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Highly Scalable, Wearable Surface-Enhanced

Raman Spectroscopy
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Hiroki Segawa, Siddhant Karhadkar, Julia Gala de Pablo, Kotaro Hiramatsu,
Yasutaka Kitahama, Tamitake Itoh, Junle Qu, Kuniharu Takei, and Keisuke Goda*

The last two decades have witnessed a dramatic growth of wearable sensor
technology, mainly represented by flexible, stretchable, on-skin electronic
sensors that provide rich information of the wearer’s health conditions

and surroundings. A recent breakthrough in the field is the development of
wearable chemical sensors based on surface-enhanced Raman spectroscopy
(SERS) that can detect molecular fingerprints universally, sensitively, and
noninvasively. However, while their sensing properties are excellent, these
sensors are not scalable for widespread use beyond small-scale human
health monitoring due to their cumbersome fabrication process and limited
multifunctional sensing capabilities. Here, a highly scalable, wearable SERS
sensor is demonstrated based on an easy-to-fabricate, low-cost, ultrathin,
flexible, stretchable, adhesive, and biointegratable gold nanomesh. It can be
fabricated in any shape and worn on virtually any surface for label-free, large-
scale, in situ sensing of diverse analytes from low to high concentrations
(10-106 X 10~° Mm). To show the practical utility of the wearable SERS sensor,
the sensor is tested for the detection of sweat biomarkers, drugs of abuse,

1. Introduction

The last two decades have witnessed a
dramatic growth of wearable sensor tech-
nology, mainly represented by flexible,
stretchable, on-skin electronic sensors that
provide rich information of the wearer’s
health conditions and surroundings.?
Current wearable sensors generally track
the wearer’s motions and vital signs, such
as steps, blood pressure, blood oxygen
saturation, respiratory rate, and heart rate,
under everyday conditions,’l and have
been recently upgraded to perform in situ
chemical sensing of the wearer’s biofluids,
such as sweat, saliva, tears, and urine,
in a noninvasive manner Multiplexed
chemical analysis of biomarkers in bio-
fluids is essential for an accurate and com-
prehensive understanding of the wearer’s

and microplastics. This wearable SERS sensor represents a significant step
toward the generalizability and practicality of wearable sensing technology.

complex physiological and pathological
conditions.’) Unfortunately, conventional
wearable sensors are only sensitive to one
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type of chemical in an analyte at a time and need to be tailored
for the target analyte due to their limited sensing mechanism
(mainly originating from the electronic nature of the sensors).
For this reason, they are incapable of distinguishing different
chemicals simultaneously in a single measurement.l’! Alter-
natively, they can be designed to measure multiple chemical
species, but these modifications lead to larger sizes, higher
fabrication costs, more synthetic steps, and the need for prior
knowledge of the target analyte.’]

Surface-enhanced Raman spectroscopy (SERS) has emerged
as an attractive approach to next-generation wearable sensors
in recent years due to enabling highly sensitive, multiplexed
chemical sensing of complex analytes in a noninvasive and
label-free manner without the need for prior knowledge of the
analytes.['8-12 Recently, several groups have achieved significant
milestones.>3l Specifically, Jeong et al. demonstrated wearable
SERS sensors composed of multilayered nanowire arrays by
nanotransfer printing techniques.'" Garg et al. demon-
strated a semipermeable wearable SERS sensor composed of
a micropillar array with self-assembled gold nanoparticles by
template-assisted self-assembly and micro/nanoimprinting.!'®
Wang et al. developed a wearable SERS sensor composed of
a plasmonic metafilm formed by an ordered silver nanocube
superlattice.l’l Koh et al. demonstrated a different wearable
SERS sensor composed of plasmonic silver nanowires on a silk
fibroin protein film.[?l While these SERS sensors show excel-
lent molecular specificity and high detection sensitivity, their
scalability remains challenging due to their intricate fabrica-
tion processes and limited multifunctional sensing capabilities.
They rely on either a low-throughput laser writing method or
small-area transfer methods for their fabrication. It is difficult
to fabricate the sensors on a large scale (e.g., sensors with a size
larger than 10 cm x 10 cm) at a low cost for diverse applications.

