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Characterization and optimization of paper SERS substrate were performed in detail, in which morphologies and distribution of
silver nanoparticles (AgNPs) on the paper substrate pretreated with different concentrations of NaCl and the subsequent soaking
with colloidal AgNPs for different period of time were evaluated. Our results show that both NaCl concentration and soaking time
with AgNPs have a significant influence on SERS enhancement, showing that an optimal EF of 2.27 × 107 was achieved when the
paper substrate was treated with 20mM NaCl and one-hour soak with AgNPs. Moreover, seminal plasma (SP) was specifically
selected to evaluate the performance of paper-based SERS substrate for potential clinical detection and diagnosis.The optimization
of the paper SERS substrate demonstrates potential applications in reliable on-site detection of SP and clinical diagnosis of fertility-
related diseases as well.

1. Introduction

Compared with conventional Raman spectroscopy, surface-
enhanced Raman spectroscopy (SERS) can provide high-
sensitivity detection due to its large enhancement to Raman
signals [1–3]. It is therefore identified as a potentially powerful
technique for biomedical and biochemical analysis in which
Raman signals were usually overwhelmed by intense fluo-
rescence background. Typically, SERS-active metal nanos-
tructures (e.g., nanoparticles, nanowires, nanotubes, and
nanorods) are fabricated via either chemical or physical
methods [4]. It is still quite challenging to obtain colloidal
nanoparticles with high uniformity while avoiding uncon-
trolled aggregations by “wet chemistry syntheses” [5]. By
contrast, solid substrates created via electron beam lithog-
raphy [6] focused ion beam patterning or thermal evapora-
tion method [7] indeed demonstrate great reproducibility;
the drawbacks are however the high cost and complicated
fabrication required; additionally, some commercially avail-
able solid SERS substrates have relatively low enhancement
factors.

Therefore, extensive efforts have been devoted to devel-
oping high-performance SERS substrates, particularly those
that are low in cost and easy to fabricate. Paper-based SERS
substrate not only has the advantages of low cost and ease
of fabrication [8] but also demonstrates both high-sensitivity
and great reproducibility [9, 10], making it a facile platform
for applications in fields such as forensic science, food safety,
and environment protection [11–13]; particularly the unique
properties of paper (e.g., flexibility, hydrophilicity) are well-
suited for analysis of samples with arbitrary shapes and trace
level as well as those that cannot be easily transferred to lab.
Printing nanoparticles directly onto the paper via commercial
inkjet printer is a rapid and low-cost method for fabrication
of paper-based SERS substrate [12, 14]. However, clogging
of nozzles sometimes happens due to the high-viscosity
inks used for sufficient loadings; moreover, relatively lower
SERS performance was observed compared with soaking
method [10]. One explanation is that nanoparticles cannot
easily penetrate into the bulk of paper by the printing
method, resulting in the substrate not being able to achieve
high SERS performance via interlayer enhancement [9]. By
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contrast, paper SERS substrates prepared through soaking
the filter paper with colloidal nanoparticles demonstrate
higher enhancement factors of up to 108 [10]. Previous studies
showed that to achieve high SERS performance, the soaking
time mostly took one to two days [15], which may cause
potential oxidation to Ag nanoparticles during the process as
well as the potential decay of the filter paper.Therefore, a new
paradigm to enable high-performance and rapid fabrication
of paper SERS substrate is needed.

