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ARTICLE INFO ABSTRACT

This paper primarily demonstrates the approach to enhance the sensing performance on antigen C-reactive
protein (CRP) and anti-CRP antibody binding event. A nanogapped electrode structure with the gap of ~100 nm
was modified by the anti-CRP antibody (Probe) to capture the available CRP. In order to increase the amount of
antigen to be captured, a gold nanorod with 119 nm in length and 25 nm in width was integrated, to increase the
surface area. A comparative study between the existence and non-existence of gold nanorod utilization was
evaluated. Analysis of the sensing surface was well-supported by atomic force microscopy, scanning electron
microscopy, 3D nano-profilometry, high-power microscopy and UV-Vis spectroscopy. The dielectric voltam-
metric analysis was carried out from 0V to 2 V. The sensitivity was calculated based on 30 and attained as low as
1 pM, which is tremendously low compared to real CRP concentration (119 nM) in human blood serum. The gold
nanorod conjugation with antibody has enhanced the sensitivity to 100 folds (10 fM). The specificity of the CRP
detection by the proposed strategy was anchored by ELISA and failure in the detection of human blood clotting
factor IX by voltammetry. Despite, CRP antigen was further detected in human serum by spiking CRP to run-
through the detection with the physiologically relevant samples.

Keywords:
C-reactive protein
Gold nanorod
Nanogapped sensor
Voltammetry

1. Introduction

Cardiovascular diseases (CVD) is the dominant cause for the mor-
bidity and mortality worldwide (Fonseca et al., 2016). Fortunately,
research conjugating the discovery of biomarkers could ease the early
detection and prediction of diseases which is much needed for the
precaution measurements with CVD risks (Gupta et al., 2014). Several
common biomarkers are engaged with CVD risks, such as troponin-T
and -1, Myosin light chain kinase 1 for a myocardial infarction while C-
reactive Protein (CRP) for inflammation (Keen and Gables, 2016; Md
Arshad et al., 2016). CRP is acute phase protein produced by the liver
which able to increase the level within a few hours after inflammation
process. In a healthy individual the CRP concentrations vary between
0.8 and 3 mg/L. Generally, three proposed CRP levels in human serum
are, low-risk (1 mg/L), average-risk (1-3 mg/L) and high-risk (> 3 mg/
L) (Md Arshad et al., 2016). CRP test utilizing patient serum (Cheen
et al., 2017) is needed to verify if an individual has a problem linked to
acute infection or inflammation. Despite inflammation, bacterial and
viral infections are also causing to rise the CRP level. Albeit biomarker

finding, the best detection method is must in order to reduce the fatality
rate. Although, the standard 12-lead electrocardiogram is currently the
preferred test to recognize patients with acute CVD, due to its poor
sensitivity the additional diagnostic techniques are mandatory (Fathil
et al., 2015).

Nanotechnology plays a significant role in revolutionizing the effi-
ciency of biosensor predominantly in the medical field (Pundir and
Narwal, 2018). Nanoparticles are most extensively used for the bet-
terment and the precise biomolecule detection. Moreover, nano-
particles are useful for early detection, which are eligible to utilize in
medical diagnosis (Pandit et al., 2016). Gold nanomaterial, such as gold
nanorod (GNR) has a promising effect on improving the sensing plat-
form. Gold nanomaterial promote greater abilities of binding the bio-
molecules (Gopinath et al., 2017), due to its outstanding physiochem-
ical properties such as a large surface area, better conductivity,
biocompatibility and improves the limit of detection (Xu et al., 2017).
Concerning the conventional techniques that were practiced last dec-
ades to detect CRP in clinical laboratories, they consume huge amount
and expensive reagents in every assay and may take several hours or
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even days to receive the consolidated results. ELISA is a ‘gold standard’
strategy, broadly utilized to detect the antigen causing disease by using
the suitable antibody. This experiment was performed in this study to
prove the presented sensor displays a higher sensitivity compared to the
ELISA and to confirm the genuine interaction of CRP-antigen and its
antibody. ELISA has a higher specificity but with a lower sensitivity,
able to detect at the nanomolar range in general, whereby the proposed
sensor has the limit of detection as low as 10 fM. ELISA is still per-
forming well in the detection of CRP but the usage become limited due
to expensive and the trained personnel needed to perform the method.
Despite amount requirement and high cost, the detection limit is still
high where the accuracy level is low. Engage in this issue, doctors
unable to make a quick decision which is incompatible to treat high-risk
CVD patients.

