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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) has
emerged as a powerful tool for ultrasensitive fingerprint
recognition of molecules with considerable potential in wearable
biochemical sensing. However, previous efforts to fabricate
wearable SERS devices by directly treating fabrics with plasmonic
nanoparticles have generated a nonuniform assembly of nano-
particles, weakly adsorbed on fabrics via van der Waals forces.
Here, we report the creation of washing reusable SERS membranes
and textiles via template-assisted self-assembly and micro/nano-
imprinting approaches. Uniquely, we employ the capillary force
driven self-assembly process to generate micropatch arrays of Au
nanoparticle (NP) aggregates within hydrophobic microstructured
templates, which are then robustly bonded onto semipermeable
transparent membranes and stretchable textiles using the UV-resist based micro/nanoimprinting technique. A mild reactive ion
etching (RIE) treatment of SERS membranes and textiles can physically expose the SERS hotspots of Au NP-aggregates embedded
within the polymer UV resist for further improvement of their SERS performance. Also, we demonstrate that the semipermeable
transparent SERS membranes can keep the moisture content of meat from evaporating to enable stable in situ SERS monitoring of
biochemical environments at the fresh meat surface. By contrast, stretchable SERS textiles can allow the spreading, soaking, and
evaporation of solution analyte samples on the fabric matrix for continuous enrichment of analyte molecules at the hotspots in
biochemical SERS detection. Due to the mechanical robustness of the UV-resist immobilized Au NP aggregates, simple detergent-
water washing with ultrasound sonication or mechanical stirring can noninvasively clean contaminated hot spots to reuse SERS
textiles. Therefore, we envision that washing reusable SERS membranes and textiles by template-assisted self-assembly and micro/
nanoimprinting fabrication are promising for wearable biochemical sensing applications, such as wound monitoring and body fluid
monitoring.

KEYWORDS: surface-enhanced Raman spectroscopy (SERS), template-assisted self-assembly, wearable biochemical sensing, smart textiles,
smart bandages, washing reusable

■ INTRODUCTION

The development of wearable sensors for continuous real-time
monitoring of human physiological status has attracted
extensive research efforts among different fields in electrical
and electronic engineering,1 materials science,2 analytical
chemistry,3 and biomedical engineering.4,5 While significant
commercial success has been made in wearable physical
sensors for monitoring physiological parameters like heart rate
and body temperature,2,6 wearable chemical sensors are still
under intense research and development for applications in
personal health management, including body biofluids
analysis,4,7 wound monitoring,8,9 and human-centered environ-
mental sensing of hazardous chemicals.10 Current research
efforts in wearable chemical sensors mainly focus on
electrochemical sensors7 and various label-based optical
sensors using calorimetric11 and fluorometric12 sensing

elements for body biofluid detection in sweat and saliva.
Besides, wearable electrochemical pH sensors have been
demonstrated to monitor wound healing progression.9 The
successful application of wearable chemical sensors needs to
satisfy demanding requirements on several fronts simulta-
neously.13 First, it is essential to ensure that the interface
between the device and the human body is comfortable and
does not impact the user movement. The sensor performance
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should remain consistent during the person’s movement by
maintaining close contact with the body’s skin, which requires
integrating micro/nanoscale sensing elements with flexible and
stretchable substrates.2 Second, since the active surfaces in
most chemical sensors tend to be contaminated and degrade
over time in aqueous biochemical environments, it is crucial to
regenerate sensor performance for long-term detection
applications.14 Although it is possible to recover the sensing
performance by replacing with detachable sensor compo-
nents,15 the extra time and cost for the repeated sensor
replacement can impede the widespread adoption of the
wearable sensors in daily life. Therefore, it is highly desirable to
regenerate sensor performance by simple detergent−water
washing processes, which requires good mechanical robustness
of the flexible substrates’ sensing elements. Third, the real-time
detection and analysis of human biochemical information also
demands system-level engineering, including sensor miniatur-
ization, power management, wireless communication, and
machine learning by remote cloud computing.13

Surface-enhanced Raman spectroscopy (SERS) has become
a powerful label-free biochemical analysis technique by
detecting vibrational transition “fingerprint” signatures of
analyte molecules.16 SERS nanosensors based on plasmonic
nanoantennas can be integrated with flexible and stretchable
substrates to create wearable biochemical sensors at the
interface with the human body.17 The miniaturization of such
wearable biochemical SERS sensor systems can be achieved
using portable Raman analyzers, and ultimately smartwatch-
like optoelectronics devices.18 Recently, several types of
wearable SERS substrates have been demonstrated by using
incubation techniques, drop coating, or direct in situ synthesis
to assemble plasmonic nanoparticles on commercially available
silk zari or cotton fabrics.19−21 Despite promising results,
previous works on wearable SERS substrates still face some
challenging issues. First, the conventional methods of
assembling plasmonic nanoparticles on fabrics have poor
uniformity control of plasmonic hotspots’ distribution and
sensitivity, which is detrimental to achieving consistent SERS
sensing performance.22 Second, most assembly techniques in
previous works use weak van der Waals forces to bond
plasmonic nanoparticles to the wearable substrates, which

results in low mechanical robustness of SERS sensors and
prevents their washing reusability.19−21,23