For optimization of SERS substrates, halide ions are
simple and useful chemicals used to induce the aggregation
of colloidal nanoparticles to create more SERS-active “hot
spots,” which give rise to large surface plasmon resonances
to yield higher SERS enhancement duringmeasurement [16].
NaCl was reported as one of the most effective aggregating
agents that can be used prior to the soaking of filter paper
with concentrated colloidal silver nanoparticles (AgNPs)
[17, 18]. The aggregated metallic nanoparticles yield great
signal enhancement; however, the orders of addition and
the mixing ratio of nanoparticles and aggregation agent
have a crucial influence on the SERS signal. Insufficient
chloride ions would not overcome electrostatic repulsion
between AgNPs effectively to achieve more hotspots; while
excessive chloride ions could induce excessive aggregation
and precipitation of AgNPs, both are not preferred for SERS
measurement. Moreover, the SERS spectra of analytes are
time dependent between the induction of the aggregation
and the measurement [19, 20]. However, to our knowledge,
there are no systematic or comprehensive studies that aim at
evaluating the effect of NaCl concentrations and the time of
incubating paper substrate in colloidal AgNPs to paper SERS
performance.

Analysis of semen (or seminal plasma, SP) is important
for forensic analysis to identify and differentiate semen from
unknown fluids at sexual assault crime scenes [21] and it
is also aimed at facilitating the examination and evaluation
of male fertility [22, 23]. However, at the laboratory level,
these analyses require well-trained personnel, and the spec-
imens must be subjected to pretreatment steps. In contrast,
Raman spectroscopic methods have gained importance in
the evaluation of semen samples because of their appeal
in rapid, simple, and nondestructive analysis [21, 24, 25].
Obtaining high-quality and sensitive Raman spectra of SP
while avoiding fluorescence interferences, especially those
from large protein molecules in SP, is still a challenge. To the
best of our knowledge, this is the first report conducting the
potential detection and analysis of seminal plasma. Herein,
SP was chosen as a practical detection target to evaluate
and optimize the effect of NaCl concentration and soaking
time with colloidal AgNPs to the performance of paper
SERS substrate, and the preliminary study was conducted for
potential detection and diagnosis of SP related diseases based
on SP SERS analysis.

2. Materials and Methods

Whatman Number 3 grade filter paper was purchased from
Whatman International, Ltd. (Maidstone, England). Silver
nitrate, sodium citrate, Rhodamine 6G (R6G), and sodium

chloride were all purchased from Sigma-Aldrich and used
without further purification. Ultrapure water purified with
a Millipore system (Milli-Q, USA) was used for all aqueous
solution preparation and rinsing procedures. Millipore PES
filter membranes (33mm diameter, 0.22𝜇m pore size) were
purchased fromMerck Millipore.

Semen samples were obtained with informed consent
from male subjects who visited Fujian Maternal and Child
Health Hospital for routine fertility test. After liquefaction,
semen samples were immediately transported to the lab-
oratory. Spermatozoa were removed from liquefied semen
samples by centrifugation at 3000 rpm for 10 minutes in an
Eppendorf centrifuge; a certain volume of SPwas then loaded
into a syringe attached to a Millipore PES filter to remove
unwanted residual spermatozoa aswell aswhite cells to obtain
filtered SP samples.

Figure 1 shows the schematic diagram of paper SERS
substrate preparation and the corresponding SERS detection
of SP samples. For paper SERS substrate fabrication, colloidal
AgNPs were prepared via reduction of AgNO

3
by sodium cit-

rate using the modified method of Lee and Meisel [26]. After
that, colloidal AgNPs were centrifuged (5000 rpm, 10min),
bringing it to 20 times its original concentration. Filter paper
with the size of 0.5 cm × 0.5 cm2 was firstly soaked in NaCl
solution for 5min and subsequently transferred to the Petri
dish containing concentrated AgNPs for different periods
of time (Figure 1(b)) to achieve various degrees of AgNPs
adsorption on the paper substrate.

