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Abstract We assessed the clinical feasibility of conducting
immunoassays based on surface-enhanced Raman scattering
(SERS) in the early diagnosis of rheumatoid arthritis (RA).
An autoantibody against citrullinated peptide (anti-CCP) was
used as a biomarker, magnetic beads conjugated with CCP
were used as substrates, and the SERS nanotags were com-
prised of anti-human IgG-conjugated hollow gold nanospheres
(HGNs). We were able to determine the anti-CCP serum levels
successfully by observing the distinctive Raman intensities cor-
responding to the SERS nanotags. At high concentrations of
anti-CCP (>25 U/mL), the results obtained from the SERS
assay confirmed those obtained via an ELISA-based assay.
Nevertheless, quantitation via our SERS-based assay is signif-
icantly more accurate at low concentrations (<25 U/mL). In this
study, we compared the results of an anti-CCP assay of 74
clinical blood samples obtained from the SERS-based assay
to that of a commercial ELISA kit. The results of the anti-

CCP-positive group (n=31, >25 U/mL) revealed a good corre-
lation between the ELISA and SERS-based assays. However,
in the anti-CCP-negative group (n=43, <25 U/mL), the SERS-
based assay was shown to be more reproducible. Accordingly,
we suggest that SERS-based assays are novel and potentially
useful tools in the early diagnosis of RA.
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Introduction

Surface-enhanced Raman scattering (SERS) is an emerging
technique that allows sensitive, selective, and rapid biomarker
detection [1–3]. For this reason, there is increasing interest in
using SERS-based techniques in clinical diagnostics. A variety
of biomarkers have already been quantitatively probed using a
SERS-based immunoassay [4–8]. One of the most popular de-
tection techniques using a SERS-based immunoassay incorpo-
rates a sandwich immunocomplex platform. Many different
types of biomarkers, including immunoglobulin (IgG) antigens
[2, 9, 10], feline calicivirus (FCV) [5], prostate-specific antigen
(PSA) [11], protein A [12], hepatitis B virus [13], and mucin
protein (MUC4) [14] have been studied using this SERS-based
assay platform. Recently, a rapid SERS-based assay technique
using magnetic beads has been developed [15–18]. This meth-
od uses magnetic beads as antibody supporting materials, and
the sandwich immunocomplexes are immobilized on the wall
of a microtube using a magnetic bar. This technique overcomes
the slow immunoreaction problems caused by the diffusion-
limited kinetics on a solid substrate, as the reaction occurs in
a solution. As a result, the assay time is reduced to less than 1 h
if properly designed metal nanotags are prepared. Furthermore,
it is possible to achieve more reproducible results, because the
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SERS signals are measured for the average nanoparticle ensem-
bles in solution. However, the low concentrations of biomarkers
in serums are the limiting factors to a diagnostic technique, so
for SERS to be a practically useful method in the early detection
of disease, it must be reproducible [19, 20].

Optimal conditions are needed to avoid aggregation and to
enhance signals when metal nanoparticles are used in quanti-
tative analysis. Aggregation leads to reduction in both SERS
signals and reproducibility, and is difficult to control [21, 22].
To address the challenge posed by aggregation, hollow gold
nanospheres (HGNs) were used as SERS nanotags [23–25].
HGNs are known to augment the SERS signal; the pinholes in
the hollow structure of the particles can localize surface elec-
tromagnetic fields. The ability to enhance signals at a single
particle level makes the HGN a very sensitive sensing probe in
quantitative serum immunoassays.

