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We demonstrate the possible application of the sandwich type surface-enhanced Raman scattering (SERS) immuno-
assay using antigen-antibody binding for detection of prostate-specific antigen (PSA) in cancer cells. In this sandwich
type of SERS immunoassay, to capture antigens onto the immobilized layer of antibodies on the gold substrate we
prepared the monolayer of gold nanoparticles on the APTMS-derivatized surface of a glass slide by using the SAM
technique. This sandwich type of SERS immunoassay in which antigens on the substrate specifically capture antibodies
on a Raman reporter (DSNB coated gold nanoparticles with R6G) could successfully detect PSA at low levels. A
strong SERS spectrum of Raman reporter was observed only with a substrate in which PSA is present.
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Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy
has recently received much attention due to its considerable po-
tential in highly selective and sensitive detection of molecules
of interest even in single-molecule detection. 'Y SERS in which
the scattering cross-sections are dramatically enhanced for mole-
cules adsorbed on metallic nanostructure has been a promising
candidate for various applications in nanoscience and nano-
technology. Particular interest has thus been focused on applica-
tions of molecular sensors operating via SERS for biochemical
studies, clinical diagnoses, and environmental monitoring.28
Especially, SERS immunoassays based on antigen-antibody
binding have been reported for biomarkers for early cancer dia-
gnosis. 121821242630 Bor successful application of SERS immuno-
assays for biological sensors, people usually used novel metal
nanoparticles modified to integrate bioselective species (e.g.,
antibodies) with molecular labels for the generation of intense,
biolyte-selective SERS responses in immunoassays and other
bioanalytical applications.

Immunoassays, with high selectivity and affinity of antibody
molecules to their corresponding antigens, have been widely
exploited for analytical purposes in the field of clinical dia-
gnoses.3 150 Immunoassay readout methods have been based on
fluorescence, electrochemistry, chemiluminescence, Rayleigh
scattering, and Raman scattering. Fluorescence spectroscopy
has been one of the most widely used readout methods due to
its high sensitivity. Raman spectroscopy has inherent problems
such as extremely low sensitivity as an immunoassay readout
method. However, immunoassay based on SERS provides a high
sensitivity which is comparable to that of fluorescence spectro-

scopy.
Prostate-specific antigen (PSA), which is a glycoprotein con-
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sisting of one polypeptide chain, has been used as a serologic
marker for detecting prostate cancer. Some types of immuno-
assay for PSA have been reported, such as fluorescence micro-
scopy, surface plasmon resonance technology, lateral flow im-
munoassay, enzyme-linked immunosorbent assay (ELISA),
radioimmunoassay, immunochromatographic assay system, and
SERS based on immunoassays."” %" In this study, we
applied a sandwich type SERS immunoassay for the detection
of PSA with high sensitivity. It shows the possible application
of SERS immunoassay with monoclonal antibodies that is
sensitive enough for analysis of PSA in human blood samples
or cancer cells.

Experimental Section

Prostate-specific monoclonal antibody (anti-PSA-mAb) was
obtained from Boditech Co. (Korea). Prostate-specific antigen
(PSA), gold (IIT) chloride hydrate (HAuCL, 99%), sodium cit-
rate tribasic dehydrate (Naj citrate, 99%), and 3-aminopropyl
trimethoxysilane (APTMS, HoN(CH,)3Si(OCHj3)3, 97%) were
purchased from Sigma Aldrich at highest purity available and
used as received without further purification. N-hydroxysuccini-
mide (NHS), 1,3-dicyclohexylcarbodiimide (DCCD), and 5,5’-
dithiobis(2-nitrobenzoic acid) (DNBA) were purchased from
Alfa Aesar at the highest purity available and used as received
without further purification.

