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The accurate analysis of tumor related biomarkers is extremely critical in the diagnosis of the early stage
cervical cancer. Herein, we designed a novel and inexpensive surface-enhanced Raman scattering-based
lateral flow assay (SERS-based LFA) strip with a single test line, which was applied for the rapid and
sensitive quantitative simultaneous analysis of SCCA and CA125 in serum samples from patients with
cervical cancer. In the presence of target antigens, the monoclonal antibody-coupled and Raman
reporter-labeled nano-Ag polydopamine nanospheres (PDA@Ag-NPs) aggregated on the test line
modified by the polyclonal antibody to form a double-antibody sandwich structure. The finite difference
time domain simulation demonstrated that large number of "hot spots” was generated among the
nanogaps of aggregated PDA@AgNPs, which resulted in a huge enhancement of the signal of the Raman
reporters. Accordingly, the limit of detection was determined to be 7.156 pg mL~* for SCCA and 7.182 pg
mL~! for CA125 in phosphate buffer and 8.093 pg mL™* for SCCA and 7.370 pg mL™* for CA125 in
human serum, revealing high sensitivity of this SERS-based LFA strip. Significantly, the detection of SCCA
and CA125 using the SERS-based LFA was observed to have high specificity and reproducibility, and the
whole detection was completed within 20 min. Furthermore, the SERS-based LFA and enzyme-linked
immunosorbent assay were also employed in serum samples obtained from patients with cervical
cancer, cervical intraepithelial neoplasia and healthy subjects, and perfect agreement existed between
both the methods. Thus, clinically, the developed SERS-based LFA strip has strong potential for the
simultaneous detection of multiple cancer biomarkers in serum.

Introduction

Cervical cancer is one of the most prevalent gynecological
malignancies worldwide, which is inferior only to breast
cancer." Also, developing countries bear the major portion of
the disease burden.” The current detection methods for the
initial assessment of cervical cancer include the thinprep
cytology test (TCT) and human papillomavirus (HPV) test and
have low specificity and sensitivity. Additionally, colposcopy
and cervical biopsy are the invasive tests, which make them
difficult for patients to accept. The early clinical manifestations
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of cervical cancer are atypical and non-specific, and the detec-
tion rate of existing cervical cancer screening methods is not
very stable.* Consequently, it is urgent to establish simple,
noninvasive, sensitive and accurate methods for the early
screening and clinical diagnosis of cervical cancer. With the
rapid development of oncomolecularbiology, scientists have
discovered that tumor biomarkers are indicative of a particular
disease process and highly important for early diagnosis,

This journal is © The Royal Society of Chemistry 2020
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attracting enormous interest in clinical viewpoints.** However,
parallel single biomarker detection is inadequate in the
complex pathological process because of its low specificity and
sensitivity. Thus, the simultaneous detection of multiple
biomarkers can improve the efficiency and accuracy and is
becoming essential in contemporary cancer diagnosis.® Squa-
mous cell carcinoma antigen (SCCA) is isolated from squamous
cell carcinoma of the uterine cervix and is characterized as
a glycoprotein with a molecular mass of 48 kDa.”® SCCA is one
of the auxiliary indicators for cervical cancer diagnosis, condi-
tion detection and prognosis judgment.® Cancer antigen 125
(CA125) is a common marker in the detection of female repro-
ductive system tumors, where the level of CA125 is elevated
significantly in the serum of patients with cervical cancer.>"*
Therefore, SCCA and CA125, as cancer biomarkers of cervical
cancer universally, are used in routine cancer diagnosis. Only
trace amounts of biomarkers are present in a patient's serum in
the early stages of the disease, which requires screening
experiments with high reliability and sensitivity. Presently, the
methods for the detection of SCCA and CA125 mainly include
enzyme-linked immunosorbent assay (ELISA), fluorescence
immunoassay, radioimmunoassay and electrochemical immu-
noassay.”** Although these methods are relatively reliable, they
limited in diagnosis due to several disadvantages such as pho-
tobleaching, time-consuming operation process, large sample
volume and use of expensive instruments.

Accordingly, the membrane-based lateral flow assay (LFA) has
developed rapidly because of its advantages of low cost, rapid
analysis, user-friendly operation, and long-term stability.'® Thus,
over the past few years, it has become one of the most successful
commercial point-of-care-testing (POCT) detection products.'”*®
Based on chromatographic separation, the LFA test generally uses
gold nanoparticles as markers to display signals. However, the
drawbacks of the LFA test such as limited sensitivity, lack of
quantification and interference in the sample matrix hinder its
further applications for cancer diagnosis.”*** Accordingly, to over-
come these disadvantages, much effort has been focused on
improving the performance of the LFA test, where the SERS-based
LFA test is one outcome. Surface-enhanced Raman scattering
(SERS), as an ultrasensitive analytical method to quantify analytes,
has attracted increasing attention.** SERS can enhance the Raman
signal of analytes located near the surface of Ag or Au metallic
nanostructures by as much as 6 to 14 orders of magnitude, which
is associated with the electromagnetic coupling (namely “hot
spots”) at the gaps between nanoparticles or rough surfaces of the
metallic nanoparticles.”?® The fingerprint characteristic of SERS
causes it to have better detection accuracy for biomolecule
samples.”” SERS also has the advantages of a narrow spectral band,
non-destructive, and weak Raman signal of water.”*? Therefore,
SERS has been considered to be a potential candidate method for
the analysis of fluid samples in vitro. SERS-based LFA tests, which
combine the advantages of SERS and LFA, have been established
and widely employed to detect proteins, chemical component and
DNA in vitro. For example, Lin et al. reported the detection of
bisphenol A using gold nanostars in an SERS-improved lateral flow
immunochromatographic assay.** Wang et al. developed an SERS-
based lateral flow assay biosensor using AuNPs as SERS tags for the
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quantitative and ultrasensitive detection of interleukin-6 in
unprocessed whole blood.** Wang et al. reported the simultaneous
detection of dual nucleic acids using an SERS-based LFA biosensor
with double test lines, which utilized Au NPs as the SERS nano-
tags.*® However, compared to the single T line, SERS-based LFA
tests with multiple lines require a longer operation process and
analytical time, which limit their wider application in the field of
multiplex analyte detection. In addition, with multiple T lines on
one strip, the performance of SERS-based LFA may be influenced
by the location of the T lines.**

