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SERS spectroscopy using Au-Ag nanoshuttles and hydrophobic
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Abstract
Ultrasensitive detection of specific biomarkers in clinical serum is helpful for early diagnosis of cervical cancer. In this paper, a
surface-enhanced Raman scattering (SERS)-based immunoassay was developed for the simultaneous determination of squamous
cell carcinoma antigen (SCCA) and osteopontin (OPN) in cervical cancer serum. Au-Ag nanoshuttles (Au-AgNSs) as SERS tags
and hydrophobic filter paper-based Au nanoflowers (AuNFs) as capture substrate were constructed into a sandwich structure
which served as an ultrasensitive SERS-based immunoassay platform. Finite difference time domain simulation confirmed that
the electromagnetic field coupled between the AuNFs had a prominent SERS signal enhancement effect, which improved the
detection sensitivity. SERS mapping showed that hexadecenyl succinic anhydride hydrophobic treatment could prevent the
analyte from being quickly absorbed by the filter paper and increase the retention time to be more evenly distributed on the
filter paper substrate. The immunoassay platform was verified to have good selectivity and reproducibility. With this method, the
detection limits of SCCA and OPN in human serumwere as low as 8.628 pg/mL and 4.388 pg/mL, respectively. Finally, in order
to verify the feasibility of its clinical application, the serum samples of healthy subjects; cervical intraepithelial neoplasia I (CINI),
CINII, and CINIII; and cervical cancer patients were analyzed, and the reliability of the results was confirmed by enzyme-linked
immunosorbent assay experiments. The constructed SERS-based immunoassay platform could be used as a clinical tool for early
screening of cancers in the future.
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Introduction

Every year, more than 500,000 women are diagnosed with
cervical cancer worldwide; what’s more, about 300,000 wom-
en die from this disease [1]. More than 90% of the death
comes from developing countries [2, 3]. Meanwhile, the mor-
tality rate of cervical cancer in poor areas in developed coun-
tries is twice of that in rich areas [4]. In the early stage of
cervical cancer, the 5-year survival rate of patients who take
effective treatment (surgery, chemotherapy, etc.) is as high as
90%, while the average survival rate of patients in the late
stage is about 25% [1, 2, 5–7]. Therefore, early screening of
cervical cancer is particularly important [2]. In addition, de-
veloping an early detection method with low price, simple
operation, and high specificity can benefit more women in
developing countries. Several studies have shown that early
detection of tumors can be achieved by detecting tumor-
associated antigens in the serum of patients without obvious
symptoms [5, 7, 8]. Squamous cell carcinoma accounts for
about 80% of cervical cancer [3, 9], so squamous cell carci-
noma antigen (SCCA) can be regarded as one of the target
antigens for cervical cancer detection. In order to improve
detection efficiency, save detection costs, and increase detec-
tion accuracy [10], osteopontin (OPN) was selected as another
target antigen [11]. OPN not only promotes the malignant
development of tumor but also enhances the invasive ability
of tumor cells [12, 13]. Some teams have reported that if the
content of OPN in human serum increases, it indicates that
there may be a tumor in the body or that the tumor is devel-
oping [11, 14, 15]. The current methods for detecting tumor-
associated antigens include enzyme-linked immunosorbent
assay (ELISA), polymerase chain reaction (PCR), localized
surface plasmon resonance (LSPR), and chemiluminescence
immunoassay (CLIA) [5–7, 11, 16]. Due to the high testing
costs, complicated operations, and harsh reaction conditions,
these methods cannot be widely used clinical.

The surface-enhanced Raman scattering (SERS) technolo-
gy has the advantages of rapid detection, high sensitivity, and
good selectivity. It can achieve quantitative analysis of specif-
ic substances such as nucleic acids, harmful substances, and
protein molecules [17–21]. The SERS spectrum has narrow
peaks and strong specificity, which can minimize the overlap
of spectral lines between different labeled molecules, while
collecting Raman spectra of different target analytes [8, 10,
17]. The measured SERS signal intensity can reflect the ana-
lyte content [16, 17]. So far, this technology has also been
applied to the detection of biomarkers. For example, Zhao
et al. constructed a SERS sensor consisting of silica-coated
Ag SERS nanotags and magnetic capture substrates of
Fe3O4 microspheres to detect the content of matrix metallo-
proteinase 9 (MMP-9) in the serum of patients, and the mea-
surement results were accurate to 1.03 ng/mL [22]. Wang’s
team used the gold-film hemisphere array (Au-FHA) immune

substrates and SiO2@Ag immune probes to simultaneously
detect the content of α-fetoprotein (AFP) and prostate-
specific antigen (PSA) tumor-associated antigens in the serum
of patients [23]. Quantitative detection of multiple cancer bio-
markers in serum can be achieved by SERS, which is helpful
for the accurate diagnosis of cervical cancer.

