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ing (SERS) was discovered 30 years

ago,' 2 it has inspired a worldwide ef-
fort to explore its mechanism both theoreti-
cally and experimentally. SERS offers a tre-
mendous enhancement of the intensity of
the vibrational signals over 10 orders of
magnitude, which has opened a new av-
enue for conventional Raman spectroscopy
and made it an ultrasensitive analytical tool
down to single-molecule detection,* rang-
ing from life science®~” to environmental
science.®? It is widely accepted that electro-
magnetic enhancement and chemical en-
hancement are responsible for SERS
enhancement.'®"" The former makes the
major contribution that is associated with
the localized surface plasmon resonances
occurring at the surfaces of roughened
metal substrates or metal clusters, and the
latter is several orders of magnitude smaller
than the former, which is associated with
the direct charge transfer or indirect
electron—hole pair excitation processes.

Progress has been made in controll-

ing the assembly of silver or gold nano-
particles into specific structures that would
be employed as SERS substrates.'>'® Electron
beam lithography,' nanosphere lithogra-
phy,' focused ion beam pattering,'® and
vacuum evaporation'’ are currently avail-
able techniques for fabrication of well-
ordered, periodic silver or gold nano-
particle arrays with desired geometries.
The substrates obtained by these tech-
niques show a large Raman enhancement
ability and a good SERS reproducibility.
Nevertheless, they are high cost-

S ince surface-enhanced Raman scatter-
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ABSTRACT Anew and facile way to synthesize a free-standing and flexible surface-enhanced Raman scattering
(SERS) substrate has been successfully developed, where high SERS-active Ag dimers or aligned aggregates are
assembled within poly(vinyl alcohol) (PVA) nanofibers with chain-like arrays via electrospinning technique. The
aggregation state of the obtained Ag nanoparticle dimers or larger, which are formed in a concentrated PVA
solution, makes a significant contribution to the high sensitivity of SERS to 4-mercaptobenzoic acid (4-MBA)
molecules with an enhancement factor (EF) of 10°. The superiority of enhancement ability of this Ag/PVA nanofiber
mat is also shown in the comparison to other substrates. Furthermore, the Ag/PVA nanofiber mat would keep a
good reproducibility under a low concentration of 4-MBA molecule (10~ M) detection with the average RSD values
of the major Raman peak less than 0.07. The temporal stability of the substrate has also been demonstrated.
This disposable, easy handled, flexible free-standing substrate integrated the advantages including the superiority
of high sensitivity, reproducibility, stability, large-scale, and low-cost production compared with other
conventional SERS substrates, implying that it is a perfect choice for practical SERS detection application.

KEYWORDS: Ag dimer - chain-like arrays - SERS - electrospinning -
free-standing - large scale

demanding and hard to extend to large
scales for routine SERS detection. On the
other hand, novel strategies have been de-
voted to developing stable, inexpensive,
large-scale, and reliable SERS substrates,
such as Ag-coated silicon nanowire
arrays,'®'® Ag NP-impregnated polycarbon-
ate,?® and Au NP-decorated porous alumi-
num membranes.?' However, the sensitiv-
ity of these SERS substrates remains modest
owing to a limited number of the so-called
hot spots. Designing and assembling highly
effective substrates for SERS application
still requires further improvement.

The first single-molecular surface-
enhanced Raman scattering (SM-SERS)
studies were performed on aggregates
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Figure 1. (a) Typical TEM image of Ag NPs in aqueous system using L-lysine as reducing agent
and soluble starch as capping agent via microwave irradiation at 150 °C for 10 s; the inserted
image is the photograph of the aqueous dispersions of the Ag NPs. (b) Typical XRD pattern of
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strates would bring great conven-
ience to the routine SERS detection
and avoid cross contamination. All of
these excellent properties mentioned
above made the obtained substrate a
really perfect choice for routine SERS
detection application.
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the obtained Ag NPs.