For SERS detection, 5 𝜇L of filtrated SP was pipetted
onto paper SERS substrate, which was then moved to Ren-
ishaw micro-Raman system for SERS measurement (Fig-
ure 1(c)). Confocal micro-Raman system (Renishaw inVia,
UK) equipped with 785 nm diode laser was employed for
SERS measurement. A 20x objective (NA = 0.4, Leica) was
used to focus excitation light and collect the backscattered
signals. The laser power was set at ∼3mW for each SP
samplemeasurement; SERS spectra were obtained from three
different locations near the center of the sample spot. Each
spectrum with a range of 600–1800 cm−1 was obtained with
a typical exposure time of 10 seconds. The Renishaw WIRE
3.4 software was utilized for spectral acquisition and cosmic
ray removal. Prior to measurement, the instrument was
calibrated with a silicon standard whose Raman peak is
centered at 520 cm−1.

3. Results and Discussion

Colloidal AgNPs were widely used for SERS application due
to their high SERS performance and ease of fabrication.
By contrast, paper SERS substrates fabricated via soaking
method have not only demonstrated high enhancement
factors [27–29], but also offer several distinctive features
such as low cost, flexibility, and high surface area, making
them an attractive platform for SERS.Moreover, powders and
residues, which are incredibly difficult to detect with rigid
substrates or microfluidic devices, can be loaded into the
paper SERS device by swabbing the inherently flexible device
across a wide-area surface of any topology. Aggregation
of AgNPs is known to play a key role in intense SERS
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Figure 1: Schematic illustration of SP sample and paper SERS substrate preparation as well as the corresponding detection of SP sample.
Top to bottom: SP separation and filtration (a), filter paper soaked with NaCl solution and concentrated AgNPs solution (b), and SP sample
loading and SERS measurement (c).

enhancement. Previous studies have demonstrated that
aggregating agents such as K

2
SO

4
, NaNO

3
, and NaCl can

produce an ultrahigh performance of signal enhancement
by increasing the interactions between colloid nanoparticles
to give rise to more hotspots [30], which in turn facilitate
the preparation of simple, rapid, and high-performance
SERS substrates. NaCl was specially selected due to its high
performance as an ideal aggregating agent for citrate-reduced
colloid [31, 32].

It has been reported that interference peaks may occur
when the aggregating agent was added to colloidal nanopar-
ticles [33]. Therefore, the SERS background signal as well as
SERS spectra of SP from paper SERS substrate were obtained
and thoroughly compared. As shown in Figure 2, SERS
background from filter paper with or without NaCl treatment
indicated neither Raman interferences nor any anomalous
bands from the citrate-reduced silver colloid background.
In contrast, it can be easily observed that SERS spectra of
SP showed intense characteristic Raman bands once the
SP was introduced. SERS spectra with high similarity in
spectral profiles were obtained from paper substrates treated
with or without NaCl; however, the former demonstrated
larger Raman peaks in the range from 600 to 1800 cm−1,

especially the band region between 1100 and 1800 cm−1,
from which the intensity of 1220 cm−1 peak was found to
increase by 50 percent. According to the previous results
[34], these major bands were mainly assigned to ascorbic
acid (1132 cm−1, 1664 cm−1), L-serine (1220 cm−1), nucleic
acid, tryptophane (1323 cm−1), acetoacetate (1445 cm−1), L-
phenylalanine (1584 cm−1), and citric acid (1695 cm−1) as
well. Peak shift was observed between 1400 and 1800 cm−1,
exhibiting selective enhancement due to the fact that paper
substrate has specific affinity to some molecule species.

Incubating filter paper with colloidal AgNPs for different
lengths of time resulted in a clear and uniform color change of
filter paper over a large length scale, which means a different
amount of AgNPs was adsorbed onto the filter paper. To
quantify the amount of AgNPs adsorbed onto the paper
substrate, the color intensity of paper substrate was recorded
and analyzed with ImageJ software (NIH, Maryland, USA).
Figure 3 shows the relationship between the color intensity
of paper substrate and soaking time with colloidal AgNPs
under different NaCl concentrations. Under constant NaCl
concentrations, the color of the paper substrate darkens
with the increase of soaking time with colloidal AgNPs.
Surprisingly, for the control group (without NaCl treatment),



4 Journal of Nanomaterials

1000 counts

(a)