A range of serum-based biomarkers have been tested for
diagnostic purposes [26–28]. In fact, we have recently pro-
posed the use of SERS-based immunoassays for the early
diagnosis of rheumatoid arthritis (RA). In this work, an auto-
antibody against citrullinated peptide (anti-CCP) was used as
a biomarker [29]. Various serum biomarkers were studied with
regard to diagnosing RA. Anti-CCP autoantibodies are cur-
rently considered to be the best biomarkers in the early diag-
nosis of RA [30–33]. Specifically, we demonstrated that the
SERS-based immunosensor is more sensitive at detecting hu-
man anti-CCP than is the commercially available enzyme-
linked immunosorbent assays (ELISA). To assess the poten-
tial utility of SERS-based immunoassays as novel clinical
tools in RA diagnosis, we used magnetic beads and HGN
SERS nanotags for 74 clinical samples. Using a commercially
available ELISA kit, the clinical samples were divided into
anti-CCP-positive (n=31) and anti-CCP-negative (n=43)
groups according to their assay results. Next, the SERS-
based assay results were compared to those of the ELISA
kit. Statistical analyses were used to evaluate the correlation
between the ELISA and SERS-based assay results in both the
anti-CCP-positive and anti-CCP-negative groups. There have
been several reports about the application of a SERS-based
assay for cancer and cardiac biomarkers [11, 23–25]. To the
best of our knowledge, however, this is the first report about a
SERS-based immunoassay for the anti-CCP detection in clin-
ical samples. We anticipate that this new diagnostic technique
satisfies the current need for the early diagnosis of RA.

Materials and methods

Reagents and materials

The following reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA): gold(III) chloride trihydrate (HAuCl4·3H2O),
cobalt(II) chloride (CoCl2), sodium borohydride (NaBH4),

trisodium citrate dehydrate (HOC(COONa)(CH2COONa)2·
2H2O), poly(ethylene glycol) 2-mercaptoethyl ether acetic acid
(HS-PEG-COOH,MW∼3500),N-(3-dimethylaminopropyl)-N′-
ethyl carbodiimide hydrochloride (EDC),N-hydroxysuccinimide
(NHS), and anti-human immunoglobulin G (IgG). The following
additional reagents were purchased from Invitrogen (Eugene,
OR, USA): malachite green isothiocyanate (MGITC),
phosphate-buffered saline (PBS, 10×, pH 7.4), and
streptavidin-coupled magnetic beads (Dynabeads® MyOne™
Streptavidin C1). Biotinylated second-generation cyclic
citrullinated peptide (CCP) was purchased from Roche Diagnos-
tics (Mannheim, Germany). The ELISA kit (Immunoscan,
CCPlus) for the anti-CCP assay was purchased from Euro
Diagnostica (Malmo, Sweden).

HGN preparation and antibody conjugation

The HGNs had already been prepared by standard methods
[34, 35]. Cobalt nanoparticles that were synthesized using
CoCl2 reduced with NaBH4 under N2 gas were used as the
templates. Gold nanoparticles were synthesized by nucleation
and expansion over the cobalt base, and the hollow interior
was obtained by the dissolution of the cobalt templates.
HAuCl4 was used at varying concentrations to control the
thickness of the HGN walls. The average diameter and thick-
ness of the walls were determined using transmission electron
microscopy (TEM) measurements and were found to be 45±
12 and 15±5 nm, respectively.

The SERS nanotags were prepared according to the previ-
ously described procedure. In the first step, 1 μL of 5×10−5 M
MGITC (Raman reporter) was introduced into the solution of
1.0 mL, 0.7 nM HGNs. This solution was allowed to react for
2 h by continuously stirring, so as to obtain an average yield of
72 adsorbed MGITC molecules per particle. In the following
step, antibody conjugation was induced by the introduction of
poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (HS-
PEG-COOH, MW ∼3500) into the solution. HS-PEG-COOH
was chemically bonded to the HGN surface by cleaving the
SH terminal groups of HS-PEG-COOH. Consequently, a so-
lution of 1 μL of 5.0 mMHS-PEG-COOHwas added to 1 mL
of 0.7 nM MGITC-adsorbed HGN, which was allowed to
react for 1 h. Excess non-specifically bound HS-PEG-
COOH molecules were removed from the solution using cen-
trifugation. The precipitate was washed twice with PBS buffer
and then re-suspended. Activation of the –COOH terminal
groups was induced by mixing 1.0 μL of 5.0 mM EDC and
1.0 μL of 5.0 mMNHS and letting it react for 15 min. Protein
molecules were stably immobilized on the carboxylate-
terminated HGNs via the esterification of NHS with EDC.
In the final step, 5.0 μL of 10 μM polyclonal anti-human
IgG (excess amount) was added to the NHS-activated HGNs
and allowed to react overnight at 4 °C. Lysine residues of the
antibody displaced the NHS groups on the HGNs and
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immobilized the antibodies. However, some molecules of the
NHS groups on the surface of the HGNs had still not reacted,
and so, deactivation was performed by the addition of 1.0 μL
of 5 mM ethanolamine for 2 h. Non-specifically bound anti-
bodies were removed by centrifugation. The nanoprobes thus
obtained were then washed twice with a PBS buffer. Fig. S1 in
the Electronic Supplementary Material (ESM) illustrates the
sequential procedure for SERS nanotag production and their
optical properties.

