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ABSTRACT: Plasmonic resonance from 2D anisotropic metallic nanoparticles for surface-enhanced Raman scattering (SERS) has
attracted substantial attention for applications in chemical and environmental monitoring because of its intrinsic electromagnetic
“hotspot” and orientation-dependent optical properties. Nevertheless, their sensing applications have been limited by their poor
stability toward oxidation and moisture and complicated fabrication processes for large-scale assembly, especially on flexible
substrates. In this work, we demonstrate water-stable nanofibers as active SERS substrates electrospun from anisotropic gold
nanoprisms (AuNPs) mixed with poly(vinyl alcohol) (PVA) at a concentration of 2.5-20 nM, followed by cross-linking by
glutaraldehyde (GA) vapor at room temperature. Using 4-mercaptobenzoic acid (4-MBA) as the target molecule, we show that the
nanofiber mat with 20 nM AuNPs exhibits high sensitivity at a concentration as low as 107'° M 4-MBA with an enhancement factor
of 107 and good uniformity over a very large area (20 cm”) with an average relative standard deviation of <0.074. The cross-linked
PVA/AuNP nanofibers are stable against water without an obvious decrease in the SERS signal. In the detection of Rhodamine 6G
(R6G) molecules in the water solution, the Raman intensity of R6G shows almost no decay over 3 months compared to that of the
as-prepared mat. Further, we show the detection of trace pesticide (107 M) on the orange exocarp, suggesting that our fiber mat
could be applied for potential applications including food safety, biomedicine, and environmental monitoring.

KEYWORDS: gold nanoprisms, surface-enhanced Raman scattering, sensing, electrospinning, flexible mat

Bl INTRODUCTION distance is less than 5 nm.° Although nanostructures prepared
With the flourishing advancement of spectroscopy-based by top-down approaches offer improved density and uniformity
analytical techniques, the demand for trace molecular detection of the “hotspots”, they usually suffer from limited spatial
has dramatically augmented in a variety of applications, rangin% resolution and low throughput at a high cost.”® Therefore,
from environmental analysis, food safety, and biomedicine.' ™ bottom-up strategies that can assemble metallic nanostructures
Among the different spectroscopic techniques, surface- into 1D, 2D, and 3D SERS-active substrates are desired.”

enhanced Raman spectroscopy (SERS) has attracted consid-
erable attention because of its simple, rapid, noninvasive, label-
free detection of analytes with an extremely low detection limit
(up to the single-molecule level).”” To achieve high sensitivity,
metallic nanostructures (e.g., from gold and silver) are fabricated
as SERS substrates because of the strong electromagnetic
enhancement (known as “hotspots”) through plasmon coupling
between the nearby nanoparticles when the interparticle
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Up to now, most nanostructured SERS substrates are
fabricated by depositin% metallic nanoparticles on rigid SERS
substrates, such as glass, 9 alumina,'’ and silicon,"? thus limiting
their potential applications on nonflat surfaces with complex
shapes such as wearable devices. Meanwhile, li%htweight,
portable, and flexible substrates are highly desired."”'* Despite
the significant efforts in creating flexible SERS substrates from
cellulose hydrogels,"® flexible polymers,'® tapes,'” graphene
nanosheets,'® and carbon nanotube sheets,'” these flexible SERS
substrates often suffer from long-term stability and complicated
processing procedures with low throughput.'>~"*

Compared to silver (Ag) nanoparticles, gold (Au) nano-
particles show higher resistance to oxidation”"~** and can adjust
the localized surface plasmonic resonance (LSPR) wavelength
range from visible to near-infrared (NIR) by controlling their
size and morphology.23 Thus, it is easier to achieve enhanced
Raman signals of the probing molecules by matching the
maximum plasmonic resonance with the excitation wavelength
of the probing laser.”** Several anisotropic Au nanoparticles,
such as Au nanorods (AuNRs),”* Au nanowires (NWs),”> Au
nanocubes,”® and Au nanoprisms (AuNPs),'> have been
demonstrated as SERS substrates. Among them, AuNPs offer
a strong electromagnetic field derived from the dipolar
plasmonic resonance at sharp corners and quadrupolar
plasmonic resonance at edges and the center with highly
reactive facets,'**>*"™*° However, disadvantages, including
long-term stability and complicated processing procedures,
limit their widespread applications.