Polydopamine (PDA) nanospheres have received widespread
attention due to their abundant surface active groups, large
surface area and strong adhesion property, which are beneficial
to facilitate the robust binding of nanoparticles and antibodies
onto PDA nanospheres.*® Besides, the spherical morphology
and good hydrophilicity of PDA nanospheres allow them to
easily diffuse in water and rapidly migrate under the action of
capillary chromatography.***” In weakly alkaline solution, PDA
nanospheres can be synthesized via the self-polymerization of
dopamine with low environmental requirement and control-
lable morphology.*® Thus, based on these attributes, PDA
nanospheres are expected to act as novel carriers for nano-
particles. Ag particles are evenly distributed on resin nano-
spheres, which not only prevents the oxidation of the Ag
particles, but also the formation of a large number of “hot
spots” through the junction between nanoparticles. Based on
the above advantages, PDA@Ag-NPs can be used as a new
nanomaterial for SERS detection.

Herein, we propose an ultrasensitive SERS-based LFA inte-
gration strip for the analysis of two specific cervical cancer
biomarkers including SCCA and CA125 in a single test line on
an NC membrane. Compared to multiple test lines, a single test
line significantly reduces the preparation time, analysis time
and reagent consumed. In this system, two SERS immunop-
robes were prepared via the surface modification of PDA@Ag-
NPs with different Raman reporters (4-ATP and DTNB) and
target-specific monoclonal antibodies. The experimental
conditions were optimized for the fabrication of a special
integration strip, including the amount of monoclonal anti-
bodies, and the concentration of antigens and SERS immu-
noprobes. The selectivity, sensitivity and reproducibility were
assessed to confirm the performance of this design. Ultimately,
the simultaneous detection of the concentrations of SCCA and
CA125 in serum from healthy, cervical cancer and cervical
intraepithelial neoplasia (CIN) subjects was measured via the
SERS-based LFA and ELISA methods to verify its feasibility in
practical application. To the best of our knowledge, there are
few reports on the simultaneous detection of cancer markers
using SERS-based LFA strips with a single T line, which is
promising and has good potential to be employed for diagnosis
in the early stage of cervical cancer.

Materials and methods
Materials

Silver nitrate (AgNO3), sodium borohydride (NaBH,), dopamine
hydrochloride (DA), ethanol (CH;CH,OH), ammonia (NH,OH),

RSC Adv, 2020, 10, 29156-29170 | 29157
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4-aminothiophenol (4-ATP) and 5,5'-dithiobis-(2-nitrobenzoic
acid) (DTNB) were purchased from Noah Chemical Inc.
(Yangzhou, China). Bovine serum albumin (BSA), Tris-HCI
buffer solution, Tween 20, Triton X-100, phosphate buffer saline
(PBS, pH 7.4, 0.01 M), N-hydroxysuccinimide (NHS) and 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) were purchased
from Younuo Chemicals Inc. (Yangzhou, China). Squamous cell
carcinoma antigen (SCCA), SCCA monoclonal antibody
(labeling), SCCA polyclonal antibody (coating), cancer antigen
125 (CA125), CA125 monoclonal antibody (labeling) and CA125
polyclonal antibody (coating) were purchased from Linc-Bio
Science Inc. (Shanghai, China) and were stored at —20 °C.
Ultra-pure water prepared on a Milli-Q (Millipore, USA, resis-
tivity > 18 M) purifier was used for all experiments. All glassware
and Teflon-coated magnetic stirring bars were immersed in
aqua regia (HCI/HNO3, volume ratio 3 : 1) and rinsed with ultra-
pure water and dried in an oven prior to each examination. All
other reagents were from commercial sources and used without
further purification.

The processing and storage of blood specimens

Peripheral blood specimens were obtained from 30 healthy
subjects, 30 CINI subjects, 30 CINII subjects, 30 CINIII subjects
and 30 cervical cancer subjects from the College of Clinical
Medicine of Yangzhou University. Consent documents were
also obtained from all donors. All peripheral blood specimens
were collected on the day of diagnosis. After centrifugation at
2500 rpm for 15 min at 4 °C, the serum specimens were
collected in EP tubes, labeled according to their classification
and stored at —80 °C before analysis. Table 1 summarizes the
age and histopathologic stage details.

