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ABSTRACT: Surface-enhanced Raman scattering (SERS) is a spectral
detection technology with high sensitivity and detectivity and can be used
to detect the fingerprint information of the molecules with ultralow
concentration. Herein, a kind of immunostructure constructed by Ag
nanoparticle/porous carbon (Ag NP/PorC) films as the immunosubstrate
and Ag NCs as the immunoprobes was presented for ultralow level
prostate-specific antigen (PSA) detection. Experimentally, the Ag NP/
PorC film was first prepared with a facile method by carbonizing the
gelatin—AgNO; film in air, and Ag NCs were synthesized by the
hydrothermal method. Then, the Ag NP/PorC film was modified by PSA \ p
antibodies as the substrate, while Ag NCs were decorated by R6G and
PSA antibodies for probes. The sandwiched SERS detection embodiment
was constructed by the immunoreaction between the PSA and PSA
antibody predecorated on the substrate and probes. Our results show that
the proposed SERS-type immunoassay is highly sensitive and selective to a wide range of PSA concentrations from 107 to 10> g/
mL. Thereafter, it was also implemented to detect the PSA level in human serum, and the results successfully reproduce the PSA
levels as those measured by the chemiluminescence method with a recovery rate above 90%. All in all, this SERS-type immunoassay
provides a promising method for the early diagnosis of prostate cancer.
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1. INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is a non-
destructive spectrum analysis method with high sensitivity and
detectivity, which has been widely used to explore the

with different antigens and then they were used to detect the
phenotype of breast cancer cells by identifying the specific
cancer biomarkers expressed on the cellular membrane. Results
confirmed that multibiomarkers, namely, the anti-epithelial cell

vibrational spectroscopic fingerprinting of biomolecules,
environment pollutants, food additives, etc.'" " In the conven-
tional study, noble metal-based nanostructures are usually
designed and prepared for achieving notable enhancement of
Raman intensities.’ During the SERS measurement, the
incident laser interacts with the nanostructures and induces a
strong surface electromagnetic field. As a result, the intensities
of the analytes’ Raman spectra are significantly promoted.® For
example, Kim et al. synthesized the Au nanorods and
constructed a label-free SERS biosensing platform.” Then, it
was used to directly detect the immune status of individuals
vaccinated by AZD1222 through their tear samples. SERS
measurement on the specific biomarkers demonstrated that
high reproducibility (RSD < 3%), the femtomole-scale limit of
detection (1 X 107'* M), and high SERS enhancement of >10°
can be achieved. Moreover, Choi et al. developed a highly
sensitive and biocompatible SERS-type immunoassay with
Ag—Au hollow nanospheres for biomarker detection.” In the
experiment, the surface of the nanotags were first decorated
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adhesion molecule (EpCAM), anti-erythroblastic oncogene B2
(ErbB2), and anti-cluster of differentiation (CD44) that is
coexpressed on the breast cancer cells, can be sensitively and
specifically detected through the immunoreaction. Other than
the biomarkers, SERS-type immunoassay is also used to detect
the exosomes, cardiac troponin, and amyloid proteins in
Alzheimer’s disease, etc. Promising results with high sensitivity
and efficacy are obtained.”™"! However, at this stage, it is
worth noting that preparation of these noble metal
nanostructures with accurate morphologies and compositions
is always time-consuming. In addition, these noble metal
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nanostructures also face the challenges of large-scale
uniformity and reproducibility.'” Therefore, developing a facile
and effective approach for novel substrates is essentially
important for SERS detection.

