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INTRODUCTION:

Military personnel in modern conflicts are exposed to toxic metals from embedded fragments generated by explosive devices and
inhaled near burn pits. To truly establish the impact of toxic metals on military personnel’s health it is necessary to establish the peak
exposure, often during deployment in areas of conflict, in order to establish future health risk as well as identify those most needing of
early therapeutic monitoring or interventional strategies to mitigate potential health risk. Contemporary methods to assess biologic and
environmental metals exposure are limited, being either unsuitable for field analysis or limited to single-analyte detection. No device
exists to simultaneously detect and quantify multiple toxic metals in biological and environmental samples near the time of peak
exposure in the field. The goal of this project is to design a portable sensor based on a zinc oxide (ZnO) nanowire substrate decorated
with gold (Au) nanoparticles and decorated with chelating ligands can sensitively detect toxic metals via surface-enhanced Raman
spectroscopy (SERS). The first part of this study is the fabrication and functionalization of the sensing substrate. A patterned bed of
ZnO nanowires will be grown and decorated with gold nanoparticles. Crown ethers will be amended to present sulthydryl group(s) to
enable strong association with the gold nanoparticles. Crown ethers will be selected for, and experimentally confirmed to possess
selectivity for uranyl, cadmium, aluminum, and lead. These toxic metals represent among the most important in health outcomes from
embedded fragments and serve as the proof-of-principle for future expansion of this approach. At each step in the fabrication process,
the substrate will be characterized by multiple optical and spectroscopic techniques. Detection sensitivity will be measured by parallel
Raman studies of each selected ion coordinated with each crown ether, with and without plasmonic enhancement. Detection specificity
will be assessed by SERS of each toxic metal in the presence of other ions and distractors. Selectivity of the crown ligands will be
assessed by spectral analysis in the presence of other metal ions and distractors. Spectral analysis will also identify the optimal crown
ethers for simultaneous, multiplexed sensing of the four initial toxic metals. Sensors in this optimized configuration will be fabricated
and experimentally validated against predicted performance.

KEYWORDS:
Crown Ethers; Zinc Oxide; Nanowires; Silver; Nanoparticles; Surface-Enhanced; Raman Spectroscopy; Microfluidics; Toxic Metals;

Detection; Portable; Multiplexed; Trace; Polydimethylsiloxane; Chelation; Quantification

ACCOMPLISHMENTS:
What were the major goals of the project?



e  Major Task 1: Design and fabricate an advanced sensor for toxic metals based on zinc oxide nanowires decorated
with nanoscale gold and functionalized with metal capture chemistry.

e Subtask 1: Prepare a mask using electron beam lithography to spatially localize deposition of the seed layer necessary to
support the growth of zinc oxide nanowires.

e  Subtask 2: Prepare zinc nanowire forests by hydrothermal growth from previously discussed seed layer.
e  Subtask 3: Decorate zinc oxide nanowires with nanoscale gold by electron beam deposition.

e Subtask 4: Assess zinc oxide nanowires with and without gold decoration using scanning electron microscopy (including
atomic compositional information by EDX), photoluminescence, and UV-Vis spectrophotometry.

e  Subtask 5: Functionalize gold nanoparticles using cyclic polyethers (crown ethers) of various sizes and geometries. Initial
crown ethers will be dibenzo functionalized, which are commercially available from 15-crown-5 (15 atoms in the crown, five
of which are oxygen) through 30- crown-10. Cyclic polyethers will amended to functionalize the cyclic polyether to the gold
nanoparticles.

e Subtask 6: Assess cyclic polyether localization to the gold-decorated zinc oxide nanowires using scanning electron
microscopy (including atomic compositional information by EDX) and infrared spectroscopy.

e  Major Task 2: Characterize sensor performance for the detection of toxic metals alone, in combination, and in the
presence of known distractors present in biological and environmental samples.

o Subtask 1: Measure the sensitivity of advanced sensors designed in Major Task 1 for detection of toxic metals with known
military relevance. Selected toxic metal of interest will be measured over a range of relevant concentrations in the absence of
other metals or potential sensing distractors in laboratory-scale Raman spectrometers, with appropriate parallel control
studies.

e  Subtask 2: Characterize the surface enhanced Raman signal amplification created by the interactions among cyclic polyether
resonance and the gold nanoparticle surface, as enabled by careful quantitative calibrations and Raman spectroscopy
measurements of cyclic polyethers and toxic metals in the absence of advanced sensors. Design a portable instrument based
on solid state electronics for the multiplexed sensing of toxic metals at relevant concentrations.

e  Subtask 3: Measure the specificity of advanced sensors for detection of toxic metals with known military relevance from
explosive and burn pit exposures. Each toxic metal of interest will be measured over a range of relevant concentrations in the
presence of other metals or distractors. These studies will be carried out in laboratory-scale Raman spectrometers with careful
attention to quantitative characterization.

o  Subtask 4: Computationally characterize the sensing of each toxic metal of interest in the presence and absence of other
metals and sensing distractors. Select cyclic polyethers to provide optimal sensitivity and selectivity for each of the toxic
metals of interest in a mixed sample over a relevant range of concentrations.

e  Subtask 5: Prepare multiple advanced sensors on a single quartz substrate with each sensor functionalized with a different
cyclic polyether as determined from Subtask 4.

e Subtask 6: Measure the specificity and selectivity of advanced sensors for detection of toxic metals with known military
relevance from explosive and burn pit exposures. Each toxic metal of interest will be measured over a range of relevant
concentrations in the presence of other metals or potential sensing distractors. These studies will be carried out in laboratory-
scale Raman spectrometers with careful attention to quantitative characterization. Actual performance to be compared to
performance predicted in Subtask 4.

What was accomplished under these goals?

Summary of new results for the current year
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Most of the resources available to this project were expended prior to the current reporting year, which is the second year of no cost
extension (NCE), primarily due to pandemic-associated delays. Targeted new studies from the originally proposed SOW were carried
out during the 1% Q of 2021 to support (1) the preparation of a manuscript submitted for refereed publication and presentation at an
international conference, (2) the preparation of the Ph.D. dissertation of the postdoctoral candidate principally working on this project
and (3) the preparation of a manuscript submitted for publication in a peer-reviewed scientific journal.

Major Task 1, Subtask 1

Previously Reported: We designed and 3D-printed two masks shown in Figure 1. The mask shown in (a) was designed to spatially
localize ZnO seed layer deposition to two spots in the central portion of the proposed microchannel. The mask shown in (b) was
designed to spatially localize metal nanoparticle deposition to one of these spots. This was done in order to compare SERS with non-
SERS measurements. Figure 2 demonstrates through UV-Vis absorption spectra acquired of seeded and non-seeded substrates after
hydrothermal nanowire growth indicates that patterning the ZnO seed layer is sufficient to pattern subsequent ZnO nanowire growth.
The band-edge shoulder at sub-400 nm wavelengths present in the spectrum acquired of the seeded substrate indicates crystalline ZnO
consistent with the presence of nanowires while the lack thereof in the spectrum acquired of the non-seeded substrate indicates a lack
of nanowire growth through the absence of crystalline ZnO. Over the course of experimentation, it was deemed more advantageous to
mask the channel with Kapton tape such that only the channel was exposed to deposition. This subtask is complete.

Figure 1: AutoCAD designs for masks to pattern deposition of (a) ZnO seed and (b) metal nanoparticles
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Figure 2: UV-Vis absorption spectra of ZnO-seeded and unseeded substrates following ZnO nanowire growth



Major Task 1, Subtask 2

Previously Reported: Nanowire forests have been grown successfully on PDMS substrates. 100-nm ZnO seed layers were deposited
on both thick (~1 mm) and thin (<0.2 mm) PDMS substrates, from which highly crystalline ZnO nanowires were grown successfully,
as shown by SEM and photoluminescence (PL) under Subtask 4. This indicates that nanowire growth inside a microchannel is
possible. Nanowires were successfully grown inside a PDMS channel, as shown by SEM and PL spectra under Subtask 4. A ZnO seed
layer was deposited inside the channel via sputter deposition and annealed at 100 °C overnight. Nanowires were grown
hydrothermally. This subtask is complete.

Major Task 1, Subtask 3

Previously Reported: After ZnO nanowires were successfully grown on PDMS substrates, silver nanoparticles were deposited onto
the sides of the nanowires via electron beam deposition. Silver was chosen to form nanoparticles rather than gold because silver
nanoparticles have a plasmon resonance in a 400-600 nm range of wavelengths, while gold nanoparticles’ plasmon resonance tends to
sit in the range of 600-800 nm. The Raman systems available for this research are better-suited for use with green lasers rather than
red or NIR lasers. Gold can later be substituted for silver, should it prove necessary. The presence of Ag nanoparticles was
demonstrated by both SEM images pre- and post-deposition, as well as by the presence of plasmon-based light absorption
demonstrated by UV-Vis spectra acquired pre- and post-deposition. SEM and UV-Vis are both presented in Subtask 4. A study was
performed to optimize nanoparticle formation through deposition and anneal parameters to maximize surface enhancement within this
paradigm. Through this study, it was determined that 7 nm of Ag deposited on ZnO at a rate of 0.1 A/s and annealed at 50 °C for 2
hours resulted in the best surface enhancement, as demonstrated by Figure 3. Silver nanoparticles were successfully deposited on the
sides of ZnO nanowires grown inside a PDMS microchannel. SEM and UV-Vis evidence of nanoparticle formation are presented in
Subtask 4. This subtask is complete.
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Figure 3: Raman spectra of crystal violet deposited on Ag-decorated ZnO substrates, of Ag thicknesses over a range of 1 — 9 nm and
annealed at two different temperatures for two different times. (dotted lines represent

Major Task 1, Subtask 4

Previously Reported: As stated in Subtask 2, ZnO nanowires on PDMS substrates were assessed using PL (Figure 4) and SEM
(Figure 5). The PL peak at ~385 nm in Figure 4 results from the wide direct-bandgap nature of crystalline ZnO and indicates the
presence of highly crystalline ZnO nanowires. Furthermore, a lack of photoluminescent emission in the visible region indicates a lack
of defects in the ZnO crystal structure. The SEM images of Figure 5 indicate that this highly crystalline ZnO indeed takes the form of
nanowires. They also confirm the single crystal nature of the nanowires since they have a hexagonal cross-section consistent with the
wurtzite crystal structure of ZnO. As stated in Subtask 3, nanoparticle decoration on PDMS substrates was assessed using SEM
imaging (Figure 6) and UV-Vis spectrophotometry (Figure 7). SEM images taken before and after nanoparticle deposition
demonstrate the presence of nanoparticles on the sides of the nanowires. UV-Vis spectra acquired before and after nanoparticle
deposition show the presence of a plasmon absorption peak centered at ~450 nm, consistent with Ag nanoparticle formation.
Nanoparticle decoration in the PDMS channel was assessed using SEM imaging (Figure 8) before and after Ag deposition and PL
spectroscopy (Figure 9) before deposition. SEM confirmed nanowire growth and PL confirmed nanowire crystallinity. UV-Vis spectra
acquired after nanoparticle deposition and anneal (Figure 10) show the presence of a plasmon absorption peak centered at ~515 nm,
consistent with Ag nanoparticle formation. UV-Vis spectra acquired before and after nanoparticle anneal demonstrate change to the
plasmon peak spread and wavelength. It was decided that atomic compositional information was unnecessary for this work as the
presence of Ag had been demonstrated for this fabrication process in a previous work[1]. This subtask is complete.
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Figure 4: Photoluminescent spectra of ZnO nanowires, demonstrating high crystallinity and few defects
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Figure 6: SEM Images of ZnO nanowires before and after nanoparticle deposition, showing the presence of Ag nanoparticles on the sides of the

nanowires.
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Figure 7: Extinction spectra of ZnO nanowires before and after Ag nanopatrticle deposition
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Figure 8: SEM images of ZnO nanowires inside PDMS microchannel before and after Ag nanoparticle deposition.
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Figure 9: Photoluminescence spectrum of ZnO nanowires inside PDMS channel, demonstrating high crystallinity.




UV-Vis: Ag/ZnO Nanowires in Channel
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Figure 10: UV-Vis spectrum of Ag-decorated ZnO nanowires inside PDMS channel demonstrating plasmonic resonance.

Major Task 1, Subtask §

Previously Reported: Ag-decorated ZnO nanowires on a fused silica substrate were successfully functionalized with 4’-aminobenzo-
18-crown-6 (AB18C6). The substrate was placed in a 104 uM solution of AB18C6 in 1:3 dimethyl sulfoxide (DMSO):DI Water. The

solution was stirred for an hour, then left to incubate overnight. Samples of the solution before and after incubation with the substrate

were acquired. Fluorescence and UV-Vis spectra were acquired of these samples and presented in Major Task 1, Subtask 6.

Major Task 1, Subtask 6

Previously Reported: This subtask is dependent on success in Subtask 5. While SERS of crown ethers inside a PDMS channel has
not been successfully demonstrated, SERS has successfully detected down 1 uM crystal violet in a PDMS channel (Figure 11).
Functionalization of Ag/ZnO nanowires with AB18C6 was demonstrated by UV-Vis and fluorescence spectra in Figures 12 and 13
respectively as described in Major Task 1, Subtask 5. Both the absorption peak and fluorescence peak of AB18C6 in solution was
reduced after incubation, indicating reduced concentration of AB18C6 in solution, demonstrating that AB18C6 decorated the Ag/ZnO
substrate. Raman Spectra of Ag/ZnO substrates with and without AB18C6 were acquired in Figure 14, which demonstrated the
presence of crown ether peaks.
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Figure 11: SERS of Crystal Violet over a concentration range of 1 — 10 uM, demonstrating the ability to do SERS through the PDMS wall of a
channel.



UV-Vis: 10-uM AB18C6
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Figure 12: UV-Vis spectra taken of AB18C6 solution before and after incubation with an Ag/ZnO substrate, demonstrating decoration of the
substrate with AB18C6 by reduced crown ether concentration in solution.

Fluorescence: 10-uM AB18C6
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Figure 13: Fluorescence spectra taken of the AB18C6 solution before and after incubation with an Ag/ZnO substrate, demonstrating decoration
of the substrate with AB18C6 by reduced crown ether concentration in solution.
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Figure 14: SERS spectra acquired of Ag/ZnO substrates with and without crown ether decoration, demonstrating clear presence of AB18C6
peaks.

Major Task 2, Subtask 1

Previously Reported: This subtask is dependent upon completion of Major Task 1. The nanowire-based sensor must be completed
before true sensitivity of the sensor can be determined. However, work has been done toward using fluorescence as an additional
sensitivity measure separate from SERS. Sarfo et. al. showed that 4’-aminobenzo-18-crown-6 has a broad fluorescence peak in the
range of 300-400 nm when excited at 295 nm. When chelating metal ions, this fluorescence is quenched. We have had some difficulty
replicating their results, but preliminary evidence shown in Figure 15 demonstrates that while the fluorescent peak of the crown ether
is quenched in the presence of concentrations of arsenic and molybdenum ions equimolar to the crown ether concentration, it is not
completely quenched. This indicates that fluorescence can be used as a check upon measuring SERS sensitivity.

New Results: To test the sensitivity of SERS detection through PDMS using the Ag-decorated ZnO nanowires, two 100 pm-thick
PDMS substrates were fabricated via soft lithography, labeled “P1” and “P2” and the Ag-decorated ZnO nanowires were fabricated on
top. These substrates were placed face-down in 1 — 12 uM solutions of melamine and SERS spectra were acquired, as shown in Figure
16. These results clearly demonstrate the sensor’s ability to detect relevant concentrations of melamine free in solution, and indicate
that the crown ether-metal ion capture scheme pursued in this research should yield detection of even more dilute analytes. In addition,
We tested the ability of fluorescence and UV-Vis spectrophotometry to measure varying concentrations of metal ion capture by
mixing solutions of 6.25 — 200 uM molybdenum with 100-uM solutions of AB18-C6 and acquiring fluorescence and UV-Vis spectra
of each mixture, as shown in Figure 17. We detected clear step-wise changes in both fluorescence and UV-Vis spectra, indicating that
both methods could be used to detect toxic metal chelation and validate SERS quantification.
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Figure 15: Fluorescence of 4’-aminobenzo-18-crown-6 with and without arsenic and molybdenum ions in a 1:3 DMSO:Water solution.
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Figure 16: SERS spectra of melamine in DI Water, acquired through P1 on the left and P2 on the right. Number of spectra acquired for each
concentration through each substrate in parentheses.
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Figure 17: UV-Vis and fluorescence spectra of 100-uM AB18Cé6 in 1:3 DMSO:Water mixed with varying concentrations of molybdenum,
demonstrating a step-wise response to chelation based on the original concentration of molybdenum

Major Task 2, Subtask 2

Previously Reported: This subtask is dependent upon completion of Major Task 1. However, it is important to determine whether
acquiring Raman spectra through PDMS won’t significantly interfere with the acquisition of crown ether spectra. To this end, Raman
spectra were acquired of 25-uM crystal violet through Ag-decorated ZnO nanowires on PDMS. Two different thicknesses of PDMS
were used. The “thick” PDMS was about ~1.0 mm while the “thin” PDMS was <0.2 mm. As shown in Figure 18, Raman spectra of
crystal violet through the thick PDMS showed barely any enhancement, while spectra through the thin PDMS showed enhancement
comparable to our previous work, which acquired SERS spectra of crystal violet through fused silica. This indicates that as long as the
thickness of the microchannel wall through which spectra are acquired is controlled, enhanced Raman spectra can be acquired. This
subtask is scheduled to be completed in Q1 of 2021.
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Figure 18: Raman spectra of 25 uM crystal violet through (a) thick PDMS and (b) thin PDMS (dotted lines represent crystal violet-specific peaks)

Major Task 2, Subtask 3

Previously Reported: This subtask is dependent upon completion of Major Task 1. However, the specificity of the crown ethers can
be explored using UV-Vis spectrophotometry. Sarfo et. al. demonstrated that 4’-aminobenzo-18-crown-6 has an extinction peak
around 300 nm. When the crown ether chelates a metal, this peak is reduced and a peak appears at about 280 nm. An optical
extinction-based study was performed of the interactions between 4’-aminobenoz-18-crown-6 and a group of metal ions including
metals on the Veteran’s Association toxic metals biomonitoring panel, other toxic or potentially toxic metals, metals commonly found
in the human body, and metals incorporated into the proposed biosensor. In total, this sweep included 22 metals and was performed in
solutions of 1:1 DMSO:water and 1:3 DMSO:water (as performed by Sarfo et. al.). For the 1:1 DMSO:water solution (Figure 19),
there was clear interactions between the crown ether and As, Hg, Al, Mo, Li, and W. For the 1:3 DMSO:water solution (Figure 20),
Sarfo et. al. reported clear chelating of Pb, and none of Ba, Ca, Cd, Co, Cu, Hg, K, Li, Na, and Ni. However, we noted no discernable
chelating of Pb. We did see chelating of several other metals including Mo, As, U, W, Cr, and Fe.

Crown Ether/Metal Interactions in 1:1 DMSO/Water
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Figure 19: UV-Vis spectra of interactions between 4’-aminobenzo-18-crown-6 and 22 different metals in a 1:1 DMSO:water solution.
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Crown Ether/Metal Interactions in 1:3 DMSO/Water
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Figure 20: UV-Vis spectra of interactions between 4’-aminobenzo-18-crown-6 and 22 different metals in a 1:1 DMSO:water solution.

Major Task 2, Subtask 4
Completion of this subtask relies on the completion of Subtasks 2 and 3, to gather the information necessary for training an algorithm
to identify chelated metals. Significant progress on this subtask is not anticipated.

Major Task 2, Subtask 5
Completion of this subtask requires completion of Subtasks 2 and 3. Significant progress on this subtask is not anticipated.

Major Task 2, Subtask 6
Completion of this subtask requires completion of Subtask 4. Significant progress on this subtask is not anticipated.

What opportunities for training and professional development has the project provided?

We recruited a fourth-year undergraduate student double majoring in biomedical engineering and electrical engineering to participate
on this project. She was trained in fluorescence spectroscopy and aspects of the chelation chemistry that is one foundation of this
project. She carried out multiple studies, described in Major Task 2, Subtask 1. Some of these results were included in the manuscript
that was accepted as a refereed conference paper (and presented from the podium). Ms. Xue was a co-author of that publication. The
training and professional development she received in conducting the experiments, preparing the figures with statistical comparisons
and writing some of the manuscript contributes to her applications for admission to graduate programs in engineering. Although it is
too early, in general, to have outcomes of her application, I am pleased to report that Ms. Xue has received an offer of admission with
full tuition/fees/stipend support from the Massachusetts Institute of Technology (MIT). Her admission to other highly competitive
engineering programs is anticipated. Ms. Xue’s involvement in this project was undoubtedly a positive factor in her graduate school
admission.

How were the results disseminated to communities of interest?
The crown ether chelation of metals and detection were published in a conference proceedings paper at the 6" World Congress of
Recent Advances in Nanotechnology:

Cook AL, Xue F, Giorgio TD. Toxic Metals Chelation by 18-Crown-6 Ethers in Multiple Solutions and Quantification by Spectroscopic
Techniques. Proceedings of the 6" World Congress on Recent Advances in Nanotechnology. 2021. DOI: 10.11159/nddte21.1x.202
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This work was also presented from the podium at the 6" World Congress on Recent Advances in Nanotechnology; this was a virtual
conference and presentations were recorded for asynchronous viewing.

What do you plan to do during the next reporting period to accomplish the goals?

A paper concerning the integration of the Ag-decorated ZnO nanowire substrate with microfluidic technology is scheduled to be
re-submitted for Peer Review in Q1 of 2022.

4. IMPACT:

What was the impact on the development of the principal discipline(s) of the project?

The paper reporting the optimization of electron beam-deposited Ag nanoparticles on ZnO for maximizing SERS represents a systematic
examination of the fabrication and anneal parameters of such nanoparticles and will inform future fabrication of such nanoparticles for
similar sensing paradigms.

The conference proceedings paper reporting the chelation of metals with 4’-aminobenzo-18-crown-6 represents an examination of the
chelation properties of said crown ether and will inform its future use in toxic metal ion detection.

What was the impact on other disciplines?

Nothing to Report.

What was the impact on technology transfer?

Nothing to Report.

What was the impact on society beyond science and technology?

Nothing to Report

5. CHANGES/PROBLEMS:

Changes in approach and reasons for change
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Previously Reported: Silver nanoparticles were deposited on the ZnO nanowires rather than gold, because silver nanoparticles
have plasmon resonances in the 400-600 nm wavelength range, while gold nanoparticles have plasmon resonances in the 600-800 nm
range. Additionally, silver tends to better enhance Raman spectra than gold. The facilities available for this research are better suited
for lasers in the former range rather than the latter. Kapton tape was used to mask the PDMS channel, rather than the previously
described masks, as PDMS hydrophobicity unexpectedly hindered nanowire growth, requiring the entire channel to be coated in ZnO.
For the same reason, ZnO seed was sputtered into the channel rather than deposited via e-beam. This was done in order to coat not
only the bottom of the channel, but the walls in ZnO as well.

Actual or anticipated problems or delays and actions or plans to resolve them
Describe problems or delays encountered during the reporting period and actions or plans to resolve them.

Previously Reported: Difficulty has been encountered in replicating the results reported by Sarfo et. al. Specifically, while chelation
of multiple metal ions (such as molybdenum and arsenic) by 4’-aminobenzo-18-crown-6 has been observed, this crown ether has failed
to chelate lead ions, even under the same conditions reported by Sarfo et. al. Additionally, Sarfo reported in quantification of lead
concentration via fluorescence[2]. Specifically, they reported a fluorescence peak at ~590 nm when excited at 295 nm that
increased with increasing lead concentration. While the fluorescence of 4’-aminobenzo-18-crown-6 in Figure 7 exhibits a broad
fluorescence peak between 300 and 400 nm that gets quenched when chelating molybdenum and arsenic, a sharp peak at 590 nm has
not been observed. Based on the quenching in Figure 7, however, it is expected that this broad fluorescence peak can be used to
quantify chelation via peak fluorescence quenching.

Previously Reported: In addition to our difficulties in replicating the results of Sarfo et. al., difficulty was encountered in ZnO nanowire
growth. There came a point where nanowires stopped growing correctly. Instead of dense forests of nanowires as shown in Figures 4
& 5, nanowire growth was very sparse, as shown in Figure 11. After several weeks of troubleshooting, it was discovered that due to
an aging quartz crystal microbalance in the electron beam deposition system being used, much less ZnO seed was being deposited
than assumed. This resulted in replacement of the microbalance and nanowire growths performed since have reverted to a useful
morphology.

1pm EHT =10.00 kv Signal A = InLens 2 Aug 2019 -
WD = 26 mm Mag= 20.00 KX 15:48:20 VINSE

Figure 19: SEM image of sparse nanowire growth

Changes that had a significant impact on expenditures

Restrictions associated with the pandemic limited our access to laboratory facilities for about nine months during 2020-2021. We
still operate under some capacity restrictions in labs/offices, requiring much of the non-experimental work to be carried out away
from campus/at home. This slows the process of interpreting data, refining hypotheses and developing amended strategies.

We also suffered an awkwardly time loss of all local tools suitable for the appropriate deposition of ZnO on the PDMS substrates. We
typically use the high vacuum deposition system at Fisk University (where Dr. Cook, the former predoctoral student, received his M.S.
in physics and) where the PI (Dr. Giorgio) has collaborations and privileges. This instrument suffered a power supply failure
that required repair at the manufacturer. The overall time from failure to restoration of service was more than three months. We
attempted to use a similar instrument at Vanderbilt, but this tool was also unavailable due to routine maintenance at the same time
as the Fisk instrument failure. In addition, the Vanderbilt instrument lacks the ability to rotate the target at a glancing angle during
deposition (that is possible and utilized for this project on the Fisk instrument). We attempted to replicate the morphology of the ZnO
deposition using a "hack’ of the Vanderbilt instrument, but this was unsuccessful. We then pivoted to a different ZnO deposition/
growth approach, but this was far slower and significantly suppressed throughput for experimental work. By the time the Fisk
instrument was repaired and revalidated, Dr. Cook was close to finishing his Ph.D. work.
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Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents

Significant changes in use or care of human subjects
Nothing to report.

Significant changes in use or care of vertebrate animals
Nothing to report.

Significant changes in use of biohazards and/or select agents

Nothing to report.

6. PRODUCTS:

o Publications, conference papers, and presentations

Journal publications.

This publication was disclosed in the last report, but had not appeared in print at that time, The complete citation follows:
Cook AL, Haycook CP, Mu R and Giorgio TD: Optimization of Electron Beam-Deposited Silver Nanoparticles on Zinc Oxide
for Maximally Surface Enhanced Raman Spectroscopy. Nanoscale Advances 2021, 3, 407-417. doi: 10.1039/d0na00563k
PMID: none
The final manuscript from this project and Dr. Cook’s Ph.D. studies has been prepared and submitted. We are presently

addressing reviewer comments and anticipate resubmission of the amended manuscript during the 1% half of 2022.

Cook AL and Giorgio TD: Fabrication of Silver-Decorated Zinc Oxide Nanowire Sensor in Microchannels for Surface-
Enhanced Raman Spectroscopy. Lab on a Chip 2021, in review.

Books or other non-periodical, one-time publications.

Dr. Andrew Cook was the principal predoctoral student conducting the studies for this project. He successfully defended his
Ph.D. in April 2021 and submitted all of the requirements for his dissertation and Ph.D. later in 2021.

Dr. Andrew Cook; Ph.D. in BME; August 2021

‘Surface Enhanced Raman Spectroscopy-Based Sensor for Portable, Multiplexed Detection of Toxic Metals in Urine’ Other
publications, conference papers and presentations.

This is a conference presentation that was conducted remotely due to pandemic restrictions:
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Cook AL, Xue F and Giorgio TD: Toxic Metals Chelation by 18-Crown-6 Ethers in Multiple Solutions and Quantification by
Spectroscopic Techniques. 6™ World Congress on Recent Advances in Nanotechnology (RAN’21), Lisbon, Portugal, June
2021. Presentation, remote presentation due to SARS-CoV-2.

This is the associated refereed conference paper:

Cook AL, Xue F and Giorgio TD: Toxic Metals Chelation by 18-Crown-6 Ethers in Multiple Solutions and Quantification by
Spectroscopic Techniques. 6" World Congress on Recent Advances in Nanotechnology (RAN’21), Lisbon, Portugal (but
conducted virtually due to SARS-CoV-2 pandemic restrictions), June 2021. doi: 10.11159/nddte21.1x.202

o Website(s) or other Internet site(s)
Nothing to report.

. Technologies or techniques
Nothing to report.

o Inventions, patent applications, and/or licenses
Nothing to report.

o Other Products

Nothing to report.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?
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Name: Andrew Cook

Project Role: Graduate Student

Researcher Identifier (e.g. ORCID ID): ORCID ID: 0000-0002-2859-8804

Nearest person month worked: 12

Contribution to Project: Mr. Cook has performed all of the research reported here.
Funding Support: The National Science Foundation and this award.

Name: Fan Xue

Project Role: Undergraduate student

Researcher Identifier: none

Nearest Person Month Worked: 1

Contribution to Project: Ms. Xue has performed experiments on the spectroscopy of crown ethers and
toxic metal ions that appeared in the RAN’21 presentation and publication.

Funding Support: Ms. Xue conducted research for course credit.

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the last reporting period?

Nothing to report.

What other organizations were involved as partners?

Fisk University provided facilities for this project, specifically use of an instrument that allows ZnO deposition while changing the angle
of the substrate relative to the ion beam. This allows for more uniform deposition of the ZnO over the substrate surface; this approach
is not available at Vanderbilt University.
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8. SPECIAL REPORTING REQUIREMENTS
COLLABORATIVE AWARDS:

QUAD CHARTS:

9. APPENDICES:

Appendix A follows and contains:
o the final version of the Nanoscale Advances manuscript, as published,
o the final version of the RAN’21 refereed conference paper, as published,
e the manuscript submitted to Lab on a Chip and presently under amendment for expected submission during the 1* half of
2022
e the Ph.D. dissertation of Dr. Andrew Cook, accepted in 2021

References

[11 A.L.Cook, C.S. Carson, C. E. Marvinney, T. D. Giorgio, and R. R. Mu, “Sensing trace levels of molecular species in solution
via zinc oxide nanoprobe Raman spectroscopy: Zinc oxide nanoprobe Raman,” J. Raman Spectrosc., vol. 48, no. 8, pp. 1116—
1121, Aug. 2017, doi: 10.1002/jrs.5180.

[2] D.K. Sarfo, E. L. Izake, A. P. O’Mullane, and G. A. Ayoko, “Molecular recognition and detection of Pb(II) ions in water by
aminobenzo-18-crown-6 immobilised onto a nanostructured SERS substrate,” Sens. Actuators B Chem., vol. 255, pp. 1945-1952,
Feb. 2018, doi: 10.1016/j.snb.2017.08.223.
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Appendix A

Manuscripts, Publications and Dissertations

The manuscript identified below was submitted to Lab on a Chip in August 2021 and received reviewer
comments in October 2021. We are currently carrying out amendments to this manuscript to address reviewer
criticisms. We anticipate that a revised manuscript will be ready for submission during the first six months of
2022. A copy of the manuscript appears in this Appendix. Although the Appendix is not independently page
numbered, the relative location of each product is indicated in the accompanying description, below. The Lab
on a Chip manuscript begins on the next page (page 1 of the Appendix, page 1A) and ends on page 23A,

Cook AL and Giorgio TD: Fabrication of Silver-Decorated Zinc Oxide Nanowire Sensor in Microchannels for
Surface-Enhanced Raman Spectroscopy. Lab on a Chip 2021, in review.

The conference paper below was submitted and accepted for presentation at the 2021 Recent Advances in
Nanotechnology conference. The conference, originally scheduled for Lisbon, Portugal was transitioned into a
virtual event. The manuscript was peer-reviewed and accepted for publication. A copy of the publication appears
in this Appendix. The conference paper begins on page 24A and ends on page 30A,

Cook AL, Xue F and Giorgio TD: Toxic Metals Chelation by 18-Crown-6 Ethers in Multiple Solutions and
Quantification by Spectroscopic Techniques. 6™ World Congress on Recent Advances in Nanotechnology
(RAN’21), Lisbon, Portugal (but conducted virtually due to SARS-CoV-2 pandemic restrictions), June 2021, per-
reviewed. doi: 10.11159/nddte21.1x.202

The publication below was reported in the previous annual report as ‘accepted’ and awaiting final publication
including correction of typesetting errors and other non-scientific amendments. The final citation is below and a
copy of this work as-published appears in this Appendix. The Nanoscale Advances publication begins on page
31A and ends on page 46A.

Cook AL, Haycook CP, Mu R and Giorgio TD: Optimization of Electron Beam-Deposited Silver Nanoparticles
on Zinc Oxide for Maximally Surface Enhanced Raman Spectroscopy. Nanoscale Advances 2021, 3, 407-417.
doi: 10.1039/d0na00563k PMID: none

The primary predoctoral student working on this project completed his Ph.D. degree requirements, successfully
defended his dissertation and received his degree in 2021. A copy of his Ph.D. dissertation, as cited below,
appears in this Appendix. The Ph.D. dissertations begins on page 47A and ends on page 170A,

Cook AL: ‘Surface Enhanced Raman Spectroscopy-Based Sensor for Portable, Multiplexed Detection of Toxic
Metals in Urine’. Ph.D. dissertation (Vanderbilt University) 2021.