of silver colloidal nanoparticles.*?2~2* Subsequently,
more experiments gave evidence that the extremely
high SERS enhancement factors and single-molecule
sensitivity came from the compact, nonfractal silver or
gold particle cluster, dimer or larger for the reason that
the electromagnetic field in the gap region of them
can be drastically amplified.>~% It is also demonstrated
that the enhancement factors of multiparticle aggre-
gates for both silver and gold would be several orders
of magnitude higher than isolated nanoparticles, espe-
cially for the nonresonant molecules.” Therefore, the
aggregates of silver or gold nanoparticles are the best
suitable structures for optimal SERS substrates. 22830
In this paper, we present a new class of highly sensi-
tive, reproducible, stable, portable, large-scale, and in-
expensive SERS substrates fabricated by electrospin-
ning technique where the SM-SERS-active silver dimers
or larger were assembled in PVA nanofibers as pros-
pected. At the beginning, nearly monodisperse Ag NPs
were synthesized in large quantities via a microwave-
assisted method. Then poly(vinyl alcohol) (PVA), a non-
toxic, biocompatible polymer, a popular material used
in electrospinning, was employed, not only as the host
matrix but also as an organic additive inducing the ag-
gregation of individual Ag NPs. Subsequently, the re-
sulting SM-SERS-active aggregates were assembled in
PVA nanofibers by electrospinning process, and at the
same time, the aggregation of Ag NPs “froze up”. The
coating polymer can provide protection for the active
Ag aggregates from the surrounding environment. Un-
der a moderate solvent, the coating polymer would
slightly swell and the small target molecules would per-
meate into the polymer and access the hot spots eas-
ily. Thus, the obtained substrates possess an extremely
long lifetime and high sensitivity. On the other hand,
the obtained substrate is completely free-standing and
can be tailored freely due to the flexibility of polymer.
What is more, both the fabrication of high sensitivity Ag
aggregates and the electrospinning process are low-
cost and high-throughput. These disposable SERS sub-
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70 80 90 Monodipersed Silver Nanoparticles. A

representative transmission electron
microscope (TEM) image of Ag NPs
synthesized by microwave irradiation
is shown in Figure 1a, which con-
firmed the generation of highly crys-
talline nanoparticles with a nearly
spherical shape. A histogram of the
particle size distribution indicated the mean particle di-
ameter of 26 nm (see Supporting Information Figure
S1). The X-ray diffraction (XRD) pattern of the nano-
particles (Figure 1b) showed a face-centered cubic (fcc)
silver crystal structure (JCPDS card No. 04-0783). The re-
sulting particles, which were readily redispersed in wa-
ter, presented a transparent light-brown suspension of
well-dispersed Ag NPs (Figure 1a). The aqueous solution
was stable without precipitation for months at room
temperature.

Silver Dimers and Silver Aggregates. The as-prepared sil-
ver colloids were washed with deionized water and cen-
trifuged three times. Then they were redissolved in 7
wt % PVA aqueous solution. Due to the high hydrophilic
property, Ag NPs were miscible with hydrophilic PVA
solution. After incubated in a shaker at 40 °C for 5 h, the
mixture solution presented a color change from light-
brown to green, which indicated the aggregation of Ag
NPs. Previous studies on the interaction between PVA
and metal were focused on synergistic soft—hard tem-
plate effect of guiding the oriented growth.3'~33 In this
work, we find that PVA can also induce the self-
assembling of Ag NPs to Ag dimers or larger or
nanochains in a concentrated aqueous PVA solution.

To further understand the process of formation of
Ag aggregates, we have investigated the interaction be-
tween Ag NPs and PVA. The stabilizer starch adsorbed
on the surface of spherical Ag NPs has been partially re-
moved by the process of washing with deionized wa-
ter and being centrifuged three times. After incubating
in a shaker at 40 °C for 5 h, the surface of Ag NPs was
partially capped with the new additive PVA. The differ-
ence of capping additive between the monodispersed
Ag NPs and aggregates was shown in FTIR spectra (see
Supporting Information Figure S2). A wide, strong peak
at 3425 cm™ ! was shown due to the stretching vibra-
tion of —OH in the PVA chains, which meant that the
Ag aggregates were coated with PVA. Magnified TEM
image revealed that adjacent Ag NPs were often in
close contact among the aggregates and were cov-
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Figure 2. Typical SEM image of Ag NP aggregates in PVA aqueous solution with a PVA/Ag molar ratio of (a) 530:1, (b) 530:2, (c) 530:3,
and (d) 530:4. Inset shows the photographs of the samples. (e—h) Corresponding distribution frequency of nanoparticle numbers ap-
pearing in silver NP aggregates. For example, the number 7 represents that the particle number in each aggregate is 7 or more than 7.