Prostate cancer is one of the top-ranking cancers for the
male gender aged over 50 years. Early in 1994, the prostate-
specific antigen (PSA) test had been approved by the U.S.
Food and Drug Administration (FDA) to be used in
conjunction with a digital rectal exam (DRE), aiding in the
detection of prostate cancer. More recently, the PSA has been
recognized as an effective biomarker for early prostate cancer
screening, and yearly PSA level testing for prostate cancer has
been highly recommended by many doctors and professional
organizations."> PSA screening increases the detection of
prostate cancer of any stage and meanwhile reduces prostate
cancer-specific mortality."" Medically, the PSA is a kind of
kallikrein-like serine protease, and its level in patients’ serum is
closely related to the severity level of various prostate-related
diseases. In addition, the PSA levels of older men will increase
due to physiological change with the increase of age.
Therefore, rapid and accurate detection of the ultralow PSA
level is an attractive approach to identify prostatitis, BPH, and
prostate cancer.”> Presently, the criteria of medical inspection
standards are that PSA levels of 4.0 ng/mL and lower are
considered normal, while higher PSA levels above 10 ng/mL
indicate a high risk of prostate cancer, and a prostate biopsy is
highly necessary to make a definite diagnosis. In addition,
recent medical treatment also suggests that the detection limit
of PSA levels as low as subnanograms is also an essential for
monitoring the response of the body to the antiprostate cancer
drugs or the effectiveness of radical prostatectomy. Nowadays,
to examine the PSA concentration level, methods like
electrochemiluminescence, mass spectrometry, photoelectro-
chemical immunosensor, fluorescence immunoassay, and
amperometric immunoassay are widely used in the hospi-
tal.'*72° However, disadvantages like photobleaching effects,
high cost of labor, and time remain challenges for point-of-care
testing application. Recently, it is demonstrated that a SERS-
type immunosensor possesses high sensitivity and detectivity
for PSA detection and has received much attention.”'~** For
example, Zhao et al. designed a novel SERS chip with arrays of
polystyrene colloidal sphere@Ag (PS@Ag) shells for PSA
detection.”* In the experiment, the complementary DNA chain
and PSA aptamer (Apt) were first immobilized on a chip and
then methylene blue molecules were linked to the aptamer as
the Raman reporter. PSA-Apt recognition leads to the breaking
of the MB-Apt linkage. As a result, the SERS intensity decrease
correlates with the PSA concentration. The proposed
biosensor shows high detectivity and sensitivity with a recovery
rate above 93%. However, like most of the cases reported in
the literature, facile preparation of the substrates with larger-
area uniformity is quite a challenge.

Herein, we developed a kind of SERS-type immunoassay for
PSA detection. In the experiment, the immunostructure was
constructed by Ag nanoparticles (Ag NCs) as the probe and
Ag nanoparticle-decorated porous carbon (Ag NP/PorC) films
as the immunosubstrate, for rapid and accurate detection of the
ultralow level PSA. Experimentally, Ag NP/PorC films were
first prepared with a facile method by carbonizing gelatin—
AgNO; films in air, and Ag NCs were synthesized by the
hydrothermal method. Then, the Ag NP/PorC film was
modified by the PSA antibody as the substrate, while Ag NCs
were decorated by R6G and PSA antibodies for probe using.

Thereafter, a sandwiched SERS detection embodiment was
constructed by the immunoreaction between the PSA and PSA
antibody. Our results show that the proposed SERS-type
immunoassay is highly sensitive and selective to a wide range
of PSA concentrations from 107> to 1071 g/mL. Moreover, to
verify the practical effectiveness of the above sensing protocol,
it was implemented to investigate the PSA level in human
serum samples, and the detection results successfully
reproduce the specific PSA levels as those measured by the
chemiluminescence (CL) method with a recovery rate above
90%. All in all, this SERS-based immunoassay would provide a
promising approach for the early diagnosis and disease status
monitoring.