In this study, we report our demonstration of a highly scal-
able wearable SERS sensor based on an easy-to-fabricate, low-
cost, ultrathin, flexible, stretchable, adhesive, and biointegrat-
able gold nanomesh (Figure 1a,b). This sensor was inspired
by a recently reported inflammation-free, gas-permeable,
lightweight, stretchable electronic sensor made of gold-coated
biocompatible polyvinyl alcohol (PVA) nanofiber that is attach-
able to human skin or nonflat, nonrigid surfaces for long dura-
tions of time.”] We exploited its undiscovered optical proper-
ties and optimized its dimensions to obtain SERS capabilities,
while retaining its excellent features such as easy fabrication,
cost-effectiveness, thinness, high flexibility, high stretchability,
high adhesivity, and high biointegratability (Figure 1c—f). This
2D sensor is moldable and can be fabricated in any shape and
worn on virtually any surface for label-free, large-scale, in situ
sensing of diverse analytes from low to high concentrations
((10-10% x 10~° m). To show the practical utility of the wearable
SERS sensor, we tested the sensor for the detection of sweat
biomarkers, drugs of abuse, and microplastics.

2. Results and Discussion

To investigate and optimize the optical properties of the wearable
SERS sensor for optimum SERS performance, we performed
numerical simulations using COMSOL Multiphysics based on
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the finite-element method for a gold nanomesh model, as shown
in Figure 2a (see Supporting Information for details). The gold
nanomesh model was adopted to simulate the structure shown
in Figure 1f. It is evident from Figure 2b,c that hot spots in each
crescent-shaped gold nanowire are mainly localized at the sharp
edges of the nanowire without strong structural resonance in the
entire nanowire due to its relatively large size. We optimized the
number of hot spots in a unit volume by decreasing the diam-
eter of the nanowire while ensuring its sufficient mechanical
strength for wearability. A gold nanowire diameter of 490 nm
and a deposited gold thickness of 150 nm were selected as
optimum geometric dimensions (see Figure S1in the Supporting
Information for more details). As shown in Figure 2d.e, the
dependence of the maximum local electric-field enhancement
and absorption spectrum of the gold nanomesh model on the
gap size between nanowires indicates high SERS performance
and optimum excitation wavelength (about 785 nm).

As a proof-of-principle demonstration of the wearable SERS
sensor’s ability to detect molecules with high sensitivity, we
used it to conduct SERS of rhodamine 6G (R6G) solutions on
the sensor. With an integration time of 20s and an excitation
power of 2mW at an excitation wavelength of 785nm, we first
measured the Raman spectrum of an R6G solution at a concen-
tration of 0.1 M on a silicon substrate as the ground truth. The
characteristic Raman peaks of R6G were observed, as shown
in Figure 3a. Then, by decreasing the laser excitation power
to 0.2 mW and the R6G concentration to 100 x 107 M, we
observed the disappearance of the Raman spectrum on both the
silicon and 150 nm thick gold film substrates as expected. On
the other hand, the Raman spectrum was visible on the wear-
able SERS sensor under the same conditions under the Raman
signal enhancement. The SERS enhancement factor was found
to be (2 mW/0.2 mW) x (1 M/100 x 10~ M) X (0.8 a.u./0.45 a.1.)
= 108 for R6G (see the Supporting Information for details). It
is important to mention that the enhanced Raman spectrum
measured on the wearable SERS sensor agrees with the ground
truth. Figure 3b,c shows that the lowest detectable concen-
tration of R6G is about 10 x 10~ m (see Movie S1 in the Sup-
porting Information for our demonstration of Raman spectros-
copy on the wearable SERS sensor).

Furthermore, to show the flexibility of the wearable SERS
sensor as a SERS substrate, we conducted a crumpling test
by adhering it to a hand glove and opening and closing the
hand multiple times. As shown in Figure 3d,e, the Raman
spectrum of R6G exhibited no appreciable change even after
1000 crumpling cycles. Likewise, we also performed a stretch-
ability test on the wearable SERS sensor by adhering it to a
50% prestretched polydimethylsiloxane (PDMS) substrate and
releasing/stretching it multiple times. As shown in Figure 3f,g,
the Raman spectrum of R6G exhibited no appreciable change
even after 1000 stretching cycles (50% strain). These results
firmly demonstrate the user-friendliness and practical usability
of the wearable SERS sensor.

