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Microporous Multiresonant Plasmonic Meshes by
Hierarchical Micro-Nanoimprinting for Bio-Interfaced
SERS Imaging and Nonlinear Nano-Optics

Aditya Garg, Elieser Mejia, Wonil Nam, Meitong Nie, Wei Wang, Peter Vikesland,

and Wei Zhou*

Microporous mesh plasmonic devices have the potential to combine the
biocompatibility of microporous polymeric meshes with the capabilities of
plasmonic nanostructures to enhance nanoscale light-matter interactions for
bio-interfaced optical sensing and actuation. However, scalable integration of
dense and uniformly structured plasmonic hotspot arrays with microporous
polymeric meshes remains challenging due to the processing incompat-
ibility of conventional nanofabrication methods with flexible microporous
substrates. Here, scalable nanofabrication of microporous multiresonant
plasmonic meshes (MMPMs) is achieved via a hierarchical micro-/nanoim-
print lithography approach using dissolvable polymeric templates. It is dem-
onstrated that MMPMs can serve as broadband nonlinear nanoplasmonic
devices to generate second-harmonic generation, third-harmonic generation,
and upconversion photoluminescence signals with multiresonant plasmonic
enhancement under fs pulse excitation. Moreover, MMPMs are employed
and explored as bio-interfaced surface-enhanced Raman spectroscopy mesh
sensors to enable in situ spatiotemporal molecular profiling of bacterial bio-
film activity. Microporous mesh plasmonic devices open exciting avenues for
bio-interfaced optical sensing and actuation applications, such as inflamma-
tion-free epidermal sensors in conformal contact with skin, combined tissue-
engineering and biosensing scaffolds for in vitro 3D cell culture models, and
minimally invasive implantable probes for long-term disease diagnostics and

1. Introduction

Due to their low elastic moduli and high
permeability to nutrients and oxygen,
mesh-like flexible microporous devices
confer significant biocompatibility advan-
tages to interface with cell networks and
tissues for biomedical sensing or actua-
tion applications.!!.: Most microporous
mesh devices employ arrays of electrical
components, including microelectrodes!?
and nanoscale transistors.’l Such elec-
trical mesh devices can serve as inflamma-
tion-free epidermal sensors for long-term
health monitoring, sensor-array scaffolds
for in vitro drug-response monitoring in
3D cell culture models,Pl and minimally
invasive brain probes for in vivo elec-
trical recording in animals.*”) Despite
the benefits of the wireless optical opera-
tion, there is little work to date on optical
mesh devices based on dense plasmonic
nanoantenna arrays for bio-interfacing
applications.
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metal nanostructures can support surface
plasmon resonances to enhance light—
matter interactions at the nanoscale for
bio-interfaced spectroscopy, sensing, and
actuation.®”] For example, plasmonic nanoantennas can enable
surface-enhanced Raman spectroscopy (SERS) for ultrasensi-
tive detection of biochemical analytes!'”) and in situ molecular
profiling of living biological systems.'!! Furthermore, plas-
monic nanoantennas modified with specific receptors can
allow refractive index sensing of target biomolecules in bio-
logical environments.? Finally, plasmonic nanoantennas can
serve as nanolocalized photothermal heat sources to induce
cell membrane optoporation for drug delivery!"® and stimulate
neuron excitation. Therefore, it is highly desirable to develop
microporous mesh plasmonic devices for bio-interfaced optical
sensing and actuation applications.

Conventional plasmonic nanoantennas optimize single-
resonant optical characteristics within one wavelength band
and are sufficient for applications based on single-photon
and single-band processes. Nevertheless, for emerging nano-
photonics applications involving multiphoton processes, it
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is crucial to use multiresonant plasmonic nanostructures
to simultaneously enhance light-matter interactions in sev-
eral resonant spectral bands.>™ For example, multireso-
nant plasmonic enhancement of multiphoton excitation and
emission transitions can boost second harmonic generation
(SHG) or upconversion photoluminescence (UCPL) signals
for deep-tissue optical sensing and imaging.®'>'1] Moreover,
multiresonant plasmonic nanostructures enable wavelength-
multiplexed multimodal optical operations at the nano-bio
interface.? A general approach to construct multiresonant
plasmonic devices is to assemble multiple building-block plas-
monic resonators within a very close distance.?!! The optical
coupling between the elementary modes of the building blocks
can result in multiple hybridized plasmonic modes with spatial
overlaps at different wavelengths.I'’l Recently, several multireso-
nant plasmonic devices have been generated using top-down
fabrication methods such as electron-beam lithography,??
focused ion beam,?¥l deep-ultraviolet lithography,* laser-
direct-writing,/*) and nanoimprint lithography (NIL).”) Despite
significant research efforts, to date, the existing multiresonant
plasmonic devices face challenging issues, such as relatively
low hotspot density, weak excitability of multipolar modes, and
lack of scalable nanofabrication methods compatible with flex-
ible microporous substrates.