2. MATERIALS AND METHODS

Gelatin (99%) and glucose (C4H ;04 99%) were received
from Macklin Biochemical Co., Ltd. Silver nitrate (AgNO,,
99.8%) and aqueous ammonia (NH;-H,0, >25—28%) were
supplied by Sinopharm Chemical Reagent Co., Ltd. PSA and
anti-PSA antibodies were provided by Beijing KEY-BIO
Biotech Co., Ltd. 1-(3-Dimethylaminopropyl)-3-ethylcarbodii-
mide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
phosphate buffered saline (PBS, pH 7.0), Tween 20 buffer
solution (0.05 M Tris, 0.138 M NaCl, 0.0027 M KCI, 0.05%
Tween 20, pH 8), cetyltrimethylammonium bromide (CTAB,
99%), tris-buffered saline (TBS, 0.05%), rhodamine 6G
(R6G), and bovine serum albumin (BSA) were obtained
from Sigma-Aldrich. During the experiment, all chemicals were
used without purification, and Milli-Q water (18.2 MQ cm)
was used to prepare the solutions throughout the experiment.

3. SYNTHESIZING

3.1. Immunoprobe. 3.1.1. Synthesis of Ag NCs. Ag NCs
were synthesized by a simple hydrothermal method. In the
experiment, [Ag(NH3)2]OH solution (10 mM) was first
prepared. Specifically, ammonia was added into an aqueous
solution of AgNO; (0.17 g) until the color of the solution
changed from brown to transparent. Thereafter, extra ultrapure
water was added to the solution, forming a total volume of 20
mL of solution. After this, S mL of [Ag(NHj;),]OH, S mL of
CTAB (75 mM), and 10 mL of glucose (1.5 mM) aqueous
solution were mixed and transferred to a 25 mL autoclave and
then sealed and kept at 120 °C for 8 h. After the reaction
completed, the autoclave was cooled to room temperature
naturally, and the precipitates were collected by centrifugation
at 6000 rpm.

3.1.2. Immunoprobe of R6G-Labeled Ag NCs. To prepare
the R6G-labeled Ag NCs, 20 uL of R6G solution (10 mM) was
added into 1 mL of Ag NC solution (2 mg/mL), the mixture
was subjected to ultrasonic vibration for S min and then kept at
23 °C for 12 h to promote the combination between R6G and
Ag NCs. Afterward, the above mixture was centrifuged at 6000
rpm for 10 min and washed several times to remove
unconjugated molecules. Thereafter, the precipitates were
redispersed into 1 mL of NHS/EDC (0.02/0.08 M) PBS
solution and kept at 37 °C for 60 mins to modify the surface of
Ag NCs. After this, the mixture was centrifuged at 6000 rpm
for 10 min, then the precipitates were redispersed into 1 mL of
PBS solution (PBS/H,O = 1/4), and stored at 4 °C.
Thereafter, 20 uL of anti-PSA antibodies (0.2 mg/mL) were
added into the solution to promote the cross-linking via static
and hydrophobic interactions for 1.5 h. After this, the excessive
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antibody was separated by centrifugation. Then, 10 uL of BSA
PBS solution (3%) was injected into the mixture solution,
reacting for 60 min to fully block the exposed sites of R6G-
labeled Ag NCs. Then, the redundant BSA was removed by
centrifugation, the precipitates were redispersed in 1 mL of
PBS aqueous solution, and stored at 4 °C for future use.”®

3.2. Immunosubstrate. 3.2.1. Synthesis of Gelatin—
Silver Nitrate Films. In the first step, 2 g of gelatin was put into
20 mL of Milli-Q water; thereafter, it was transferred to a 50
°C water bath and magnetically stirred for 2 h. Thereafter, 0.2
g of AgNO; was introduced into the above solution and stirred
for another 10 min. For the purpose of fabricating the gelatin—
AgNOj; thin films, 50 uL of gelatin—AgNO; solution was
dropped on the silicon substrates (1 X 1 ¢cm?) and then spin-
coated at a speed of 800 rpm for 40 s. After this, the prepared
substrates were kept in an oven at 80 °C for 60 min to fully
expel out the water.

