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ctive protein SERS detection with
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In this work, we report a qualitative approach for detecting the adsorption of C-reactive protein on

phosphocholine-terminated self-assembled monolayers without the use of any labels. An amplified

plasmon of concentration-induced silver nanoparticle aggregates located �4.0 nm away from the C-

reactive protein via the phosphocholine-terminated self-assembled monolayer linker is considered to be

the source of the robust electromagnetic enhancement. The high level (109 to 1010 M�1) of apparent

binding constant (KA) of C-reactive protein suggests that the immobilized surface was well-oriented

without extreme random stacking. A Raman sensitivity toward the C-reactive protein around 2800–

3000 cm�1 was noted, which gradually increased upon the addition of successive layers up to

approximately 6–7 layers of phosphocholine-coated silver nanoparticle aggregates, with minimum

detection amounts of �0.01 ng mL�1 in buffer and �0.1 ng mL�1 in 1% serum. A cross-reactivity test

confirmed the excellent selectivity and specificity of the measured signals. A computational study based

on the finite-difference-time-domain method successfully demonstrated the enhanced (�1.1 � 106)

electromagnetic field of the 2-D silver nanoparticle aggregates as compared with that of isolated

particles, and was congruent with the analytical enhancement factor (1.7 � 105).
Introduction

Raman spectroscopy is a non-destructive and label-free
modality for analytical science due to its ability to detect
vibrational, rotational, and other low-frequency modes in a
given system. However, it has limited applications owing to the
low scattering cross-section.1 Several technical approaches have
been developed to overcome this limitation, of which surface-
enhanced Raman scattering (SERS) is a popular approach.2

Briey, the SERS effect is obtained by positioning target mole-
cules (or a single molecule) in the vicinity of a localized free
electron-rich metallic surface (i.e., Au, Ag, and Cu) to compen-
sate for the low Raman signal due to the effect of the electro-
magnetic eld. SERS is oen utilized in the design of nanoscale
metallic structures for maximized eld enhancements that are
oen highly dependent on the size, shape, and geometry of the
nanomaterials. Notably, SERS was demonstrated with the use of
honeycomb-shaped metallic island arrays by Hulteen and van
Duyne in 1995,3 where periodic islands exhibited uniformly
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distributed Raman scatterings by the arbitrarily positioned
illumination of excitation photons. Additionally, Nie and Emory
reported single molecular Raman scattering events of rhoda-
mine dye in mixtures with silver nanoparticles in atmosphere.4

Other studies subsequently disclosed that the gaps between
metallic structures, so-called hotspots, are important in
creating highly localized plasmons to boost the intended
Raman scattering cross-sections. Therefore, subsequent
endeavors to obtain stable Raman-enhancing substrates/chips
have focused on improving the “quality” of hotspots.5

Clustered nanostructures are one of the most robust sources
for stable and strong collective electromagnetic enhancements.6

The aggregation of nanostructures can occur randomly (e.g.,
theoretical affine fractals7) or by design (e.g., peptide-tethered
branched nanoparticle clusters8). In regard to randomly gener-
ated structures, researchers are highly interested in maximizing
localized surface plasmons within the focal volume of the
Raman excitation laser beam, which leads to the fabrication of
fractal nanoclusters,9 where excited localized dipoles assist in
the indiscriminate eld enhancement of Raman, Rayleigh, and
even nonlinear optical scattering. However, low control over the
number of hotspots and limited signal reproducibility associ-
ated with the randomly formed fractals hinder the potential for
practical applications. Thus, engineered SERS substrates
(as described in regard to nanosphere photolithography) have
extensively evolved towards the design of metallic islands10 or
nanoparticle arrays.11 However, the high price and time
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) Diagram of the synthesis of the SERS substrate using 3-
aminopropyltrimethoxysilane (APTMS), silver nanoparticles (AgNPs),
phosphorylcholine (PC), and C-reactive protein (CRP). A capillary gap
was created to control the flow-in/out of CRP solutions. Phos-
phocholine (PC) was linked to silver nanoparticle aggregates (AgNAs)
using click chemistry. Optical images of silanized glass surfaces coated
by a colloidal AgNP solution of (b) 20 ppm and (c) 100 ppm, respec-
tively. The formed AgNAs are seen as �100 mm scale colored plates.
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consumption inherent to engineered SERS substrates has led
researchers to exploit coffee ring-like structures, which are
formed at the edge of dried nanoparticle-analyte drops, as
cheap and easily prepared SERS substrates.12