In this work, we develop a dissolvable template-based hier-
archical micro-/nanoimprinting approach to create large-area
microporous multiresonant plasmonic mesh (MMPM) devices
for bio-interfacing applications. The MMPMs carry two-tier
nanolaminate plasmonic crystals (NLPCs) consisting of two
optically coupled nanodome and nanohole multiresonant sub-
systems. By supporting multiple spatially overlapped plasmonic
modes, MMPMs allow multiresonant plasmonic enhance-
ment of SHG, third-harmonic generation (THG), and UCPL
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emissions under fs laser pulses over a wide excitation wave-
length range. Moreover, we demonstrate that MMPMs can sup-
port dense and uniform SERS hotspots arrays for in situ spa-
tiotemporal molecular profiling of bacterial biofilm formation
and growth.

2. Fabrication of MMPMs

Figure 1A illustrates the fabrication processes used to create
the MMPMs. First, thermal micro-/nanoimprint lithography
was exploited to replicate water-soluble polyacrylic acid (PAA)
micropillar arrays and solvent-soluble polymethyl meth-
acrylate (PMMA) nanowell arrays from hydrophobic per-
fluoropolyether (PFPE) replica molds (Figure S1, Supporting
Information). Then, alternating layers of Au (10 nm) and SiO,
(8, 10, and 12 nm from top to bottom) were deposited within
the PMMA nanowell arrays using electron beam deposition.
The metal and dielectric thicknesses were selected to achieve
multiresonant plasmonic responses across a broad visible to
near-infrared (Vis-NIR) range.?®?’] The cross-sectional scan-
ning electron microscope (SEM) image in Figure 1B depicts
NLPCs within the PMMA nanowell arrays. The optical image
of NLPCs shows a vivid diffraction pattern, revealing a uniform
distribution of periodic nanostructures over a large sample
area. Subsequently, a unique hierarchical micro-/nanoimprint
lithography process was conducted by squeezing a hydrophobic
UV-curable resist (PFPE) between the PAA micropillar arrays
and the NLPCs-containing PMMA nanowell arrays under
high pressure with UV curing. Due to their wettability differ-
ence, the confined hydrophobic resist can experience partial
dewetting with the more hydrophilic PAA and PMMA-NLPCs
templates, which possess micro/nanogeometries to reduce
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Figure 1. Fabrication of MMPMs using hierarchical micro-/nanoimprint lithography with dissolvable templates. A) Schematic illustration for the fabri-
cation processes. B) Tilted-view bright-field and cross-section SEM images of the PMMA nanohole arrays with NLPCs. C) Tilted-view bright-field image

of the MMPM on a PET sheet. D) Top-down SEM image of the MMPM. E) Zoomed-in top-down SEM image and cross-sectional view SEM image of

the MMPM depicting the NLPCs.
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the thickness of the residual layer further.?®! Then PAA was
dissolved in water to expose the microstructured side of the
UV-cured PFPE, followed by mild reactive ion etching (RIE)
in the plasma of oxygen and CF, mixtures to eliminate the
thin residual layer. Because PMMA is water-insoluble, the
PMMA template remained attached to the UV-cured PFPE,
thus keeping the sample flat and robust, allowing uniform
RIE etching of the residual layer and facile sample handling.
Subsequently, PMMA was dissolved in anisole to lift off the
MMPM. Successful transfer of the NLPCs onto the UV-cured
PFPE scaffolds with excellent transfer yield was achieved due
to the solvent-solubility of the PMMA template, whereby sol-
vent molecules can weaken the adhesion between the NLPCs
and PMMA templates to allow the reliable release of the plas-
monic nanostructures.?’! Additionally, mechanically stable plas-
monic hotspot arrays were generated due to the strong bonding
between the UV-cured PFPE scaffold and the NLPCs.’% Lastly,
RIE was performed to expose the plasmonic nanogap hotspots
of the NLPCs embedded in the UV-cured resist, followed by
partial etching of the SiO, layers using buffered oxide etchant
(BOE) to open the plasmonic nanogap hotspots.?!l Figure 1C
illustrates an oblique-angle optical image of the MMPM, dis-
playing a bright diffraction pattern from the periodic nano-
structures on the sample. The top-view SEM image depicts the
microporous structure (pore size = 8 um, periodicity = 16 um)
of the MMPM and the uniform periodicity of the plasmonic
nanostructures (Figure 1D,E), while the cross-sectional SEM
shows the multilayered metal-insulator-metal (MIM) nanohole
and nanodome sub-systems (Figure 1E). The tapered shape of
the MIM nanodome arrays is due to the shadowing effect from
the line-of-sight electron-beam deposition process. The integra-
tion of dense and mechanically stable NLPCs with biomimetic
microporous polymeric scaffolds is enabled by our unique fabri-
cation process, which combines several novel aspects: 1) partial
dewetting of a hydrophobic, UV curable resist with hydrophilic
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micro/nanostructured templates to minimize the residual
layer thickness during imprinting, 2) solvent-solubility of the
nanostructured template enabling the transfer of the NLPCs
onto polymeric scaffolds with excellent transfer yield, 3) hier-
archical solubility of the micro- and nanostructured templates
enabling the uniform and user-friendly RIE etching processing
for reproducibly eliminating the polymeric residual layer, 4)
strong bonding between the UV-cured polymeric scaffold and
the NLPCs generating mechanically stable plasmonic hotspot
arrays, and 5) mild processing steps with low-toxicity solvents
at low temperature thus allowing manufacturing compatibility
with UV-curable polymers. The biomechanical properties (e.g.,
low bending stiffness comparable with biological systems
(Figure S2, Supporting Information)”! and high permeability
to nutrients and oxygen) of the biomimetic polymeric scaffold
coupled with the multiresonant plasmonic capabilities of the
NLPCs enable active monitoring or actuation of biological activ-
ities in living systems with unique biocompatibility benefits.