Synthesis of monodisperse polydopamine nanospheres

In a typical synthesis, PDA nanospheres were prepared via the
sol-gel method according to previously reported methods with
some modifications.***® Typically, 30 mL of ethanol, 60 mL of
ultra-pure water and 1.5 mL of ammonia solution (25-28%)
were added to a conical flask and stirred vigorously for 30 min at
room temperature for 30 min to obtain a uniform mixture.
Subsequently, 6 mL of dopamine hydrochloride solution (0.05 g
mL ") was dropped in the alkaline water-ethanol mixture and it
was observed that the color of the mixture gradually turned
from colorless and transparent to pale brown and deepened
gradually, finally becoming dark brown under vigorous stirring,
which indicated the formation of PDA nanospheres. This reac-
tion was allowed to proceed for 40 h at room temperature before
completion. The resulting PDA nanospheres were washed
thoroughly with ethanol and ultra-pure water by centrifugation
(5000 rpm, 10 min) three times. Finally, the sediment was

Table 1 Characteristics of the research subjects

Group Healthy CINI ~ CINII  CINIII  Cervical cancer
Average age 25 33 39 44 54
Sample 30 30 30 30 30
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collected by centrifugation and re-dispersed in 50 mL ultra-pure
water.

Synthesis of the nano-Ag polydopamine composite
nanospheres

For the synthesis of PDA@Ag-NPs, 180 mL of AgNO; (25 mmol
L") solution was added dropwise to the 20 mL PDA nanosphere
solution. After stirring for 30 min, Ag" was sufficiently adsorbed
on the surface of the PDA nanospheres. Subsequently, 20 pL of
NaBH, solution (0.15 mol L™ ') was added and the resulting
mixture was stirred for 1 h at room temperature. It was observed
that the solution gradually changed from brown to dark gray.
The PDA@Ag-NPs composite nanospheres were washed with
ultra-pure water by centrifugation (5000 rpm, 10 min) three
times and re-dispersed in 20 mL ultra-pure water.

Preparation of Raman reporter-labeled PDA@Ag-NPs and
antibody conjugation

For the preparation of the SERS immunoprobes, PDA@Ag-NPs
were labeled with 4-ATP and DTNB to generate SERS signals, fol-
lowed by coupling with monoclonal antibodies though the stable
amide bond. The carboxyl group (-COOH) on the surface of
PDA@Ag-NPs was activated by adding EDC and NHS.*"** Briefly,
5 mL as-prepared PDA@Ag-NP suspension was co-incubated with
50 pL of 10~ mol L™" 4-ATP (or 10> mol L™" DTNB) ethanol
solution at room temperature for 30 min. Then, the separated 4-
ATP/DTNB-labeled PDA@Ag-NPs from the solution were obtained
by centrifugation (10 000 rpm, 10 min) to ensure that the uncon-
jugated 4-ATP (or DTNB) was removed completely. Then the
sediment was re-dispersed in 1 mL PBS buffer. Subsequently, 20 pL
of 150 mM EDC and 20 pL of 30 mM NHS were added and incu-
bated for 1 h. In the following step, 4 uL of 0.2 mg mL~ " SCCA
monoclonal antibody (or 3 pL of 0.2 mg mL ™" CA125 monoclonal
antibody) was added to the suspension of PDA@Ag-NPs@4-ATP
(or PDA@Ag-NPs@DTNB) to prepare the PDA@Ag-NPs-Raman
reporter-antibody conjugates (denoted as PDA@Ag-NPs@4-
ATP@anti-SCCA and PDA@Ag-NPs@DTNB@anti-CA125), and
incubated at room temperature for 1 h with mild agitation.
Subsequently, the redundant binding sites of PDA@Ag-NPs were
blocked by BSA (1 wt%) for an additional hour to eliminate the
effect of nonspecific binding. The unreacted reagent was removed
by centrifugation (10 000 rpm, 10 min) and the precipitate was re-
suspended in 1 mL PBS buffer containing 1% BSA. The conjugates
were stored at 4 °C prior to use.

Fabrication of the SERS-based LFA strip

The components of the SERS-based LFA strip included a sample
pad, conjugate pad, NC membrane (test and control lines), and
absorption pad. In advance, the sample pad was prepared by
saturating it with 50 mM Tris-HCI (pH 8.0) containing 150 mM
NacCl and 0.25% Triton® X-100, followed by drying at 37 °C for
2 h to enhance its surface activity and hydrophilicity. The
conjugate pad was pretreated with 10 mM PBS buffer solution
containing 0.2% Tween-20, and 2% sucrose and dried at room
temperature. Subsequently, 5 pL of the SERS immunoprobes
(PDA@Ag-NPs@4-ATP@anti-SCCA and PDA@Ag-

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Scheme of the SERS-LFA strip for detecting SCCA and CA125 simultaneously. (A) Preparation of Raman reporter-labeled PDA@Ag-
NPs and antibody conjugation. (B) Assembly of LFA strip and the measurement principle of the SERS-based LFA for the simultaneous detection of

SCCA and CA125.

