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ABSTRACT: Accurate analysis of specific biomarkers in
clinical serum is essential for early diagnosis and treatment
of cancer. Here, a surface-enhanced Raman scattering
(SERS)-based immunoassay, using magnetic beads and
SERS nano tags, was developed for the determination of
free to total (f/t) prostate specific antigen (PSA) ratio to
improve the diagnostic performance of prostate cancer. To
assess the clinical applicability of the proposed method,
SERS-based assays for the simultaneous detection of dual
PSA markers, free PSA (f-PSA) and complexed PSA (c-
PSA), were performed for clinical samples in the gray zone
between 4.0 and 10.0 ng/mL. Our assay results for f/t PSA
ratio showed a good linear correlation with those measured
using the electrochemiluminescence (ECL) system installed in the clinical laboratory of the University Hospital. In
addition, the simultaneous assay provided better precision than parallel assays for the detection of f-PSA and c-PSA in 13
clinical serum samples. Therefore, our SERS-based assay for simultaneous detection of dual PSA markers in clinical fluids
has strong potential for application in the accurate diagnosis of prostate cancer.
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Prostate cancer is the second leading cause of cancer
death in the United States. The most commonly used
test for prostate cancer is a prostate specific antigen

(PSA) test, that measures the level of total PSA (t-PSA) in
blood serum.1 However, it is known that the PSA blood test is
not specific for prostate cancer because t-PSA can be increased
due to other factors including benign prostatic hyperplasia
(BPH) or prostatitis as well as prostate cancer.2,3 Thus, medical
doctors cannot make a final decision of whether a man has life-
threatening prostate cancer based only on an elevated level of t-
PSA. Consequently, t-PSA testing alone is not sufficient to
accurately diagnose prostate cancer.4 Most of the PSA protein
released into the bloodstream is attached to other blood
proteins. Some of the PSA forms complexes with the serum
protease inhibitor α1-antichymotrypsin to create a bound form
called complexed PSA (c-PSA).5 PSA that does not combined
with other proteins is known as free PSA (f-PSA). It has been

reported that the level of f-PSA is decreased in men who have
prostate cancer compared with those with benign conditions.
Therefore, the free to total PSA ratio can be additionally used
in clinical diagnostics to discriminate between prostate cancer
and BPH.6−8 This is particularly useful for patients with a t-PSA
level that falls in the “diagnostic gray zone” between 4.0 and
10.0 ng/mL.9,10 From a clinical point of view, higher t-PSA
level and lower percentage of f-PSA are associated with a higher
risk of prostate cancer.
Therefore, detection of both f-PSA and c-PSA in serum is

crucial for the accurate diagnosis of prostate cancer. Various
immunoassay technologies including enzyme-linked immuno-
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sorbent assay (ELISA),11 fluorescence immunoassay,12 surface
plasmon resonance,13 electrochemical immunosensor,14 dark
field microscopy,15 chemiluminescence,16 and dynamic light
scattering17 have been employed for the quantitative analysis of
f-PSA and c-PSA. Through these techniques, however,
detection of only a single biomarker per assay is possible, and
two parallel immunoassay experiments must be performed for
the estimation of both PSA levels.13,16

In recent years, a surface-enhanced Raman scattering
(SERS)-based immunoassay technique using functional metal
nanoparticles has attracted much interest due to its high
sensitivity and multiplex detection capability.19−23 When
Raman reporter molecules adsorbed on nanoparticle surfaces
are exposed to a single excitation light source, the incident light
field is significantly enhanced at SERS active sites known as
electromagnetic “hot junctions” by localized surface plasmon
effects.24,25 This enhancement effect has overcome the
problems of low sensitivity inherent to conventional
fluorescence or luminescence-based assay techniques.26−28

Moreover, simultaneous detection of multiple biomarkers is
possible in Raman spectroscopy since Raman peaks are much
narrower than fluorescence emission bands.29,30 In the present
study, simultaneous detection of f-PSA and c-PSA markers in
blood serum was performed using a SERS-based immunoassay
technique. As described above, determination of f-PSA/t-PSA
ratio is important for accurate diagnosis of prostate cancer,
especially for patients with a t-PSA level in the gray zone.9,10

