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Abstract

C-Reactive protein (CRP) is a biomarker of inflammatory responses and an index for assessing the risk of cardiovascular disease
and estimating prognosis. In this study, we constructed a surface-enhanced Raman spectroscopy (SERS) biosensor composed of
a multifunctional DNA three-way junction (DNA 3W]J), porous gold nanoplates (pAulNPs), and an Au-Te nanoworm structure
for detection of CRP. The pAuNP and Au-Te nanostructures were synthesized by galvanic replacement reactions, and the
morphology was confirmed by transmission electron microscopy, scanning electron microscopy, and dynamic light scattering
(DLS). To generate the SERS signal, the Au-Te nanostructure was immobilized on an indium-tin oxide substrate, and the thiol-
modified CRP aptamer was then self-assembled onto the modified substrate for CRP recognition. To amplify the SERS signal
and identify the Raman tag, the multifunctional DNA 3W1J was conjugated with the pAuNPs, and each fragment of 3WJ was
functionalized to biotin (pAuNP conjugation), methylene blue (Raman reporter), and CRP aptamer (target binding). The results
were confirmed by gel electrophoresis. For conjugation between pAuNPs and DNA 3WJ, avidin was encapsulated in pAuNPs,
and the conjugation structure was confirmed by DLS. The fabricated SERS biosensor showed detection limits of 2.23 pM in
phosphate-buffered saline and 3.11 pM in diluted human serum. Overall, the proposed biosensor may have potential applications
as a SERS biosensor platform.
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Introduction

Published in the topical collection Point-of-Care Testing with guest
editors Oliver Hayden, Peter B. Luppa, and Junhong Min. Inflammation occurs acutely or chronically as the body’s
biological immune response to stimulation. In particular, in
cases of chronic inflammation, metabolic disease and

chronic inflammation are closely related as a factor that
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tory biomarkers is important in clinical practice.
C-Reactive protein (CRP), a plasma protein discovered in
1930, is synthesized by the liver in response to infection,
inflammatory disease, and malignant tumors and is then se-
creted into the bloodstream, where it can act as a biological
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indicator of systemic inflammatory reactions [3, 4]. The
American Heart Association (AHA) uses high-sensitivity C-
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reactive protein (hs-CRP) as an index to assess the risk of heart
disease and estimate prognosis. The acceptable precision level
is 0.3 ug/mL or less, and concentrations greater than this are
thought to be associated with a high risk of cardiovascular
disease [5].

General techniques for detecting such CRP include chemi-
luminescent immunoassay and enzyme-linked immunosor-
bent assay (ELISA) [6, 7]. However, ELISA technology is
complicated and requires the use of antibodies, which in-
creases the test cost. In order to overcome these shortcomings,
researchers have attempted to develop novel approaches for
sensitive detection of CRP. Methods for detection by electro-
chemistry [8, 9], fluorescence [10, 11], and surface plasmon
resonance [12, 13] have also been studied. Among various
detection methods, Raman spectroscopy, which is an easy
approach for measurement and does not cause loss of sample,
has attracted much attention. Raman spectroscopy is capable
of multisignal labeling, and the use of surface-enhanced
Raman scattering (SERS) using nanoparticles has the advan-
tage of obtaining a signal sensitivity comparable to that of
fluorescence [14, 15].