To overwhelm these limitations, the biosensor-based strategy has
been proposed for the detection of CRP biomarkers (Fathil et al., 2016).
Furthermore, it is a suitable device for early diagnosis because of their
low level of detection limits in physiological samples. For the current
study, the antigen (CRP) was immobilized on GNR to develop the de-
tection on the nano gapped electrode. A clear-cut comparison was
carried out between the presence and absence of GNR integration
during the detection of the antigen-antibody coupling event. The cur-
rent to voltage (I-V) measurements were performed to analyze the
current flow. Furthermore, better performing biosensor can reveal the
outstanding outcomes in medical diagnosis because quick accurate
outcomes are significant considerations in this field (Sharifi et al.,
2018). Engaging to that, several vital factors have been taken into the
consideration, which includes the higher number of immobilized bio-
molecules on sensing surface and reducing the non-specific binding as
demonstrated in (Lakshmipriya et al., 2013). To achieve the notions, in
the current study, a voltammetry-based dielectric biosensing system
was utilized to analyze CRP using the antibody as a probe for the ef-
ficient detection of CRP in order to predict the heart failure.

2. Material and methods
2.1. Materials and reagents

C-reactive protein and monoclonal anti-CRP antibody produced in
mouse were purchased from BITA LIFESCIENCE Sdn. Bhd. (Malaysia).
3-Aminopropyltriethoxysilane (APTES) was procured from Sigma
Aldrich  (USA) for nanogapped surface functionalization.
Glutaraldehyde solution (50%) was obtained from Sigma Aldrich (USA)
for immobilization purpose. Phosphate Buffer Solution from Sigma
Aldrich (USA) was utilized as a washing buffer. Ethanolamine from
Fisher Scientific (UK) was used as the blocking agent. Gold nanorod was
procured from Nanopartz Inc. (USA) to lower the limit of detection.
Human serum was purchased from- Sigma Aldrich (USA) for the spe-
cificity analysis. N-Hydroxysuccinimide (NHS), 1-Ethyl-3-(3-dimethy-
laminopropyl) carbodiimide (EDC) and 16-mercaptohexadecanoic acid
from GE Healthcare as the cross-linking and stabilizing agents for
linking COOH and NH,. The sensing surface was fabricated as described
previously by changing the surface layer and simplified (Balakrishnan
et al., 2016).

2.2. Surface functionalization on nanogapped

Initially, the dielectric gap was washed with 70% ethanol and it was
dried. Then, 2% of APTES in 30% ethanol was applied onto the surface
to create the amine-functionalized substrate and placed for 2h at room
temperature (Balakrishnan et al., 2014). After being washed with PBS
and dried, 2.5% of glutaraldehyde was applied on the amine functio-
nalized surface and left for 1 h at room temperature. PBS was used to
rinse and remove the unattached molecules from the surface.
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2.3. Enzyme-linked immunosorbent assay (ELISA)

To validate the CRP detection using the biosensor possess a lower
limit of detection features, different concentrations of CRP were diluted
in 1x coating buffer and directly coated onto the ELISA plate surface
followed by overnight incubation at 4 °C. Two percent of BSA was used
to block the ELISA wells for 1 h to prevent the non-specific binding. The
primary anti-CRP antibody with the proper dilution (1:1000) was im-
mobilized onto each well for 2h. Then, 1:1000 dilution of secondary
antibody conjugated HRP was added and incubated for 1h. A control
experiment was carried out using another antigen instead of CRP which
is 100 nM of human blood clotting factor IX. Washing steps were per-
formed three times for 10 min between each steps using washing buffer.
Finally, the substrate for HRP (Lakshmipriya et al., 2016) was used onto
each well to inspect the interaction between CRP and anti-CRP anti-
body. All the experimental steps were done at ambient temperature.
The optical density (OD) reading for the substrate was measured using
spectrophotometer and photographs was taken 10 min after the sub-
strate was added.