3. Optical Properties and Multiphoton Nonlinear
Responses of the MMPM

We carried out reflectance and transmittance measurements of
the sample to demonstrate that the MMPM exhibits a broadband
multiresonant response (Figure 2A and Figure S3, Supporting
Information). As shown in Figure 2A, the measured reflectance
spectrum of the MMPM exhibits narrow reflectance dips at
600, 735, and 790 nm and a broad reflectance dip at 1050 nm
that covers the wide spectral range from 900 to 1500 nm, indi-
cating a broadband multiresonant response. To further under-
stand the multiple resonance features in the reflectance spectra,
we calculated the far-field and near-field optical properties of
the MMPM using the finite-difference time-domain (FDTD)
method. The FDTD model used for calculations consists of an
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Figure 2. Optical properties and multiphoton nonlinear responses of the MMPM. A) Measured and FDTD-calculated reflectance spectra of the MMPM.
B-G) The FDTD-calculated x-z distribution map of |E|? for the NLPCs at B) 570 nm, C) 700 nm, D) 760 nm, E) 980 nm, F) 1070 nm, and G) 1500 nm.
H) Spectra of nonlinear scattered light under fs-laser excitation in the near-infrared region from 1000 to 1500 nm. I-L) Multiphoton microscopy 2D
images under fs-laser excitation at 1000 nm with the emission detected at 1) 400-492 nm, J) 500-550 nm, K) 563-588, and L) 601-657 nm.
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infinite array of nanolaminate nanoholes and nanodisks and
does not account for the microscale pores on the MMPM that
facilitate light transmission. Therefore, the overall reflectance
amplitude of the FDTD-calculated reflectance spectra is higher
than the measured reflectance spectra (Figure 2A). The FDTD-
calculated reflectance spectra exhibit six plasmonic resonant
dips at 570, 700, 760, 980, 1070, and 1500 nm. Compared to the
experimentally measured spectra, the calculated spectra show
resonant peaks with narrower linewidths because of inhomog-
enous broadening effects arising from random geometrical
variations between the unit cell structures and homogenous
broadening effects from optical losses due to metal-dielectric
interface roughness.?”l The geometrical variations between
the unit cell structures of the NLPCs can primarily be attrib-
uted to the nanoscale structural inhomogeneity of the PMMA
nanowell arrays due to the inherent limitations of the NIL
process such as template degradation after several imprinting
cyclesP? and the inhomogeneity in NLPC unit cells at the
edges of the micropores due to the lack of alignment between
the microtemplate and nanotemplate. The FDTD calcula-
tions (Figure 2B-G) reveal six resonant plasmonic modes with
electric field intensity enhancement >103. The modes at 570
and 980 nm (Figure 2B,E) primarily originate from localized
plasmonic modes in the MIM nanodome arrays. The mode
at 1500 nm (Figure 2G) mostly derives from the delocalized
plasmonic modes in the MIM nanohole arrays. The modes at
700, 760, and 1070 nm (Figure 2C,D,F) originate from optical
hybridization between the delocalized plasmonic modes in the
MIM nanolaminated nanohole array and localized plasmonic
modes in the MIM nanolaminated nanodisk arrays, enabling
the enhancement of linear and nonlinear optical processes over
a broad wavelength range.?l Figure 2H shows the nonlinear
upconversion light emission spectra between 400 and 800 nm
under fs pulses at different excitation wavelengths between
1000 and 1500 nm. The spectra exhibit three main compo-
nents: THG peaks, SHG peaks, and a broadband UCPL fea-
ture.?*3%] Since the MMPM exhibits a broadband multiresonant
response in the Vis—NIR region with high local field enhance-
ment (Figure 2A-G), SHG,?% THG,”) and UCPLP signals are
boosted over a broad excitation wavelength range from 1000 to
1500 nm via the enhancement of multiphoton excitation and
emission processes (Figure 2H). Indeed, the noncentrosym-
metric geometry of the two-tier NLPCs and the symmetry break
at the metal-dielectric interfaces can cause SHG signals due to
nonvanishing nonlinear surface susceptibility and nonlocal spa-
tial field variation.l'®38] As shown in Figure 2H, under 1000 nm
fs-laser excitation, the nonlinear spectra exhibit a strong UCPL
peak covering a broad spectral range from 550 to 880 nm and a
weak SHG peak at 500 nm. Under this excitation condition, the
multiphoton excitation of electron—hole pairs in the sp-band of
gold can result in UCPL.3*3 Since a large portion of the inci-
dent energy is converted to multiphoton UCPL, the coherent
SHG signals are weaker under 1000 nm excitation.*’ As the
excitation wavelength increases from 1000 to 1100 and 1200 nm,
the UCPL signal gets weaker, and the SHG signals become
stronger. As the excitation wavelength increases from 1200 to
1500 nm, the intensity of the SHG peak gradually decreases.
In addition, THG peaks can also be observed within the spec-
tral range of the detection system under fs-laser excitation from
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1300 to 1500 nm, and the intensity of the THG peaks decreases
as the excitation wavelength increases. This decreased intensity
of the SHG and THG peaks can be attributed to the weaker
plasmonic enhancement at excitation and/or emission wave-
lengths by the MMPM as indicated by the measured reflectance
spectra (Figure 2A). However, further investigation is required
to fully understand the contributions of the spatially overlapped
plasmonic modes at the excitation and emission wavelengths
to the nonlinear signal enhancement. Figure 2I-L shows mul-
tiphoton microscopy 2D images of the MMPM with the excita-
tion using a 1000 nm fs laser and the emission simultaneously
detected in four spectral channels (channel 1: 400-492 nm,
channel 2: 500-550 nm, channel 3: 563-588 nm, and channel 4:
601-657 nm). As expected, no signal was detectable in channel
1 due to the absence of multiphoton emission processes
(Figure 2I). However, strong signals were detected in channel 2,
which can be attributed to SHG (Figure 2]). In addition, strong
signals were also detected in channels 3 and 4 due to the mul-
tiphoton UCPL (Figure 2K,L). These results manifest that the
multiresonant plasmonic meshes can potentially enable deep-
tissue optical sensing and imaging at the nano-biointerface via
plasmonic enhancement of multiphoton excitation and emis-
sion processes.