Template-assisted self-assembly, a technique to use capillary
force for self-assembling nanoparticles inside top-down
fabricated templates of microstructures, has been used to
fabricate hierarchically ordered arrays of plasmonic nano-
particles,24−26 nanorods,27,28 nanowires,29 nanoprisms,30 and
nanocubes30 with uniform and densely packed SERS hotspots.
Self-assembled nanoparticle aggregates can support nanogap
plasmonic modes with highly enhanced electromagnetic (EM)
fields.31 However, two processing-related issues prevent the
widespread use of template-assisted self-assembly techniques
to fabricate wearable SERS biochemical sensors. First, current
template-assisted self-assembly techniques either transfer
uniform plasmonic nanoparticle assemblies onto adhesive
carriers (e.g., scotch tapes24 or polydimethylsiloxane films24)
or use a solution-based approach for transferring onto
hydrophilic nonadhesive substrates (e.g., hydrophilized glass
slides26 or silicon wafers25) after slowly evaporating the
nanoparticle solution confined between the template and
substrate. Unfortunately, due to conventional fabric materials’
highly absorbent properties, the solution-based transferring
techniques are not compatible with the fabrication process to
create porous textile-based wearable sensors. Second, the weak
binding between assembled plasmonic nanostructures and the
substrate based on the van der Waals forces still results in their
poor mechanical robustness for many reusable real-life
applications.25,26,32

This paper demonstrates washing reusable wearable SERS
sensors fabricated via template-assisted self-assembly of Au
NPs within highly hydrophobic microwell templates, followed
by their transfer onto wearable membranes and textiles by
micro/nanoimprinting using a UV curable resist. Compared to
previous works, wearable SERS devices by template-assisted
self-assembly and micro/nanoimprinting fabrication can offer
unique advantages. First, template-assisted self-assembly by
capillary force can generate micropatch arrays of plasmonic
nanoparticle aggregates with improved uniformity of plasmonic
hotspots for high-performance SERS monitoring.33 Second,
the mild UV micro/nanoimprinting process at ambient
temperatures is compatible with many flexible micro/nano-

Figure 1. Generation of Au NP aggregate micropatch array by template-assisted self-assembly and UV micro/nanoimprinting. (A) Schematic
illustration for fabrication processes. (B−D) Schematics and top-down optical images of the micropatch arrays of Au NP aggregates fabricated on
(B) a PET sheet, (C) a nanoporous semipermeable transparent membrane, and (D) a stretchable textile. (E) Top-down bright field image of the
micropatch arrays of Au NP aggregates fabricated on a PET sheet. (F) Top-down SEM image of one micropillar containing Au NP aggregates. The
inset shows a zoomed-in SEM image of the Au NP aggregates on the micropillar.
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structured membrane/fabric materials to create ideal wearable
SERS devices. The robust integration of self-assembled NP-
aggregate plasmonic hotspots with wearable membrane/fabric
materials of suitable properties in stretchability, micro/
nanoscale porosity, and transparency, can lead to application-
specific advantages. For instance, stretchable wearables
integrated with nanosensors provide a comfortable interface
with the skin;2 nanoporous polymeric dressing membranes are
selectively permeable for wound protection;8 and transparent
wearables enable on-site detection capability.17,34 Third, the
strong bonding between self-assembled Au NPs and the
wearable substrates by UV-cured resist can result in
mechanically robust SERS devices, allowing repeated washing
processes to regenerate the contaminated SERS hotspots. Most
previous works achieve the regeneration of contaminated SERS
hotspots by using complicated or aggressive techniques such as
reactive ion etching (RIE),35 photocatalysis,36 NABH4 treat-
ment,37 and thermal cleaning,38 which typically require
sophisticated laboratory equipment and trained professionals,
and can even induce damage to many membrane/fabric
materials. This work demonstrates the feasibility of implement-
ing a user-friendly detergent-water washing process with simple
sonication or mechanical stirring for repeated cleaning of
contaminated hotspots on the SERS fabrics. These washing
techniques can be achieved with a washing machine to clean
the hotspots for reusing the SERS devices during laundry of
the dirty wearables.

■ RESULTS AND DISCUSSION
Fabrication of Micropatch Arrays of Au NP Aggre-

gates. Figure 1A illustrates the template-assisted self-assembly
and UV micro/nanoimprinting processes to create the
micropatch arrays of Au NP aggregates. First, citrate capped
Au NP solution was deposited within regions confined by
polytetrafluoroethylene (PTFE) washers on perfluoropolyether
(PFPE) microstructured templates. The solvent evaporation
can induce capillary force-driven self-assembly of Au NP
aggregates into micropatch arrays within the microstructured
templates. Then, we conducted UV micro/nanoimprinting
using UV curable polyurethane (PU) resist to bond micro-
patch arrays of Au NP aggregates to different types of
substrates, including polyethylene terephthalate (PET) sheets,
nanoporous semipermeable transparent membranes, and
stretchable textiles. Lastly, we conducted reactive ion etching