NPs@DTNB@anti-CA125 mixed in the proportion of 1 : 1) were
pipetted onto the conjugate pad and the as-prepared conjugate
pads were dried at 37 °C for 2 h. Subsequently, 5 pL of SCCA
polyclonal antibody (0.2 mg mL ™) and CA125 polyclonal anti-
body (0.2 mg mL ") in solution as capture agents and 5 pL of
anti-human IgG solution (0.2 mg mL ') were sprayed at
a dispensing rate of 0.6 pL cm ™" onto the virtual test line and
the virtual control line of the NC membrane via a commercial
line dispensing system, respectively, leaving about a 2 cm gap
between both lines. The width of the test line was 1.5-2 mm.
The NC membrane was dried at 37 °C for 3 h before being
blocked with PBS buffer containing 1% BSA. To fabricate the
LFA strip, all components were assembled sequentially with
a 2 mm overlap to ensure that the sample solution could
migrate through the whole LFA strip. The integrated strips were
cut into individual 1 cm-wide strips using a paper cutter and
stored at 4 °C in a sealed bag in a dry state for further detection.

SERS measurement

During the test, 100 pL of sample solution was dropped onto the
sample pad 0.5 cm away from the end. The solution could flow

This journal is © The Royal Society of Chemistry 2020

toward the direction of absorbent paper together with the SERS
immunoprobes due to capillary force. During the flow process,
gray bands visible to the naked eye gradually appeared on the T
line and C line. The entire LFA process was completed within
20 min. The SERS spectra of 4-ATP and DTNB on the T line were
measured using a Renishaw inVia Raman microscope system
(50x objective lens) with a power of 5 mW and exposure time of
1 s, with a laser operating at A = 785 nm as the excitation source.
The width of the laser spot for the 50x objective lens was 2 um.
All the Raman spectra reported in this study were collected in
the range of 400-1800 cm ™" in continuous mode. The average
SERS spectrum measured from 10 different spots along the T
line was employed to quantify SCCA and CA125 in the sample
solution, which ensured the authenticity and rationality of the
data.

Instruments

An ultraviolet absorption spectrometer (Cary 5000, Agilent, USA)
was used to acquire ultraviolet-visible-near infrared (UV-vis-
NIR) absorption spectra in the wavelength range of 400-
1800 nm. Transmission electron microscopy (TEM) images were

RSC Adv, 2020, 10, 29156-29170 | 29159
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(A) SEM and (B) TEM images of PDA. (C) SEM and (D) TEM images of PDA@Ag-NPs. EDX mapping of (E) C element, (F) N element, (G) O

element, (H) Ag element in PDA@Ag-NPs. (I) Corresponding EDX spectrum of PDA@Ag-NPs. (J) Spectra of UV-vis-NIR absorption of the PDA,
PDA@Ag-NPs and SERS immunoprobes. (K) SERS spectra of the two Raman reporters and 4-ATP/DTNB-labeled PDA@Ag-NPs.

obtained on a transmission electron microscope (Tecnai 12,
Philips, Netherlands) with an accelerating voltage of 60 kV. An
S-4800I1 field-emission scanning electron microscope (Gemini
SEM 300, Carl Zeiss, Germany) at an accelerating voltage of 3.0
kv was applied to gain scanning electron microscopy (SEM)
images. High-resolution TEM (HRTEM) and energy dispersive
X-ray (EDX) mapping were carried out on a field-emission-
transmission electron microscope (Tecnai G2F30 S-TWIN, FEI,
USA) operating at 20 kV. All experiments were carried out at
room temperature.

Results and discussion
Principle of the SERS-based LFA strip

The working principle of the developed integration strip is
schematically illustrated in Scheme 1. As mentioned above, the
strip consisted of four parts. The sample pad carries the sample
solution, while ensuring that the sample solution is sufficiently
distributed to the downstream area. The conjugate pad closely
adjacent to the sample pad maintains the stability of the SERS
immunoprobes and controls their release. The NC membrane is
the area where the immunoreaction takes place, including one
test line (T line) and one control line (C line). The SERS-based

29160 | RSC Adv, 2020, 10, 29156-29170

LFA strip can be considered effective only when the C line is
colored. The absorption pad enhances the capillary force and
absorbs all redundant substances.'®'® In the detection process,
the sample solution containing SCCA and CA125 is applied on
the sample pad and gradually migrates in the longitudinal
direction due to capillary action. When the sample solution
migrates through the conjugate pad, SCCA and CA125 can
specifically bind to corresponding SERS immunoprobes
(PDA@AgZ-NPs@4-ATP@anti-SCCA and PDA@Ag-
NPs@DTNB®@anti-CA125) immobilized on the conjugate pad
to form an antigen-SERS immunoprobe complex. When the
complex reaches the NC membrane, it can be captured by the
polyclonal antibodies of SCCA and CA125 pre-immobilized on
the T line, leading to the formation of a sandwich-structure
complex. Subsequently, complex continues to
migrate through the C line and the anti-human IgG pre-
immobilized on the C line captures the complex. The SERS
spectra of the samples at the T line were measured using
a Renishaw Raman microscope. Due to the distinguishable
characteristic peaks of 4-ATP and DTNB, the concentrations of
SCCA and CA125 in the samples could be calculated according
to the intensities of the peaks.