Gold colloidal nanoparticles were prepared by the aqueous
reduction of HAuClysolution (100 mL, 10 %) with trisodium
citrate solution (10 mL of 1%) using a process developed by
Frens.” The particle size of the gold colloidal nanoparticles can
be controlled by adjusting the amount of dropping solution. The
gold colloidal nanoparticle solution showed an absorption maxi-
mum near 523 nm. The size of the gold colloidal nanoparticles
was 13 - 20 nm from the high-resolution transmission electron
microscopy (TEM) images. Figure 1 shows a TEM image of
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Figure 1. TEM image of colloidal gold nanoparticles.

colloidal gold nanoparticles.

The high-resolution TEM images were obtained with a
JEOL JEM 2010 transmission electron microscope operated at
200 kV. Field emission scanning electron microscope (FE-SEM)
images were obtained with a Hitachi S-4300 field emission
scanning electron microscope operated at 15 kV. UV-vis ab-
sorption spectra were obtained with a Sinco S-3100 UV-vis
spectrometer.

SERS spectra were recorded using a Jobin Yvon/HORIBA
LabRam ARAMIS Raman spectrometer equipped with an in-
tegral BX 41 confocal microscope. The radiation from an air
cooled HeNe laser (632.8 nm) was used as an excitation source.
Raman scattering was detected with 180° geometry using a multi
channel air-cooled (~70 °C) charge-coupled device (CCD) ca-
mera (1024 x 256 pixels).

For the SERS immunoassay, rhodamine 6G (R6G) adsorbed
on colloidal gold nanoparticles was used as a Raman reporter
in this study. R6G is a well-known SERS dye, which has been
used in single-molecule detection. 5,5°-dithiobis (succinimidyl-
2-nitrobenzoate) (DSNB) was used for antibody conjugation
on to gold nanoparticles. DSNB was synthesized and DSNB-
coated Raman reporter was prepared by the method reported
earlier.">* Antibody was coupled to R6G adsorbed on gold
nanoparticles via the succinimidyl terminus of the DSNB-deriv-
ed coating.

To prepare to capture antibody substrates, a 3-aminopropyl
trimethoxysilane (APTMS)-derivatized surface of a glass slide
was prepared by using the self-assembled monolayer (SAM)
technique. SAM of APTMS was fabricated by immersing an
acid-cleaning of the glass slide substrate for 24 hours, and then
a successive gold nanoparticle layer was prepared by immers-
ing the APTMS-derivatized substrate in a colloidal gold nano-
paritcles solution for 24 hours.

Antibody was also adsorbed on the gold nanoparticle SAM
surface via the succinimidyl terminus of the DSNB-derived
coating. The PSA was conjugated onto the immobilized layer
of antibody on the gold nanoparticle SAM substrate by immerg-
ing antibody-derivatized substrate in PSA solution (in Tris
buffer) for 1 hour.
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Figure 2. Scheme of the sandwich type SERS immunoassay process.

Figure 3. FE-SEM image of the gold nanoparticle monolayer on the
APTMS-derivatized SAM substrate.

Results and Discussion

To demonstrate the possible application of SERS immuno-
assay for detection of antigen (PSA) in cancer cells, we perform-
ed the sandwich type SERS immunoassay process. Figure 2
depicts the scheme of the sandwich type SERS immunoassay
process used in this study. As shown in Figure 2, this sandwich
type of SERS immunoassay involves the immobilization of
captured antibodies on a Raman reporter (DSNB coated gold
nanoparticles with R6G), the conjugation of antigens onto the
immobilized layer of antibodies on the gold nanoparticle SAM
substrate, the immobilized antibodies capturing antigens on the
surface, and SERS detection of the Raman reporter on which
antigen is selectively conjugated with antibody.