Electrosopinning of polymer nanofibers with Au nano-
particles,””*" especially anisotropic ones,”” > has been
considered as one of the most effective methods to generate
flexible SERS substrates in a large scale with a high surface-area-
to-volume ratio and at a low cost. In general, there are two routes
to fabricate anisotropic Au nanoparticle/polymer nanofiber
composites via electrospinning. One is to absorb the Au
nanoparticles on the outer surface of electrospun nanofibers
through electrostatic interactions. For example, Zhu et al.>* have
assembled various Au nanoparticles on functionalized water-
stable poly(vinyl alcohol) (PVA)/polyethylenimine nanofibers.
However, this method not only requires the nanofibers to be
insoluble in the nanoparticle solution but also has a tedious
surface modification procedure for both the nanoparticles and
nanofibers for successful absorption.”” >* The SERS enhance-

) TggrsN,
ment factor (EF), is defined as EF = =2 ywhere Igppg and
IrNsgrs

Iyg stand for the intensities of the same vibrational mode in the
SERS spectrum and normal Raman spectrum of the analyte and
Nggrs and Ny are the number of analyte molecules adsorbed on
the substrate illuminated by the laser focus spot under SERS and
normal Raman conditions. The EF of these SERS substrates is
usually reported in the range of ~10°—107."*** The other
approach is to electrospin a nanoparticle/polymer solution. For
example, Zhang et al. embedded AuNRs and binary AuNR/
AgNW hybrids in a PVA matrix and fabricated freestanding and
flexible SERS substrates by electrospinning, where the nano-
particles were stabilized and arranged along the long axis of the
PVA nanofibers.”>*® This approach not only reduces
aggregation of the nanoparticles but also decreases the distance
between the nearby nanoparticles, thus increasing the number of
hotspots for plasmonic coupling. A high EF (e.g, 10%)*" is
obtained because of the high loading of metallic nanoparticles
(e.g, AuNRs, 50—200 nM™) or their coassemblies (eg, a
mixture of AuNRs, 10—40 nM, and AgNWs, Ag content 0.0424
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M).*® Nevertheless, the obtained metallic nanoparticle/PVA
nanofiber mats can be easily dissolved in an aqueous solution
and lose their assembled nanostructures. Overall, it remains
challenging to fabricate AuNPs on a flexible substrate over a
large area at a low cost, yet with high sensitivity and stability
under different environments.

Herein, we demonstrate electrospinning of AuNP/PVA
nanofibers as flexible and freestanding SERS substrates over
an area larger than 20 cm?® where the AuNPs are synthesized by
the one-pot seedless method using cetyltrimethylammonium
chloride as the ligand, showing great compatibility with the PVA
matrix. The resulting AuNP/PVA nanofiber mat has high
uniformity and reproducibility with a low average relative
standard deviation (RSD) value (<0.074) and high sensitivity
(107" M) with an EF of 107 toward 4-mercaptobenzoic acid at a
loading of 20 nM AuNPs, which is 10 times lower than that
reported in the literature (200 nM).*® A detailed comparison of
the EF from the literature versus that in our system can be found
in Table S1. Moreover, after cross-linking by glutaraldehyde, the
cross-linked PVA/AuNP nanofibers are highly stable against
water without an obvious decrease in the SERS signal. The
Raman intensity of the Rhodamine 6G/water solution shows
almost no decay over 3 months compared to that from the as-
prepared mat. Further, we demonstrate the detection of trace
pesticide (107° M) on the orange exocarp.