ered by a uniform 1 nm thick layer of organic materi- be disrupted from heating dispersions at 70 °C for 1 h
als, which appeared to bridge neighboring Ag NPs or sonication at room temperature for 30 min.
(inset in Figure 2a). There were still some Ag NPs un- Optical Properties of Silver Nanoparticles. It is well-known
coupled in the Ag/PVA composite solution. that the optical properties of Ag NPs are strongly de-
Under the circumstances of restricted reaction time ~ pendent on their sizes and shape. The UV/vis spectra
and the same concentration of PVA aqueous solution,  (Figure 3a) of monodispersed Ag NPs synthesized by
the extent of aggregation and the sizes of the nano- microwave displayed a strong extinction band with a
clusters were strongly dependent on the amount of Ag ~ Maximum at 403 nm, which was a characteristic plas-
NPs added.3* When a smaller amount of Ag NPs was mon resonance band of isolated spherical silver nano-
added in 7 wt % PVA aqueous solution, with a PVA/Ag particles.** When the PVA solution was introduced, the
molar ratio (PVA in terms of repeat units and Ag in Ag colloids exhibited two absorbance bands. One was

terms of atoms) of 530:1, and incubated in a shaker at near 403 nm, indicating the uncoupled Ag NPs existed
in the composite solution, and the other absorbance

band red-shifted with the increase of Ag/PVA molar ra-
tio. The appearance of this long-wavelength plasmon
band is a clear indication of the formation of aggre-
gated nanostructures. Once the nanoparticles form ag-
gregates, their plasmon modes interact with each other
and form a new plasmon band, which is associated
with the surface plasmon coupling between adjacent
Ag NPs.3>% |n addition, the new band became further
broadened and red-shifted with the increase of the mo-
lar ratio of Ag/PVA in the Ag/PVA solution, indicating a
stronger aggregation state and a larger distribution in
the sizes of the aggregated nanoparticles.

Silver Dimers and Nanochains Assembled within PVA
Nanofibers. Electrospinning technology is a versatile and
effective method to generate fibers with a diameter of
several tens to hundreds of nanometers from a variety
particles. The composite solution appeared dark green.  of materials.?”3¢ The Ag/PVA nanofiber nonwoven mat
When a larger amount of Ag NPs with a PVA/Ag molar  over 80 cm? can be produced by electrospinning a 0.3
ratio of 530:4 was added, random aggregates were ob-  mL Ag/PVA solution (with PVA/Ag molar ratio of 530:3)
tained and the solution appears greenish black (Figure  for 1 h by electrospinning (Figure 4a), indicating that it
2d). was a really facile method with high output. The Ag/

The combination of Ag NPs and PVA is stable PVA nanofiber mat, appearing the color of green, was
enough that the short chain-like structures would not not as deep as the corresponding electrospinning solu-

40 °C for 5 h, the composite solution appeared the color
of pale green. TEM image (Figure 2a) showed clearly
the aggregation of Ag NPs and the formation of Ag
dimers or trimer. When the amount of Ag NPs was
added with a PVA/Ag molar ratio of 530:2, the TEM im-
age (Figure 2b) showed clearly the formation of Ag tet-
ramer or larger also with some dimer and trimer. The
aggregated sample consisted mainly of discrete short
nanochains with lengths of 90—120 nm (Figure 2b),
equivalent to 3—4 isomeric 26 nm Ag nanoparticles.
The Ag/PVA solution appeared a color of green. When
the amount of Ag NPs was added with a PVA/Ag molar
ratio of 530:3, the TEM image (Figure 2¢) clearly showed
the formation of Ag nanoclusters. The aggregated
sample mainly consisted of bifurcated and looped
nanochains with 7—10 isomeric 26 nm Ag nano-
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Figure 3. UV/vis absorption spectra of Ag nanoparticles upon
addition of different amounts of Ag with PVA/Ag of (a) 0:1,
(b) 530:1, (c) 530:2, (d) 530:3, and (e) 530:4. Inset is the photo-
graph of the corresponding Ag/PVA solution.

tion. The aqueous PVA solution was transparent, so
the Ag/PVA blend solution appeared the color of Ag ag-
gregates. In addition, the solid PVA nanofiber mat with-
out addition of Ag nanoparticles appeared a color of
white, thus the Ag/PVA nanofiber mat appeared the
color of integrated PVA and Ag aggregates, which
would be a lighter color than Ag aggregates in PVA
solution.