To fabricate the Ag NP/PorC films, the above prepared
substrates were first dehydrated at 200 °C on the hot plate in
an air atmosphere for 60 min. Then, the hot plate was raised to
400 °C and held at that temperature for another 30 min to
promote the carbonization process. In the end, the substrate
was cooled down naturally in air. To prepare the control
sample without Ag, pure gelatin thin films were carbonized
with the same processes without adding AgNOj; in the gelatin
solution.

3.2.2. Immunosubstrate of Ag NP/PorC Films. In the
preparation of the immunosubstrate based on Ag NP/PorC
films, the Ag NP/PorC substrate was first soaked in 10 mL of
NHS/EDC (0.02/0.08 M) PBS solution, kept at 37 °C for 60
min, and then washed in PBS solution for three times. Second,
20 uL of anti-PSA antibodies (0.2 mg/mL) were dropped on
the substrate, keeping at 4 °C for 12 h. After this, the resulting
substrate decorated with antibodies was cleaned with TBS,
PBS, and Milli-Q water to eliminate the residual protein on the
surface. In the end, 10 uL of BSA solution (3 wt %) was used
to block the exposed sites and then the obtained immunosub-
strate was stored at 4 °C.

3.3. Immunoassay Process. A kind of sandwichlike
structure was constructed to perform the immunoassay. In
detail, the immunoprobe of R6G-labeled Ag NCs was linked to
the immunosubstrate of Ag NP/PorC films through immuno-
reaction, as shown in Scheme 1. Experimentally, 20 uL of PSAs
in PBS solution were dropped onto the prepared immunosub-

Scheme 1. Constructing the Sandwichlike Structure for
SERS-Based Immunoassay

Raman investigation

SERS-based immunoassay
PSA detection

AgNCs @ R6G P BSA Y Anti-PSAantibody @ PSA

Q Ag NPs/Pro C

strate. Thereafter, the substrate was kept at 37 °C, reacting for
2 h to help the immunoreaction between the antigen and
antibody. Thereafter, PBS, TBS, and Milli-Q water were used
to clean the excessive antigen on the substrate. After this, 20
uL of R6G-labeled Ag NC immunoprobes were dropped onto
the immunosubstrate and then kept at 4 °C for 2 h to further
help the formation of the sandwiched immunostructure.
Finally, the whole sandwiched immunostructure was washed
with water and then kept in a vacuum drying oven at 23 °C for
1h

3.4. Measurement. A field-emission scanning electron
microscope (SU-70, Hitachi) with S kV accelerated voltage
was used to discern the microstructure of samples. A
transmission electron microscope (Tecnai G2 F20, FEI) was
used to detect the structures and crystal phases of samples.
Meanwhile, the optical absorption spectra were investigated on
a UV—vis spectrometer (TU-1901, Pgeneral). SERS spectra
were measured by a QE Pro spectrometer (Ocean Optics,
USA). In the measurement, the wavelength of the excitation
source was 532 nm with a power of 30 mW. The integration
time was set to 10 s, and a 50X objective lens was used.

4. RESULTS AND DISCUSSION

The optical images of the prepared Ag NP/PorC film were first
collected. Since the main component of the film is carbon, thus
it is in dark color (Figure Sla). Furthermore, smooth surface
without any dirty spot can be observed under a high
magnification optical microscope (100X). Thereafter, scanning
electron microscopy (SEM) detection was used to discern the
nanostructure of the Ag NP/PorC film. In Figure 1aj, it can be

Intensity (a.u.)
o

No

1 2 3
Energy (KeV)

0.5 pm

Figure 1. (a) SEM images of the Ag NP/PorC film with different
magnifications; (b) SEM images of PorC with different magnifica-
tions; (c) energy-dispersive spectroscopy (EDS) spectrum detected
on the Ag NP/PorC film; and (d) EDS mapping detected on the Ag
NP/PorC film.