SERS has also been applied to the detection of biomolecules
such as DNA oligomers,13 bacteria,14 and biolms,15 all of which
are feasible by the use of properly chosen optical dyes. As such,
aggregates of noble nanometallic colloids are typically utilized to
create hotspots of SERS signals, in some cases without the use of
any Raman-specic labels. SERS research elucidated the vibra-
tional ngerprints of analytes in contact with silver colloids,
suggesting themorphology of the contacts between the molecules
and metallic nanoparticles.16 However, direct quantitative moni-
toring of ligand–protein interactions using the vibrational modes
of target molecules via SERS has been scarcely reported.17,18

C-reactive protein (CRP) is a ubiquitous biomarker found in the
blood stream, and its levels are sensitive to diet, smoking, and
mental condition. Less than 1 mg mL�1 is detected in healthy
human blood, but increases 100-fold during infection and
inammation.19 Clinically, CRP is correlated with physiological
mechanisms such as acute inammation, diabetes, and cardio-
vascular diseases.20 CRP is a protein complex (�125 kDa)
composed of ve identical subunits (�25 kDa each) in a cyclic
pentagon-shaped (i.e., pentraxin family) structure held together by
non-covalent interactions.21 CRP binds to phosphocholine (PC)
expressed on the surface of dying cells to accelerate necrosis,
rendering PC one of the most eligible moieties for the detection of
CRP.22 The detection of CRP has been established based on
enzyme-linked immunosorbent assay (ELISA),23 surface plasmon
resonance (SPR),24 and magnetic nanoparticles.25 Recently, SERS
was used to detect CRP by the generation of colored labels through
an enzymatic reaction on CRP antibodies, as in ELISA (detection
limit: �5 ng mL�1) with a detection level of �0.3 ng mL�1.26 The
direct detection of CRP in blood plasma was also demonstrated
using near-IR Raman spectroscopy assembled with a post data
processing algorithm, with a detection limit of �30 mg mL�1.27

However, the detailed procedure of a label-generating method
required the use of gold nanoparticles and was not clearly
discriminated from the complex surface chemistry of ELISA; the
detectability of the near-IR Raman spectroscopy method was poor.

We have developed a label-free SERS experiment to monitor
CRP-specic ligand–protein interactions. A reection-free SERS
chip using concentration-induced Ag nanoparticle aggregates
(AgNAs) allowed for the qualitative detection of the PC–CRP
interaction at the C–H stretching vibrational mode (2800–3000
cm�1); the resolvability of this mode was superior to that in the
ngerprint (1000–1600 cm�1) and low frequency (�900 cm�1)
regions. The apparent binding constants calculated from the
SERSmeasurements (109 to 1010 M�1) were comparable to those
obtained via uorescence assays and SPR measurements, and
indicated a sensitivity of �0.01 ng mL�1 (100 fM). Moreover,
this method can be applied to the detection of CRP in serum
with a signal to noise level of 20. SERS depended on the thick-
ness of the AgNAs, and nite-difference-time-domain (FDTD)
calculations revealed that the collective enhancement factor
from AgNA reached 5–6 orders of magnitude in well-aligned 2-D
array structures.
This journal is © The Royal Society of Chemistry 2015
Experiments
Fabrication of a capillary effect-driven PC-functionalized
AgNA SERS chip

For SERS-based protein detection, microuidics have been
frequently adopted to control the reaction dynamics between
the ligands and target proteins coupled with immunoassays,
where one of the sandwiched antibodies holding the target
molecule also contains a catalytic molecule to produce Raman
labels for signal detection. In this case, SERS hotspots are
created by bifunctional contacts with gold nanoparticles,28 or
gold nanoarrays in the microuidic device.29 It is unclear
whether the aforementioned methods are more focused on the
uency of sample preparation or the efficient maximization of
the SERS enhancement factor; the combination of both prop-
erties has not been reported in any SERS-related methods
reported to date. Fig. 1(a) shows the stepwise functionalization
of PC on the concentration-induced AgNAs and the creation of a
capillary gap allowing for the controlled release of the protein-
containing solution. The synthetic details regarding the chem-
ical moieties are given in the ESI.† Briey, commercially avail-
able thin cover slips (22 mm � 22 mm) were extensively cleaned
with ethanol and water and dried prior to use. Then, the glass
substrate was immersed in a piranha solution (7 : 3 (v/v)
concentrated sulfuric acid : 30% hydrogen peroxide) for 30
min in order to hydroxylate the glass surface. The substrate was
rinsed with water and coated with organosilane by immersing
the glass substrate in a 2% 3-aminopropyltrimethoxysilane
(APTMS) toluene solution overnight. Colloidal silver nano-
particles (730807, Sigma-Aldrich, Co., Ltd.) were centrifuged at
RSC Adv., 2015, 5, 34720–34729 | 34721
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Fig. 2 (a) Raman spectra of PC-functionalized AgNAs for three
different vibrational modes. Inset shows the functionalized PC on top
of AgNAs in a dimensionally exaggerated manner. (b) Raman spectra
taken from 1 and 3 after injecting CRP solutions of varying concen-
trations (from buffer to 100 nM). (c) Raman intensity increase in the
C–H vibrational modes. (d) CRP-concentration dependent plot of the
Raman signals for highlighted maximum peaks in (c).