In the application of SERS technology, nanomaterials are
not only used as immunotags and carriers of immunosubstrate
[22–24] but also enhance SERS signal due to their special
shape [25–27]. When the laser is incident on the tips and
protrusions of nanomaterials, the free electrons on the surface
and around will oscillate collectively, the local surface plas-
mon resonance (LSPR) effect is formed near the tips and pro-
trusions of nanomaterials, and the local electromagnetic field
is greatly enhanced, which enlarges the Raman signal [17, 28].
These tips and protrusions form a “hot spot” in SERS tech-
nology. Therefore, compared with nanoparticles with smooth
and uniform morphology, nanomaterials with special tips and
multiple branch angles have stronger SERS signal enhance-
ment effect [17, 28–30]. The invisible electromagnetic field
can be visualized by finite difference time domain (FDTD)
simulation, and the distribution and enhancement of the elec-
tromagnetic field around the nanomaterial can be observed by
simulating the laser irradiation on the surface of the
nanomaterial; the SERS signal enhancement performance of
nanomaterials with special morphology can be verified [31].
The Au-Ag nanoshuttles (Au-AgNSs) have arrow-shaped tip
structures at both ends, which are conducive to the formation
of “hot spot.” Compared with other nanomaterials, its special
gold-silver alloy structure has better stability and stronger
SERS activity [32]. The surface of Au nanoflowers (AuNFs)
is rough, and there are many branch structures. These protru-
sions and branch angles are a good place to form a “hot spot”
effect. AuNFs have good biocompatibility, low synthesis cost,
andmild reaction conditions [33]. As a result, both Au-AgNSs
and AuNFs are potential candidate for SERS detection.
Compared with isolated particles, the electromagnetic field
coupling of aggregated nanoparticles is stronger [34].
Assembling the nanomaterial into substrates obtains high-
density “hot spot” and significant SERS signal enhancement
effects [28, 29].

Traditional SERS substrates with different materials, such
as glass or silicon wafers, are assembled with nanomaterials
with different morphologies, which is not only tedious in op-
eration but also relatively expensive [17, 35]. Paper-based
SERS substrates, which are cheap, simple to fabricate, porta-
ble, and environmentally friendly, have attracted the attention
of researchers [36–38]. However, the hydrophilic of the paper
makes it difficult to retain the sample solution for a long time
and the accuracy and sensitivity of the detection are reduced
because the solution is quickly absorbed and distributed un-
evenly [39]. Here, we proposed a new and rapid filter paper
surface modification technology; the filter paper was treated
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with hexadecenyl succinic anhydride (HDSA) so that long-
chain alkenyl groups replaced the hydroxyl groups on the
surface of the filter paper to obtain a hydrophobic filter paper
(h-paper). HDSA-treated filter paper improved the homoge-
neity and repeatability of the substrate by preventing the
analytes and nanoparticles from being absorbed quickly and
allowing it to react adequately with the substrate [40–42].

In this paper, we introduced an ultrasensitive, inexpensive,
and easy to manufacture SERS-based immunoassay platform
consisting of Au-AgNS tags and AuNF capture substrates
based on hydrophobic filter paper for the simultaneous detec-
tion of SCCA and OPN contents in clinical serum. Illustration
of SERS-based immunoassay for SCCA and OPN detection

was shown in Fig. 1. During the preparation of two SERS
tags, 4-mercaptobenzoic acid (4-MBA) and 5,5′-dithiobis-(2-
nitrobenzoic acid) (DTNB) were used as Raman signal mole-
cules and conjugates for attaching antibodies (labeling) to Au-
AgNSs. 4-MBA or DTNB grasped Au-AgNSs by -SH and
conjugatedwith antibodies (labeling) by forming amide bonds
with carboxyl groups. Then, h-paper-based substrates were
obtained by assembling AuNFs onto HDSA-treated filter pa-
per; next, the antibodies (coating) were coupled to obtain the
capture substrates. Finally, a sandwich immunocomplex com-
posed of SERS tags, antigen, and capture substrates were
formed to quantitatively detect dual cervical cancer bio-
markers. The selectivity and reproducibility of the constructed

Fig. 1 Schematic diagram (a)
fabrication processes of two
SERS tags (4-MBA-labeled and
anti-SCCA-coupled Au-AgNSs,
DTNB-labeled and anti-ONP-
coupled Au-AgNSs) and (b)
hexadecenyl succinic anhydride
(HDSA)-treated filter paper-
based AuNF capture substrate
(DMSA-labeled and anti-SCCA/
anti-ONP-coupled AuNFs). (c)
Simultaneous detection of
squamous cell carcinoma antigen
(SCCA) and osteopontin (OPN)
by SERS-based immunoassay
platform
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immunoassay platforms were evaluated, and the sensitivity
was verified using the calibration curves established by
SERS intensities at different antigen concentrations in PBS
buffer and human serum. In addition, the SCCA and OPN in
clinical serum collected from healthy subjects; cervical
intraepithelial neoplasia I (CINI), CINII, and CINIII; and cer-
vical cancer patients were analyzed by the proposed immuno-
assay proposal. The results of SERS were in good agreement
with those of ELISA, which indicated the potential of SERS-
based immunoassay for early clinical diagnosis of cervical
cancer.