2.4. Scanning electron microscopy (SEM)

The size of the dielectric gap and GNR was measured using SEM
under the accelerated electrons with 20 kV and 50x magnification. GNR
was diluted on the bare silicon wafer and blow dried. Later, the sample
was observed under SEM with 50x magnification.

2.5. Atomic force microscopy (AFM)

Inspection of the sensing surface morphology before and after the
reaction of antigen and antibody was carried out using AFM. AFM de-
monstrated the resolution at the nanoscale by using beam deflection
detection of the devices.

2.6. 3D Surface (Nano) Profilometer

The clear surface morphological difference at the dielectric gap was
revealed out by performing the physical characterization test using 3D
Surface (Nano) Profilometer. The morphological observation was done
before and after the interaction in order to validate the coupling event
between antigen and antibody. Surface scanning was performed by
controlling PZT with scan rate 13.45 upper limit and 78.67 lower limits.
Albeit, 5x magnification was used to obtain a clear-cut image.

2.7. Interaction between anti-CRP antibody and CRP

To interpret the coupling event between anti-CRP-antibody and
CRP, the dielectric gap was functionalized as stated above with APTES
and glutaraldehyde. Then, 1 pM of anti-CRP-antibody was used con-
stantly for 1 h then washed with PBS followed by 1 M ethanolamine was
added for 30 min to block the free surface without anti-CRP antibody
immobilized. After that, the surface was washed with PBS. Different
concentrations of CRP (100 fM to 10 nM) interacted on the anti-CRP-
antibody immobilized surface. All the measurements were carried out
using Keithley 6487 picoammeter. All steps were performed at an am-
bient temperature.

2.8. Interaction between anti-CRP-antibody and gold-conjugated CRP

To mediate the high-performance detection, CRP conjugated gold
nanorods (GNRs) interacted on the bound anti-CRP-antibody surface.
Thus, the similar surface modification was worked out as mentioned
above. Surface with the attached anti-CRP-antibody was tested with
different concentrations of CRP-GNP conjugates (100 fM to 10 nM).
Samples of CRP-GNP conjugates were prepared initially by premixing
GNPs and 16-mercaptohexadecanoic acid for 5 min. Later, 50 mM of N-
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Hydroxysuccinimide (NHS) and 200 mM of 1-Ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDC) were mixed with the equal ratio for
10 min followed by interacting CRP for 15 min. Washing and incubation
period were exactly followed as mentioned above. Dplot software was
used to plot the resultant data in order to analyze the limit of detection.

2.9. Detection of CRP in human serum — Specificity analysis

Surface modified with anti-CRP-antibody was evaluated for the non-
specific binding with the blood-related proteins (human clotting factor
IX and serum albumin) independently. The concentration of these
proteins used was the highest final concentration (100 nM) titrated for
the above sensitivity determination. Similarly, the specificity test was
carried out using human blood serum with the dilution of 1:1000,
dropped on the dielectric gap with anti-CRP-antibody immobilization.
Later, 10 fM of CRP was spiked with human serum and added on an-
tibody immobilized nanogapped dielectric sensing surface.