Preparation of CCP-conjugated magnetic beads

CCP-conjugated magnetic beads were prepared by
streptavidin–biotin interaction. Five hundred microliters of
1.1 μg/mL biotinylated CCP was reacted with 500 μL of
0.5 mg/mL streptavidin-coupled magnetic beads (diameter=
1 μm). Biotinylated CCP was obtained from the working so-
lution R1 in the Elecsys Anti-CCP kit, and the reaction was
carried out for 2 h at room temperature. Five hundred micro-
liters of 300 nM biotin was added to block any unreacted
streptavidin. The unreacted reagents were removed by wash-
ing with PBS buffer solution.

Raman measurements

Raman measurements were performed using a Renishaw
inVia Raman microscope system (Renishaw, UK). A
Renishaw He–Ne laser, operating at a wavelength (λ) of
632.8 nm, was used as the excitation source with a laser power
of 12.5 mW. A holographic notch filter located in the collec-
tion path was used to remove the Rayleigh line from the col-
lected Raman scattering. The Raman scattering was collected
using a charge-coupled device (CCD) camera. All spectra
were calibrated to the 520 cm−1 silicon line. An additional
CCD camera was fitted to an optical microscope to obtain
optical images, and a ×20 objective lens was used to focus
the laser on the glass tube. All of the reported Raman spectra
were collected over 10-s exposure times in the range of
750∼1840 cm−1.

SERS-based immunoassay

The serum anti-CCP antibody marker concentration was esti-
mated using the SERS-based immunoassays. Different solu-
tions were prepared containing 20 μL of CCP-conjugated
magnetic beads mixed with 40 μL of SERS nanotags. Varying
concentrations of anti-CCP calibrator solution were added to
the mixture. The resulting mixtures were incubated at room
tempera tu re fo r 45 min . Af t e r i ncuba t ion , the
immunocomplexes were isolated using a magnetic bar. A
phosphate-buffered saline with Tween 20 (PBST) solution
containing PBS and 0.01 % of Tween 20 was used as a wash
buffer. The immunocomplexes were finally detached for the

SERS analysis, which was carried out with 12 different con-
centrations of the anti-CCP autoantibody calibrator solutions
that had been prepared for evaluation. The range of the con-
centrations for which the calibrator solutions were prepared
were 0, 25, 50, 200, 800, and 3200 U/mL of the anti-CCP
solutions (Immunoscan CCPlus, Euro Diagnostica). The low-
er concentrations of anti-CCP solutions, below 25U/mL, were
prepared by dilution of the calibrator solution.

ELISA immunoassay

An enzyme-linked immunosorbent assay was used as a con-
firmatory test to verify the accuracy of the SERS-based assay.
To this effect, an ELISA test was performed according to the
recommended protocol defined for the commercially available
second-generation anti-CCP ELISA kit (Immunoscan
CCPlus, Euro Diagnostica). A comparative analysis of
the results from SERS-based immunoassay and ELISA
was done.

Immunoassays of clinical serum samples

The assessment of diagnostic ability, clinical applicability, and
analytical reproducibility of our proposed method was imple-
mented on 74 clinical blood samples that were collected from
patients with RA who had satisfied the American College of
Rheumatology classification criteria [36], and from health vol-
unteers at the Hanyang University Hospital. All human sam-
ples were handled in accordance with approved institutional
review board (IRB) protocols at the hospital. An informed
consent document was obtained from all volunteers included
in this study. After collection, the samples were stored at
−80 °C until use. The clinical samples were classified as
anti-CCP-positive (n=31) and anti-CCP-negative (n=43)
groups as per the anti-CCP quantification results obtained
using an Immunoscan CCPlus (cutoff level, 25 U/mL). The
manufacturer’s recommendations were considered in order to
gain the optimum results for the assay procedure. The anti-
CCP level for each of the 74 clinical samples was also deter-
mined using the SERS immunoassay protocol. The SERS
assay results were then compared with those measured by
the ELISA method.