For this purpose, two different types of SERS nano tags, one for
f-PSA and the other for c-PSA, were prepared, and then
magnetic sandwich immunocomplexes were formed for both
PSA markers. To assess the feasibility of our proposed assay
technique as a clinical tool in prostate cancer diagnosis, the
SERS-based assay results for 30 clinical samples were compared
with those measured by electrochemiluminescence (ECL)
assay. In particular, we focused on the detection consistency
between the methods especially for the 13 clinical samples in

which the t-PSA level was in the diagnostic gray zone. Some of
the methods referenced have been multiplexed13,16 but are not
real simultaneous detection of both PSA markers. In the
present work, however, simultaneous detection of dual PSA
markers in blood serum was achieved using SERS-based assays
under single wavelength excitation. It provides advantages over
conventional methods, such as reduced sample consumption,
rapid detection time, high detection throughput, and low cost
per assay.6,18 We expect that this approach will provide another
insight into the accurate diagnosis of prostate cancer.

RESULTS AND DISCUSSION

Figure 1 shows the sequential process for fabricating two
different types of antibody-conjugated SERS nano tags
(detection probes) and t-PSA-conjugated magnetic beads
(capture substrates) for the simultaneous detection of f-PSA
and c-PSA. In Figure 1a, malachite green isothiocyanate
(MGITC) and X-rhodamine-5-(and-6)-isothiocyanate
(XRITC) (Raman reporter molecules) were respectively
immobilized on the surfaces of gold nanoparticles (AuNPs).
SH-PEG-COOH was used for the conjugation of antibodies.
Finally, f-PSA and c-PSA antibodies were immobilized on the
surfaces of AuNPs through 1-ethyl-3-(3-(dimethylamino)-
propyl) carodiimide (EDC)/N-hydroxysuccinimide (NHS)
coupling. Carboxylic acid-functionalized magnetic beads were
used for the fabrication of capture substrates. The surfaces of
the magnetic beads were activated by EDC and NHS, and then
t-PSA antibodies were immobilized on their surfaces as shown
in Figure 1b. These t-PSA antibodies capture both f-PSA and c-
PSA antigens in blood serum through antibody−antigen
reactions. Figure 1c shows a transmission electron microscopy
(TEM) image of SERS nano tags. The diameter was estimated
to be 43 ± 5 nm. Dynamic light scattering (DLS) and UV−vis
measurements were also performed to confirm the size
distribution of AuNPs and antibody-conjugated SERS nano
tags as shown in Figures 1d and e. The average diameter of

Figure 1. (a) Sequential process for fabricating two different types of antibody-conjugated SERS nano tags. (b) Antibody immobilization on
the surface of a magnetic bead. (c) TEM image of SERS nano tags. (d) DLS distributions of AuNPs (black) and SERS nano tags (red). (e)
UV−vis spectra for AuNPs (black) and SERS nano tags (red).
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AuNPs increased from 43 to 52 nm after antibody conjugations
according to the DLS data in Figure 1d. UV−vis spectral data
also demonstrated that the surface plasmon band was slightly
shifted from 530 to 531 nm upon antibody conjugation. Figure
2 displays the Raman spectra of f-PSA antibody/MGITC-

labeled AuNPs (green, (i), c-PSA antibody/XRITC-labeled
AuNPs; red, (ii) and their 1:1 (v/v) mixture; purple, (iii)).
Here, the characteristic Raman peaks of MGITC (1614 cm−1)
and XRITC (1646 cm−1) were used for quantitative evaluation
of f-PSA and c-PSA markers in serum, respectively because

there is no overlap between the two peaks, as shown in the
Raman spectrum for the mixture (iii).
Figure 3 illustrates the SERS-based assay process for the

simultaneous detection of f-PSA and c-PSA. When a clinical
serum containing f-PSA and c-PSA antigens was mixed with t-
PSA-conjugated magnetic beads in a microtube, both antigens
were captured on the surface of magnetic beads through
antibody−antigen reactions. Next, f-PSA antibody/MGITC-
labeled AuNPs (i) and c-PSA antibody/XRITC-labeled AuNPs
(ii) were added to form sandwich immunocomplexes. These
magnetic immunocomplexes were separated using a magnetic
bar, and the Raman signals for each SERS nano tag were
measured and analyzed for quantitative evaluation of f-PSA and
c-PSA in blood serum. In this way, simultaneous detection of
dual PSA markers could be achieved.
Minimum interference between two antibody/antigen sets is