Materials and methods

Materials

All reagents can be used directly without further purification.
Chloroauric acid tetrahydrate (HAuCl4), sliver nitrate
(AgNO3), sodium borohydride (NaBH4), sodium oleate, hy-
drochloric acid (HCl), ascorbic acid (AA), glycine
(C2H5NO2), absolute ethanol, dopamine hydrochloride, sodi-
um hydroxide (NaOH), hexadecyl trimethyl ammonium bro-
mide (CTAB), hexadecenyl succinic anhydride (HDSA), filter
paper, and all the above materials were obtained from
YangZhou Feichang Chemicals Co. Ltd. (China). 4-
Mercaptobenzoic acid (4-MBA), 5,5 ′-dithiobis-(2-
nitrobenzoic acid) (DTNB), dimercaptosuccinic acid
(DMSA), N-hydroxysuccinimide (NHS), and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) were obtained
from Yangzhou Noah Chemical Co. Ltd. (China). SCCA,
OPN, anti-SCCA antibodies, anti-OPN antibodies, and
ELISA kits were bought from Shanghai Sangon Biotech
(China). In all experiments, the water was used directly from
Milli-Q (resistivity > 18 M Ω cm, Millipore, USA) without
any modification.

Collection and processing of blood samples

We collected a total of 150 blood samples from the College of
Clinical Medicine of Yangzhou University, including 30
healthy subjects, 30 CINI, 30 CINII, 30 CINIII, and 30 cervi-
cal cancer patients. Table 1 displayed the details information
of the volunteers. Five milliliter venous blood was drawn

before breakfast for each volunteer. After centrifugation
(3000 rpm, 10 min, 4 °C), the serums were stored at − 80 °C
for subsequent detection. During the experiment, the ethical
guidelines issued by the Council for International
Organizations of Medical Sciences were strictly followed
and informed consent was signed with volunteers. This study
was approved by the Ethics Committee of the College of
Clinical Medicine of Yangzhou University and followed the
guidelines of the Declaration of Helsinki.

Synthesis of Au-AgNSs

The synthesis of Au-AgNSs was divided into four steps.
Firstly, 0.1 mL HAuCl4 (25 mM) and 9.9 mL CTAB
(0.1 M) were added into the 0.6 mL ice-cold NaBH4

(10 mM) solution, under stirring (700 rpm) for 2 min. To
synthesize gold seeds, the solution was placed in a water bath
at 30 °C for 2 h. Secondly, 1.44 mL AgNO3 (10 mM) and
2 mL HAuCl4 (25 mM) were injected into 100 mL mixed
solution containing CTAB (0.037 M) and sodium oleate
(0.078 M), and the result solution was stirred (700 rpm) at
30 °C for 90 min. After that, 0.42 mL HCl (37%) and
0.16 mL AA (0.1 M) were added successively and stirred
for 5 min respectively. It was followed by injecting 0.08 mL
gold seeds, and stirred gently at 30 °C for 10 h. The solution
was centrifuged twice (10,000 rpm, 15 min) before further
use. Thirdly, 0.182 g CTAB and 5 mL of solution in the
second step were added into a 25-mL beaker and stirred even-
ly. Then, 5 mL glycine acid (0.2 M), 30 μL NaOH (2 M),
40 μL HAuCl4 (25 mM), and 0.2 mL AgNO3 (10 mM) were
added under vigorous stirring at 27 °C. Finally, 0.2 mL AA
(0.1 M) was added and stirred for 30 s, then the synthesis of
Au-AgNSs was finished after being aged for 1 h, at which
point, the sample was washed once by centrifugation
(7500 rpm, 10 min) and store at 4 °C.

Preparation of SCCA SERS tags and OPN SERS tags

Firstly, 200 μL 4-MBA (1 mM, in ethanol) was added into
5 mL of Au-AgNS solution, and then shaken for 1 h at room
temperature. After centrifugation (7000 rpm, 5 min), the su-
pernatant was discarded and dispersed into 5 mL PBS.
Secondly, 50 μL EDC (150 mM) and 50 μL NHS (30 mM)
were added to the solution in sequence. After shaking for

Table 1 Information of the
volunteers in this study Group Healthy subjects CINI CINII CINIII Cervical cancer

Age (years) Minimum 22 26 34 39 39

Median 27 37 42 48 55

Maximum 33 46 53 59 62

Sample number 30 30 30 30 30

7102 Lu D. et al.



1.5 h, the carboxyl groups (-COOH) were activated and ready
to connect the antibodies (labeling). Next, 50 μL anti-SCCA
(labeling) (200 μg/mL) was added before the solution was
incubated at 37 °C. After 2 h, the SCCA SERS tags were
successfully synthesized. The synthesis processes of OPN
SERS tags were the same as that of SCCA SERS tags.
During the synthesis processes of OPN SERS tags, the
Raman signal molecule was DTNB and the antibody was
anti-OPN (labeling).