Statistical analysis of assay results

The analytical similarity and possible systematic differences
between the two methods were estimated statistically. Pass-
ing–Bablok and Bland–Altman regression analyses were per-
formed using MedCalc (Ostend, Belgium) for all clinical data
[37, 38].
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Results and discussion

Anti-CCP quantification using SERS-based immunoassay

The me thods used to make the sandwich - type
immunocomplexes for the SERS-based immunoassay are
shown schematically in Fig. 1. When anti-CCP autoantibody
markers are present in the serum, immunocomplexes form
between the CCP-immobilized magnetic beads and the anti-
human IgG-con juga t ed SERS nano t ags . These
immunocomplexes are formed through interactions among
the CCP, anti-CCP, and anti-human IgG antibodies. However,
a sandwich complex does not form in the absence of an anti-
CCP target marker. The selectivity of the anti-CCP in the
SERS-based immunoassay has been previously described
[29]. When the SERS spectra were measured and analyzed
for the same concentrations of anti-CCP, rheumatoid factor
(RF), bovine serum albumin (BSA), and their mixtures, the
SERS signals were observed only for the anti-CCP autoanti-
body and its mixtures. In contrast, no discernible Raman sig-
nals were observed for RF or BSA. Consequently, the amount
of serum anti-CCP can be quantified by monitoring the Ra-
man peak intensity of the SERS nanotags. Figure 2 illustrates
the SERS-based immunoassay process used to quantify the
anti-CCP autoantibody markers. Initially, biotinylated CCPs
were immobilized by a biotin–streptavidin interaction on the
surface of the streptavidin-coupled magnetic beads. Six differ-
ent concentrations of biotinylated CCP (ranging between
110 and 2200 ng/mL) were reacted with 3200 ng/mL of
anti-CCP (ESM Fig. S2) in order to identify the optimum
CCP concentration. The SERS-based assay revealed the opti-
mal CCP concentration to be 1100 ng/mL.

Next, different concentrations of anti-CCP autoantibodies
were added to capture the CCPs. After the anti-CCP autoan-
tibodies had been selectively captured on the surface of the
magnetic beads, the secondary antibody-conjugated SERS

nanotags were added. This step initiated the formation of the
sandwich immunocomplexes. Finally, a magnetic bar on the
wall of a microtube was used to attract and isolate the anti-
CCP immunocomplexes. The residual solution was washed
twice with a buffer using a micropipette. The magnetic bar
was removed and the immunocomplexes dispersed for SERS
measurements.

Assessment of SERS-based immunoassay

The evaluation of the analytical performance of the SERS-
based assay was done by comparison with the commercially
available and widely used Immunoscan CCPlus ELISA kit
(Fig. 3). The Raman peak intensity was set at 1617 cm−1 in
the quantitative evaluation by the SERS-based assay. On the
overall, close agreement was observed for the SERS assay
results (Fig. 3a) with those obtained using ELISA (Fig. 3d)
for the anti-CCP solutions with concentrations above 25 U/
mL.

However, for the assaying concentrations that were less
than 25 U/mL, there was less correspondence between the
SERS and ELISA data. At lower concentrations, a SERS-
based assay outperformed the ELISA assay, and the SERS-
based results were more consistent with the calculated con-
centrations than those that had been obtained by the ELISA
analysis (Fig. 3b, e). This demonstrates that the SERS-based
immunoassay technique allows for more sensitive quantifica-
tion of the serum anti-CCP antibodies than does ELISA. The
limit of detection (LOD) for the SERS-based immunoassay
was estimated to be 0.18 U/mL, while that of ELISA was
approximately 7.64 U/mL. The LODs were calculated at three
standard deviations from the mean, using the standard calibra-
tion curve-fitting equation (Fig. 3c, f). Fig. S3 (ESM) displays
the SERS spectra for various concentrations of the anti-CCP
calibrator solution.