important for a multiplex immunoassay. To test the cross
reactivity between f-PSA and c-PSA antigens, the concentration
of f-PSA was kept constant at 10 ng/mL, whereas five different
concentrations of c-PSA in the 1−10 ng/mL range were
prepared and then two antigen solutions were mixed together.
Each solution mixture was added to t-PSA antibody-conjugated
magnetic beads and incubated for 30 min at room temperature.
Finally, f-PSA and c-PSA SERS nano tags were added for
formation of the two different types of immunocomplexes, and
their Raman signals were measured. Figure 4a shows the
corresponding Raman peak intensity changes for f-PSA and c-
PSA. Here, the characteristic Raman peaks for MGITC (1614
cm−1) and XRITC (1646 cm−1) were used to monitor the
quantity of each PSA antigen. The assay results indicate that the
Raman intensity changes strongly depend on the concentration
of f-PSA and c-PSA, and there was no serious cross reactivity
between them because the Raman intensity for f-PSA (MGITC

Figure 2. Raman spectra of (i) f-PSA antibody/MGITC-labeled
AuNPs, (ii) c-PSA antibody/XRITC-labeled AuNPs and (iii) their
1:1 (V/V) mixture. Characteristic Raman peaks of MGITC (1614
cm−1) and XRITC (1646 cm−1) were used for quantitative
evaluation of f-PSA and c-PSA markers in serum, respectively.

Figure 3. Sequential SERS-based assay process for the simultaneous detection of f-PSA and c-PSA. (i) Mixing of f-PSA, c-PSA, and t-PSA
antibody-conjugated magnetic beads. (ii) Addition of SERS nano tags to form sandwich immunocomplexes. (iii) Separation of magnetic
immunocomplexes using a magnetic bar. Simultaneous detection of (iv) f-PSA and (v) c-PSA.
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at 1614 cm−1) remained constant irrespective of f-PSA
concentration, while the Raman intensity of XRITC at 1646
cm−1 concomitantly increased with the increase of c-PSA
concentration. Figure 4b also demonstrates the variations in
Raman intensity for different molar ratios of f-PSA and c-PSA
(9:1, 8:2, 7:3, 6:4, and 5:5). The results indicate that there is a
linear correlation between the concentration of each PSA and
corresponding Raman intensity. These data confirm that the
proposed SERS-based assay can be used for quantitative
evaluation of both PSA biomarkers. Figure 4c shows TEM
images before and after formation of magnetic immunocom-
plexes (5:5 mixtures of f-PSA and c-PSA).
Before the simultaneous detection of f-PSA and c-PSA in

clinical sera, we performed a SERS-based assay of t-PSA in 30
clinical samples collected from Korea University Medical
Center in order to assess the clinical feasibility of our SERS-

based immunoassay. All clinical samples were handled in
accordance with approved Institutional Review Board (IRB)
protocols at the hospital. To obtain a standard calibration curve
for t-PSA, various concentrations of t-PSA were spiked into
commercially available steroid-free human serum. Raman signal
intensity in the absence of t-PSA was used as a control. Figure
S1a shows the Raman spectra of 12 different concentrations of
t-PSA in commercial human serum. The concentration of t-
PSA ranged from 0.001 to 200 ng/mL, and the characteristic
Raman peak of MGITC at 1614 cm−1 was monitored for
construction of a calibration curve for t-PSA as shown in Figure
S1b. The t-PSA concentration in real clinical serum samples
was determined from this calibration curve. Our results of the
SERS-based t-PSA assay for 30 clinical samples were compared
with values measured using the COBAS ECL assay system
installed at the clinical laboratory of the hospital (Table S1).