To show the diverse utility of the wearable SERS sensor for
SERS applications, we demonstrated high intrinsic adhesivity
without using any glues by placing it on the surfaces of var-
ious materials such as metals, plastics, fabrics, and organics.
Figure 4a—c shows the wearable SERS sensor adhered to
a human wrist for the detection of sweat biomarkers. The
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Figure 1. Concept, fabrication, design, and characterization of the wearable SERS sensor. a) Concept of wearable SERS on the skin. b) Picture of the fabri-
cated gold nanomesh. The inset shows a 50x optical microscopy image of the gold nanomesh. c) Fabrication process, and its corresponding SEM images
of the gold nanomesh: d) PVA fiber nanomesh, e) gold-coated PVA fiber nanomesh, and f) gold nanomesh after removing the PVA fiber nanomesh.

pictures show that it was firmly attached to the skin even under
normal flexion and extension conditions, demonstrating high
flexibility, stretchability, adhesivity, and biointegrability. No
obvious side effect on the human skin was observed by virtue
of the inflammation-free and gas permeable properties of the
gold nanomesh!! (see the Supporting Information about the
safety of using the wearable SERS sensor on the human skin).
Figure 4d,e shows that the wearable SERS sensor adhered to a
human cheek and a contact lens for the detection of biomarkers
in tears.’® Similarly, Figure 4f shows the wearable SERS
sensor adhered to the surface of a face mask for the detection of
breath and saliva biomarkers highly relevant to COVID-19 and
other respiratory and oral diseases.24 Figure 4g—i shows the
wearable SERS sensor adhered to metallic and plastic surfaces,
such as an elevator control panel, a door handle, a doorknob,
and a computer keyboard, exhibiting its potential to serve as an
environmental monitoring and infection surveillance tool in
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smart cities.?’ It is worthwhile to note that the wearable SERS
sensor can be integrated onto the surfaces of nonwater-resistant
objects, such as the computer keyboard, as long as the water
amount and sprayed region are well controlled. Moreover, an
air dryer can be used to dry the surfaces after the integration.
Finally, Figure 4k,i shows the wearable SERS sensor adhered to
an apple and a leaf for food safety applications."?*1 To show
the practical utility of the wearable SERS sensor, we demon-
strate three applications, namely sweat biomarker detection,
drug identification, and microplastic detection.

To demonstrate the capability of the wearable SERS sensor
for health monitoring as a potential application, we measured
human sweat from a human subject as well as two human
sweat biomarkers: urea and ascorbic acid. The human sweat
sample contains various substances such as sodium chloride,
ascorbic acid and urea. Figure 5a presents the Raman spectra
of 2 uL human sweat obtained from the participant on the
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Figure 2. Numerical simulations of the wearable SERS sensor using COMSOL Multiphysics based on the finite-element method. PML: perfectly
matched layer. a) Geometrical configuration of a gold nanomesh model composed of two perpendicularly stacked gold nanowires to simulate the
wearable SERS sensor. b) Heat map of the centered cross-sections using log (|Ejocall/|Eo|) in three spatial dimensions at an excitation wavelength of
785 nm. c) Heat map of the centered YZ plane cross-section using log (|Ejcall/|Eo|) at the same excitation wavelength. d) Maximum local electric-field
enhancement as a function of the gap between nanowires from the heat map simulation in a nonlogarithmic representation. e) Absorptance of the
nanowires at excitation wavelengths from 700 to 800 nm for different values of the gap between the nanowires.

wearable SERS sensor. The Raman peaks at 1016, 1603, and
1637 cm™ correspond to characteristic Raman peaks of ascorbic
acid and urea, while the main component of the human sweat
other than water is sodium chloride which has no Raman-active
molecular vibrations (see Table S1 in the Supporting Informa-
tion for details). In contrast, no observable Raman peaks from
the same human sweat sample were obtained on a silicon
wafer. Moreover, we used the wearable SERS sensor to detect
urea dissolved in water at various concentrations of 1 x 1073,
10 X 1073, 100 x 1073, and 1 M from 2 pL drops. Figure 5b shows
the measured Raman spectra of the urea solutions with the
characteristic Raman peak at 1003 cm™ after baseline correc-
tions. Likewise, we obtained Raman spectra of ascorbic acid at
minute concentrations of 1 x 1072, 10 x 10~°, 100 x 107, and
1000 x 10~ M from 2 uL drops with characteristic Raman peaks
at 1020, 1200, 1337, 1606, and 1636 cm™, after baseline cor-
rections (Figure 5c). These results illustrate that the wearable
SERS sensor can detect urea and ascorbic acid with low con-
centrations by comparing them with the human sweat spectra
from Figure 5a. These ranges cover the typical concentrations
of urea and ascorbic acid on human skin after sweat evapora-
tion, indicating the practical utility of the wearable SERS sensor
for sweat analysis on the human skin.