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
9 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
on

 7
/2

1/
20

22
 3

:2
7:

17
 A

M
. 

View Article Online
13 000g and re-suspended in water (one tenth of the initial
volume of the silver nanoparticle (AgNP) colloid solution). In
this way, we achieved 200 ppm of concentration from the stock
solution (0.02 mg mL�1, 20 ppm). The APTMS-modied glass
substrate was immersed in variously concentrated AgNP solu-
tions (10 ppm–100 ppm) for 24 h at room temperature. Note
that the morphological variations of the coated AgNPs were
determined by the concentration of the applied colloidal
AgNP solution from the well-distributed monolayer lms
(Fig. 1(b)) to the scattered AgNAs (Fig. 1(c)), where aggregates
were formed at concentrations higher than 50–60 ppm. To
immobilize PC on the AgNP surface, 2-(2-(2-azidoethoxy)ethoxy)
ethyl 11-thioundecanoate (azido-thiol) and 6-propargylhexyl-
phosphorylcholine (propargyl-PC) were synthesized (Fig. S1–
S3†) and conjugated using click chemistry. To prepare the
PC-immobilized AgNAs, the glass substrate coated with
concentration-induced Ag cluster was immersed in 2 mM
ethanolic solution (2 mL) of azido-thiol for 12 h at room
temperature. The substrate was thoroughly rinsed with ethanol
several times and then dried in air. To modify the surface of
AgNPs with PC, the click chemistry, 1,3-dipolar cycloaddition
reaction, was used.30 It was performed by dropping 10 mL Tris
buffer solution (0.1 M Tris, pH 8.0) containing 0.5 mM copper
sulfate(II) pentahydrate, 1 mM sodium ascorbate, and 1 mM
propargyl-PC on the glass substrate coated with the azido-thiol
and incubated for 16 h at 4 �C. The molar ratio of copper sul-
fate : sodium ascorbate : propargyl-PC was 0.5 : 1 : 1. To
prepare control surface without PC, propargyl-alcohol, instead
of propargyl-PC, was introduced to the glass substrate as the
same method described above. Finally the substrates were
thoroughly washed with deionized water. As the last step, the
PC-immobilized AgNAs-containing glass coverslips were ipped
and adhered to the glass slide using epoxy bonds to create a
small gap (thickness: <1 mm) between the coverslips and glass
slides to permit the capillary immersion of the protein-
containing solution. Note that the removal of the reacting
solution was achieved by blowing the smeared solution with an
N2 gas gun. The concentration-dependent formation of AgNAs
are featured in the Fig. S4.† The collection of Raman spectra
from the CRP-containing solutions of various concentrations
was facilitated without the use of complicated microuidic
microelectromechanical systems (MEMS).

Results and discussion
SERS detection of C–H stretching modes of CRP

The high-frequency Raman range (2600–3100 cm�1), which
corresponds to the vibrational overtones of the ngerprint
region (1000–1700 cm�1),31 has recently garnered attention
since the measured Raman signals are stronger and more
spectrally resolvable than the ngerprint regions.32 For
instance, the D0 band (�2650 cm�1) in isolated graphene akes
was found to be intrinsically strong and highly sensitive to the
number of fundamental layers.33 The C–H stretching of benzene
rings (�3050 cm�1) is a good Raman indicator to chemically
identify polymers. Additionally, linear symmetric/asymmetric
C–H stretching modes (2800–3000 cm�1) have been exploited
34722 | RSC Adv., 2015, 5, 34720–34729
in coherent Raman scattering (CRS) microscopy due to the
signal sensitivity in lipids and proteins.34 Notably, SERS in the
high-frequency Raman range was also employed to analyze the
adsorption of small biomolecules such as amino acids and DNA
bases on colloidal AgNPs35 and to obtain pictures of cell
vibrations.36