excessive

This journal is © The Royal Society of Chemistry 2020
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Characterization of the PDA@Ag-NPs modified with Raman
reporters and antibodies

SEM images and TEM images were employed to characterize the
synthesized PDA nanospheres. As shown in Fig. 1A and B, PDA
nanospheres were obtained with a uniform and regular spher-
ical morphology on a large scale. It is displayed more clearly in
Fig. 1B that the average diameter of the PDA nanospheres was
approximately 70 nm. The PDA nanospheres had excellent
dispersion in aqueous solution, and there was no aggregation
between the nanospheres. A large number of amino and
carboxylic groups was exposed on the surface of the PDA
nanospheres in the process of polymerization.***® After adding
AgNO; solution, the negatively charged carboxylic groups
(~COOH) were successfully functionalized with Ag"* through ion-
pairing and the Ag nanoparticles were reduced in situ on the
surface of PDA nanospheres under the reducing action of
NaBH,.*>* Fig. 1C displays the SEM images of PDA@Ag-NPs,

B
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which has a relatively rough surface compared with that of
the PDA nanospheres. This variation indicates that dense Ag
nanoparticles were modified on the surface of the PDA nano-
spheres. It can be observed in Fig. 1D that the diameter of the Ag
nanoparticles is about 1-3 nm, and they were uniformly
attached to the surface of the nanospheres. There were gaps
between the Ag nanoparticles, which allowed the active groups
between the gaps to combine with antibodies.*’

PDA@Ag-NPs were characterized via energy dispersion X-ray
spectroscopy (EDX) element mapping to display the spatial
distributions of carbon (Fig. 1E), nitrogen (Fig. 1F), oxygen
(Fig. 1G) and silver (Fig. 1H). The results exhibited that the
elemental carbon, nitrogen and oxygen were evenly distributed
in PDA@Ag-NPs, while elemental silver was evenly distributed
on the surface of PDA@Ag-NPs, which indicates that the Ag
nanoparticles were successfully immobilized on the PDA
nanospheres. The element distribution of the material can also
be seen in the EDX image (Fig. 1I), which further confirms that
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Fig.2 TEM images of (A) single PDA@Ag-NP, (B) PDA@Ag-NP dimer and (C) the PDA@Ag-NP trimer. Simulated local electric field distribution of
(D) single PDA@Ag-NP, (E) PDA@AgG-NP dimer and (F) PDA@Ag-NP trimer.
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the Ag nanoparticles were reduced on the surface of PDA. The
preparation process of the SERS immunoprobes is illustrated by
UV-vis-NIR absorption spectroscopy (Fig. 1J). For the PDA
nanospheres, there was no obvious absorption peak in the
wavelength range of 400-800 nm. After the immobilization of
Ag nanoparticles, a peak appeared near 475 nm due to the
surface plasmon resonance of the Ag nanoparticles.**** The
blue shift in this peak from 475 nm to 438 nm and 440 nm
demonstrates that the Raman reporters and antibodies were
modified successfully on the PDA@Ag-NPs.*>*¢

Fig. 1K presents the Raman spectra of the two Raman
reporters and 4-ATP/DTNB-labeled PDA@Ag-NPs. 4-ATP and
DTNB were labeled on PDA@Ag-NPs via the sulfhydryl group
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(-SH). Two main Raman peaks at 1083 cm ™" (related to the C-S
stretching vibrational mode) and 1584 cm ™" (related to the C-C
stretching vibrational mode) were observed in SERS spectra of
both 4-ATP and DTNB. In addition, for DTNB, a characteristic
peak was also observed at around 1330 cm ™ * (related to the C-N
stretching vibrational mode).'**** The Raman signals of
10> M 4-ATP and DTNB were both weak, whereas strong SERS
signals were detected for 4-ATP/DTNB-labeled PDA@Ag-NPs.
The analytical enhancement factor (AEF) for PDA@Ag-NPs was
calculated using the equation AEF = (Isgrs/Csgrs)/(Irs/Crs),
where C and I denote the concentration and intensity, and SERS
and RS denote the SERS conditions and non-SERS conditions,
respectively.? When Cggrs = 1 x 10~ ° M and Cgs = 10> M, with
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the intensities at 1330 ecm ™" measured in Fig. 1K, the AEF of
PDA@Ag-NPs was calculated to be 2.13 x 10°. Using the
measured intensities at 1083 cm ™" in Fig. 1K, AEF = 2.33 x 10°
was obtained. Thus, the results demonstrate that PDA@Ag-NPs
had a prominent SERS enhancement effect.