See next page.
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Surface-enhanced Raman spectroscopy (SERS) performed in microfluidic channels offers multiple benefits to sensitive and

DOI: 10.1039/x0xx00000x

reliable detection of dilute analytes while utlizing the advantages of microfluidics, including small samples, high throughput,

and portability. Physical deposition of metallic nanoparticles by techniques such as electron beam deposition results in dense

populations of nanoparticles and hotspots between nanoparticles for sensitive detection. However, not only do physically

deposited SERS-active surfaces necessitate additional steps during device fabrication, but surface fabrication is itself

complicated by the constraints imposed by the microfluidic channel. This work demonstrated a robust approach to physical

fabrication of a SERS-active substrates inside a poly(dimethylsiloxane) (PDMS) microfluidic channel. Direct growth of zinc

oxide nanowires inside the PDMS channel and e-beam deposition of silver to coat the nanowires was performed before

bonding PDMS to glass. This process enabled label-free SERS sensing of micromolar crystal violet and melamine with minimal

spectral interference from the PDMS-based channel.

Introduction

Surface-enhanced Raman spectroscopy (SERS) that is integrated
with microfluidic technology offers the advantages of reduced
sample consumption and reaction time, high detection
efficiency, and portability as compared to state-of-the-art
detection paradigms.! This integration is primarily pursued
through either colloidal solutions?3 or stationary substrates.*©
Co-injection of SERS-active with samples
microfluidic channels can provide efficient sensing and heat-
dissipation, although this technique often suffers from
aggregation, resulting in reduced reproducibility and poor
mixing due to predominantly laminar flow in microfluidic
channels.” Stationary substrates offer greater stability and
reproducibility, although they are often less efficient than
colloidal strategies because stationary substrates cannot be
dispersed within sample fluids.?

SERS-active substrates based on nanowires decorated with
metal nanoparticles such as silver (Ag) or gold (Au), can
minimize the drawbacks associated with colloidal or stationary
substrate sensing when fabricated within a microfluidic
channel. This design offers the stability and reproducibility
similar to stationary substrates, but can also provide the sensing
efficiency of colloidal strategies due to their inherent 3-
dimensional architecture.10.11 Metal-decorated zinc oxide (ZnO)
nanowires are an attractive platform for SERS sensing. ZnO is a
biocompatible!?2 wide direct-bandgap semiconductor with a
band-edge emission of ~3.4 eV13 and a high exciton binding
energy of 60 meV.1%415 These properties make ZnO nanowires

colloids into

@ Department of Biomedical Engineering, Vanderbilt University, Nashville TN
37235, USA. E-mail: todd.d.giorgio@vanderbilt.edu

electronically stable at room temperature!4 and transparent to
visible and near-infrared (NIR) light,%¢ reducing absorption of
Raman scattered photons. Optical transparency is ideal for
Raman spectra acquired through the
necessitated by the sensor and detector geometry we
anticipate in microfluidic technology. In addition, ZnO has been
demonstrated to increase surface enhancement due to charge
transfer between ZnO and both Agl’ and analytes directly
adsorbed to the nanowires.'® Additionally, ZnO possesses high
electron mobility!® and a large refractive index of approximately

substrate as is

2.0 in the visible region.2021 Combining these characteristics
with the atomically smooth and highly faceted hexagonal single-
crystal structure of ZnO nanowires can induce Mie scattering
resonances. Mie scattering can reduce signal loss to scattering
through waveguiding light.22 and synergize with charge transfer
to enhance Raman scattering up to 10°, in addition to the
electromagnetic mechanism of SERS.23

During the fabrication of SERS-active microchannels, stationary
substrates such as the Ag-decorated ZnO nanowires are usually
fabricated on the glass wall of the channel. This is done to avoid
spectroscopic interference by polymers commonly used to
fabricate microfluidic channels such as poly(dimethysiloxane)
(PDMS) that has its own strong Raman spectrum. ZnO nanowire
fabrication on glass lends itself to in situ fabrication techniques
like hydrothermal growth and electroplating after microchannel
fabrication. In particular, metal-decorated ZnO nanowires can
be easily fabricated in situ hydrothermally,10.2425 however
hydrothermal fabrication typically results in sparse metal
nanoparticle formation.10 In contrast, electron beam (e-beam)
deposition as a physical technique forms denser nanoparticle
distributions,11.22 resulting in higher surface enhancement due
to proximity-induced hotspots
However, one major drawback is that physical deposition of

between nanoparticles.26
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nanoparticles necessitates ex-situ SERS substrate fabrication on
glass prior to microfluidic channel bonding because closing the
channel prevents deposition of material from an external
source. Alignment of the SERS sensor on glass with a
microchannel in PDMS is complicated by microscale dimensions
and the deformability of PDMS. The complexity of accurate
placement in PDMS microchannels is amplified for designs that
include multiple SERS sensors on a single glass substrate.
Additional alignment steps limit flexibility of microchannel
design,” making it less ideal for the production of large numbers
of disposable sensors. Fabricating SERS substrates directly into
PDMS microchannels before bonding with glass as illustrated by
Figure 1 enables the fabrication of complex multisensory,
multichannel devices in the absence of rigorous alignment
requirements.

In this study, we demonstrated that a ZnO nanowire substrate
decorated with e-beam deposited Ag nanoparticles can be
simply fabricated within a PDMS microchannel ex-situ without
requiring an alignment step to complete microchannel
fabrication. Furthermore, we demonstrated that trace chemical
and biological analytes can be detected through a PDMS
microchannel wall by careful optimization of device design and
analysis of SERS optical signals.

Experimental Methods

In order to simplify the fabrication of a SERS-integrated
microfluidic channel, Ag-decorated ZnO (Ag/ZnO) nanowires
were fabricated directly into the channel such that the
nanowires would reside on the “roof” of the channel after
bonding with glass, as illustrated by Figure 1. In this orientation,
Raman spectra would be acquired through the “roof” of the
channel. The first step in accomplishing this is to examine the
effect of PDMS thickness on spectral intensity, as crosslinked
PDMS polymer is known to scatter light,?” and Mao et. al.
demonstrated 4x reduced SERS sensitivity when acquiring
spectra through a PDMS cap.28 Next, the applicability of SERS
through PDMS must be exemplified through SERS of a relevant
analyte. Melamine was chosen for this purpose due to strong
Raman peaks in regions where PDMS signal is weak. Melamine
is an industrial material primarily used in polymer
manufacturing that has also been added to dairy products to
produce artificially high readings of protein content. Because
melamine can cause kidney failure and even death, the Codex

Laser

PDMS Ag/Zn0 Nanowires

Glass Slide

Figure 1: Illustration of the cross-section of a microchannel integrated with an
Ag/Zn0 nanoprobe fabricated on the PDMS.
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Alimentarius set a limit of 1 mg/L (7.93 uM) of melamine in
powder infant formula.?® Lastly, using information gained from
the previous two experiments, a PDMS channel must be
designed and fabricated. The Ag/ZnO nanowire substrate must
be constructed within the channel and SERS of crystal violet
injected into the channel must be acquired.

ZnO Seed in PDMS Channel

SERS-active nanostructures were fabricated directly into the
channel, such that they would reside on the ‘roof’ of the
channel as shown in Figure 1. Substrates and microchannels
were fabricated from PDMS via soft lithography with Sylgard
184® (Dow Corning, Batch #H047ICLO55) which consists of a
liquid PDMS base and a curing agent. A microchannel master
was designed in AutoCAD® 2017 as a mold for PDMS
microchannels and machined from aluminum, shown in Figure
S1. The base and curing agent were mixed at a 10:1 ratio and
poured over the base. The solution was then placed in a vacuum
chamber at ~25 mmHg until all bubbles were removed. The lid
was fitted onto the base before the dish was placed in the oven
at 95 °C for two hours to cure the PDMS, after which the dishes
were removed and allowed to cool at room temperature. After
cooling, the master was cut away from the surrounding PDMS
and the microchannels were extracted.

PDMS microchannels were cleaned with the ALD-AMD
1% Alconox®
solution, deionized (DI) water, acetone, methanol, and DI water,
sequentially. At each step, the substrates were sonicated for 10
minutes. After this cleaning process was completed, the
substrates were dried using nitrogen gas. For each
microchannel, Kapton tape was used to mask the PDMS surface
containing the channel so that only the channel was exposed.
Microchannels were then mounted in a sputter deposition
system (Angstrom Amod Multimode Deposition Chamber)
which was pumped down to 5.5 x 10 Torr, and ZnO was
deposited in the channel over the course of 1 hour and 40
minutes. Stylus profilometry (Bruker Dektak 150) was used to
measure the thickness of ZnO across the channel. The maximum
ZnO thickness was 150 nm at the center of the channel, and
dropped off to 0 nm at the corners of the channel. ZnO was
sputtered to ensure ZnO deposition on all sides of the channel,
thereby minimizing the impact of PDMS hydrophobicity on
hydrothermal nanowire growth. The channels were annealed at
100 °C overnight to improve ZnO seed surface morphology and
subsequent nanowire growth.

method!! which consists of submersion in a

ZnO Seed on PDMS Substrates

PDMS substrates were fabricated for two purposes in this work.
First, it was necessary to explore the effect of PDMS thickness
on the quality of Raman signal, since the crosslinked polymeric
nature of cured PDMS scatters light.2” Results of this exploration
informed the design of the PDMS channel used in this work.
Second, thin PDMS substrates were fabricated to characterize
SERS of melamine through PDMS. These substrates were
designed to mimic the thickness of the PDMS channel wall
through which spectra of crystal violet were acquired.

This journal is © The Royal Society of Chemistry 20xx
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To explore the effect of light scattering through PDMS on SERS
signal quality, bare ZnO nanowires and Ag nanoparticle-
decorated ZnO (Ag/Zn0O) nanowires were constructed on thick
and thin PDMS substrates, fabricated via soft lithography with
Sylgard 184°®. Substrate thickness was controlled by varying the
PDMS volume placed into Pyrex® petri dishes (95 mm
diameter). 7.0 g of PDMS was poured into one petri dish, and
1.4 g of PDMS was poured into another, targeting 1.0 mm and
0.2 mm PDMS thicknesses for thick and thin substrates
respectively. After oven-curing, PDMS squares of approximately
1 cm x 1 cm were cut from the center of each petri dish to form
substrates for sensor fabrication. The substrates were cleaned
via the ALD-AMD method and the thickness of each substrate
was determined via stylus profilometry to be ~1.0 mm for the
thick substrates and ~0.17 mm for the thin substrates. The
discrepancy between the targeted thickness of 0.2 mm and the
resultant thickness of 0.17 mm was caused by capillary action
drawing PDMS up along the walls of the petri dish. Subsequent
substrates fabricated for SERS of melamine were fabricated
with controlled thickness by pouring PDMS between two glass
slides with a single layer of 0.15-mm thick carbon tape as a
spacer. This resulted in 0.15-mm thick PDMS substrates.
Cleaned substrates were mounted in an e-beam deposition
chamber (Thermionics, 150-0040). The chamber was pumped
down to a vacuum of 5 x 10°® Torr and a 100 nm ZnO seed layer
was deposited at a rate of ~0.1 A/second. PDMS substrates
were mounted in a plan configuration throughout ZnO
deposition.

Zn0O Nanowire Growth

The ZnO nanowire growth process is similar to that described in
previous work.1l ZnO nanowires were grown hydrothermally.
PDMS channels and substrates were submerged in a 20 mM
equimolar solution of zinc acetate dihydrate (Sigma Aldrich,
BCBM3068V) and hexamethylenetetramine (Sigma Aldrich,
MKBS8102V) in a Teflon reaction chamber. This chamber was
placed in a preheated oven at 95 °C for 2.5 hours, after which
the chamber was rapidly cooled under running water. The
channels and substrates were washed of residual organics with
DI water, then placed in the oven at 105 °C for ~10 minutes to
dry. Nanowires were grown only where seed layer was
deposited.

Ag Nanoparticle Formation

ZnO nanowires on PDMS substrates were decorated with Ag
nanoparticles via e-beam deposition (Thermionics, 150-0040)
as shown in Figure S2. The nanowire substrates were mounted
on a glancing-angle deposition apparatus, which rotates
azimuthally at an angle during deposition. This angle was
calculated by Equation (1) to maximize the area of nanowire
sides exposed to deposition while minimizing shadowing from
adjacent nanowires. L, and D,, which are average nanowire
length and spacing, were estimated to be 320 and 76 nm,
respectively. From these, an angle of 84e,= ~13° was calculated.
The deposition chamber was depressurized to ~5.0 x 106, at
which point Ag was deposited at a rate of ~0.1 A/s to a nominal
film thickness of 10 nm while the stage was rotated. This
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resulted in an effective film thickness ~2.2 nm on the sides of
the nanowires as calculated by Equation (2), where tmom
represents the nominal film thickness and B4ep represents the
angle of deposition specified above.

_1(DPn
O4ep = tan™! <E) (1)
teff = tnom Sil’l(edep) (2)

Ag nanoparticles were deposited in PDMS channels via e-beam
deposition (Angstrom Amod Multimode Deposition System) as
shown in Figure S3. The nanowire substrates were mounted
with a Kapton-tape mask such that only the channel was
exposed on a stage at an angle of approximately 24° from the
source crucible. The chamber was pumped down to a pressure
of ~4.0 x 106 Torr. Ag was deposited at a rate of ~0.1A/s to a
nominal film thickness of 15 nm while the stage was rotated.
This resulted in an effective film thickness (tes) of ~6.1 nm on
the sides of the nanowires, and ~13.7 nm on the bottom of the
channel. This effective film thickness on the nanowire sides is
within the range of 5 —9 nm film thickness demonstrated in our
previous work3° to maximize SERS acquired with a 532-nm laser.
The mask was designed to allow Ag deposition only inside the
channel. After deposition, the microchannel was heated to 50
°C for 2 hours to anneal the nanoparticles, which was shown in
our previous work to greatly increase surface enhancement.3°

Microfluidic chip Fabrication

After fabrication of Ag-decorated ZnO nanowires inside the
microchannels, holes were punched at the inlet and outlet with
a 2-mm disposable biopsy punch (Premier® Uni-Punch®) and
they were placed in a plasma oxidation chamber (Harrick
Plasma PDC-001) for 4 minutes to oxidize the PDMS surface.
This enabled bonding to a glass slide (Fisherbrand® 12-550-A3).
Lastly, Tygon® tubing (ID: 0.020 in.; OD: 0.060 in.) was inserted
at the inlet and outlet and PDMS was used to seal the interface
between PDMS and tubing.

Characterization Techniques

Scanning electron microscopy images of bare and Ag-decorated
ZnO nanowires were acquired with a Zeiss Merlin scanning
electron microscope (Jena, Germany) in both plan and 45°
configurations. These images were used to visually inspect
nanowire and nanoparticle morphology. All image analysis was
performed using ImagelJ.

Photoluminescence (PL) spectra of ZnO nanowires were
acquired to assess nanowire crystallinity using a
thermoelectrically cooled (-40 °C) CCD camera in a spectroscopy
setup (HORIBA Jobin Yvon LabRAM 800HR). ZnO nanowire
emissions were excited using a 325-nm He-Cd laser (Kimmon, 1
K series 200 mW, vertically polarized output measured at the
laser head). PL spectra were acquired with a 15x-magnification
objective lens (Thorlabs, LMU-15x-NUV, NA = 0.32), and
detected in line with the laser normal to the substrate surface.
Nanowires were oriented facing incident light. Five locations on
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each patch of nanowires were chosen, with a precision of 100
um. At each location, a PL spectrum was acquired over a
wavelength range of 340-700 nm. Each spectrum was the
accumulation of 4 background-subtracted spectra, each taken
with a 200-um aperture, and a 600 grooves/mm grating.
Exposure time was 0.1 seconds and laser power was between
4.0—-5.0 mW, as measured at the lens. The five spectra for each
patch were averaged to produce a representative PL spectrum
for each patch of nanowires within the channel.

To characterize the effect PDMS-induced scattering on spectral
quality, SERS spectra of crystal violet in solution were acquired
through Ag/ZnO and bare ZnO nanowires on 1.0-mm and 0.17-
mm substrates to compare SERS and non-SERS spectra. These
spectra were acquired using a CCD camera on the same
spectroscopy setup as the PL measurements with a 532-nm
laser (Ventus, 500 mW, horizontally polarized output measured
at the laser head) and a 10x-magnification lens (Olympus,
MPlan N Achromat, NA = 0.25). Raman scattering was collected
in line with the laser normal to the substrate surface. PDMS
substrates were affixed face down in a reservoir filled with 25-
UM crystal violet, with the Ag-decorated and bare ZnO
nanowires oriented away from incoming laser light. Raman
spectra were acquired over a range of 100 — 1800 cm, and
enhancement factors were estimated from these spectra as
described in our previous work.1* Each Raman spectrum was the
accumulation of two background-subtracted spectra, taken
with a 20-s exposure time, a 200-um aperture, and a 1800-
grooves/mm grating. Laser power was 10.0 mW, measured at
the turret. Raman spectra background was subtracted using a
proprietary intelligent fitting algorithm developed by
Renishaw.3! The algorithm used an 11t" order polynomial and a
noise tolerance of 1.50. Spectra were smoothed using a
Savitzky-Golay filter. Crystal violet was chosen for this purpose
to facilitate detection due to its multiple strong Raman peaks
where the PDMS Raman signal is weak. These spectra were
intensity normalized using the 687 cm1 PDMS peak.

There was also concern that the ALD-AMD cleaning method
would change the Raman spectrum of the PDMS by introducing
solvents into the PDMS. Curling of the substrates was observed
after the cleaning process due to the presence of acetone and
methanol. To address this concern, nine Raman spectra were
acquired of a single PDMS substrate before cleaning and
averaged, using the same system and conditions detailed for
the spectra acquired through thick and thin PDMS. After
cleaning, Raman spectra were acquired at the same locations as
before and averaged. These spectra were intensity normalized
using the 488 cm1 PDMS peak.

Raman spectra of melamine through 0.15-mm thick PDMS were
acquired with the same system described above. Raman spectra
used to quantify SERS were acquired in a range of 200 — 1800
cm! for two Ag-decorated ZnO nanowire substrates deposited
on 150 um-thick PDMS, hereafter referred to as S1 and S2. Each
Raman spectrum acquired through S1 was the accumulation of
four background-subtracted spectra, each taken with a 10-s
exposure time. Each Raman spectrum acquired through S2, was
the accumulation of 8 background-subtracted spectra, each
taken with a 1-s exposure time. All Raman spectra of melamine
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were acquired with a 200-um aperture, and a 600-grooves/mm
grating. Laser power was 5 mW, measured at the turret. Raman
spectra background was subtracted using an asymmetric least
squares method, and smoothed with a Savitzky-Golay filter.
Raman spectra of crystal violet injected into the SERS-
integrated PDMS channel were acquired with Thermo Scientific
DXR Raman microscope (Waltham, MA, USA). A 532 nm diode-
pumped, solid state (DPSS) laser was used with a 50x objective
(Olympus, MPlan N Achromat, 0.75 NA) at a power of 10 mW as
measured at the objective turret. These spectra were intensity
normalized using the 488 cm-1 PDMS peak.

Raman spectra were acquired through the PDMS channel “roof”
bearing Ag/ZnO nanowires over a range of 100 — 1800 cm™.
Each Raman spectrum was the accumulation of 4 background-
subtracted spectra, each taken with a 60 second exposure time,
a 50-um slit aperture, and 900 grooves/mm grating. Laser
power was 10 mW, as measured at the objective and Raman
scattering was detected in-line with the laser normal to the
surface of the sample. Raman spectra background were
subtracted using a 5% order polynomial and smoothed with a
Savitzky-Golay filter. These spectra were intensity normalized
using the 488 cm1 PDMS peak.

To characterize the plasmonic properties of Ag nanoparticles,
ultraviolet-visible-near infrared (UV-vis-NIR) extinction spectra
were acquired using a Hitachi U-4100 spectrophotometer with
an integrating sphere. Extinction spectra were acquired at a rate
of 300 nm/min over a range of 350 — 850 nm, with the nanowire
substrate oriented facing oncoming light.

Results & Discussion

Effect of Cleaning on PDMS Raman Spectrum

Because SERS-active nanostructures were fabricated on a PDMS
surface of the microchannel, SERS will be performed through
that PDMS wall. Because PDMS is porous, it is known to absorb
multiple solvents used during the ALD-AMD cleaning
process.3233 Indeed, curling of substrates was observed after
cleaning, although subsequent placement of the substrates in a
vacuum reduced this curling. It is essential that the Raman
spectrum of PDMS be consistent in order to reliably extract
signal from dilute analytes, so Raman spectra were acquired
before and after the cleaning process to determine whether
solvent absorption had an observable effect on the spectrum of
PDMS. A comparison of these Raman spectra exhibited only
Raman peaks associated with PDMS, as shown in Figure S4. No
Raman peaks associated with any of the chemicals used in
cleaning were observed. Thus, the cleaning process
demonstrably did not affect the Raman spectrum of PDMS.

Zn0O Nanowire Characterization

To be suitable as a platform for SERS enhancements, ZnO
nanowires must possess two characteristics: 1) the nanowires
must be high quality, which means they grow as single crystals
with little to no defects, and 2) Ag/ZnO nanowires must possess
uniform dimensional and structural properties, such as
crystallinity. SEM images of nanowires (Figure S5) show a dense
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bed of hexagonal nanowires, indicating single-crystallinity. A
visual comparison of nanowires to remain bare and those to be
decorated with Ag in Figure S6 revealed no visible difference in
the dimensionality or structure of the nanowires, providing
validation for the quantification of SERS enhancements.
Furthermore, SEM images revealed nanowires that are long
enough to provide large surface area for SERS, but not so long
as to induce nesting. Nesting would introduce shadowing during
nanoparticle deposition, reducing nanoparticle coverage.

PL spectroscopy was used to assess the crystallinity of the ZnO
nanowires. ZnO is a direct bandgap semiconductor with a band-
edge emission of ~3.4 eV at room temperature,’®> which means
that PL spectra of crystalline ZnO nanowires will have a sharp
band-edge emission peak around 380 nm. Any native point
defects within the crystalline structure, such as vacancies
(missing atoms at regular lattice locations), interstitials (extra
atoms occupying lattice interstices), or antisites (atoms
occupying a lattice site where it doesn’t belong) introduce
transition levels within the bandgap which induce emissions at
wavelengths in the visible region.3* This defect emission is very
broad compared to the band-edge emission, and the ratio of
band-edge to defect emission in ZnO nanowires is an indicator
of the nanowires’ crystallinity.3> PL spectra of the nanowires in
Figure S7 exhibit very little defect emission and very strong
band-edge emission, providing further evidence of high
crystallinity with few defects. While the band-edge emission
peak at 392 nm is shifted slightly for nanowires grown on PDMS
versus the band-edge emission of 380 nm previously reported
for nanowires similarly grown on fused silica,?> the ratio of
band-edge to defect emission remained similarly large. A
comparison of the PL spectra for nanowires to remain bare
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(nonSERS) and those to be decorated with nanoparticles (SERS)
revealed little variation. 5 PL spectra were acquired of each
population and averaged. The band edge and defect emission
for nonSERS exhibited a relative standard deviation (RSD) 2.4%
and 3.4% respectively, while the SERS nanowires exhibited an
RSD of 5.9% and 3.5% for band-edge and defect emission. The
average band-edge peak intensity for nonSERS nanowires was
within 10% of that for SERS nanowires, indicating that the
nanowire populations had similar nanowire density and
dimensions. The ratio between band-edge emission and defect
emission in the visible region was ~56.9 for SERS nanowires and
~46.4 for nonSERS nanowires, indicating that both populations
were highly crystalline with few defects. These features
indicated that light would
populations similarly, enabling high
comparison of non-SERS to SERS spectra.
To explore the possibility of patterning ZnO nanowire growth by
patterning the ZnO seed layer deposition, a partially shielded
PDMS substrate was deposited with a 100-nm seed layer, on
UV-Vis-NIR
spectra of the seeded and non-seeded portions of the substrate

interact with both nanowire

confidence in the

which nanowires were hydrothermally grown.

(Figure S8) indicated nanowire growth on the seeded portion of
the substrate and negligible nanostructure formation on the
unseeded portion.

Ag Nanoparticle Deposition Characterization

Image) analysis of the SEM images of bare nanowires grown on
PDMS substrates revealed an approximate nanowire height of
320 nm and approximate interwire spacing of 76 nm. Plugging
these values into Equation (1) resulted in an Ag deposition angle
of ~13°. SEM image of the nanowires after nanoparticle
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Figure 2: SERS (red) and non-SERS (blue) Raman spectra of crystal violet through (a) thick and (b) thin PDMS, demonstrating the ability to perform SERS spectroscopy through a

PDMS wall, as well as the importance of PDMS thickness on the magnitude of enhancement. CV peaks identified by dotted lines.
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deposition revealed a dense population of nanoparticles on the
nanowire sides (Figure S6). UV-Vis-NIR extinction spectra of
Ag/ZnO nanowires before and after Ag deposition revealed a
plasmon absorption peak centered at ~450 nm (Figure S9).

Effect of PDMS Thickness on Surface Enhancement

To quantify SERS, Raman spectra were acquired of a 25-uM
solution of crystal violet dye in DI water through both bare ZnO
nanowires and Ag/ZnO nanowires for both PDMS thicknesses.
Representative examples of these spectra are shown in Figure
2. The SERS intensity was greater for thin PDMS than for thick.
This difference was due to increased light scattering through
thick PDMS, resulting in less Raman-scattered light reaching the
detector. Crystal violet has several strong bands in the
fingerprint region of its Raman spectra that can be decoupled
from the strong Raman peaks of PDMS, shown in Figure S4
Furthermore, plasmonic nanoparticles used for SERS are
separated from PDMS by at least 100 nm, which was the
thickness of the ZnO seed layer. This is more than enough to
ensure that the PDMS Raman contributions do not experience
significant surface enhancements. Enhancement was quantified
for 13 individual crystal violet Raman peaks distinguishable
from the PDMS background in non-SERS spectra, tabulated with
their raw enhancement through thick and thin PDMS in Table 1.
Raw enhancement, simply the difference in peak intensity
between SERS and non-SERS spectra, ranged from an average
of 2.2-fold for spectra taken through thick (~1 mm) PDMS to an
average of 130-fold for spectra taken through ~0.17-mm thick
PDMS, as shown in Figure 3, demonstrating the impact that
PDMS thickness has on the magnitude of enhancement
observed. While more PDMS thicknesses would be required to
establish a relationship between PDMS thickness and surface
enhancement, this data demonstrates that enhancement is
inversely related to PDMS thickness. Thus, it is vital to control
the thickness of the PDMS cap through which analysis is
performed. Multiple parameters must be considered in order to

Table 1: Crystal violet Raman peaks used to compare surface enhancement through
thick vs. thin PDMS.

Raman Band (cm-) Thick PDMS Thin PDMS

(~1.0 mm) (~0.17 mm)
345 2.81 300.17
420 3.63 284.76
441 2.45 74.34
571 2.41 292.79
810 2.17 86.42
915 2.42 111.04
1175 2.47 58.87
1300 1.57 80.21
1374 1.91 43.04
1445 1.55 84.25
1529 1.26 129.17
1592 2.25 116.6
1621 1.95 35.34
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Figure 3: Comparison of the enhancement to selected crystal violet Raman
peaks through thick and thin PDMS across n = 13 peaks.

optimize PDMS thickness to maximize sensing reliability. First,
PDMS thickness must be counterbalanced by the channel’s
ability to withstand fluidic pressure without rupturing. The
PDMS cap cannot be made so thin that it ruptures when
samples are injected. Second, PDMS thickness must be uniform
across the sensor area, as well as from sensor to sensor.
Uniform thickness is essential to reliable sensing.

A more detailed understanding of the SERS enhancement to the
Raman spectra of crystal violet considers the confocal sensing
volume of the spectrometer relative to the volume of crystal
violet being influenced by SERS. The volume of crystal violet
solution being sensed by the laser was orders of magnitude
greater than the volume of crystal violet solution sufficiently
close to the sensing surfaces to be influenced by SERS, as
discussed in previous work.!'l The volume of crystal violet
solution being sensed by the spectrometer can be
approximated as a cylinder with a diameter equivalent to the
laser waist and length equivalent to the confocal range. The
beam waist radius was determined to be approximately dy, = 12
pum via the knife-edge method.1%-3¢ This was used to calculate
the laser’s confocal length L. via Equation (3).1%37 This, in turn,
was used to calculate the ratio of confocal volume to SERS-
influenced volume, defined here as the enhancement factor
(EF), via Equation (4).

_ 2n(dy)’

‘T A (t)
103

EF =

E;
Ly

272D (dndyy + din)

(2)
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Figure 4: SERS spectra of melamine in DI Water, acquired through P1 on the left and P2 on the right. Number of spectra acquired for each concentration through

each substrate in parentheses.

In these equations, £ is the 532-nm laser wavelength, E; is the
raw enhancement for each peak, d, is the average nanowire
diameter (nm), D is the average nanowire density (nm=2), and d,
is the radius of effect for SERS (nm). D and d, were determined
via ImagelJ analysis of SEM images of the nanowires to be 1.96
x 104 nm2 and 29 nm, respectively. Because SERS is extremely
local to the sensing surface,3® a radius of effect of d, = 3 nm was
used.3® EF was estimated to be an average of 9.9 x 104 for crystal
violet spectra acquired through thick PDMS and an average of
5.8 x 10% for spectra acquired through thin PDMS. The
enhancement factors and vibrational modes for each chosen
Raman band of crystal violet,*>%7 as well as the vibrational
modes for the Raman bands of PDMS48-52 can be found in Table
S1

Surface-Enhanced Raman Spectroscopy of Melamine through
PDMS Substrates

After demonstrating the viability of SERS through thin PDMS
with crystal violet, SERS spectra were acquired of melamine
solutions in DI Water using SERS substrates fabricated on ~0.15-
mm thick PDMS substrates. Two substrates, hereafter named
P1 and P2, were fastened upside down to a reservoir so that
Raman spectra were acquired through the PDMS substrate.

=)

Figure 5: AutoCAD drawing of the microchannel mold designed to enable
sensitive SERS through the top channel wall, along with the resultant
microchannel.

This journal is © The Royal Society of Chemistry 20xx

Raman spectra were acquired of puM concentrations of
melamine in DI water (1, 2, 3, 4, and 6 uM for P1; 2, 4, 6, 8, 10,
and 12 uM for P2). While the characteristic peak of melamine
at 691 cm is coincident with the PDMS peak at 703 cm™?
associated with Si-C symmetric stretching and CHs; bending,
multiple melamine peaks are visible even at concentrations of 1
and 2 uM for both substrates. 6 melamine peaks other than the
691 cm peak were identified in the spectra plotted in Figure 4
that could be assigned vibrational modes, as tabulated in Table
$2.5354 Importantly, the lowest concentrations detected are
well below the 7.93 pM limit set by the Codex Alimentarius,
demonstrating the efficacy of SERS sensing of melamine
through PDMS.

SERS spectra exhibited substrate-to-substrate variation, with
spectra from P2 generally having much greater melamine signal
than P1, as illustrated by direct comparisons of the signals
generated by 2, 4, and 6 UM concentrations of melamine shown
in Figure 4. Additionally, signal intensity exhibited point-to-
point variability, with some spots on both substrates generating
much more melamine signal than other spots. This effect is
likely due to variation in nanowire density caused by the
hydrophobicity of PDMS inhibiting precursor flow around the
ZnO seed during hydrothermal nanowire growth. This variability
in nanowire growth would cause variability in effective surface
area. The ratios of melamine peak intensity to PDMS peak
intensity at 488 cm! shown in Figure S10 were averaged for
each melamine peak across all concentrations measured for
each substrate. For both substrates, these melamine to PDMS
peak ratios followed the same trends with increasing
concentration. Furthermore, the ratio of the 1596 to 845 cm!
melamine peaks, shown in Figure S11, remained consistent
between substrates and across melamine concentrations,
lending confidence that SERS can be used to reliably and
consistently sense melamine through PDMS once device
nanowire fabrication is standardized. In addition to variation
across substrates, Raman spectra acquired at the same location
single substrate exhibited varied
measurement to measurement. It was observed that a Raman

on a intensity from
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Figure 6: SEM images of ZnO nanowires (a) before and (b) after deposition and anneal of Ag, demonstrating nanowire growth and Ag nanoparticle formation.

spectrum taken immediately after the introduction of a
melamine solutions would exhibit little-to-no melamine signal.
However, after the substrate was manually disturbed, strong
melamine signal would appear in subsequent Raman spectra.
This phenomenon is likely due to the hydrophobicity of
nanowire beds preventing infiltration of the melamine solution.
Disturbing the substrates allows melamine solution to infiltrate
the bed of nanowires, enabling much stronger melamine signal.
However, this infiltration was inconsistent.

Microchannel Mold Design and Fabrication

Based on the comparison between surface enhancement
through thick and thin PDMS, it became apparent that a thin
microchannel wall would be vital for successful SERS detection
of trace analytes. Thus, it was necessary to design a
microchannel mold that would enable the fabrication of
channels able to facilitate such sensitive SERS. The mold was
designed with a base and lid as shown in Figure 5, which would
be fitted onto the base after PDMS was poured into the mold.
The mold was designed such that channels fabricated would be
z-shaped channels with a 2-mm width in the center portion to
facilitate subsequent nanostructure fabrication. The channel’s
top wall was designed to be thick enough at the inlet and outlet
to support tubing, but thin enough at 0.10 mm to enable
sensitive SERS sensing with minimal PDMS interference. The

2.0
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Absorption
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0.0

400 500 600 700 800
Wavelength (nm)

Figure 7: UV-Vis-NIR spectrum of ZnO nanowires decorated with Ag nanoparticles
after anneal

8 | Lab Chip, 2021, 00, 1-3

channel’s top wall was also designed such that the thicker
portions would be far enough apart to allow high-magnification
objectives with short working distances close enough to focus
on the SERS-active surface. The channel was designed with the
z-shaped structure, ~7 mm long at the center, to enable Raman
spectra to be acquired at multiple points along the center
portion. The mold was milled from aluminum in the machine
shop of the Physics Department at Vanderbilt University. As a
function of the milling process, very small ridging occurred on
the surface of the mold lid, which could interfere with SERS
sensing through the top wall. To combat this, a glass slide was
cut to fit the center portion of the lid and affixed with Kapton
tape to the mold lid. Glass spacers were also cut and similarly
affixed to the ends of the lid, which would rest on the base, in
order to maintain the designed thickness of the PDMS cap.