In this study, we developed a novel SERS biosensor
consisting of multifunctional DNA three-way junction
(DNA 3W1J)-conjugated porous gold nanoplates (pAuNPs)
and an Au-Te nanoworm particle to detect CRP. To fabricate
the SERS biosensor, we fabricated a substrate using Au-Te
nanoworm particles on an indium-tin oxide (ITO) substrate
used as the SERS platform to confirm the possibility of de-
tecting protein signals [16]. Then, the thiol-modified CRP
aptamer was anchored onto the Au-Te nanoworm by covalent
bonding. After CRP was added onto the substrate, the second
probe was added to amplify the SERS signal. Moreover, a
multifunctional DNA 3WJ was designed to perform three func-
tions within a single biomolecule [17-19]. Three pieces of
single-stranded nucleic acids were modified to generate
Raman signals, specifically binding to CRP and pAuNPs.
The first single strand of DNA contained an aptamer sequence
that specifically bound to CRP, and the second was labeled
with methylene blue (MB) at the end of the DNA to generate
a Raman signal. Finally, biotin was labeled for conjugation on
the surface of nanoparticles, and a sandwich CRP detection
probe was fabricated through assembly of these three strands.
To further enhance the SERS signal, pAuNPs with a large
surface area were synthesized, and avidin and MB were bound
to the pAuNPs by electrostatic attraction (avidin/MB/pAuNPs).
Next, biotin-labeled multifunctional 3WJ was conjugated as a
secondary CRP detection probe. On the Au-Te nanoworm-
modified ITO substrate, the CRP aptamer sequence that specif-
ically bound to CRP was selected for the first capture of CRP,
and the multifunctional DNA 3WJ/pAuNPs amplified the sig-
nal of MB on the surface. We were then able to detect the
presence of CRP through the amplified Raman signal of MB.
The overall schematic is shown in Fig. 1.
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Materials and methods
Materials

ITO-glass (3 x 1 cm) was purchased from National Nanofab
Center (10 2 resistance; Daejeon, Korea). Recombinant human
CRP was purchased from Sino Biological (Beijing, China).
Triton-X solution, triethoxysilane, chloroauric acid, hydrazine
monohydrate hydrate, poly (vinylpyrrolidone) (molecular
weight [Mw] = 40 kDa), sodium tellurite, sodium hydroxide,
ethylene glycol, avidin from egg white, MB, L-ascorbic acid,
and citric acid were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Hydrogen tetrachloroaurate (III) hydrate was pur-
chased from Kojima Chemicals Co. (Japan). Silver nitrate, hy-
drogen peroxide (30%), trisodium citrate dihydrate, and sodium
borohydride were all purchased from Junsei (Japan). The se-
quences of the strands used as CRP probes were as follows:
thiol-modified CRP capture aptamer, 5’-SH-GCCTGTAA
GGTGGTCGGTGTGGCGAGTGTGTTAGGAGA
GATTGC-3’ [20]; CRP aptamer-tagged DNA 3WJ-a, 5°-
CGAAGGGGATTCGAGGGGTGATTGCGTGCTCC
ATTTGGTTTGCCATGTGTATGTGGG-3’ [21]; MB-tagged
3WIJ-b, 5’-MB-CCCACATACTTTGTTGATCC-3’; biotin-
tagged DNA 3WJ-c, 5’-biotin-GGATCAATCATGGCAA-3".

Preparation of pAuNPs

pAuNPs were manufactured using the galvanic replacement
reaction with a sacrificial Ag nanoplate template, as previous-
ly reported [22]. Briefly, 250 uL of 10 mM AgNOs, 1.5 mL of
3.5 mM PVP (Mw = 29 kDa) aqueous solution, 300 puL of
30 mM sodium citrate, and 24.75 mL deionized (DI) water
were sequentially placed in 50-mL transparent glass vials.
Then, 60 puL of 30% hydrogen peroxide and 250 pL of
100 mM NaBH, solution were rapidly injected in sequence.
After 3 h of incubation with magnetic stirring, 1 mL of
100 mM L-ascorbic acid and 330 puL of 75 mM sodium citrate
were added to the as-grown Ag nanoseed. Then, 13 mL
growth solution was added at a rate of 0.2 mL/s. The prepa-
ration of growth solution was accomplished by mixing of 2
mL of 10 mM AgNOs3, 125 pL of 100 mM citric acid, and
17.875 mL DI water. Along with the addition of growth solu-
tion, the mixture color gradually changed from pale blue to
deep blue. The synthesized Ag nanoplates were directly ap-
plied to galvanic replacement to obtain pAuNPs without any
purification step.