3. Results and discussion

C-reactive protein (CRP) is owned by pentraxin protein family and
mainly synthesized in the liver (Adukauskiene et al., 2016). Myocardial
infarction and inflammation due to tissue injury, both are highly as-
sociated with the elevation of CRP level in human serum because CRP is
the key element for inflammatory reaction. Thus, detection of CRP
amount in human serum is highly recommended to analyze the disease
activity (Ansar and Ghosh, 2013). Different methods have been pro-
posed for varied biomarkers to enhance the sensing mechanism for an
instance total internal reflection magnetic imaging combined arrayed
3D photo-magnetic biosensors (Liu et al., 2017) and BioDVD platform
(Gopinath et al., 2017). Herein, evidence to up-hold the detection of
CRP by its antibody using a nanogapped sensor with the integration of
GNR-conjugated CRP is demonstrated. GNR provides more active sur-
face area for the target specific binding to occur, ultimately accom-
modates higher number of molecules (Fig. 1). Therefore, it may reduce
the time consumption to measure antigen-antibody interaction. GNRs
have greater absorption and scattering characteristics, which can be a
promising tool to boost-up the sensing performance in biological media.
GNR was utilized to increase the target-specific binding events to
generate high sensitive and precise sensor. Despite, detection of pro-
teins other than CRP was carried out for the specificity analysis and also
with the human serum.

- Bare device

+
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3.1. Surface morphology analysis — nanoscale imaging

3.1.1. Sensing surface profiling

Surface morphology of dielectric gap before the coupling event was
as presented in (Fig. 2a-d). For this analysis we utilized different mi-
croscopic techniques, which include scanning electron microscopy
(SEM), 3D nano-profiler, high-power microscopy and atomic force mi-
croscopy (AFM). The SEM image apparently shows the nanogap be-
tween two electrodes and it was measured to be below 100 nm (Fig. 2a).
This result was supported by the image captured from high-power mi-
croscopy (Fig. 2b) and image was obtained from 3D nano-profiler
(Fig. 2¢). Further, we could obtain a clear electrode profile closer to the
nanogap under AFM (Fig. 2d). These results demonstrated the clear
dielectric profile of the nanogapped sensor has been availed in this
study.

3.1.2. Gold nanorod imaging

Similar to the surface morphological analyses on the sensing sur-
face, the GNR to be used for high-performance sensing was also ana-
lyzed to reveal its surface morphology and examined under AFM and
SEM. Due to the better magnification of AFM, the uniform size dis-
tribution of GNR could observe clearly (Fig. 3a). The elongated shape of
the GNR increases the surface area and promotes more attachment and
interaction of biomolecules to be studied. With the SEM analysis, we
could able to capture the image of a single GNR and this observation
indicates the length of GNP to be 119nm and the width is 25nm
(Fig. 3b). These morphological characterizations indicate the capability
of GNR to enhance the sensing performance.

3.2. Validation of molecular interactions

3.2.1. UV-Vis spectrophotometry

Generally, protein is made up of several amino acids and the peptide
is the combination of several amino acids while polypeptide is a com-
bination of peptide chains. Normally, in liquid-based, protein absorbs
ultraviolet light with absorbance maxima close to 280 nm. It is due to
the presence of aromatic chains in amino acids causing the absorbance
peak to rise to 280 nm (Larson et al., 2018). Aromatic-containing amino
acids are able to absorb lights due to the conjugated double bonds.
Thus, CRP is also a protein produced by the liver which was utilized in
this study, confirmed by the UV-Vis spectrophotometric analysis. A
broad absorbance peak for anti-CRP appeared in the range between 200
and 350 nm [Fig. 4a(i)]. The height of the peak was increased further
when we measured the CRP [Fig. 4a(ii)]. A drastic enhancement was
noticed when we made the complex of GNR-conjugated CRP and anti-
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Fig. 1. Schematic illustration for gold-nanorod mediated voltammetry detection of C-reactive protein. Step-by-step molecular attachments are shown.
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Fig. 2. Surface characterization of the dielectric gapped sensing surface imaging. Scanning Electron Microscopy observation (a); High-power microscopy (b); 3D

Surface (Nano) Profilometer (c) and Atomic Force Microscopy (d).