observed that Ag NPs randomly grow on the surface of the
film. The high magnification image in Figure laii further
reveals that the Ag NPs are embedded in the carbon film, and
the size is about 500 nm. At this time, it worth mentioning that
the Ag NPs and the carbon film form microcavities, which may
help capture the analyte, and then the Raman vibration of
molecules are amplified by the intense electromagnetic field
formed on the Ag NPs. On the other hand, the SEM images
obtained on pure carbon are shown in Figure 1b, and the
porous characteristics of the carbon film can be observed. EDS
was used to detect the element on the film. It is shown in
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Figure 1c that C and Ag elements are conformably detected.
Moreover, the element mapping spectra in Figure 1d further
confirm that the Ag element is uniformly distributed on the
entire surface of the film, while the Ag NPs are randomly
inlayed in the carbon film. Next, transmission electron
microscopy (TEM) was used to investigate Ag NCs. Figure
2a clearly confirms that the synthetical process has successfully

(200) =
(220) »

(222) »

Figure 2. (a and b) TEM images of the Ag NCs with different
magnifications; (c) HRTEM image of the Ag NC; and (d) SAED

image.

induced the anisotropic growth of the nanoparticle and the
obtained product are in cubic shape. Specifically, Figure 2b
shows that the size of the Ag NCs is about 50 nm, and high-
resolution TEM (Figure 2c) further reveals the lattice fringe is
0.217 nm. In addition, the selected area electron diffraction
(SAED) was also measured. As shown in Figure 2d, bright
spots evidence the good crystalline structure.”

To investigate the SERS performance of the prepared Ag
NP/PorC film, R6G solution with a concentration of 107+ M
was used as a Raman reporter. The SERS spectra on the
substrates were collected and are shown in Figure 3a.
Characteristic Raman peaks belonging to R6G are all detected.
In detail, the Raman peaks observed at 608 and 772 cm™" can
be assigned to the aromatic band breathing, and the Raman
vibration detected at 1183 cm™! is attributed to the aromatic
C—H bond bending.27 In addition, the Raman peak located at
1360 cm ™" is from C—C bridge band stretching. Moreover, the

Raman vibrations observed at 1507 and 1646 cm™ belong to
the aromatic C—C stretching. Meanwhile, the enhancement
factor is also calculated to be 10° (see the method of
calculating the enhancement factor in the Supporting
Information), which evidences the attractive Raman enhance-
ment capability of the Ag NP/PorC film. In addition, the SERS
spectra on the Ag NCs were also recorded. As the interaction
between the Ag NCs and incident light is strong, which
produces an intense surface electromagnetic field, thus
excellent Raman enhancement capability can be obtained as
well (Figure 3b).**

The immunostructures were prepared by using the Ag NCs
as probes, and Ag NP/PorC films, pure Ag films, and pure
porous carbon films were also used as the substrate,
respectively. Also, in the experiment, PSA solution with 10
pug/mL was used to link the substrate and the probes. After the
successful linking reaction, the SERS spectra of the prepared
sandwiched were recorded. Figure 4a shows the collected
spectra on the immunostructures. It can be found that the
immunostructure constructed by Ag NC—Ag NP/PorC films
processes the best SERS enhancement. On the other hand, the
Ag NC—pure Ag film and Ag NC—pure porous carbon film
show inferior sensitivity. Moreover, the peak intensity at 1360
cm ™! was extracted and is shown in Figure 4b, and the Raman
signal observed on the Ag NC—Ag NP/PorC film is about 1.56
times and 2.31 times higher than those observed on Ag NC—
pure Ag films and Ag NC—pure porous carbon films,
respectively. This significantly improved performance could
be ascribed to the synergetic effect induced by the excellent
absorption capability of the porous film and the high surface
electromagnetic field produced by the Ag NP and Ag NC
coupling, while on the Ag NC—pure Ag film, the number of
captured Ag NCs may be less than that on the Ag NP/PorC
film (see Figure S2), while on the Ag NC—pure porous carbon
film, less Ag NPs are present, thus the surface electromagnetic
field is much weaker, which shows feeble Raman enhancement.