Synthesis of AuNFs

AuNFs was synthesized by one-step synthesis method [33].
Briefly, 1.6 mL HAuCl4 (25 mM) was added into a 100-mL
beaker followed by adding 20 mL of ultrapure water. The
solution was placed in a magnetically stirred water bath and
heated to 60 °C with vigorous stirring. At this time, 4 mL
dopamine hydrochloride solution (53 mM) was added and
kept stirring at 60 °C for 30 min to generate AuNFs.

Preparation of capturing substrates

The 10% hexanol HDSA solution was evenly sprayed on the
surface of the filter papers and placed in an oven at 100 °C for
10 min to obtain h-papers. The h-papers were cut into square
pieces of 80 mm× 80 mm size, and then directly immersed in
the solution of AuNFs for 12 h; the electrostatic interaction
between the AuNFs and a large number of long-chain alkenyl
groups allowed the AuNFs to firmly adsorb on the h-paper. At
the same time, the filter paper contained some holes, and cap-
illarity also promoted the adsorption of AuNFs on it. Those
AuNFs that did not adsorb tightly were washed away with
water (three times) and dried at room temperature to obtain
AuNF substrates. In the following steps, the anti-SCCA
(coating) and anti-OPN (coating) were modified onto the
AuNFs which adsorbed on the h-papers to prepare capturing
substrates. The AuNF substrates were soaked with 5 mL of
DMSA solution and washed twice with water after 2 h of
reaction. Then, the DMSA-modified AuNF substrates were
soaked with 5 mL of the mixed solution of EDC (150 mM)
and NHS (30 mM) for 30 min to activate the carboxyl groups
(-COOH) of DMSA. Ten microliter of 200 μg/mL anti-SCCA
(coating) and 200 μg/mL anti-OPN (coating) mixture were
added to the surface of functionalized AuNF substrates and
then incubated at 37 °C. After 4 h, the antibody connection
was completed and then the substrates were washed twice
with PBS before naturally drying. At this point, the fabrication
of SCCA and OPN capturing substrates were completed.

Simultaneous detection

The detection process of SCCA and OPN was as follows:
First, 20 μL of the antigen solution containing SCCA and

OPN was added onto the prepared capturing substrates and
kept at 37 °C for 1 h. Then, the mixed solution of SCCA
SERS tags (10 μL) and OPN SERS tags (10 μL) was dripped.
After reaction about 1 h at 37 °C, the excess reactants were
washed away by using PBS buffer (three times) before SERS
measurements [6, 8].

Characterization

After the nanomaterials were synthesized, UV-visible spectra
were acquired with an UV/Vis/NIR spectrophotometer (Cary
UV-5000, Agilent, America). The morphology of
nanomaterials was characterized by transmission electron mi-
croscopy (TEM) (Tecnai 12, Philips, Netherlands) and field
emission scanning electron microscopy (FESEM) (S-4800 II,
Hitachi, Japan). Selected area electron diffraction (SAED) im-
ages and high-resolution TEM (HRTEM) of nanomaterials
were obtained from S-twin TEM (Tecnai G2 F30, FEI,
America). Microscopic infrared spectrometer (Cary 610/670,
Varian, America) was used to measure Fourier transform in-
frared spectroscopy (FT-IR). SERS spectra of all samples
were measured by using Renishaw inVia microRaman in the
600–1800 cm−1 range at room temperature. And SERS scans
(excitation wavelength 785 nm, objective 50×, laser power
5 mW, acquisition time 10 s) were performed on five sites
for each sample and the average SERS spectra were taken.

Simulation of electromagnetic field distribution and
extinction spectrum

In order to understand the enhancement of the electromagnetic
field of AuNFs, FDTD simulation was performed using the
8.9 version software provided by Lumerical Solutions Inc.
The electromagnetic field distribution and enhancement of
monomer and dimer AuNFs excited by incident light with a
wavelength of 785 nm were simulated. The simulation used
the TEM images of monomer and dimer AuNFs. The SERS-
based immunoassay platforms would be tested in air at room
temperature, so its background was set to 1. The perfect
matching layer was applied to truncate the simulation domain
in the x, y, and z axis directions [43]. In addition, the extinc-
tion spectra of single AuNF and AuNF dimer were calculated,
and the wavelength range of the light source was 400–900 nm.
The AuNFs were dispersed in water at room temperature, and
the background was set to 1.33.