B EXPERIMENTAL SECTION

Materials. Cetyltrimethylammonium chloride (CTAC or
C,oH,,CIN; >95%) was purchased from TCI America. Potassium
iodide (KI, 99.99%) was purchased from Alfa Aesar. Sodium hydroxide
(NaOH; 99.99%) and hydrochloric acid (HCI; 37 wt % in water) were
purchased from Fisher Scientific. Poly(vinyl alcohol) (PVA; Mowiol
20-98, M,, = 125000 g mol™"), gold(III) chloride trihydrate (HAuCl,:
3H,0), L-ascorbic acid (BioUltra, >99.5%), glutaraldehyde (GA; 25%
aqueous solution), 4-mercaptobenzoic acid (4-MBA; 99%), thiram
(TMTD or tetramethyl thiuram disulfide), and Rhodamine 6G (R6G)
were purchased from Sigma-Aldrich. Ultrapure water produced with a
Milli-Q Integral 5 system was used in all experiments. All glassware and
the stir bar were cleaned with aqua regia [3:1 (v/v) HCI (37%)/HNO,
(70%) solution], followed by extensive rinsing by deionized (DI water,
and dried before use. All chemicals were used without further
purification.

Synthesis and Purification of AUNPs. AuNPs were synthesized
by a rapid one-pot seedless growth process with a further purification
procedure as reported previously.'***** Briefly, a 100 mM CTAC
aqueous solution was prepared at 40 °C until CTAC was fully dissolved
and cooled to room temperature before use. Subsequently, 16 mL of a
100 mM as-prepared CTAC aqueous solution was diluted to 80 mL of
water in a 250 mL Erlenmeyer flask, followed by the addition of 0.8 mL
of 25.4 mM HAuCl,, 0.75 mL of 10 mM KI, and 0.2 mL of 100 mM
NaOH, where a light-yellow solution was formed. The color of the
solution changed to colorless after 0.8 mL of 0.064 M ascorbic acid was
injected into the solution. Finally, another 0.1 mL of 100 mM NaOH
was added to the flask with gentle shaking for 5 s. The solution was left
undisturbed at room temperature for 15 min for the growth of AuNPs,
and the plasmonic color of the mixture turned from pink to purple and
blue.

AuNPs with polyhedral impurities were purified by a depletion-
driven method reported in the literature.'>>’ Typically, 10 mL of the
reaction products was isolated by centrifugation twice at S000 rpm for 8
min, followed by decanting of the supernatant. The precipitates were
redispersed in 3 mL of DI water for further purification. Subsequently,
an aliquot of a 250 mM CTAC aqueous solution was added to the
mixture solution (3 mL) until the CTAC concentration reached 150
mM. Finally, the dark-blue solution was left undisturbed for 24 h at
room temperature until the supernatant turned purple. Then the
supernatant was removed as much as possible from the solution, and the
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Figure 1. (a) Schematic illustration of the electrospinning process for fabrication of the AuNP/PVA nanofiber mat. (b) TEM image of the AuNPs.
Inset: Side-view TEM image of the stacked AuNPs, showing the thickness of the AuNPs. (c) UV—vis spectra of the AuNPs. (d) Photograph of the
AuNP/PVA nanofiber mat. Inset: Photograph of a AuNP/PVA (20 nM AuNPs) electrospinning solution. (e) SEM image of the AuNP/PVA mat with
an average diameter of ~178 nm. Inset: SEM image at a higher magnification.

sedimentation was then redispersed in 3 mL of ultrapure water. A large
amount of AuNPs for electrospinning was synthesized and purified
using the same procedure.