(RIE) treatment on SERS devices in the plasma of oxygen and
CF4 mixtures to expose the SERS hotspots of Au NP-
aggregates embedded in the cured UV resist.
By the processes of template-assisted self-assembly and UV

micro/nanoimprinting, micropatch arrays of Au NP aggregates
showing reddish color in optical camera images can be
generated on different types of substrates, including flexible
PET sheets (Figures 1B), semipermeable transparent mem-
branes (Figures 1C), and stretchable macroporous textiles
(Figures 1D). As shown in the top-down bright-field
microscope image (Figure 1E), micropatch arrays of Au NP
aggregates imprinted on a PET sheet exhibit a dark appearance
due to the absorption at plasmonic resonant frequencies. The
scanning electron microscope (SEM) images in Figure 1F
confirm the presence of densely packed Ag NP aggregates on
the top surface of micropillar arrays.

Exposure of Embedded SERS Hotspots by RIE
Treatment. Due to the viscous fluidic nature of uncured
UV resist, most SERS hotspots of Au NP-aggregates will be
embedded in the cured UV resist of micropillar arrays after the
UV micro/nanoimprinting process. Therefore, we exploit the
RIE process to expose embedded SERS hotspots of Au NP-
aggregates for their accessibility to analytes in SERS measure-
ments. As illustrated in Figure 2A, the accelerated radicals in
the plasma of oxygen and CF4 mixtures can etch the PU via a
combination of physical bombardment and chemical reaction
processes. To find the optimized etching condition resulting in
large SERS enhancement factors (EFs) and uniform hotspot
distributions, we tested different RIE treatment times for the
fabricated SERS devices at the same RIE condition (30 W, 25
sccm CF4, and 5 sccm O2). For the evaluation of SERS
performance, we used a self-assembled monolayer of
benzenethiol (BZT) molecules39 as the nonresonant Raman
probe to functionalize Au NP-aggregate micropatch arrays
from five self-assembly cycles. Figure 2B shows the Raman
spectrum of BZT with RIE treatment at 0, 1, 2, and 3 min
under 785 nm laser excitation with a 20× objective lens. The
five significant peaks at 700, 1001, 1026, 1077, and 1576 cm−1

correspond to the carbon−carbon−carbon (C−C−C) ring in-
plane bending mode with carbon−sulfur (C−S) stretching
mode, the C−C−C ring in-plane bending mode, the carbon−
hydrogen (C−H) in-plane bending mode, the C−C−C ring
in-plane breathing mode with C−S stretching mode, and the
C−S stretching mode respectively for BZT molecules.40

Figure 2. Exposure of embedded SERS hotspots by RIE. (A) Schematic illustration of the RIE process to expose the embedded SERS hotspots. (B)
The measured Raman spectra under 785 nm laser excitation for BZT molecules assembled on the surface of Au NP aggregates with different RIE
treatment times (0, 1, 2, and 3 min). (C) Histogram of Raman signal intensities and corresponding SERS EFs (1077 cm−1) for the samples with
different RIE treatment times (0, 1, 2, and 3 min).
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Compared to the nonetched case (0 min RIE treatment), the
sample with 1 min RIE treatment shows an increased SERS
intensity by 4 times. As the RIE treatment time further
increases from 1 to 2 and 3 min, the SERS signal intensity
continuously decreases, suggesting the loss of the SERS
hotspots due to the RIE undercutting induced structural
degradation of the polymer supporting matrix for Au NP
aggregates.
For assessing the change in SERS performance with RIE

treatment time, we plotted the histograms of the 1077 cm−1

peak Raman intensity and the corresponding SERS EFs from
75 pixels sampled in 3 different regions micropillars (Figure
2C). As the RIE treatment time increases from 0 to 1 min, the
average value of SERS EFs increases from 2.3 × 105 to 7.4 ×
105, and the relative standard deviation (RSD) value of SERS
EFs decreases from 25.0% to 15.0%, which manifests the
exposure of embedded hotspots with a uniform distribution
over a large sample area. As the RIE treatment time further
increases from 1 to 2 and 3 min, the average value of SERS EFs
continuously decreases from 7.4 × 105 to 6.0 × 105 and 3.0 ×
105 while the RSD value of SERS EFs increases from 15.0% to
37.5% and 46.2%, which reveals that prolonged RIE under-
cutting of polymer supporting matrix of Ag NP aggregates can
cause more loss of SERS hotspots. Unlike the samples with 2-
and 3 min RIE treatment (Figure 2C), the histogram plots for
the samples under 0- and 1 min RIE treatment exhibit a
normal distribution profile with peak positions close to the
mean EF value, which statistically confirms the presence of a
more uniform distribution of hotspots.41 Since samples with 1
min RIE treatment displayed the highest SERS sensitivity and
uniformity, we used this RIE condition (1 min, 30 W, 25 sccm

CF4, and 5 sccm O2) to expose embedded hotspots of SERS
samples in all the subsequent experiments. Notably, by using a
100× objective lens with a larger numerical aperture (NA),
higher Raman signal intensities can be collected to generate a
one-order larger SERS EF (7.0 × 106) than using a 20×
objective lens for the same SERS samples under 1 min RIE
treatment (Supporting Information (SI) Figure S1).