(b)

(c)

(d)

400 600 800 1000 1200 1400 1600 1800

SERS background without NaCl

SP SERS without NaCl
SP SERS with NaCl

SERS background with NaCl

Raman shift (cm−1)

Figure 2: SERS background of paper substrate treated with (a) or
without (b)NaCl solution, and SERS spectra of SP onpaper substrate
treated without (c) or with (d) 20mM NaCl solution.
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Figure 3: Color intensity of filter paper treated with AgNP solutions
with different concentrations of NaCl at different soaking time.

the color intensity at 30min soak was slightly lower than
that at 1 h soak; however, the exact reason for this is unclear.
In general, the higher the concentration of NaCl, the lower
color intensity of paper substrate at the same incubation time
with colloidal AgNPs.This is mainly because the chloride ion
has a stronger affinity to AgNPs than the citrate ion, thus
replacing the citrate ion from the surface of AgNPs. AgNPs
can, therefore, be easily adsorbed onto the filter paper though
the strong affinity between chloride ion and AgNPs [17]. It is

worth mentioning that compared with higher concentrations
of NaCl (50mM and 100mM), paper treated with lower
concentrations of NaCl (10mM and 20mM) resulted in
a greater color change over soaking time. This is mainly
because rapid adsorption of AgNPs on the paper substrate
can be achieved in a short period of time due to the high con-
centration of chloride ions. However, the subsequent soaking
with colloidal AgNPs will eventually lead to precipitation
of aggregated AgNPs. This means that simply increasing
the time of soaking filter paper in colloidal AgNPs after its
treatment with high concentration of NaCl did not effectively
increase the adsorption of AgNPs on the paper substrate.

In order to further understand the specific distribution
of AgNPs onto the paper substrate following the soaking
process with colloidal AgNPs, a series of corresponding SEM
images (Figure 4) were performed to provide sufficient details
to characterize and compare the distribution of AgNPs on
paper substrate under different conditions (concentrations
of NaCl, and soaking time). It can be seen that the density
of AgNPs on filter paper surface increases over soaking
time. Higher concentrations of NaCl will definitely have
a greater impact on aggregation of AgNPs, showing that
AgNPs tend to aggregate and form clusters in a shorter
time. Accordingly, the surface density of AgNPswas observed
to be much higher on the paper substrate treated with
high concentrations of NaCl (50mM and 100mM) than
low concentrations (10mM and 20mM), especially before
the soaking time point of 2 h. As mentioned above, after
treatment with high concentration of NaCl solution, the
excessive soaking time will inversely lead to precipitation of
aggregated AgNPs. As a result, more effective aggregation of
AgNPs over time was observed by the treatment at 20mM
NaCl (see Figure s1 in Supplementary Material, available
online at https://doi.org/10.1155/2017/4807064).

In most cases, high-sensitivity detection of analytes is
fairly important and urgently required, especially for the
trace level detection of interesting targets. The clustering of
AgNPs is responsible for high SERS activity of the substrates.
In order to select an optimal SERS substrate potentially
suitable for rapid and reliable analysis of SP, the impact of
soaking time with colloidal AgNPs as well as NaCl con-
centration for pretreatment to SERS performance of paper
substrate was investigated. The characteristic SP SERS band
(1220 cm−1) shown in Figure 2 was selected, as illustrated
in Figure 5, when the concentration of NaCl is 10mM and
20mM; 1220 cm−1 band intensity gradually increased over
soaking time; however, for concentration of 50mM, the
1220 cm−1 band intensity fluctuated; particularly when the
concentration of NaCl was 100mM, 1220 cm−1 band intensity
decreased over soaking time; the possible explanation for this
phenomenon is that when filter paper was treated with low
concentration of NaCl, AgNPs slowly accumulated on the
paper substrate as soaking time increased; however, for high
concentration of NaCl, the amount of chloride ion adsorbed
on filter paper was relatively higher; therefore, theoretically
there were more AgNPs adsorbed on paper substrate, but
excessive amount of NaCl will eventually lead to creation
of too large AgNP aggregates or precipitation in order to
still support the optimal electromagnetic enhancement. That
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Figure 4: SEM images of AgNPs on filter papers treated with different concentrations of NaCl at different soaking time. The magnification
is 5,000 times and the scale bar is 1 𝜇m.
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Figure 5: Comparison of 1220 cm−1 peak intensity of SP on paper
substrate that soaked with colloidal AgNPs for different periods of
time, under different NaCl concentrations.