Figure 4. (a) TEM images of magnetic beads before and after the formation of magnetic immunocomplexes at a 5:5 molar ratio mixture of f-
PSA and c-PSA. (b) Cross reactivity test for f-PSA and c-PSA antigens. The concentration of f-PSA was kept constant at 10 ng/mL with five
different concentrations of c-PSA in the 1−10 ng/mL range. Raman peak intensity (MGITC at 1614 cm−1) for f-PSA was constant regardless
of c-PSA concentration, but the Raman intensity of XRITC at 1646 cm−1 concomitantly increased with the increase in c-PSA concentration.
(c) Raman intensity variations for different molar ratios of f-PSA and c-PSA (9:1, 8:2, 7:3, 6:4, and 5:5).

Figure 5. (a) Raman spectra for various concentrations of f-PSA and c-PSA spiked into human serum. Concentration ranges of f-PSA and c-
PSA were 5.0 pg/mL−50 ng/mL and 45.0 pg/mL−450 ng/mL, respectively. (b) Raman peak intensity variations with increase in f-PSA and c-
PSA concentrations in the 1560−1680 cm−1 range. (c) Corresponding calibration curves for f-PSA and c-PSA. The error bars indicate
standard deviations of five measurements.
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The results of t-PSA measured from the SERS-based assay were
consistent with those measured from the ECL system within
the clinical acceptable range. Passing-Boblok regression analysis
was performed to evaluate the similarity between SERS and
ECL-based assay results. The plots in Figure S2 demonstrate a
good agreement between the two analytical methods since the
data points show a strong linear relationship.
As described in the Introduction Section, however, the t-PSA

test is not specific for prostate cancer because t-PSA can be
elevated due to factors other than prostate cancer. In particular,
it is dangerous to confirm the diagnosis of prostate cancer when
the t-PSA level falls in the diagnostic gray zone. Many studies
showed that multiplexed detection of biomarkers is important
for the clinical diagnostics of prostate cancer. In this work, we
developed a SERS-based assay technique for the duplex
detection of f-PSA and c-PSA in clinical serum. On the basis
of our SERS-based assay results, we confirmed that
simultaneous duplex detection of both PSA markers (f-PSA
and c-PSA) can lead to more efficient and reliable in vitro
diagnostics of prostate cancer than single marker (t-PSA) test.
In addition, our duplex assay results for both PSA markers are
consistent with the results previously reported by other assay
methods.31,32 Specially, we paid attention to the 13 clinical
samples among the 30 samples in Table S1 for which the t-PSA
level was in the gray zone. Figure 3 illustrates the SERS-based
assay process for the simultaneous detection of f-PSA and c-
PSA. Two different types of SERS nano tags, f-PSA antibody/
MGITC-labeled Au NPs and c-PSA/XRITC-labeled AuNPs,
were added to a microtube to form sandwich immunocom-
plexes on the surface of a magnetic bead. These magnetic
immunocomplexes could be separated using a magnetic bar,
and the Raman signals for each SERS nano tag were measured
and analyzed for quantitative evaluation of both f-PSA and c-
PSA in blood serum. Figure 5a displays Raman spectra for
various concentrations of f-PSA and c-PSA spiked into human
serum. Here, the concentration ranges of f-PSA and c-PSA were
5.0 pg/mL−50 ng/mL and 45.0 pg/mL−450 ng/mL,
respectively. The Raman intensity of MGITC at 1614 cm−1

concomitantly increased with the increase in f-PSA concen-
tration. Similarly, as the c-PSA concentration increased, the
Raman intensity of XRITC at 1614 cm−1 also increased. On the

basis of these SERS-based assay results, the calibration curves
for f-PSA and c-PSA were determined as shown in Figure 5b.
These two calibration lines were used for quantitative
estimation of both PSA markers in 13 clinical serum samples.
The limits of detection (LODs) of f-PSA and c-PSA measured
by this simultaneous SERS-based assay platform were estimated
to be 0.012 ng/mL and 0.15 ng/mL, respectively. This assay
platform has many advantages including low serum con-
sumption (less than 10 μL for each assay) and fast assay time
(less than 1 h).
The free PSA to total-PSA (f/t) ratios for 13 clinical sera