Fig. 3. Morphological characterization for gold nanorod. Atomic Force

Microscopy (a) and Scanning Electron Microscopy (b).
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Fig. 4. UV-Vis measurements. Only proteins (a); Proteins and GNR (b); only
GNR (c). Anti-CRP-antibody (i); CRP (ii); CRP-GNR complex (iii).

CRP antibody [Fig. 4b(iii)]. On the other hand, when we tested the
absorbance of only the GNR, broad and twin-peaks appeared in the
range between 350 and 600 nm. In this case, the peaks maximums were
recorded at the wavelength 400 and 500 nm (Fig. 4c).
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3.2.2. Enzyme-linked immunosorbent assay (ELISA)

ELISA is a complex technique to detect specific protein due to few
important considerations that must be emphasized to obtain better re-
sults. ELISA is widely considered as the ‘gold standard’ technique
(Poongodi et al., 2002;Lakshmipriya et al., 2016) availed in this study
to validate the genuine interaction of CRP and anti-CRP antibody.
Herein, target (antigen) was immobilized onto the ELISA wells which
create complex between specific capturing agents (antibody) and con-
sequently detected with antibody conjugated with an enzyme. After-
ward, the substrate was added on to form enzyme-substrate complex
due to the lock and key hypothesis. Therefore, the colour change will
occur with the enzymatic reaction and quantitatively measured using
UV-vis spectrophotometer at 405nm (Kim et al., 2018). In this study,
different concentrations of CRP antigen (1 fM to 100 nM) was dropped
from the lowest to the highest concentration separately into the well,
while the negative antigen (Factor IX) and the well without CRP were
considered as controls. We observed that a sudden colour change occurs
upon adding the substrate to the well with 100 nM antigen concentra-
tion. The control wells do not display any changes with the colour. The
colour changes were photographed and the absorbance was monitored
with each concentration. While no colour changes in other wells mean
the absence of the enzymatic reaction. With the 100 nM CRP a promi-
nent peak was recognized under UV-vis spectrophotometry (Fig. 5a),
whereby the great absorbance was shown at 100 nM, which predict the
detection range began around 100 nM. While no increment at other
concentrations is due to the lower concentrations of CRP-antigen, lesser
than the detection limit. This result indicates the detection limit is fall
in between 10 and 100 nM and it is apparent that with ELISA 100 nM of
CRP is necessary for a concrete analysis. Thus, using this level of sen-
sitivity, we further continued the next experiment for the analysis of
CRP and anti-CRP antibody interaction using dielectric voltammetry.

3.3. Voltammetry analysis on the interaction of anti-CRP antibody and CRP
antigen and sensitivity analysis

Before going for the interactive analysis, the reproducibility of the
bare devices was tested by dielectric voltammetry. As shown in Fig. 5b,
the I-V responses with different devices are closer and there is no sig-
nificant difference. With this data, we further proceeded with the di-
electric nanogapped sensing analysis. Initially, the surface was chemi-
cally functionalized with bifunctional APTES to ease the binding of
biomolecules to the silica surface. The existent of an amine group on the
surface upon attaching APTES, it facilitates to capture the carboxylic
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Fig. 5. (a) Enzyme Linked-Immunosorbent Assay. The colour development with the substrate is shown by a photograph. Diagrammatic representation is shown by
figure inset. (b) Reproducibility analysis. Three different parallel measurements with bare devices are shown. The dipole moment at the dielectric interface is shown

as an inset.

