 30 min. Next,
the sensor surface was rinsed with PBST solution to remove any unbound TNF-a. Figure 8
shows the laser wavelength shift end point as a function of TNF-a concentration. The highest
concentration (Spug/mL) of TNF-a detection approaches saturation due to the limited number of
anti-TNF-a sites on the sensor surface. The lowest concentration of TNF-a (0.625ug/mL)
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resulted in the measured laser wavelength shift of ~0.02 nm. As indicated by the inflection
point, the dissociation constant Kd was measured to be 1.185ug/mL (0.069 uM), which is
comparable with previously measured values of 0.136 uM for human TNF-a and anti-human
TNF-a pairs obtained by dual color fluorescence cross correlation spectroscopy [25].

03 0.4 Fig. 8. Laser wavelength shift end point as a
function of TNF-a concentration. Inset shows
02 wavelength shift due to surface absorption of

02 anti-TNF-o and protein-free blocker.
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IV. KEY RESEARCH ACCOMPLISHMENTS

Production of DFB biosensor surfaces has been demonstrated uniformly over surface areas
substantial enough to incorporate into standard format microplates.

Incorporation of a label-free sensor into a microplate format represents an important step in the
development of a technology that can be accepted into pharmaceutical high throughput screening,
as this liquid handling method is heavily utilized for assay automation and integration with
standard liquid handling systems.

V. REPORTABLE OUTCOMES (papers in preparation)

Plastic-based distributed feedback laser biosensors in microplate format," Y. Tan, A.
Chou, C. Ge, M. Lu, W. Goldshlag, J. Huang, A. Pokhriyal, S. George, and B.T.
Cunningham, IEEE Sensors Journal, Accepted, July 2011.

C. Ge, J. Zheng, C.Wagner, M. Lu, B. T. Cunningham and J. G. Eden, "Optically
tunable ring external-cavity laser", IEEE photonics conference, Arlington VA, October
2010.

Tan, Y.; Ge, C.; Chu, A.; Lu, M.; Goldshlag, W.; Huang, C.; Pokhriyal, A.; George, S.;
Cunningham, B.; "Plastic-Based Distributed Feedback Laser Biosensors in Microplate
Format," Sensors Journal, IEEE, vol.PP, n0.99, pp-1, 0
doi: 10.1109/JSEN.2011.2163933
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VI. CONCLUSION

The fabrication process described in this work demonstrates, for the first time, the ability to
produce DFB biosensor surfaces uniformly over surface areas substantial enough to incorporate
into standard format microplates. Although the fabrication was carried out in a laboratory
setting, all methods are compatible with extension of the process to a roll-based manufacturing
paradigm. In particular, the nanoreplica molding approach used in this work has been
implemented upon continuous rolls of plastic film in a step-repeat process that can utilize a
master wafer for thousands of iterations without damage [4, 5], while accurately patterning
features in the size scale of 40-150 nm. Likewise, the horizontal dipping process used to
generate the dye-doped SUS layer of the DFBLB has been implemented without the need for
spin-coating, while still maintaining excellent control of the layer thickness and uniformity.
Incorporation of a label-free sensor into a microplate format represents an important step in the
development of a technology that can be accepted into pharmaceutical high throughput
screening, as this liquid handling method is heavily utilized for assay automation and integration
with standard liquid handling systems. Because the DFBLB grating is semi-continuous, the
same sensor format can also be integrated into higher throughput 384-well and 1536-well
microplates, which share the same device area as the 96-well microplate demonstrated here. Of
course, the DFBLB is not limited to use in a microplate format, as it can also be incorporated
into the surface of microscope slides, flasks, tubing, test tubes, or microfluidic channels. A
substantial advantage of the DFBLB sensor surface is that any region on the surface is a sensor,
and as a result, capture molecules and illumination can occur at any location. The pump source
is not required to enter the device at any particular illumination angle, and only has the
requirement of containing a wavelength that overlaps the excitation spectrum of the DFB laser
dye. Therefore, precise coupling conditions are not required, leading to a robust detection
platform that is amenable to high throughput measurements. A single 10 ns excitation pulse is
sufficient for gathering a measurement, resulting in a rapid detection rate that can be used to
gather kinetic information on biomolecular interactions. We also envision a label-free surface
scanning detection approach, in which the excitation spot is rastered across the DFBLB surface
to generate a spatial map of biomolecular or cellular binding for applications such as label-free
microarrays and label-free cell attachment imaging. Our calculations estimate that the liquid
volume probed by a single laser pulse can be as small as ~8x10 pL, assuming that the pumping
spot size is near the diffraction limit. All these capabilities are predicated upon the ability to
produce DFBLB surfaces that are uniform in terms of the lasing wavelength and the device
sensitivity.
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