FDTD simulation of different aggregations of PDA@Ag-NPs

To understand the SERS behaviors of the SERS-based LFA,
a series of numerical calculations were carried out to study the
nanostructures-dependent electric field enhancements.* The
models of PDA@Ag-NPs with different aggregations were con-
structed by employing the nanostructure parameters extracted
from the TEM images. The TEM images in Fig. 2A, C and E
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Fig.4 SERS spectraof the T line from a (A) positive result and (B) negative result together with the corresponding optical images and SEM images.
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clearly indicate that the average diameter of the PDA nano-
spheres is approximately 70 nm and the diameter of the Ag
nanoparticles is about 1-3 nm. The spacing gap between each
PDA@AgE-NPs was approximately 0.5 nm. Fig. 2B, D and F show
the simulated local electric field distribution of PDA@Ag-NPs
with different aggregations. Fig. 2B demonstrates that the
enhanced electric field distribution of a single PDA@Ag-NP is
not uniform, but rather areas of the most “hot spots” with high
electric field intensity among the gaps of the Ag nanoparticles.
In Fig. 2D and F, the hot spots are mainly located in the gaps
among the dimers and trimers of PDA@Ag-NPs and that of the
Ag nanoparticles on the surface of PDA. The electric field
intensity near the gap among PDA@Ag-NPs was much stronger
than that among Ag nanoparticles, which reveals that the
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PDA@Ag-NP polymer generated more “hot spots” and induced
strong SERS signals. Thus, the results theoretically prove that
the PDA@Ag-NP aggregations caused by immunochromatog-
raphy can be used as an excellent SERS sensor for detecting
biomolecules.

Optimization of SERS-based LFA parameters

The amount of monoclonal antibodies, and the concentration of
antigens and SERS immunoprobes strongly affect the sensitivity of
the detection. Thus, these experimental factors were investigated
to achieve the optimal analytical performance. The inhibition rate
(Bo/Bo.1) was used as the index parameter for the optimization
result, where B, and B, ; are the Raman intensities of the highest
peak when the concentration of the sample was 0 ng mL™ " and 0.1
ng mL ", respectively.”® The sensitivity of the detection was posi-
tively correlated with the inhibition rate. Different amounts of
0.2 mg mL ' monoclonal antibodies (ranging from 1 mL to 5 mL)
were added during the preparation of the SERS immunoprobes. As
shown in Fig. 3A and B, the maximum inhibition rate was obtained
with the addition of 4 uL of monoclonal anti-SCCA and 3 pL of
monoclonal anti-SCCA, respectively. Herein, the most suitable
amount of monoclonal anti-SCCA was 4 pL and the optimum
amount of monoclonal anti-CA125 was 3 pL. For the antigens
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applied on the sample pad, SCCA and CA125 with concentrations
ranging from 0.05 mg mL ™" to 0.25 mg mL~" were investigated
(Fig. 3C and D). The highest inhibition rate was achieved at
0.15 mg mL " SCCA and 0.10 mg mL ™' CA125, respectively. Thus,
the optimal concentration of SCCA was 0.15 mg mL ', and the
optimal concentration of CA125 was 0.10 mg mL ™. Fig. 3E and F
show the variation in inhibition rate as a function of the concen-
tration of PDA@Ag-NPs@4-ATP@anti-SCCA and PDA@Ag-
NPs@DTNB@anti-CA125 (ranging from 1 uM to 5 uM), respec-
tively. Therefore, a concentration of 3 M was estimated to be the
optimum concentration for PDA@Ag-NPs@4-ATP@anti-SCCA and
a concentration of 4 uM was chosen as the optimum concentration
for PDA@Ag-NPs@DTNB@anti-CA125.

Qualitative analysis of SCCA and CA125 using SERS-based LFA
strip

Under the optimal experimental conditions, a qualitative test
was performed to analyze the absence or presence of SCCA (1 pg
mL~") and CA125 (1 ug mL™") in PBS buffer. As illustrated in
Fig. 4A, when SCCA and CA125 were present in PBS buffer, gray
bands appeared on the T line and C line. As expected from the
original design, a cluster of SERS immunoprobes were captured
on the T line by the immunoreaction, which was confirmed by

SCCA and CA125

) BSA

y Glucose

Avidin

Tryptone

HMT

v

» CRP

Fig.5 Specificity of the SERS-based LFA strip. (A) SERS spectra of the analytes: (1) SCCA and CA125, (2) BSA, (3) glucose, (4) avidin, (5) tryptone, (6)

HMT and (7) CRP. (B) Corresponding histograms of the peak intensity at 1330 cm
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SEM imaging. Meanwhile, the SERS peaks at 1083 cm " and
1584 cm™ ' from 4-ATP and 1330 cm™ ' from DTNB appeared in
the corresponding SERS spectrum. In the absence of SCCA and
CA125 (Fig. 4B), no color change was observed on the T line, and
thus only one gray band appeared on the C line, which indicated
that the strip was working properly. In this case, no obvious
Raman signal was shown and no SERS immunoprobe aggre-
gation occurred on the T line. These results demonstrate that
the SERS-based LFA strip could efficiently identify SCCA and
CA125.

Specificity and reproducibility of SERS-based LFA for SCCA
and CA125

Specificity is considered a crucial parameter for the practical
application of the SERS-based LFA strip. Thus, to investigate the
specificity of this special integration strip, specific biomarkers
(SCCA and CA125) and nonspecific biomarker or protein (BSA,
glucose, avidin, tryptone, HMT and CRP) with the same
concentration (5 pg mL™') in PBS buffer were detected,
respectively. The intensities of the peaks at 1083 cm™ " and
1330 cm ™" were chosen to trace SCCA and CA125, respectively.
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According to the SERS spectra shown in Fig. 54, it can be seen
that SERS intensity of SCCA and CA125 was much higher than
that of the interferants. The histogram in Fig. 5B shows the
results more clearly using the peak intensity at 1330 cm ™. As
illustrated in Fig. 5C, two gray bands appeared in the presence
of SCCA and CA125, whereas only one pale gray band was
observed on the C line in the presence of the nonspecific
biomarker and protein, which is consistent with SERS results.