group-containing molecule, while Si-O group at another end interacts
with a silica surface. In current work, glutaraldehyde has been utilized
to form a covalent bond with the amine group of APTES. Glutar-
aldehyde is a linker which owns two aldehyde groups with carbon chain
spacer at both ends (Gopinath et al., 2012; Arshad et al., 2018; Victor
dos Santos Junior et al., 2018). One of the aldehyde groups reacts with
an amine of the APTES while aldehyde at the other end exposed on the
surface to interact with the amine group of an antibody. After the
glutaraldehyde activation, anti-CRP-antibody was dropped and fol-
lowed by a blocking with ethanolamine to avoid non-specific biofouling
as followed before (Gopinath et al., 2013). On this surface, the higher
concentration of CRP observed from the ELISA measurement was used
for this initial testing. The surface morphological test was carried out to
analyze the reaction occurs between the nanogapped. From this 3D
analysis, a clear difference was observed whereby at dielectric gap the
colour changes and grown odd structures on the sensing surface, which
indicates antigen-antibody coupling event has been occurred (Fig. 6a).
Moreover, obvious transformation after the coupling event of antigen
and antibody at the dielectric gap was examined visibly through AFM
(Fig. 6b).

Initially, the bare device which is absent of any surface chemistry
gives the reading of current flow to be 1.8 x 10~ ° A followed by the
attachment of APTES shows a decrement in current flow as
1.61 x 107°% A. After the immobilization of anti-CRP-antibody the
current decreases to 1.1 X 10~ ® A and lower than the bare measure-
ment (Fig. 7a). These changes with different direction are due to the
charge variations with the molecules. On this surface, different CRP
concentrations were titrated on the anti-CRP immobilized surface, from
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Fig. 6. Surface analysis after the antigen-antibody binding event at the dielectric gapped. 3D Surface (Nano) Profilometer (a); and Atomic Force Microscopy (b).

the lowest concentration at femtomolar to the highest concentration at
nanomolar range (10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1nM). This
measurement was carried out using a Keithley 6487 picoammeter
which has two probing system means suitable for the dielectric device.
To evaluate the interaction between anti-CRP-antibody and antigen,
first 10 fM of CRP was dropped on the dielectric surface then followed
by 100 fM and the current flow showed 9 x 10 "®Aand 9.15 x 10" ° A.
Then, other higher concentrations were titrated consequently, while the
current response for 1pM was 9.18 X 107% A and for 10 pM was
9.3 x 107 ° A. Later, 100 pM of CRP was passed on the anti-CRP im-
mobilized surface followed by 1nM while the current flow showed
9.45 x 107° A and 9.9 x 10~ ° A respectively (Fig. 7b). Herein, the
current flow shows an increment from femto to the picomolar range,
however, the current response between the different concentrations
almost proceeding towards the sensitivity level of 1 pM based on 30
calculation (Fig. 7c).

3.4. Voltammetry analysis on the interaction of anti-CRP antibody and
gold-nanorod conjugated CRP antigen and sensitivity analysis

The aim of this analysis is to enhance the sensing performance using
GNRs and establish by voltammetry measurements of current to voltage
(I-V). As stated above GNR with 119 nm length (Fig. 3b) was utilized by
functionalizing CRP antigen, and this complex sustains its bioactivity.
Gold nanomaterials have been widely utilized for the improvement of
the limit of detection in various applications (Gopinath et al., 2013;
Lakshmipriya et al., 2016a) Therefore, to create a strong attachment
between antigen and GNR, specific cross-linking agent (16-
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Fig. 7. The current to voltage (I-V) measurements prior to surface modifications (a); Different concentrations of CRP without GNR conjugates (b). Amperometric
measurements were performed using 0V to 2V at 0.01 V step voltage was used through the analysis. Biomolecular interaction and high-performance analysis with;
linear regression analysis for the interaction of CRP and anti-CRP antibody (c); Linear regression analysis for the interaction of CRP-GNR complex and anti-CRP
antibody (d); Limit of detection was calculated based on 3o calculation. Specificity analysis; (e) Specific binding of CRP antibody against different proteins available
in human serum was analyzed. Immobilized antibody (i); Factor IX (ii); Serum albumin (iii); C-reactive protein(iv); Human serum (v); Human serum spiked C-
reactive protein (vi). The current to voltage (I-V) measurements were performed from 0-2V whereby the whole calibration plot with 1V reading was taken.
Performance of sensor (f) Stability of the sensor. Bare device (i); APTES (ii); Glutaraldehyde (iii); Anti-CRP antibody (iv); Ethanolamine (v).