Next, to demonstrate the capability of the wearable SERS
sensor for forensic science as another potential application, we
performed SERS of some of the widely abused drugs of abuse
in the world,?® including methamphetamine (MA), 3,4-methyl-
enedioxymethamphetamine (MDMA), cocaine, (2-iodophenyl)
(1-((1-methylpiperidin-2-yl)ymethyl)-1H-indol-3-yl)methanone
(AM2233), morphine, 1-pentyl-3-(1-naphthoyl)indole (JWH-018),
triazolam, and zopiclone. One potential application scenario is
that the wearable SERS sensor is integrated onto the surfaces
of objects frequently touched by drug abusers, such as a plastic
lighter, silicon phone case, PET plastic bottle, metal can, and
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ABS plastic computer keyboard for drug surveillance so that
when the drug abusers touch them with their hands contami-
nated with trace-amount drugs, they can be tracked by virtue of
the high sensitivity of the wearable SERS sensor. Specifically,
in our demonstration, these drugs were dissolved in methanol
and measured on the wearable SERS sensor at concentra-
tions of 0.67 x 1073 m for methamphetamine, 0.33 x 10~ m for
cocaine, 0.52 x 1073 M for MDMA, 0.22 x 1073 m for AM-2233,
0.35 x 10 ™ for morphine, 0.29 x 103 m for JWH-018,
0.29 x 107 wm for triazolam, and 0.26 x 10~ m for zopiclone.
Their Raman spectra with characteristic peaks obtained after
baseline subtraction are shown in Figure 5d (see Table S2 in
the Supporting Information for details of Raman peak assign-
ments). No Raman signal was obtained at these concentrations
on a silicon substrate, which demonstrates the effectiveness
of SERS in the detection of drugs of abuse. Furthermore,
MDMA dissolved in water was detected at low concentrations
of 520 x 107 and 5.2 x 10°® m on the wearable SERS sensor
attached to the surfaces of various daily life products, including
a plastic lighter, silicon phone case, PET plastic bottle, metal
can (aluminum), and ABS plastic computer keyboard as shown
in Figure 5e, which confirms the surface-agnostic capability
of the wearable SERS sensor. Here, the main Raman peaks of
MDMA are at 525, 632, 714, 811, 1245, 1366, 1435, and 1492 cm™
while the other Raman peaks mainly come from the surfaces of
the various daily life products where the sensor was attached.
Finally, to demonstrate the capability of the wearable SERS
sensor for environmental monitoring, we used it to identify
microplastics in water with different concentrations. Spe-
cifically, microplastic pollution is known to spread extensively
across the oceans on Earth, affecting many ecosystems.[23%
The most abundant microplastic species found floating in the
ocean is polyethylene, constituting approximately 54.5% of all
floating microplastic pollution. Figure 5f shows the Raman
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Figure 3. Basic SERS performance of the wearable SERS sensor. a) Raman spectra of R6G molecules on a silicon substrate, gold film substrate, and
gold nanomesh substrate obtained under different measurement conditions (e.g., integration time, excitation power, R6G concentration) after baseline
subtraction. Excitation wavelength: 785 nm. b) Raman spectra of R6G molecules on the wearable SERS sensor obtained at different R6G concentrations
for an integration time of 20s with an excitation power of 0.2mW at an excitation wavelength 785 nm after baseline subtraction. c) Intensities of the
Raman peaks at a Raman shift of 1361 cm™ at different R6G concentrations, with standard deviations as error bars. The detection limit of the wearable
SERS sensor for R6G molecules is about 10 x 10 M. d) Raman spectra and e) characteristic Raman peaks of R6G molecules on the gold nanomesh
adhered to a glove during the 1000-cycle crumpling test after baseline subtraction, with standard deviations as error bars. The inset shows pictures of
the wearable SERS sensor on the glove when the hand was opened and closed. f) Raman spectra and g) characteristic Raman peaks of R6G molecules
on the gold nanomesh adhered to a prestretched PDMS substrate during the 1000-cycle stretchability test, with standard deviations as error bars. The
inset shows pictures of the wearable SERS sensor on the PDMS substrate when the PDMS substrate was stretched and released. The error bars in
panels (c), (e), and (g) are the standard deviations calculated from five different samples.