Fabricating SERS Substrates Inside PDMS Channels

Several channels were sputtered with a ZnO seed layer and
grown with nanowires. PL spectra of the nanowires inside the
channels, shown in Figure S12, exhibited a large band-edge
emission and minimal visible emission, indicating high
crystallinity with few defects. The intensity of the band-edge
emission varied from channel to channel as shown in Figure S12,
which indicates variability in the amount of ZnO present in the
channels. As exhibited by Figure S13, nanowire density and
dimensions varied greatly from channel to channels. Nanowire
formation was, in general, sparser for sputtered seed layers
versus e-beam deposited seed layers, as exemplified by a
comparison of nanowire density between Figure S5 and Figure
S13. This variability demonstrates that sputtered ZnO does not
result in uniform nanowire growth, indicating that another
means of combating PDMS hydrophobicity should be explored.
One possible way to do so would be to make channels with a
copolymer consisting of PDMS and poly(ethylene oxide) (PEO),
which has been shown to improve hydrophilicity.>> Making the
channels hydrophilic should improve precursor flow at an e-
beam deposited ZnO seed layer, which would make nanowire
growth and density more uniform.

Channel 4 in Figure S13 exhibited the most consistent nanowire
growth, and was selected for further development. SEM image
of the channel taken before (Figure 6(a)) and after Ag
deposition (Figure 6(b)) confirmed the growth of highly
crystalline nanowires inside the channel. The UV-Vis spectrum

This journal is © The Royal Society of Chemistry 20xx
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Figure 8: Raman spectra of crystal violet solutions taken inside a fabricated channel, in concentrations ranging from 1 to 10 uM with a DI water control.

of the Ag/ZnO nanowires in the channel (Figure 7) exhibited a
clear plasmon peak at ~515 nm and shoulder at ~600 nm. This
is likely because of the dual size populations of Ag nanoparticles
deposited on the nanowire sides and the floor of the channel,
as is exhibited by SEM of the Ag/ZnO nanowires in Figure 6(b).
The plasmon emission peaked at ~515 nm, close to the 532 nm
laser line, and extended well past the end of the fingerprint
region at ~590 nm, making the channel suitable for SERS.
Subsequently, the channel was completed by binding the PDMS
to a glass slide and tubing was inserted at the inlet and outlet.

Surface-Enhanced Raman Spectroscopy of Crystal Violet in
Channel

Crystal violet was used to characterize a SERS detection in the
completed channels, since crystal violet has multiple strong
peaks between 900 and 1200 cm!, where the Raman of PDMS

300
e®0e,
°
- [ B ] u
‘?
[
]
£
§ o
2 100 [ |
e ® 917cmt
[ | B 1175cmt
=l

Crystal Violet Concentration (uM)

Figure 9: Intensity of two crystal violet peaks as a function of increasing crystal violet
concentration
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is relatively weak. Raman spectra were acquired of 10 crystal
violet solutions in DI water ranging from 1 puM to 10 uM
concentrations in 1-uM increments, with a DI-water control
(Figure 8). Before each solution was syringed through the
channel, it was flushed with DI water, and the Raman spectra
were all acquired at the same location along the channel. There
are two strong crystal violet peaks in particular that are not near
any PDMS peaks: the C-Ccenter-C bending peak at 917 cm and
the C-Ceenter-C asymmetric stretching peak at 1175 cm-L. These
peaks were not present in the control spectrum with no crystal
violet, but clearly visible at a 1-uM concentration. These crystal
violet peaks exhibited a steady increase in intensity through the
5-uM concentration, as illustrated in Figure 9. From 6 — 10 uM,
however, the peak intensity reached an asymptotic maximum.
Raman spectra taken of the sensing surface after crystal violet
solutions were flushed from the channel with DI water exhibited
crystal violet peaks, meaning the levelling off of the Raman
signal was likely due to accumulation of crystal violet adsorbed
on the sensing surface.

Conclusions

This work demonstrated a facile technique to fabricate
physically deposited Ag nanoparticle decorated ZnO nanowires
inside fluidic channels, allowing microfluidic SERS sensing to
benefit from dense Ag nanoparticle formation from e-beam
deposition. Through careful design and fabrication of fluidic
channels to minimize spectral interference from PDMS, uM
concentrations of crystal violet and melamine were detected,
demonstrating the ability of the fluidic device to detect relevant
concentrations of melamine. By further improvement on the
SERS-active substrate fabrication process, it is expected that
this process will provide reliable and sensitive detection of
melamine in a SERS-active microfluidic devices.

Lab Chip, 2021, 00, 1-3 | 9
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Fabrication of Silver-Decorated Zinc Oxide Nanowire Sensor in Microchannels
for Surface-Enhanced Raman Spectroscopy
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Facile Physical Fabrication of Silver-Decorated Zinc Oxide Nanowire Sensor in
Microchannels for Surface-Enhanced Raman Spectroscopy

Andrew L. Cook,? and Todd D. Giorgio*?

a. Department of Biomedical Engineering, Vanderbilt University, Nashville TN 37235, USA. E-mail:
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Figure S1: Microchannel mold, designed in AutoCAD to minimize PDMS
spectral interference.
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Figure S2: lllustration of the Ag/ZnO nanoprobe fabrication process for
PDMS substrates: (1) deposit 100-nm ZnO seed layer on PDMS, (2)
hydrothermally grow ZnO nanowires, and (3) deposit Ag on the nanowires
on an azimuthally rotated sample to get (4) a finished Ag/ZnO nanoprobe.
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Figure S3: lllustration of the Ag/ZnO nanoprobe fabrication process for
PDMS channels: (1) deposit 100-nm ZnO seed layer on PDMS, (2)
hydrothermally grow ZnO nanowires, and (3) deposit Ag from an angle on
the nanowires inside a rotated channel to get (4) a finished Ag/ZnO
nanoprobe.
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Figure S4: Raman spectra of PDMS before and after the ALD-AMD cleaning
process, demonstrating no spectral effects due to cleaning.
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Figure S5: SEM image of bare ZnO nanowires, exhibiting highly crystalline
nanowires.
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Figure S6: SEM image of ZnO nanowires after Ag nanoparticle decoration,
demonstrating dense nanoparticle formation on the sides of nanowires.
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Figure S7: PL of ZnO nanowires to be decorated with Ag nanoparticles and
those to remain bare, demonstrating highly crystalline nature of the
nanowires and the similarity between the two sets of nanowires.
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Figure S8: UV-Vis-NIR extinction spectra after nanowire growth of the
seeded and non-seeded portions of a patterned PDMS substrate,
demonstrating the ability to pattern nanowire growth on PDMS by
patterning the seed layer.
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Figure S9: UV-Vis-NIR extinction spectra of Ag/ZnO nanoprobe before and
after Ag deposition, demonstrating the formation of plasmons, centered at

~450 nm.

Table S1: Vibrational modes of PDMS in the fingerprint region: y = torsion,
6 = bending, v = stretching, ¢ = scissoring, p = rocking; s = symmetric, as =

asymmetric, 1 = out-of-plane, =in-plane

Raman Band (cm™) Vibrational Modes Reference
160 Y,(C-Si-C) (1, 2]
188 8(C-Si—C)/8(C-Si-0)/,(C-Si—C)/p(C-Si—C)/a(C-Si—C) [1-3]
488 v,(Si-O-Si) [1-5]
615 v(Si—0-Si)/v(Si-C) [1]
646 p,.(Si—C,) [4]
687 v(Si—C)/p(C-H,) [1-3]
708 v-s(Si—C)/6(C-H,) [1, 4, 5]
754 p(C-H3)/p(Si-C3)/v(Si-C) [1,3, 4]
787 Pos(C=Si=C)/v,(C=Si—C)/p(C-H,) [1,2,4,5]
845 p,.(C-Si—C) [4]
859 p(C=Si—C)/p(C-H,) (1, 2,4,5]
882 Pos(Si=C3)/p,(C=Si=C) [4]
1088 v, (Si-0-Si) [4]
1262 8,(C-H,)/8(C-H,) [1,2, 4, 5]
1411 8_(C-H,)/8(C-H,)/a(C-H,) [1-5]
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Table S2: Selected Vibrational modes of melamine in the fingerprint
region: y = torsion, 6 = bending, v = stretching, o = scissoring; s =
symmetric, L = out-of-plane

Raman Band (cm'l) Vibrational Modes Reference
380 8(C-N) (6, 7]
691 Ring Breathing [6, 7]
845 6, (Ring) [6, 7]
1235 8(N-H) [7]
1390 o(NH,)/v(C-N)/ &4(Ring) [7]
1595 8(NH,)/ 8(N-C-N) [6]
100
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Figure S10: Ratios of each melamine peak with the PDMS peak at 488 cm™

for each substrate, illustrating the consistency of melamine peak
intensities relative to the overall signal intensity for each measurement.
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Figure S11: Ratios of melamine peaks at 1595 cm™ to 845 cm™ for each

melamine concentration measured for each substrate, illustrating inter
signal consistency for all concentrations measured, and across substrat

nal
es.
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Figure $12: Photoluminescence spectra of ZnO nanowires in 7 different
PDMs channels, demonstrating variability in ZnO nanowire structure,
though each still exhibits high crystallinity with few defects.
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Figure S13: SEM images of nanowires within PDMS channels on sputtered
ZnO0 seed layers, illustrating the variability of nanowire growth on
sputtered seed layers.
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Abstract - Toxic metals exposure is a significant problem for military personnel, with increasingly prevalent embedded fragments due
to improvised explosive devices. Current biomonitoring for military personnel with embedded fragments is centralized, limiting capacity
and availability. Importantly, monitoring using this approach begins long after peak exposure, indicating a need for portable, multiplexed
toxic metals detection that can be carried out closer to the time of exposure with increased frequency. Small molecule chelators such as
crown ethers are known to selectively bind metal cations in solution. Crown ethers possess selective chelation of multiple metal ions and
is dependent on molecular structure, solution properties, and other parameters. This selectivity extends to multiple ions and depends on
not only molecular structure, but also the solution properties. The goal of this study is to assess the potential for metal sensing in solution
as a function of crown ether structure and solution properties with future use for toxic metal sensing from embedded fragments as a
potential translational objective.

Keywords: Crown Ether, Toxic Metal, UV-vis, Fluorescence, Embedded Fragment, Urine

1. Introduction

As of 2017, improvised explosive devices (IEDs) have accounted for almost 75% of all traumatic injuries to U.S. soldiers
in recent conflicts in Iraq and Afghanistan [1]. This means that of the more than 50,000 military personnel wounded in action
so far in those conflicts [2], almost 40,000 of them could have toxic embedded fragments [3]. In response to this growing
need, the United States Department of Veterans Affairs (VA) established the Toxic Embedded Fragment Surveillance Center
(TEFSC, Baltimore, MD) in 2008 with the overall mission to 1) identify veterans who may have embedded metal fragments,
and 2) conduct long-term medical surveillance of this population [4]. The evaluation process for inclusion into the Embedded
Fragments Registry (EFR) is predicated on the individual’s knowledge or suspicion of retained fragments [5]. Thus,
biomonitoring of toxic embedded fragments begins long after peak exposure and depends on incomplete knowledge
concerning exposure and retention toxic fragments from IEDs, making inclusion into the EFR noncomprehensive. As a
result, there are currently only around 16,000 veterans enrolled in the EFR [6]. Biomonitoring of these veterans is carried
out via centralized urinalysis using inductively-coupled plasma mass spectrometry (ICP-MS)[1], [4], [7]. While ICP-MS is
sensitive and precise, it is a large, research-grade instrument that requires significant power and highly trained technicians
for operation[8], [9], making it unsuitable for use near locations where military blast injuries occur. Furthermore, there is a
lack of information concerning the scope and extent of embedded fragments[10], [11] as well as their long-term health
effects[3], [12]. To ensure more comprehensive and complete biomonitoring of embedded fragments, a portable, multiplexed
toxic metals sensing strategy is required.

There are many techniques for toxic metals detection that can be implemented in a portable setting, including
spectroscopic techniques such as fluorescence, colorimetry, and Raman spectroscopy. Many strategies utilizing these
techniques make use of small-molecule chelators known to bind various metal ions in solutions. One common family of
chelators are known as crown ethers, small molecules with a characteristic ring made up of carbons and oxygens which are
best known for chelating alkali metal cations [13]. While these chelators are moderately selective, they still bind multiple
different ions in solution. Small changes in crown ether structure can significantly affect which metals it will bind [14], [15].
Additionally, differences in solution affect crown ether morphology, changing chelation selectivity[16]. The purpose of this
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study is to explore how changes in the structure and solution of 18-crown-6 (18C6) ethers can change its selectivity
profile for metal ions.

2. Experimental

Two different solvents consisting of dimethyl sulfoxide (DMSQ) and deionized (DI) water were used for all experiments
in this study: 1:1 DMSO/water and 1:3 DMSO/water. 4’-aminobenzo-18-Crown-6 (AB18C6) and benzo-18-Crown-6
(B18C6) and the following 22 metals were examined as a part of this study: AI**, Ag*, As**, Ba?*, Ca?*, Cd?*, Co?*, Cr¥,
Cu?*, Fe*, Hg?*, K*, Li*, Mg?, Mn?*, Mo®*, Na*, Ni?*, Pb?", UO,*", W*, and Zn?*. All metal salts used to obtain these ions
were purchased from Sigma Aldrich. All 14 metals in the TEFSC biomonitoring panel [3], [4] are included, as well as metals
commonly found in urine, such as Ca?*, K*, Mg?* and Na*. Also included are a number of common metals that could make
their way into human urine, such as AI¥*, Mn?, and Zn?*. 100 pM equimolar solutions of each metal individually with
AB18C6 were formed in both 1:1 DMSO/water and 1:3 DMSO/water.

In this study, the chelation of metal ions by two crown ethers was studied in a single solution to explore how a small
change in the crown ether’s structure might change the crown ether’s metal selectivity. Furthermore, chelation by chelation
of metal ions by one of those crown ethers was examined in two solutions. Chelation of metals by AB18C6 and B18C6 was
examined primarily using ultraviolet-visible extinction spectrophotometry. Preliminary examination of the extinction
spectrum of using a quartz cuvette in a Varian Cary 50 Bio spectrophotometer. These measurements were acquired at a
resolution of 5 nm over a range of 250 — 800 nm to confirm the absorption profile of AB18C6 reported by Sarfo et. al. [15],
and to explore differences in chelation of metal ions between AB18C6 and B18C6. For these experiments, the extinctions
from 100-uM concentrations of each crown ether in 1:3 DMSO:water were measured without metals. Subsequently, the
extinctions of 100-uM equimolar concentrations of each crown ether and selected metal salts in 1:3 DMSO:water were
acquired.

Full UV-vis spectrophotometry chelation sweeps of metal ions by AB18C6 were performed using Thermo Scientific™
Nunc™ UV-transparent plastic 96-well plates in a Tecan Infinite M1000 Pro plate reader. These measurements were acquired
at a resolution of 1 nm over a range of 250 — 400 nm to determine which metals are chelated by AB18C6. For these
measurements, 100-uM concentrations of AB18C6 in both solvents were used without metals, and 100-uM equimolar
solutions of AB18C6 and each metal salt in each solvent were used for selectivity assessments. The same instrument was
used to acquire fluorescence measurements of AB18C6 in the presence and absence of selected metals were acquired with
an excitation wavelength of 295 nm over a range of 300 — 700 nm at a resolution of 2 nm. The same crown ether and metal
solution strategy was used for fluorescent measurements, except only two metals known to be chelated from previous
experiments were included. UV-vis spectrophotometry with the same spectral parameters described above was performed
on 100-uM crown ether solutions with one of the metals known to be chelated in concentrations of 1 nM, 10 nM, 100 nM,
1uM, 10 uM, and 100 uM. Fluorescence spectroscopy was performed on these same solutions with an excitation wavelength
of 295 nm over an emission range of 304 — 500 nm at a resolution of 1 nm.

3. Results & Discussion

The first experiment was a comparison via UV-vis spectrophotometry of which metals are chelated by AB18C6 and
B18C6. It was reported by Sarfo et. al. [15] that AB18C6 crown ethers possess a strong extinction peak centered at 295 nm.
When the crown ether chelates a metal, this peak is quenched and another emerges at ~280 nm. For this experiment, 100-
uM solutions of AB18C6 and B18C6 by themselves and with equimolar concentrations of 13 selected metal salts prepared
in 1:3 DMSO:water. As can be seen in Fig. 1, while AB18C6 has an extinction peak at 295 nm as Sarfo et. al. reported,
B18C6 has a peak at ~275 nm. No chelation occurred for most of the metals investigated, as evidenced by a lack of quenching
of the 295-nm peak for AB18C6 or the 275-nm peak for B18C6, as well as a lack of an additional peak. However, both Fe®*
and Hg?* ions were chelated strongly by AB18C86, evidenced by the quenching of the 295-nm peak and appearance of a peak
~282 nm. Benzo-18-Crown-6 chelated none of the metals examined, indicating that even small differences in crown ether
structure can lead to big differences in metal chelation.
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The second experiment performed was an examination of how different solutions would affect the chelation of metal
ions by AB18C6. 100-uM solutions of AB18C6 were prepared in 1:1 DMSO:water and 1:3 DMSO:water, without and with
equimolar concentrations of 22 metals. UV-vis spectra were acquired of each solution and plotted in Fig. 2. While the
chelation profile for AB18C6 was very similar in both solutions, there were some significant differences. AB18C6 chelated
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- Crown Ether
_ — Ba’ = Li’
5 02 — Ca*'— Mg*
S — Co”’== Na’
= C11_3’Jr Nif)—
= 0.1- —_— Fe‘i_' Pb’z'
— Hgﬁ t ZnZ }
— K__
0.0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
250 275 300 325 350 375 250 275 300 325 350 375 400

Wavelength (nm)

Fig. 1: UV-vis extinction spectra of 100-uM AB18C6 and B18C6 in 1:3 DMSO:water without and with equimolar concentrations of
selected metals.
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Fig. 2: UV-vis extinction spectra of 100-uM AB18C6 alone and with equimolar concentrations of 22 metal salts in two different
solutions. Metals chelated by AB18C6 in 1:1 DMSO:water are denoted with “*”, while metals chelated by AB18C6 in 1:3
DMSO:water are denoted with “{”.
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Fig. 3: Fluorescence spectra of 100-uM AB18C6 without and with equimolar concentrations of As and Mo in 1:3 DMSO:water.

Al, As, Fe, Hg, Mo, and W in both solutions, while it chelated U in only 1:1 DMSO:water and Zn in only 1:3 DMSO:water.
Even among metals chelated in both solutions, there were differences in the strength of chelation. Notably, Al is more
strongly chelated in 1:1 DMSO:water while Hg is more strongly chelated in 1:3 DMSO:water. Interestingly, while Sarfo et.
al. reported that AB18C6 chelates Pb?* [15], these experiments demonstrate a lack of Pb?* chelation in either solution.
Because of the dependence chelation has on solution, it is likely that this discrepancy with reported results result from an
unreported difference in solution.

While UV-vis is excellent for qualitatively determining whether a crown ether is chelating a metal ion, it is difficult to
extract any meaningful quantitative information on the amount of chelation taking place in a given solution. However, Sarfo
et al. reported that AB18C6 possesses a fluorescence peak at ~370 nm that gets quenched in the presence of chelated metals
[15]. To confirm this, fluorescence measurements of 100-uM solutions of AB18C6 without and with equimolar
concentrations of As** and Mo®* (known to be strongly chelated from Fig. 2) in 1:3 DMSO:water were acquired. As can be
seen in Fig. 3, AB18C6 with no metal ions present fluoresces as Sarfo et. al. reported. This fluorescence was strongly
guenched when As and Mo were present. However, even at equimolar concentrations of metal ions, this fluorescence was
not quenched completely, indicating that fluorescence can be used for quantification of toxic metals chelation by AB18C6.

An initial survey of the changes in optical absorbance and fluorescence resulting from AB18C6 chelation of a range of
molybdenum concentrations between 1 nM and 100 uM, as shown in Fig. 4. Mo was selected for this assessment based on
the quenching of extinction at 295 nm and the presence of another extinction peak at ~280nm (Fig. 2). Mo concentrations of
1 nM, 10 nM, 100 nM, 1 pM, 10 uM and 100 pM were prepared with 100-puM solutions of AB18C6 in 1:3 DMSQO:water.
UV-vis spectrophotometry was performed at a resolution of 1 nm over a range of 250 — 400 nm (Fig. 4), and spectra of each
concentration of Mo were subtracted from their corresponding spectra of mixed AB18C6 and Mo. Fluorescence used an
excitation wavelength of 295 nm over a range of 304 — 450 nm at a resolution of 1 nm. A clear peak shift from ~295 to ~275
nm at 100 phM Mo concentration was evident in addition to a small peak shift at 10 pM. Large fluorescence quenching
occurred at 100 uM at ~360 nm with additional, slight quenching at 10 UM Mo concentration. Other concentrations of Mo
did not produce evident changes in either UV-vis or fluorescence (Fig. 4).

To expand the characterization of Mo chelation by AB18C6, the same experiment was performed using Mo
concentrations (in uM) of 6.25, 12.5, 25, 50, 100, and 200. UV-vis spectrophotometry and fluorescence spectroscopy used
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the same resolution and range, as shown in Fig. 5. The extinction peak at ~295 nm steadily decreased with increasing Mo
concentration between 6.25 UM and 50 uM. This decrease reached a minimum at 50 UM and did not continue to decrease
for 100 or 200 uM. The extinction peak at ~277 nm increased in conjunction with the decrease of the 295-nm peak, steadily
intensifying between 6.25 uM and 50 pM and remaining steady for 100 and 200 pM. Gradual quenching of AB18C6’s
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Fig. 4: UV-Vis and fluorescence spectra of 100-uM AB18C6 with concentrations of Mo between 1 nM and 100 uM, with a control
solution of 100-uM AB18C6 unmixed with Mo.
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Fig. 5: UV-Vis and fluorescence spectra of 100-uM AB18C6 with concentrations of Mo between 6.25 and 200 uM, with a control
solution of 100-uM AB18C6 unmixed with Mo.

NDDTE 202-5



fluorescence peak at ~360 nm was observed under increasing Mo concentrations, as shown in Fig. 5. Full quenching of this
fluorescence peak occurred at the 100 uM concentration of Mo, indicating greater range of chelation quantification for
fluorescence than for UV-vis. The absorption decrease at ~295 nm or increase at ~277 nm did not directly correlate with the
increase in Mo concentration, suggesting that absorbance may be a complicated indicator of concentration for this metal.
However, these experiments indicate that a quantitative relationship between AB18C6’s extinction profile and Mo
concentration exists. Furthermore, fluorescence quenching is directly correlated with increasing Mo concentration, that
demonstrates the quantitative potential for fluorescent detection of Mo through crown ether chelation.

4. Conclusions

This study demonstrated that minor structural changes in 18C6 ethers modulate metal ion chelation with crown
ethers. Furthermore, solution characteristics influence crown ether morphology and the strength of metal ion chelations.
Crown ether structure and the solvent environment determine metal chelation characteristics. Optimal quantitation of
metal ion concentrations will require additional studies of crown ether chelation under various conditions. The
quantitative spectroscopic response of single metal ion species with crown ethers, as demonstrated here, can also be
expanded to include multi-composition solutions characterized by suitable mathematical analysis. This study
demonstrated the potential for UV-vis and fluorescence spectroscopy to quantify chelation of toxic metal ions by crown
ethers. These results inform the design of future portable detection and quantification techniques for toxic metal ions in
solution.
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Surface enhanced Raman spectroscopy enables robust, rapid analysis on highly dilute samples. To be
useful, the technique needs sensing substrates that will enhance intrinsically weak Raman signals of trace
analytes. In particular, three-dimensional substrates such as zinc oxide nanowires decorated with
electron-beam deposited silver nanoparticles are easily fabricated and serve the dual need of structural
stability and detection sensitivity. However, little has been done to optimize electron beam-deposited
silver nanoparticles for maximal surface enhancement in the unique dielectric environment of the zinc
oxide substrate. Herein, fabrication and anneal parameters of electron beam-deposited silver
nanoparticles were examined for the purpose of maximizing surface enhancement. Specifically, this work
explored the effect of changing film thickness, deposition rate, anneal temperature, and anneal time on

the surface plasmon resonance of Ag nanoparticles. In this study, multiple sets of fabrication and
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Accepted 28th October 2020 annealing parameters were discovered that optimized surface plasmon resonance for maximal

enhancement to Raman signals acquired with a 532 nm laser. This work represents the first
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Introduction

There is an unmet multidisciplinary need for bioanalytical
techniques that can perform analyses on small volumes of highly
diluted specimens with minimum sample preparation. Appli-
cations such as the detection of toxic metals,"™ other pollutants
or contaminants,”® circulating tumor cells,” bacteria,"* or
viruses'* benefit from fast and reliable molecular sensing. State-
of-the-art tools used for these purposes such as high-
performance liquid chromatography, mass spectrometry, and
enzyme-linked immunosorbent assays commonly involve
expensive reagents, large sample volumes, skilled technicians
and frequently have low throughput rates. In addition, such
tools are often plagued by limited differentiation among chem-
ically or biologically similar analytes.'>** Raman spectroscopy is
an attractive technique that addresses some of the limitations of
other approaches because it provides a unique spectroscopic
“fingerprint” of the biomolecular and biochemical composition
of specimens, potentially offering effective detection of analytes
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in minutes or seconds.”>*” Raman also exhibits portability and

facile function, as demonstrated by its use in forensic fields such
as explosives identification."”® However, Raman scattering has
a small optical cross-section, with only one in 10° to 10® photons
being Raman scattered, limiting its usefulness for trace analyte
sensing. Surface-enhanced Raman spectroscopy (SERS),
however, can significantly enhance intrinsically weak Raman
signals, enabling reliable, efficient, and non-destructive detec-
tion of highly dilute analytes.

It is well-known that there are two mechanisms principally
responsible for the enhancement effects in SERS: an electro-
magnetic mechanism resulting from localized surface plasmon
resonance (LSPR) and a chemical mechanism resulting from
charge transfer between analyte and metallic nanostructure.’>*
To take full advantage of the dominant electromagnetic mech-
anism of surface enhancement, it is necessary that the nano-
particles be spatially dense, to make use of “hotspots” in the
gaps between nanoparticles.”®*® For these reasons, much
attention has been devoted to the use of metallic nanoparticles
for incorporating SERS into various sensing system solutions.
However, the expansive parameter space controlling SERS
performance requires further investigation to effectively design
sensors that provide optimal surface enhancement of intrinsi-
cally weak Raman signals.

Silver (Ag) is among the most commonly used metals for
SERS-based sensing, due to strong Ag plasmon resonance in the
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visible region®** and facile synthesis.”® Many Ag nanostructures
have been explored for SERS-based sensing, which fall into two
basic categories: (1) colloidal nanostructures and (2) nano-
structures on solid surfaces.” Colloidal nanostructures offer
high sensitivity due to the ability to easily generate a large
sensing surface area. However, due to random suspension of
particles in free solution, colloidal nanostructures lack stability,
and thus can affect measurement reproducibity. Conversely,
nanostructures fabricated onto solid surfaces can possess great
structural stability, resulting in greater measurement reliability.
However, this stability comes at the cost of reduced sensitivity
compared to colloidal paradigms due to lower surface area. This
cost can be mitigated by fabricating inherently three-
dimensional (3D) sensing substrates, as described in our
previous work.”® There are several methods of fabricating
metallic nanoparticles onto a solid substrate that generally fall
into two categories: chemical fabrication and physical deposi-
tion. Physical deposition techniques such as electron beam (e-
beam) deposition facilitate formation of densely arranged Ag
nanoparticles, enabling use of “hot-spots” between nano-
particles.” However, these techniques do not easily lend them-
selves to control of nanoparticle properties that affect LSPR. In
the case of chemical fabrication, techniques such as hydro-
thermal growth are used to fabricate nanoparticles directly on
the sensing surface.** While these techniques are more easily
implemented and easier to control than physical deposition,
they usually result in lower surface coverage by nanoparticles,
reducing the impact of inter-particle hotspots. Therefore, by
exploring the fabrication parameters that affect nanoparticle
formation in physical deposition paradigms, greater control over
nanoparticle formation can be implemented.

Recent research has illuminated multiple strategies for real-
izing 3D templates for SERS-active substrates, including anod-
ized aluminum oxide,** porous silicon,** electrospun polymers,*
silicon nanowires,* and zinc oxide (ZnO) nanowires,*® among
others. ZnO, in particular, is an attractive material for fabricating
3D SERS substrates. ZnO is a biocompatible** wide direct-
bandgap semiconductor with a band-edge emission of 3.3 eV
and a high exciton binding energy of 60 meV, making it elec-
tronically stable at room temperature.***” The semiconducting
nature of ZnO also enables charge transfer between the ZnO and
Ag,*® increasing surface enhancement over strategies that rely
solely on the electromagnetic mechanism. Crystalline ZnO is
also transparent to visible light,* which reduces absorptive loss
of light when acquiring spectra through the substrate as we did
in our previous work.”® Additionally, ZnO possesses a large
refractive index of approximately 2.0 in the visible region, which
aids in the confinement of light.*** Combining these charac-
teristics with the atomically smooth and highly faceted hexag-
onal single-crystal structure of the nanowires allows for wave-
guiding of light, which can reduce signal loss due to light scat-
tered away from the detector.*?

Previously, we prepared ZnO nanowires decorated with Ag
nanoparticles for sensing soluble analytes. This sensing para-
digm yielded an estimated six orders of magnitude surface
enhancement of the Raman signal for crystal violet (CV, CCDC #
137090), melamine, and adenine.”® Performance of this sensor

408 | Nanoscale Adv, 2021, 3, 407-417

Paper

was likely reduced because the Ag nanoparticles, with a plas-
mon peak at ~460 nm, were not optimal for SERS with the
532 nm laser used. We also did not explore the sensor perfor-
mance as a function of Ag deposition parameters that are likely
to influence SERS amplification mechanisms. Through this
study, Ag-decorated ZnO nanowires demonstrated potential for
effective sensing of trace analytes, which can be realized by
examining the effect of fabrication and anneal parameters on
surface plasmon resonance.

Parameters that can be manipulated during e-beam deposi-
tion of Ag and significantly impact the Raman enhancement
include film thickness and deposition rate. Film thickness, in
general, changes the shape and surface coverage of metallic
nanostructures which changes LSPR characteristics of the film.
By consequence, these changes modulate the magnitude of
surface enhancement. Other research groups have explored
how Ag nanoparticle plasmon resonance changes with film
thickness in e-beam deposited*® and sputtered** systems, but in
neither of these works were nanoparticles deposited on a ZnO
layer, which can significantly impact plasmon resonance as part
of the dielectric environment of the nanoparticles. Also, while
the effects of Ag film thickness on LSPR has been explored in
some way, little attention has been devoted to the effects of Ag
film deposition rate on plasmon resonance, even though
deposition rate has a known effect on the structural properties
of metallic films.”> Furthermore, thermal annealing following
deposition changes the nanoparticle size and shape through
Ostwald ripening.*® Since nanoparticle geometry and dimen-
sions are important drivers of plasmon resonance, thermal
annealing offers an additional strategy for optimization of SERS
sensing. Thermal annealing occurs as a result of two indepen-
dent parameters: anneal temperature and anneal time.

In this work, four independently selectable parameters that
influence Ag nanoparticle formation and presentation on ZnO
were quantitatively controlled. These parameters, namely film
thickness, deposition rate, anneal temperature, and anneal
time were examined to assess their impact in modulating
surface plasmon resonance. The functional consequences of
these fabrication parameters were comparatively assessed using
surface-enhanced Raman spectra that were acquired from
crystal violet deposited onto each substrate. We aim to discover
fundamental fabrication principles and sensor characteristics
that will advance the design of maximally sensitive SERS devices
based upon e-beam deposited Ag nanoparticles on a ZnO
substrate.

Experimental
Substrate preparation

Glass slides (Fisherbrand® Plain Microscope Slides) were cut
into 80 1 cm” substrates with a diamond saw and cleaned by
sonication sequentially for 10 minutes each in 1% aqueous
Alconox® solution, deionized (DI) water, acetone, methanol,
and again in DI water. Onto these substrates, a 100 nm ZnO
layer was deposited via e-beam deposition at a rate of approxi-
mately 0.1 A s™* to ensure even deposition of Zn and O. As
demonstrated by Fig. S1,T Masks were cut from aluminum foil

© 2021 The Author(s). Published by the Royal Society of Chemistry
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large enough to completely cover the substrates, with a square
cutout ~0.2 cm to a side, allowing a Ag film to be deposited on
only a small portion of each substrate. After each film was
deposited, the masks were shifted so that the cutouts exposed
a new portion of each substrate, and a new film was deposited.
This process was repeated nine times, for nine different Ag film
thicknesses fit on each substrate, as illustrated by Fig. S1.T Ag
thin films were deposited over a range of 1 nm to 9 nm film
thicknesses, in 1 nm increments, hereafter referred to as T1-T9.
The 62 substrates were divided into two groups of 31 substrates,
as shown in Fig. 1. In each group, 30 substrates would be
annealed and 1 would remain unannealed. These two groups,
hereafter referred to as group A and group B, were deposited
with Ag thin films at rates of 0.1 and 0.3 A s™*, respectively. All
Ag films in group A were deposited at rates of 0.1 + 0.002 A s
and all Ag films in group B were deposited at rates of 0.3 £ 0.018
A s7'. It is well known that when material from a point source is
deposited onto substrates affixed to a flat plate, deposition rates
fall off with axial distance from the source. This results in
varying film thickness as a function of axial distance, defined by
eqn (1):

32

(2

In this equation, ¢, represents the film thickness at distance
d from the axis defined by the point source and R, represents
the distance from the source to the plane of deposition. R, was
measured to be 27 cm and the axial distance d of substrates

farthest from the source was measured to be ~4.5 cm. Thus, the
largest variation in film thickness was ~4% of the target
thickness. All e-beam depositions were performed at pressures
below 6.7 mPa.
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Fig. 1 Schematic of substrates used for parameter exploration.
Substrates deposited with 9 different Ag film thicknesses and sepa-
rated into two rate groups (A and B). In each group, substrates are
annealed over a range of times (15-150 min) and temperatures (50—
400 °C).
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Following the deposition of silver, the substrates were
annealed at various temperatures: 50, 100, 200, 300 and 400 °C.
At each temperature, different substrates were annealed at
times: 15, 30, 60, 90, 120, and 150 minutes, providing
a substrate from each deposition rate group (2 groups) with
every anneal temperature (5) and time (6), producing 2 x 5 X 6
= 60 uniquely fabricated and annealed substrates and 1 unan-
nealed control per group, each presenting T1 through T9 film
thicknesses for a total of 558 different substrates.