Effects of the Self-Assembly Cycle Number on the
Device SERS Performance. The density of Au NPs
assembled on the bottom surface of PFPE microwells can be
increased by conducting multiple cycles of Au NP drop-casting
and self-assembly processes. Therefore, it is crucial to
investigate the effects of the self-assembly cycle number on
the optical properties and the SERS performance of the
fabricated Au NP aggregate micropatch arrays. For this
purpose, we drop-casted 20 μL (1 cycle), 60 μL (three
cycles), and 100 μL (five cycles) of Au NP solutions on the
microwell PFPE templates. Following the evaporation and
drying of Au NP solutions, we conducted UV micro/
nanoimprinting to bond the micropatch arrays of self-
assembled Au NP aggregates onto PET sheets and performed
RIE treatment (30 W, 25 sccm CF4 and 5 sccm O2, 1 min) to
expose the embedded hotspots.
Figure 3A shows the measured extinction spectra from 1, 3,

and 5 cycles of drop-casting and self-assembly with 20 μL Au
NP solution. While uncoupled Au NPs (30 nm diameter) in
the solution are featured with a localized surface plasmon
resonance peak at 522 nm,42 Au NP aggregate micropatches
from 1-, 3-, and 5-cycle self-assembly processes show the
extinction peaks with red-shifted resonant wavelengths
between 536 and 543 nm due to the near-field coupling

Figure 3. Dependence of the optical and SERS properties on the self-assembly cycle number. (A) Measured extinction spectra of the micropatch
arrays of Au NP aggregates after 1, 3, and 5 cycles of the self-assembly process. (B) Measured Raman spectra of BZT molecules assembled on the
surface of the Au NP aggregates after 1, 3, and 5 cycles of the self-assembly process. (C) Optical microscope images and the corresponding
scanning confocal 2D Raman images (1077 cm−1) of the micropatch arrays of Au NP aggregates after 1, 3, and 5 cycles of the self-assembly process.
(D) Histogram of Raman signal intensities and corresponding EFs (1077 cm−1) of the micropatch arrays of Au NP aggregates obtained from 3
different micropillar regions after 1, 3, and 5 cycles of the self-assembly process.
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between individual Au NPs.25,41,42 As the self-assembly cycle
number increases from 1 to 3 and 5, the extinction peak
amplitude increases from ∼0.15 to ∼0.25 and ∼0.36, revealing
the increased surface density of Au NPs in micropatch arrays.
Figure 3B illustrates the SERS performance of Au NP

aggregate micropatches from 1-, 3-, and 5-cycle self-assembly
processes and the Raman spectrum of BZT was obtained from
a micropillar region. As the number of self-assembly cycles
increases from 1 to 3 and 5, different BZT Raman peaks
increase in their amplitude. To examine the spatial distribution
of hotspots for samples from different numbers of self-
assembly cycles, we obtained 2D confocal Raman images for
the BZT peak at the 1077 cm−1 compared to the
corresponding bright-field microscope images (Figure 3C).
For the sample from 1-cycle self-assembly, most SERS hotspots
exist at the edge regions on micropillars, revealing that Au NPs
tend to occupy the geometrical edge regions. As the number of
self-assembly cycles increases from 1 to 3 and 5, SERS hotspot
regions on the samples show increased coverage areas and
spread from the edges to micropillars’ inner part. The
observations of preferential accumulation of SERS hotspots
of Au NP aggregates at edges can be attributed to the
formation of menisci for Au NP solution confined inside
hydrophobic PFPE microwells and the coffee ring effect during
the evaporation process (SI Figure S2).27,43 With more self-
assembly cycles through the evaporation process, the self-
assembled Au NPs first occupy the peripheral edge regions and
then extend to fill the inner regions of PFPE microwells. Figure
3D shows the Raman peak histogram plots at 1077 cm−1 for
samples from 1- to 3- and 5- self-assembly cycles, measured
using the 2D confocal Raman microscopy over 75 pixels in
regions of 3 different micropillars. As the self-assembly cycle
number increased from 1 to 3 and 5, the averaged SERS EFs

increase from 2.4 × 105 to 4.3 × 105 and 7.3 × 105 while the
RSD value decreases from 109.1% to 38.5% and 20.9%. These
results suggest that it is possible to increase further the surface
coverage density/uniformity of Au NPs and SERS performance
of self-assembled and micro/nanoimprinted micropatch arrays
of Au NP aggregates by optimizing the NP concentrations in
the drop-casted solutions as well as the evaporation rates
during the self-assembly process.