Results and discussion

Characterization of Au-AgNSs

TEM images and SEM images were used to characterize the
morphology and structure of Au-AgNSs. Figure 2a shows that
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a large number of Au-AgNSs with complete structure and
uniform morphology were prepared. All of them have sharp
tips at each end, like a double-headed arrow. Figure 2b was a
high magnification image of Au-AgNSs from SEM to further
observe its morphology. The length of the Au-AgNSs was
about 120 nm with the width of 30 nm. Figure 2c showed
the HRTEM image; the tip lattice spacing was 0.209 nm,
which corresponded to the Au {100} plane. To further under-
stand its growth, SAED image in Fig. 2d was taken, with
corresponding {100}, {110}, and {111} planes [44].
Compared with the {110} plane, Ag atoms preferred to grow
on the {100} and {111} plane, thus forming a special arrow
structure. Figure 2e and f display the distribution of Au and
Ag elements, and it can be seen that Au-AgNS was not a
simple Ag-coated Au or Au-coated Ag structure. This Au-
Ag alloy structure had better thermodynamic stability [32]. It
further verified the synthesis of Au-AgNSs. In order to further
understand the morphological characteristics of the Au-
AgNSs, the UV-visible spectrum was measured as shown in
Fig. 2g. Because of its shuttle structure, there were two char-
acteristic absorption peaks, namely a transverse absorption
peak (501 nm) and a lateral absorption peak (797 nm) [32].
Figure 2h displays the Raman spectra of 4-MBA-labeled Au-
AgNSs and 4-MBA. Due to the two SERS characteristic

peaks at 1080 cm−1 and 1593 cm−1, 4-MBA was selected as
the Raman signal molecule. The Raman signal of 4-MBA
molecules was almost negligible. When 4-MBA was labeled
on Au-AgNS, the Raman signal was greatly enhanced. It
might be that the two tips of Au-AgNSs act as “hot spots,”
leading to the enhancement effect [44]. As a result, it can be
used as a good material for the preparation of SERS tags.

Characterization of AuNFs

The overall morphology, structure, and lattice of the AuNFs
were characterized by SEM and TEM. The low magnification
SEM image in Fig. 3a showed that AuNFs with multiple
branching structures and good dispersibility were prepared
in large quantities, which laid the foundation for assembling
the substrates [33, 35]. The high magnification SEM image in
Fig. 3b showed the details of the AuNF, such as a blooming
flower composed of multiple petals. There were many second-
ary triangular bulges on each petal extending in their own
specific directions. These tips and bulges facilitate the forma-
tion of “hot spots” [28]. It could be predicted that the AuNFs
prepared had a good SERS enhancement effect [17]. The mul-
tiple branching structures of AuNFs were further indicated by
the TEM image Fig. 3c, and its particle size was about

Fig. 2 a TEM images, b SEM
images, and c HRTEM image of
Au-AgNSs. d SAED pattern of
Au-AgNS. e Au and f Ag
elemental mapping of Au-AgNS.
g UV-visible spectrum of Au-
AgNSs. h Raman spectra of 4-
MBA-labeled Au-AgNSs and 4-
MBA
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600 nm. HRTEM image in Fig. 3d presented the lattice con-
ditions of the branch angle of the AuNF, with a lattice spacing
of 0.240 nm. The crystal structure of AuNFs could be under-
stood by the SAED image. As shown in Fig. 3e, the four rings
correspond to {110}, {200}, {220}, and {311} planes, which
proved that the AuNF was pure gold nanostructure with good
crystallization [33]. From the UV-visible spectrum of Fig. 3f,
the absorption peak of AuNFs was at 473 nm. SERS signal
enhancement performance of AuNFs was verified by labeling
4-MBA. As shown in Fig. 3g, 4-MBA-labeled AuNFs had a
very strong Raman spectral signal, which may benefit from
many “hot spots” of AuNFs [28].

FDTD simulation

In order to understand the influence of structural parameters of
AuNFs on SERS enhancement, distributions of electromag-
netic field of single AuNF and AuNF dimer were investigated
by FDTD method. Figure 4a presents the electric field distri-
bution for single AuNF after excitation by incident light with a
wavelength of 785 nm. As expected, its sharp branch angle
had a strong electromagnetic field enhancement effect, and the
electromagnetic field was also enhanced in the region among
branches. Figure 4b shows the enhancement of the electro-
magnetic field of AuNF dimer and the enhancement of the

electromagnetic field of the edge-distributed branches was
not significantly different from that of single AuNF.
However, the maximum electromagnetic field enhancement
is located in the nanogap junction for AuNF dimer [28].
This result was attributed to the coupling effect of the electro-
magnetic field between the AuNFs, which could greatly in-
crease the number of “hot spots” for SERS measurement [43,
45, 46]. As shown in the Electronic Supplementary Material
(ESM) Fig. S2, the extinction spectra of single AuNF and
AuNF dimer in water were calculated by FDTD simulation,
and the wavelength ranges from 400 to 900 nm. The compar-
ison between the experimental spectrum (Fig. 3f) and the sim-
ulated spectra (ESM Fig. S2) showed that the change trend of
the absorption peak position in the spectra was consistent.
There was only a slight difference in their peak positions
(473 nm and 478 nm), which was due to the fact that the
experimental spectrum was the superposition of the absorp-
tion spectra of many AuNFs with certain differences in mor-
phological sizes. In conclusion, these results demonstrated the
accuracy of the simulation results.