measured by ECL and SERS assays are compared in Table 1.
The t-PSA levels in all samples were in the gray zone. It was
previously reported that the likelihood of a positive biopsy is
8% if the percentage of free PSA is greater than 25% compared
with a likelihood of 56% if the percentage of free PSA is less
than 10%. As shown in Table 1, the f/t ratios measured from
the SERS-based assay were consistent with those measured
from the ECL system within the clinically acceptable range. As
shown in this table, only two samples (#3 and #13) had
abnormal cutoff values of less than 25% f/t PSA ratio in the
ECL assay. In contrast, three samples had abnormal values for
parallel (#1, #5, and #13) and simultaneous (#3, #4, and #13)
SERS-based assays, respectively. Here, the f/t ratio value ranged
from 0.26 to 0.31 for all samples except #13. Since the f/t ratios
for #1, #3, #4, and #5 were not much greater than 0.25,
integration of other biomarkers and clinical variables into the f/
t PSA ratio model is expected to improve the predictive value of
PSA and thus potentially reduce the rate of unnecessary
biopsies. In addition, analytical precision was investigated by
analyzing the % coefficient variations (CVs) for parallel and
simultaneous assays. %CVs were calculated from 13 clinical
samples with five replicates. As shown in Table S1, the %CVs
were estimated to be 16.38 and 6.57 for parallel and
simultaneous SERS-based assays, respectively. This means
that precision for the f/t-PSA ratio measured by the
simultaneous assay was clearly better than that measured by
the parallel assay.
For validation of the proposed assay technique for 13 clinical

samples, Passing−Boblok regression analyses between ECL and
parallel SERS-based assay (Figure 6a) and between ECL and

Table 1. Comparison of Free to Total PSA (f/t) Ratios between ECL- and SERS-based Assays for 13 Clinical Samples in the
Gray Zone

ECL assaya SERS-based assay

sample
no.

t-PSA (ng/
mL)

f/t PSA
ratio

f/t PSA ratio (parallel
assay)

f/t PSA ratio (simultaneous
assay)

CV, %b (parallel
assay)

CV, %b (simultaneous
assay)

1 4.42 0.24 0.27 0.20 19.19 4.60
2 4.82 0.21 0.16 0.24 21.54 5.99
3 4.88 0.26 0.24 0.31 12.50 7.64
4 5.08 0.23 0.21 0.27 21.57 4.03
5 5.08 0.23 0.31 0.22 20.09 10.25
6 5.14 0.15 0.16 0.09 9.94 5.77
7 5.20 0.18 0.22 0.20 21.97 7.73
8 6.36 0.17 0.13 0.21 10.72 5.02
9 6.86 0.22 0.22 0.18 11.02 8.30
10 6.90 0.17 0.18 0.17 19.73 4.22
11 8.19 0.17 0.16 0.21 18.58 8.26
12 8.63 0.13 0.15 0.16 14.25 8.17
13 10.27 0.31 0.55 0.43 11.80 5.47

aElectrochemiluminesense. bMean CVs were estimated to be 16.38 and 6.57 for parallel and simultaneous assays, respectively. All PSA
concentrations are average values of five measurements.
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simultaneous SERS-based assay (Figure 6b) were performed.
This is a statistical procedure that allows estimation of variation
and systematic bias between two different analytical methods. If
the 95% confidence intervals (CIs) for the slope and the
intercept include 0 and 1, there is good conformity between
two analytical methods. Since the scattered points (black) and
regression lines (blue) of the data were included within the
95% CIs, it was concluded that all values were in the clinically
acceptable range, and that the SERS-based assay data were valid
for clinical samples in the gray zone. Figure 6c displays the
distributions of the standard deviations for the CVs of parallel
(black) and simultaneous (red) SERS-based assays in 13
clinical samples. The simultaneous assay data were charac-
terized by a narrower distribution of standard deviations than
the parallel assay data. Therefore, it was concluded that the
assay result of f/t PSA ratios for 13 human sera in the gray zone
measured by the simultaneous SERS-based assay showed better
accuracy than those measured by the parallel SERS-based assay.