In Situ SERS Monitoring of the Meat Surface with
Transparent SERS Membranes. As shown in Figures 4A,B,
we exploit template-assisted self-assembly and micro/nano-
imprinting to create novel semipermeable transparent SERS
membranes consisting of Au NP aggregate micropatch arrays.
Such semipermeable transparent SERS membranes can
potentially be used in wound monitoring applications by (1)
allowing for in situ SERS biochemical sensing and (2)
maintaining a breathable, bacteria-free, and waterproof
environment.
To test the SERS membranes’ sensing capability, Raman

spectra of different concentrations of R6G solution drop-casted
on the surface of meat were acquired (Figure 4C). The SERS
spectra were acquired in situ by placing the SERS membrane
on the meat under the backside laser excitation with averaged
Raman signals from 100 pixels over a 25 μm2 region. No
distinct Raman peaks exist for the bare membrane without Au
NPs, indicating that the PU membrane has a low Raman cross-
section without producing interfering Raman signals. We did
not observe prominent Raman peaks in control SERS
measurement of “SERS membrane + meat,” revealing a
relatively low biomolecule concentration at plasmonic hotspots
on the meat surface environment. As expected, the Raman
spectra from “SERS membrane +10−3 M R6G” can show
several distinct R6G peaks while no Raman peaks can show up

Figure 4. In-situ SERS monitoring of the meat surface with SERS membranes. (A) Schematic illustration of the experimental setup. (B) Top-down
camera image and bright-field microscopy image of a semipermeable SERS membrane on the meat surface. (C) Measured Raman spectra under
785 nm laser excitation for the SERS membrane on meat, the bare membrane containing 10−3 M R6G, SERS membrane containing 10−3 M R6G,
and SERS membrane on meat containing R6G at different concentrations of 10−7, 10−6, 10−5, 10−4 and 10−3 M. (D) Boxplots of Raman intensity
(1185 cm−1) for the SERS membrane on the meat surface containing R6G at different concentrations of 10−7, 10−6, 10−5, 10−4, and 10−3 M. The
five different bars from top to bottom represent the max, 75%, median, 25%, and min values of Raman intensity, respectively. (E) Boxplots of
Raman intensity (1185 cm−1) for the SERS membrane 0, 3, 5, 7, and 10 min after applying on the meat surface containing R6G at 10−5 M. The five
different bars from top to bottom represent the max, 75%, median, 25%, and min values of Raman intensity, respectively.
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for “bare membrane +10−3 M R6G” due to the lack of
plasmonic enhancement from micropatch arrays of Au NP
aggregates. The characteristic R6G Raman peaks at 612 cm−1,
773 cm−1, 1126 cm−1, 1185 cm−1, and 1310 cm−1 correspond
to the C−C−C in-plane bending vibration, C−H out-plane
bending vibration, C−H in-plane bending vibration, C−H and
N−H bending vibrations, and CC stretching vibration,
respectively, while the peaks at 1362 and 1507 cm−1 originate
from the stretching vibration for C−C bonds of the xanthene
ring.44

Subsequently, we conducted SERS measurements for “SERS
membrane + R6G + meat” with different R6G solution
concentrations added to the fresh meat covered with the SERS
membrane (Figure 4C). With R6G concentrations reduced
from 10−3 M to 10−7 M, measured R6G SERS intensity keeps
decreasing with a detection limit of ∼10−7 M. Compared to the
spectra of “SERS membrane + meat” and “SERS membrane
+10−3 M R6G′′, the spectrum of “SERS membrane +10−3 M
R6G + meat” reveals an additional peak at 727 cm−1, indicating
that some biomolecules on the meat can accumulate in
hotspots with increased signal intensity after adding the R6G
solution. We hypothesize that the added R6G solution can
affect and facilitate the biomolecule transfer from the meat
surface to the SERS hotspots. Remarkably, the emerging peak
at 727 cm−1 can be attributed to the in-plane ring-breathing
mode of adenine molecules on the meat. We conducted the
SERS measurements of adenine at different concentrations
using the Au NP micropatch arrays, and we found an adenine
detection limit of ∼10−7 M for our SERS devices (SI Figure
S3).
As R6G concentrations reduce from 10−3 M to 10−7 M, the

R6G 773 cm−1 peak intensity decreases but the adenine 727
cm−1 peak intensity increases in the spectra of “SERS
membrane + R6G + meat” (Figure 4C). Since the positively
charged R6G molecules would electrostatically adsorb on the
negatively charged citrate capped Au NPs, the increased
adenine 727 cm−1 peak intensity at lower R6G concentrations
reflects that the decreased coverage of R6G in SERS hotspots
can increase the adenine molecule occupation rate in the same
hotspots. Previous studies on bacteria SERS measurements
have reported that the 720−735 cm−1 peak associated with the
in-plane ring breathing mode of adenine is the main feature in
the SERS spectra of various bacteria due to the adenine
containing metabolites secreted by bacteria.45−48 Since most
raw poultry contains bacteria, we think that the observed
emerging Raman peak at 727 cm−1 can originate from adenine
containing metabolites secreted by bacteria on the meat.
Therefore, the SERS membranes can also be used for on-site
and rapid detection of meat freshness and spoilage.
To quantitatively understand the relationship between the