Typical SEM image of Ag/PVA nanofibers produced
by electrospinning is shown in Figure 4b, which shows
a three-dimensional network structure consisting of a
large quantity of randomly deposited fibers, and the in-
dividual fiber has a high aspect ratio and a smooth sur-
face. The average diameter and length of Ag/PVA
nanofibers were about 170 nm and several millimeters,
respectively. TEM images in Figure 5 clearly showed
that Ag aggregates were embedded in PVA matrix and
assembled to some ordered linear chain-like structures
along the fiber axial direction. Contrast to the solution
before electrospinning with a random dispersion of the
aggregates, we can conclude that the Ag NP aggre-
gates with chain-like arrays in the PVA matrix resulted
from the electrospinning process.

When a high voltage was applied to the blend so-
lution, the whole solution was polarized and the
PVA-capped Ag aggregates became positively
charged on one side and negatively charged on the
other. Due to the static absorption among the polar-
ized Ag aggregates, they tended to form a self-
assembling linear chain-like structure oriented along
the electric field in the blend solution.?>4° When the
repulsive force within the charged solution was
larger than its surface tension, a jet would erupt
from the tip of the spinneret. Although the jet was
stable near the tip of the spinneret, it soon entered
a bending instability stage, and the formation of
nanofibers was mainly achieved by the stretching
and acceleration of the fluid filament in the instabil-
ity region as the solvent evaporated. During the for-
mation of nanofibers, Ag aggregates were totally
embedded in PVA nanofibers simultaneously, in or-
der to reduce the specific surface area and the sur-
face Gibbs free energy of individual nanofiber. This
result can be confirmed by both SEM and XPS. Seen
from the magnified SEM image in the inset of Figure
4b, the surface of each nanofiber was smooth and
there were no particles raised on the surface of fi-
bers. Also, there were no obvious peaks of silver ele-
ment observed by XPS (see Supporting Information
Figure S3). The schematic diagram of the Ag/PVA
nanofiber formation is illustrated in Figure 6.

By electrospinning an aqueous Ag/PVA blend solu-
tion, PVA was split into long continuous fibers, but the
low concentration of Ag aggregates in the blend solu-
tion (with Ag/PVA molar ratio less than 4:530) together
with the bending instability of electrospinning process
could result in the discontinuousness of Ag NP aggre-
gates dispersed in the PVA nanofibers. The Ag aggre-
gates, if once trapped in fibers, tended to pack a linear
chain-like structure along the axial direction of fibers,
seldom with total separation in the fibers. The presence
of Ag elements in the nanofibers was demonstrated
by the energy-dispersive spectrum (EDS) shown in
Figure 7.

Figure 4. (a) Photograph of Ag/PVA nanofiber mat (with a PVA/Ag molar ratio of 530:3) by electronspinning for 1 h. (b) Typical
SEM image of Ag/PVA nanofiber mat. Inset shows the high magnified SEM image.
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Figure 5. Typical TEM image of Ag/PVA nanofibers with the molar ratio of PVA/Ag (a) 530:1, (b) 530:2, (c) 530:3, and (d) 530:4. Inset is
the photograph of the corresponding Ag/PVA nanofiber mat.

Electrospinning the Ag/PVA solution with different
molar ratio of PVA/Ag resulted in a series of various Ag
NP aggregates assembled within PVA nanofibers. The ex-
tent of aggregation and sizes of the aggregates as-
sembled in nanofibers were strongly dependent on the
aggregates existing in corresponding electrospinning so-
lution, which was dependent on the amount of Ag NPs
added in pure PVA solution. The Ag NPs would tend to
aggregate further with the reaction time increased and
the electrospinning process can “freeze up” the aggrega-
tion state of Ag NPs and prevent them from further aggre-
gation. Thus, various arrays of Ag NP aggregates in PVA fi-
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bers would be obtained via electrospinning technique
by adjusting the quantity of Ag NPs which were added
in PVA solution.

Surface Enhancement Raman Scattering Characterization.
The assembled Ag NP aggregates in PVA fibers had high
local electromagnetism, and they could be used as SERS
substrates for molecular sensing with high sensitivity and
specificity. The electrospun Ag/PVA nonwoven mat is
easy to tailor into any desired shape for routine SERS
analysis (see Supporting Information Figure S4). The SERS
measurements used 4-MBA as probing molecules to
study the enhancement effects of the Ag/PVA nanofiber
mats because 4-MBA has distinct Raman fea-
tures and it is easy to absorb on the surface of
Ag NPs for the bond of —SH. Significantly, PVA
is only moderately resistant to ethanol, so that
4-MBA molecules can permeate into the fiber,
access the Ag NPs, and be trapped in the hot
spot region in an ethanol solution. Additionally,
the Ag/PVA nanofiber mat after being im-
mersed in 4-MBA ethanol solution still keeps its
net-like structures (see Supporting Information
Figure S5). As a result, the trace level of 4-MBA
8 on our Ag/PVA nanofibers is 107° M (see Sup-
& porting Information Figure S6).