4. SERS Performance of the MMPM

We coated the NLPCs with a self-assembled monolayer
of benzenethiol (BZT) molecules, a nonresonant Raman
probe, to evaluate SERS performance under 785 nm laser
excitation. Before BZT monolayer formation, RIE was per-
formed to expose the SERS hotspots embedded in the UV-
cured resist via a combination of physical bombardment and
chemical reaction followed by the partial etching of the SiO,
layers using BOE to open the plasmonic nanogap hotspots
of the NLPCs and improve their accessibility to the ana-
lyte (Figure S4A, Supporting Information). The optimized
RIE etching time of 1 min exhibited high SERS sensitivity
(SERS EF = 4.8 x10° and excellent uniformity (RSD = 9.0%)
over a large area by exposing the embedded SERS hotspots
while minimizing the structural deformation of the NLPCs
that result from RIE undercutting of the polymer matrix
supporting the NLPCs (Figure S4B,C, Supporting Informa-
tion). To evaluate the backside excitability of the multireso-
nant plasmonic mesh, we acquired SERS signals from both
the front and back sides of the MMPM. The SERS spectra
of BZT evaluated under backside excitation demonstrate a
comparable SERS signal intensity (=85%) relative to those
acquired using excitation from the front side (Figure 3A,B).
Histograms of the 1077 cm™ BZT Raman peak intensities and
the corresponding SERS EFs from 75 pixels display a normal
distribution profile under excitation from both front and
back sides, revealing a uniform SERS hotspot distribution
(Figure 3B). Figure 3C illustrates the 2D Raman mapping
at 1077 cm™ over a 100 um X 100 um area containing 10 000
pixels, along with the corresponding bright-field image.
No BZT Raman signals were observed on the right side of
the 2D Raman map as the ultra-flexible MMPM was bent
out-of-focus in that region, as indicated by the bright-field
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Figure 3. SERS performance of the MMPM. A) The measured Raman spectra of BZT molecules self-assembled on the surface of the NLPCs under
785 nm laser excitation from the front and back sides. B) Histograms of Raman signal intensities and the corresponding SERS EFs (1077 cm™) from
75 pixels over three different regions (5 um by 5 um each) of the MMPM under the frontside and backside laser excitation. C) Bright-field images and
D) the corresponding scanning confocal Raman images (1077 cm™) of the MMPM.

image (Figure 3C). However, the uniform signal intensities
observed in the in-focus regions of the 2D Raman image vali-
date the highly uniform distribution of SERS hotspots over
large areas of the microporous polymeric scaffold.