Raman intensity and R6G concentration, we show Raman
intensity boxplots for the 1185 cm−1 Raman peak at different
R6G concentrations (Figure 4D). Figure 4D suggests that the
Raman signal intensity increases with the R6G concentration.
However, the Raman intensity begins to grow slowly after the
R6G concentration exceeds 10−5 M, due to the nearly
saturated surface coverage of R6G molecules at higher
concentrations.49−51 Second, to evaluate the capability of the
breathable semipermeable SERS membrane for preserving the
moisture from evaporation and maintaining a stable bio-
chemical environment at the meat surface, boxplots of Raman
intensity were obtained from the 1185 cm−1 Raman peak at
different times ranging from 1 to 10 min upon applying the

membrane for SERS measurements (Figure 4E). Figure 4E
indicates that the Raman signal intensity remained relatively
constant with time. Because the water vapor transport rate
through breathable semipermeable wound dressings is very low
to prevent dehydration of the wound,52 the semipermeable
SERS membrane can allow for stable in situ SERS measure-
ments of R6G probe molecules with constant concentrations at
the meat surface by minimizing the evaporation of analyte
solutions.

Sensing Performance of SERS Textiles. To further
demonstrate the fabrication versatility using the template-
assisted self-assembly and micro/nanoimprinting approaches,
we created the micropatch arrays of Au NP aggregates on
stretchable textiles. Figure 5A shows an optical image of the

SERS textile and the corresponding optical microscope image.
Nowadays, a large percentage of casual clothing is highly
stretchable for easier body movement. Figure 5B demonstrates
the stretchability of the SERS textile with a stretch percentage
of 30%. Cotton fabrics absorb water because of the hydrophilic
nature of cotton and porous spaces in the fabric structure.53

This tendency of fabrics to absorb water would affect how the
analyte solution behaves when it is drop-casted on the SERS
textile surface. To study this effect, Raman spectra of 10−5 M
R6G solution drop-casted on the SERS textile surface were
continuously acquired over some time. Raman spectra were
obtained at t = 0, 3, 5, 8, 11, and 14 min (Figure 5C). We
observed R6G Raman peaks located at 612 cm−1, 773 cm−1,
1126 cm−1, 1185 cm−1, 1310 cm−1, 1362 and 1507 cm−1. As t
increases from 0 to 8 min, the intensity of R6G Raman peaks
increases rapidly, and the Raman peak intensity saturates with
a further increase of t from 8 to 14 min. To quantitatively
assess this process, we examine the time-dependent boxplots of
Raman intensity for the Raman peak at 1185 cm−1 (Figure
5D), which shows a dramatic increase of Raman intensity by a
factor of 4 in the first 8 min and a prolonged increase in the

Figure 5. SERS detection of solution analytes with stretchable SERS
textiles. (A) Top-down optical image and bright field image of the
SERS textile. (B) Optical image demonstrating stretchability of the
SERS textile with a stretch percentage of 30%. (C) Raman spectra
measured 0, 3, 5, 8, 11, and 14 min after drop-casting 10−5 M R6G
solution on SERS textile under 785 nm laser excitation and (D) the
corresponding boxplots of Raman intensity (1185 cm−1). The five
different bars from top to bottom represent the max, 75%, median,
25%, and min values of Raman intensity, respectively.
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next 6 min. The observed fast increase and subsequent
saturation of Raman intensity are likely due to the absorbing
nature of cotton textiles that the fabric can rapidly absorb R6G
solution upon contact but with an exponential decrease of the
absorption rate over time.54 Due to friction between the
hierarchical plasmonic arrays and the R6G solution, the R6G
solution’s movement velocity toward the fabric should be the
least close to the surface and increase as the distance from the
surface increases.55,56 As the fabric slowly absorbed more and
more water, the remaining R6G molecules concentrated close
to the SERS hotspots, causing the enhancement and
subsequent stabilization of the SERS intensity. This fast fabric
absorption induced drying of analyte solution can be
advantageous for wearable sensing allowing rapid enrichment
of analyte molecules to stabilize SERS signals for biofluid
droplet samples.
Regeneration of Contaminated SERS Hotspots by

Sonication or Stirring Washing. Finally, we explored the
SERS textiles’ reusability by regenerating contaminated SERS
hotspots with simple ultrasound sonication or mechanical
stirring washing process in detergent-water mixtures. Figure 6A
shows a schematic illustration of the sonication detergent-
water washing process. Detergents contain surfactants, which
adsorb onto R6G molecules in an oriented manner.57 The
surfactant adsorbed R6G molecules can be attached to the
surface of the Au NPs by van der Waals forces, and external
sources can supply the energy required to detach these R6G
molecules.57 Mechanical agitation by the ultrasonic waves can