Fig. 1 Schematic illustration of
the SERS-based immunoassay.
When anti-CCPs are present in
the serum, the CCP-conjugated
magnetic beads and anti-human
IgG-conjugated SERS nanotags
form sandwich complexes by a
CCP–anti-CCP–anti-human
interaction
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Fig. S4a (ESM) displays the quantitative assay results for
ELISA and SERS-based assays using the normalized analysis
in the 0∼3200 U/mL range. The advantage of the SERS-based
assay is in the low concentration regime, as the SERS-based
results are more consistent with the calculated concentrations
than those obtained by ELISA analysis. Fig. S4b (ESM)
shows the distributions of standard deviation values deter-
mined by ELISA (blue) and SERS (orange) for all the clinical
samples in the 0.1∼3200 U/mL range. As shown in this figure,
the SERS-based assay is characterized by a narrower

distribution of standard deviations than for the ELISA data.
Thus, it can be concluded that the SERS-based assay can be
successfully applied to the sensitive and reproducible quanti-
fication of serum anti-CCP at all concentrations.

Evaluation of the SERS-based immunoassay
for anti-CCP-positive clinical samples

To assess the clinical applicability of the proposedmethod, the
SERS-based assays were performed on clinical blood samples

Fig. 2 SERS-based immunoassay procedure for the quantification of
anti-CCP autoantibody markers. First, CCP-conjugated magnetic beads
and SERS nanotags were mixed (Step 1). Serum containing anti-CCP
autoantibodies was added to the solution (Step 2). After incubation for

45 min at room temperature, a magnetic bar was used to isolate the
immunocomplexes. The remaining solution was washed with buffer
(Step 3). Finally, the immunocomplexes were dispersed in PBS (Step
4), and Raman signals were measured

Fig. 3 The SERS intensity change at 1617 cm−1 as a function of anti-
CCP concentration a in the 0∼3200 U/mL range, b in the 0∼25 U/mL
range, and c the corresponding calibration curve determined by the
SERS-based anti-CCP assay. Variation of absorbance as a function of

anti-CCP concentration d in the 0∼3200 U/mL range, e in the 0∼25 U/
mL range, and f the corresponding calibration curve determined by the
commercially available ELISA kit. The error bars indicate standard
deviations from three measurements
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and the results were compared to the ELISA data. First, the
SERS-based immunoassay results from the anti-CCP-positive
group (n=31, >25 U/mL) were compared with those obtained
with the ELISA (using the Immunoscan CCPlus assay). In
parallel, anti-CCP levels were determined using the SERS-
based immunoassay on 31 clinical samples. Table S1 (ESM)
displays the anti-CCP assay results for 31 human sera samples
from the positive group. A Passing–Bablok regression analy-
sis was also performed for the assay data shown in Table S1.
Before performing the immunoassay on the clinical samples,
anti-CCP calibration curves for both ELISA and SERS-based
assays were generated using anti-CCP calibrators of known
concentration (Fig. 3c, f). In the SERS-based assay, the Ra-
man intensity at 1617 cm−1 was implemented and the calcu-
lation of the anti-CCP concentration was done using the cali-
bration fitting equation.

A Passing–Bablok regression analysis was used to estimate
the similarity and possible systematic differences between the
two different analytical methods. Panels a and b of Fig. 4
establish good conformity between the two analytical methods
if the 95 % confidence intervals (CIs) for the intercept and the
slope include 0 and 1, respectively. Figure 4a shows the scatter
(purple points) and regression (blue line) plots. Ninety-five
percent CIs for the intercept and the slope were determined
to range between −14.20∼15.82 and 0.80∼1.25 U/mL, respec-
tively. From the relatively small interval for the intercept and
the large P value (P=0.63), we can conclude that the correla-
tion for the positive patient group is good. The 95% CI values
satisfy both conditions, indicating that all values are within the
clinically acceptable range (15∼1200 U/mL). These results
imply that the SERS-based immunoassay is clinically accept-
able for the anti-CCP-positive group (n=31), since all of the
difference values in the Passing–Bablok regression analysis
are within acceptable ranges.