The reproducibility of the SERS-based LFA strip as another
crucial parameter was investigated under the optimal condi-
tions. The SERS spectra of five different SERS-based LFA strips
prepared at different times are shown in Fig. 6A. These SERS
spectra were almost no difference. The scattergram of the peak
intensity at 1083 cm™ ' and 1330 cm™ " is displayed in Fig. 6B,
where the deviation in the peak intensity at 1083 em ' and
1330 cm ' is 5.6% and 6.9%, respectively. Fig. 6C exhibits the
SERS spectra of four individual SERS-based LFA strips prepared
simultaneously. According to the scattergram shown in Fig. 6D,
the deviation in the peak intensity at 1330 cm ™" was calculated
to be 6.3%. These results demonstrate the high precision of the
SERS-based LFA strip. Therefore, the SERS-based LFA strip

possessed good specificity and reproducibility, which
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Fig. 6 (A) Reproducibility of SERS-based LFA strip prepared at different times. (B) Scattergram of the peak intensities at 1330 cm™ and
1083 cm™*. (C) Reproducibility of the SERS-based LFA strips prepared simultaneously. (D) Scattergram of the peak intensities at 1330 cm™* and
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demonstrate its high precision for the detection for SCCA and
CA125 in clinical fluid samples.

Quantitative detection of SCCA and CA125 in PBS buffer and
human serum

Under the above optimized conditions, the ability of the
developed SERS-based LFA strip for the quantitative analysis of
SCCA and CA125 was evaluated. SCCA and CA125 were dis-
solved together in PBS buffer to obtain the same final concen-
trations, which ranged from 10 pg mL™* to 10 ug mL~". With an
increase in the concentration of SCCA and CA125, more double-

In buffer

View Article Online
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antibody sandwich immunocomplexes were formed, which
means that more SERS immunoprobes were captured on the T
line, thus resulting in the color on the T line becoming darker
accordingly. Consequently, the SERS intensity concomitantly
increased with an increase in the concentration of SCCA and
CA125 (Fig. 7A). The peak intensity of 4-ATP at 1083 cm ™" was
measured and employed for the quantitative evaluation of the
SCCA concentration. In the range of 10 pg mL ™" to 10 pg mL ",
the SERS intensity was almost linear with the logarithm of SCCA
concentration (Fig. 7B) and the linear regression equation was y
= 1902.25x — 1625.80 (where the SERS intensity of the band at
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Fig.7 Opticalimages. (A) Corresponding SERS spectra of T lines. (B) Calibration curve of peak intensities at 1083 cm~* versus logarithm of SCCA
concentration (10 pg mL™ to 10 pg mL™ in PBS buffer and (C) and calibration curve of SERS intensity at 1330 cm ™" versus the logarithm of

CA125 concentration (10 pg mL™* to 10 pg mL™Y) in PBS buffer.
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1083 cm ' is represented by y and the logarithm of SCCA
concentration is represented by x) with a linear regression
coefficient of R> = 0.9958. Consequently, the limit of detection
(LOD) of the SCCA immunoassay using the SERS-based LFA
strip was estimated to be 7.156 pg mL ™" in PBS buffer. For the
quantitative analysis of the CA125 detection, the peak of DTNB
at 1330 cm ™! was monitored for the construction of a calibra-
tion curve for CA125, as displayed in Fig. 7C, which indicated
that the SERS intensity showed a good linear response to the

In blood
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logarithm of CA125 concentration. The linear regression equa-
tion was y = 1240.85x — 1062.51 (R*> = 0.9881) and the LOD was
as low as 7.182 pg mL ™" in PBS buffer.

To evaluate the feasibility of this special integration strip for the
analysis of human serum, various concentrations of SCCA and
CA125 (10 pg mL ™" to 10 pg mL ') were mixed in human serum
and detected by the SERS-based LFA strip. It can be seen from
Fig. 8A that the group of SERS spectra corresponding to different
SCCA and CA125 concentrations exhibit an increase as the
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Fig. 8 Opticalimages. (A) Corresponding SERS spectra of T lines. (B) Calibration curve for SCCA. Plot of peak intensity at 1083 cm ™ as a function

1

of SCCA concentration (10 pg mL™* to 10 pg mL™) in human serum. (C) Calibration curve for CA125. Plot of peak intensity at 1330 cm™ as
a function of CA125 concentration (10 pg mL™ to 10 ug mL™) in human serum.
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concentration increased, accompanied by the corresponding
darkening of the T line color. As displayed in Fig. 8B, the calibra-
tion curve showed that the SERS intensities at 1083 cm™ "' (4-ATP)
increased with the concentration of SCCA. The linear regression
equation and the linear regression coefficient were y = 1524.70x —
1384.61 and 0.9970, and the LOD was as low as 8.093 pg mL " for
SCCA in human serum. Fig. 8C illustrates the calibration curve
obtained by plotting the intensity of DTNB at 1330 cm™ " versus the
logarithm of SCCA concentration with a linear regression equation
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of y = 996.16x — 864.14 and a linear regression coefficient of R> =
0.9815, achieving an LOD of 7.370 pg mL ™" for CA125 in human
serum. Thus, base on these low LOD values, this method is suit-
able for practical clinical applications.