Figure 3 shows a FE-SEM image of the gold nanoparticles
monolayer on the APTMS-derivatized SAM substrate. It can be
seen that the gold nanoparticles were homogeneously assembl-
ed on the APTMS-derivatized SAM substrate. This gold nano-
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Figure 4. SERS spectra of (a) R6G (10™° M) on colloidal gold nano-
particle, (b) the antibody (2 x 10* M) conjugated onto the DSNB coated
gold nanoparticles, and (c) PSA with antibody (2 x 10~ M) coupled
to DSNB coated gold nanoparticles.
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Figure 5. SERS spectra of Raman reporters of antibody on the sub-
strate in which (a) PSA is present and (b) PSA is not present.

particles monolayer is a good substrate to capture antibody in
this sandwich type of SERS immunoassay. By the specific anti-
gen-antibody interaction, the PSA was thus conjugated success-
fully with antibody on the gold nanoparticles monolayer via
the succinimidyl terminus of the DSNB.

Figure 4 shows the SERS spectra of R6G (10{’ M) on col-
loidal gold nanoparticles, the antibody (2 x 10° M) conjugated
onto colloidal gold nanoparticles via the succinimidyl terminus
of the DSNB-derived coating, and the captured antigen (PSA)
with antibody (2 x 10~ M) coupled to colloidal gold nano-
particles via the succinimidyl terminus of the DSNB-derived
coating. As shown in Figure 4, the SERS spectrum of R6G
adsorbed on colloidal gold nanoparticles is completely different
from those of antibody and PSA coupled with antibody. The
intensities of the Raman bands for R6G, even at very low con-
centration, are much stronger than those for the others. It means
that R6G could be a good Raman reporter for detection of PSA
by SERS immunoassay. In this study, R6G was thus used as a
Raman reporter due to the low level of detection sensitivity,

Bull. Korean Chem. Soc. 2010, Vol. 31, No. 5 1217

although the strongest Raman band at of DSNB on gold nano-
particles has been used as a Raman reporter for SERS immuno-
assay.

As mentioned above, the SERS immunoassay using antigen-
antibody binding is a powerful method for the detection of spe-
cific cancer detection. Figure 5(a) displays the SERS spectrum
of the immobilized Raman reporter of antibody on the substrate
of PSA captured with the immobilized antibody on the gold
nanoparticle SAM surface. The immobilized Raman reporter
of the antibody specifically extracts the available PSA when
PSA is present on a substrate that is an immobilized layer of
antibody on the gold naoparticle SAM surface. The SERS spec-
trum of the Raman reporter of antibody on the substrate of the
immobilized antibody on a gold nanoparticle SAM surface in
which PSA is not present is presented in Figure 5(b) for com-
parison. The bands at 1652, 1510, 771, and 609 cm ' assigned
to the characteristic Raman bands for R6G are observed only
for the substrate in which PSA is present as shown in Figure 5(a).
It means that antibodies on the Raman reporter are successfully
and selectively conjugated with antigen (PSA) on the immo-
bilized antibody on the gold naoparticle SAM surface. We could
finally detect PSA at very low levels (~ 1 pg/mL) by using this
SERS immunoassay method, which is within PSA concentration
in human blood samples. Therefore, this SERS immunoassay
method can be applied for sensitive detection of PSA in cancer
cells.

Conclusion

An effective detection method based on SERS immunoassay
using antigen-antibody binding has been introduced. For the
possible application of SERS immunoassay for detection of
antigen (PSA) in cancer cells, we performed the sandwich type
SERS immunoassay process. Very interestingly, to capture anti-
gen onto the immobilized layer of antibodies on the gold sub-
strate, we prepared a monolayer of gold nanoparticles on the
APTMS-derivatized surface of a glass slide by using the SAM
technique. This sandwich type SERS immunoassay involves
the immobilization of capture antibodies on a Raman reporter
(DSNB coated gold nanoparticles with R6G), the conjugation
of antigens onto the immobilized layer of antibodies on the
gold nanoparticle SAM substrate, the immobilized antibodies
capturing the antigens on the surface, and SERS detection of
the Raman reporter on which antigen is selectively conjugated
with antibody.

We demonstrate the potential of this sandwich type of SERS
immunoassay to detect PSA successfully at very low levels.
This powerful SERS immunoassay method would open a way
for detection of PSA in human blood samples or cancer cells.
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