As-synthesized Ag nanoplates were diluted five times
with distilled water, and 20 v/v% of 1 mM AuCl, aqueous
stock solution was then rapidly injected under vigorous
magnetic stirring (~500 rpm). After incubation for 2 h,
the product was purified by centrifugation at 9000 rpm
for 10 min and washed with DI water at least three times.
Purified pAuNPs were redispersed at the initial volume of
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Fig. 1 Schematic image of the fabricated C-reactive protein detection biosensor

the Ag nanoplates, and the concentration was denoted as 1
volumetric equivalent (eq.).

Preparation of Au-Te nanoworms

Au-Te nanoworms were prepared by galvanic replacement of
a sacrificial Te nanorod template, as previously reported [23].
To a 50-mL transparent glass vial, we added 1 g PVP (Mw =
40 kDa), 92.2 mg sodium tellurite, and 0.5 mg NaOH and
fully dissolved these components in 40 mL ethylene glycol
as the solvent. Next, 1.3 mL hydrazine hydrate was injected
for initiation of Te nanorod formation and incubated for 3 h at
70°C in a water bath under gentle magnetic stirring (~300
rpm). Synthesized Te nanorods were purified by dialysis
(30-kDa cutoff) in a DI water reservoir to eliminate unreacted
ions and reductants.

Next, 250 uL of 10 mM AuCly- aqueous stock solution
was rapidly injected into 2 mL purified Te nanorods, and the
mixture was incubated for 2 h at room temperature. After the
reaction, Au-Te was purified by centrifugation at 8000 rpm
for 10 min and washed with DI water at least three times to
ensure the removal of dissolved ions. Finally, manufactured
Au-Te was redispersed at the initial volume of the Te nano-
rods, and the concentration was denoted as 1 volumetric
equivalent (eq.).

Characterization

Nanoparticles were characterized by energy-filtering trans-
mission electron microscopy (TEM; LIBRA 120; Carl Zeiss,
Germany) and field-emission scanning electron microscopy
(SEM; SUPRA 55VP; Carl Zeiss). Dynamic light scattering
(DLS) and zeta-potential were measured using a Zetasizer
Nano ZS (Malvern, UK). The ultraviolet-visible (UV-Vis)
spectra of nanoparticles were obtained using a Lambda 465
UV-Vis spectrophotometer (PerkinElmer, USA).

Preparation of multifunctional DNA 3WJ-conjugated
pAuNPs

To prepare CRP Apt/biotin/MB-tagged DNA 3WJ, we used a
protocol described in a previous study [18]. The three single
strands were diluted in TMS buffer (50 mM Tris-HCI, 10 mM
MgCl,, 100 mM NaCl) at the same molar ratio, heated to
80°C for 5 min, slowly cooled to 4°C, and stored in a refrig-
erator. The assembled DNA 3WJ was identified on an 8%
native TBM polyacrylamide gel. For conjugation of the mul-
tifunctional DNA 3WJ to pAuNPs with signal amplification
function, pAuNPs were reacted with avidin to bind the surface
of pAuNPs via electrostatic attraction. Then, 0.1 mg/mL avi-
din (20 pL) and 100 mM HEPES buffer (100 pL) were added
to pAuNPs (4 eq.) solution, and the solution was incubated at
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4°C for 24 h. Subsequently, 5 uL of 1 uM MB was added, the
solution was incubated at room temperature for 2 h and cen-
trifuged at 4000 rpm for 10 min, the supernatant was
discarded, and the pellet was washed with 10 mM HEPES
solution. The washing process was carried out three times.
Next, CRP Apt/biotin/MB-tagged DNA 3WIJ solution in
10 uM TMS (10 pL) was added to a total volume of 100
pL, and samples were incubated at room temperature for 2
h. Finally, samples were washed three times. The CRP Apt/
biotin/MB-tagged DNA 3WJ-conjugated avidin/MB-
encapsulated pAuNPs were purified with an Amicon Ultra
centrifugal filter (MWCO: 50k; Millipore, USA) [24]. The
prepared SERS tag could capture CRP and generate Raman
signals simultaneously.