Fig. 2(a) shows the SERS spectra from three different regions
around one of the AgNAs indicated with numbers (1–3). Note
that all regions were functionalized with PC, as indicated in the
gure inset, where differences originate from the density of the
AgNPs (see also Fig. S5 and S6†). The overall Raman intensity
was the highest for 3, and was the lowest and almost unrecog-
nizable for 1. Fig. 2(b) shows the Raman intensity variation
when the same substrate was treated with CRP solutions of
various concentrations from Tris buffer (0.1 M) solution
(control) to 100 nM. The concentration of Ca2+, which is known
to be essential in PC–CRP conjugation, did not critically affect
the reaction if it was in the test solution (as conrmed by SPR in
Fig. S7†) and was xed at 5 mM in all experiments. In spectra set
3 in Fig. 2(b), no discernible change was observed, while there
was an overall increase in the Raman intensity when the
concentration of the CRP solution was increased (spectra set 1).
For a clearer understanding of the spectra, the C–H stretching
region was zoomed in according to the CRP concentration, and
each spectrum was subtracted from that of the buffer solution.
The results for the C–H stretching region (grey shadow) are
presented in Fig. 2(c). In this work, no clear evidence of the
concentration dependence of the Raman signal increase in the
ngerprint region (1000 cm�1 to 1700 cm�1) could be obtained.
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Cross-reactivity of the functionalized AgNA substrate. Varia-
tions in the Raman intensity at 2930 cm�1 are shown in red (CRP) and
black (SAP) with increasing concentrations of the reacting solutions
applied to the PC-functionalized substrates, while that of the CRP
solution interacting with the OH-functionalized substrates is shown in
dark grey. Green dots correspond to the Raman intensity driven by the
reaction of PCTP with PC-functionalized substrates. Inset shows the
optical density measured at 450 nm in the immunocolorimetric
assay (ICA).
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The collected signals uctuated even with xed concentrations
according to the position-to-position variation of collected data,
which was attributed to the photocarbonization effect
frequently noted in SERS experiments.37,38 It has been suggested
that the design of new AgNA hybrid structures with 2-D hexag-
onal atomic layered materials, such as graphene or MoS2, could
drastically promote charge transfer between analytes and
AgNAs and may allow for the measurement of the ngerprint
region via chemical enhancement effects.39 In contrast, the
Raman spectra of the C–H stretching region had a high S/N ratio
(>10) and demonstrated a distinct change with increased
concentrations of CRP. A drastic increase in the asymmetric
C–H vibrational mode (�2930 cm�1) was observed with
increased CRP concentrations. Notably, this signal variation is
known to be closely related to the amount of protein present.40

The Fig. 2(d) reveals that the concentration dependence of the
Raman peak intensity followed a Langmuir isotherm-type trend
with an apparent binding constant (KA) of 5.27 � 10�9 M�1 and
high level of statistical tolerance (R2 ¼ 0.97) (see also Fig. S6†).
Overall, even if the performance of the PC–AgNA system as a
SERS detector at the C–S stretching mode was a bit disap-
pointing owing to the low signal increase upon the addition of
CRP, a signicant Raman signal enhancement was observed in
the C–H stretching mode (2800–3000 cm�1) with a solid 100 fM
(�0.01 ng mL�1) detection level.
Evaluation of the specicity of CRP–PC conjugation in SERS

Reducing the non-specic protein binding to target ligand-
functionalized surfaces is essential in producing selective
biomolecule sensors and has been achieved using surface
property-altering chemicals such as bovine serum albumin
(BSA),41 and diverse SAMs.42 Notably, SAMs are oen utilized
due to their facile fabrication when combined with other
moiety-specic complex surface modication processes,
leading to the creation of hydrophilicity or hindering the
formation of electrostatic forces that prevent the unwanted
adsorption of non-targeted proteins. The tailored non-specic
adsorption of CRP in a rationally designed SAM bridge allows
for the creation of molecularly imprinted polymer (MIP) arrays
on gold surfaces, which possess binding affinities 2–3 orders of
magnitude higher than that of SPR and ELISA.43 Here, the
specicity and selectivity of the reaction between the SAM–