Influence of Different Ag NP Aggregates Assembled
in PVA Nanofibers. Figure 8 shows a set of SERS
spectra of 4-MBA molecules absorbed on dif-
ferent Ag aggregates assembled in PVA

Figure 6. Simplified schematic representation of the formation of
chain-like arrays of Ag NP aggregates within PVA nanofibers. (a) Ran-

nanofiber mats at an excitation wavelength
of 514.5 nm. The observed Raman bands that
— can be assigned to 4-MBA molecules include
V(CCO)ying ring-breathing modes (1036 cm™'),

dom dispersion of Ag aggregates in PVA solution before a high volt-  ¥(COring ring stretching (1557 and 1584 cm ™),
age was applied. (b) When a high voltage was applied to the blend so- and §(CH) bends (1117 and 1152 cm ™).

lution, the whole solution was polarized and the PVA-capped Ag NP
aggregates became positively charged on one side and negatively

In this study, the intensity of the 1(CCQ)ying ring-

charged on the other. They would align themselves by electrostaticat-  breathing modes (1036 cm™") was chosen to esti-
traction in the direction of the electric filed. (c) Stable region near the  mate the enhancement factor (EF) of the Ag/PVA

tip of the spinneret. When the repulsive force within the charged
solution was larger than its surface tension, a jet would erupt from

nanofiber mats through the following equation:

the tip of the spinneret. (d) Instability region where most nanofibers

were formed by the stretching and acceleration of the fluid filament as

the solvent evaporated.
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EF = I:ISERS]/[IRaman:| X |:Nbulk]/[Nads:| (1)
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Figure 7. EDS taken on the Ag/PVA nanofiber mat with the
molar ratio of PVA/Ag 530:4.

where Isggs is the intensity of a vibrational mode in the
surface-enhanced spectrum, lgaman is the intensity of the
same mode in the Raman spectrum, Ny is the num-
ber of bulk molecules probed for a bulk sample, and
N,gs is the number of molecules adsorbed on the SERS-
active substrate. Furthermore, the Raman spectrum of
aqueous 4-MBA solution (2 mmol/L) was used for the
enhancement factor for the “bulk” values (see Support-
ing Information Figure S7). Nyyk and N,gs are estimated
by approximate calculation by monolayer-absorbed
mode (see Supporting Information).*! The EF values for
4-MBA on different Ag aggregates assembled in PVA
nanofiber mats were calculated using eq 1 and are
given in Table 1.

The interesting observation was the difference in
EF values for each of the Ag/PVA nanofiber mats with
different molar ratios of PVA/Ag. As the molar ratio of
Ag/PVA in the nanofiber mat increased, both the pla-
nar density of Ag NP aggregates on the per unit area of
the nanofiber mat and the number of 4-MBA mole-
cules adsorbed on the per unit area of the nanofiber
mat increased, but the intensity of the Raman peak and
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Figure 8. SERS spectra of 2 mM 4-MBA molecules collected
on a set of Ag/PVA nanofiber mats with different PVA/Ag
molar ratios of (a) 530:1, (b) 530:2, (c) 530:3, and (d) 530:4.
The electrospinning time is 1 h, and the acquisition time
is5s.
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TABLE 1. EF of 4-MBA Molecules on a Set of Ag/PVA
Nanofiber Mats with Different PVA/Ag Molar Ratio

PVA/Ag molar ratio EF
530:1 8.8 X 10°
530:2 4.7 X 10°
530:3 9.0 X 10°
530:4 7.7 X10°

the EF values were not increased correspondingly ac-
cording to the SERS spectra and the EF values calcu-
lated above, respectively. It means that different
morphology of Ag NP aggregation has different en-
hancement effects. From the high EF values for the
mats with the PVA/Ag molar ratios of 530:1 and 530:3
corresponding to the dimer and short chain-like aggre-
gation assembled in Ag/PVA nanofibers, respectively,
we can conclude that, for Ag NPs, the dimer and a short
chain-like structure are indeed the best optimized sys-
tems for achieving the highest possible enhancement.
This result is to some extent similar to the report of the
influence of particle number on the hot spots in
strongly coupled Ag NP chains.*?