Fabrication of the SERS biosensor

To fabricate the SERS biosensor, an ITO substrate
immobilized with Au-Te was used [16]. All DNA was
heat-treated at 80°C for 5 min before use, slowly cooled
to 4°C, washed, and dried with DIW and nitrogen gas at
each step. Thiol-modified CRP capture aptamer (1 pM, 30
puL) was immobilized on the prepared Au-Te substrate
and incubated for 24 h at room temperature. Thereafter,
30 uL CRP solution was placed on the substrate and
reacted at room temperature for 3 h, and 30 pL of the
finally prepared SERS tag solution was placed on the
substrate, followed by incubation for 3 h. Measurements
were performed using a SENTERRA confocal Raman
spectroscope (Bruker Optics, USA) with a 785-nm diode
laser, 10-mW power, and exposure time of 5 s for all
experiments. Results were obtained from 10 different
points for 10 independent samples.

Results and discussion

Characterization of pAuNPs and Au-Te nanoworms

The synthesis of pAuNPs and Au-Te nanoworms was per-
formed using the galvanic replacement reaction for sacrificial
Ag nanoplates and the Te nanorod template, respectively [22,
23]. The size and morphology of pAuNPs and Au-Te
nanoworms were characterized by TEM and SEM.
According to the obtained images, platelet two-dimensional
pAuNPs with a rough surface morphology and partial porosity
were clearly identified from pAuNPs (Fig. 2a). For Au-Te
nanoworms, twisted one-dimensional worm-like irregular
nanostructures were successfully manufactured (Fig. 2b).
Both distinguished nanostructures originated from the charac-
teristics of sacrificial nanotemplates.

DLS measurement of pAuNPs and Au-Te nanoworms ex-
hibited average hydrodynamic diameters of 128.8 and 101.5
nm, respectively (Fig. 2¢). Because of the rough surface
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morphology and one- and two-dimensional characteristics,
Stoke-Einstein equation-mediated size calculation of DLS
provided slightly different size dimensions identified from
TEM and SEM images. However, the polydispersity indices
of pAuNPs (0.165) and Au-Te nanoworms (0.353) indicated
the degree of reliability based on their irregular morphology
(Fig. 2d). The negative (-potential values of pAuNPs (—23.9
mV) and Au-Te nanoworms (—18.3 mV) showed similarities
derived from the environment of the exposed metallic gold
surface of nanoparticles.

Confirmation of the assembly of the multifunctional
bioprobe

To confirm the binding affinity of the CRP aptamer, gel elec-
trophoresis (8% native TBE-polyacrylamide gel electrophore-
sis [PAGE]) was performed. Figure 3a shows the expected
two-dimensional CRP aptamer structure used in this study,
and Fig. 3b shows the expected two-dimensional assembled
multifunctional DNA 3WJ structure used in this study. The
two images were obtained from UNAfold. Figure 3¢ shows
the TBE-PAGE results of the selective binding of the CRP
aptamer to CRP. In a comparison of the CRP capture probe
(lane 2) and the CRP capture probe reacted with CRP (lane 3),
band migration was confirmed in lane 3. As a result, the size
of the band appeared to change owing to changes in the three-
dimensional structure as DNA bound to CRP. In addition, a
control experiment with myoglobin was conducted to confirm
that myoglobin, another plasma protein, did not bind to other
proteins. Notably, CRP capture probe plus myoglobin (lane 4)
showed the same band shape as CRP capture probe alone
(lane 2), indicating that myoglobin did not bind to proteins
other than CRP.