Optical characterization techniques

Scanning electron microscopy (SEM) images, before annealing,
were acquired of each Ag film thickness from a random
substrate to get a visual perspective on the changing Ag nano-
structure morphology as a result of changing film thickness.
These images were acquired using a Zeiss Merlin scanning
electron microscope (Jena, Germany) in a plan configuration
with a 10 kV electron beam at a magnification of 400 000x and
a working distance of 2.8 mm. The average size of nano-
structures was determined using Fiji image analysis of acquired
SEM images.*** The images were first converted to black-and-
white via the Make Binary function and noise was removed
via the Despeckle function, in which each pixel is given the
median value of its 3 x 3 neighborhood. The area of the
nanostructures were acquired via the Analyze Particles function
and area values that didn't correspond to single nanostructures
were removed.

Extinction spectra were acquired of each film thickness, on
each substrate before and after annealing, using a Hitachi U-
4100 spectrophotometer integrating sphere to determine peak
surface plasmon resonance wavelength. Extinction spectra were
obtained at a rate of 3 nm s~ over a range of 350-850 nm, with
each substrate oriented facing away from oncoming light.

Raman spectra were acquired using a Thermo Scientific DXR
Raman microscope (Waltham, MA, USA). A 532 nm diode-
pumped, solid state (DPSS) laser was used with a 10x objec-
tive (Olympus, MPlan N Achromat, 0.25 NA) at a power of 10
mW as measured at the objective turret. Focal plane was
adjusted before each acquisition to maximize spectral intensity.
All substrates were placed in contact with a 25 pM aqueous
solution of crystal violet (CV) overnight. The substrates were
then removed from the CV solution and air-dried. Five Raman
spectra were acquired from each substrate (T1-T9), along with
five spectra of a portion on each substrate without Ag, hereafter
referred to as T0. Each Raman spectrum was the accumulation
of four background-subtracted spectra acquired over a range of
200-1800 cm ', each taken with a 5 s exposure time. All Raman
spectra were acquired with a 50 um pinhole aperture and a 900
grooves per mm grating.

Spectral processing

UV-Vis spectra of the Ag films deposited on ZnO layers exhibit
extinction from both Ag and ZnO. While ZnO is largely trans-
parent in the visible region, light extinction due to the ZnO
band edge occurs below approximately 380 nm. In order to
accurately obtain Ag plasmon peak information, absorptive
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contributions from ZnO were approximated and subtracted as
illustrated in Fig. S2.1 This method was chosen to minimize
variation in ZnO signal induced by the fabrication and anneal
process, as illustrated by Fig. S3.f To approximate ZnO
absorptive contributions, UV-Vis spectra from the T1 portions of
each substrate were fitted to a tri-gaussian equation, shown in
eqn (2). In this fit, the first gaussian approximated the ZnO
band-edge contribution, the second approximated the ZnO
visible contribution, and the third approximated the Ag plas-
mon peak. T1 spectra were chosen for this task because of
minimal overlap between the Ag plasmon peak and the ZnO
band-edge and because the plasmon peak could be accurately
approximated by a gaussian curve. Once fits to these spectra
were successfully obtained, the third gaussian was subtracted
from the fit to arrive at an approximation of the ZnO contri-
bution to the spectra. This ZnO contribution for each substrate
was then subtracted from the UV-Vis spectra for T1-T9 for each
substrate. Finally, a cubic smoothing spline, where eqn (3) is
minimized, was fit to the resultant plasmon peaks to remove
noise, enabling accurate extraction of plasmon peak extinction,
wavelength, and spread.

+ape 2’ (2)

s+ 10" (ddf“ ))2dx 6)

Xmin

In eqn (2), Fy is the gaussian fit, a is an arbitrary fit param-
eter, and u & o represent the peak and root-mean-square width
of the gaussian, respectively. Subscripts b, v, and p denote the
gaussian fitting of the ZnO band-edge, ZnO visible, and Ag
plasmon contributions to the spectrum, respectively. In eqn (3)
A represents the smoothing parameter, y is the set of observed
extinctions at each wavelength, x is the set of wavelengths at
which extinction is measured, s is the smoothed function
output of the equation, and X, & Xmax are the minimum and
maximum wavelengths of the spectrum, respectively. For this
work, a smoothing parameter A = 0.003 was used. A smoothing
spline was used to approximate the plasmon rather than
a gaussian because, while the plasmon peaks of thinner films

Table 1 The benzene and non-benzene vibrational modes of the CV
peaks selected for analysis, with the CV molecular structure for
reference

Raman
band Non-benzene vibrational Benzene
(em™) modes modes Molecular structure
420 6(C—Ceenter—C)/6(C-N-C);  16a N

O -
915 0(C—Ccenter—C) 12,17a

O
N

1592 8a > N
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could be accurately approximated by a gaussian fit, the plasmon
peaks of thicker films could not due to increasing asymmetry in
the peak. Spread was measured at the full width-half maximum
(FWHM) of each plasmon peak where possible. For several
spectra, particularly of thicker Ag, the FWHM was sufficiently
broad to extend beyond the measured wavelength range and
could not be determined. All processing of UV-Vis spectra was
performed in MATLAB.* Energy dispersive X-ray spectroscopy
had been previously performed on similarly prepared SERS-
active substrates, confirming the presence of ZnO and Ag.*®
Raman spectra were subtracted of their fluorescent back-
ground, estimated using 5™-degree polynomial fit. These
spectra were then smoothed using a Savitzky-Golay filter. Each
of the five spectra acquired from each film thickness (T0-T9) on
each substrate were averaged to find a representative spectrum.
Three CV Raman peaks at 420, 915, and 1592 cm ™, tabulated in
Table 1 with their associated vibrational modes and the CV
molecular structure, were selected to provide specific, charac-
teristic features for the estimation of enhancement factors
(EFs). These peaks were selected to interrogate EFs from each
end of the measured spectra and one feature near the middle of
the spectra. The intensities of these peaks in the spectra for T1-
T9 on each substrate were divided by the intensities of the same
peaks in the spectrum of TO on the same substrate to arrive at
EFs for each peak.

Statistical analysis

All error bars represent standard deviation unless otherwise
stated. Two-way analysis of variance followed by Tukey's and
Sidak's multiple comparison tests was performed for data pre-
sented here as indicated, and statistical significance was
defined as p < 0.05. Statistical analyses were performed using
Prism 7.04 (GraphPad Software).

Results & discussion

The surface plasmon peak of a distribution of Ag nanoparticles
possesses three characteristics that affect the level of enhance-
ment: peak intensity, peak wavelength, and peak breadth.
Because surface plasmons enhance both incident light from the
laser and Raman-scattered light, surface enhancement is most
effective when high plasmon extinction occurs at both the laser
line and across the range of wavelengths at which light is
scattered. Thus, the surface plasmon peak should be located
near the laser line to maximize enhancement to incident light,
and the peak should be sufficiently broad to provide significant
enhancement to Raman-scattered light across the wavelength
range of interest. In addition, plasmon intensity correlates with
enhancement factor, with higher plasmon intensities generally
producing greater enhancement for non-colloidal sensing
substrates.*® Surface plasmon peak intensity, wavelength, and
breadth are all influenced by nanoparticle size, size distribu-
tion, crystal composition, proximity, and shape. These nano-
particle properties are modulated by deposition thickness and
deposition rate, and by anneal temperature and time, post-
deposition. In this study, we explore the combinatorial effect

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of these fabrication parameters on the surface plasmon peak
characteristics of Ag nanoparticle arrays and correlate these
effects to changes in enhancement of intrinsic Raman spectral
intensity of CV. By doing so, we aim to facilitate the develop-
ment of optimized sensing substrates for maximally surface-
enhanced Raman spectroscopy.

Effect of film thickness on surface enhanced Raman
spectroscopy

Increasing Ag film thickness was anticipated to intensify,
broaden, and red-shift the plasmon extinction peak due to
increasing Ag surface coverage, increasing particle diameter,
and decreasing interparticle distance. However, the quantitative
relationships that describe these effects as a function of film
thickness have not been previously described. Furthermore,
while increasing intensity is correlated with increasing surface
enhancement, for solid substrates, maximizing enhancement
requires proximity of the peak wavelength with the incident
laser. In addition, broadening the plasmon peak is only effective
insofar as it maximizes plasmon extinction across the wave-
lengths of interest. Therefore, we examined the relationships
between Ag film thickness and maximized surface enhance-
ment through changes to nanostructure morphology and plas-
mon peak extinction characteristics. SEM images were acquired
from group A before annealing to explore the relationship
between film thickness and nanostructure morphology. These
images, shown in Fig. 2, reveal that Ag was deposited as small
islands that grow with increasing film thicknesses from 1 nm
(T1) to approximately 5 nm (T5) and become more film-like for
depositions of 6 nm (T6) and greater. This change is likely due
to surface coverage approaching 100% as a result of increasing
Ag mass per area. Extinction spectra are superimposed on each

9nm 584 8 nnt; 581 7nm 575

549

5nm

Extinction

O PSSRSO S
FPREPL PRSPPSO

Wavelength (nm)
Fig. 2 SEM images of all film thicknesses (identified in white) for
a random substrate, with associated extinction spectra displaying peak

plasmon wavelength overlaid. The plasmon peak wavelength is iden-
tified in yellow for each extinction spectrum.
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SEM image in Fig. 2, confirming intensified and red-shifted
extinction with increasing film thickness. The symmetrical
plasmon peaks observed among the lowest Ag depositions (T1-
T4) are consistent with individual, spherical Ag nanoparticles.
The transition toward nanostructured thin films (T5-T9) was
accompanied by increasingly exotic nanostructure shapes,
associated with increasing asymmetry in the plasmon peaks.

The UV-Vis spectra for all 9 film thicknesses on each of 40
substrates in group A were processed as described in the
Experimental section above to find peak extinction intensity,
wavelength, and breadth in each case. Plasmon extinction
intensity increased with Ag film thickness, as shown in Fig. 3(a).
Intensity increases approximately linearly for T1-T5, but begins
to approach an asymptotic maximum for T6-T9. The reduction
in differential extinction for high film thicknesses is confirmed
by the lack of statistically significant differences between T7 &
T8 and T8 & T9 as compared to T1-T6 in which each thickness
group was significantly different from every other thickness
group. This change in behavior between thin and thick films
correlates with proximity-induced hotspots. When adjacent
nanoparticles are within a few nanometers of each other plas-
monic coupling results in a hotspot between them, greatly
increasing plasmon extinction.® For T1-T5, plasmonic
coupling between nanoparticles drove the growth in plasmon
extinction intensity as interparticle distances decreased,
exhibited by Fig. 2. Beginning at T6 however, interparticle gaps
ceased to decrease as Ag was deposited. At that point, plasmon
extinction intensity began to plateau, which is consistent with
Ag accumulation becoming the primary driver for increasing
plasmon extinction.

Plasmon peak wavelength red-shifted with increasing Ag
film thickness, shown in Fig. 3(b), from well below the laser line
at an average of ~464 nm for 1 nm films, to well past the laser
line at an average of ~584 nm for 9 nm films. This redshift was
likely due primarily to increasing nanostructure size, which
correlated with increasing film thickness (Fig. 2). Nano-
structures increased in size from an average of ~30 nm’ for
1 nm films to an average of ~970 nm? for 9 nm films, as shown
in Fig. S4.1 Unlike intensity, maximizing surface enhancements
requires proximity of the plasmon extinction peak and the laser
wavelength, illustrated by the green line in Fig. 3(b). The
wavelength of peak plasmon extinction also influences surface
enhancement, as the efficiency of optical coupling is enhanced
when the laser line is near the plasmon peak. The closest
alignment between peak extinction and the laser line was at
517 nm for T4 and 548 nm for T5. Additionally, variability in
peak wavelength generally increased as films thickened, with
standard deviation growing from 4.2 nm for 1 nm films to as
much as 17.3 nm for 8 nm films. We speculate that this
behavior is associated with the increasingly exotic nano-
structure shapes associated with increasing film thickness.

Maximal surface enhancement requires LSPR with both
incident laser light and wave-shifted scattered light. While
enhancement is improved when the plasmon extinction peak is
close to the laser wavelength, the peak should also be suffi-
ciently broad to enhance wave-shifted scattered light across the

fingerprint region which, for organic molecules, usually
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consists of some portion of the region between 200 and
2000 cm~'. When a 532 nm laser is used to acquire Raman
spectra, this fingerprint region translates to 537.7-595.3 nm,
illustrated by the shaded region in Fig. 3(b).**** Thus, the
sensing approach aims for a plasmon wavelength range that
usefully overlaps with the entire spectral region of interest. To
estimate breadth of the plasmon peak, the FWHM was deter-
mined where possible. FWHM of the plasmon peaks correlate
with film thickness and range from ~104 nm for 1 nm films to
more than 400 nm for 8 nm films, as shown in Fig. 3(c). While
this phenomenon provides a greater wavelength range with the
potential for useful sensing at the largest deposition thick-
nesses, it complicated our ability to accurately characterize the
FWHM. For substrates with T5 and T6 film thickness, a FWHM
could be calculated for 39/40 spectrums. For T7, a FWHM could
only be calculated for 14/40 spectra. For T8, a FWHM could only
be calculated for 4/40 spectra, and for T9, no FWHM's could be
calculated. This phenomenon correlated with the increasing
asymmetry of the plasmon peaks as films transitioned from
individual nanoparticles to nanostructured films, shown in
Fig. 2. This increasing asymmetry was beneficial for maximizing
surface enhancement due to greater plasmon resonance across
the fingerprint region.

Analyses of individual plasmon characteristics indicated that
the film thickness required to produce maximal surface
enhancement would optimize the balance among plasmon
extinction intensity, peak proximity to the laser line, and
extinction intensity across the fingerprint region. Because these
plasmon extinction characteristics interact in non-obvious ways
to influence the overall Raman spectra enhancement, SERS
spectra of CV adsorbed onto the Ag films were acquired and
shown in Fig. 4(a) to characterize the role of film thickness on
surface enhancement. CV possesses multiple strong Raman
peaks, tabulated in Table S1t1 with their associated vibrational
modes, across a large portion of the fingerprint region,* Very
little enhancement was observed for T1-T4, with the T4 film
resulting in less than 5-fold enhancement across the fingerprint
region as compared to the TO spectrum. This inconsequential
enhancement likely resulted from a combination of low plas-
mon intensity (Fig. 3(a)), inefficient coupling between the
plasmon peak and the laser line (Fig. 3(b)), and insufficient
peak breadth to enhance wave-shifted light across the finger-
print region. However, enhancement notably increased starting
at T5, with up to 15.8-fold enhancement as compared to the TO
spectrum at 1592 cm™ ‘. Maximal enhancement was found to
occur for the T7 film, with up to 25.7-fold enhancement across
the fingerprint region at 1592 cm ™", before decreasing with T8
and T9 films. The diminished enhancement for the thickest Ag
films is correlated with an increasing departure from the laser
line due to red-shifting peak plasmon extinction (Fig. 3(b))
accompanied by decreasing rate of plasmon extinction inten-
sification (Fig. 3(a)). These results are non-obvious when
assessing plasmon peak characteristics individually, illus-
trating the value in analyzing relationships between these
characteristics in light of how they influence surface enhance-
ment. These results demonstrate that film thicknesses of 5 nm
or greater provide the best surface enhancement, peaking with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Raman spectra of CV deposited on each film thickness for substrates (a) unannealed, (b) annealed at 50 °C for 60 min, and (c) annealed at

200 °C for 60 min.

7 nm film thickness. Thus, continued analysis focused on
thicker films of 5 nm and above.

Effect of annealing on surface enhanced Raman spectroscopy

Following the analysis of deposition thickness, substrates were
annealed to explore the effect of annealing temperature and
time on plasmon extinction characteristics, toward additionally
maximizing surface enhancement. From group A, 31 substrates
from group A were chosen for this analysis, with the remaining
9 held in reserve should they be needed. Of the 31 substrates,
one was set aside as an unannealed control and the remaining
30 were annealed at five temperatures in the range of 50-400 °C
for six anneal times in the range of 15-150 min. Raman spectra
were acquired of CV adsorbed onto Ag films after annealing,

examples of which are presented in Fig. 4(b and c). As with the
pre-anneal spectra in Fig. 4(a), film thicknesses of 5-9 nm
provided the best surface enhancement for both annealed
substrates presented in Fig. 4(b and c), peaking at 7 nm.
However, the difference in surface enhancement between 7 nm
and 5 or 9 nm films is much less pronounced for the annealed
substrates than the unannealed substrate. Thus, annealing can
be used to obtain near-maximum surface enhancement over
a range of film thicknesses. Such flexibility in deposition
thickness may be especially useful for three-dimensional
sensing substrates such as ZnO nanowires. In such cases,
thicker films may over-fill interwire gaps, reducing effective
surface area. Because maximal surface enhancement results in
part from enhancement of Raman-scattered light across the
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fingerprint region, three CV peaks at 420, 915, and 1592 cm™ " as
identified in Fig. 4(a) were chosen to quantitatively assess
enhancement at multiple points that span the fingerprint
region. The enhancement of these peaks was calculated for T5-
T9 at each anneal temperature and time. These enhancements
appear as a heat map in Fig. 5, where red shading indicates
increased enhancement. Annealing produced substantial
impact to surface enhancement, but in ways that are nonlinear
with respect to time and temperature. Annealing conditions
generated changes to surface enhancements ranging from less
than 3% to almost 3000% of the unannealed surface enhance-
ment. Clearly, the selection of annealing parameters measur-
ably impacts the performance of these sensors. Fig. 5 reveals
that annealing at 400 °C for even a short time drastically
reduced surface enhancement across the board, indicating an
upper temperature limit for this sensing paradigm well below
400 °C. Further examination of Fig. 5 reveals that in general, the
anneal time required to maximize surface enhancement
decreased as anneal temperature increased. At 50 °C, maxi-
mizing enhancement required 120 min while at 100 °C,
enhancement dropped off significantly after annealing 90 min.
At 200 °C, enhancement was strongest when annealed from 15-
60 min. Two of these anneal temperatures, 50 °C and 200 °C,
produced particularly strong results toward maximizing surface
enhancement, motivating closer examination.

Enhancement factors for the five film thicknesses were
averaged for each anneal time at each temperature and plotted
in Fig. 6. The relative strength of enhancement between the two
anneal temperatures varies across the three CV peaks, indi-
cating the necessity of investigating enhancement across the
entire fingerprint region. For instance, annealing at 30 °C
resulted in opposing enhancement trends for the two anneal
temperatures. Relative enhancement decreased farther away
from the laser wavelength when annealed at 200 °C while it
increased away from the laser wavelength when annealed at
50 °C. Among this variability, two anneal times produced
consistently strong surface enhancement at these temperatures:
60 min at 200 °C and 120 min at 50 °C.

This study seeks to not only describe the deposition and
annealing parameters that result in maximal surface enhance-
ment, but also relate these results to changes in plasmon
extinction characteristics effected by those fabrication param-
eters. To this end, changes to plasmon extinction characteris-
tics for all five effective film thicknesses (T5-T9) due to
annealing at 50 and 200 °C were plotted in Fig. 7. Annealing at
200 °C caused the plasmon intensity of all five film thicknesses
to decrease steadily with increasing anneal time. In addition,
annealing for 15 min or more at 200 °C blue-shifted the plas-
mon peaks. Annealing for 60 min slightly red-shifted the peaks,
which blue-shifted again at higher anneal times (>90 min). This
blue-shifting behavior is consistent with increasing nano-
structure uniformity due to Ostwald ripening, reducing the
exotic nature of nanostructure shapes. FWHMs followed
a similar behavior as peak wavelengths, with a short anneal
time narrowing the plasmon peaks. These plasmon peaks
widened slightly when annealed for 60 min before narrowing
again beyond 90 min. These observations agree with the results
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420 cm™%, (b) 915 cm™%, and (c) 1592 cm™* peaks. Each point in the
figure exhibits the mean and standard deviation of the EFs for T5-T9.

in Fig. 6, indicating that annealing at 200 °C generated the best
combination of plasmon intensity, peak wavelength, and peak
width at 60 min of anneal time.

Annealing at 50 °C for less than 60 min reduced peak
intensity that rebounded for anneal times of 60-120 min. Peak
wavelength blue-shifted slightly following annealing for less
than 60 min at 50 °C before subsequent red-shifting for
annealing times of 60-120 min. FWHMs for 5 and 6 nm films
were increased with increasing anneal time. These results agree
with the results in Fig. 6 that indicate an optimum anneal time
of 120 min at 50 °C. We anticipate that deposition and dewet-
ting kinetics differ between the ZnO films used in this work and
ZnO nanowires often utilized in 3D SERS substrates. However,
this work expedites future nanoparticle optimization by nar-
rowing the window of parameters values to explore in future
works involving ZnO nanowires.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Effect of deposition rate on surface enhanced Raman
spectroscopy

Deposition rate had a significant impact on plasmon peak
wavelengths, with films deposited at 0.3 A s~ ' exhibiting
significantly red-shifted peaks compared to a deposition rate of
0.1 A s7* for each film thickness examined, excepting 7 nm, as
shown in Fig. S5(b).T We hypothesize that this behavior can be
explained by rate-induced differences in the crystal structure of
Ag nanoparticles, as deposition rate has been shown to effect
such crystal properties as grain size, dislocation density, and
twin boundary density in metallic nanostructures.*” These

© 2021 The Author(s). Published by the Royal Society of Chemistry
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results suggest that the plasmon characteristics of e-beam
deposited Ag films are sensitive to deposition rates, as small
changes can have a significant impact on important physical
characteristics of the nanoparticles. These results also clearly
indicate the trade-off between degraded sensor performance
and the reduced deposition time achieved at elevated deposi-
tion rate.

While there was no significant difference in terms of
enhancement in the unannealed controls between groups A
(0.1 A s') and B (0.3 A s™'), Fig. S6t demonstrates that
annealing the substrates in group A generally produced more
surface enhancement than group B, across all film thicknesses,
and anneal temperatures/times. This suggests that rate-induced
differences in the crystal structure of Ag nanoparticles impacts
annealing-induced effects on surface enhancement. This
observation further emphasizes the important impact of depo-
sition rate on the physical characteristics of Ag nanoparticles
and the resulting surface enhancement of the structure.

Several combinations of fabrication and anneal parameters
maximize surface enhancement by optimizing plasmon
extinction. This study substantially improves the potential for
fabricating high-performance sensors through elimination of
fabrication parameters that yield low-enhancement materials.
Importantly, these results demonstrate that maximal surface
enhancement can be achieved by multiple different fabrication
strategies. For instance, 2D sensing surfaces where film thick-
ness does not impact device function have the best enhance-
ment with a 7 nm thick surface deposited at 0.1 A s~ and
annealed at 200 °C for 60 min. However, for 3D sensing surfaces
such as the ZnO nanowire-based structure described in our
previous work,?® a thicker sensing surface could reduce device
functionality by over-filling the spaces between nanowires,
thereby reducing effective surface area. In such cases, a film
approximately 5 nm thick, deposited at 0.1 A s™* and annealed
at 200 °C for an hour is predicted to provide near-maximal
surface enhancement without sacrificing sensing surface area.
Another consideration is the substrate on which such nano-
structures are fabricated. Many sensing strategies utilize
substrates with high melting points such as glass or fused silica.
In such cases, annealing at 200 °C is not problematic. However,
increasing attention has been devoted in recent years toward
fabricating SERS-active structures on flexible substrates made
of materials like polyvinyl alcohol (PVA),*** poly(-
dimethylsiloxane) (PDMS),*® or polyvinylidene fluoride
(PVDF).*” In such cases substrates, even temperatures as low as
100 °C can have an undesirable effect on the substrate itself,
such as increasing brittleness. For such device designs, excel-
lent surface enhancement can be achieved by annealing
substrates at 50 °C for 120 min.

Conclusions

This study provides guidance for the fabrication of sensors with
maximal SERS enhancement excited with a 532 nm laser
through e-beam deposited Ag nanoparticles on ZnO. 7 nm Ag
films possess the optimal combination of plasmon peak
intensity, wavelength, and breadth for maximal surface
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enhancement with a 532 nm laser. When 7 nm films are
untenable, films as thin as 5 nm still provide near-maximal
surface enhancement. We demonstrated that annealing at
temperatures up to 200 °C for one to two hours further
improved surface enhancement, but annealing at 200 °C for one
hour or 50 °C for two hours resulted in the greatest increase to
surface enhancement. Lastly, we discovered that Ag deposition
rate significantly influences surface plasmon extinction peak
characteristics. Increasing deposition rate from 0.1 to 0.3 A s
resulted in decreased surface enhancement at all anneal times
and temperatures, making 0.1 A s' the clearly preferable
deposition rate. The results presented in this study fill a vital
need for guidance in determining fabrication and annealing
parameters for maximal SERS with e-beam deposited Ag nano-
particles with a 532 nm laser. We presume that similar fabri-
cation relationships control the performance of other SERS
substrates based on metal nanoparticles. This is the first report
to begin to explore the impact of fabrication choices on the
performance of a specific SERS sensor, but lays the groundwork
for the assessment of similar phenomena in other Raman
sensing approaches.
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Optimization of Electron Beam-Deposited Silver Nanoparticles on Zinc Oxide for Maximally Surface
Enhanced Raman Spectroscopy

Andrew L Cook, Christopher P Haycook, Richard R Mu, Andrea K Locke, and Todd D Giorgio
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Figure S1: Illustration of the Ag deposition process. Masks cut from aluminum foil were placed on top of each substrate in step
(1) such that only a small portion of the substrates was exposed. Ag was then e-beam deposited in step (2), after which the
masks were moved to expose a new portion of each substrate in step (3). Ag was again deposited in step (4), and the process
was repeated from step (5) onward until 9 Ag films of different thicknesses were deposited on each substrate.
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Figure S2: Process for isolating Ag nanoparticle plasmon extinction, in which (Step 1) extinction spectra for 1-nm Ag films on
each substrate were approximated with a tri-gaussian fit, (Step 2) the gaussian peaks associated with ZnO background were
determined and summed, then (Step 3) subtracted from each film thickness on each substrate. The resultant plasmon peak was
(Step 4) approximated with a spline fit to determine peak information.
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Figure S3: UV-Vis of two Ag-decorated ZnO samples, illustrating the variability in ZnO absorptive background induced by the
fabrication and anneal process
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Figure S4: Average area of nanostructures for each Ag film thickness, demonstrating increasing nanostructure size with
increasing film thickness.



Table S1: Benzene and non-benzene vibrational modes associated with crystal violet Raman peaks. y = torsion, § = bending, v =
stretching, o = scissoring, p = rocking; s = symmetric, as = asymmetric

Raman Band (cm™) Non-Benzene Vibrational Modes Benzene Modes Reference
208 y(C-H)/whole molecule breathing [1]
225 V5(C-Ceenter-C) [2]
345 ¥(C-N-C)/8(C-Ceenter-C) [1-5]
420 6(C-Ceenter-C)/8(C-N-C) 16a [1-4, 6]
441 6(C-C-C)ring, 1/6(C-N-C)/8 55(C-Ceenter-C) 1 16a [1, 4-6]
525 6(C-N-C) 16b,6b [1,3,4]
571 &(C-C-C)/8(C-N-C)/8(C-Ceenter-C) 6a [1,3,4]
605 &(C-C-C)/8(C-N-C)/v(C-Ceenter-C) 6a [1, 4]
623 6b [1]
730 v5(C-N-C) 4,17b [1,2,4]
761 V5(C-Ceenter-C)/v(C-N-C) 63a,17a [1,2,4]
810 10a [1-4,6,7]
825 10b,17b [1,3,4]
915 8(C-Ceenter-C) 12,17a [1,3,4,6]
980 173,18a [1, 4]
990 6(C-C-Q) 1 [1, 4]
1130 6(C-Ceenter-C)/v(C-N) 15 [1, 2]
1175 Vas(C-Ceenter-C) 93,9b [1-7]
1300 V(C-C-C)/8(C-C-C)ying/ 8(C-H) [1,2,7]
1345 8(C-N)/&(C-C-Cring/Vas(C-Ceenter-C)/8(C-H) (1]
1374 V(C-N)/Vas(C-Ceenter-C)/5(C-H) [1-7]
1445 845(C-Hs) 19b (1-4]
1490 6a5(C-H3) 19a [1,3,4]
1529 V(Cring-N)/8(C-Hs) 8b [1,2,5-7]
1592 8a [1,2,4-7]
1621 8a [1,2,4-7]
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Figure S5: Means of (a)peak intensity (n = 40), (b)plasmon peak wavelength (n =
40), and (c)plasmon peak FWHM for each film thickness of Group A (blue) and
Group B (red). Statistical testing performed with two-way ANOVA, *p = 0.05.
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Figure S6: Enhancement Factors for three analyzed peaks of the CV SERS spectra of each film thickness on each annealed
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CHAPTER |

INTRODUCTION

BACKGROUND AND SIGNIFICANCE

Need for Toxic Metals Biomonitoring

Personnel in modern conflicts, such as those in Iran and Afghanistan, are exposed to toxic
metals from sources such as burn pits* and injuries resultant from explosive devices.? Indeed,
most injuries that have occurred in those conflicts are results of explosions from improvised
explosive devices (IEDs).® Not only are wounded military personnel surviving in much greater
numbers than ever before (Figure 1.1%), but such exposures can also have significant adverse
long-term health effects for those exposed.?

It was once thought that metal fragments imbedded in the body were inert.? For this
reason, accepted practice was to leave embedded fragments undisturbed unless they presented
acute health concerns. It was commonly believed that the trauma associated with surgical
removal of those fragments outweighed the presumed negligible long-term health effects of
leaving those fragments embedded. Very little was done to actually examine the long-term health
effects of such metals.® The advent of depleted uranium (DU) in munitions® during the Gulf War
and increasing evidence demonstrating mobilization of embedded fragments have raised
concerns about long-term adverse health effects from embedded fragments.” Health toxicity
from embedded fragments, however, is not limited to DU. There is a range of military-relevant

metals, particularly soluble metals, that can cause systemic adverse health effects.'® Many of
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Figure 1.1: Ratio of wounded to dead in major U.S. conflicts, illustrating
the rising need for toxic metals biomonitoring®

these metals are excreted in urine, making urinalysis an important approach for identifying and
monitoring embedded toxic metal fragments.

A second significant source for metals toxicity is burn pit exposure. Burn pits are a
common method of waste disposal in deployed settings*?. In such situations, waste includes a
wide variety of materials, including flammables, plastics, ammunition, and bulk metals!>-°,
Adverse health effects have been associated with burn pit exposure®*° and relevant metals have
been found in lung tissue after inhalation?°. However, other reports conflict with this
association®t?%, and the relationship between burn pit exposure and these health effects is not
well understood?*. Indeed, one report explicitly concluded that there is insufficient data to
concretely associate adverse health effects with burn pit exposure?®. This inadequacy is resultant,
in large part, from a lack of post-deployment medical surveillance?. Thus, toxic metals
biomonitoring for personnel exposed to burn pits can potentially help elucidate the relationship

between burn pit exposure, toxic metal inhalation, and associated adverse health outcomes.



Table 1.1: Metals Included in the TEFSC Biomonitoring Panel?® 2

Aluminum (Al) Copper (Cu) Nickel (N1)
Arsenic (As) Iron (Fe) Tungsten (W)

Cadmium (Cd) Lead (Pb) Uranium (U)

Chromium (Cr) Manganese (Mn) Zinc (Zn)
Cobalt (Co) Molybdenum (Mo)

Need for Portable Analyte Sensing

Currently, biomonitoring of military members known or suspected of having embedded
toxic metal fragments takes the form of urinalysis, with urine samples sent to the Toxic
Embedded Fragment Surveillance Center (TEFSC, Baltimore, MD).2® Analysis is carried out
using inductively-coupled plasma mass spectrometry (ICP-MS),2?” and the list of metals in the
biomonitoring panel includes uranium, cobalt, aluminum, and lead among 14 toxic or potentially
toxic metals (Table 1.12628). All of these metals have either been found in fragments that have
been surgically removed from service members or have well-known toxicological effects?
Importantly, this program does not include veterans who may have retained metals less-readily
detected by contemporary imaging evaluation, such as metal particles embedded in the lung after
inhalational exposure from burn pits.?