loosen R6G molecules adhered to the surface and provide a
part of the energy required to remove the attached R6G
molecules. Relatively high temperatures can increase water
molecules’ kinetic energy and release the R6G molecules from
the hotspot surface. The R6G adsorption and washing cycle
was repeated three times with reproducible results, demon-
strating the SERS textiles’ washing reusability (Figure 6B). We
observed that the ultrasonic mechanical agitation could enable
effective detergent cleaning and significantly reduce R6G
Raman signals from residue R6G molecules at SERS hotspots.
Besides, no degradation in SERS performance was observed
over three cycles, revealing the fabricated SERS device’s
robustness. Indeed, the strong nanoparticle−substrate adhe-
sion by UV cured resist can prevent SERS hotspots’
degradation from the mechanical agitation of ultrasonic
waves (Figure 6B). To assess the SERS performance after
multiple cycles of the ultrasonic cleaning process, we obtain
Raman intensity boxplots for the 1185 cm−1 Raman peak
(Figure 6C). The Raman intensity remained relatively constant
over 3 cycles with mean values of 0.031, 0.034, 0.026, and
0.031, confirming the SERS textiles’ reusability with reprodu-
cible SERS performance.
Figure 6D shows a schematic of the mechanical stirring

detergent cleaning process, where a rotating magnet stirs SERS
textiles with adsorbed R6G molecules in detergent solution at
75 °C. The mechanical stirring and relatively high water
temperature can provide the necessary energy to release the
R6G molecules from the Au NP surface. Subsequently, the

Figure 6. Regeneration of contaminated SERS hotspots by washing. (A) Schematic illustration of detergent-water washing with sonication for the
regeneration of contaminated SERS hotspots. (B) Measured Raman spectra and (C) the corresponding Raman intensities (1185 cm−1) of the
SERS textile with three cycles of 10−5 M R6G adsorption and ultrasound sonication washing. The five different bars from top to bottom represent
the max, 75%, median, 25%, and min values of Raman intensity, respectively. (D) Schematic illustration of detergent-water washing by magnetic
stirring. (E) Measured Raman spectra and (F) the corresponding Raman intensities (1185 cm−1) of the SERS textile with three cycles of 10−5 M
R6G adsorption and stirring washing. The five different bars from top to bottom represent the max, 75%, median, 25%, and min values of Raman
intensity, respectively.
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detergent solution was replaced with DI water, and magnetic
stirring was performed again. The rinsing process with clean
water can create a strong concentration gradient of detergent
molecules leading to diffusiophoresis58 and remove the
remaining surfactant-adsorbed R6G molecules from the Au
NP surface. The R6G adsorption and washing cycle was
repeated three times with reproducible results (Figure 6E). No
R6G peaks were observed after washing, suggesting that this
method successfully regenerated the hotspots by removing
R6G molecules. Again, no degradation in SERS performance
was observed over three cycles indicating that the SERS
hotspots were not destructively perturbed by the magnetic
stirring process (Figure 6E). The Raman intensity remained
relatively constant over three cycles with mean values of 0.029,
0.026, 0.033, and 0.040 to allow reusability of the SERS textiles
(Figure 6F).

■ CONCLUSION
In conclusion, we have developed washing reusable SERS
membranes and textiles via scalable nanofabrication processes
based on template-assisted self-assembly and micro/nano-
imprinting. Compared to previously developed wearable SERS
devices, our fabrication technique offers several advantages:
(1) good uniformity control of the spatial distribution and
intensity of SERS hotspots, (2) good manufacturing
compatibility with many types of delicate membrane/fabric
materials due to the mild UV micro/nanoimprinting process at
room temperature, and (3) strong mechanical bonding
between Au NPs and the wearable substrates via a UV-cured
resist. Due to the good mechanical robustness of the UV-resist
immobilized Au NP aggregates, we could regenerate
contaminated SERS hotspots using user-friendly detergent-
water washing processes over multiple cleaning cycles without
degrading the SERS performance. Therefore, we envision that
the template-assisted self-assembly and micro/nanoimprinting
approaches can help create different types of wearable washing
reusable SERS fabrics/membranes with advanced materials
properties, including stretchability micro/nanoscaled porosity,
and transparency for specific needs in different biochemical
sensing applications.

■ EXPERIMENTAL SECTION
Fabrication of Hierarchically Ordered Plasmonic Arrays. A

negative photoresist (SU8-2007, Kayaku Advanced Materials Inc.,
Westborough, MA) based 2D array of microwells (periodicity = 64,
diameter = 16 μm, height = 10 μm) was patterned on a silicon wafer
using conventional photolithography. A PDMS mold was replicated
from the SU8 master to obtain a micropillar array. Subsequently,
polymer microwell arrays were replicated from the PDMS mold on a
PET sheet using PFPE UV curable polymer (Fluorolink PFPE,
Solvay, Belgium). PFPE was squeezed between the mold and PET
sheet and cured by UV for 3 min under 2 bar pressure followed by UV
curing for 3 min under vacuum (Compact Nanoimprint v2.0, NIL
Technology, Denmark) and postannealing at 80 °C for 1 h. The PFPE
microwell array was plasma treated by a tabletop RIE system (RIE-
1C, Samco, Japan) with an oxygen flow of 30 sccm and RF power of
50 W for 1 min. Then, PTFE flat washers (0.125 in. inner diameter)
were attached to the PFPE microwells’ surface using super glue.
Commercially available Au NP solution (diameter = 30 nm, 1.84 ×
1011 nps/ml, Nanopartz Inc.) was sonicated for 5 min at room
temperature followed by vortex for 10 min. Then, 20 μL of the Au NP
solution was drop-casted on the PFPE microwell arrays within the
PTFE washers and followed by evaporation in a vacuum for 6 h; and
this process was repeated over multiple cycles to increase the surface
density of NPs self-assembled in PFPE microwells. After removing the