spectrum of polyethylene microbeads (Figure S2ab, Sup-
porting Information) in distilled water on a silicon substrate
and the wearable SERS sensor. Here, the polyethelene micro-
beads were aggregated on the liquid surface due to their high
hydrophobicity, but some of them remained dispersed in
the liquid at a lower concentration. The CC stretch peaks are
located at 1063 and 1129 cm™; the CH, twist has its Raman
shift at 1296 cm™}; and the CH, bend peaks are located at 1416,
1440, and 1463 cm LY The highest Raman peak that appeared
at 1296 cm™ was used for Raman mapping. Figure 5g shows
an optical image and Raman map of the wearable SERS sensor
attached to a silicon wafer with polyethylene microbeads of
density 950 g L3 at a concentration of 0.1%. It is evident from
the Raman map that the wearable SERS sensor is robust for the
detection of microplastics. Even if the nanomesh structure of
the sensor is partially damaged under rough conditions, it can
provide reproducible SERS signal enhancements for polyeth-
ylene microbeads. In addition, there is no significant difference

Adv. Optical Mater. 2022, 10, 2200054 2200054 (5 of 9)

in measured Raman spectra of dry and wet microplastic sam-
ples as long as the microplastics remain in close proximity to
the surface of the substrate at the time of SERS measurements.
In comparison, a Raman map on a silicon wafer with identical
experimental conditions is shown in Figure S2c (Supporting
Information), which exhibits a much lower Raman intensity.
Moreover, Figure S2d,e (Supporting Information) shows an
approach as a potential practical application to evaluating water
pollution by attaching the wearable SERS sensor to a water-
immersible surface and submerging it for 10 s.

3. Conclusions

In summary, we demonstrated highly scalable, wearable SERS
by using an easy-to-fabricate, low-cost, ultrathin, flexible,
stretchable, adhesive, and biointegratable gold nanomesh that
enabled the detection and identification of diverse analytes at
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Figure 4. Pictures of the wearable SERS sensor to demonstrate its wearability on metals, plastics, fabrics, and organics for diverse applications.
a) Wearable SERS sensor adhered to a human wrist, followed by undergoing b) wrist flexion and c) extension. d,e) Wearable SERS sensor adhered to a
human cheek and contact lens to detect biomarkers in tears. f-j) Wearable SERS sensor adhered to a face mask, elevator control panel, door handle,
doorknob, and computer keyboard for environmental monitoring and infection surveillance, respectively. k,I) Wearable SERS sensor adhered to an

apple and leaf for food safety applications.

low concentrations (10 x 10~ m for R6G and ascorbic acid solu-
tions) on virtually all arbitrary surfaces. The wearable SERS
sensor exhibited excellent practical utility for various types
of applications, including the detection of sweat biomarkers,
drugs of abuse, and microplastics that were explored in this
study. This wearable SERS sensor represents a significant step
toward the generalizability and practicality of wearable sensing
technology.

There is one limitation to the demonstrated wearable SERS
sensor. It requires an external light source to excite Raman scat-
tering of analytes and an external spectrometer to collect scat-
tered light. To make it an independent device, one possible
solution is to further integrate a semiconductor nanolaser and
a nanospectrometer into the wearable SERS sensor by direct
bonding. With this improvement, our wearable SERS sensor
is expected to be highly valuable as an essential ingredient of
wearable sensing technology.

4. Experimental Section

Chemicals: R6G, PVA powders, and zopiclone were purchased from
Sigma Aldrich. The polyethylene microbeads used in this study are the

Adv. Optical Mater. 2022, 10, 2200054 2200054 (6 of 9)

polyethylene nanospheres 0.95 g cc™! 200-9900 nm — 1 g (=1-10 um size)
from Cospheric LLC. Triazolam, urea (Wako 1st Grade), and ascorbic
acid (0.1 M) were purchased from FUJIFILM Wako Pure Chemical
Corporation. Deionized water was collected at 15.0 MQ and 14.6 °C from
Milli-Q (Merck Millipore) using vent filters MPKO1 and Q-POD1.