is, a low-density substrate may result in limited effective
“hot spots”; however, high-density aggregates on the paper
substrate may block the “hot spots.” Meanwhile, the overall
intensity of the SERS spectrumcan be affected by competition
between chloride ions andmolecules from SP adsorbed at the
surface of the AgNPs. Therefore, an optimal balance exists to
achieve high-performance and reproducible SERS spectra.

An ideal SERS-active substrate requires a uniform dis-
tribution of nanoparticles to achieve reproducible measure-
ments. To evaluate the reproducibility of SERS spectra of SP
obtained from paper substrates under different conditions
(see Figure s3), the relative standard deviation (RSD) of peak
intensity at 1220 cm−1 was calculated accordingly (RSD values
were given on top of each error bar in Figure 5). It can
be easily found that when NaCl concentration is 10mM,
high RSD value (71%) was observed at 0.5 h soak, but it
decreased sharply as soaking time increased; this agreed
well with the corresponding SEM images in Figure 4; for
low concentration of NaCl, AgNPs formed a sparse and
uneven distribution, and fairly few clusters were observed;
as soaking time increased, the AgNPs (or nanoclusters)
were more uniformly distributed on paper surface. A similar
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situation occurred when treated with 50mM NaCl; more
ordered and uniform AgNPs were shown, thus enabling not
only high-performance SERS detection but also relatively
lower RSD value. However, for 100mM NaCl, the minimum
RSD value (6%) was obtained at the beginning of 0.5 h
soak; as soaking time increased the RSD value grew sharply
and was maintained at a level between 30% and 40%. The
possible explanation is that for a high concentration of
NaCl, adsorption of AgNPs on paper advances quickly in a
short time; as more and more AgNPs aggregated over time,
precipitation happened, leading to an uneven distribution. In
the meantime, excessive AgNPs loaded will form a relatively
thick film layer [31], which in turn leads to a decrease
in the numbers of SERS-active hot spots, thus eventually
contributing to weak signal enhancement. In contrast, it can
be seen that filter paper treated with 20mM NaCl can bring
AgNPs into optimally aggregated configuration; less soaking
time will result in sparse adsorption of AgNPs on paper
substrate; however, increasing the soaking time will increase
the locally inhomogeneous adsorption of AgNPs; therefore,
the most uniform and reproducible paper SERS substrate
was achieved (RSD of 8%) at incubation time of 1 h with
colloidal AgNPs. Meanwhile, for the comparison of SERS
spectra on paper substrate, SERS spectra of SP mixed with
colloidal AgNPs for different periods of time, under different
NaCl concentrations, were also analyzed (see Figure s2).
Considerable similarities between them were observed. To
be specific, the change of 1220 cm−1 peak intensity over time
revealed that, in low NaCl concentrations (10 and 20mM),
signals increase slowly over time; however, in high NaCl con-
centration, the maximum intensity was achieved at 2 h and
then decreased gradually. It can be found that the higher the
NaCl concentration, the shorter the time it takes to achieve
aggregation of AgNPs. Additional incubation time induces
detrimental effect to SERS enhancement, owing to the pre-
cipitation of AgNPs clusters. Therefore, the optimal SERS
results (especially the high reproducibility) was achieved
under the treatment by 20mM NaCl, demonstrating similar
optimization results achieved from the paper SERS substrate.