Evaluation of SERS-based immunoassay
for anti-CCP-negative clinical samples

As shown in Fig. 3, the SERS-based immunoassay is more
accurate than ELISAwhen applied to standard anti-CCP solu-
tions of low concentration (0∼25 U/mL). In order to determine
whether or not the SERS-based assay has clinical value in the
early diagnosis of RA, we also applied it to the anti-CCP-
negative group (n=43). As before, we compared these results
to those obtained using ELISA. Unfortunately, there was no
gold standard to confirm the anti-CCP levels in the negative
patient group. Instead, a statistical analysis was used to compare
the two analytical methods. Table 1 displays the anti-CCP assay
results for 43 human sera samples from the negative group. A
Passing–Bablok regression analysis was also performed for the
assay data in Table 1. This analysis did not reveal a good cor-
relation between the two analytical methods (Fig. 5a). The 95%
CIs for the intercept and the slope were determined to range
between −6.35∼2.52 and 0.04∼1.07 U/mL, respectively. From
the large interval for the intercept and the small P value (P=
0.01), we can conclude that the correlation for the negative
patient group is not strong. The Bland–Altman analysis in
Fig. 5b also shows a mean difference of −4.3 U/mL and 95 %
limit of agreement in the –24.9∼16.4 U/mL range. Accordingly,
we can conclude that there is a strong correlation between the
SERS-based assay and ELISA for the anti-CCP-positive group
(n=31); however, no such correlation exists for the negative
group (n=43). Panels d and e of Fig. 5 display the standard
deviations of the anti-CCP levels obtained in 43 negative clin-
ical samples using the ELISA and SERS-based assays. Here,
the amount of the anti-CCP was determined using the calibra-
tion curves in Fig. 3c, f. The SERS-based assay is characterized
by a narrower distribution of standard deviations than for the
ELISA data since the SERS data has a more precise calibration

Fig. 4 A comparison of the quantitative assay results based on SERS and
ELISA for anti-CCP-positive samples (n=31, >25 U/mL): a Passing–
Bablok regression plot to determine the bias and comparability between

SERS and ELISA. A solid blue line represents the regression line and two
dotted lines give the 95% CI range. b Passing–Bablok regression results
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Table 1 Comparison of the quantitative results determined by ELISA and SERS-based immunoassays for anti-CCP-negative clinical samples (n=43,
<25 U/mL)

Sample no. ELISA SERS-based assay

y ¼ y0 þ a

1þ x
x0ð Þb

y0=0.3110

x0=152.2563

a =0.7042

b =−1.1163

y ¼ y0 þ a

1þ x
x0ð Þb

y0=546.04

x0=139.99

a =73,001.72

b =−0.9328

Concentration (U/mL) CV (%) Concentration (U/mL) CV (%)

1 18.3 13.71 26.29 7.43

2 8.1 22.62 2.27 6.43

3 18.6 18.01 10.54 5.14

4 9.5 12.36 8.02 9.98

5 6.6 21.4 1.74 8.26

6 10.13 8.58 0.12 4.15

7 9.14 10.25 1.40 7.25

8 0.00 17.2 0.66 8.7

9 0.00 0.1 10.16 12.71

10 10.30 10.73 4.33 6.16

11 4.13 18.32 0.66 7.16

12 24.91 3.99 6.97 4.42

13 7.47 5.32 0.29 5.43

14 10.79 18.58 2.25 5.13

15 0.00 16.35 2.64 4.08

16 7.13 7.55 3.33 9.13

17 6.27 31.05 0.26 6.72

18 15.13 22.99 5.90 9.44

19 0.00 8.79 0.77 6.03

20 15.60 31.13 7.44 9.32

21 2.62 25.66 2.43 11.87

22 0.00 17.6 10.43 5.28

23 0.00 8.63 13.95 10.22

24 0.93 14.15 22.44 8.61

25 0.00 18.76 11.79 8.04

26 2.81 9.1 13.49 5.03

27 1.16 19.11 19.17 6.64

28 0.00 6.05 6.38 11.58

29 4.86 11.52 10.48 11.49

30 6.27 19.64 24.93 11.17

31 0.00 14.5 12.92 5.98

32 7.13 11.17 10.98 6.2

33 2.22 11.66 19.17 6.33

34 1.38 22.55 26.59 9.28

35 0.00 12.09 12.66 6.85

36 0.00 9.05 14.95 6.17

37 0.00 6.07 17.80 8.22

38 0.00 18.63 6.75 7.69
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curve in the low concentration range (0∼25 U/mL) (Fig. 3).
Based on our results, we therefore conclude that the SERS-
based assay can be successfully applied for the sensitive and