Fabrication of the Wearable SERS Sensor. The fabrication process
of the wearable SERS sensor and its integration into a target surface
are described as follows and shown in Figure Tc. First, a PVA aqueous
solution was formed by dissolving 8 wt% PVA into deionized water
and stirring at 80 °C for 12 h. Then, PVA nanofibers with a diameter
of =500 nm were prepared by electrospinning an 8 wt% PVA aqueous
solution and intertwined to form a mesh-like sheet by electrospinning
at 25 kV for 40 min by using microfluidic pumps at 1 mL h™! flow rate.
Second, a 150 nm thick gold layer was thermally deposited on the
surface of the PVA nanofibers at a gold flow rate of 0.1 nm s at a high
vacuum (107 torr) to produce a gold nanomesh. Finally, water was
sprayed on a target surface (e.g., the human skin, leaf, fruit, glove, or
face mask) to attach the gold nanomesh on the surface, followed by
spraying water again, but on the gold nanomesh to dissolve and rinse
away the PVA nanofibers, resulting in a pure gold nanomesh structure
without PVA. The attached gold nanomesh was then dried at room
temperature.

Raman Measurements: Raman spectra from all the samples except
the drugs were obtained using an RM 2000 microscopic confocal
Raman spectrometer (InVia, Renishaw PLC, England) excited by a
785 nm wavelength continuous-wave laser with a maximum power
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Figure 5. Potential applications of the wearable SERS sensor. a—c) Raman spectra of human sweat, aqueous urea solution, and ascorbic acid aqueous
solution, respectively, obtained on the wearable SERS sensor for an integration time of 20's with an excitation power of 5mW at an excitation wavelength
of 785 nm after baseline subtraction. d) Raman spectra of various drugs of abuse in methanol solution obtained on the wearable SERS sensor for an
integration time of 1s with an excitation power of 10mW at an excitation wavelength 785 nm after baseline subtraction. e) Raman spectra of MDMA
aqueous solution for an integration time of 3 s at an excitation power of 10mW with eight acquisitions for 5.2 x 107 m and for an integration time
of 10 s with four acquisitions for 520 x 107 M on the wearable SERS sensor attached to the surfaces of various daily life products, including a plastic
lighter, silicon phone case, PET plastic bottle, metal can, and ABS plastic computer keyboard. f) Raman spectra of polyethylene microbeads obtained
on the wearable SERS sensor and a silicon substrate for an integration time of 20's with an excitation power of 5mW at an excitation wavelength of
785nm after baseline subtraction. g) Raman map (at a Raman shift from 1286 to 1302 cm™) of polyethylene microbeads obtained on the wearable
SERS sensor dispersed in deionized water at a concentration of 0.1% for an integration time of 10 s with an excitation power of 0.5 mW at an excitation

wavelength of 785 nm after baseline subtraction.

of 500 mW. The drugs of abuse were evaluated using Laser Raman
Microscopy RAMANforce from Nanophoton Corp. The portable
spectrometer used in Movie S1 in the Supporting Information is the
NanoRam Handheld Raman Spectrometer from B&W Tek. Scanning
electron microscope (SEM) images of the wearable SERS sensor
fabrication and microplastic particles were taken from a JSM-7600F
FESEM microscope. The wearable SERS sensor attached to the glove
was worn on a hand for the flexibility test. After opening and closing
the hand multiple times, the Raman spectra of R6G on the wearable
SERS sensor with the glove were obtained. The stretchability of the
wearable SERS sensor was examined on a PDMS substrate, which was
prestretched by 50%. When releasing the PDMS substrate, the gold

Adv. Optical Mater. 2022, 10, 2200054 2200054 (7 of 9)

nanomesh formed wrinkled structures and did not break even if it was
fully released. The Raman spectra of R6G on the gold nanomesh with
the PDMS substrate were obtained at different compression strains
in compression cycles (up to 1000 times). The Raman measurements
in Figure 3 were performed under 50x magnification for performance
characterizations, while those in Figure 5 were conducted under 20x
magnification for practical applications.

Material Characterization: Figure 1d—f shows the SEM images
corresponding to the PVA nanofibers, PVA/gold nanofibers, and
semihollow gold nanofiber, respectively. The diameter of the PVA
nanofiber (=500 nm) and the thickness of the gold layer (150 nm)
were optimized to maximize the effect of localized surface plasmon
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resonance on the surface of the semihollow gold nanofiber. Figure 1b
shows that the wearable SERS sensor can be produced in large areas,
while its inset shows the gold nanomesh under an optical microscope
using a 50x objective lens.

Human Sweat Samples: The human sweat samples were collected
with a micropipette from exercise-induced sweat on the clean skin of a
voluntary human subject. The SERS test was approved by the Research
Ethics Committee in the Graduate School of Science at the University
of Tokyo (approval number: 20-352). The human subject expressed
informed consent prior to the sample collection.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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