CONCLUSION

Measurement of the free to total PSA ratio in clinical serum is
known to improve the diagnostic performance for prostate
cancer in patients with t-PSA antigen in the gray zone between
4.0 and 10.0 ng/mL. In the present study, a SERS-based
immunoassay technique for the determination of free to total
PSA ratio was developed. To assess the clinical feasibility of the
proposed assay technique, the SERS-based t-PSA assay was
performed for 30 clinical samples, and the assay results were
compared with those measured by the ECL instrument
installed in a clinical laboratory of University Hospital. The
SERS-based assay results of t-PSA in 30 clinical sera showed a
good linear relationship with those measured using the COBAS
ECL system.
Additionally, parallel and simultaneous SERS-based assays for

f-PSA and c-PSA were performed for 13 clinical samples in the
gray zone for more reliable prostate cancer diagnostics. It is
known that simultaneous assay for dual biomarkers provides a
high detection throughput with low sample consumption
compared with a parallel assay. The LODs for f-PSA and c-PSA
were estimated to be 0.012 ng/mL and 0.15 ng/mL,
respectively. In addition, a small volume of clinical serum
(less than 10 μL) and a short assay time (less than 1 h) are
required for each assay process. According to our SERS-based
assay results, the f/t PSA ratio measured by the simultaneous
detection method also provides better precision since the

distributions of the standard deviations for %CVs were
estimated to be much smaller than those measured by the
parallel detection method. Therefore, the SERS-based assay for
the simultaneous detection of dual PSA markers has strong
potential as an innovative tool for accurate diagnosis of prostate
cancer especially for clinical samples in the gray zone.

EXPERIMENTAL METHODS
Materials. Gold(III) chloride trihydrate (HAuCl4), trisodium

citrate (Na3-citrate), 1-ethyl-3-(3-(dimethylamino)propyl) carodiimide
(EDC), N-hydroxysuccinimide (NHS), thiol-PEG-COOH (HS-PEG-
COOH, MW ∼3500), poly(ethylene glycol) methyl ether thiol (HS-
PEG, MW 2000), phosphate-buffered saline (PBS) solution, and
casein blocking agent were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Malachite green isothiocyanate (MGITC), X-rhodamine-
5-(and-6)-isothiocyanate (XRITC), PBS buffer (10 × , pH 7.4), and
carboxylic-activated magnetic beads (Dynabeads MyOneTM) were
purchased from Invitrogen (Eugene, OR, USA). The free form of
prostate-specific antigen protein (f-PSA), α1-antichymotrypsin-PSA
protein (PSA/ACT), and mouse anti-PSA/ACT monoclonal antibody
were purchased from Fitzgerald (Concord, MA, USA). Rabbit
antitotal-PSA (t-PSA) polyclonal antibody was from Mybiosource,
Inc. (San Diego, CA, USA). Mouse anti-f-PSA monoclonal antibody
was purchased from Abcam (Cambridge, UK). Ultrapure water (18
MΩ·cm−1) was used in the experiments. All other reagents were of
analytical reagent grade, and were used without further purification.

Methods. Instrumentation. High-magnification transmission
electron microscopy (TEM) images were obtained using a JEOL
TEM 2100F instrument (JEOL, Tokyo, Japan) at an accelerating
voltage of 200 kV. Dynamic light scattering (DLS) data were acquired
using a Nano-ZS90 (Malvern) apparatus (Malvern Instruments,
Malvern, UK). UV/visible absorption spectra were measured with a
Cary 100 spectrophotometer (Varian, Salt Lake City, UT, USA).
Raman spectra were measured using an inVia Renishaw Raman
microscope system (Renishaw, New Mills, UK). A Melles Griot He−
Ne laser at 633 nm was used as the excitation source with power of 5
mW. The Rayleigh line was removed using an edge filter located in the
collection path. Raman scattering signal was collected using a charge-
coupled device (CCD) camera with a spectral resolution of 4 cm−1.
PSA immunocomplexes in a microtube were transferred to a capillary
tube, and their Raman scattering signals were measured by focusing a
laser spot on the tube using a 20× objective lens. Baseline correction
of each Raman spectrum was performed using Renishaw WIRE 4.0
software. Polynomial algorithm (polynomial order = 11) was used to
all points in each spectrum, and the baseline was corrected as zero.