ligand treated surface and proteins in solution were examined
through Raman spectroscopy. Fig. 3 summarizes the changes in
Raman peak intensity at arbitrary PC/OH functionalized AgNAs
(200 nm thick), where the Raman signals were well-resolved as a
function of the reacting protein (CRP, serum amyloid P
component (SAP), and phosphatidyl choline transfer protein
(PCTP) concentration. SAP is another protein from the pen-
traxin family that consists of ve subunits (25 kDa) and shows a
�51% resemblance to CRP in regard to the protein sequence
and selective reactivity with proline terminating groups, but not
with PCs; thus, it is frequently selected for cross-reactivity tests
of CRP.44 PCTP is not homologous to CRP in protein sequence,
but it binds to PC head group of phosphatidyl choline.45 As the
inset cartoon illustrates, the ligand bridges are composed of
This journal is © The Royal Society of Chemistry 2015
hydrophobic C–H chains connected to AgNAs and hydrophilic
PC/OHs, where CRP and water can approach and the specicity
of CRP binding can be unambiguously tested. First, a
concentration-dependent plot of the attachment of CRP to the
PC-functionalized surface was obtained at 2930 cm�1 in the
Raman spectra; SAP, PCTP, and the OH-functionalized surface
were used as controls for cross-comparison of the CRP link to
PC. An increase in attachment was observed for CRP concen-
trations of 10�12 to 10�9 M, while that of SAP was not increased
in the corresponding concentration regime, demonstrating that
the PC–AgNA system had ultrahigh selective sensitivity. In
addition, no signicant binding of PCTP was observed on the
PC-functionalized substrate, which indicated that the Raman
spectroscopic analysis with the prepared substrates was highly
specic to CRP detection. Furthermore, the attachment of CRP
to the substrates was attributed to the PC functionalization on
the surface, because CRP binding was strictly limited to OH
surface compared to that of PC surface; the intensity of CRP to
PC surface was increased by more than 1 order of magnitude as
judged from the difference in the net Raman spectroscopy.
Importantly, the results could be reproduced aer the adsorbed
CRPs were removed with ethylenediaminetetraacetic acid
(EDTA) from the PC-functionalized surface (Fig. S8†). Optical
absorption assays of the attachment of CRP to PC were also
carried out to determine a qualitative reference for the Raman
measurements. The inset in Fig. 3 shows the results of the
immunoabsorbant assays (at 450 nm) on the SAM control (OH)
and PC-functionalized chips, which were subsequently
submerged in CRP and SAP solutions. The attachments of CRP
were the most prominent for the PC-functionalized surfaces
treated by CRP-only solutions, conrming that interaction
between CRP and PC does occur.
RSC Adv., 2015, 5, 34720–34729 | 34723
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SERS of CRP–PC–AgNA systems in serum

SERS of PC-functionalized AgNAs was also evaluated with 1%
serum-containing CRP solutions. It is always challenging to
optically monitor analytes in serum due to the presence of
numerous biological light scatterers and/or absorbers that can
interfere with the signal from target molecules; thus, most
biosensors are reported to exhibit less molecular sensitivity in
serum as compared with that in buffer systems. Fig. 4(a) shows
the Raman spectra of the C–H stretching mode for various
concentrations of CRP dissolved in 1% serum solution. The S/N
ratio of the spectra was approximately 5, which was less than
that of the spectra presented in previous gures; however, the
intensity of the C–H mode (2930 cm�1) increased as the
concentration of CRP in serum increased. Fig. 4(b) shows the
calibration curve used to calculate the binding constant (KA) of
CRP to PC in buffer and serum.

The Langmuir adsorption model allows for the calculation of
KA through the following equation:46

C

IR
¼ C

Imax
R

þ 1

Imax
R KA

; (1)
Fig. 4 (a) Variation in peak intensities (C–H stretching at �2930 cm�1)
according to the CRP concentration dissolved in 1% N-serum
measured by Raman spectroscopy. (b) Calibration curve calculated by
the Langmuir isotherm to determine the binding constant of CRP in
pure solution and 1% N-serum. (c) Normalized Raman peak increase
versus CRP concentration in the pure solution and 1% N-serum. Inset
shows CRP binding capacity in 1% N-serum determined by ICA
analysis.

34724 | RSC Adv., 2015, 5, 34720–34729
where C is the concentration of CRP, IR and Imax
R are the Raman

intensities when the concentration of CRP is specied and
extrapolated to innity, respectively, and KA is the tted binding
constant. The KAs were 2.16 � 109 and 2.12 � 109 M�1 (R2 >
0.99) for CRP to PC on AgNAs in buffer and serum, respectively,
both of which were comparable to those obtained in previous
reports,47 indicating that the immobilized surface was well-
oriented without extreme random stacking.48 Notably, there
was no signicant difference in the KA values obtained in buffer
or serum. To qualitatively examine the performance of the SERS
detection in buffer and serum, we compared the CRP concen-
tration dependence of the CRP–PC reactivity (Fig. 4(c)). The plot
was normalized to the lowest concentration (10 fM) of added
CRP; all data sets collected from each concentration were
averaged. The log scale plot on the x-axis nicely resolves the
gradual increase in the Raman peak intensity even around 10–
100 pM (12.5 ng mL�1) where the surface coverage is drastically
saturated for both cases, albeit the degree of signal enhance-
ment was different by 3–4 times. Based on the measured and
calculated information, the CRP sensitivity of our system
reached �0.01 ng mL�1 (100 fM) in buffer and �0.1 ng mL�1 in
1% serum, where the signal was discernible with S/N ratio
greater than 3 at the target concentration. The inset bar-
diagram summarizes the immunoabsorbant assays of CRP
reactivity with respect to the PC/OH-functionalized surface in
serum as compared with the reactivity of CRP with PC in buffer.
This data conrms that the CRP reactivity was moiety selective
in serum, but was inferior to that in buffer by approximately
2 times.
AgNA thickness dependence of CRP–PC–AgNA in SERS