While ICP-MS is sensitive and precise, it is a large, research-grade instrument that
requires significant power and highly trained technicians for operation®>3! making it unsuitable
for use near the locations where military blast injuries occur. For this reason, such monitoring is
initiated long after the acute exposure at the time of the blast injury. There is still much
uncertainty concerning long-term health effects of embedded metal fragments®?8 and of

particulate metal from burn pit exposure,?® yet ICP-MS precludes sample analysis at or near the



time of exposure. No commercial instrument combines sensitivity and selectivity for metals
associated with military-related exposures with the portable, rugged, self-powered characteristics
necessary for use at the site of blast or inhalational injuries. Furthermore, there is a lack of
information concerning the scope and extent of both burn pit exposure®3? and embedded
fragments®2%, Thus, a device that enables portable toxic metals detection can enable the
collection of information concerning composition and acute exposure levels, which may
significantly strengthen correlations of health outcomes with toxic metal exposure from

embedded fragments or burn pit inhalation.

Toxic Metal lon Detection Strategies

There are multiple methods available to detect toxic metal ions in an aqueous or organic
environment. Some of these are instrumental approaches, such as mass spectrometry, while
others are molecular approaches, such as fluorescence and colorimetry, which still require
sophisticated dedicated instrumentation. ICP-MS is the method currently used for monitoring
embedded fragments in military personnel.?’ ICP-MS is an analysis method that relies on
ionizing a sample into an inductively coupled plasma that is characterized by mass spectrometry.
The ions are identified based on their mass-to-charge ratios. ICP-MS is very sensitive, being able
to detect ng/L concentration, and offers multiplexed detection of toxic metals. However, ICP-
MS requires significant sample preparation, often involving dissolution of particulate matter,
preconcentration of trace analytes,* and sample aerosolization,*® In addition, highly trained
personnel and sophisticated instrumentation is required, making ICP-MS unsuitable for portable
toxic metals sensing, as discussed above. Similarly, other instrumental approaches used for metal

ion detection, such as inductively coupled plasma optical emission spectrometry (ICP-OES),



atomic absorption spectrometry (AAS), and gas chromatography suffer from the same
disadvantages.®® Some studies have combined chromophores with techniques such as high-
performance liquid chromatography (HPLC) and capillary electrophoresis (CE) as alternative
detection approaches to toxic metals detection. Detection limits in the ng/L range have been
achieved with HPLC and pg/L for CE.*® Both techniques reduce sample preparation difficulty in
that they test liquid samples. However, HPLC requires complex instrumentation and CE can
require preconcentration steps and suffers from false positives.

Electrochemical techniques are another prevalent class of methodologies for detecting
toxic metal ions in urine. The basic setup consists of an electrolytic cell with an ionic conductor
and an electronic conductor. In the case of toxic metal ions, an aqueous solution of the toxic
metal ions in question acts as the electrolytic cell. Electrochemical ion detection relies on
changes induced by the presence of toxic metal ions to electrical parameters such as current,
voltage, impedance, and charge. The most sensitive electrochemical techniques have limits of
detection on the order of ng/L,%" though detection limits on the order of pg/L are more
common.®**#! Although high sensitivity has been achieved for certain electrochemical
techniques, miniaturization remains an issue, making portability problematic. Additionally, most
electrochemical techniques suffer from poor reproducibility and stability. These drawbacks
coupled with an inability to selectively detect toxic metals in complex samples*? limit the
usefulness of electrochemical techniques for toxic metals detection in the field. There are other
optical, electrochemical, or even biological sensing techniques for metal ions, but much work
still needs to be done to overcome challenges in sensitivity, selectivity, robustness, field

deployability, and cost-effectiveness, among others.*?



Surface Enhanced Raman Spectroscopy for Trace Analyte Sensing

Raman spectroscopy has attracted much attention in recent years as technique to identify
analytes because it is non-destructive to the sample, label-free,** and not subject to
photobleaching,® relying on exciting vibrational modes in molecular bonds. Raman scattering,
first discovered in the 1920s,% occurs when light illuminates a sample. Most photons are
elastically scattered via Rayleigh scattering, but a small portion of incident photons (on the order
of one in a million) are inelastically Raman scattered. In Raman scattering, the energy of the
photon changes, either losing energy to induce molecular vibrations or (rarely) gaining energy
from already vibrating bonds (Stokes and anti-Stokes scattering, respectively; see Figure
1.2(a)*"). The change in photonic energy is dependent on the structure of the molecule in
question, and is constant, irrespective of incoming light frequency,*®

Because Raman scattering is so rare relative to Rayleigh scattering, Raman spectroscopy
suffers from low sensitivity, hampering the detection and identification of trace analytes. The
effect of Raman’s low optical cross-section can be greatly mitigated through surface-enhanced
Raman scattering (SERS). First observed in 1974,%° SERS is the result of two distinct
mechanisms. The first is electromagnetic in nature. Light incident on the surface of a conductor
causes the excitation of the electron gas within the conductor, called a “plasmon” (Figure
1.2(0)*°) When excitation is confined near the surface of the conductor, it is called a “surface
plasmon.” Importantly, the excitation of surface plasmons requires surface roughness or
curvature, as in the case of metal nanoparticles. In the case of nanoparticles, surface plasmons
have a “natural frequency,” which is dependent on the size and shape of the nanoparticle, the
dielectric environment of the nanoparticle, and the metal composition of the nanoparticle. As the
frequency of incident light approaches the plasmon’s natural frequency, a resonance condition

occurs, which vastly increases the field local to the nanoparticle. In the case of Raman
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Figure 1.2: (a) A Jablonski diagram of Rayleigh, Stokes Raman, and anti-
Stokes Raman scattering;*’ (b) An illustration of plasmons caused by
incident light.*

spectroscopy, this means that not only incident light is enhanced, but also scattered light, causing
even greater enhancement to the Raman spectra of analytes local to the nanoparticle.>*
Theoretical estimates show that enhancement factors can be as large as 102, which can enable
single-molecule detection.>

While the electromagnetic mechanism is well understood and explains the majority of
surface enhancements, the second mechanism is not so clear. There has long been observed, in
some cases, an additional one to three orders of magnitude enhancement to the Raman spectra of
certain chemisorbed analytes that cannot be explained by the electromagnetic theory.>*>2 This
additional enhancement is difficult to isolate from electromagnetic enhancement, but is believed
to be chemical in nature, and three different mechanisms have been proposed to contribute to this
additional enhancement. The first is chemical interaction between the nanoparticle and the
analyte in the ground state. It is suggested that for analytes not covalently bound to the
nanoparticle surface, the presence of the metal can induce a slight change in the electronic

distribution of the analyte.>® The second is commonly referred to as the charge-transfer model, in



which charge transfer can occur between the molecule and the metal.>® Charge transfer can occur
when the Fermi level of the metal allows charge transfer excitations from the highest occupied
molecular orbital to the lowest unoccupied molecular orbital in the analyte.>*> The third
mechanism is resonance Raman enhancement in chemically bound analytes.>® While chemical

enhancements are not as large as electromagnetic enhancements, they may still be significant.

Surface-Enhanced Raman Sensing of Toxic Metals

SERS-based techniques for sensing toxic metal ions can be divided into three major types
based on changes to the SERS reporter signal: SERS signal decrease (or turn-off), SERS signal
increase (or turn-on), and SERS signal modification (Figure 1.3). The most common
mechanisms for turn-off SERS sensing are reporter detachment®** and nanoparticle de-
aggregation®®°’ in the presence of the metal ion, either from direct interaction between the
reporter and the ion or SERS surface, or from ion interaction with a DNAzyme. While these
techniques are often very sensitive, they are difficult to multiplex. Furthermore, these techniques
have been developed for few metal ions, further complicating the development of a multiplexed
toxic metal SERS sensor. The most common mechanisms for turn-on SERS sensing of toxic
metals are reporter attachment (or juxtaposition),>® and controlled nanoparticle aggregation®®-
in the presence of the metal ion. By far the most common method of accomplishing both
mechanisms is aptamer or DNAzyme functionalization of the SERS substrate. DNAzymes, in
particular, have been developed for the selective coordination of a variety of metal ions,®? and
biomolecule-based techniques are often very sensitive. However, biomolecules are susceptible to
denaturation in suboptimal storage conditions,®® making them unsuitable for the development of

a portable toxic metals sensing platform. Turn-on mechanisms that are not based on aptamers are



limited in variety of metal ions able to be sensed, limiting their usefulness for multiplexed toxic

metal ion sensing.

Detachment

Reporter Signal

Decrease [ Z
Nanoparticle
De-aggregation

SERS Sensing Reporter
of Metal Ions Juxtaposition
Reporter Signal
Increase

* Nanoparticle
Aggregation

Reporter Signal
Modification

Figure 1.3: Breakdown of techniques used for SERS detection of toxic
metal ions

Reporter modification techniques for SERS sensing of toxic metal ions rely on changing
the SERS signal of the reporter molecule upon coordination with metal ions, rather than change
in SERS intensity.3%64-¢7 These techniques do not rely on colloidal SERS substrates, as
aggregation and de-aggregation strategies do, nor do they require biomolecules, as aptamer and
DNAzyme-based strategies do. Because these techniques rely on signal modification,
multiplexation is easier than for turn-on and turn-off strategies. It has been shown that reporter
SERS signals will change differently depending on the metal ion being coordinated.>® This
reduces the need for highly specific binding, facilitating multiplexed metal ion sensing on the
same SERS substrate. These advantages make SERS reporter signal modification the optimal

strategy for portable, multiplexed detection of toxic metals.



Zinc Oxide Nanowire-Based Surface Enhanced Raman Spectroscopy

A number of SERS-active substrates have been designed for use with fluid samples,
which can be broadly categorized as “in-solution” or “stationary.” In-solution SERS nanoprobes
have attracted much recent attention for analyte detection, especially for continuous-flow
strategies, due to several advantages. These include freedom to manipulate flow, ease of
integration with microfluidics, and highly sensitive sensing.>® However, colloidal nanoprobes
suffer from a lack of stability®® and spectral reproducibility,5®° as well as contamination.”*~"3 In
contrast, stationary SERS-active substrates are much more stable than colloids and result in more
reproducible spectra, due to a lack of uncontrolled dynamic colloid motion.” On the other hand,
stationary substrates are less sensitive than colloidal nanoprobes since stationary substrates don’t
mix with sample fluids.>® Integration of stationary substrates also increases the complexity of
microfluidic channel fabrication by requiring extra fabrication steps. For portable SERS sensing
applications, the approach must possess sufficient stability and ruggedness to survive in
suboptimal conditions, but must also be sensitive enough for trace detection with portable
equipment.

A bed of nanowires offers a potential approach for the design of a toxic metals sensor in
this application for portable SERS. Nanowires possess the stability of stationary substrates, but
also an increased surface area, which simultaneously allows for more plasmonic “hotspots” and
increased analyte adsorption.®® Zinc oxide (ZnO) nanowires, in particular, are advantageous for
SERS sensing due to numerous electronic characteristics, such as electronic stability at room
temperature.’ and a large direct bandgap.” More importantly for Raman spectroscopy, ZnO is
transparent in the visible and near-infrared regions, reducing adsorption of Raman-scattered
photons. Single-crystal ZnO nanowires have a hexagonal crystal structure, which can allow the

nanowires to form Fabbry-Perot or whispering gallery optical cavity modes. This can result in
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waveguiding of light, if the diameter of the nanowires is large enough for the chosen wavelength
of light, reducing loss due to scattering.”

The metal chosen for SERS applications plays a large part in the range of wavelengths
for which enhancements can occur. While there is a multitude of metals that can be used for
SERS, such as gold, platinum, copper, and palladium, silver (Ag) is among the most common
metals used for SERS sensing in the visible region.> Surface plasmon resonances (SPRs) from
Ag nanoparticles generally have wavelengths of 400-500 nm, although nanoparticles with sharp
edges or corners can push SPRs towards 800 nm, as shown in Figure 1.4.7% Ag nanoparticle
strongly enhance Raman spectra by virtue of strong plasmon resonance. By decorating ZnO
nanowires with Au or Ag nanoparticles, the advantage of a three-dimensional nanowire structure

can be realized.

Chelating Toxic Metals with Crown Ethers

To detect toxic metal ions by SERS reporter signal modification, chelating ligands are
required to bind the ions local to the sensing surfaces. These ligands serve the dual purpose of
bringing metal ions close to sensing surfaces and reporting the presence of metal ions through
changes to the ligands” Raman spectra, since metal ions alone have little to no Raman signal.
Specifically, crown ethers are an attractive option for this purpose. Crown ethers are cyclic
compounds consisting of a number of ether groups. The most common crown ethers consist of
repeating ethyleneoxy units. Variations of these include benzo- or dibenzo-crown ethers which
have one or two benzine rings appended to the crown, aza-crown ethers which have nitrogen
atoms substituted for oxygen atoms, and thia-crown ethers which have sulfur atoms substituted

for oxygen atoms.
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Figure 1.4: Effects of size and shape on the wavelength of plasmonic
resonance for silver nanoparticles’

Crown ethers are best-known for selective coordination of alkali metal cations,”” but have
been studied for coordination with multiple toxic or potentially toxic metals. In particular, 4’-
aminobenzo-18-Crown-6 (AB18C6, shown in Figure 1.5), which has a crown radius of 2.2 — 3.2
A has been reported to bind Pb%*, which has a radius of 2.4 A.”®7 However, crown ethers are
known to chelate multiple different cations based on size fit and coordination chemistry.’”” There
is evidence that crown ethers with different structures will chelate metal ions differently.”®2 In

addition, solvent affects metal chelation by crown ethers.®

Spectral Processing and Analysis

Before Raman spectra can be used in any sort of quantitative analysis, they must be pre-
processed, which includes noise removal, background subtraction, and normalization. Noise
removal is required to reveal or clarify spectral features due to the small optical cross-section of
Raman scattering. Shot noise, which is random in nature and high frequency,®? can be removed

or reduced by a variety of methodologies. Perhaps the simplest is smoothing by a moving

12



average, which relies on the randomness and high frequency of noise. The moving average
technique averages each point on a spectrum with a specified number of adjacent points.® With
this technique, spectral points at the ends of the spectrum are lost due to an inability to average
them. Additionally, increasing the number of points to be averaged also increases spectral
distortion in the smoothed spectrum. Smoothing by the Savitzky-Golay polynomial technique®*
can alleviate spectral distortion, as each point in the spectrum is fit to a polynomial function
derived from adjacent points. The order of the polynomial is dependent on the number of
adjacent points used, with an nth-order polynomial requires 2n+1 points. Low-order polynomials
significantly reduce noise, with an increased risk of spectral distortion. High-order polynomials
reduce signal distortion at the cost of reduced noise removal. If the signal-to-noise ratio is
extremely small, noise can be removed by discrete frequency analysis accomplished by applying
the fast Fourier transform to the spectrum. By this technique, high-frequency spectral
components can be separated from mid- and low-frequency components. However, difficulty lies
in choosing the frequencies to remove, as Raman bands can have similar frequencies to noise.
Cosmic rays are another common source of noise, causing significant but random spikes during
measurement.®® These, being random, are extremely unlikely to occur at the same wavenumber
over multiple measurements, can be easily removed by repeat measurements.

A major component of Raman spectra, particularly of organic materials (including crown
ethers), is broad background signal due to fluorescence that can alter acquired Raman spectra.
Although several methods exist to remove background from spectra, perhaps the most common
is polynomial curve fitting.2® This technique fits the purpose well, as fluorescence background is
broadband with few features. Polynomial fitting also lends itself well to Raman analysis because

it largely preserves Raman band shape and intensity, if performed correctly. However, a major
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drawback of this technique has been the need for extensive manual and subjective processing to
exclude Raman bands from the curve-fitting process. This drawback has been significantly
alleviated by the development of an automated polynomial function developed by Lieber and
Mahadevan-Jansen,®” This function iteratively examines spectral data points, conserving those
that are lower in intensity than the corresponding point on the fitted polynomial curve. This
process effectively retains Raman bands while eliminating broadband fluorescence, even for

spectra with weak Raman bands respective to fluorescence.®

SPECIFIC AIMS

As of 2017, improvised explosive devices (IEDs) have accounted for almost 75% of all
traumatic injuries to U.S. soldiers in recent conflicts in Irag and Afghanistan.?” This means that
of the more than 50,000 military personnel wounded in action so far in those conflicts,®® almost
40,000 of them could have toxic embedded fragments.?® In response to this growing need, the
United States Department of Veterans Affairs (VA) established the Toxic Embedded Fragment
Surveillance Center (TEFSC, Baltimore, MD) in 2008 with the overall mission to 1) identify
veterans who may have embedded metal fragments, and 2) conduct long-term medical

surveillance of this population.?® The evaluation process for inclusion into the Embedded
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Figure 1.6: Illustration of the proposed advanced sensor. ZnO nanowires
decorated with silver nanoparticles amplify the changes in Raman spectra
resulting from metal binding to crown ethers functionalized to the silver

Fragments Registry (EFR) is predicated on the individual’s knowledge or suspicion of retained
fragments.?® Thus, biomonitoring of toxic embedded fragments begins long after peak exposure
and depends on incomplete knowledge concerning exposure and retention toxic fragments from
IEDs, making inclusion into the EFR noncomprehensive. As a result, there are currently only
around 16,000 Veterans enrolled in the EFR.% The development of a portable toxic metals
sensor would allow military personnel to be screened for toxic metal ions associated with
embedded fragments near the time of exposure, enabling more comprehensive biomonitoring of
veterans exposed to toxic metals, as well as potential early intervention.

The overall goal of this work is to develop an inexpensive, disposable sensor that can
reproducibly characterize the presence of analytes such as toxic metals in biological and
environmental samples using portable equipment. This work will develop a microfluidic device
integrated with an inherently three-dimensional surface-enhanced Raman scattering (SERS)

substrate using a novel fabrication procedure. In preparation to functionalize this SERS-active
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substrate with the chelating ligand 4’-aminobenzo-18-crown-6, this work will identify which

toxic metals are selectively chelated by this crown ether in solution (Figure 1.6).

Specific Aim 1: Optimize silver nanoparticle formation for surface enhanced Raman
spectroscopy with 532-nm laser.

To maximize the sensitivity of the sensor, Ag nanoparticles’ shape and dimensions must
be modified to align their plasmon peak with the fingerprint region of the analyte. To accomplish
this, the effects of Ag nanoparticles’ deposition and anneal parameters on their plasmon peak
will be examined. Ag film thicknesses of ranging from 1 — 9 nm will be deposited on a ZnO
layer via electron beam deposition at rates of 0.1 and 0.3 A/s. These films will be examined via
SEM imaging to examine their shape and distribution. UV-Vis spectrophotometry will be
performed to ascertain their plasmon peak properties and Raman spectra will be acquired using a
532-nm laser from crystal violet (CV) deposited on the substrates to determine which thicknesses
afford the most spectral enhancement. These substrates will be annealed at temperatures ranging
from 50 — 400 °C for times ranging from 15 — 150 min, with UV-Vis being performed as above
to discover how their plasmon properties change due to annealing. Likewise, Raman
spectroscopy will be performed on annealed substrates to determine how annealing changes
affects the nanoparticles’ surface enhancement at each thickness. An optimal nanoparticle
fabrication and anneal parameters will be determined from these results, maximizing device

sensitivity.
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Specific Aim 2: Design and Fabricate Microfluidic Channel with Integrated Silver-
Decorated Zinc Oxide Nanowires for Surface Enhanced Raman Spectroscopy.
Surface-enhanced Raman scattering (SERS) detection of selected analytes will be
characterized within a microfluidic channel. The SERS-active substrate will consist of high
quality, single-crystal zinc oxide (ZnO) nanowires and silver (Ag) nanoparticles decorating the
nanowire sides. A microfluidic channel master will be fabricated and will be used to embed the
channel in poly(dimethylsiloxane) (PDMS). A ZnO seed layer will be patterned inside the
microfluidic channel and ZnO nanowires will be grown from this seed layer. ZnO nanowires will
be characterized for crystallinity, defects, and dimensionality. Ag nanoparticles will be deposited
on the nanowires and characterized for plasmonic resonance. Subsequently, the PDMS will be
irreversibly bonded to glass and a solutions of crystal violet and melamine, a Raman-reporter and
contaminant of dairy products respectively, will be injected into the channel. Label-free SERS
sensing of crystal violet at various concentrations will demonstrate efficacy of the SERS-active

substrate within a microfluidic channel.

Specific Aim 3: Explore Chelation of Toxic Metals by 4’-Aminobenzo-18-Crown-6

Once device utility for SERS sensing has been demonstrated, the chelation of toxic
metals will be explored in multiple solutions. The metal ions which crown ether 4’-aminobenzo-
18-crown-6 (AB18C6) binds in both 1:1 dimethylsulfoxide (DMSO):DI water and 1:3 DMSO:DI
water will be determined using UV-Vis spectrophotometry. Metals will be selected for further
study based on how well they are chelated by AB18C6. Fluorescence spectroscopy will be
performed on AB18C6 chelating selected metals, and concentration-dependent studies will be

performed with both UV-Vis spectrophotometry to explore the possibility of using fluorescence
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and UV-Vis to inform SERS quantification of toxic metals, or as possible dual sensing strategies

in conjunction with SERS.
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CHAPTER II

OPTIMIZATION OF SILVER NANOPARTICLE FORMATION FOR SURFACE-
ENHANCED RAMAN SPECTROSCOPY WITH A 532-NM LASER

Text for Chapter Il taken from:
Cook AL, Haycook CP, Locke AK, Mu RR, Giorgio TD. Optimization of Electron Beam-

Deposited Silver Nanoparticles on Zinc Oxide for Maximally Surface Enhanced Raman
Spectroscopy. Nanoscale Advances. 2021. 3. 407-417. DOI: 10.1039/DONA00563K°!

ABSTRACT

Surface enhanced Raman spectroscopy enables robust, rapid analysis on highly dilute
samples. To be useful, the technique needs sensing substrates that will enhance intrinsically
weak Raman signals of trace analytes. In particular, three-dimensional substrates such as zinc
oxide nanowires decorated with electron-beam deposited silver nanoparticles are easily
fabricated and serve the dual need of structural stability and detection sensitivity. However, little
has been done to optimize e-beam deposited silver nanoparticles for maximal surface
enhancement in the unique dielectric environment of the zinc oxide substrate. Herein, fabrication
and anneal parameters of electron beam-deposited silver nanoparticles were examined for the
purpose of maximizing surface enhancement. Specifically, this work explored the effect of
changing film thickness, deposition rate, anneal temperature, and anneal time on the surface
plasmon resonance of Ag nanoparticles. In this study, multiple sets of fabrication and annealing
parameters were discovered that optimized surface plasmon resonance for maximal enhancement
to Raman signals acquired with a 532-nm laser. This work represents the first characterization of
the fabrication and annealing parameters for electron beam-deposited silver nanoparticles on zinc

oxide.
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INTRODUCTION

There is an unmet multidisciplinary need for bioanalytical techniques that can perform
analyses on small volumes of highly diluted specimens with minimum sample preparation.
Applications such as the detection of toxic metals,®%%-%* other pollutants or contaminants,*>%
circulating tumor cells,® bacteria,® or viruses!®* benefit from fast and reliable molecular
sensing. State-of-the-art tools used for these purposes such as high-performance liquid
chromatography, mass spectrometry, and enzyme-linked immunosorbent assays commonly
involve expensive reagents, large sample volumes, skilled technicians and frequently have low
throughput rates. In addition, such tools are often plagued by limited differentiation among
chemically or biologically similar analytes.%2-1%4 Raman spectroscopy is an attractive technique
that addresses some of the limitations of other approaches because it provides a unique
spectroscopic “fingerprint” of the biomolecular and biochemical composition of specimens,
potentially offering effective detection of analytes in minutes or seconds.%®1% Raman also
exhibits portability and facile function, as demonstrated by its use in forensic fields such as
explosives identification.%® However, Raman scattering has a small optical cross-section, with
only one in 10° — 108 photons being Raman scattered, limiting its usefulness for trace analyte
sensing. Surface-enhanced Raman spectroscopy (SERS), however, can significantly enhance
intrinsically weak Raman signals, enabling reliable, efficient, and non-destructive detection of
highly dilute analytes.

It is well-known that there are two mechanisms principally responsible for the
enhancement effects in SERS: an electromagnetic mechanism resulting from localized surface
plasmon resonance (LSPR) and a chemical mechanism resulting from charge transfer between
analyte and metallic nanostructure.1-1!! To take full advantage of the dominant electromagnetic

mechanism of surface enhancement, it is necessary that the nanoparticles be spatially dense, to
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make use of “hotspots” in the gaps between nanoparticles.!*?!3 For these reasons, much
attention has been devoted to the use of metallic nanoparticles for incorporating SERS into
various sensing system solutions. However, the expansive parameter space controlling SERS
performance requires further investigation to effectively design sensors that provide optimal
surface enhancement of intrinsically weak Raman signals.

Silver (Ag) is among the most commonly used metals for SERS-based sensing, due to
strong Ag plasmon resonance in the visible region'#!> and facile synthesis.!*® Many Ag
nanostructures have been explored for SERS-based sensing, which fall into two basic categories:
(1) colloidal nanostructures and (2) nanostructures on solid surfaces.!!” Colloidal nanostructures
offer high sensitivity due to the ability to easily generate a large sensing surface area. However,
due to random suspension of particles in free solution, colloidal nanostructures lack stability, and
thus can affect measurement reproducibity. Conversely, nanostructures fabricated onto solid
surfaces can possess great structural stability, resulting in greater measurement reliability.
However, this stability comes at the cost of reduced sensitivity compared to colloidal paradigms
due to lower surface area. This cost can be mitigated by fabricating inherently three-dimensional
(3D) sensing substrates, as described in our previous work.!*® There are several methods of
fabricating metallic nanoparticles onto a solid substrate that generally fall into two categories:
chemical fabrication and physical deposition. Physical deposition techniques such as electron
beam (e-beam) deposition facilitate formation of densely arranged Ag nanoparticles, enabling
use of “hot-spots” between nanoparticles.!*® However, these techniques do not easily lend
themselves to control of nanoparticle properties that affect LSPR. In the case of chemical
fabrication, techniques such as hydrothermal growth are used to fabricate nanoparticles directly

on the sensing surface.?’ While these techniques are more easily implemented and easier to
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control than physical deposition, they usually result in lower surface coverage by nanoparticles,
reducing the impact of inter-particle hotspots. Therefore, by exploring the fabrication parameters
that affect nanoparticle formation in physical deposition paradigms, greater control over
nanoparticle formation can be implemented.

Recent research has illuminated multiple strategies for realizing 3D templates for SERS-
active substrates, including anodized aluminum oxide,*?! porous silicon,*? electrospun
polymers,'? silicon nanowires,'?* and zinc oxide (ZnO) nanowires,*?° among others. ZnO, in
particular, is an attractive material for fabricating 3D SERS substrates. ZnO is a biocompatible!?®
wide direct-bandgap semiconductor with a band-edge emission of 3.3 eV and a high exciton
binding energy of 60 meV, making it electronically stable at room temperature.’*'2 The
semiconducting nature of ZnO also enables charge transfer between the ZnO and Ag,*?’
increasing surface enhancement over strategies that rely solely on the electromagnetic
mechanism. Crystalline ZnO is also transparent to visible light,*?® which reduces absorptive loss
of light when acquiring spectra through the substrate as we did in our previous work.*®
Additionally, ZnO possesses a large refractive index of approximately 2.0 in the visible region,
which aids in the confinement of light.*?>13 Combining these characteristics with the atomically
smooth and highly faceted hexagonal single-crystal structure of the nanowires allows for wave-
guiding of light, which can reduce signal loss due to light scattered away from the detector.*3!

Previously, we prepared ZnO nanowires decorated with Ag nanoparticles for sensing
soluble analytes. This sensing paradigm yielded an estimated six orders of magnitude surface
enhancement of the Raman signal for crystal violet (CV, CCDC # 137090), melamine, and
adenine.!!® Performance of this sensor was likely reduced because the Ag nanoparticles, with a

plasmon peak at ~460 nm, were not optimal for SERS with the 532-nm laser used. We also did
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not explore the sensor performance as a function of Ag deposition parameters that are likely to
influence SERS amplification mechanisms. Through this study, Ag-decorated ZnO nanowires
demonstrated potential for effective sensing of trace analytes, which can be realized by
examining the effect of fabrication and anneal parameters on surface plasmon resonance.

Parameters that can be manipulated during e-beam deposition of Ag and significantly
impact the Raman enhancement include film thickness and deposition rate. Film thickness, in
general, changes the shape and surface coverage of metallic nanostructures which changes LSPR
characteristics of the film. By consequence, these changes modulate the magnitude of surface
enhancement. Other research groups have explored how Ag nanoparticle plasmon resonance
changes with film thickness in e-beam deposited*®? and sputtered*3® systems, but in neither of
these works were nanoparticles deposited on a ZnO layer, which can significantly impact
plasmon resonance as part of the dielectric environment of the nanoparticles. Also, while the
effects of Ag film thickness on LSPR has been explored in some way, little attention has been
devoted to the effects of Ag film deposition rate on plasmon resonance, even though deposition
rate has a known effect on the structural properties of metallic films.*3* Furthermore, thermal
annealing following deposition changes the nanoparticle size and shape through Ostwald
ripening.'® Since nanoparticle geometry and dimension are important drivers of plasmon
resonance, thermal annealing offers an additional strategy for optimization of SERS sensing.
Thermal annealing occurs as a result of two independent parameters: anneal temperature and
anneal time.

In this work, four independently selectable parameters that influence Ag nanoparticle
formation and presentation on ZnO were quantitatively controlled. These parameters, namely

film thickness, deposition rate, anneal temperature, and anneal time were examined to assess
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their impact in modulating surface plasmon resonance. The functional consequences of these
fabrication parameters were comparatively assessed using surface-enhanced Raman spectra that
were acquired from crystal violet deposited onto each substrate. We aim to discover fundamental
fabrication principles and sensor characteristics that will advance the design of maximally

sensitive SERS devices based upon e-beam deposited Ag nanoparticles on a ZnO substrate.

EXPERIMENTAL

Substrate Preparation

Glass slides (Fisherbrand® Plain Microscope Slides) were cut into 80 1-cm? substrates
with a diamond saw and cleaned by sonication sequentially for 10 minutes each in 1% aqueous
Alconox® solution, deionized (DI) water, acetone, methanol, and again in DI water. Onto these
substrates, a 100 nm ZnO layer was deposited via e-beam deposition at a rate of approximately
0.1 A/s to ensure even deposition of Zn and O. As demonstrated by Figure A.1. Masks were cut
from aluminum foil large enough to completely cover the substrates, with a square cutout ~0.2
cm to a side, allowing a Ag film to be deposited on only a small portion of each substrate. After
each film was deposited, the masks were shifted so that the cutouts exposed a new portion of
each substrate, and a new film was deposited. This process was repeated nine times, for nine
different Ag film thicknesses fit on each substrate, as illustrated by Figure A.1. Ag thin films
were deposited over a range of 1 nm to 9 nm film thicknesses, in 1 nm increments, hereafter
referred to as T1 — T9. The 80 substrates were divided into two groups of 40 substrates, as shown
in Figure 11.1. These two groups, hereafter referred to as Group A and Group B, were deposited

with Ag thin films at rates of 0.1 and 0.3 A/s, respectively. All Ag films in Group A were
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Figure 11.1: Schematic of substrates used for parameter exploration.
Substrates deposited with 9 different Ag film thicknesses and separated into
two rate groups (A and B). In each group, substrates are annealed over a range
of times (15 — 150 min) and temperatures (50 — 400 °C)

deposited at rates of 0.1+ 0.002 A/s and all Ag films in Group B were deposited at rates of 0.3 +
0.018 AJs. It is well known that when material from a point source is deposited onto substrates
affixed to a flat plate, deposition rates fall off with axial distance from the source. This results in
varying film thickness as a function of axial distance, defined by Equation (11.1):
_3
tg = ll + (Rio)zl " (1.2)

In this equation, tq represents the film thickness at distance d from the axis defined by the point
source and Ro represents the distance from the source to the plane of deposition. Ro was
measured to be 27 cm and the axial distance d of substrates farthest from the source was
measured to be ~4.5 cm. Thus, the largest variation in film thickness was ~4% of the target
thickness. All e-beam depositions were performed at pressures below 6.7 mPa.

Following the deposition of silver, the substrates were annealed at various temperatures:
50, 100, 200, 300 and 400 °C. At each temperature, different substrates were annealed at times:

15, 30, 60, 90, 120, and 150 minutes, providing a substrate from each deposition rate group (2
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groups) with every anneal temperature (5) and time (6), producing 2 x 5 x 6 = 60 uniquely
fabricated and annealed substrates and 1 unannealed control, each presenting T1 through T9 film

thicknesses for a total of 549 different substrates.

Optical Characterization Techniques

Scanning electron microscopy (SEM) images, before annealing, were acquired of each
Ag film thickness from a random substrate to get a visual perspective on the changing Ag
nanostructure morphology as a result of changing film thickness. These images were acquired
using a Zeiss Merlin scanning electron microscope (Jena, Germany) in a plan configuration with
a 10 kV electron beam at a magnification of 400,000x and a working distance of 2.8 mm. The
average size of nanostructures was determined using Fiji image analysis of acquired SEM
images.t3137 The images were first converted to black-and-white via the Make Binary function
and noise was removed via the Despeckle function, in which each pixel is given the median
value of its 3x3 neighborhood. The area of the nanostructures were acquired via the Analyze
Particles function and area values that didn’t correspond to single nanostructures were removed.

Extinction spectra were acquired of each film thickness, on each substrate before and
after annealing, using a Hitachi U-4100 spectrophotometer integrating sphere to determine peak
surface plasmon resonance wavelength. Extinction spectra were obtained at a rate of 3 nm/s over
a range of 350 — 850 nm, with each substrate oriented facing away from oncoming light.