Influence of Electrospinning Time. Figure 9a shows a set
of SERS spectra of 4-MBA molecules absorbed on differ-
ent electrospun mats with the same Ag/PVA solution
(with PVA/Ag molar ratio of 530:2) but different electro-
spun time at an excitation wavelength of 514.5 nm.
The corresponding EF values for SERS, as calculated
with the equation mentioned above, are shown in Fig-
ure 9b. As the electrospinning time gradually increased
from 10 to 30 min, the thickness of the mat increased
and the amount of the Ag aggregates contained in
nanofiber mats increased, thus the intensity of the Ra-
man peaks increased observably and the EF values of
the mats increased from 2.4 X 108 to 4.6 X 10° sharply.
As the electrospinning time was further prolonged, the
thickness of the mat and the gross amount of the Ag
aggregates contained still increased, but the planar
density of Ag aggregates on the per unit area of the Ag/
PVA nanofiber mat and the number of 4-MBA mol-
ecules adsorbed on the per unit area of Ag/PVA nano-
fiber mats reached a saturated situation. Thus, the
intensity of the Raman peak and the EF values only in-
creased slightly and tended to be a constant finally.

When the two influence factors mentioned above
were taken into account, the optimized Ag/PVA nano-
fiber mat was performed by electrospinning the Ag ag-
gregate solution with PVA/Ag molar ratio of 530:1 or
530:3 for 1 h. It is noteworthy that the as-prepared Ag/
PVA nanofiber mats own a high SERS activity for SERS
measurements.

Comparison to Other Substrates for the Enhancement Ability.
To evaluate the SERS performance of the Ag/PVA
nanofiber mat, we prepared three different kinds of
SERS substrates for comparison. The first one (substrate
a) is a self-assembled Ag NP film formed by directly de-
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Figure 9. (a) SERS spectra of 2 mM 4-MBA molecules collected on a set of Ag/PVA nanofiber mats with different electro-
spinning time: (A) 10, (B) 15, (C) 20, (D) 25, (E) 30, (F) 45, (G) 60, (H) 90, (I) 120, (J) 150, and (K) 180 min. The molar ratio of
PVA/Ag is 530:2, and the acquisition time is 5 s. (b) EF of 4-MBA molecules on a set of Ag/PVA nanofiber mats with differ-

ent electrospinning time.

positing monodispersed starch-capped Ag NP aque- man signals from sample a is more weak than that of
ous solution on a clean quartz glass slide and dried in samples c and d because sample a has less hot spots
air at room temperature.** The second substrate (sub-  than samples c and d. For the two substrates with as-
strate b) is a nanofiber mat produced by electrospin- prepared Ag aggregates, the one assembled in PVA

ning a sol—gel consisting of AGNO; and PVA, where Ag  nanofibers with chain-like arrays (sample d) would be

NPs scattered evenly throughout the
surface of PVA nanofibers after reduced
by UV lighting.*®** The third substrate
(substrate c) is a casting film formed by
dropping the as-prepared Ag/PVA
blend solution on a clean quartz glass
slide and dried in air at room tempera-
ture. The three substrates used for com-
parison (Figure 10) were fabricated by
the solution with an equivalent concen-
tration of Ag atoms as the solution fab-
ricated for Ag/PVA nanofiber mats. The
molar ratio of PVA/Ag in Ag/PVA nano-
fiber mats (substrate d) is 530:4, and the
concentration of Ag atoms in the elec-
trospinning solution is 10 mM. Al-
though the concentration of Ag atoms
in the solution used for preparation of
substrates was equal, the planar density
of each substrate was different on ac-
count of different surface area of the
four substrates obtained.

The SERS spectra of 2 mM 4-MBA
molecules obtained from the four sub-
strates are shown in Figure 10d. The
sample d showed the best SERS sensi-
tivity in comparison to the other three
substrates. To be specific, as we know,
Ag aggregates have better SERS perfor-
mance than the isolated Ag NPs, which
has been demonstrated in our compari-
son that sample b was the weakest
one. Second, the different aggregation
states of Ag NPs showed different en-
hanced ability. The intensity of the Ra-
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Figure 10. (a) Typical SEM images of the self-assembled Ag NP films. Inset image shows the cross
section of the films. (b) Typical TEM image of nanofiber mats produced by electrospinning a
sol—gel consisting of AgNO; and PVA and reduced by UV lighting. Inset image is the photo-
graph of the nanofiber mats. (c) Typical SEM image of casting film formed by dropping the as-
prepared Ag/PVA blend solution on a clean quartz glass slide and dried in air at room tempera-
ture. Inset image is the photograph of the casting film. (d) SERS spectra of 2 mM 4-MBA molecules
collected on the corresponding substrates with 5 s acquisition time: (A) Substrate a. (B) Sub-
strate b. (C) Substrate c. (D) Substrate d. The concentration of Ag atoms in the solution used for
preparation of substrates was 10 mM.
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more superior than the one dispersed in PVA mem-
brane at random (sample c). So the morphologies of
Ag aggregates with chain-like arrays made a significant
contribution to the high sensitivity of SERS. Besides,
the casting PVA film may have a high fluorescence
background that would interfere with the Raman peaks.