Fig. 5(a) summarizes the Raman spectra of CRP–PC–AgNA
systems with varying thicknesses and clearly demonstrates that
the peak intensity of 2930 cm�1 gradually increases as the thick-
ness of AgNA increases up to 200 nm. The inset SEM images show
the morphology of the vacuum-dried CRP–PC–AgNA surface aer
the CRP coating was formed over the AgNAs at two different
thicknesses. The SEM reveals that CRP was densely adsorbed to
the AgNAs (5 layers; 200 nm) as a thick biological lm, whereas
attachments were quite scarce; even individual nanoparticles were
microscopically resolvable in the single-layered AgNA (40 nm)
region. Abundant asymmetric C–H stretching modes (2930 cm�1)
were observed. Moreover, the asymmetric mode drastically
increased with an increase in AgNA thickness compared with the
symmetric C–H stretching mode (�2850 cm�1). The thickness of
each position was assigned by correlating the optical microscopy
image with the AFM image, as exemplied in Fig. 5(b) and the
inset of (c). Fig. 5(c) shows the line prole for the dashed line in
(b). Through a careful AFM study, some regions over 300 nm thick
were identied, but were very rare except in some wall-like edges
of the AgNAs. Fig. 5(d) summarizes the thickness dependence of
the SERS signal at 2930 cm�1 for CRP aqueous solutions with
concentrations ranging from 100 fM to 100 nM. Generally, the
SERS signals increased with increasing AgNA thicknesses and
gradually plateaued around 280 nm (7 layers). Notably, the SERS
intensity in buffer showed a similar tendency, presumably
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (a) Raman spectra plotted versus the AgNA thickness with the
addition of 100 pM CRP. Inset SEM images show the morphological
difference of CRP coatings adsorbed on monolayer (red squared) and
multiple-stack (blue squared) AgNA, respectively. The scale bar
corresponds to 100 nm. (b) Optical microscopy image and (c) AFM line
profile along the red dotted line in (b). Inset AFM image was obtained
for the identical imaging area in (b). See also Fig. S9† for AFM
measurement. (d) Variation in the normalized Raman peak intensity
with increasing AgNA thickness.
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induced by the SERS from the ligand group (SAM + PC) as shown
in Fig. 2(a). Because the Raman signals from CRP adsorbed to one
PC-treated AgNA system are proportional to the number of
adsorbed molecules in the nanoparticle system, the peak inten-
sities of the measured Raman spectra were saturated as the
concentration of the added solution increased, following a
Langmuir-isotherm-like surface coverage. Notably, the SERS is
proportional to the number of hotspots, assuming that the
correction factors can be ignored for each hotspot with reference
to the variation in geometric factors and Raman cross-sections.
The Raman signal increase with increased thickness may result
from the CRP molecules near hotspots participating in Raman
scattering. For thicknesses between 300–600 nm, a decrease in the
transmittance of AgNAs must be adopted to assess the tailoring of
SERS signals. Importantly, this concept has also been used to
explain the decrease in the linear/nonlinear optical response
above a critical thickness in planar structures such as multi-
layered graphene49 or non-plasmonic TiO2 3-D frameworks.50
Theoretical approach to AEF of SERS in the CRP–PC–AgNA
system

The analytical enhancement factor (AEF), dened as the ratio of
the differential cross-sections of molecules in adsorbed and
This journal is © The Royal Society of Chemistry 2015
reference conditions,51 becomes the Raman intensity ratio of
the molecules participating in the generation of Raman signals
under each condition at a xed collection time, similar signal
collecting congurations, and known surface adsorption/
coverage. To obtain the reference data, we acquired the
Raman spectrum of 13 mM CRP using a 50 times higher laser
power, resulting in a �5 cps signal aer background subtrac-
tion. Using a molecular weight of 125 kDa and a 109 cm�2