Raman spectra were acquired using a Thermo Scientific DXR Raman microscope
(Waltham, MA, USA). A 532 nm diode-pumped, solid state (DPSS) laser was used with a 10x
objective (Olympus, MPlan N Achromat, 0.25 NA) at a power of 10 mW as measured at the

objective turret. Focal plane was adjusted before each acquisition to maximize spectral intensity.

26



All substrates were placed in contact with a 25 pM aqueous solution of crystal violet (CV)
overnight. The substrates were then removed from the CV solution and air-dried. Five Raman
spectra were acquired from each substrate (T1-T9), along with five spectra of a portion on each
substrate without Ag, hereafter referred to as TO. Each Raman spectrum was the accumulation of
four background-subtracted spectra acquired over a range of 200-1800 cm-1, each taken with a 5
s exposure time. All Raman spectra were acquired with a 50 um pinhole aperture and a 900

grooves/mm grating.

Spectral Processing

UV-Vis spectra of the Ag films deposited on ZnO layers exhibit extinction from both Ag
and ZnO. While ZnO is largely transparent in the visible region, light extinction due to the ZnO
band edge occurs below approximately 380 nm. In order to accurately obtain Ag plasmon peak
information, absorptive contributions from ZnO were approximated and subtracted as illustrated
in Figure A.2. This method was chosen to minimize variation in ZnO signal induced by the
fabrication and anneal process, as illustrated by Figure A.3. To approximate ZnO absorptive
contributions, UV-Vis spectra from the T1 portions of each substrate were fitted to a tri-gaussian
equation, shown in Equation (11.2). In this fit, the first gaussian approximated the ZnO band-
edge contribution, the second approximated the ZnO visible contribution, and the third
approximated the Ag plasmon peak. T1 spectra were chosen for this task because of minimal
overlap between the Ag plasmon peak and the ZnO band-edge and because the plasmon peak
could be accurately approximated by a gaussian curve. Once fits to these spectra were
successfully obtained, the third gaussian was subtracted from the fit to arrive at an approximation

of the ZnO contribution to the spectra. This ZnO contribution for each substrate was then
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subtracted from the UV-Vis spectra for T1-T9 for each substrate. Finally, a cubic smoothing
spline, where Equation (11.3). is minimized, was fit to the resultant plasmon peaks to remove

noise, enabling accurate extraction of plasmon peak extinction, wavelength, and spread.

_(e—pp)? _(x—py)? _(x‘l‘f)z
F,(x) = ape 205 tfa,e 20 + aye 2% (11.2)
xmax (d25(x) )
AN bri=sGP+ -2 [ ( 0 )> dx (11.3)
i Xmin dx

In Equation (11.2), Fq is the gaussian fit, a is an arbitrary fit parameter, and 4 & o
represent the peak and root-mean-square width of the gaussian, respectively. Subscripts b, v, and
p denote the gaussian fitting of the ZnO band-edge, ZnO visible, and Ag plasmon contributions
to the spectrum, respectively. In Equation (11.3) 4 represents the smoothing parameter, y is the
set of observed extinctions at each wavelength, x is the set of wavelengths at which extinction is
measured, s is the smoothed function output of the equation, and Xmin & Xmax are the minimum
and maximum wavelengths of the spectrum, respectively. For this work, a smoothing parameter
A =0.003 was used. A smoothing spline was used to approximate the plasmon rather than a
gaussian because, while the plasmon peaks of thinner films could be accurately approximated by
a gaussian fit, the plasmon peaks of thicker films could not due to increasing asymmetry in the
peak. Spread was measured at the full width-half maximum (FWHM) of each plasmon peak
where possible. For several spectra, particularly of thicker Ag, the FWHM was sufficiently broad
to extend beyond the measured wavelength range and could not be determined. All processing of
UV-Vis spectra was performed in MATLAB.*? Energy dispersive x-ray spectroscopy had been
previously performed on similarly prepared SERS-active substrates, confirming the presence of

ZnO and Ag.!8
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Table 11.1: The benzene and non-benzene vibrational modes of the CV
peaks selected for analysis, with the CV molecular structure for reference

~ N -
Raman Band (cm?') Non-Benzene Vibrational Modes Benzene
Modes
420 6(C'Ccenter'c)/ 6(C'N'C)I 16a O cr
915 6(C'Ccenter'c) 12,17a O \
1592 8a \T \T/

Raman spectra were subtracted of their fluorescent background, estimated using 5-
degree polynomial fit. These spectra were then smoothed using a Savitzky-Golay filter. Each of
the five spectra acquired from each film thickness (T0-T9) on each substrate were averaged to
find a representative spectrum. Three CV Raman peaks at 420, 915, and 1592 cm™, tabulated in
Table 11.1 with their associated vibrational modes and the CV molecular structure, were selected
to provide specific, characteristic features for the estimation of enhancement factors (EFs). These
peaks were selected to interrogate EFs from each end of the measured spectra and one feature
near the middle of the spectra. The intensities of these peaks in the spectra for T1-T9 on each
substrate were divided by the intensities of the same peaks in the spectrum of TO on the same

substrate to arrive at EFs for each peak.

Statistical Analysis

All error bars represent standard deviation unless otherwise stated. Two-way analysis of
variance followed by Tukey’s and Sidak’s multiple comparison tests was performed for data
presented here as indicated, and statistical significance was defined as p < 0.05. Statistical

analyses were performed using Prism 7.04 (GraphPad Software).
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RESULTS & DISCUSSION

The surface plasmon peak of a distribution of Ag nanoparticles possesses three
characteristics that affect the level of enhancement: peak intensity, peak wavelength, and peak
breadth. Because surface plasmons enhance both incident light from the laser and Raman-
scattered light, surface enhancement is most effective when high plasmon extinction occurs at
both the laser line and across the range of wavelengths at which light is scattered. Thus, the
surface plasmon peak should be located near the laser line to maximize enhancement to incident
light, and the peak should be sufficiently broad to provide significant enhancement to Raman-
scattered light across the wavelength range of interest. In addition, plasmon intensity correlates
with enhancement factor, with higher plasmon intensities generally producing greater
enhancement for non-colloidal sensing substrates.®*® Surface plasmon peak intensity,
wavelength, and breadth are all influenced by nanoparticle size, size distribution, crystal
composition, proximity, and shape. These nanoparticle properties are modulated by deposition
thickness and deposition rate, and by anneal temperature and time, post-deposition. In this study,
we explore the combinatorial effect of these fabrication parameters on the surface plasmon peak
characteristics of Ag nanoparticle arrays and correlate these effects to changes in enhancement of
intrinsic Raman spectral intensity of CV. By doing so, we aim to facilitate the development of

optimized sensing substrates for maximally surface-enhanced Raman spectroscopy.

Effect of Film Thickness on Surface Enhanced Raman Spectroscopy

Increasing Ag film thickness was anticipated to intensify, broaden, and red-shift the plasmon
extinction peak due to increasing Ag surface coverage, increasing particle diameter, and

decreasing interparticle distance. However, the quantitative relationships that describe these
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Figure 11.2: SEM images of all film thicknesses (identified in white) for a
random substrate, with associated extinction spectra displaying peak

plasmon wavelength overlaid. The plasmon peak wavelength is identified in
yellow for each extinction spectrum.

effects as a function of film thickness have not been previously described. Furthermore, while
increasing intensity is correlated with increasing surface enhancement, for solid substrates,
maximizing enhancement requires proximity of the peak wavelength with the incident laser. In
addition, broadening the plasmon peak is only effective insofar as it maximizes plasmon
extinction across the wavelengths of interest. Therefore, we examined the relationships between
Ag film thickness and maximized surface enhancement through changes to nanostructure
morphology and plasmon peak extinction characteristics. SEM images were acquired from
Group A before annealing to explore the relationship between film thickness and nanostructure
morphology. These images, shown in Figure 11.2, reveal that Ag was deposited as small islands
that grow with increasing film thicknesses from 1 nm (T1) to approximately 5 nm (T5) and
become more film-like for depositions of 6 nm (T6) and greater. This change is likely due to

surface coverage approaching 100% as a result of increasing Ag mass per area. Extinction
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spectra are superimposed on each SEM image in Figure 11.2, confirming intensified and red-
shifted extinction with increasing film thickness. The symmetrical plasmon peaks observed
among the lowest Ag depositions (T1 — T4) are consistent with individual, spherical Ag
nanoparticles. The transition toward nanostructured thin films (T5 — T9) was accompanied by
increasingly exotic nanostructure shapes, associated with increasing asymmetry in the plasmon
peaks.

The UV-Vis spectra for all 9 film thicknesses on each of 40 substrates in Group A were
processed as described in the Experimental Section above to find peak extinction intensity,
wavelength, and breadth in each case. Plasmon extinction intensity increased with Ag film
thickness, as shown in Figure 11.3(a). Intensity increases approximately linearly for T1 — T5, but
begins to approach an asymptotic maximum for T6 — T9. The reduction in differential extinction
for high film thicknesses is confirmed by the lack of statistically significant differences between
T7 & T8 and T8 & T9 as compared to T1 — T6 in which each thickness group was significantly
different from every other thickness group. This change in behavior between thin and thick films
correlates with proximity-induced hotspots. When adjacent nanoparticles are within a few
nanometers of each other plasmonic coupling results in a hotspot between them, greatly
increasing plasmon extinction.**? For T1 — T5, plasmonic coupling between nanoparticles drove
the growth in plasmon extinction intensity as interparticle distances decreased, exhibited
byFigure 11.2. Beginning at T6 however, interparticle gaps ceased to decrease as Ag was
deposited. At that point, plasmon extinction intensity began to plateau, which is consistent with

Ag accumulation becoming the primary driver for increasing plasmon extinction.
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Figure 11.3: Scatterplots of plasmon peak (a) intensity (n = 40), (b)
wavelength (n = 40), and (c) FWHM (T1-T4:n=40,T5-T6:n=39, T7:
n =14, T8: n = 4) for each film thickness of substrates in Group A. Green
line and shaded region in (b) represent the laser line and fingerprint region,
respectively. All data shown with mean and standard deviation of each
group, *p <0.05 two-way ANOVA. Statistical significance of the FWHM of
7- and 8-nm films as compared to other films not shown due to an
insufficient number of data points to use a parametric test.

Plasmon peak wavelength red-shifted with increasing Ag film thickness, shown in Figure

11.3(b), from well below the laser line at an average of ~464 nm for 1-nm films, to well past the

laser line at an average of ~584 nm for 9-nm films. This redshift was likely due primarily to

increasing nanostructure size, which correlated with increasing film thickness (Figure 11.2).
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Nanostructures increased in size from an average of ~30 nm? for 1-nm films to an average of
~970 nm? for 9-nm films, as shown in Figure A.4. Unlike intensity, maximizing surface
enhancements requires proximity of the plasmon extinction peak and the laser wavelength,
illustrated by the green line in Figure 11.3(b). The wavelength of peak plasmon extinction also
influences surface enhancement, as the efficiency of optical coupling is enhanced when the laser
line is near the plasmon peak. The closest alignment between peak extinction and the laser line
was at 517 nm for T4 and 548 nm for T5. Additionally, variability in peak wavelength generally
increased as films thickened, with standard deviation growing from 4.2 nm for 1-nm films to as
much as 17.3 nm for 8-nm films. We speculate that this behavior is associated with the
increasingly exotic nanostructure shapes associated with increasing film thickness.

Maximal surface enhancement requires LSPR with both incident laser light and wave-
shifted scattered light. While enhancement is improved when the plasmon extinction peak is
close to the laser wavelength, the peak should also be sufficiently broad to enhance wave-shifted
scattered light across the fingerprint region which, for organic molecules, usually consists of
some portion of the region between 200 and 2000 cm™X. When a 532-nm laser is used to acquire
Raman spectra, this fingerprint region translates to 537.7 — 595.3 nm, illustrated by the shaded
region in Figure 11.3(b).*%1% Thus, the sensing approach aims for a plasmon wavelength range
that usefully overlaps with the entire spectral region of interest. To estimate breadth of the
plasmon peak, the FWHM was determined where possible. FWHM of the plasmon peaks
correlate with film thickness and range from ~104 nm for 1-nm films to more than 400 nm for 8-
nm films, as shown in Figure 11.3(c). While this phenomenon provides a greater wavelength
range with the potential for useful sensing at the largest deposition thicknesses, it complicated

our ability to accurately characterize the FWHM. For substrates with T5 and T6 film thickness, a
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Figure 11.4: Raman spectra of CV deposited on each film thickness for
substrates (a) unannealed, (b) annealed at 50 °C for 60 min, and (c)
annealed at 200 °C for 60 min.

FWHM could be calculated for 39/40 spectrums. For T7, a FWHM could only be calculated for
14/40 spectra. For T8, a FWHM could only be calculated for 4/40 spectra, and for T9, no
FWHM’s could be calculated. This phenomenon correlated with the increasing asymmetry of the
plasmon peaks as films transitioned from individual nanoparticles to nanostructured films, shown
in Figure 11.2. This increasing asymmetry was beneficial for maximizing surface enhancement
due to greater plasmon resonance across the fingerprint region.

Analyses of individual plasmon characteristics indicated that the film thickness required
to produce maximal surface enhancement would optimize the balance among plasmon extinction
intensity, peak proximity to the laser line, and extinction intensity across the fingerprint region.
Because these plasmon extinction characteristics interact in non-obvious ways to influence the
overall Raman spectra enhancement, SERS spectra of CV adsorbed onto the Ag films were
acquired and shown in Figure 11.4(a) to characterize the role of film thickness on surface
enhancement. CV possesses multiple strong Raman peaks, tabulated in Table A.1 with their
associated vibrational modes, across a large portion of the fingerprint region,'* Very little

enhancement was observed for T1 — T4, with the T4 film resulting in less than 5-fold
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enhancement across the fingerprint region as compared to the TO spectrum. This inconsequential
enhancement likely resulted from a combination of low plasmon intensity (Figure 11.3(a)),
inefficient coupling between the plasmon peak and the laser line (Figure 11.3(b)), and
insufficient peak breadth to enhance wave-shifted light across the fingerprint region. However,
enhancement notably increased starting at T5, with up to 15.8-fold enhancement as compared to
the TO spectrum at 1592 cm™. Maximal enhancement was found to occur for the T7 film, with up
to 25.7-fold enhancement across the fingerprint region at 1592 cm™, before decreasing with T8
and T9 films. The diminished enhancement for the thickest Ag films is correlated with an
increasing departure from the laser line due to red-shifting peak plasmon extinction (Figure
11.3(b)) accompanied by decreasing rate of plasmon extinction intensification (Figure 11.3(a)).
These results are non-obvious when assessing plasmon peak characteristics individually,
illustrating the value in analyzing relationships between these characteristics in light of how they
influence surface enhancement. These results demonstrate that film thicknesses of 5 nm or
greater provide the best surface enhancement, peaking with 7 nm film thickness. Thus, continued

analysis focused on thicker films of 5 nm and above.

Effect of Annealing on Surface-Enhanced Raman Spectroscopy

Following the analysis of deposition thickness, substrates were annealed to explore the
effect of annealing temperature and time on plasmon extinction characteristics, toward
additionally maximizing surface enhancement. From Group A, 31 substrates from Group A were
chosen for this analysis, with the remaining 9 held in reserve should they be needed. Of the 31
substrates, one was set aside as an unannealed control and the remaining 30 were annealed at

five temperatures in the range of 50 — 400 °C for six anneal times in the range of 15 — 150 min.
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Figure 11.5: Heat map of the enhancement factors of T5 — T9 for 420, 915,
& 1592 cm* peaks across all anneal temperatures & times along with the
unannealed control.

Raman spectra were acquired of CV adsorbed onto Ag films after annealing, examples of which
are presented in Figure 11.4(b,c). As with the pre-anneal spectra in Figure 11.4(a), film
thicknesses of 5 — 9 nm provided the best surface enhancement for both annealed substrates
presented in Figure 11.4(b,c), peaking at 7 nm. However, the difference in surface enhancement
between 7 nm and 5 or 9 nm films is much less pronounced for the annealed substrates than the
unannealed substrate. Thus, annealing can be used to obtain near-maximum surface enhancement
over a range of film thicknesses. Such flexibility in deposition thickness may be especially useful
for three-dimensional sensing substrates such as ZnO nanowires. In such cases, thicker films
may over-fill interwire gaps, reducing effective surface area. Because maximal surface
enhancement results in part from enhancement of Raman-scattered light across the fingerprint
region, three CV peaks at 420, 915, and 1592 cm™ as identified in Figure 11.4(a) were chosen to
quantitatively assess enhancement at multiple points that span the fingerprint region. The

enhancement of these peaks was calculated for T5 — T9 at each anneal temperature and time.
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These enhancements appear as a heat map in Figure 1.5, where red shading indicates increased
enhancement. Annealing produced substantial impact to surface enhancement, but in ways that
are nonlinear with respect to time and temperature. Annealing conditions generated changes to
surface enhancements ranging from less than 3% to almost 3000% of the unannealed surface
enhancement. Clearly, the selection of annealing parameters measurably impacts the
performance of these sensors. Figure 11.5 reveals that annealing at 400 °C for even a short time
drastically reduced surface enhancement across the board, indicating an upper temperature limit
for this sensing paradigm well below 400 °C. Further examination of Figure I1.5 reveals that in
general, the anneal time required to maximize surface enhancement decreased as anneal
temperature increased. At 50 °C, maximizing enhancement required 120 min while at 100 °C,
enhancement dropped off significantly after annealing 90 min. At 200 °C, enhancement was
strongest when annealed from 15 — 60 min. Two of these anneal temperatures, 50 °C and 200 °C,
produced particularly strong results toward maximizing surface enhancement, motivating closer
examination.

Enhancement factors for the five film thicknesses were averaged for each anneal time at
each temperature and plotted in Figure 11.6. The relative strength of enhancement between the
two anneal temperatures varies across the three CV peaks, indicating the necessity of
investigating enhancement across the entire fingerprint region. For instance, annealing at 30 °C
resulted in opposing enhancement trends for the two anneal temperatures. Relative enhancement
decreased farther away from the laser wavelength when annealed at 200 °C while it increased
away from the laser wavelength when annealed at 50 °C. Among this variability, two anneal
times produced consistently strong surface enhancement at these temperatures: 60 min at 200 °C

and 120 min at 50 °C.
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This study seeks to not only describe the deposition and annealing parameters that result
in maximal surface enhancement, but also relate these results to changes in plasmon extinction
characteristics effected by those fabrication parameters. To this end, changes to plasmon
extinction characteristics for all five effective film thicknesses (T5 — T9) due to annealing at 50

and 200 °C were plotted in Figure 11.7. Annealing at 200 °C caused the plasmon intensity of all
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five film thicknesses to decrease steadily with increasing anneal time. In addition, annealing for
15 min or more at 200 °C blue-shifted the plasmon peaks. Annealing for 60 min slightly red-
shifted the peaks, which blue-shifted again at higher anneal times (> 90 min). This blue-shifting
behavior is consistent with increasing nanostructure uniformity due to Ostwald ripening,
reducing the exotic nature of nanostructure shapes. FWHMSs followed a similar behavior as peak
wavelengths, with a short anneal time narrowing the plasmon peaks. These plasmon peaks
widened slightly when annealed for 60 min before narrowing again beyond 90 min. These
observations agree with the results in Figure 11.6, indicating that annealing at 200 °C generated
the best combination of plasmon intensity, peak wavelength, and peak width at 60 min of anneal
time.

Annealing at 50 °C for less than 60 min reduced peak intensity that rebounded for anneal
times of 60 — 120 min. Peak wavelength blue-shifted slightly following annealing for less than
60 min at 50 °C before subsequent red-shifting for annealing times of 60 — 120 min. FWHMs for
5- and 6-nm films were increased with increasing anneal time. These results agree with the
results in Figure 11.6 that indicate an optimum anneal time of 120 min at 50 °C. We anticipate
that deposition and dewetting kinetics differ between the ZnO films used in this work and ZnO
nanowires often utilized in 3D SERS substrates. However, this work expedites future
nanoparticle optimization by narrowing the window of parameters values to explore in future

works involving ZnO nanowires.

Effect of Deposition Rate on Surface Enhanced Raman Spectroscopy

Deposition rate had a significant impact on plasmon peak wavelengths, with films

deposited at 0.3 A/s exhibiting significantly red-shifted peaks compared to a deposition rate of
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0.1 A/s for each film thickness examined, excepting 7 nm, as shown in Figure A.5(b). We
hypothesize that this behavior can be explained by rate-induced differences in the crystal
structure of Ag nanoparticles, as deposition rate has been shown to effect such crystal properties
as grain size, dislocation density, and twin boundary density in metallic nanostructures.** These
results suggest that the plasmon characteristics of e-beam deposited Ag films are sensitive to
deposition rates, as small changes can have a significant impact on important physical
characteristics of the nanoparticles. These results also clearly indicate the trade-off between
degraded sensor performance and the reduced deposition time achieved at elevated deposition
rate.

While there was no significant difference in terms of enhancement in the unannealed
controls between Groups A (0.1 A/s) and B (0.3 A/s), Figure A.6 demonstrates that annealing
the substrates in Group A generally produced more surface enhancement than Group B, across
all film thicknesses, and anneal temperatures/times. This suggests that rate-induced differences
in the crystal structure of Ag nanoparticles impacts annealing-induced effects on surface
enhancement. This observation further emphasizes the important impact of deposition rate on the
physical characteristics of Ag nanoparticles and the resulting surface enhancement of the
structure.

Several combinations of fabrication and anneal parameters maximize surface
enhancement by optimizing plasmon extinction. This study substantially improves the potential
for fabricating high-performance sensors through elimination of fabrication parameters that yield
low-enhancement materials. Importantly, these results demonstrate that maximal surface
enhancement can be achieved by multiple different fabrication strategies. For instance, 2D

sensing surfaces where film thickness does not impact device function have the best
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enhancement with a 7 nm thick surface deposited at 0.1 A/s and annealed at 200 °C for 60 min.
However, for 3D sensing surfaces such as the ZnO nanowire-based structure described in our
previous work,''8 a thicker sensing surface could reduce device functionality by over-filling the
spaces between nanowires, thereby reducing effective surface area. In such cases, a film
approximately 5 nm thick, deposited at 0.1 A/s and annealed at 200 °C for an hour is predicted to
provide near-maximal surface enhancement without sacrificing sensing surface area. Another
consideration is the substrate on which such nanostructures are fabricated. Many sensing
strategies utilize substrates with high melting points such as glass or fused silica. In such cases,
annealing at 200 °C is not problematic. However, increasing attention has been devoted in recent
years toward fabricating SERS-active structures on flexible substrates made of materials like
polyvinyl alcohol (PVA),#14¢ poly(dimethylsiloxane) (PDMS),**’ or polyvinylidene fluoride
(PVDF).*8 In such cases substrates, even temperatures as low as 100 °C can have an undesirable
effect on the substrate itself, such as increasing brittleness. For such device designs, excellent

surface enhancement can be achieved by annealing substrates at 50 °C for 120 min.

CONCLUSIONS

This study provides guidance for the fabrication of sensors with maximal SERS
enhancement excited with a 532-nm laser through e-beam deposited Ag nanoparticles on ZnO. 7-
nm Ag films possess the optimal combination of plasmon peak intensity, wavelength, and
breadth for maximal surface enhancement with a 532-nm laser. When 7-nm films are untenable,
films as thin as 5 nm still provide near-maximal surface enhancement. We demonstrated that
annealing at temperatures up to 200 °C for one to two hours further improved surface

enhancement, but annealing at 200 °C for one hour or 50 °C for two hours resulted in the greatest
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increase to surface enhancement. Lastly, we discovered that Ag deposition rate significantly
influences surface plasmon extinction peak characteristics. Increasing deposition rate from 0.1 to
0.3 A/s resulted in decreased surface enhancement at all anneal times and temperatures, making
0.1 A/s the clearly preferable deposition rate. The results presented in this study fill a vital need
for guidance in determining fabrication and annealing parameters for maximal SERS with e-
beam deposited Ag nanoparticles with a 532-nm laser. We presume that similar fabrication
relationships control the performance of other SERS substrates based on metal nanoparticles.
This is the first report to begin to explore the impact of fabrication choices on the performance of
a specific SERS sensor, but lays the groundwork for the assessment of similar phenomena in

other Raman sensing approaches.
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CHAPTER IlI

A FACILE METHOD TO FABRICATE SILVER-DECORATED ZINC OXIDE NANOWIRES
INSIDE MICROFLUIDIC CHANNELS FOR SURFACE ENHANCED RAMAN
SPECTROSCOPY

ABSTRACT

Surface-enhanced Raman spectroscopy (SERS) performed in microfluidic technology
offers multiple benefits to sensitive and reliable detection of dilute analytes. Physical deposition
of metallic nanoparticles by techniques such as electron beam deposition result in dense
populations of nanoparticles and hotspots between nanoparticles for sensitive detection, but
complicate channel fabrication. This work demonstrated a simplified approach to physical
fabrication of a SERS-active substrates inside a poly(dimethylsiloxane) (PDMS) microfluidic
channel. Direct growth of zinc oxide nanowires on the inner PDMS wall and e-beam deposition
of silver to coat the nanowires, before bonding to glass, allowed for label-free SERS sensing of
analytes within a fluid through a thin PDMS wall, as successfully demonstrated for micromolar
concentrations of crystal violet and melamine with minimal spectral interference from the

PDMS-based channel.

INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) integrated with microfluidic technology
offers reduced sample consumption and reaction time, high detection efficiency, and portability
as compared to state-of-the-art detection paradigms.'*® This integration is primarily pursued
through either colloidal solutions’>**° or stationary substrates.*®*%3 Injection of SERS-active

colloids can provide efficient sensing and heat-dissipation, although this technique often suffers
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from random aggregation, resulting in reduced reproducibility and poor mixing due to
predominantly laminar flow in microfluidic channels.'>* Stationary substrates offer greater
stability and reproducibility, although they are often less efficient than colloidal strategies
because stationary substrates cannot be dispersed within sample fluids.>*"

SERS-active substrates based on nanowires decorated with metal nanoparticles such as
silver (Ag) or gold (Au), can minimize the drawbacks associated with both strategies described
above when fabricated within a microfluidic channel. They offer stability and reproducibility
similar to stationary substrates, but can also offer the sensing efficiency of colloidal strategies
due to their inherent 3-dimensional architecture.''8120 Metal-decorated zinc oxide (ZnO)
nanowires are an attractive platform for SERS sensing. ZnO is a biocompatible!?® wide direct-
bandgap semiconductor with a band-edge emission of 3.3 eV and a high exciton binding energy
of 60 meV,"*?6 making ZnO nanowires electronically stable at room temperature.’ In addition,
ZnO has been demonstrated to increase surface enhancement due to charge transfer between
ZnO and Ag.*?” ZnO nanowires are also transparent to visible light,? allowing propagation of
light through the wires. This is ideal for Raman spectra acquired through the substrate as is
necessitated by microfluidic technology. Additionally, ZnO possesses high electron mobility**®
and a large refractive index of approximately 2.0 in the visible region.*?>*3® Combining these
characteristics with the atomically smooth and highly faceted hexagonal single-crystal structure
of ZnO nanowires can reduce signal loss to scattering through waveguiding light.”

During the fabrication of SERS-active microchannels, stationary substrates such as the
Ag-decorated ZnO nanowires are During the fabrication of SERS-active microchannels,
stationary substrates such as the Ag-decorated ZnO nanowires are usually fabricated on the glass

wall of the channel. This is done to avoid spectroscopic interference by commonly used
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polymers such as poly(dimethysiloxane) (PDMS), which has its own strong Raman spectrum.
ZnO nanowire fabrication on glass lends itself to in situ fabrication techniques like hydrothermal
growth and electroplating after microchannel fabrication. In particular, metal-decorated ZnO
nanowires can be easily fabricated in situ hydrothermally,***-'%8 however hydrothermal
fabrication typically results in sparse metal nanoparticle formation.®® In contrast, electron beam
(e-beam) deposition as a physical technique forms denser nanoparticle distributions, >
resulting in higher surface enhancement due to proximity-induced hotspots between
nanoparticles.'>® However, one major drawback is that physical deposition of nanoparticles
necessitates ex-situ SERS substrate fabrication on glass, prior to microfluidic channel bonding.
Thus, requiring additional fabrication steps such as the careful alignment of the PDMS
microchannel with the glass to ensure proper positioning of SERS substrates. Additional
alignment steps limit flexibility of microchannel design,*®* making it less ideal for the production
of large numbers of disposable sensors. Fabricating SERS substrates directly into PDMS
microchannels before bonding with glass as illustrated by Figure 111.1 eliminates the need to
align glass with the PDMS microchannel during bonding, simplifying the microchannel
fabrication process and facilitating production of sensitive SERS-based microfluidic sensing
devices.

In this study, we demonstrated that a ZnO nanowire substrate decorated with e-beam
deposited Ag nanoparticles can be simply fabricated within a PDMS microchannel ex-situ
without requiring an alignment step to complete microchannel fabrication. Furthermore, we
demonstrated that trace chemical and biological analytes can be detected through a PDMS
microchannel wall through careful optimization of device design and analysis of SERS optical

signals.
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Figure I11.1: Illustration of the cross-section of a microchannel integrated
with an Ag/ZnO nanoprobe fabricated on the PDMS.

In this study, we demonstrate that a ZnO nanowire substrate decorated with e-beam
deposited Ag nanoparticles can be simply fabricated within a PDMS microchannel ex-situ
without requiring an alignment step to complete microchannel fabrication. Furthermore, we
demonstrate that trace chemical and biological analytes can be detected through a PDMS
microchannel wall through careful optimization of device design and analysis of SERS optical

signals.

EXPERIMENTAL

Physical deposition of silver on ZnO nanowires were performed using the e-beam
deposition parameters identified in our previous work.”! First ZnO seeds were deposited on
PDMS substrates and channels prior to nanowire growth and Ag e-beam deposition as described

below.

Zinc Oxide Seed in PDMS Channel

SERS-active nanostructures were fabricated directly into the channel, such that they
would reside on the roof of the channel as shown in Figure 111.1. Like PDMS substrates,

microchannels were fabricated from PDMS via soft lithography with Sylgard 184® (Dow
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Corning, Batch #H0471CL055) which consists of a liqguid PDMS base and a curing agent. A
microchannel master was designed in AutoCAD® 2017 as a mold for PDMS microchannels and
machined from aluminum. The base and curing agent were mixed at a 10:1 ratio and poured over
the base. After which, the solution was placed in a vacuum chamber at ~25 mmHg until all
bubbles were removed from the solution. The lid was fitted onto the base before the dish was
placed in the oven at 90 °C for two hours to cure the PDMS, after which the dishes were
removed and allowed to cool at room temperature. After cooling, the master was cut away from
the surrounding PDMS and the microchannels were extracted.

PDMS microchannels were cleaned with the ALD-AMD method*'® which consists of
submerging it in a 1% Alconox® solution, deionized (DI) water, acetone methanol, and DI
water, sequentially. At each step, the substrates were sonicated for 10 minutes. After this
cleaning process was completed, the substrates were dried using nitrogen gas. For each
microchannel, Kapton tape was used to mask the PDMS surface containing the channel so that
only the channel was exposed. Microchannels were then mounted in a sputter deposition system
(Angstrom Amod Multimode Deposition Chamber) and ZnO was deposited in the channel. ZnO
was sputtered to ensure ZnO deposition on all sides of the channel, thereby preventing the
hydrophobicity of PDMS from impacting hydrothermal nanowire growth. The channels were
annealed at 100 °C overnight to improve ZnO seed surface morphology to improve nanowire

growth.

Zinc Oxide Seed on PDMS Substrates

PDMS substrates were fabricated for two purposes in this work. Firstly, it was necessary

to explore the effect of PDMS thickness on the Raman surface enhancement in order to inform
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the design of the PDMS channel used in this work. Secondly, thin PDMS substrates were
fabricated to demonstrate effective SERS of melamine through PDMS. These substrates were
designed to mimic the thickness of the PDMS channel wall through which spectra of crystal
violet were acquired.

To explore the effect of PDMS thickness on Raman surface enhancement, bare ZnO
nanowires and Ag nanoparticle-decorated ZnO (Ag/ZnO) nanowires were fabricated on thick
and thin PDMS substrates, measured after fabrication to be ~1.0 mm and ~0.17 mm thick,
respectively. The PDMS substrates were fabricated via soft lithography with Sylgard 184®. Two
different volumes of PDMS were poured into petri dishes to obtain thick and thin substrates.
The dishes were placed in an oven The PDMS was cut into squares of approximately 1 cm x 1
cm. The substrates were cleaned via the ALD-AMD method.!!® Cleaned substrates were
mounted in an e-beam deposition chamber. The chamber was pumped down to a vacuum of 5 x
10 Torr and a 100 nm ZnO seed layer was deposited at a rate of ~0.1 A/second. PDMS
substrates were mounted in a plan configuration throughout ZnO deposition.

For each PDMS substrate thickness, Raman spectra of crystal violet were acquired
through Ag/ZnO and bare ZnO nanowires, to compare SERS and non-SERS spectra. From these
spectra enhancement factors were calculated as described in our previous work.'!8 Crystal violet
was chosen for this purpose to facilitate detection due to its multiple strong Raman peaks where
the PDMS Raman signal is weak. Based on the results acquired by this interaction study, a
microchannel master was designed to minimize PDMS influence upon SERS detection of
analytes. With this master, microchannels were fabricated with soft lithography and Ag/ZnO

nanowires were fabricated inside the microchannel. Comparative studies were performed
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between SERS and non-SERS spectra for crystal violet to assess enhancement of crystal violet’s
Raman signal.

To demonstrate SERS through PDMS, substrates were fabricated with controlled
thickness by pouring PDMS between two glass slides with a single layer of 0.15-mm thick
carbon tape as a spacer. The same soft lithography process was followed as for channels, and a
ZnO seed was deposited via e-beam as discussed above.