Reproducibility and Stability of the SERS Substrate. The re-
producibility of Raman signals from SERS spectra is of
crucial importance for the use of SERS as a routine ana-
lytical tool. To test whether the as-prepared substrates
are able to give reproducible SERS signals under a low
concentration of target molecules, we collected SERS
spectra of 4-MBA molecules with a concentration of
1076 M from 15 randomly selected positions on the Ag/
PVA nanofiber mat. The comparison results are shown
in Figure 11.

The relative standard deviation (RSD) curve of 15
SERS spectra, which are used to estimate the reproduc-
ibility of SERS signals, is calculated by the method re-
ported previously.' With this method, an overall im-
pression and a detailed depiction of reproducibility can
be provided. From the RSD-SERS graph (Figure 11),
RSD values of signal intensities of all Raman peaks can
be looked up directly, and to our substrates, the aver-
age RSD values of all Raman peaks are observed to be
below 0.1, revealing a good reproducibility across the
entire area of the Ag/PVA nanofiber mat even to a de-
tection of a low concentration of target molecules. It
should be noted that the RSD values corresponding to
the major SERS peaks (Table 2) decreased in compari-
son with the average RSD value, which means the ma-
jor SERS peaks have a good consistency and reproduc-
ibility, and once the interference of background has
been excluded, the above-mentioned RSD values will
drastically decrease. For our substrate, as far as the indi-
vidual nanofibers are concerned, the Ag aggregates as-
sembled in PVA nanofibers are not uniformed, but to
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Figure 11. RSD-SERS graph. (a) RSD value curve of SERS of 107¢M
4-MBA collected on the randomly selected 15 places on the Ag/
PVA nanofiber mat. The molar ratio of PVA/Ag is 530:4, the elec-
trospinning time is 1 h, and the acquisition time is 5 s. (b) Series of
SERS spectra collected from the randomly selected 15 places on
the Ag/PVA nanofiber mat.
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TABLE 2. RSD Values for the Major Peaks of the 4-MBA
SERS Spectrum

peak position (cm™") 1036 17 152 1557 1584
RSD value 0.071 0.069 0.062 0.071 0.078

the whole substrate, the Ag aggregates dispersed uni-
formly in PVA nanofibers, which would be demon-
strated by a good reproducibility of SERS signals and
the a RSD value curve from 15 randomly selected posi-
tions on the Ag/PVA nanofiber mats.

For routine SERS analysis, the temporal stability of
substrates is also important. To investigate this prop-
erty, we compare the freshly prepared substrate and
the substrate stored in air over 1 year for SERS detec-
tion of 4-MBA molecules. It is noted that neither a shift
in the major Raman peaks nor a significant change in
Raman intensity occurred, which is shown in Figure 12b.
Furthermore, the substrate that has been used also pos-
sessed the temporal stability. We compared SERS mea-
surements over 1 month after one treatment with
4-MBA solution to the freshly treated substrate. The
SERS response of the substrate after use could be suc-
cessfully measured only with a little decrease of the Ra-
man intensity (Figure 12a). Such long lifetimes of our
substrates are similar to the report about Ag NPs im-
pregnated in polycarbonate substrate for the same
reason that there is almost no Ag NPs exposed to the at-
mosphere and the mechanical robustness and flexibil-
ity of the polymers while providing protection of Ag
NPs from the surrounding environment to yield a high
degree of temporal stability.