Fabrication of the AuNP/PVA Nanofibers and Cast Films. The
desired amount of a dark-green AuNP solution was centrifuged twice at
5000 rpm for 8 min, after which most of the supernatants were
removed. The precipitates in the bottom of the centrifuge tube were
redispersed in a PVA aqueous solution (7 wt %) under vigorous stirring
at room temperature for 4 h until fully dispersed in water. The
concentrations of the AuNPs in the PVA solution were 2.5, 5, 10, and 20
nM, respectively. Because of the high hydrophilicity of CTAC coated
on the surface of AuNPs, a homogeneous solution of AuNPs and PVA
was obtained. Subsequently, the electrospinning solution was fed to a 6
mL plastic syringe with a flat needle tip connected to a high-voltage
power supply. A 10 kV voltage and 0.5 mL h™" flow rates at room
temperature were used for the electrospinning. The working distance
between the needle tip and grounded collector covered by aluminum
(Al) foil was 15 cm. To collect the UV—vis absorption spectra of the
nanofibers, several pieces of clean glass were stuck onto the collector
using conductive tape, and the glass with AuNP/PVA nanofibers was
then picked up from the collector for UV—vis measurement. For a
comparison of the surface plasmonic resonance of the nanofiber mat
and cast films, 50 uL of a AuNP/PVA electrospinning solution with 20
nM AuNPs was drop-cast onto a clean glass substrate and dried under
ambient conditions. To collect the SERS spectra at different spinning
times, small pieces of Si wafers were taped to the Al foil to collect the
AuNP/PVA nanofibers when the collecting time was short and the
AuNP/PVA nanofibers were too thin to peel off from the Al foil.

Cross-Linking of the AuNP/PVA Nanofiber Mats. The as-
prepared AuNP/PVA nanofiber mats were cross-linked by GA vapor
according to the literature.*® Typically, the AuNP/PVA nanofiber mats
were exposed to the 2.5 M GA vapor (pH = 3) in the vacuum desiccator
for 48 h, followed by washing with DI water to remove the unreacted
GA and drying in a vacuum oven for 24 h.

Fabrication and Measurement of the SERS Samples. The
Raman spectra were obtained using a 633-nm-wavelength laser to
match the LSPR of AuNDPs, and the acquisition time was kept as 5 s for
all of the samples. The reflected light signals were collected from the
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microscope objective (100X) and analyzed using a grating
spectrometer coupled to a Si focal plane array. All of these instruments
were integrated in the LabRAM HR Evolution Confocal Raman
microscope. To prepare the samples for SERS measurement, the
resultant AuNP/PVA nanofiber mats peeled off from the Al foil or
collected on the Si wafers were immersed in 4-MBA/ethanol solutions
with concentrations varying from 10™* to 107'° M. For comparison, 50
HuL of a AuNP/PVA electrospinning solution with different AuNP
concentrations was also cast onto the Si wafers and immersed in the
above 4-MBA/ethanol solutions. The samples were left undisturbed for
4 h and washed with ethanol to remove extra molecules. Then, the
AuNP/PVA nanofibers were placed on the Si wafers and dried with all
of the other samples. For R6G sensing, the as-spun AuNP/PVA
nanofiber mats were immersed in 10™* M R6G/ethanol solutions. The
cross-linked AuNP/PVA nanofiber mats were immersed in water for 24
h, followed by immersion in a 107* M R6G aqueous solution. All of the
other procedures were the same as those of the 4-MBA measurement.
To estimate the EF, a 107> M 4-MBA solution was also drop-cast onto
the Si wafer and dried at room temperature before the SERS
measurement. To measure the trace pesticide, 107® M TMTD in an
acetone solution was sprayed onto small pieces of orange exocarp (1 cm
X 1 cm) and dried. Then a drop of pure acetone was dropped onto the
orange exocarp, which was then covered by the AuNP/PVA nanofiber
mat to collect TMTD. Because the probe molecules could degenerate
over time in an external environment, the solutions for SERS were
freshly prepared for each test. All of the SERS spectra were collected
after baseline correction using a fifth-order polynomial least-squares
fitting algorithm to enhance the signal-to-noise ratio.
Characterization. Scanning electron microscopy (SEM; JEOL
7500F HRSEM, operated at S kV) and transmission electron
microscopy (TEM; JEOL F200, operated at 200 kV) were employed
to characterize the structure of the AuNP/PVA nanofibers and size
distribution of the AuNPs. To prepare the TEM samples, the copper
grids were placed near the grounded collector for ~10 s, followed by
cross-linking if needed. The grids with cross-linked fibers were
immersed in water for 24 h, dried, and prepared for characterization.
The absorption spectra were recorded by an Agilent Cary 5000 UV—
vis—NIR spectrophotometer. The wavelength range was 400—800 nm
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with an interval of 1 nm, and the scanning rate was 600 nm min~". The
swelling ratio of the solvent-treated nanofibers was calculated by (d, —
davg)/ d,yp Where d,,, and d, are the average diameters of the nanofibers
before and after solvent treatment, respectively.