reproducible quantification of serum anti-CCP, especially at
low concentrations (<25 U/mL). In the case of ELISA, it is
reported as Bnegative^ when the anti-CCP level in serum is

Table 1 (continued)

Sample no. ELISA SERS-based assay

y ¼ y0 þ a

1þ x
x0ð Þb

y0=0.3110

x0=152.2563

a =0.7042

b =−1.1163

y ¼ y0 þ a

1þ x
x0ð Þb

y0=546.04

x0=139.99

a =73,001.72

b =−0.9328

Concentration (U/mL) CV (%) Concentration (U/mL) CV (%)

39 4.13 16.33 24.82 9.83

40 2.01 14.63 9.49 6.21

41 14.17 13.85 9.35 7.31

42 0.00 15.48 9.35 12.7

43 0.00 11.54 8.28 9.39

Mean 5.39 14.58 9.64 7.79

Fig. 5 A comparison of the
quantitative assay results between
SERS and ELISA for anti-CCP-
negative samples (n=43, <25 U/
mL): a Passing–Bablok
regression plot; fitting equation,
y=−0.23+0.30x; 95 %
confidence intervals for intercept,
−6.35∼2.52; and 95% confidence
intervals for slope, 0.04∼1.07. b
Bland–Altman plot for the assay
results determined by SERS and
ELISA. A solid horizontal blue
line represents the mean
difference of −4.3 U/mL, and two
dotted horizontal lines give the
95 % limits of agreement in the
−24.9∼16.4 U/mL range. c
Passing–Bablok regression
results. Distributions of the
standard deviation values
determined by d ELISA and e
SERS
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lower than 25 U/mL. Asmentioned in the BIntroduction,^ how-
ever, a highly accurate assay technique in the low anti-CCP
concentration range (<25 U/mL) is important for the early di-
agnosis of RA. Our results suggest that the SERS-based assay
has a strong potential to be a valuable tool for the early diag-
nosis of RA, because this assay shows more consistent results
than did ELISA for the anti-CCP-negative group.

Conclusions

This study reveals a novel SERS-based immunoassay tech-
nique for the highly sensitive and reproducible quantification
of anti-CCP. CCP-conjugated magnetic beads were used as
substrates, while anti-human IgG-conjugated HGNs were
used as SERS nanotags. The amount of the anti-CCP markers
in the serum was successfully quantified by monitoring the
characteristic Raman peak intensity of the SERS nanotags.
The anti-CCP levels that were determined by our proposed
SERS assay method complied strongly with those of the
ELISA kit in the high anti-CCP concentration range (>25 U/
mL). In addition, our SERS-based assay results are more con-
sistent in the low concentration range (<25 U/mL) than those
achieved by the commercial ELISA kit, making the SERS-
based assay a more reliable and robust alternative to tradition-
al diagnostic tests.

The clinical performance of the anti-CCP assays was tested
on 74 clinical blood samples. The SERS-based assay results
were compared with those obtained from conventional ELISA
analysis. There was a good correlation between the ELISA
and SERS-based data in the anti-CCP-positive group (n=
31, >25 U/mL). However, the SERS-based assay demon-
strated superior reproducibility in the negative group (n=
43, <25 U/mL).

To replace the immunoassay systems currently in use with
the SERS-based assay platform in the near future, some of the
problems, including the fabrication and mass production of
highly reproducible SERS nanotags, and the development of
an automatic Raman sampling system for clinical analysis,
should be solved. In this study, we extended the feasibility
of the SERS-based assay technique to carry out an anti-CCP
marker assay in clinical samples for the early diagnosis of RA.
On the overall, these results suggest that the SERS-based as-
say has the potential to become a valuable tool in the early
diagnosis of RA.
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