surface coverage of CRP,52 the AEF value for saturated 100 nM
detection (�60 cps) on 200 nm-thick AgNA was �1.7 � 105.
On the other hand, the structural SERS enhancement factor
(gSERS) can be independently calculated from the contribution
of the electromagnetic eld enhancement for a certain
nanostructure:53

gSERS f |FEF(lE)|
2|FEF(lRS)|

2. (2)

where FEF(lE) and FEF(lRS) are the eld enhancement factors
created at the wavelength of the excitation beam and Raman
scattered beam, respectively. The concept that the nonlinear
optical quantity in a given metallic geometry is proportional to
the multiplication of the square of the local eld enhancement
of the involved wavelengths of photons is also applied in second
harmonic generation (SHG),54 two photon uorescence (TPF),55

and four-wave mixing (FWM).56 If the given metallic geometry is
conned to the tightly localized vicinity of hotspots, the gSERS of
the region of interest can be approximated by multiplication of
two FEF(l)s, which can be calculated using FDTD simulations.
Thus, we examined the difference in eld enhancements
generated from hotspots with differing congurations of
nanoparticles, namely 2 or 4 particles, and 2-D arrays with
variations in the interparticle distance, d. Fig. S10(a)† summa-
rizes the calculated frequency-dependent electric eld intensity
and shows the resonance wavelengths of different array geom-
etries. Since the reference elds for the three arranged states
were different, the data was normalized aer taking their ratio
to correlate the spectral dependence. Accordingly, the surface
plasmon resonance of the 2-D array was so widely distributed
that it could be overlaid with the excitation wavelength (lL¼ 532
nm) and scattered wavelength of the C–H stretching mode at
2930 cm�1 (lRS ¼ 630 nm). Fig. 6(b) shows the transmittance for
2-D arrayed AgNAs as a function of d; the geometry is described
in Fig. 6(a). The transmittance calculated for interparticle
distances of 0, 2, and 5 nm at 630 nm (wavelength of C–H
stretching) was �0.85, �0.35, and �0.6, respectively. Thus, the
light transmittance of AgNAs with more than 10 layers would be
practically zero regardless of d, which is in close agreement to
the tailored nature of the thickness dependence above 300 nm
shown in Fig. 5(c). Fig. 6(c) illustrates the frequency-domain
eld intensity spectra for 2-D array structures when d is 0, 2,
and 5 nm, showing that the 2 nm periodic 2-D arrays resonates
the most at 532 and 630 nm and maximally enhances the
electromagnetic eld as shown in the inset 2-D contour
diagrams. Note that the calculated values are presented as the
intensity, i.e., the square of the eld. Thus, the electromagnetic
eld enhancement factor in a dened gap geometry can be
achieved if we take |FEF(l532)|

2 and |FEF(l630)|
2 as 14 and 16 for
RSC Adv., 2015, 5, 34720–34729 | 34725
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Fig. 6 (a) A simple representation of a hypothetical single-layered
AgNAwith an inter-particle distance of d. (b) Optical transmittance and
(c) frequency-domain electric field intensity for 2-D arrays. Insets in (c)
show the field enhancements calculated for the hotspots when the
excitation beam (horizontal polarization) was 532 nm. The green
dotted line marks 532 nm, and the red dotted line marks 630 nm. (d)
Calculated field enhancement factors (FEF) as a function of the
distance from the center of inter-particle gap for several AgNP array
conditions.
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d ¼ 0 nm, 1310 and 867 for d¼ 2 nm, and 290 and 193 for d ¼ 5
nm; the gSERS is then �2.1 � 102 (�2.1 � 104 at 7 nm), �1.1 �
106, and �5.6 � 104, respectively. For more detailed discussion,
we also calculated FEF as a function of the distance from the
center of the inter-particle gap (L). As in Fig. 6(d), we can clearly
observe that the level of FEF is retained until L is increased to 4
nm for each inter-particle spacing condition and even increased
more by one order of magnitude (at �7 nm) when the particles
are contacted. See also Fig. S10(b)† to have some hints of the
actual size comparison between CRP's and adjacent AgNP. To
theoretically emulate the experimental results regarding the
AgNA thickness dependence, evolution of the electromagnetic
eld around the hotspots in the 3-D AgNP arrayed frameworks
should be achieved. However, due to a technical limit in our
program, we could not obtain the gSERS of 3-D arrayed structures
in this work. Regarding this issue, Lee and Irudayaraj claimed
that metallic nanoparticle clusters formed by DNA linkers can
enhance the eld by a factor of�107, which is�10 times higher
than that of 2-D arrays.57 The use of this 10-fold enhancement is
especially relevant when forming 3-D network structures to
explain the thickness dependence of the signal enhancement,
aer adjusting the signal for the disturbance induced by the
34726 | RSC Adv., 2015, 5, 34720–34729
augmented surface plasmonmodes (Fig. 6(c)) upon the increase
in the thickness, and also explains the peak intensity plateau for
thicknesses greater than 300 nm. Under the assumption that
this 10-fold enhancement according to the dimensional change
can be applied to our system, the gSERS of 3-D arrayed structures
in this work will be�2.1� 104 (�2.1� 106 at 7 nm),�1.1� 108,
and �5.6 � 106, respectively. These values might reasonably
explain the AEF value (1.7 � 105) quite well.