Furthermore, the assembly results of the multifunctional
DNA 3WIJ and binding tests between multifunctional DNA
3WJ and CRP were confirmed by 8% native TBM-PAGE
(Fig. 3d). The Apt/MB/Bio-tagged DNA 3WJ band (lane 5)
was heavier than each DNA 3WJ band. These findings con-
firmed that the assembly of multifunctional DNA 3WJ was
successful. Additionally, we compared the binding of the as-
sembled DNA 3WJ and CRP. The shape of the band changed
owing to the slight increase in the height of the band; thus, the
DNA became heavier through binding with CRP, and the
three-dimensional structure changed. In addition, for the con-
trol, a band position on the same line as DNA 3WJ was ob-
served, confirming selective binding only to CRP. As a result,
we confirmed that the DNA probes selectively bound only to
CRP, and the assembly of DNA 3WJ was also successful in
further experiments.

To confirm the conjugation of multifunctional DNA 3WJ
with pAuNPs, the particle size and zeta potential were mea-
sured. Figure 3e shows the results of measuring the particle
diameter; we found that the particle diameter size changed as
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Fig. 2 Characterization of
synthesized pAuNPs and Au-Te.
TEM (left) and SEM (right) im-
ages of a (a) pAuNPs and (b) Au-
Te. The scale bar is 100 nm for all
images. (c) DLS of pAuNPs and
Au-Te and (d) table for the com-
parison of pAuNPs and Au-Te

avidin and DNA 3WJ bound to pAuNPs. Figure 3f shows the
results of zeta potential measurements for the particle surface
at each stage. Synthesized pAuNPs had a negative charge on
the surface and therefore spontaneously bound to avidin with
an isoelectric point of 10. As avidin bound to the surface, the
charge of the entire particle became positive. Subsequently, it
was possible to confirm that the surface of the particle was
negatively charged again through binding with DNA 3W1J. As
a result, we confirmed that pAuNPs and avidin bound well at
each step and that DNA 3WJ was evenly distributed over the
particles.

Investigation of the feasibility of the fabricated SERS
biosensor

The fabricated biosensor was confirmed by SERS (Fig. 4).
After placement of the capture probe on the Au-Te sub-
strate, a blue signal was observed. By contrast, a green
signal was observed when applying the combination of
the capture probe and CRP, and a red line with peaks at
447, 496, 765, 1388, and 1614 cm™! was observed when
combining the SERS tag. This seemed to be caused by
MB in the SERS tag produced as a peak region character-
istic of MB [25]. The capture probe and CRP were not
labeled, and the characteristic peak changes could not be
confirmed. However, because the peak of the SERS tag
specifically binding to CRP was confirmed, the capture
probe, CRP, and SERS tag were thought to all be
immobilized on the substrate. Thus, the manufactured bio-
sensor could effectively detect CRP.
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SERS biosensor performance

Raman spectra were obtained at various concentrations of
CRP, and the detection limit was estimated by comparing
the intensity at 447 cm™ (Fig. 5a). The test was performed in
a buffer of 100 nM to 1 pM and in serum. The intensity at the
447 em™' gradually decreased as the CRP concentration de-
creased. A linear fitting, i.e., y = 1397.9 In(x) + 38126, was
observed (Fig. 5b), and the correlation coefficient (R?) was
0.9654. The detection limit was calculated as 3 (standard
deviation/slope of the linear calibration curve), and the detec-
tion limit in the buffer was 2.23 pM. In addition, the Raman
spectrum was measured in human serum. CRP was serially
diluted from 100 nM to 1 pM in 10% serum. The detection
result is shown in Fig. 5c, and Fig. 5d shows the results of the
linear fitting, i.e., y = 1922.8In[x] + 52271 (correlation coef-
ficient [R*] = 0.8913). The limit of detection was determined
to be 3.11 pM. The results of the detection limit were com-
pared with those in a previous study (Table 1). Figure 6 shows
the selectivity test of the CRP SERS biosensor. Hemoglobin,
interferon-y, myoglobin, and troponin, which are all present
in human serum, were used as controls. The results confirmed
that the manufactured biosensor had high selectivity for CRP
and could be detected in human serum.