Clinical serum samples analysis

To demonstrate the detection accuracy and clinical practica-
bility of the proposed SERS-based LFA strip for simultaneously
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Fig.9 Average SERS spectra of the clinical serum samples from (A) healthy, (B) CINI subjects, (C) CINII subjects, (D) CINIII subjects and (E) cervical
cancer subjects. Histograms of the intensities of the peaks (F) at 1083 cm™! and (G) 1330 cm™1.
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Table 2 Comparison of the proposed SERS-based LFA strip with the
ELISA method

SERS-based

LFA strip ELISA Relative

(ng mL™) (ng mL™Y) error [%)]
Sample SCCA CA125 SCCA CA125 SCCA CA125
Healthy subjects 1.355 0.639 1.291 0.617 4.723 3.443
CINI 3.277 2.814 3.441 2.606 —4.766 7.376
CINII 5.916 5.502 5.733 5.379 3.093 2.236
CINIII 10.421 13.801 9.982 12.944 6.212 4.543
Cervical cancer 32.771 33.812 34.019 35.447 -3.667 —4.612

identifying SCCA and CA125, clinical serum samples from
healthy, CINI, CINII, CINIII and cervical cancer subjects were
studied. The whole measurement process could be completed
within 20 min. Fig. 9A-E reveal the average SERS spectra of the
clinical serum samples. Each spectrum is the result of averaging
30 different serum samples. The SERS signals of SCCA and
CA125 in the human serum from the cervical cancer subjects
were higher than that from the CIN (I, II and III) patients and
healthy subjects. Fig. 9F and G illustrate the histograms of the
peak intensities at 1083 cm™* and 1330 cm ™. As the disease
progressed, the SERS intensities at 1083 cm ' and 1330 cm™*
were both gradually augmented. ELISA, as a routine detection
method for biomarkers, was used to verify the accuracy of the
SERS-based LFA."”” The concentrations of SCCA and CA125 in
the clinical serum samples measured by the SERS-based LFA
and ELISA methods are compared in Table 2. The concentra-
tions of SCCA measured by the SERS-based LFA were 1.355 ng
mL™", 3.277 ng mL™ %, 5.916 ng mL~', 10.421 ng mL " and
32.771 ng mL™", while that of SCCA measured by ELISA were
1.291 ng mL™", 3.441 ng mL ™", 5.733 ng mL™", 9.982 ng mL ™"
and 34.019 ng mL~*. Compared with ELISA, the relative error of
the SERS-based LFA was 4.723%, —4.766%, 3.093%, 6.212% and
—3.667%, respectively. The relative standard deviations of the
two methods were 4.723%, —4.766%, 3.093%, 6.212% and
—3.667%, respectively. The concentrations of CA125 measured
by SERS-based LFA were 0.639 ng mL™*, 2.814 ng mL ™", 5.502
ng mL ™', 13.801 ng mL™ " and 33.812 ng mL™ ", while that of
CA125 measured by ELISA were 0.617 ng mL™ ', 2.719 ng mL ",
5.379 ng mL™ ', 13.174 ng mL ™" and 35.447 ng mL '. The
relative error of the two methods was calculated to be 3.443%,
7.376%, 2.236%, 4.543% and —4.612%, respectively. There was
no significant difference between the results given by these two
methods. The results confirmed the detection accuracy and
practicability of this special integration strip.

Conclusions

In conclusion, a novel SERS-based LFA strip for the ultrasensi-
tive simultaneous detection of SCCA and CA125 was developed,
which was based on the formation of PDA@Ag-NP aggregations
by immunoreaction on a single T line. PDA@Ag-NPs exhibited
a promising SERS enhancement effect, which was certified by

This journal is © The Royal Society of Chemistry 2020
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FDTD simulation, and modified with Raman reporters and
antibodies to be employed as SERS immunoprobes. By
measuring the peak intensity of 4-ATP at 1083 cm™ " and DTNB
at 1330 cm ™%, the concentrations of SCCA and CA125 in the
samples were quantitatively analyzed. In the concentration
ranged from 10 pg mL™" to 10 pg mL™ ", and the LOD of SCCA
and CA125 was 7.16 pg mL ™' and 7.18 pg mL ™" in PBS buffer,
respectively. The detection ability of practical clinical applica-
tions was investigated by analyzing SCCA and CA125 in human
serum, with the LOD of 8.03 pg mL " for SCCA and 7.37 pg
mL ™" for CA125. This established that the SERS-based LFA strip
also has high specificity and reproducibility. Clinical serum
samples collected from healthy, CINI, CINII, CINIII and cervical
cancer subjects were detected using the SERS-based LFA strip
and the detection was completed within 20 min. The results of
the SCCA and CA125 concentrations were consistent with ELISA
method, which demonstrated the accuracy of this strip for
practical use. Thus, considering these merits, the SERS-based
LFA strip can be employed as an inexpensive POCT detection
for analyzing multiple biomarkers in the early stage of cervical
cancer.
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