Preparation of SERS Nano Tags. Au NPs were prepared according
to the citration reduction method reported by Frens. First, 50 mL of
0.01% HAuCl4 solution was heated to the boiling point. Then, 0.5 mL
of 1% Na3-citrate solution was added to the boiling solution, and the

Figure 6. Passing−Boblok regression analyses (a) between ECL and parallel SERS-based assay and (b) between ECL and simultaneous SERS-
based assay. (c) Distributions of the standard deviations for the CVs of parallel (black) and simultaneous (red) SERS-based assays for 13
clinical samples.
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mixture solution was vigorously stirred. At this stage, the color of gold
colloids changed to garnet red, indicating the formation of Au NPs.
DLS and TEM measurements were performed to measure the size of
Au NPs. Two different types of SERS nano tags were prepared for
simultaneous detection of f-PSA and c-PSA. First, two Raman
reporters, 4 μL of 10−5 M MGITC and 3 μL of 10−4 M XRITC,
were respectively added to 1.0 mL of 0.12 nM Au NP solutions. After
shaking for 10 min, 60 μL of 10 μM HS-PEG-COOH linker was added
dropwise to MGITC- and XRITC-labeled Au NPs under vigorous
stirring. After 30 min, 120 μL of freshly prepared 10 μM HS-PEG
solution was added and reacted for 3 h. Before the antibody
conjugation, PEGlyated Au NPs were purified through three rounds of
centrifugation (7200 rpm, 10 min) and redispersed in 10 mM PBS
buffer solution (pH 7.2). The −COOH terminal groups on the surface
of the AuNPs were activated by addition of 5 μL of 25 mM EDC and 5
μL of 25 mM NHS at 25 °C. Excess EDC and NHS were separated
from the activated Au NPs through three rounds of centrifugation
(7200 rpm, 10 min) and redispersed in 10 mM PBS buffer solution.
The PEGlyated AuNPs with activated carboxyl groups were then
reacted with anti-f-PSA antibodies at 25 °C for 2 h, and the reaction
mixture was stored at 4 °C. Excess antibodies were removed through
three rounds of centrifugation (7200 rpm, 10 min) and resuspended in
10 mM PBS buffer solution (pH 7.4).
Preparation of Total-PSA Antibody-Conjugated Magnetic Beads.

For conjugation of t-PSA antibodies on the surface of magnetic beads,
5 μL of 0.1 M EDC and 5 μL of 0.1 M NHS were added to 400 μL of
0.5 mg/mL magnetic beads and allowed to react for 30 min with
gentle mixing. After incubation, the beads were separated by a magnet
and washed twice with 10 mM PBS buffer solution. The beads were
resuspended in 0.5 mL of 10 mM PBS buffer and reacted with 13 μL
of 1 mg/mL anti-t-PSA antibodies for 2 h with continuous shaking
(500 rpm) at room temperature. Unreacted antibodies were removed
by washing three times out with 10 mM PBS buffer. Following
addition of 20 μL of 0.1% casein blocking buffer and incubation for 1 h
at room temperature, unreacted −COOH groups were deactivated by
incubation with 10 μL of 3.0 mM ethanolamine for 2 h. The final
product was stored in 10 mM PBS buffer at 4 °C for further use.
Assays of Clinical Serum Samples. To assess the clinical

applicability and diagnostic capability of our proposed SERS-based
immunoassay method, we performed the assays on clinical serum
samples. A total of 30 clinical serum samples were collected from
patients with prostate cancer at Korea University Hospital. This
clinical study was approved by the Institutional Review Board (IRB) at
the hospital. Consent documents were also obtained from all patients
included in this study. All serum samples were stored at −80 °C until
use. The concentrations of f-PSA and c-PSA for each of the 13 clinical
serum samples were simultaneously determined using the proposed
SERS-based dual marker assay protocol. Additionally, each clinical
sample was assayed using a commercially available ECL assay system
(ARCHITECT, Abbott Laboratories, USA) installed at Korea
University Hospital. Finally, the SERS-based assay results were
compared with those determined by the ECL assay protocol.
Statistical Analysis of the Proposed Immunoassay. To estimate

the possible systematic bias and analytical agreement between the ECL
assay and SERS-based assay, Passing−Boblok regression analyses were
performed on clinical data using the MedCalc program (Ostend,
Belgium).
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