Conclusion

In this study, we fabricated a SERS biosensor composed of
multifunctional DNA 3WIJ/pAuNP conjugates and Au-Te
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Fig. 3 (a) Schematic image of expected 2D structure of CRP aptamer. (b)
Schematic image of expected multi-functional DNA 3WJ structure from
3WIJ-a of CRP aptamer for detection (red line), 3WJ-b for signal reporter
(blue line), and biotin modified 3WJ-c for conjugation (purple line). (c)
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Fig. 4 Raman spectrum of fabricated SERS biosensor and schematic
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bin. Results of investigation of pAuNP SERS tag (e) diameter of fabri-
cated each particle, (f) zeta potential of each fabricated particle surface

nanoworm substrate for CRP detection. The prepared Au-
Te nanoworm structure showed usefulness as a CRP bio-
sensor when combined with a thiol-tagged CRP aptamer.
Through the versatility of DNA 3WJ, DNA 3WJ can easily
exert different functionalities, including target recognition,
signal reporter, and conjugation with nanoparticles.
Additionally, pAuNPs can be easily combined with MB
and avidin, and through this modification, it is possible to
casily create a SERS tag that can detect CRP and generate
Raman signals. The multifunctional DNA 3WIJ/pAuNP
conjugates, capable of detecting CRP with Raman signal
amplification, provided a useful SERS tag. As the concen-
tration of CRP decreased, the Raman signal intensity of the
SERS tag also gradually decreased, enabling the detection
limit of the fabricated biosensor to be estimated. We
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Table 1.  Comparison of the fabricated biosensor with other sensors for CRP
No.  Receptor materials ~ Detection method Detection limit Labeling References
1 Aptamer Colorimetric assay 1.2 pg/ml Citrate-capped gold nanoparticles  [26]
2 Antibody Metal clad leaky waveguide 0.1 pg/ml Label-free [27]
3 Antibody SPR 1 ng/ml HRP [28]
4 Antibody LSPR 0.3 ng/ml Gold nanoparticles [29]
5 Antibody Fluorescence 1.94 ng/ml Alexa fluor 488 [30]
6 Aptamer Chemiluminescence 0.0125 mg/ml Magnetic beads [31]
7 Aptamer SERS 223 pM Methylene blue Present work
(0.51 pg/ml)
(in buffer)
3.11pM
(0.72 pg/ml) (in human serum)
Fig. 5. Evaluation of CRP SERS (@) (b) <0004 !
biosensor performance: (a)
Raman spectrum in different
concentrations of CRP (PBS - 120001
buffer), (b) calibration curve in 10000 v‘ ‘§
different concentrations of CRP - | e o o 8 80007 :
in buffer; linear range from 100 %5 60004 | raott ,E'g =
nMto 1 pM, (c) Raman spectrum & ‘ oy o 4 40004
in different concentrations of £ 5000 W‘.i (e M i seont f
CRP (serum), (d) calibration e , ’ |
curve in different concentrations 500 1000 1500 2000 1E-12 1E-11 1E-10 1E-09 1E-08 1E-07
of CRP in serum; linear range Raman Shift (1/cm) Concentration (M)
from 100 nM to 1 pM (c) (d)
25000-
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Fig. 6 Raman intensity at 447 cm™ based on selectivity (error bars:
standard deviation)

Concentration (M)

therefore identified detection limits of 2.23 pM in buffer
and 3.11 pM in human serum. Based on these results, the
proposed biosensor shows potential applications as a SERS
biosensor platform. Thus, the combination of DNA 3WJ
and nanoparticles may enable the development of various
pathogen detection SERS platforms.
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