B RESULTS AND DISCUSSION

The procedure of fabricating a AuNP/PVA electrospun
nanofiber mat is shown in Figure la. The AuNPs were
synthesized by a rapid one-pot seedless method (see details in
the Experimental Section). The UV—vis spectrum of the as-
prepared AuNP solution shows a strong absorption peak at 646
nm with a wide shoulder around 500—580 nm in Figure Slc,
corresponding to the AuNPs and the polyhedral impurities,
respectively. To separate the AuNPs from the polyhedral
impurities, a depletion-driven method was employed in the
presence of high-concentration CTAC depletants (see details in
the Experimental Section).

After purification, the color of the as-prepared solution
changes from dark blue to dark green, and the peak intensity
from the polyhedral impurities decreases significantly, while the
peak of the AuNPs remains. This suggests that the polyhedral
impurities are successfully removed, which is further confirmed
by TEM images of AuNPs (Figure S1). The resulting AuNPs
have an average edge length (lavg) of 59.6 + 8.7 nm and an
average thickness (tavg) 0f 20.7 & 1.9 nm, with an LSPR peak at
640 nm (Figures 1b,c and S2). Subsequently, the AuNPs are
centrifuged to the desired concentration and mixed with the
PVA aqueous solution (7 wt %) for electrospinning.

Electrospinning is known as a facile and cost-effective way to
fabricate functional nanofibers on a large scale.”” Here, a
freestanding and flexible AuNP/PVA nanofiber mat over 20 cm*
is fabricated by electrospinning of a AuNP/PVA solution
containing 20 nM AuNPs on Al foil for 30 min (Figure 1d).
Because of the random scattering of light from the surface of the
nonwoven fibers, the electrospun nanofiber mat appears to be a
slightly lighter blue, resulting from the plasmonic color of
AuNPs, compared with the dark blue from the AuNP/PVA
electrospinning solution. The SEM image confirms the
uniformity of the nanofibers with an average diameter (d,,) of
around 178 nm and a 3D nonwoven network nature (Figure le).

Figure 2 shows the TEM images of AuNP/PVA nanofibers
with different concentrations of AuNPs from 2.5 to 20 nM. To
better describe the distribution of AuNPs in electrospun
nanofibers, the face of AuNPs is defined as the x—y plane, and
the perpendicular direction is defined as the z axis (inset of
Figure 2a). AuNPs are successfully embedded within the PVA
nanofibers and are more likely to be aligned along with the long
axis of the nanofibers. The TEM images of the AuNP/PVA
nanofibers indicate that the AuNPs have good miscibility with
PVA and are uniformly dispersed over the entire nanofiber mat
rather than only localized in some nanofibers (Figure S3). As the
AuNP concentration increases, the distance between the
individual AuNPs decreases, and AuNP dimers start to form
when the concentration of AuNPs reaches S nM (Figure 2a,b).
AuNP trimers and even larger nanoclusters are formed when the
concentration of AuNPs reaches 10 and 20 nM (Figure 2c,d).
The corresponding SEM images (Figure S4) show that the
nanofibers have a smooth surface with relatively uniform
diameters. Thus, the randomly dispersed AuNPs in an aqueous
solution could be stabilized and “frozen” in PVA nanofibers by
the electrospinning process. When a high voltage (10 kV) is
applied to the AuNP/PVA solution, a jet under the influence of
the flow field erupts from the tip of the spinneret when the
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Figure 2. TEM images of the electrospun AuNP/PVA nanofibers with
different AuNP concentrations of (a) 2.5, (b) 5, (c) 10, and (d) 20 nM,
respectively. Inset in part a: Schematic of the coordinates of AuNDPs.

repulsive force is larger than the surface tension of the mixture.
The jet is bent and stretched because of the synergistic effect of
the flow and electric fields, forming nanofibers as water
evaporates, which are collected on an Al foil. Here, a flow rate
(0.5 mL h™") is employed to ensure evaporation of water during
the electrospinning process.