5. In Situ Spatiotemporal Molecular Profiling of
Bacterial Biofilm Formation and Growth Processes

The MMPMs combine the biomechanical compatibility and
transport permeability of microporous ultrathin polymeric
meshes with the Raman fingerprint specificity, plasmonic
sensitivity, and structural uniformity of NLPC hotspot arrays.
Therefore, the MMPMs can serve as bio-interfaced mesh SERS
sensors for in situ spatiotemporal biochemical monitoring of
biological systems. To demonstrate the ability of the MMPM
for in situ spatiotemporal biochemical monitoring of biological
systems, we exploited the MMPM coupled with a transparent
bandage to continuously monitor bacterial biofilms on LB agar
plates. As shown in Figure 4A,B, the MMPM bandage can seam-
lessly interface with Pseudomonas syringae bacterial colonies on
an LB agar layer. Bacterial colony proliferation was observed on
the LB agar plates under the MMPM bandage (Figure S5, Sup-
porting Information), and the molecular signatures reflecting
the biofilm formation process were continuously monitored
for 48 h via SERS measurements under the backside excita-
tion. Figure 4C illustrates the temporal variability of the average
SERS spectra between 0 and 48 h, with Table S1 in the Sup-
porting Information providing assignments and origins for
the observed SERS peaks. Spatiotemporal SERS measure-
ments were obtained for 5x5 pixels over a 25 um? region under
785 nm laser excitation. We calibrated SERS signal intensities
with the electronic Raman scattering (ERS) internal standard
for Raman peaks across different measurements.*!! Briefly, the
control SERS spectrum measured from LB broth exhibits major
bands at 732 and 1002 cm™ that reflect constituent purines
(adenine) and proteins (phenylalanine). For P. syringae colonies
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after seeding at t = 0 h, the measured SERS spectrum shows
reduced peak intensities at 732 and 1001 cm™ related to LB
broth components and a new lipid peak at 1444 cm™, possibly
originating from the lipid outer membrane of the cells,*”! man-
ifesting an intimate interface of SERS hotspots with P. syringae
cells to probe membrane components but with reduced access
to LB broth components.[¥] At t = 6 h, a nucleic acid peak at
968 cm™ emerges, possibly originating from extracellular DNA
(eDNA) that promotes surface attachment and cell-cell adhe-
sion during the early stages of biofilm formation.*! As the
biofilm develops from 6 to 48 h, the peak for nucleic acids
(968 cm™) decreases in intensity, while several peaks associated
with biofilm extracellular polymeric substance (EPS)“! proteins
(638, 822, 1180, 1240, 1366), carbohydrates (858 and 1140 cm™),
and lipids (1305 and 1444 cm™) emerge.[¥*8] These observations
reflect that mesh SERS hotspot arrays experience increased
exposure to EPS components (e.g., polysaccharides and pro-
teins) and reduced exposure to the cell membrane and eDNA
components during the biofilm formation and growth process.
In this scenario, the increasing depth of the EPS layer within
the biofilm may limit access of the buried cells and eDNA
components to the SERS hotspots in the mesh sensors.[**]
Figure 4D illustrates the time-dependent in situ SERS maps
for major Raman bands during biofilm formation. Despite the
uniformity of the hotspot arrays in the mesh SERS biosensors,
spatiotemporal maps of different Raman bands show dynamic
changes and nonuniform distributions, thus reflecting the
complex spatiotemporal evolution of network-level microbial
activity during biofilm growth. For quantitative analysis of tem-
poral biochemical changes during the biofilm growth process,
the ERS-calibrated Raman intensity of major peaks from pro-
teins, carbohydrates, lipids, and nucleic acids was plotted as a
function of time (Figure 4E and Figure S6, Supporting Infor-
mation). First, we observe that the intensities of the peaks
from LB medium components (732 and 1001 cm™) continu-
ally decrease as the biofilm develops from 6 to 48 h, indicating
the consumption of LB medium components by P. syringae

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. In situ spatiotemporal molecular profiling of bacterial biofilm formation and growth. A) Schematic illustration of the experimental setup.
B) Top-down image of the MMPM bandage interfaced with Pseudomonas syringae bacterial colonies on an LB agar plate, zoomed-in tilted view image
of the MMPM bandage, and top-down bright-field image of the MMPM bandage. C) Average SERS spectra of Pseudomonas syringae biofilms measured
between 0 and 48 h (green bars = protein peaks, red bars = nucleic acid peaks, blue bars = carbohydrate peaks, and purple bars = lipid peaks). D) 2D
Raman images for Pseudomonas syringae biofilms measured between 6 and 48 h at 732, 822, 858, 964, 1240, and 1444 cm™. E) The ERS-calibrated Raman
intensities for Pseudomonas syringae biofilms measured between 0 and 48 h at 732, 822, 858, 964, 1240, and 1444 cm™.