mercaptohexadecanoic acid) was integrated to create carboxyl groups
on the gold surface, followed by for attaching the antigen EDC and NHS
was used. GNR conjugated with a thiol-containing compound from 16-
mercaptohexadecanoic acid, and the other end of carboxyl to link
amine group. It is necessary to quench EDC and NHS activation reaction
with 16-mercaptohexadecanoic acid for 5 min so that EDC binds NHS to
carboxyl. EDC is the most outstanding crosslinking agent for
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biochemical conjugation mechanisms, especially between amine and
carboxyl coupling event. Moreover, it also often needed NHS because
this conjugation activates the stable binding between molecules. The
binding reaction between the cross-linking agent and CRP antigen was
15 min. This mechanism allows for effective coupling event between
GNR and CRP antigen. Generally, GNR has awful key characteristics
such large surface areas, inertness and better optical properties which
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Table 1

Comparison of different sensing strategies for CRP detection.
Method Material Probe Detection limit (pM) Reference
Photothermal Platinum Antibody 3.98 (Lee et al., 2017)
Electrochemical Immunoassay Screen printed carbon electrode (SPE) Antibody 150 (Thangamuthu, 2018)
Electrochemical Immunoassay Screen printed graphene electrode (SPE) Antibody 59 (Jampasa et al., 2018)
Electrochemical Immunoassay Zig-zag electrode Antibody 27 (Kuo et al., 2018)
Impedence spectroscopy Zinc oxide Antibody 39 (Cao et al., 2018)
Lossy Mode Resonance (LMR) Optical fibre Aptamer 2480 (Zubiate et al., 2017)
Voltammetry Gold Antibody 0.01 Current work
ELISA Polystyrene Antibody 100000 Current work

are contributing to integrate medical diagnosis for the principal of early
and rapid detection. Therefore, GNR was chosen to enhance the sensing
performance in this study.

GNR and linking materials were allowed to activate the reaction
with different CRP antigen concentrations on the antibody immobilized
sensing surface. For the interactive analysis, the same steps as men-
tioned above experiment were followed. Herein, the above different
concentrations of CRP antigen (10 fM, 100 fM, 1 pM, 10 pM, 100 pM,
1 nM) were mixed with GNR. The immobilization was started from the
lowest concentration of 10 fM, followed by 100 fM was passed and the
current reading was noted to be 9.0 x 107% A and 9.2 X 10~ ° A. After
that, 1 pM, 10 pM and 100 pM were dropped and the current flow was
9.5x107° A, 9.7 x 107° A and 1.0 x 10~ A respectively. Later,
1 nM of CRP was dropped on the anti-CRP immobilized surface and the
current response was 1.2 X 10> A. This is due to the resistance in-
creasing during the adding of high concentration samples on the sen-
sing surface leading to the more antigen-antibody binding event. Thus,
the barrier to direct current flow along the electrodes increases
whereby the resistance also increases. Despite, electrical current
changes are with the concomitant changes in the target concentrations,
due to the dipole moment at the dielectric interface (Fig. 5b). The di-
pole moment is induced more when the strong binding event between
antigen and antibody occurs, and the formation of the local structure
has triggered the vibrations. Thus, these strong charge displacements
are causing the electrical current change when the concentration in-
creases. Nevertheless, the interactive analysis for gold conjugated CRP
was approached towards 10 fM as the sensitivity level using 3o calcu-
lation. Moreover, it also shows 10 fold drastic enhancement in current
response due to the presence of GNR compared to without GNR. Based
on the above results, linearity plot (concentration versus current) was
plotted to distinguish the performance and stability of the current di-
electric device. By interpreting, it was demonstrated that GNR in-
tegration is a promising enhancement method to mediated high-per-
formance sensing in clinical diagnosis where the level of sensing
performance tremendously increase by 100 folds in GNR conjugated
CRP interactive analysis compared to without GNR (Fig. 7d).