To evaluate the SERS performance of the AuNP/PVA
nanofibers, the AuNP/PVA electrospinning solution is drop-
cast onto a Si wafer to create a film for comparison (Figure SS).
As seen in Figure 3a, the UV—vis absorption peak of the AuNP/
PVA nanofiber mat red shifts from 653 to 675 nm compared
with the cast film for the same 20 nM AuNP loading amount.
This indicates that the interparticle distance of AuNPs in
nanofibers decreases under the shearing force due to the electric
field during the electrospinning process. Moreover, the peak of
the AuNP/PVA nanofiber mat is much broader than that of the
cast film, which could be attributed to the plasmonic coupling
between the nearby AuNPs in the nanofibers.”” When the
concentration of AuNPs increases from 2.5 to 20 nM, the broad
LSPR band shifts from 667 to 675 nm because the plasmonic
coupling between AuNPs within the nanofibers further increases
because of the formation of larger AuNP clusters at higher
loading (Figure 3b). Correspondingly, the relative intensity of
the LSPR also increases.

The SERS performance of the AuNP/PVA nanofiber mats
and the cast films is characterized by Raman spectrometry using
a 632 nm laser to pair with the absorption wavelength of AuNDPs.
4-MBA is chosen as the probing molecule to study the plasmonic
enhancement of AuNP/PVA nanofibers because it has several
distinct Raman features once absorbed onto the AuNP surface.
According to the literature, biocompatible PVA polymer
nanofibers can slightly swell in an ethanol solution, allowing
small 4-MBA molecules to penetrate the PVA nanofibers,
migrate to the surface of AuNPs, and eventually access the
hotspots between the metallic nanoparticles.”*** The same
phenomenon is observed in our AuNP/PVA nanofibers, where

https://doi.org/10.1021/acsanm.2c00689
ACS Appl. Nano Mater. 2022, 5, 6650—6658


https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00689/suppl_file/an2c00689_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00689/suppl_file/an2c00689_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00689/suppl_file/an2c00689_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00689/suppl_file/an2c00689_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00689/suppl_file/an2c00689_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00689/suppl_file/an2c00689_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00689?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00689?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00689?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00689?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c00689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

a —_ AuNPs solution b
3 AuNPIPVA film 3.5+ 675nm ——2.5nM
i i 653 nm AuNP/PVA nanofibers j
8 640 nm 675 nm Py 3.0
c z ]
g i ;, 2.5
[] bt i
2] S 2.0
© {E ]
? S 1.5
N Qo |
© | <
} . 4
Qo
4 0.5
T T T T T
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) d Wavelength (nm)
c 20 nM 10 nM 5.0 nM 25nM | =20 nM nanofibers 20 nM film 10 nM film
i e 5.0 M film 2.5 nM film
~ 3
S 8
©
~ =
7]
5 £ lnn e
c -
[ =
9 | = A
£ (2} 7-——~V.J\——JV
0 (+ 2
o 7 L .
1]
o A A i i A
A\ », Sm— L\ I —

900 1000 1100 1200 1300 1400 1500 1600 1700

Raman shift (cm™)

900 1000 1100 1200 1300 1400 1500 1600 1700
Raman shift (cm™)

Figure 3. (a) Normalized UV—vis spectra of the electrospun AuNP/PVA nanofiber mat, the AuNP/PVA cast film with 20 nM AuNPs, and the as-
synthesized AuNPs in water. (b) UV—vis spectra of AuNP/PVA nanofiber mats with different concentrations of AuNPs. (c) SERS spectra of 10™* M 4-
MBA molecules collected on AuNP/PVA nanofiber mats with different concentrations of AuNPs. (d) Comparison of the SERS intensity of the AuNP/
PVA nanofiber mat with 20 nM AuNPs and the corresponding AuNP/PVA cast films with different concentrations of AuNPs.