CONCLUSION

In summary, we have demonstrated a facile and
new way to fabricate free-standing and flexible surface-
enhanced Raman scattering (SERS) substrate, where
high SM-SERS-active Ag dimer or aligned aggregates
are assembled within poly(vinyl alcohol) (PVA) nano-
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Figure 12. SERS spectra of 4-MBA molecules with concen-
tration of 2 mM obtained from (a) the substrate have been
used over 1 month, (b) the substrate stored in air over 1 year,
and (c) the freshly prepared substrate. The substrate with
PVA/Ag molar ratio is 530:4, and the electrospinning time is
1 h. The acquisition time is 5 s.
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fibers with chain-like arrays by adjusting the quantity
of Ag NPs dispersed in PVA solution in the electrospin-
ning process. The results demonstrated that the degree
of aggregation of Ag NPs in PVA nanofibers and the
electrospinning time are two key factors determining
the magnitude of SERS signal enhancement and the
sensitivity of detection. The dimer and short chain-like
structures of Ag NP aggregates have been demon-
strated to be the best optimized system for achieving
possibly the highest enhancement. The Ag NPs/PVA
nanofiber mats have shown excellent detection repro-
ducibility under a low concentration of 4-MBA molecule

METHODS

Materials. All reagents (analytical-grade purity) were pur-
chased from Shanghai Chemical Reagents Co. and used with-
out any further purification.

Synthesis Procedures of Silver Nanoparticles. Soluble starch (0.4
mmol) and L-lysine (0.16 mmol) were added to 4.0 mL of deion-
ized water in a 10 mL microwave-sealed vessel. After that, a 4 mL
aliquot of a 20 mmol aqueous solution of AgNO; was added
and further stirred. The mixture heated to 150 °C by microwave
under magnetic stirring and maintained at this temperature for
10 s. The obtained product was collected by centrifuging and
washing with deionized water three times. The details of this
process were discussed in our previous work.*

Preparation of Electrospinning Solution and Dimerization of Silver
Nanoparticles. The as-prepared Ag NPs were redissolved in aque-
ous PVA (DP = 1750 = 50, 99% hydrolyzed) solution (7 wt %, 5
mL) in a conical flask, followed by vigorous stirring in an incuba-
tor shaker at 40 °C for 5 h. Under the inducing effect of PVA,
the aggregation occurred. Due to the high hydrophilic prop-
erty, Ag NPs were miscible with hydrophilic polymers. So a vis-
cous homogeneous gel of PVA and Ag NPs was obtained. The
concentration of Ag atoms in the PVA solution was between 2.5
and 10 mM. The resulting green homogeneous solution was
used for electrospinning and casting the Ag—PVA film.

Electrospinning and Casting Films. In a typical electrospinning pro-
cess, the solution was electrospun at 20 kV positive voltage, 15
cm working distance (the distance between the needle tip and
the grounded metal plate), and 0.3 mL/h flow rate at room tem-
perature. The dense nonwoven mat of composite nanofibers
was collected on the target.

For the preparation of casting films, 0.3 mL of the compos-
ite solution was dropped on a 2 cm X 2 cm clean quartz glass
sheet and left to dry under ambient conditions to form the thin
film.

Synthesis of SERS Samples. At first, the Ag/PVA nanofiber mat
was immersed in a 5 mL 2 mM 4-mercaptobenzoic acid (4-MBA)
ethanol solution for desired time (see Supporting Information
Figure S8). Then, it was washed thoroughly with ethanol to re-
move unbound 4-MBA molecules and finally dried at room tem-
perature to evaporate all of the ethanol.

Characterization. The phase purity of the as-prepared products
was determined by X-ray diffraction (XRD) using a Philips X'Pert
Pro Super X-ray diffractometer equipped with graphite mono-
chromatized Cu Ka radiation (\ = 1.54178 A). High-resolution
transmission electron microscope (HRTEM) images were per-
formed on a JEOL-2010 transmission electron microscope. Ra-
man scattering spectra were recorded with a Renishaw System
2000 spectrometer using the 514.5 nm line of Ar* for excitation.
UV —vis spectra were recorded on UV-2501PC/2550 at room tem-
perature (Shimadzu Corporation, Japan). X-ray photoemission
spectroscopy was recorded on ESCALAB-MK-II. IR spectrum was
obtained by a Magna-IR-750 spectrometer. Microwave system
was CEM Discover Microwave Synthesizer (CEM Corporation,
USA).
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(107° M) detection with the average RSD values of the
major Raman peak less than 0.07. This method repre-
sents a new strategy for the design of practical SERS
substrates, which could offer a number of significant
benefits over some conventional SERS substrates. The
superiority of high sensitivity, reproducibility, stability,
large-scale, cheap, and carry-home features are inte-
grated in the obtained substrates. What is more, they
are easy handled and disposable, which would bring a
great convenience to the routine SERS detection and
open an avenue for a wide range of application of SERS
detection as a routine analytical tool.
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