There was also concern that the ALD-AMD cleaning method would change the Raman
spectrum of the PDMS by introducing solvents into the PDMS. Curling of the substrates was
observed after the cleaning process due to the presence of acetone and methanol. To address this
concern, nine Raman spectra were acquired of a single PDMS substrate before cleaning and
averaged. After cleaning, Raman spectra were acquired at the same locations as before and

averaged

Zinc Oxide Nanowire Growth

The ZnO nanowire growth process is similar to that described in previous work.%® ZnO
nanowires were grown hydrothermally. PDMS channels and substrates were submerged in a 20
mM equimolar solution of zinc acetate dihydrate (Sigma Aldrich, BCBM3068V) and
hexamethylenetetramine (Sigma Aldrich, MKBS8102V) in a Teflon reaction chamber. This
chamber was placed in a preheated oven at 95 °C for 2.5 hours, after which the chamber was
rapidly cooled under running water. The channels and substrates were washed of residual
organics with DI water, then placed in the oven at 105 °C for ~10 minutes to dry. Nanowires

were grown only where seed layer was deposited.
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Ag Nanoparticle Fabrication

ZnO nanowires on PDMS substrates were decorated with Ag nanoparticles via e-beam
deposition (Thermionics, 150-0040) as shown in Figure B.1. The nanowire substrates were
mounted on a glancing-angle deposition apparatus, which rotates azimuthally at an angle during
deposition. This angle was calculated by Equation (111.1) to maximize the area of nanowire
sides exposed to deposition while minimizing shadowing from adjacent nanowires. L, and Dn,
which are average nanowire length and spacing, were estimated to be 320 and 76 nm,
respectively. From these, an angle of 04ep= ~13° was calculated. The deposition chamber was
depressurized to ~5.0 x 10, at which point Ag was deposited at a rate of ~0.1 A/s to a nominal
film thickness of 10 nm while the stage was rotated. This resulted in an effective film thickness
~2.2 nm on the sides of the nanowires as calculated by Equation (I111.2), where tnom represents

the nominal film thickness and Gqep represents the angle of deposition specified above.

D
Baep = TAN™? (L—”> (11.1)
n
terf = thom Sin(edep) (11.2)

Due to equipment failures, Ag nanoparticles were deposited in PDMS channels via e-
beam deposition (Angstrom Amod Multimode Deposition System) as shown in Figure B.2. The
nanowire substrates were mounted with a Kapton-tape mask such that only the channel was
exposed on a stage at an angle of approximately 24° from the source crucible. The chamber was
pumped to a pressure of ~4.0 x 10" Torr. Ag was deposited at a rate of ~0.1A/s to a nominal film
thickness of 15 nm while the stage was rotated. This resulted in an effective film thickness (tef)
of ~6.1 nm. This effective film thickness is within the range of 5 —9 nm film thickness
demonstrated in our previous work®! to maximize SERS acquired with a 532-nm laser. The mask

was designed to allow Ag deposition only inside the channel. After deposition, the microchannel
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was heated to 50 °C for 2 hours to anneal the nanoparticles, which was shown in Chapter Il to

greatly increase surface enhancement.

Microfluidic Chip Fabrication

After fabrication of Ag-decorated ZnO nanowires inside the microchannels, holes were
punched at the inlet and outlet with a 2-mm disposable biopsy punch (Premier® Uni-Punch®)
and they were placed in a plasma oxidation chamber (Harrick Plasma PDC-001) for 4 minutes to
oxidize the PDMS surface. This enabled bonding to a glass slide (Fisherbrand® 12-550-A3).
Lastly, Tygon® tubing (ID: 0.020 in.; OD: 0.060 in.) was inserted at the inlet and outlet and

PDMS was used to seal the interface between PDMS and tubing.

Characterization Techniques

Scanning electron microscopy images of bare and Ag-decorated ZnO nanowires were
acquired with a Zeiss Merlin scanning electron microscope (Jena, Germany) in both plan and 45°
configurations. These images were used to visually inspect nanowire and nanoparticle
morphology. All image analysis was performed using ImageJ.

Photoluminescence (PL) spectra of ZnO nanowires were acquired to assess nanowire
crystallinity using a thermoelectrically cooled (-40 °C) CCD camera in a spectroscopy setup
(HORIBA Jobin Yvon LabRAM 800HR). ZnO nanowire emissions were excited using a 325-nm
He-Cd laser (Kimmon, 1 K series 200 mW, vertically polarized output measured at the laser
head). PL spectra were acquired with a 15x-magnification objective lens (Thorlabs, LMU-15x%-
NUV, NA = 0.32), and detected in line with the laser normal to the substrate surface. Nanowires

were oriented facing incident light. Five locations on each patch of nanowires were chosen, with
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a precision of 100 um. At each location, a PL spectrum was acquired over a wavelength range of
340-700 nm. Each spectrum was the accumulation of 4 background-subtracted spectra, each
taken with a 200-um aperture, and a 600 grooves/mm grating. Exposure time was 0.1 seconds
and laser power was between 4.0 — 5.0 mW, as measured at the lens. The five spectra for each
patch were averaged to produce a representative PL spectrum for each patch of nanowires within
the channel.

Raman spectra of crystal violet within the channel were acquired using a CCD camera on
the same spectroscopy setup as the PL measurements with a 532-nm laser (Ventus, 500 mW,
horizontally polarized output measured at the laser head) and a 100x-magnification lens
(Olympus, MPlan N Achromat, NA = 0.90). Raman scattering was collected in line with the
laser normal to the substrate surface. 25-uM crystal violet solution was syringed through the
channel and Raman spectra were acquired through the PDMS channel wall at both patches of
nanowires. Raman spectra were acquired in a range of 100 — 1800 cm™. Each Raman spectrum
was the accumulation of 4 background-subtracted spectra, each taken with a 60 second exposure
time, a 50-pm slit aperture, and 900 grooves/mm grating. Laser power was 10 mW, as measured
at the objective. Raman spectra background were subtracted using a 5™ order polynomial and
smoothed with a Savitzky-Golay filter. Raman spectra of melamine were acquired using a CCD
camera in a spectroscopy instrument (HORIBA Jobin Yvon LabRAM 800HR) and a 532-nm
laser (Ventus, 500 mW, horizontally polarized output measured at the laser head) with a 10x
magnification lens (Olympus, MPlan N Achromat, NA = 0.25). Raman scattering was detected
in line with the laser normal to the surface of the sample. ZnO nanowire samples were oriented
face down in a reservoir of a melamine solutions, with the nanowires facing away from incoming

laser light. Raman spectra used to quantify SERS were acquired in a range of 200— 1800 cm™ for
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two Ag-decorated ZnO nanowire substrates deposited on 150 pm-thick PDMS, hereafter referred
to as S1 and S2. Each Raman spectrum acquired through S1 was the accumulation of four
background-subtracted spectra, each taken with a 10-s exposure time. Each Raman spectrum
acquired through S2, was the accumulation of 8 background-subtracted spectra, each taken with
a 1-s exposure time. All Raman spectra of melamine were acquired with a 200-um aperture, and
a 600-grooves/mm grating. Laser power was 5 mW, measured at the turret. Raman spectra
background was subtracted using an asymmetric least squares method, and smoothed with a
Savitzky-Golay filter. All crystal violet and melamine spectra were intensity normalized with the
PDMS Raman peak at 488 cm™.

To characterize the plasmonic properties of Ag nanoparticles, ultraviolet-visible-near
infrared (UV-vis-NIR) extinction spectra were acquired using a Hitachi U-4100
spectrophotometer with an integrating sphere. Extinction spectra were acquired at a rate of 300
nm/min over a range of 350 — 850 nm, with the nanowire substrate oriented facing oncoming

light.

RESULTS & DISCUSSION

Effect of Cleaning on PDMS Raman Spectrum

Because SERS-active nanostructures are fabricated on a PDMS surface of the
microchannel, SERS will be performed through that PDMS wall. This necessitates exploration of
how the thickness of that PDMS wall affect spectral intensity of analytes within the channel. For
this reason, PDMS substrates of two different thicknesses were fabricated via soft lithography.

These were measured to be ~1.0 mm and ~0.17 mm via stylus profilometry (Bruker Dektak 150).
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On these substrates, bare and Ag-decorated ZnO nanowires were deposited using the same
growth and deposition parameters. Before nanostructure fabrication, these substrates were
cleaned via the ALD-AMD method. A comparison of the Raman spectra acquired of PDMS
before and after cleaning showed no change to the Raman spectra, shown in Figure B.3. Thus,

the cleaning process demonstrably did not affect the Raman spectrum of PDMS.

ZnO Nanowire Characterization

To be suitable as a platform for SERS enhancements, ZnO nanowires must possess two
characteristics: 1) the nanowires must be high quality, which means they grow as single crystals
with little to no defects, and 2) Ag/ZnO nanowires must possess uniform dimensional and
structural properties, such as crystallinity. SEM images of nanowires after growth (Figure B.4)
show a dense bed of hexagonal nanowires, indicating single-crystallinity. A visual comparison of
nanowires to remain bare and those to be decorated with Ag in Figure B.5 revealed no
difference in the dimensionality or structure of the nanowires, providing validation for the
quantification of SERS enhancements. Furthermore, SEM images revealed nanowires that are
neither short and stubby nor so long and thin as to induce nesting. Stubbiness would reduce the
surface area available for nanoparticles, negating one of the primary advantages of this 3D
architecture. Nesting would introduce shadowing during nanoparticle deposition, reducing
nanoparticle coverage.

PL spectroscopy was used to assess the crystallinity of the ZnO nanowires. ZnO is a
direct bandgap semiconductor with a band-edge emission of ~3.4 eV at room temperature,
which means that PL spectra of crystalline ZnO nanowires will have a sharp band-edge emission

peak around 380 nm. Any native point defects within the crystalline structure, such as vacancies
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(missing atoms at regular lattice locations), interstitials (extra atoms occupying lattice
interstices), or antisites (atoms occupying a lattice site where it doesn’t belong) introduce
transition levels within the bandgap which induce emissions at wavelengths in the visible
region.:s2 This defect emission is very broad compared to the band-edge emission, and the
intensity of defect emission relative to band-edge emission is an indicator of the crystallinity of
the sample. Thus, the ratio of band-edge to defect emission in ZnO nanowires is an indicator of
the nanowires’ crystallinity. PL spectra of the nanowires in Figure B.6 exhibit very little defect
emission and very strong band-edge emission, providing further evidence of high crystallinity
with few defects. A comparison of the PL spectra for nanowires to remain bare and those to be
decorated with nanoparticles revealed little variation, which enables high confidence in the
comparison of non-SERS to SERS spectra.

To explore the possibility of patterning ZnO nanowire growth by patterning ZnO seed
layer deposition, a partially shielded PDMS substrate was deposited with a 100-nm seed layer,
on which nanowires were hydrothermally grown. UV-Vis-NIR spectra of the seeded and non-
seeded portions of the substrate (Figure B.7) indicated nanowire growth on the seeded portion of

the substrate and negligible nanostructure formation on the unseeded portion.

Ag Nanoparticle Deposition Characterization

ImageJ analysis of the SEM images of bare nanowires grown on PDMS substrates
revealed an approximate nanowire height of 320 nm and approximate interwire spacing of 76
nm. Plugging these values into Equation (111.4) resulted in a Ag deposition angle of ~13°. SEM
image of the nanowires after nanoparticle deposition revealed a dense population of resulted in

an Ag deposition angle of ~13°. SEM image of the nanowires after nanoparticle deposition

57



revealed a dense population of nanoparticles on the nanowire sides (Figure B.5). UV-Vis-NIR
extinction spectra of Ag/ZnO nanowires before and after Ag deposition revealed a plasmon

absorption peak centered at ~450 nm (Figure B.8).

Effect of PDMS Thickness on Surface Enhancement

To quantify SERS, Raman spectra were acquired of a 25-uM solution of crystal violet
dye in DI water through both bare ZnO nanowires and Ag/ZnO nanowires for both PDMS
thicknesses. These spectra are shown in Figure 111.2. Crystal violet has several strong Raman
bands in the fingerprint region of its Raman spectra. While PDMS has several strong Raman
peaks, crystal violet has many Raman peaks that can be decoupled from the PDMS background

(see Figure B.3). Furthermore, plasmonic nanoparticles used for SERS are separated from
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Figure 111.2: SERS (blue) and non-SERS (grey) Raman spectra of crystal
violet through (a) thick and (b) thin PDMS, demonstrating the ability to
perform SERS spectroscopy through a PDMS wall, as well as the importance
of PDMS thickness on the magnitude of enhancement.
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PDMS by a 100-nm ZnO layer, which is more than enough to ensure that the PDMS Raman
contributions do not experience significant surface enhancements. Enhancement was quantified
for 13 individual crystal violet Raman peaks distinguishable from the PDMS background in non-
SERS spectra, tabulated with their raw enhancement through thick and thin PDMS in Table
I11.1. Raw enhancement, simply the difference in peak intensity between SERS and non-SERS
spectra, ranged from an average of 2.2-fold for spectra taken through thick (~1 mm) PDMS to an
average of 130-fold for spectra taken through ~0.17-mm thick PDMS, as shown in Figure 111.3,
demonstrating the impact that PDMS thickness has on the magnitude of enhancement observed.
The thinner the PDMS, the greater is the enhancement to the analyte’s Raman spectrum. Thus, it

is vital to control the PDMS wall thickness through which analysis is performed.

Table I11.1: Crystal violet Raman peaks used to compare surface
enhancement through thick vs. thin PDMS.

Thick Thin

Raman Band (cm™) (~1.0 mm) (~0.17 mm)

345 2.81 300.17
420 3.63 284.76
441 2.45 74.34
571 241 292.79
810 2.17 86.42
915 242 111.04
1175 247 58.87
1300 1.57 80.21
1374 1.91 43.04
1445 1.55 84.25
1529 1.26 129.17
1592 2.25 116.60
1621 1.95 35.34
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Figure 111.3: Comparison of the enhancement to selected crystal violet
Raman peaks through thick and thin PDMS.

A more detailed understanding of the SERS enhancement to the Raman spectra of crystal
violet considers the confocal volume of the spectrometer relative to the volume of crystal violet
being influenced by SERS. The volume of crystal violet solution being sensed by the laser was
orders of magnitude greater than the volume of crystal violet solution sufficiently close to the
sensing surfaces to be influenced by SERS, as discussed in previous work.*'® The volume of
crystal violet solution being sensed by the spectrometer can be approximated as a cylinder with a
diameter equivalent to the laser waist and length equivalent to the confocal range. The beam
waist radius was determined to be approximately dw = 12 pm via the knife-edge method. 60163
This was used to calculate the laser’s confocal length L. via Equation (111.3).26%1%4 This, in turn,
was used to calculate the ratio of confocal volume to SERS-influenced volume, defined here as

the enhancement factor (EF), via Equation (111.4).
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In these equations, 7 is the 532-nm laser wavelength, E, is the raw enhancement for each
peak, dn is the average nanowire diameter (nm), D is the average nanowire density (nm2), and dm
is the radius of effect for SERS (nm). D and dn were determined via ImageJ analysis of SEM
images of the nanowires to be 1.96 x 10 nm and 29 nm, respectively. Because SERS is
extremely local to the sensing surface,* a radius of effect of dm = 3 nm was used.:ss EF was
estimated to be an average of 9.9 x 10* for crystal violet spectra acquired through thick PDMS
and an average of 5.8 x 10° for spectra acquired through thin PDMS. The enhancement factors
and vibrational modes for each chosen Raman band of crystal violet,»727 as well as the

vibrational modes for the Raman bands of PDMS17-17 can be found in Table B.1.

Microchannel Mold Design and Fabrication

Based on the comparison between surface enhancement through thick and thin PDMS, it
became apparent that a thin microchannel wall would be vital for successful SERS detection of
trace analytes. Thus, it was necessary to design a microchannel mold that would enable the
fabrication of channels able to facilitate such sensitive SERS. The mold was designed with a
base and lid as shown in Figure 111.4, which would be fitted onto the base after PDMS was
poured into the mold. The mold was designed such that channels fabricated would be z-shaped
channels with a 2-mm width in the center portion to facilitate subsequent nanostructure

fabrication. The channel’s top wall was designed to be thick enough at the inlet and outlet to
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Figure 111.4: AutoCAD drawing of the microchannel mold designed to
enable sensitive SERS through the top channel wall, along with the
resultant microchannel.

support tubing, but thin enough at 0.10 mm to enable sensitive SERS sensing with minimal
PDMS interference. The channel’s top wall was also designed such that the thicker portions
would be far enough apart to allow high-magnification objectives with short working distances
close enough to focus on the SERS-active surface. The channel was designed with the z-shaped
structure, ~7 mm long at the center, to enable Raman spectra to be acquired at multiple points
along the center portion. The mold was milled from aluminum in the machine shop of the
Physics Department at VVanderbilt University. As a function of the milling process, very small
ridging occurred on the surface of the mold lid, which could interfere with SERS sensing through
the top wall. To combat this, a glass slide was cut to fit the center portion of the lid and affixed
with Kapton tape to the mold lid. Glass spacers were also cut and similarly affixed to the ends of

the lid, which would rest on the base, in order to maintain channel integrity.

Fabricating SERS Substrates Inside PDMS Channels

Fluidic channels were fabricated using the aluminum mold above and a 100-nm ZnO

seed was deposited inside the channels. The channel was masked with Kapton tape such that
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only the channel itself was exposed to deposition. The seed was annealed overnight at 100 °C,
after which ZnO nanowires were grown hydrothermally. PL spectra of the nanowires inside the
channel, shown in Figure B.9, exhibited a large band-edge emission and minimal visible
emission, indicating high crystallinity with few defects. The intensity of the band-edge emission
varied from channel to channel as shown in Figure B.9, which could indicate variability in
nanowire density or size between channels. An SEM image of the channel in Figure 111.5(a)
confirmed the growth of highly crystalline nanowires inside the channel. SEM images of the
channels of which PL spectra were acquired also exhibited channel-to-channel variability in
nanowire formation and density (Figure B.10). The nanowires in some channels, like channel 2,
were thin and long while in other channels like channel 6, were short and extremely thick.
Nanowire formation was, in general, sparser for sputtered seed layers versus e-beam deposited
seed layers, as exemplified by a comparison of nanowire density between Figure B.4 and Figure
B.10 The nanowires in some channels, like channel 2, were thin and long while in other channels

like channel 6, were short and extremely thick.

Figure 111.5: SEM images of ZnO nanowires before and after
deposition and anneal of Ag, demonstrating nanowire growth and Ag
nanoparticle formation.
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Figure 111.6: UV-Vis spectrum of ZnO nanowires decorated with Ag
nanoparticels after anneal

After nanowire growth, Ag nanoparticles were deposited onto the beds of nanowires at
an angle of ~24°. As before, the channels were masked with Kapton tape so that only the channel
itself was exposed to deposition and the channels were rotated about a central axis. 15 nm of Ag
was deposited at a rate of ~0.1 A/s. At the specified angle of deposition, this resulted in ~6 nm
of Ag deposited on the nanowire sides, and 13.7 nm deposited on the bottom of the channel.
After deposition, the channel was annealed at 50 °C for 2 hours, as indicated by the results
discussed in our previous work,® in order to optimize nanoparticle formation for SERS with a
532-nm laser. A UV- Vis spectrum was then acquired of the Ag/ZnO nanowires within the
channel, shown in Figure 111.6. The UV-Vis spectrum of the channel exhibited a clear plasmon
peak at ~515 nm and shoulder at ~600 nm. This is likely because of the dual size populations of
Ag nanoparticles deposited on the nanowire sides and the floor of the channel, as is exhibited by
SEM of the Ag-decorated ZnO nanowires in Figure 111.5: SEM images of ZnO nanowires

before and after deposition and anneal of Ag, demonstrating nanowire growth and Ag
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nanoparticle formation.. The plasmon emission peaked at ~515 nm, close to the 532 nm laser
line, and extended well past the end of the fingerprint region at ~590 nm, making the channel
suitable for SERS. Subsequently, the channel was completed by binding the PDMS to a glass

slide and tubing was inserted at the inlet and outlet.

Surface-Enhanced Raman Spectroscopy of Crystal Violet in Channel

Crystal violet was used to characterize a SERS detection for the completed channels,
since crystal violet has multiple strong peaks between 900 and 1200 cm™, where there’s little
PDMS signal. Raman spectra were acquired of 10 crystal violet solutions in DI water ranging
from 1 pM to 10 uM concentrations in 1-uM increments, with a DI-water control. These spectra
are shown in Figure 111.7. Before each solution was syringed through the channel, it was flushed
with DI water, and the Raman spectra were all acquired at the same location along the channel.
Once acquired, the spectra were processed as discussed in Experimental Methods and
normalized using the Si-O-Si symmetric stretching peak at 488 cm™. Two strong crystal violet
peaks; the C-Ceenter-C bending peak at 917 cm™ and the C-Ceenter-C asymmetric stretching peak at
1175 cm, which are not near any PDMS peaks. These peaks were clearly visible at a 1-uM
concentration, and experienced a steady increase in intensity through the 5-uM concentration, as
illustrated in Figure 111.8. From 6 — 10 uM, however, the peak intensity levelled off. Raman
spectra taken of the sensing after crystal violet solutions were evacuated from the channel
exhibited crystal violet peaks, meaning the levelling off of the Raman signal was likely due to

accumulation of crystal violet adsorbed on the sensing surface.

Surface-Enhanced Raman Spectroscopy of Melamine through PDMS
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Figure 111.7: Raman spectra of crystal violet solutions taken inside a fabricated
channel, in concentrations ranging from 1 to 10 uM with a DI water control.

After demonstrating the viability of SERS through a PDMS wall of a channel with crystal
violet, SERS spectra were acquired of Melamine solutions in DI Water using SERS substrates
fabricated on ~150-uM thick PDMS substrates. Melamine is an industrial material primarily used
in polymer manufacturing that has also been added to dairy products to produce artificially high
readings of protein content. Because melamine can cause kidney failure and even death, the
Codex Alimentarius set a limit of 1 mg/L (7.93 uM) of melamine in powder infant formula.'%’

Two substrates, hereafter named P1 and P2, were fastened upside down to a reservoir so
that Raman spectra were acquired through the PDMS substrate. Raman spectra were acquired of
UM concentrations of melamine in DI water (1, 2, 3, 4, and 6 uM for P1 and 2, 4, 6, 8, 10, and 12
uM for P2). Spectra were first smoothed with a Savitzky-Golay filter and the fluorescent
background was subtracted using an asymmetric least squares technique. Spectral intensity was
normalized with the PDMS Si-O-Si symmetric stretching peak at 488 cm™. While the

characteristic peak of melamine at 691 cm™ is coincident with the PDMS peak at 703 cm™

associated with Si-C symmetric stretching and CHs bending, multiple melamine peaks are visible
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Figure 111.8: Intensity of two crystal violet peaks as a function of
increasing crystal violet concentration.

even at concentrations of 1 and 2 uM for both substrates. 6 melamine peaks other than the 691
cm! peak were identified in the spectra plotted in Figure 111.9 that could be assigned vibrational
modes, as tabulated in Table B.2.18%18 Importantly, these concentrations are well below the 7.93
uM limit set by the Codex Alimentarius, demonstrating the efficacy of the fluidic device
designed and fabricated here for sensing melamine.

Raman spectra acquired exhibited substrate-to-substrate variation, with spectra from P2
generally having much greater melamine signal than P1, as illustrated by direct comparisons of
the signals generated by 2, 4, and 6 uM concentrations of melamine shown in Figure 111.9.
Additionally, signal intensity exhibited point-to-point variability, with some spots on both
substrates generating much more melamine signal than other spots. This effect is likely due to
variation in nanowire density caused by the hydrophobicity of PDMS inhibiting precursor flow
around the ZnO seed during hydrothermal nanowire growth which would cause variability in
effective surface area, similar to the variation of nanowire growth exhibited by SEM images of

channels in Figure B.10. The ratios of melamine peak intensity to PDMS peak intensity at 488
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Figure 111.9: SERS spectra of melamine in DI Water, acquired through

S1 on the left and S2 on the right. Number of spectra acquired for each
concentration through each substrate in parentheses.

cm shown in Figure B.11 were averaged for each melamine peak across all concentrations
measured for each substrate. For both substrates, these melamine to PDMS peak ratios followed
the same trends with increasing concentration. Furthermore, the ratio of the 1596 to 845 cm*
melamine peaks, shown in Figure B.12, remained consistent between substrates and across
melamine concentrations, lending confidence to device’s ability to reliably and consistently
sense melamine once device fabrication is optimized. To combat the variation, channels could be
made with a copolymer consisting of PDMS and poly(ethylene oxide) (PEO), which has been
shown to improve hydrophilicity.'® Making the channels hydrophilic should improve precursor
flow at the ZnO seed layer, making nanowire growth and density more uniform. In addition to
variation across substrates, Raman spectra acquired at the same location on a single substrate
exhibited varied intensity from measurement to measurement. It was observed that a Raman
spectrum taken immediately after the introduction of a melamine solutions would exhibit little-
to-no melamine signal. However, after the substrate was manually disturbed, strong melamine

signal would appear in subsequent Raman spectra. This phenomenon is likely due to the
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hydrophobicity of nanowire beds preventing infiltration of the melamine solution. Disturbing the
substrates allows melamine solution to infiltrate the bed of nanowires, enabling much stronger
melamine signal. However, this infiltration was inconsistent. It is expected that sensing within a

copolymer PDMS/PEO microfluidic channel will overcome this challenge.

CONCLUSIONS

This work demonstrated a facile technique to fabricate physically deposited Ag
nanoparticle decorated ZnO nanowires inside fluidic channels, allowing microfluidic SERS
sensing to benefit from dense Ag nanoparticle formation from e-beam deposition. Through
careful design and fabrication of fluidic channels to minimize spectral interference from PDMS,
UM concentrations of crystal violet and melamine were detected, demonstrating the ability of the
fluidic device to detect relevant concentrations of melamine. By further improvement on the
SERS-active substrate fabrication process, it is expected that this process can provide a reliable

and sensitive detection of melamine in a SERS-active microfluidic devices.
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CHAPTER IV

TOXIC METALS CHELATION BY 18-CROWN-6 ETHERS IN MULTIPLE SOLUTIONS
AND QUANTIFICATION BY SPECTROSCOPIC TECHNIQUES

Text for Chapter 1V taken from:
Cook AL, Xue F, Giorgio TD. Toxic Metals Chelation by 18-Crown-6 Ethers in Multiple

Solutions and Quantification by Spectroscopic Techniques. Proceedings of the 6™ World
Congress on Recent Advances in Nanotechnology. 2021. DOI: 10.11159/nddte21.1x.202183

ABSTRACT

Toxic metals exposure is a significant problem for military personnel, with increasingly
prevalent embedded fragments due to improvised explosive devices. Current biomonitoring for
military personnel with embedded fragments is centralized, limiting capacity and availability.
Importantly, monitoring using this approach begins long after peak exposure, indicating a need
for portable, multiplexed toxic metals detection that can be carried out closer to the time of
exposure with increased frequency. Small molecule chelators such as crown ethers are known to
selectively bind metal cations in solution. Crown ethers possess selective chelation of multiple
metal ions and is dependent on molecular structure, solution properties, and other parameters.
This selectivity extends to multiple ions and depends on not only molecular structure, but also
the solution properties. The goal of this study is to assess the potential for metal sensing in
solution as a function of crown ether structure and solution properties with future use for toxic

metal sensing from embedded fragments as a potential translational objective.
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INTRODUCTION

As of 2017, improvised explosive devices (IEDs) have accounted for almost 75% of all
traumatic injuries to U.S. soldiers in recent conflicts in Iragq and Afghanistan.?” This means that
of the more than 50,000 military personnel wounded in action so far in those conflicts,®® almost
40,000 of them could have toxic embedded fragments,?® In response to this growing need, the
United States Department of Veterans Affairs (VA) established the Toxic Embedded Fragment
Surveillance Center (TEFSC, Baltimore, MD) in 2008 with the overall mission to 1) identify
veterans who may have embedded metal fragments, and 2) conduct long-term medical
surveillance of this population,?® The evaluation process for inclusion into the Embedded
Fragments Registry (EFR) is predicated on the individual’s knowledge or suspicion of retained
fragments,?® Thus, biomonitoring of toxic embedded fragments begins long after peak exposure
and depends on incomplete knowledge concerning exposure and retention toxic fragments from
IEDs, making inclusion into the EFR noncomprehensive. As a result, there are currently only
around 16,000 veterans enrolled in the EFR.% Biomonitoring of these veterans is carried out via
centralized urinalysis using inductively-coupled plasma mass spectrometry (ICP-MS).826.27
While ICP-MS is sensitive and precise, it is a large, research-grade instrument that requires
significant power and highly trained technicians for operation,®*3! making it unsuitable for use
near locations where military blast injuries occur. Furthermore, there is a lack of information
concerning the scope and extent of embedded fragments'®3? as well as their long-term health
effects.>?® To ensure more comprehensive and complete biomonitoring of embedded fragments,
a portable, multiplexed toxic metals sensing strategy is required.

There are many techniques for toxic metals detection that can be implemented in a
portable setting, including spectroscopic techniques such as fluorescence, colorimetry, and

Raman spectroscopy. Many strategies utilizing these techniques make use of small-molecule
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chelators known to bind various metal ions in solutions. One common family of chelators are
known as crown ethers, small molecules with a characteristic ring made up of carbons and
oxygens which are best known for chelating alkali metal cations.3* While these chelators are
moderately selective, they still bind multiple different ions in solution. Small changes in crown
ether structure can significantly affect which metals it will bind.”®8 Additionally, differences in
solution affect crown ether morphology, changing chelation selectivity.*®® The purpose of this
study is to explore how changes in the structure and solution of 18-crown-6 (18C6) ethers can

change its selectivity profile for metal ions.

EXPERIMENTAL

Two different solvents consisting of dimethyl sulfoxide (DMSQ) and deionized (DI)
water were used for all experiments in this study: 1:1 DMSO/water and 1:3 DMSO/water. 4’-
aminobenzo-18-Crown-6 (AB18C6) and benzo-18-Crown-6 (B18C6) and the following 22
metals were examined as a part of this study: AI**, Ag*, As®*, Ba®*, Ca?*, Cd?*, Co?*, Cr*, Cu?",
Fe3*, Hg?", K*, Li*, Mg?", Mn?*, Mo®", Na*, Ni?*, Pb?", UO,?*, W*, and Zn?*. All metal salts
used to obtain these ions

were purchased from Sigma Aldrich. All 14 metals in the TEFSC biomonitoring
panel?®?8 are included, as well as metals commonly found in urine, such as Ca?*, K*, Mg?* and
Na*. Also included are a number of common metals that could make their way into human urine,
such as AI¥*, Mn?*, and Zn?*. 100 pM equimolar solutions of each metal individually with
AB18C6 were formed in both 1:1 DMSO/water and 1:3 DMSO/water.

In this study, the chelation of metal ions by two crown ethers was studied in a single

solution to explore how a small change in the crown ether’s structure might change the crown
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cther’s metal selectivity. Furthermore, chelation by chelation of metal ions by one of those crown
ethers was examined in two solutions. Chelation of metals by AB18C6 and B18C6 was
examined primarily using ultraviolet-visible extinction spectrophotometry. Preliminary
examination of the extinction spectrum of using a quartz cuvette in a Varian Cary 50 Bio
spectrophotometer. These measurements were acquired at a resolution of 5 nm over a range of
250 — 800 nm to confirm the absorption profile of AB18C6 reported by Sarfo et. al.,”® and to
explore differences in chelation of metal ions between AB18C6 and B18C6. For these
experiments, the extinctions from 100-uM concentrations of each crown ether in 1:3
DMSO:water were measured without metals. Subsequently, the extinctions of 100-uM equimolar
concentrations of each crown ether and selected metal salts in 1:3 DMSO:water were acquired.
Full UV-vis spectrophotometry chelation sweeps of metal ions by AB18C6 were
performed using Thermo Scientific™ Nunc™ UV-transparent plastic 96-well plates in a Tecan
Infinite M1000 Pro plate reader. These measurements were acquired at a resolution of 1 nm over
a range of 250 — 400 nm to determine which metals are chelated by AB18C6. For these
measurements, 100-uM concentrations of AB18C6 in both solvents were used without metals,
and 100-uM equimolar solutions of AB18C6 and each metal salt in each solvent were used for
selectivity assessments. The same instrument was used to acquire fluorescence measurements of
AB18C6 in the presence and absence of selected metals were acquired with an excitation
wavelength of 295 nm over a range of 300 — 700 nm at a resolution of 2 nm. The same crown
ether and metal solution strategy was used for fluorescent measurements, except only two metals
known to be chelated from previous experiments were included. UV-vis spectrophotometry with
the same spectral parameters described above was performed on 100-uM crown ether solutions

with one of the metals known to be chelated in concentrations of 1 nM, 10 nM, 100 nM, 1uM, 10
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Figure IV.1: UV-Vis extinction spectra of 100-uM AB18C6 and B18C6 in

1:3 DMSO:water without and with equimolar concentrations of selected
metals.

uM, and 100 pM. Fluorescence spectroscopy was performed on these same solutions with an
excitation wavelength of 295 nm over an emission range of 304 — 500 nm at a resolution of 1

nm.