PTFE washers, we conducted UV micro/nanoimprinting using UV
curable polymer (NOA 73, Norland Product Inc., Cranberry, NJ) to
transfer Au NP aggregates from PFPE microwell arrays to different
types of substrates, including PET sheets, nanoporous membranes
(Nexcare Tegaderm transparent dressing, 3M, St Paul, MN), and
stretchable textiles. During the micro/nanoimprinting process, PU
resist was sandwiched between the PFPE mold, and the substrate and
UV curing was performed for 3 min under 2 bar pressure. To further
expose the embedded SERS hotspots of Au NP aggregates, we
performed the RIE treatment for fabricated SERS substrates in the
plasma of O2 (5 sccm) and CF4 (25 sccm) mixtures under the RF
power of 30 W.

Optical and Raman Measurements. We measured the
extinction spectra of samples using a UV−vis−NIR spectropho-
tometer (Cary 5000, Agilent, Santa Clara, CA). For SERS
measurements, we used a confocal Raman microscope (alpha 300
RSA+, WItec, Germany) equipped with a 785 nm diode laser (Xtra II,
Toptica, Germany) and detected the backscattered photons with a
spectrometer (UHTS300, WItec, Germany) equipped with a CCD
camera (DU401A, Oxford Instruments, UK). After the signal
acquisition, we conducted the cosmic rays removal and baseline
correction using the Project v4.1 Software (WITec, Germany) and
applied the hotspot normalization process.59

SERS EF Calculation. To evaluate the SERS EFs for the hotspots
on the samples, we used BZT (Sigma-Aldrich, St Louis, MO) as the
nonresonant Raman probe molecules to form a self-assembled
monolayer on the SERS substrates and then incubated the samples
in BZT ethanolic solution (1 × 10−3 M) for 24 h, followed by ethanol
rinsing. The SERS EF was calculated using the formula, EF = (ISERS/
IRaman) × (NRaman/NSERS), where ISERS is the measured SERS Intensity,
IRaman is the neat BZT Raman intensity, and NSERS and NRaman are the
numbers of BZT molecules contributing to SERS and neat Raman
intensity, respectively. For ISERS and IRaman, we measured the 1077 and
1094 cm−1 peaks, which originate from the C−C−C ring in-plane
breathing mode with C−S stretching mode. NSERS was calculated as
NSERS = SA × ρSERS, where SA is the metal surface area contributing to
the SERS enhancement, and ρSERS is the packing density of BZT on
the Au NP surface (6.8 × 1014 molecules cm−2). To calculate SA, we
assumed that the Au NPs are packed in a simple cubic lattice. NRaman
was calculated as, NRaman = A × deff × ρBZT, where A is the focused
illumination area, deff is the effective depth of the laser beam spot, and
ρBZT is the density of neat BZT (5.9 × 1021 molecules cm−2). To
calculate deff, we measured the Raman intensity value of bare Si (527
cm−1) averaged from 10 spectra at different z-positions of the
objective lens.

In Situ SERS Monitoring of the Meat Surface with SERS
Membranes. Pork feet were purchased from the local supermarket.
The aqueous solution of R6G (Sigma-Aldrich) was drop-casted on
the meat surface, and the SERS membrane was applied on the meat
surface in SERS measurements.

Regeneration of Contaminated SERS Hotspots by Soni-
cation Washing. 10−5 M R6G was drop-casted on the SERS textiles
and allowed to evaporate for 20 min. After conducting Raman
measurements of R6G deposited SERS textiles, we placed the samples
in a sonication bath containing DI water and detergent (powdered
precision cleaner, Alconox Inc., White Plains, NY) for 1 h sonication
treatment at 50 °C. After rinsing samples with DI water to remove the
excess detergent and allowing them to dry, we conducted Raman
measurements on the washed samples to check R6G residue levels in
hotspots from the sonication-cleaning process.

Magnetic Stirring Supplemented Detergent Washing to
Regenerate SERS Hotspots. After drop-casting 10−5 M R6G
solution on the SERS textiles and allowing them to dry for 20 min, we
conducted Raman measurements and then placed the samples in a
beaker containing DI water and detergent. We first conducted
mechanical stirring in the detergent solution with magnet bars at 800
rpm for 1 h at 75 °C and replaced the detergent solution with DI
water to apply additional mechanical stirring for the washing samples
10 min at 75 °C. After rinsing samples with DI water and allowing
them to dry, we conducted Raman measurements on the washed
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samples to check R6G residue levels in hotspots from the stirring-
cleaning process.
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