(Figure 4E). Second, we observe that some peaks from pro-
teins (822 and 1366 cm™) and carbohydrates (1040 cm™)
continually increase in intensity as the biofilm grows from 6 to
48 h, while other peaks (858 and 1240 cm™) initially increase
(6 to 12 h) and then saturate (12-48 h). Previous studies have
shown that proteins and carbohydrates, major EPS com-
ponents, increase significantly during the biofilm develop-
ment process.”] Lastly, we observe that the peaks from lipids
(1305 and 1440 cm™) and nucleic acids (668 cm™) initially
increase in intensity and subsequently decrease in intensity
between 12 and 48 h. This reduced intensity at later stages of
biofilm development is attributed to the reduced exposure of
the embedded cell wall and eDNA components to the SERS
hotspots.
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6. Multivariate SERS Analysis and Classification of
Bacterial Biofilm Growth Stages

We employed multivariate chemometric methods to further
analyze the complex multivariable spectroscopic data origi-
nating from molecular ensembles in the plasmonic hotspots.
In this work, principal component analysis (PCA) and linear
discriminant analysis (LDA) were hierarchically implemented
to analyze and classify the Raman data from the different bio-
film growth stages. PCA reduces the dimensionality of multi-
variable datasets while preserving the variance of the datasets.
The loading plots of the principal components (PCs) can then
be used to identify the significant spectral components from
the spectroscopic data, and the PC score scatter plots can be
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Figure 5. Multivariate SERS analysis and classification of bacterial biofilm growth stages: A) PC1 and PC2 loading plots and B) PC score scatter plot
of Pseudomonas syringae biofilm growth stages. C) Histograms of a confusion matrix for PCA-LDA with LOOCV.

used to visualize the statistical segregation between different
data classes. Figure 5A shows loading plots of the first prin-
cipal component (PC1) and the second principal component
(PC2), exhibiting significant contributions to the loadings from
several spectral components. The PC1 loading plot shows that
the spectral features arising from the LB medium components
(e.g., 732 and 1001 cm™) and nucleic acids (e.g., 968 cm™) nega-
tively contributed to the PC1 loadings, while several spectral fea-
tures from proteins (e.g., 822 and 1366 cm™) and carbohydrates
(858 and 1140 cm™) positively contributed to the PC1 loadings.
In addition, the PC2 loading plot shows that the spectral features
assigned to lipids (e.g., 1305 and 1444 cm™) strongly contributed
to the PC2 loadings positively. Although the origins of several
significant spectral features identified by the PC loadings could
be assigned based on previous studies (Table S1, Supporting
Information), the assignment of other unknown spectral com-
ponents identified by the PC loadings requires further analysis
using analytical methods such as mass spectrometry. Figure 5B
shows a PC score scatter plot from different stages of the bio-
film development process from 6 to 48 h, showing the slight
overlap between the biofilm measured at 24 and 48 h. Although
the first two PC loadings show significant contributions from
nucleic acid-, protein-, carbohydrate-, and lipid-related peaks
(Figure 5A), these two PCs with a 22% contribution are inad-
equate to separate the multiclass and inhomogenous dataset.
PCA is used as a dimensionality reduction tool as it does not
account for interclass variability.®>*!l Subsequently, LDA,
which can maximize inter-class variance and minimize intra-
class variance, was implemented to classify the multivariable
dataset, taking the first 25 PCs (80% spectral variance) as the
input variables.’% The leave-one-out-cross-validation (LOOCV)
method was implemented to evaluate the predictive capability
of the PCA-LDA model, and the classification results indicate
that overall accuracy of 99% can be achieved using our PCA-
LDA model (Figure 5C and Table S2, Supporting Information).

7. Conclusion

For the first time, we have created microporous multiresonant
plasmonic meshes consisting of dense, uniformly structured,
and mechanically stable multiresonant plasmonic hotspot
arrays on polymeric meshes for bio-interfaced SERS monitoring
applications. We report a hierarchical micro-/nanoimprint
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lithography fabrication process using dissolvable polymeric
templates to produce scalable plasmonic meshes, which fea-
tures several enabling novelties: 1) partial dewetting of UV-
curable resists can minimize the thickness of the residual layer
during imprinting, 2) solvent-solubility of nanotemplates can
allow the transfer of plasmonic nanostructures onto polymeric
scaffolds with excellent transfer yield, 3) hierarchical-solubility
of micro-/nanotemplates can enable the reproducible elimi-
nation of the remaining residual layer for generating micro-
porous scaffolds, and 4) strong adhesion between the UV-cured
polymeric scaffold and plasmonic nanostructures can generate
mechanically stable plasmonic hotspot arrays. We demonstrate
that MMPMs can serve as broadband nonlinear nanoplasmonic
devices to generate SHG, THG, and UCPL upconversion sig-
nals under fs pulse excitation, opening exciting avenues for
bio-interfaced nonlinear optical sensing and imaging applica-
tions. We also show that MMPMs can function as bio-interfaced
SERS mesh sensors for in situ spatiotemporal SERS mole-
cular profiling of bacterial biofilm activities. We envision that
the biomechanical compatibility and transport permeability
of microporous ultrathin polymeric meshes coupled with the
multiresonant plasmonic capabilities of the NLPC hotspot
arrays in the MMPMs can potentially open the door for various
bio-interfaced optical sensing and actuation applications such as
inflammation-free epidermal sensors in conformal contact with
skin, combined tissue-engineering and biosensing scaffolds for
in vitro 3D cell culture models, and minimally invasive implant-
able probes for long-term disease diagnostics and therapeutics.