RESULTS & DISCUSSION

The first experiment was a comparison via UV-vis spectrophotometry of which metals
are chelated by AB18C6 and B18C6. It was reported by Sarfo et. al.”® that AB18C6 crown ethers
possess a strong extinction peak centered at 295 nm. When the crown ether chelates a metal, this
peak is quenched and another emerges at ~280 nm. For this experiment, 100-uM solutions of
AB18C6 and B18C6 by themselves and with equimolar concentrations of 13 selected metal salts
prepared in 1:3 DMSO:water. As can be seen in Figure 1V.1, while AB18C6 has an extinction
peak at 295 nm as Sarfo et. al. reported, B18C6 has a peak at ~275 nm. No chelation occurred
for most of the metals investigated, as evidenced by a lack of quenching of the 295-nm peak for

AB18C6 or the 275-nm peak for B18C6, as well as a lack of an additional peak. However, both
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Figure 1V.2: UV-Vis extinction spectra of 100-uM AB18C6 alone and with
equimolar concentrations of 22 metal salts in two different solutions. Metals

chelated by AB18C6 in 1:1 DMSO:water are denoted with “*”, while
metals chelated by AB18C6 in 1:3 DMSO:water are denoted with “{”.

Fe3* and Hg?* ions were chelated strongly by AB18C6, evidenced by the quenching of the 295-
nm peak and appearance of a peak ~282 nm. Benzo-18-Crown-6 chelated none of the metals
examined, indicating that even small differences in crown ether structure can lead to big
differences in metal chelation.

The second experiment performed was an examination of how different solutions would
affect the chelation of metal ions by AB18C6. 100-uM solutions of AB18C6 were prepared in
1:1 DMSO:water and 1:3 DMSO:water, without and with equimolar concentrations of 22 metals.
UV-vis spectra were acquired of each solution and plotted in Figure 1VV.2. While the chelation
profile for AB18C6 was very similar in both solutions, there were some significant differences.
AB18C6 chelated Al, As, Fe, Hg, Mo, and W in both solutions, while it chelated U in only 1:1
DMSO:water and Zn in only 1:3 DMSO:water. Even among metals chelated in both solutions,
there were differences in the strength of chelation. Notably, Al is more strongly chelated in 1:1
DMSO:water while Hg is more strongly chelated in 1:3 DMSO:water. Interestingly, while Sarfo

et. al. reported that AB18C6 chelates Pb?*,"® these experiments demonstrate a lack of Pb?*
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Figure 1V.3: Fluorescent Spectra of AB18C6 by itself and with As and Mo
separately in 1:3 DMSO:DI Water, demonstrating fluorescent quenching
when of the crown ether when chelating both metals.

chelation in either solution. Because of the dependence chelation has on solution, it is likely that
this discrepancy with reported results result from an unreported difference in solution.

While UV-vis is excellent for qualitatively determining whether a crown ether is
chelating a metal ion, it is difficult to extract any meaningful quantitative information on the
amount of chelation taking place in a given solution. However, Sarfo et al. reported that AB18C6
possesses a fluorescence peak at ~370 nm that gets quenched in the presence of chelated
metals.”® To confirm this, fluorescence measurements of 100-uM solutions of AB18C6 without
and with equimolar concentrations of As** and Mo>* (known to be strongly chelated from Figure
1V.2) in 1:3 DMSO:water were acquired. As can be seen in Figure 1V.3, AB18C6 with no metal
ions present fluoresces as Sarfo et. al. reported. This fluorescence was strongly quenched when
As and Mo were present. However, even at equimolar concentrations of metal ions, this
fluorescence was not quenched completely, indicating that fluorescence can be used for
quantification of toxic metals chelation by AB18C6.

An initial survey of the changes in optical absorbance and fluorescence resulting from

AB18C6 chelation of a range of molybdenum concentrations between 1 nM and 100 uM, as
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Figure 1V.4: UV-Vis and fluorescence spectra of 100-uM AB18C6 with
concentrations of Mo between 1 nM and 100 uM, with a control solution
of 100-uM AB18C6 unmixed with Mo.

shown in Figure 1V.4. Mo was selected for this assessment based on the quenching of extinction
at 295 nm and the presence of another extinction peak at ~280nm (Figure 1V.2). Mo
concentrations of 1 nM, 10 nM, 100 nM, 1 pM, 10 uM and 100 pM were prepared with 100-uM
solutions of AB18C6 in 1:3 DMSO:water. UV-vis spectrophotometry was performed at a
resolution of 1 nm over a range of 250 — 400 nm (Figure 1V.4), and spectra of each
concentration of Mo were subtracted from their corresponding spectra of mixed AB18C6 and
Mo. Fluorescence used an excitation wavelength of 295 nm over a range of 304 — 450 nm at a
resolution of 1 nm. A clear peak shift from ~295 to ~275 nm at 100 uM Mo concentration was
evident in addition to a small peak shift at 10 uM. Large fluorescence quenching occurred at 100
MM at ~360 nm with additional, slight quenching at 10 uM Mo concentration. Other
concentrations of Mo did not produce evident changes in either UV-vis or fluorescence (Figure

IV.4).
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Figure IV.5: UV-Vis and fluorescence spectra of 100-uM AB18C6 with
concentrations of Mo between 6.25 and 200 uM, with a control solution of
100-uM AB18C6 unmixed with Mo.

To expand the characterization of Mo chelation by AB18C6, the same experiment was
performed using Mo concentrations (in uM) of 6.25, 12.5, 25, 50, 100, and 200. UV-vis
spectrophotometry and fluorescence spectroscopy used the same resolution and range, as shown
in Figure 1V.5. The extinction peak at ~295 nm steadily decreased with increasing Mo
concentration between 6.25 uM and 50 pM. This decrease reached a minimum at 50 UM and did
not continue to decrease for 100 or 200 uM. The extinction peak at ~277 nm increased in
conjunction with the decrease of the 295-nm peak, steadily intensifying between 6.25 uM and 50
uM and remaining steady for 100 and 200 uM. Gradual quenching of AB18C6’s fluorescence
peak at ~360 nm was observed under increasing Mo concentrations, as shown in Figure 1V.5.
Full quenching of this fluorescence peak occurred at the 100 uM concentration of Mo, indicating
greater range of chelation quantification for fluorescence than for UV-vis. The absorption
decrease at ~295 nm or increase at ~277 nm did not directly correlate with the increase in Mo

concentration, suggesting that absorbance may be a complicated indicator of concentration for
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this metal. However, these experiments indicate that a quantitative relationship between
AB18C6’s extinction profile and Mo concentration exists. Furthermore, fluorescence quenching
is directly correlated with increasing Mo concentration, that demonstrates the quantitative

potential for fluorescent detection of Mo through crown ether chelation.

CONCLUSIONS

This study demonstrated that minor structural changes in 18C6 ethers modulate metal ion
chelation with crown ethers. Furthermore, solution characteristics influence crown ether
morphology and the strength of metal ion chelations. Crown ether structure and the solvent
environment determine metal chelation characteristics. Optimal quantitation of metal ion
concentrations will require additional studies of crown ether chelation under various conditions.
The quantitative spectroscopic response of single metal ion species with crown ethers, as
demonstrated here, can also be expanded to include multi-composition solutions characterized by
suitable mathematical analysis. This study demonstrated the potential for UV-vis and
fluorescence spectroscopy to quantify chelation of toxic metal ions by crown ethers. These
results inform the design of future portable detection and quantification techniques for toxic

metal ions in solution.

79



CHAPTER V

CONCLUSIONS

CHAPTER SUMMARIES & IMPACT

The overall goal of this research was to develop a portable, disposable sensor to detect
toxic metal ions in urine via surface-enhanced Raman spectroscopy. This approach required the
development of a simple fabrication strategy for integrating physically deposited SERS-active
surfaces within fluidic channels prepared via soft lithography. Direct physical deposition of a
SERS active surface within a PDMS channel was not publicly disclosed prior to the start of this
project. Successful proof of concecpt also required the optimization of e-beam deposited Ag
nanoparticles on ZnO to maximize surface enhancement in Raman spectra acquired with a 532-
nm laser. This work was the first to systematically explore multiple fabrication parameters within
this paradigm and directly examine the relationships among parameters and surface
enhancements to Raman signals.

In Chapter Il, Ag nanoparticle fabrication on ZnO via electron beam deposition was
optimized for maximally surface enhanced Raman spectroscopy with a 532-nm laser. Four
fabrication parameters were explored in this analysis; deposition rate, deposition thickness,
anneal temperature, and anneal time. Ag nanoparticles were e-beam deposited onto ZnO at rates
of 0.1 and 0.3 A/s and thicknesses of 1 through 9 nm in 1-nm increments. These depositions
were annealed at temperatures ranging from 50 to 400 °C for times ranging from 15 to 150 min.
Nanoparticles deposited at 0.1 A/s generally produced better surface enhancement than those
deposited at 0.3 A/s. Increasing nanoparticle film thickness produced larger and more densely

populated nanoparticles, red-shifting and intensifying their plasmon absorption peak.
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Nanoparticle film thicknesses between 5 and 9 nm produced good surface enhancement, with 7
nm providing the best enhancement. Annealing at temperatures less than or equal to 200 °C
produced the best increase to surface enhancement of the nanoparticles through Ostwald
ripening, with annealing at 200 °C for 60 min or 50 °C for 120 min providing the greatest
increase in enhancement factor. This work is the first report to systematically explore the impact
of fabrication conditions on the performance of a specific SERS sensor, and laid the foundation
for the analysis of similar phenomena in other SERS sensing approaches.

Chapter I11 demonstrated the simple fabrication of SERS-active fluidic channels
leveraging the dense nanoparticle formation of e-beam deposited silver. The channel mold was
milled from aluminum, and designed to minimize the thickness of the channel top wall. This
design was carried out based on preliminary measurements of &&& on PDMS that suggested
minimizing PDMS in the optical path would be beneficial to sensing performance. The top wall
thickness is, therefore, a compromise between sensing performance and the feasible fabrication
of the SERS-active sensor in the channel. The channels were masked and a seed layer of ZnO
was sputtered into the channel, on which ZnO nanowires were grown hydrothermally. Ag
nanoparticles were then e-beam deposited and annealed according to the parameters identified in
Chapter I1. Nanowire growth from channel to channel was very inconsistent, due to the ZnO seed
applied by sputtering rather than by e-beam deposition. E-beam deposition of ZnO seed is
preferred over sputtering due to the growth of more uniform nanowires, but the unidirectionality
of e-beam deposition means that only the bottom of the channel would be coated in ZnO, leaving
the walls of the channel bare. Because of this, the hydrophobicity of PDMS inhibited intra-
channel nanowire growth, necessitating sputtering of the ZnO seed. Sputter deposition is

omnidirectional, coating all channel walls in ZnO. This is another example of the design and
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fabrication constraints that must be overcome (or optimized) for useful SERS sensing from this
uncommon substrate. Raman spectra of crystal violet in DI water were acquired through the
PDMS wall on which the SERS substrate was fabricated. Crystal violet Raman peaks were
clearly visible in spectra acquired of concentrations as low at 1 uM, and spectra acquired of
increasing concentrations of crystal violet exhibited a clear trend of increasing intensity,
although saturation occurred at approximately 5 uM, presumably due to molecular adsorption
onto the sensing surface. Nanowire forests are inherently hydrophobic, so wettability of the
sensing surface potentially compromises detection sensitivity and reliability. However, the
reproducibility of spectral acquisition within the channel suggests that any negative
consequences resulting from sensor hydrophobicity are inconsequential; perhaps the pressure
created by injecting solutions into the channel is sufficient to overcome this hydrophobicity.
Following SERS acquisition of crystal violet solutions in a channel, SERS-active substrates were
fabricated on PDMS of the same thickness as the channel wall and were placed face-down in a
reservoir, which was filled to the point of fluid contact with the sensing surface. Raman spectra
were acquired through the PDMS substrate of micromolar melamine solutions. Multiple
substrates exhibited clear melamine signal at concentrations as low as 1 to 2 pM, which is well
below the limit of 7.93 uM melamine in infant formula, as set by the Codex Alimentarius
Commission.*8 Spectral intensity was not clearly correlated with melamine concentration, and
spectral intensity varied among and within substrates. The variability and lack of correlation with
concentration, not observed for crystal violet sensing by SERS-active surfaces in the PDMS
channel, may be associated with inconsistent nanowire growth and difficulty in wetting
inherently hydrophobic beds of nanowires. The first problem is likely caused by the

hydrophobicity of PDMS inhibiting precursor flow around the ZnO seed during hydrothermal
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nanowire growth. The hydrophobicity of PDMS can mitigated by fabricating channels out of a
hydrophilic PDMS-PEO copolymer. This study was an important step in the development of a
sensor for detecting toxic metals, demonstrating simple fabrication of channels with densely
populated e-beam deposited Ag nanoparticles. Micromolar detection of crystal violet and
melamine were successfully performed through PDMS of free molecules in solution.
Functionalization of the sensing surface with chelating molecules will further increase detection
sensitivity.

In Chapter IV, the chelation of toxic metals in solution by crown ethers was explored in
multiple solutions. Equimolar solutions of AB18C6 and B18C6 and 13 different metals were
mixed in 1:3 DMSO:DI water. These solutions were examined by UV-Vis spectrophotometry.
Chelation of multiple toxic metals ions by AB18C6 was detected by a shift in light absorbance
upon as compared to the spectrum of AB18C6 alone. A similar shift was not observed for B18C6
with any of the metals investigated. This result suggests that small changes in crown ether
structure, such as the presence or absence of an amine in this case, can greatly affect which
metals the crown ether will chelate. Further experimentation was pursued with AB18C6,
expanding the library of toxic metals investigated to 22. Equimolar solutions of AB18C6 and
these 22 metals were mixed in 1:1 DMSO:DI water and 1:3 DMSO:DI water, and were
examined by UV-Vis spectrophotometry. Multiple metals were chelated by AB18C6 in both
solutions, but there were a few metals chelated in one solution but not the other, and some metals
were chelated more strongly in one solution but not the other. These results indicate that solvent
can affect crown ether chelation of metal ions, illustrating the need to examine crown ether
chelation in fluids indicated by the application, which would be urine in the case of SERS-based

urinalysis. Importantly, this multiplicity of metal ion chelation by a single crown ether is
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advantageous for multiplexed ion detection. Each ion will affect the crown ether’s Raman
spectrum differently, which can be elucidated with computational techniques such as principal
component analysis (PCA). Multiple crown ethers that chelate different metal ions can be used in
conjunction to determine the composition of metal ions in urine, including all 14 metals in the
TEFSC biomonitoring panel. As and Mo were selected for further analysis based on strong
chelation in 1:3 DMSO:DI water and fluorescence spectra of AB18C6 without and with
equimolar solutions of each metal demonstrated fluorescent quenching of the crown ether’s
fluorescence peak. A 100 uM solution of AB18C6 was mixed with solutions of Mo ranging from
1 nM to 100 uM, and were examined with UV-Vis spectrophotometry and fluorescence
spectroscopy. Concentration-correlated quenching of the crown ether’s fluorescence peak and
shifting of the crown ether’s absorption peak was exhibited, with single-digit micromolar
concentrations of Mo chelated by 100 uM AB18C6 being distinguishable from the unmixed 100
uM AB18C6 control. These experiments indicate the potential of fluorescence spectroscopy and
UV-Vis spectrophotometry to corroborate SERS detection and quantification of toxic metals

chelation, and to act as a dual sensing strategy for toxic metals in urine.

SHORTCOMINGS

Significant Aim 1

Only two deposition rates of Ag nanoparticles were explored, which provides an
incomplete picture of how deposition rate affects nanoparticle formation, both before and after
anneal. The scope of this optimization study was very large, and at the limit of what could

realistically be accomplished in a reasonable time frame. Adding more even two more deposition
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rates would have doubled the amount of work, resources, and time required to complete the
study. In addition, nanoparticles were deposited on ZnO films rather than on nanowires. As the
UV-vis spectrum in Figure 111.6 illustrates, the plasmon absorption peak for nanoparticles
deposited on a bed of ZnO nanowires possesses a different profile than the spectra for
nanoparticles deposited on a ZnO film, with two populations of nanoparticles exhibiting a
plasmon peak at ~515 and shoulder at ~600 nm versus a single plasmon peak between 500 and
600 nm, as expected based on this study. As with increasing the number of deposition rates
examined, performing this study on nanowires would have greatly increased the difficulty and
time-consumption of the study, making it impossible to complete the study in a reasonable time
frame. Thus, while the results from Chapter Il are a good foundation for optimizing nanoparticle
formation on ZnO nanowires, a more complete study would perform the exploration of
nanoparticle fabrication parameters on nanowires rather than a film. Of course, doing so would
add effective surface area as a variable that affects SERS enhancement. In addition, while a large
population of substrates was available to analyze for deposition parameters, each data point in
the annealing parameter space was represented by a single substrate. SERS sensitivity is
notoriously difficult to control, being highly responsive to small changes in nanoparticle shape,
structure, size, and density. It would have been preferable to have multiple substrates for each
intersection of anneal time and temperature, to develop a statistically powerful understanding of
how annealing parameters affect surface enhancement. To acquire even 3 substrates at each
intersection would have tripled the amount of work and resources required to perform this study,
making it infeasible for the scope of this study. While SEM images were acquired of
representative substrates before annealing, it would have been advantageous to take SEM images

of substrates after annealing to examine the effects of Ostwald ripening at each intersection of
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anneal temperature and time. This was attempted, but high-quality images could not be acquired
due to significant charging of the samples. Furthermore, atomic force microscopy would have
been beneficial for acquiring information on how the height of the nanoparticles was affected by
annealing and how height changes affect enhancement. Doing so would have required a

significant amount of time and is better-suited for an investigation of a smaller parameter space.

Significant Aim 2

While the work performed in Chapter 111 represents a significant proof of concept that the
strategy of physically fabricating SERS-active substrates within a PDMS channel produced
devices capable of sensitively detecting contaminants such as melamine, it is presented with
multiple shortcomings that must be acknowledged. To truly minimize interference of PDMS, it
would be best to consider not just the thickness of the PDMS wall, but also the strength of the
PDMS wall. In Chapter 111, the thickness of the PDMS wall was chosen to allow lenses with
short-working distances to acquire SERS spectra through the wall, but a better way to choose
that thickness would be to optimize wall thickness with the channels’ ability to withstand
expected fluidic pressure. Doing so would require a clearer understanding of expected fluidic
pressure, and would be best accomplished when channel design is more clearly understood.
Another significant issue with this work was the inconsistency of nanowire growth in both
channels and on PDMS substrates. In both cases, this inconsistency appeared to be caused by the
hydrophobicity of PDMS interfering with flow of precursors during hydrothermal nanowire
growth. Sputtering of the ZnO seed was used instead of e-beam deposition in channels in an
attempt to coat more of PDMS surface inside the channel, but nanowire growth remained

inconsistent. A better solution might be to make channels out of a PDMS-PEO copolymer, which
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has been shown to be more hydrophilic than PDMS by itself. SERS of both crystal violet and
melamine should have been performed in multiple channels at each concentration to avoid the
problem of adsorption saturation of the sensor, and to enable calculation of a limit of detection.
Doing so would have required a large number of channels, and fabrication of SERS active

substrates within channels was too inconsistent to develop the required number of channels.

Significant Aim 3

While the work in Chapter IV developed a chelation profile for AB18C6 in multiple
DMSO/DI water solutions, it is still unknown how binding the crown ether to the sensing surface
would affect chelation equilibria.. In order to complete the fabrication of toxic metals sensor,
functionalization of the sensing surface within a channel with AB18C6 should have been
accomplished and successful SERS of the crown ether with and without metals chelated should
have been accomplished. While the results in Appendix C indicate that successful
functionalization of SERS-active substrates with AB18C6 did occur, SERS spectra of the crown
ether could not be acquired, meaning that surface coverage by the crown ether was likely

insufficient to ensure a detectable crown ether SERS signal.

FUTURE WORK & POTENTIAL APPLICATIONS

The detection of toxic metals in urine for military personnel is the application that drove
this project, but the potential applications of this work extend well beyond that. There are many
uses for a portable, disposable sensor to detect dilute analytes in fluids. Not only can untargeted
sensing be performed, such as melamine in dairy products, but also targeted sensing, such as lead

in drinking water. In order to acheve a rugged, multiplexed, portable detector for toxic metals in
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urine, a great deal of work needs to be done. The first step will be to functionalize the SERS
substrate with AB18C6 and perform Raman spectroscopy. Preliminary attempts to do so have
been performed, the results of which are presented in APPENDIX C. The chelation profile of
AB18C6 decorating the sensing substrate will then need to be assessed in real or synthetic using
fluorescence spectroscopy, as the absorption peak for AB18C6 is coincident with ZnO’s band
edge, making UV-vis spectroscopy nonfunctional for this purpose. SERS spectra will then need
to be acquired of the crown ether without and with each metal the crown ether chelates, to
determine if multiplexing with the single crown ether is viable.

There are other aminated crown ethers that could be used to further multiplex toxic metal
detection. Aminated crown ethers such as 2-aminomethyl-15-crown-5, 4’-aminodibenzo-18-
crown-6, and 2-aminomethyl-18-crown-6 are commercially available, and others could be
synthesized. Each crown ether will be individually bound to sensing surfaces and fluorescence-
based assessment of chelation would be performed in urine. Crown will be chosen based on
which metal ions they chelate, so that each of the 14 metals in the TEFSC biomonitoring panel
(Table 1.1) is chelated by at least one crown ether. The fluidic channel will be redesigned so that
each crown ether functionalizes a separate bed of Ag-decorated ZnO nanowires. A classification
algorithm will be developed to identify metals chelated by the device. On option is a hierarchical
method based on which crown ethers are exhibiting chelation-induced spectral changes. Another
option would be to perform principal component analysis on the spectra of crown ethers
chelating different metals to identify principal components for use in the development of a

classification algorithm.
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CONCLUSION

This dissertation describes the development of a portable, disposable sensor to detect
analytes via surface enhanced Raman spectroscopy. The fabrication parameters of electron
beam-deposited silver nanoparticles on ZnO films including deposition rate, film thickness,
anneal temperature, and anneal time were evaluated for their effect on the nanoparticles’
plasmon resonance and surface enhancement. It was determined that nanoparticles deposited at a
rate of 0.1 A/s provided better overall surface enhancement than those deposited at 0.3 A/s, and
that 7-nm films annealed at either 50 °C for 120 min or 200 °C for 60 min provided the best
surface enhancement. These results were used to optimize silver nanoparticles deposited onto
ZnO nanowire beds fabricated inside a PDMS channel designed so that these nanowire beds
would be located on a thin PDMS wall, to minimize spectral interference from PDMS. To grow
these nanowires, ZnO seed was sputtered into the channel and nanowires grown hydrothermally.
Once the channel was completed, increasing concentrations of crystal violet in DI water from 1 —
10 uM were injected sequentially into the channel and SERS spectra were acquired. These
spectra exhibited clear crystal violet peaks at the lowest concentrations evaluated, and peak
intensities of crystal violet increased with increasing concentration, although saturation occurred
due to crystal violet adsorption onto the sensing surface. The same sensing surface was deposited
onto PDMS substrates and SERS spectra were acquired of melamine solutions ranging from 1 —
12 uM. Melamine Raman peaks were clearly visible in concentrations as low as 1 uM, well
below the 7.93 uM maximum concentration allowed in infant formula. 4’-aminobenzo-18-
crown-6 was shown to chelate multiple toxic metals, and both fluorescence spectroscopy and
UV-vis spectrophotometry were demonstrated to be able to quantify toxic metals chelation by
the crown ether. The work presented in this dissertation represents and important first step

toward the development of a portable, multiplexed sensor to detect toxic metals in urine via
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SERS, and demonstrates the viability of the proposed mechanic of targeting toxic metal ions
with crown ethers and detecting them by SERS. This work will ultimately be instrumental in
comprehensively monitoring military personnel with embedded fragments and developing a

clearer understanding of the short- and long-term health effects of embedded fragments.
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APPENDIX A

SUPPLEMENTARY INFORMATION FOR CHAPTER I

// » L/ » eeoe
(2) (3) (4) (5)

Figure A.1: lllustration of the Ag deposition process. Masks cut from
aluminum foil were placed on top of each substrate in step (1) such that
only a small portion of the substrates was exposed. Ag was then e-beam

deposited in step (2), after which the masks were moved to expose a new
portion of each substrate in step (3). Ag was again deposited in step (4), and
the process was repeated from step (5) onward until 9 Ag films of different
thicknesses were deposited on each substrate.
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Figure A.2: Process for isolating Ag nanoparticle plasmon extinction, in
which (Step 1) extinction spectra for 1-nm Ag films on each substrate were
approximated with a tri-gaussian fit, (Step 2) the gaussian peaks associated

with ZnO background were determined and summed, then (Step 3)
subtracted from each film thickness on each substrate. The resultant
plasmon peak was (Step 4) approximated with a spline fit to determine peak
information.
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Figure A.3: UV-Vis of two Ag-decorated ZnO samples, illustrating the
variability in ZnO absorptive background induced by the fabrication and
anneal process
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Figure A.4: Average area of nanostructures for each Ag film thickness,
demonstrating increasing nanostructure size with increasing film thickness.
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Table A.1: Benzene and non-benzene vibrational modes associated with

crystal violet Raman peaks. y = torsion, § = bending, v = stretching, o =

scissoring, p = rocking; s = symmetric, as = asymmetric

Raman Band (cm™) Non-Benzene Vibrational Modes Benzene  Reference
208 y(C-H)/whole molecule breathing 187
225 Vs(C-Ceenter-C) 188
345 V(C‘N'C)/(S(C‘Ccenter‘c)u Lep=ell
420 8(C-Ceenter-C)/8(C-N-C), 16a 187-190,192
441 6(C-C-C)fing,l/6(c‘N'C)/(Sas(C‘Ccenter'C)J_ 16a LRV
525 6(C-N-C) 16b,6b 187,189,190
571 6(C-C-C)1/86(C-N-C)/S(C-Ceenter-C) 6a 187,189,190
605 6(C-C-C)/6(C-N-C)/vs(C-Ceenter-C) 6a 187,190
623 6b 187
730 vs(C-N-C) 4,170 187,188,190
761 VS(C‘Ccenter'C)/V(C'N-C) 6a,17a 187,188,190
810 10a 187-190,192,193
825 10b,17b 187,189,190
915 8(C-Ceenter-C) 12,17a 187,189,190,192
980 17a,18a 187,190
990 6(C-C-C) 1 187,190
1130 6(C-Ceenter-C)/v(C-N) 15 187,188
1175 Vas(C-Ceenter-C) 9a,9b 187-193
1300 V(C-C-C)/5(C-C-C)ring/ 6(C-H) 187,188,193
1345 S(C'N)/6(C'C'C)ring/Vas(C'Ccenter'C)/6(C-H) 187
1374 V(C-N)/vas(C-Ceenter-C)/6(C-H) 187-193
1445 82s(C-Ha) 19b 187-190
1490 82s(C-Ha) 19a 187,189,190
1529 V(Cring-N)/85(C-Hs) 8h 187,188,191-193
1592 8a 187,188,190-193
1621 8a 187,188,190-193
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Figure A.5: Means of (a)peak intensity (n = 40), (b)plasmon peak
wavelength (n = 40), and (c)plasmon peak FWHM for each film thickness

of Group A (blue) and Group B (red). Statistical testing performed with

1 nm 2 nm 3 nm

two-way ANOVA, *p = 0.05.
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Figure A.6: Enhancement Factors for three analyzed peaks of the CV

SERS spectra of each film thickness on each annealed substrate and the

unannealed control for each rate group.
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APPENDIX B

SUPPLEMENTARY INFORMATION FOR CHAPTER Il
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Figure B.1: Illustration of the Ag/ZnO nanoprobe fabrication process for
PDMS substrates: (1) deposit 100-nm ZnO seed layer on PDMS, (2)
hydrothermally grow ZnO nanowires, and (3) deposit Ag on the nanowires
on an azimuthally rotated sample to get (4) a finished Ag/ZnO nanoprobe.
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Figure B.2: lllustration of the Ag/ZnO nanoprobe fabrication process for
PDMS channels: (1) deposit 100-nm ZnO seed layer on PDMS, (2)
hydrothermally grow ZnO nanowires, and (3) deposit Ag from an angle on
the nanowires inside a rotated channel to get (4) a finished Ag/ZnO
nanoprobe.
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Figure B.3: Raman spectra of PDMS before and after the ALD-AMD
cleaning process, demonstrating no spectral effects due to cleaning.
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Figure B.4: SEM image of bare ZnO nanowires, exhibiting highly
crystalline nanowires.
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Figure B.5: SEM image of ZnO nanowires after Ag nanoparticle
decoration, demonstrating dense nanoparticle formation on the sides of

nanowires.
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Figure B.6: PL of ZnO nanowires to be decorated with Ag nanoparticles
and those to remain bare, demonstrating highly crystalline nature of the
nanowires and the similarity between the two sets of nanowires.
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Figure B.7: UV-Vis extinction spectra after nanowire growth of the seeded
and non-seeded portions of a patterned PDMS substrate, demonstrating the
ability to pattern nanowire growth on PDMS by patterning the seed layer.
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Figure B.8: UV-Vis extinction spectra of Ag/ZnO nanoprobe before and
after Ag deposition, demonstrating the formation of plasmons, centered at
~450 nm.
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Table B.1: Vibrational modes of PDMS in the fingerprint region: y =
torsion, § = bending, v = stretching, o = scissoring, p = rocking; s =
symmetric, as = asymmetric, L = out-of-plane, I = in-plane

Raman Band (cm'l) Vibrational Modes Reference
160 Y.(C-Si-C) 178,179
188 5(C-Si—C)/3(C-Si—0)/y(C-Si—C)/p(C-Si-C)/a(C-Si-C) | 175178179
488 v(Si-O-Si) 175-179
615 v(Si-O-Si)/v(Si-C) 178
ot Pas(Si-Cs) 176
687 v(Si-C)/p(C-H,) 175,178,179
708 v-s(Si~C)/8(C-H,) 176-178
754 p(C-H3)/p(Si-C3)/v(Si-C) 175,176,178
87 Po(C-Si-C)/v, (C-Si-C)/p(C-H;) 176-179
845 P.(C-Si-C) 176
859 p(C—Si—C)/p(C-H,) 176-179
882 p,(Si—C,)/p, (C-Si-C) 176
1088 v,(Si-0-Si) 176
1262 6(C-H,)/6(C-H,) 176-179
1411 8,,(C—H,)/6(C—H,)/a(C-H,) 175 179

Figure B.9: Photoluminescence spectra of ZnO nanowires in 7 different
PDMs channels, demonstrating variability in ZnO nanowire structure,
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though each still exhibits high crystallinity with few defects.

99




*’f’(hannel‘* §~
NYNAT e Juaals o

. (‘“4'* ('l‘}‘\\“

N .,

' ﬂ? (hannel7 : }:(.
IA/ 7 /fﬂ*’ 1_,\
e

\
S

/ ' ,I:""\\‘/J
\--\"\
0 /)?(:«/‘/,{'"h .
] « oF e

Figure B.10: SEM images of nanowires within PDMS channels on
sputtered ZnO seed layers, illustrating the variability of nanowire growth on
sputtered seed layers.
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Table B.2: Vibrational modes of melamine in the fingerprint region: y =

torsion, § = bending, v = stretching, o = scissoring; s = symmetric, L = out-

of-plane
Raman Band (cm'l) Vibrational Modes Reference
380 3(C-N) 180,181
691 Ring Breathing 180,181
845 d1(Ring) 180,181
1235 3(N-H) 181
1390 o(NH2)/v(C-N)/ ds(Ring) 181
1595 O(NH2)/ 8(N-C-N) 180
100
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Figure B.11: Ratios of each melamine peak with the PDMS peak at 488
cm-1 for each substrate, illustrating the consistency of melamine peak
intensities relative to the overall signal intensity for each measurement.
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Figure B.12: Ratios of melamine peaks at 1595 cm™ to 845 cm™ for each
melamine concentration measured for each substrate, illustrating internal
signal consistency for all concentrations measured, and across substrates.
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APPENDIX C

ADDITIONAL RESEARCH PERFORMED

Functionalizing Silver-Decorated Zinc Oxide Nanowires with 4’-Aminobenzo-18-Crown-6

Preliminary attempts were made to functionalize Ag-decorated ZnO nanowires with
AB18C6. A 10-uM solution of AB18C6 was prepared in 1:3 DMSO:DI water and a portion of
that solution was set aside for future analysis as a positive control. An Ag-decorated ZnO
nanowire substrate grown on fused silica was placed in this solution and the solution was stirred
for 60 min before being incubated overnight at room temperature to facilitate functionalization.
The substrate was then pulled out of the solution and the residual fluid was washed off with DI
water. Crown ether solution was taken after incubation with the SERS substrate. UV-vis (Figure

C.1: UV-vis spectra of the 100 uM AB18C6 solution in 1:3 DMSO:DI water before and after

incubation with an Ag-decorated ZnO nanowire substrate, with a spectrum of the solvent as a

0.20
— 1:3 DMSO:DI Water

— Before Incubation

— After Incubation

Absorption
o © o
o = [
T T 7
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Figure C.1: UV-vis spectra of the 100 uM AB18C6 solution in 1:3
DMSO:DI water before and after incubation with an Ag-decorated ZnO
nanowire substrate, with a spectrum of the solvent as a negative control
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Figure C.2: UV-vis spectra of the 100 uM AB18C6 solution in 1:3
DMSO:DI water before and after incubation with an Ag-decorated ZnO
nanowire substrate, with a spectrum of the solvent as a negative control

negative control) and fluorescence spectra (Figure C.2: UV-vis spectra of the 100 uM AB18C6
solution in 1:3 DMSO:DI water before and after incubation with an Ag-decorated ZnO nanowire
substrate, with a spectrum of the solvent as a negative control) were acquired from solutions set
aside before and after SERS surface functionalization, as well as 1:3 DMSO:DI water alone. The
UV-vis spectrum for the post-incubation crown ether solution exhibits a decrease in intensity as
compared to pre-incubation crown ether solution, which indicates that some of the crown ethers
were attached to the sensing surface. The fluorescence spectrum for the post-incubation crown
ether solution likewise exhibits a decrease in fluorescent intensity over the positive control,

confirming that some crown ether was retained by the sensing surface.
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