As the Ag NC—Ag NP/PorC immunostructures show the
best performance, therefore, they were used in the next
detection, and the limit of detection as well as the specificity of
the detection was evaluated, respectively. Figure Sa shows the
SERS spectra measured when the concentration of PSA
decreases from 107 to 107'* g/mL. Clearly, as a sandwiched
immunostructure (Scheme 1), the number of attached Ag NCs
on the substrate is determined by the PSA concentration under
the test; therefore, the intensities of R6G Raman peaks are
tightly correlated with the PSA concentrations.'* It can be
observed that the lowest detectable concentration is stopped at
10""? g/mL, which indicates that the lower limit of detection
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Figure 3. (a) SERS spectrum measured on the Ag NP/ProC film with 107* M R6G molecules. (b) SERS spectrum measured on the Ag NC film

with 10 M R6G molecules.
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18527 https://doi.org/10.1021/acsomega.3c00230
ACS Omega 2023, 8, 18523—-18529


https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00230?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

can reach 10712 g/mL. At this moment, it is worth mentioning
that the obtained high sensitivity of this immunostructure
fundamentally ensures the true positive rate. Additionally, the
peak intensity at 1360 cm™' is plotted versus the PSA
concentrations.”” Excellent linear functions (R? = 0.989) of the
SERS response from 107 to 107'* g/mL could be obtained
(Figure Sb). In addition, the SERS signal uniformity was
evaluated by measuring S0 points on a 500 X 500 ym? area. As
shown in Figure Sc,d, an excellent RSD of 7.96% is achieved,
indicating the good uniformity of the substrate.

Furthermore, the specificity of the immunoassay is also
investigated. In the experiment, cancer antigen 125 (CA12S),
carcinoembryonic antigen (CEA), and FER (ferritin) were
used to construct the immunostructures. As ascribed to the
high specificity of antigen—antibody reactions, the SERS
measurement results in Figure 6a reveal that the Raman peak
intensities obtained with CA125, CEA, and FER are much
lower than that obtained when detecting the PSA. Taking the
Raman peak at 1360 cm™ as the benchmark, the intensity
when detecting the PSA is about four times higher than those
recorded when detecting CA12S, CEA, and FER, and ascribed
to this high specific detection capability, it can largely
guarantee the true negative rate.

In the end, to verify the practical usage of the proposed
immunoassay, the proposed immunostructure was imple-
mented to discern the PSA levels in the human serum. First,
the serum of patients with prostate cancer and normal people
were collected, and the PSA levels of the samples were first
detected by the CL method. The detected PSA concentration
for the patient is about 11.3 ng/mL, while the concentration
detected on normal cases is 1.23 and 0.01S ng/mlL,
respectively. Thereafter, the above samples were subjected to
immunoassay by using the proposed sensing platform. Figure
6¢,d shows the measured SERS spectra. As expected, apparent
Raman signals are recorded, and based on the concentration
difference, the Raman peak intensity is closely related to the
target molecule concentration. Thereafter, the measured
Raman signal intensities were compared with the reference
intensity that was calculated through the fitting curve. Figure
6d shows that the recovery for the relatively high PSA case is
about 98%, whereas it is around 90% for the extremely low
case. The above results indicate the high reliability of the
proposed immunostructures for early diagnosis.

5. CONCLUSIONS

To summarize, an immunoassay platform based on Ag NC—Ag
NP/PorC sandwiched structures is presented for PSA
detection. By implementing the SERS technique, it shows
that the proposed immunoassay is highly sensitive and selective
to PSA in a wide range of concentrations from 1075 to 10712 g/
mL, and a lower limit of detection was also determined to be
102 g/mL. Moreover, it is also implemented to detect the
PSA level in human serum, and the detection results
successfully reproduce the specific PSA levels as those
measured by the CL method with the recovery rate above
90%. In a word, this SERS-based immunoassay provides a
promising method for the early accurate diagnosis.
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