the pristine nanofibers swell 40.6% after ethanol treatment
(Figure S6). Figure 3c shows the SERS spectra of 4-MBA
molecules (10™* M) absorbed on AuNP/PVA nanofiber mats of
different concentrations of AuNPs. A few characteristic Raman
bands at 1078, 1178, and 1587 cm ™! are observed, attributed to
the in-plane ring breathing ©(C—S), the vibration of v(C—H),
and the aromatic 2(C—C), respectively.” Clearly, the intensity
of the characteristic Raman bands increases as the concentration
of the AuNPs increases, suggesting effective plasmonic coupling
of the AuNPs at higher concentrations. The SERS spectra of 4-
MBA molecules (10™* M) absorbed on the cast AuNP/PVA
films show a similar trend (Figure 3d), which can be attributed
to the increased total SERS active area in the scattering volume
and intercluster coupling effect.*® The AuNP/PVA nanofiber
mat and film show comparable SERS intensities at low AuNP
loading (2.5 nM) because the AuNPs are far apart from each
other. However, the AuNP/PVA nanofiber mats show much
higher SERS intensity than the films as the AuNP concentration
increases, which can be explained by the confinement effect of
the nanofibers, leading to more AuNP clusters being formed in
the nanofiber mat versus in the film at a given AuNP
concentration. These Raman spectral results are consistent
with the UV—vis spectra.

We then investigate the influence of the electrospinning time.
Figure 4a shows a set of SERS spectra of 4-MBA molecules (107*
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M) absorbed on the AuNP/PVA nanofiber mats with the same
AuNP loading (20 nM) but different electrospinning times. As
the thickness of the AuNP/PVA nanofiber mat gradually
increases, the intensity of the Raman peak (at 1078 and 1587
cm™") of 4-MBA molecules increases and plateaus after 30 min
(Figure 4b) because the planar intensity of the AuNPs and the
number of absorbed probing molecules per unit area of the
nanofibers saturate. The optimized AuNP/PVA nanofiber mats
prepared by electrospinning the AuNP/PVA solution with 20
nM AuNPs for 30 min are used in the rest of the studies.

The sensitivity and reproducibility of the Raman signals are
vital in practical SERS applications. Therefore, we measure the
detection limit of 4-MBA on the optimized AuNP/PVA
nanofiber mats. As shown in Figure 4c, the characteristic
bands of 4-MBA molecules are observed in all of the SERS
spectra, where the SERS intensity gradually decreases at lower 4-
MBA concentrations. However, the characteristic in-plane ring
breathing pattern #(C—S) at 1078 cm ™" and the vibration band
of the aromatic v(C—C) at 1583 cm™ can still be distinctly
detected even when the concentration of 4-MBA molecules
decreases to 107'° M, indicating the good sensitivity of our
nanofiber mat, which can be attributed to a combination of the
strong plasmonic coupling between AuNPs with inherently
sharp corners and edges and the highly reactive planes of AuNPs.
The EF was estimated as 107 (see the Supporting Information).
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Figure 4. (a) SERS spectra of 10~* M 4-MBA molecules collected on AuNP/PVA nanofiber mats with 20 nM AuNPs at different electrospinning times
and (b) the corresponding normalized SERS intensity. (c) SERS spectra of different 4-MBA molecule concentrations absorbed onto the AuNP/PVA
nanofiber mats with 20 nM AuNPs. (d) SERS spectra of 107* M 4-MBA molecules collected at 20 randomly selected spots on the AuNP/PVA

nanofiber mat.

To assess the reproducibility and uniformity, SERS spectra of
10~* 4-MBA molecules from 100 randomly selected regions on
the AuNP/PVA nanofiber mat were collected (the spectra of 20
random regions are shown in Figure 4d). The average RSD
values of 100 Raman peaks are lower than 0.074 (Table 1),

Table 1. RSD Values for the Main Characteristic Raman
Bands of 4-MBA on the AuNP/PVA Nanofiber Mat

1078
0.053

1178
0.054

1587
0.074

peak position (cm™)
RSD value

which are less than or comparable to those in previous
work,”>***” confirming great reproducibility and uniformity in
using AuNP/PVA nanofiber mats as the SERS substrates.
Although individual AuNPs or their clusters may not be
uniformly dispersed within the single nanofiber (Figure 2), the
overall distribution of AuNPs over the entire nanofiber mat is
relatively uniform.