8. Experimental Section

Fabrication of PAA Microtemplates: 2D arrays of micropillars
(periodicity: 16 um, diameter: 8 pum, height: 1 um) composed of a
negative-tone photoresist (SU8-2000.5, Kayaku Advanced Materials
Inc., USA) were generated on silicon substrates via conventional
photolithography. PFPE (Fluorolink PFPE, Solvay, Belgium) was used to
replicate microwell arrays from the SU-8 mold on a PET sheet using UV
nanoimprint lithography (Compact Nanoimprint v2.0, NIL Technology,
Denmark). PFPE was squeezed between the mold and PET sheet and
cured by UV for 3 min under 2 bar pressure. Next, another round of
UV curing for 3 min under vacuum and post-annealing at 100 °C for
45 min was conducted. A 50% w/w solution of PAA (average molecular
weight = 1800, Sigma Aldrich, USA) in methanol was prepared and
subsequently spin-coated on a PET sheet (3000 rpm, 30 s). Lastly, PAA
micropillar arrays were replicated on the PET sheet from the PFPE mold
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via thermal microimprint lithography. The imprint time, pressure, and
temperature were 3 min, 6 bar, and 120 °C, respectively.

Fabrication of PMMA Nanotemplates: A PFPE mold was replicated
from a silicon master consisting of a 2D square periodic array of
nanowells (periodicity: 400 nm, diameter: 120 nm, height: 300 nm) using
UV nanoimprint lithography. UV curing was performed for 3 min under
2 bar pressure, followed by another round of UV curing for 3 min under
vacuum and post-annealing at 100 °C for 45 min. A 20% w/w solution
of PMMA (average molecular weight = 15000, Sigma Aldrich, USA)
in anisole was prepared and subsequently spin-coated on a PET sheet
(3000 rpm, 30 s), followed by heating at 150 °C for 3 min to evaporate the
solvent. PMMA nanowell arrays were replicated on the PET sheet from
the PFPE mold via thermal nanoimprint lithography. The imprint time,
pressure, and temperature were 10 min, 6 bar, and 170 °C, respectively.

Fabrication of MMPMs: Alternating layers of Au (10 nm) and SiO, (12,
10, and & nm from bottom) were deposited on the PMMA nanowell arrays
using e-beam evaporation (PVD250, Kurt |. Lesker, USA). In addition,
0.7 nm of titanium was deposited between the Au and SiO, layers for
adhesion. Then, PFPE was squeezed between the PAA microtemplate
and the NLPC containing PMMA nanotemplate, and cured by UV for
3 min under 6 bar pressure, followed by another round of UV curing
for 3 min under vacuum. Then, the system was submerged in water at
70 °C till most of the PAA was dissolved and the PAA microtemplate
was released from the UV-cured PFPE. Subsequently, the residual PFPE
layer was etched using reactive ion etching (RIE-1C, Samco, Japan) in the
plasma of O, (5 sccm) and CF, (25 sccm) mixtures under the RF power
of 50 W for 2 min. Then, the system was placed in anisole at 70 °C to
dissolve the PMMA and release the MMPM from the PET substrate. The
MMPM was transferred to a beaker of water using a Pasteur pipette and
rinsed three times. Subsequently, the rinsed MMPM was transferred to a
beaker of ethanol and captured on a PET sheet for post-processing. RIE
was performed in the plasma of O, (5 sccm) and CF, (25 sccm) mixtures
under the RF power of 30 W to expose the embedded SERS hotspots. To
open the dielectric nanogaps, BOE 10:1 was used (Transene Inc., USA).

Reflectance and  Transmittance Measurements: The reflectance
and transmittance spectra were measured by a UV-vis—NIR
spectrophotometer (Cary 5000, Agilent, USA). The absorption spectra
were calculated using the formula (Absorption = 100% — Transmission
— Reflection).

FDTD Simulation: A uniform 3 nm mesh was used in x-, y-,
and z-directions. The optical constants of Au were taken from
Johnson and Christy. The Bloch boundary condition was used in x-
and y-directions with a periodicity of 400 nm, and the perfectly matched
layer boundary condition was used in the z-direction. The refractive
indices of SiO, and PFPE were set as 1.50 and 1.34, respectively.