Characterization of AuNF substrates

The substrate preparation condition was optimized by com-
paring SERS mapping recorded on the paper-based AuNF

Fig. 3 a SEM images of AuNFs.
bHigh magnification SEM image
of AuNF. c TEM images and d
HRTEM image of AuNFs. e
SAED pattern and f UV-visible
spectrum of AuNFs. g Raman
spectra of 4-MBA-labeled AuNFs
and 4-MBA
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substrates and h-paper-based AuNF substrates. The two pre-
pared substrates were labeled with 4-MBA (1 × 10−4 M) to
verify their uniformity and enhancement effect of SERS sig-
nal. Figure 5a and d showed the SERS mapping of paper-
based AuNF substrates and h-paper-based AuNF substrates,
respectively. The scanning range on the substrate was 50 ×
50 mm and the intensity of SERS peak at 1593 cm−1 was
plotted at each grid point. The intensity distribution of SERS
signal on the substrate was understood according to the

change of color matching scheme from blue (lowest) to red
(highest). As shown in Fig. 5a, the color distribution was
irregular, indicating that the homogeneity of paper-based
AuNF substrate was poor. Figure 5d shows that the color of
SERS mapping were basically the same, which indicated that
h-paper-based AuNF substrate had a very uniform SERS en-
hancement effect. Then, we randomly selected five different
spots on two substrates and measured their SERS spectra.
Figure 5b and c illustrate the deviation of the signal intensities

Fig. 5 a SERS mapping for 4-MBA on paper-based AuNF substrate. b
SERS spectra of a, b, c, d, and e were randomly selected on the paper-
based AuNF substrate. c Intensity bar graphs of characteristic peaks at
1593 cm−1 for a, b, c, d, and e. d SERS mapping for 4-MBA on h-paper-

based AuNF substrate. e The SERS spectra of f, g, h, i, and j were
randomly selected on the h-paper-based AuNF substrate. f Intensity bar
graphs of characteristic peaks at 1593 cm−1 for f, g, h, i, and j

Fig. 4 FDTD simulation of electric field distribution of (a) single AuNF and (b) AuNF dimer
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at 1593 cm−1 for the five points on the paper-based AuNF
substrate was 34.81%. At the same time, Fig. 5e and f revealed
the deviation of the signal intensities at 1593 cm−1 for the five
points on the h-paper-based AuNF substrate was only 5.96%.
This result further demonstrated that the h-paper-based AuNF
substrate had better homogeneity [38]. The hydrophobic re-
agent changed the filter paper from hydrophilic to hydropho-
bic, and the samples were more evenly distributed on the
AuNF substrate, which improved the homogeneity of the sub-
strate [39, 40]. In order to understand the SERS enhancement
capability of h-paper-based AuNF substrates, the SERS en-
hancement factor (EF) was calculated by referring to the fol-
lowing equation EF = (ISERS/CSERS)/(IRS/CRS), where I repre-
sented the intensity of the peak at 1593 cm−1 and C represent-
ed the concentration of the analyte, SERS and RS denoted
SERS conditions and non-SERS conditions [23, 25, 28].
Finally, when CSERS = 1 × 10−4 M and CRS = 1 × 100 M, the
corresponding spectra were shown in ESM Fig. S1; EF value
was obtained to be 5.58 × 105.

The distribution of AuNFs on the h-paper could be observed
by SEM image in Fig. 6a. A large number of AuNFs with
uniform morphology were assembled on the h-paper.
Figure 6b shows the average SERS spectra of AuNF substrates
labeled with 4-MBA after being stored for 1 day, 5 days,
10 days, and 15 days. The peak and shape of these SERS
spectra did not change, but the signal intensity decreased slight-
ly. As illustrated in Fig. 6c, the intensity of SERS peak at
1593 cm−1 decreased by 7.79% after 15 days of storage, indi-
cating that the SERS enhancement effect of the substrate was
stable. All the above experiments proved that the prepared
AuNF substrate had good homogeneity and stability [17].