We note that the as-prepared AuNP/PVA nanofiber mat can
be instantaneously dissolved in water (Video S1), which limits
their applications in the detection of analytes used in water or
humid environments for bioanalysis and biosensing.”'¥**
Therefore, we further cross-link the AuNP/PVA nanofiber
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mats by exposing them to GA vapor at room temperature. The
shape of the cross-linked nanofibers is preserved, and the
nanofibers swelled by 56.9% after immersion in water for 24 h
(Figures Sa and S7). Importantly, AuNPs are still embedded
after cross-linking without any morphology changes (Figure Sb).
Therefore, the SERS performance will not be affected by the
cross-linking step (Figure S8).

To further investigate the universality of the as-prepared
substrates and demonstrate the applications in the detection of
analytes in water, water-soluble dye R6G is used as a probe
molecule. Figure Sc shows strong characteristic peaks of R6G on
the water-stable AuNP/PVA nanofiber mat.*® This indicates
that the water-stable AuNP/PVA nanofibers can detect not only
4-MBA in ethanol but also molecules in the aqueous solution.
More impressively, the intensity of the main characteristic peaks
from R6G shows no obvious shift after 3 months of storage of
the nanofibers in air (Figure S9), suggesting that AuNPs are
well-protected by cross-linked PVA to resist oxidation compared
to nanoparticles immobilized on the outside of electrospun
fibers.”>~** Finally, we demonstrate that our SERS substrate can
be applied for the detection of chemicals left on real-world
objects. We apply AuNP/PVA nanofiber mats to collect and
detect trace pesticide TMTD sprayed on the orange exocarp. As
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Figure S. (a) SEM and (b) TEM images of the cross-linked AuNP/PVA nanofibers with 20 nM AuNPs after water treatment for 24 h. (c) SERS spectra
of 107* M R6G molecules collected from the AuNP/PVA nanofiber mat before and after cross-linking and stored in air over 1 and 3 months,
respectively. (d) SERS spectra of 10" M TMTD pesticide sprayed on the orange exocarp, followed by collection using the AuNP/PVA nanofiber mat.
Orange with pesticide but without the nanofiber mat wrapping is used as a control sample.

shown in Figure 5d, major peaks at 554, 935, 1140, 1380, and
1524 cm™! can be obtained from the nanofiber mat to detect
trace TMTD (1 X 107 M) coated on orange exocarp, which is
lower than the permissible exposure limit of S mg m™3 according
to the U.S. National Institute for Occupational Safety and
Health standard.*’

B CONCLUSION

We present a facile and large-scale approach to fabricating highly
sensitive, flexible, freestanding, and water-stable SERS-active
substrates with AuNPs by electrospinning AuNPs in a PVA
solution. The faces of the AuNPs are arranged along with the
long axis of nanofibers as a result of the synergistic effect of the
flow field and electric jetting. The Raman signal of 4-MBA
probing molecules on AuNP/PVA nanofiber mats with only 20
nM AuNPs is substantially enhanced, achieving an EF of ~107,
which is comparable to other literature but with less loading; we
attribute it to the electromagnetic enhancement to the
“hotspots” (plasmonic coupling) between the nearby AuNPs
and from the highly reactive facets of AuNPs. Furthermore, the
AuNP/PVA nanofibers display high detection sensitivity (107"
M), reproducibility, and uniformity with the average RSD values
of all Raman bands of less than 0.074. After being cross-linked,
AuNP/PVA nanofibers are water-stable and show high
sensitivity and long-time stability for probing R6G molecules
in a water solution without an obvious decrease in the SERS
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signal. Finally, the detection of trace pesticide (107 M) on the
orange exocarp is demonstrated. This study offers new insights
into the incorporation of anisotropic metallic nanoparticles in
polymer nanofibers for potential applications in food safety,

biomedicine, and environmental monitoring.
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nanofibrous mat (cross-linked and un-cross-linked) in
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