To take a close look at the performance of paper substrate
treated by 20mMNaCl, Figure 6 shows the normalizedmean
SERS spectra of SP obtained from the paper substrate, which
was soaked with colloidal AgNPs for different incubation
periods. Apparently, all these SP SERS spectra presented very
good signal-to-noise ratio and an abundance of intense SERS
peaks, and these SERS spectra showed highly similar spectral
profiles to each other, indicating excellent reliability as well as
enhancement of paper substrate for SP SERS measurement.
Moreover, the variations of SERS spectra recorded from 5
random positions of the paper substrate were low (shown in
shaded part), showing excellent reproducibility.

To quantify the corresponding enhancing performance
for the paper substrate which was achieved under above-
mentioned optimal conditions, Rhodamine 6G (R6G) was
used to calculate the enhancement factor (EF), which was
given by the following formula:

EF =
𝐼SERS/𝐶SERS
𝐼RS/𝐶RS
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Figure 6: Mean SERS spectra of seminal plasma on paper substrate
treated with 20mM NaCl under different soaking time (0.5 h, 1 h,
2 h, and 4 h); shaded area indicates the standard deviations.

where 𝐼SERS and 𝐼RS are the intensities of 1511 cm
−1 of R6G for

SERS and conventional Raman spectra (see Figure s4) and
𝐶SERS and 𝐶RS are the concentrations of R6G molecules in
the scattering volume for SERS and Ramanmeasurement. An
average EF of 2.27 × 107 was achieved under this optimized
condition.

Generally, sufficient loading of AgNPs on paper substrate
requires relatively long soaking time (24 to 48 hours) [9,
15, 17]; this is mainly because filter paper is primarily
composed of cellulose, which contains a large amount of
negatively charged carboxyl groups [35, 36]; therefore it
is understandable that relatively long incubation period is
needed to accumulate enough amount of AgNPs on paper
substrate for optimal SERS performance; however, SERS
activity of paper substrate has the risk of being influenced due
to oxidation of AgNPs induced by long-term exposure to air
or even in solution [37, 38] as well as the potential decay of
filter paper after a long time soaking with AgNPs solution.
By contrast, our proposed method does offer a simple and
rapid way to prepare a highly sensitive paper SERS substrate,
and the overall time needed can be significantly reduced to
less than 2 h. Increasing the concentration of AgNPs and/or
aggregating agent of NaCl as well as accelerating the drying
process for the paper substrate may further potentially help
shorten the preparation time for SERS measurement.

On the other hand, it is worth mentioning that the laser
spot size on paper substrate is merely tens of 𝜇m2 during
measurement; however, the rough surface of filter paper and
the difference in affinity to different molecules can cause
analytes to diffuse and accumulate in different locations
before detection. Therefore, it is reasonable that the small
detection area may lead to changes of SERS spectral profile as
well as peak intensities. Increasing excitation spot size (e.g.,
using fiber-based portable Raman system) would potentially
ensure more reproducible and representative SERS spectra
which are critical for rapid and on-site Raman analysis.
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4. Conclusions

In this work, we have demonstrated that for paper SERS
substrate both NaCl concentration and the soaking time with
colloidal AgNPs have a great impact on SERS performance,
which was explained in detail with the corresponding SEM
images of AgNPs on the paper substrate. An optimized
condition (20mM NaCl, 1 h soak with colloidal AgNPs) for
achieving excellent EF of 2.27 × 107 was established. Impor-
tantly, clinical SP samples were preliminarily performed
and evaluated, showing a reproducible SERS performance
(RSD of 8%). Pretreatment with NaCl will definitely facilitate
fabricating the paper SERS substrate more rapidly, and the
realization and optimization of the paper SERS substrate will
open up new opportunities for SERS applications in reliable
on-site detection of SP and clinical diagnosis of fertility-
related diseases as well.
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