3.5. Specificity and stability analyses

Analytical performance for CRP detection on dielectric biosensor
was carried out as shown in Fig. 7e&f. The specificity test using dif-
ferent proteins which are abundant in human serum passed in-
dependently on the anti-CRP-antibody immobilized surface. In this
study, 10 nM of BSA and human blood clotting factor IX (FIX) were used
to check the specificity against CRP. Initially, human coagulation FIX
was dropped on the surface and the current measurement was recorded.
Similarly, serum albumin was deposited on the dielectric sensing sur-
face and measured. The level of the FIX is 3-5 mg/L in healthy human
serum, while serum albumin level in the bloodstream is usually as
45 mg/ml (Lakshmipriya et al., 2013). There was no significant differ-
ence in current flow with FIX and serum albumin protein from the
antibody. FIX protein gives a current reading about 1.58 x 107° A
while serum albumin reveals out 1.50 X 10~ ® A and it shows the least
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difference between these two proteins and CRP interaction. The current
analytical system shows a clear detection by CRP antibody against CRP
compared to other proteins from the serum.

CRP does exist in normal human serum in the range of below
3.0mg/L. In the current study, we also evaluated in the occurrence of
human serum, CRP-spiked human serum was tested with the con-
centrations 10 fM and 100 fM. Human serum alone with 1:1000 dilution
was also passed on the CRP antibody immobilized dielectric surface and
the current flow shows increment from the antibody. This is due to the
CRP-spiked human serum which demonstrates the abundance of CRP in
human serum. However, human serum alone shows a reduction in the
current flow compared to the CRP alone. CRP with 10 fM and 100 fM
concentrations were spiked into a diluted human serum to test the CRP
interaction. For 10 fM it gives 1.3 X 10~ ° A of current while for 100 fM
it was 1.58 x 10~ ° A current. This obvious increment might be due to
the presence of higher level of CRP in the human serum (Fig. 7e).
Stability analysis clearly shows that the sensor utilized in this work
holds an equal capability as currently available high-performance de-
vices (Fig. 7f). Based on the above analysis, the dielectric voltammetry
analysis for the interaction of CRP and anti-CRP antibody in the oc-
currence of GNR has shown the superiority and comparable with the
currently available sensors (Table 1).

4. Conclusion

Currently, a powerful tool is much needed for the clinical diagnosis
to recognize the degree of disease and assist to treat. Early detection is
hence greatly desired to reduce the mortality rate among the disease
risk population. Moreover, the fast and accurate result is needed for
better treatment by the medical department or changing for a better
lifestyle. The biosensor is the promising platform which has met with
these demands. Albeit, point-of-care (POC) testing in the areas of di-
agnosing biological markers and diseases in medicine is highly desired.
The availability of POC testing might reduce the time-consumption for
the treatment, whereby medical practitioners can act and make a de-
cision according to the patient's current condition. The rapid and sen-
sitive POC can be utilized to detect multiple biomarkers using our
system with different probes, which could assist to make a decision in a
rapid and accurate manner. Thus, here we utilized a sensitive dielectric
gapped biosensor for higher accuracy and fast detection of CRP. The
foremost advantage of utilization of biosensor in this experiment is to
detect a lower amount of target and to obtain most stable surface for
antigen-antibody immobilization. Furthermore, sensing strategy using
GNR was integrated into this study to increase the sensing performance.
Hence, results obtained revealed a drastic increment in sensing activity,
whereby the limit of detection achieved was 10 fM while without gold
the limit of detection was 1 p.M. Further, this biosensor capable for the
detection in human, thus it shows a great increment of current response
after the antibody immobilization through the presence of other serum
proteins. CRP biosensor shown here will be an effective tool for early
detection purpose to cardiovascular disease risk engaged patients.
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