Multiphoton Nonlinear Spectra: The tunable fs laser pulses were
generated by using a Ti:sapphire oscillator (Coherent, Chameleon Ultra
I1) and an optical parametric oscillator (Coherent, Chameleon Compact
OPO) with 200 fs pulse duration and 80 MHz repetition rate. The laser
pulses were first filtered through two 900 nm longpass filters (Thorlabs,
FEL0900) before being introduced into an inverted microscope (Nikon,
TE2000-U). The sample was excited under a focused laser beam
through a 20x objective (Nikon, NA = 0.4). The nonlinear upconversion
signals were collected in the backward direction, filtered by two 900 nm
shortpass filters (Edmund Optics, 900SP OD4) and one 850 nm
shortpass filter (Edmund Optics, 850SP OD2) to remove the reflected
excitation laser, and then directed into a CCD spectrograph (Andor,
Kymera 328i/iDus 420) by a multimode optical fiber (Ocean Insight,
QP400-2-SR). The excitation laser wavelength was scanned from 1000
to 1500 nm with 100 nm increments. The pump power of the excitation
laser at all wavelengths was set to 19 mW. The spectra were acquired
for 10 min with two accumulations, with no observable change between
each acquisition

Multiphoton Nonlinear 2D Images: The 2D images were acquired using
a four-channel multi-photon laser scanning fluorescence microscope
(Nikon, ATR-MP) equipped with an ultrafast laser (Coherent, Chameleon
Discovery). Fs-laser excitation was performed at 1000 nm with the
emission detected at 1) 400-492 nm, 2) 500-550 nm, 3) 563-588, and
4) 601-657 nm.
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BZT Raman Measurements: Samples were incubated in 1x 10 m of
BZT ethanolic solution for 24 h to generate a self-assembled monolayer.
For Raman measurements, a confocal Raman microscope (alpha 300
RSA+, Witec, Germany) equipped with a 785 nm diode laser (Xtra Il
Toptica, Germany) was used. The backscattered photons were detected
with a spectrometer (UHTS300, Witec, Germany) equipped with a CCD
camera (DU401A, Oxford Instruments, UK). Signals were collected via
a 20x objective lens with 0.4 mW and 0.1 s integration time. After the
signal acquisition, the cosmic rays removal and baseline correction
using the Project v4.1 Software (WITec, Germany) were conducted.

SERS EF Calculation: The SERS EF was calculated using the equation
EF = (Isers/Iraman) X (NRaman/Nsers), where Isers, Iraman Nsers, and
Ngaman are the measured SERS intensity, the neat BZT Raman intensity,
and the number of BZT molecules contributing to SERS and neat
Raman intensity, respectively. For calculating Igaman, the 1094 cm™ peak
originating from the C—C—C ring in-plane breathing mode with C—S
stretching mode was used. The associated SERS peak at 1077 cm™
was used for calculating Isggs. Nsgrs Was calculated using the equation
Nsgrs = SA X psers, Where SA is the surface area of the SERS substrates
under the focused illumination contributing to the enhancement of
Raman signal and psggs is the packing density of BZT on Au surface
(6.8 x 10" molecules cm™2). Npaman Was calculated using the equation
NRaman = A X deg X pgz1, Where A is the area of the focused illumination,
deg is an effective focus depth of laser beam spot in the neat BZT
solution, and pgz7 is the density of BZT molecules in the neat solution
(5.9 x 102" molecules cm™). The d.g was measured by recording the
Raman intensity value of Si (527 cm™) at varying distances between the
objective lens and a bare silicon wafer.

Preparation of MMPM Bandages: A drop of ethanol was placed on
the MMPM captured on a PET sheet, and the MMPM was allowed to
gently slide onto a transparent bandage (Nexcare Tegaderm transparent
dressing, 3M, St Paul, MN).

Bacterial Cell Culture: Bacterial strain P. syringae was grown from
stock on LB agar plates at 25 °C for 48 h. A single colony was transferred
to 15 mL of LB medium and incubated at 25 °C with agitation at
200 rpm for 24 h. The bacterial culture (100L) was washed three times
by centrifugation (4000g/8 min) with 10mL of LB and re-suspended in
10 mL of fresh LB medium. To obtain the bacterial concentration, the
obtained bacterial suspensions were diluted in series and placed onto
LB agar plates. The colony-forming units (CFUs) were counted after 48 h
to obtain the concentration.

SERS Detection of Bacterial Biofilm Formation and Growth Processes:
10 uL of the bacterial suspension in fresh LB broth was used to start
the culture on LB agar plates. Subsequently, the MMPM bandages
were gently placed on the culture plate, and SERS measurements were
performed at various time intervals with 0.4 mW and 5 s integration
time. For determining the viable bacteria, bacteria were scraped off
the MMPM and LB agar in 1 mL phosphate-buffered saline using an
inoculating loop, followed by sonication. The bacterial suspension was
serially diluted in LB and placed onto LB agar plates. The CFUs were
counted after 48 h to obtain the concentration.

Multivariate ~ Analysis:  Cosmic Ray removal and background
subtraction were performed using the Project v4.1 Software (WITec,
Germany). Subsequently, ERS calibration and data truncation were
performed in MATLAB. PCA and LDA were performed using R software.
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