FT-IR characterization of SERS tags and capturing
substrate

The preparation processes of two SERS tags and AuNF cap-
turing substrates were characterized by FT-IR. The unreacted

EDC and NHS were washed away to avoid interference with
the results. ESM Fig. S3a showed that the pure Au-AgNSs
had no obvious infrared (IR) peaks. After being labeled with
the SERS signal molecules (4-MBA), a prominent peak in FT-
IR spectrum appeared at 1679 cm−1 in ESM Fig. S3b, which
belonged to the C=O amide I stretching from the carboxyl
groups of 4-MBA [47]. FT-IR spectrum of anti-SCCA-
conjugated Au-AgNS tags was shown in ESM Fig. S3c; the
IR peak at 1631 cm−1 corresponded to C=O amide I
stretching, the IR peak at 1560 cm−1 belonged to the N-H
amide II stretching, and the IR peak at 1267 cm−1 belonged
to C-N stretching [48]. It was indicated in ESM Fig. S3d that
the Au-AgNSs were labeled with DTNB; the IR peak at
1645 cm−1 was associated with C=O stretching vibration of
DTNB. ESM Fig. S3e showed FT-IR spectrum of the anti-
OPN-conjugated Au-AgNSs tags. The peaks at 1642 cm−1,
1565 cm−1, and 1222 cm−1 were assigned to C=O stretching,
N-H stretching, and vibration peak of C-N, respectively [49].
ESM Fig. S3f showed the FT-IR spectrum of AuNFs; no IR
peaks appeared. In ESM Fig. S3g, after coupled with DMSA,
the IR peak appearing at 1701 cm−1 corresponded to the C=O
stretching vibration peak of amide I. As shown in ESM Fig.
S3h, the IR peaks at 1637 cm−1, 1525 cm−1, and 1224 cm−1

corresponded to the stretching vibration peaks of C=O, N-H,
and C-N, respectively [49, 50]. It was indicated that the for-
mation of amide bonds and the antibodies were successfully
modified on AuNF substrate. In summary, the two SERS tags
and AuNF capturing substrates were successfully prepared.

Selectivity and repeatability of SERS-based immuno-
assay platform

According to the SERS-based immunoassay protocol, SCCA
and OPN could be quantitatively analyzed by the SERS signal
of 4-MBA and DTNB. To verify its selectivity, SERS spectra
of blank sample and different protein samples (CA125, CEA,
SCCA, OPN) with the same concentration were detected in

Fig. 6 a SEM image of the AuNF substrate, with its digital photo in the
upper left corner. b The average SERS spectra of AuNF substrates
labeled with 4-MBA after being stored for 1 day, 5 days, 10 days, and

15 days. c The line chart corresponded to the intensities of SERS peaks at
1593 cm−1 of the SERS spectra
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Fig. 7a. The strong SERS signal was observed when the sam-
ple contained SCCA or OPN, and there was no obvious SERS
signal in other samples. This was due to the fact that other
samples could not form sandwich immunocomplexes during
detection. Figure 7b and c were bar graphs of the SERS inten-
sities of each sample at 1593 cm−1 and 1334 cm−1. The SERS
intensities of the sample containing SCCA or OPNweremuch
higher than that of the other samples, and the two character-
istic peaks were convenient to distinguish. The results showed
that the constructed SERS-based immunoassay platform had
good selectivity for SCCA and OPN. Furthermore, the repeat-
ability of this method was verified. Ten different batches of
SERS-based immunoassay platforms were prepared for detec-
tion of the same human serum sample containing SCCA
(10 μg/mL) and OPN (10 μg/mL). As shown in Fig. 7d, there
were no significant difference among these SERS spectra.
Figure 7e and f show the SERS intensities of different batch
platform at 1593 cm−1 and 1334 cm−1. The relative standard
deviations (RSD) were 6.03% (1593 cm−1) and 6.19%
(1334 cm−1), which indicated that the designed SERS-based
immunoassay platforms had good repeatability.

Simultaneous detection of SCCA and OPN in PBS and
human serum

The calibration curve and the detection limits of the immuno-
assay were studied by simultaneously detecting the same final
concentration of SCCA and OPN solutions from 10 pg/mL to

10μg/mL, which was obtained by dissolving SCCA and OPN
in PBS buffer. Figure 8a shows that the SERS signal contin-
uously weaken when the concentration of SCCA and OPN
decreased , wh ich was due to the fo rmat ion of
immunocomplexes decreasing. A good linear relationship
was found between the logarithm of SCCA concentration
and SERS intensities at 1593 cm−1 as shown in Fig. 8b. The
linear regression equation was y = 3664.024x-1101.758, the
correlation coefficient (R2) was 0.975, the peak intensity at
1593 cm−1 was represented by y, and x was the logarithm of
the SCCA concentration. Figure 8c shows the linear relation-
ship between the logarithm of OPN concentration (x) and the
SERS intensities (y) at 1334 cm−1 with the linear equation y =
5186.647x-1497.099, R2 = 0.982. Finally, the lowest concen-
tration was defined as the signal that could produce three times
the standard deviation stronger than the blank control [51],
and the detection limits of SCCA and OPN in PBS were
calculated according to their linear equations, which were
6.371 pg/mL and 4.118 pg/mL, respectively.