Conclusions

In summary, we carried out the label-free SERS detection of CRP
in a more qualitative fashion without the necessity of multi-
step, antibody-architect chemistry. The SERS chip was fabri-
cated using 3-D AgNAs formed by depositing a highly concen-
trated AgNP solution (40 nm in size) on a silanized coverslip,
followed by PC functionalization to selectively capture CRP and
consequently increase the SERS efficiency. The chip contained a
capillary-gap where the injection of the reacting solution could
be easily controlled. An inherently short distance (<4.0 nm)
between the surface of the AgNAs and CRP is responsible for the
high sensitivity shown in this work, induced by the large
localized plasmon resonance, which could further shorten due
to the protein weight and movement. Notably, a small length
difference between the radius of the AgNP (�20 nm) and size of
CRP (�12 nm in diameter) allows a higher chance of CRP
attachment to the AgNP interparticle gap, subsequently
promoting possible maximized eld enhancements. The
sensitivity of the detection was maximized at the asymmetric
C–H stretching mode at 2930 cm�1. The cross-reactivity test
using SAP- and OH-functionalized AgNAs revealed that CRP to
PC binding is highly selective. Given the small dynamic range
(from �1 fM to �1 nM) inherent to surface coverage-dependent
biosensors, the detectability of CRP was 100 fM (0.01 ng mL�1)
in buffer and 1 pM in serum when 200–300 nm thick AgNAs (6–7
layers) were utilized. A 1.7 � 105 eld enhancement was ach-
ieved from 40 nm thick AgNA structures using AEF calculations,
which were closely reproduced by FDTD simulations (104 to 106)
for various 2-D AgNA models. Furthermore, the thickness
dependence was ascribed to the ensemble eld enhancement
(�10 times) accompanied by the dimensional increase aer
being adjusted with the abated signal collection efficiency
induced by the enhanced light absorption with increased
thicknesses.

Methods

All chemicals used for synthesis were purchased from Sigma-
Aldrich or Fluka. Phosphate buffered saline (PBS, HyClone®)
was obtained from Thermo Scientic Co., Ltd. (Rochester, USA).
Human plasma CRP, monoclonal mouse anti-human CRP (anti-
CRP), bovine serum albumin (BSA), and phosphocholine chlo-
ride calcium salt tetrahydrate were obtained from Sigma-
Aldrich Co., Ltd. (St. Louis, USA). Polyclonal goat anti-human
CRP-horseradish peroxidase conjugate (anti-CRP HRP) and
tetramethylbenzidine (TMB) were obtained from Koma Biotech
Inc. (Seoul, Korea). Human CRP-negative serum samples and
This journal is © The Royal Society of Chemistry 2015
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the components of the CRP latex test set were purchased from
Cenogenics Corp. (Morganville, USA). All other chemicals were
of analytical grade and used as received. Details of the chemical
structures and physical properties of chemicals are presented in
the ESI.† 1H NMR and 13C NMR spectra were obtained in CDCl3
using a Bruker NMR spectrometer (AVANCE 400). All Raman
experiments were carried out using a Nicolet spectrometer
(Almeca XR). FT-IR spectra were measured on a ThermoNicolet
IR spectrometer (IR380). Electrospray ionization mass spec-
trometry was performed on a Waters Micromass ZQ (MM1)
mass spectrometer. Immunoabsorbance was read with a
Thermo automatic ELISA reader (Multiskan EX). Computational
simulations of CRP–PC binding were carried out using Scigress
Explorer (v7.7.0, Fujitsu). Scanning electron microscopy (SEM)
combined with electron dispersive spectroscopy (EDS) was
performed using a Hitachi SU-70 with an acceleration voltage of
15 kV. Atomic force microscopy (AFM) was carried out in non-
contact mode to examine the thickness of AgNAs on a high-
dimension analytical AFM (Park systems, NX-10). All theoret-
ical simulations based on the FDTD method for electromag-
netic eld evolution around the 2-D AgNA systems were
performed using a commercial package (Lumerical Solutions,
Vancouver).
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