The composition of human serum was more complicated
than that of PBS solution. The ability of the immunoassay
platform to analyze clinical serum was verified by detecting
the same final concentration of SCCA and OPN serum sam-
ples from 10 pg/mL to 10 μg/mL, which were prepared by
diluting SCCA and OPN dissolved in blank human serum. A
blank control was obtained by analyzing blank human serum
samples. Figure 8d displayed the concentration-dependent
SERS spectra, and the SERS intensities at 1593 cm−1 and

Fig. 7 SERS spectra of (a) blank sample and different protein samples, and the corresponding SERS intensities at (b) 1593 cm−1 and (c) 1334 cm−1. (d)
The repeatability of SERS-based immunoassay platforms. The corresponding intensities of SERS peaks at (e) 1593 cm−1 and (f) 1334 cm−1
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1334 cm−1 decreased proportionally with the decreasing con-
centration of SCCA and OPN. Figure 8e and f show the linear
relationships between the logarithm of the concentration of
SCCA and OPN in human serum and SERS intensities
(1593 cm−1 and 1334 cm−1). The linear regression equations
were y = 4803.419x-2491.820 and y = 5582.607x-1826.558
with the correlation coefficient R2 = 0.984 and R2 = 0.981.
The calculated detection limits were 8.628 pg/mL for SCCA
and 4.388 pg/mL for OPN in human serum, respectively. In
calculating the recovery values, the contents of SCCA and
OPN in blank human serum were very low, and the concen-
tration was further reduced in the process of dilution; their
effects could be ignored. ESM Table S1 showed the recovery

values of SCCA and OPN in human serum samples detected
by SERS immunoassay platform. Except for the large devia-
tion in recovery of maximum spiked concentration, the recov-
ery percentages of SCCA and OPN spiked serum samples
range from 89.45 to 107.40%. The results confirmed the abil-
ity of SRES immunoassay platform to detect SCCA and OPN
in human serum.

Clinical application

The feasibility of SERS-based immunoassay platform in clin-
ical application was further validated by detecting the collect-
ed 150 serum samples (healthy subjects; CINI, CINII, and

Fig. 8 Average SERS spectra of five independent measurements of (a)
antigen concentration gradient in PBS buffer, (b) and (c) the linear
relationship between the intensities of SERS peaks at 1593 cm−1

(1334 cm−1) and the logarithm of SCCA (OPN) concentration. Average

SERS spectra of five independent measurements of (d) antigen
concentration gradient in blank human serum, (e) and (f) the linear
relationship between the intensities of SERS peaks at 1593 cm−1

(1334 cm−1) and the logarithm of SCCA (OPN) concentration

Fig. 9 a The average SERS spectra of clinical samples, and the corresponding SERS intensities at b 1593 cm−1 and c 1334 cm−1 in SERS spectra
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CINIII; and cervical cancer patients) and their average SERS
spectra were shown in Fig. 9a. Figure 9b and c show the
intensities of SERS peaks at 1593 cm−1 and 1334 cm−1 of
different samples. From the corresponding bar graphs, it could
be found that the SERS intensities of the two antigens in
healthy subjects were the lowest. With the development of
the course of disease, the SERS intensities of the two antigens
increased continuously. The linear regression equation obtain-
ed in human serum could be used to calculate the concentra-
tions of SCCA and OPN in each sample. The results measured
by the constructed SERS-based immunoassay platform were
compared with those measured by ELISA method, and the
specific data as displayed in Table 2. The results of the two
methods were consistent, indicating that SERS could be com-
petent for the practical application of simultaneous detection
of SCCA and OPN in the serum of patients.

Conclusion

In this work, a novel and ultra-sensitive SERS-based immu-
noassay platform consisting of Au-AgNS tags and AuNF cap-
ture substrates based on h-paper was developed, which was
used to simultaneously detect the SCCA and OPN levels in
clinical samples. FDTD simulation confirmed that AuNF ag-
gregates could generate ultra-high-density “hot spots” to ef-
fectively enhance the SERS signal. The experimental results
show that the proposed immunoassay platforms not only
displayed a good performance in selectivity and repeatability
but also had low detection limits for SCCA and OPN in a wide
dynamic range. After the filter paper was treated with HDSA,
the homogeneity of the AuNF substrate was improved.
Finally, SERS was successfully applied to quantify the
SCCA and OPN in clinical serums of healthy subjects;
CINI, CINII, and CINIII; and cervical cancer patients.
Therefore, the proposed immunoassay proposal with low cost,
simple operation, and high selectivity was expected to be ap-
plied in the screening for cervical cancer.
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