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1 | INTRODUCTION

| Subash C.B. Gopinath*** |

Weichao Zhao’

Abstract

Abdominal aortic aneurysm (AAA), a medical complication, occurs when the
aortic area becomes swollen and very large. It is mandatory to identify AAA
to avoid the breakdown of aneurysms. C-reactive protein (CRP) has been rec-
ognized as one of the biomarkers for identifying AAA due to the possibility
of CRP produced in vascular tissue, which contributes to the formation of an
aneurysm, and it is elevated in patients with a ruptured AAA. This research work
was designed to develop an immunosensor on a multiwalled carbon nanotube
(MWCNT)-modified surface to quantify the CRP level. Anti-CRP specificity was
constructed on the MWCNT surface through a silane linker to interact with CRP.
The detection limit of CRP was calculated as 100 pM with an R? (determination
coefficient) value 0f 0.9855 (y = 2.3446x—1.9922) on a linear regression graph. The
dose-dependent linear pattern was registered from 200 to 3000 pM and attained
the saturation level during binding at 3000 pM. Furthermore, serum-spiked CRP
showed a clear increase in the current response, proving the specific recognition
of CRP in biological samples. This designed biosensor identifies CRP at a lower
level and can help diagnose AAA.
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aorta, and it may burst when ruptures occur, which causes
life-threatening bleeding. An aortic diameter of less than

The aorta is a larger blood vessel that helps to carry out
oxygenated blood from the heart to the entire body.!”
An abdominal aortic aneurysm (AAA) is a bulging and
stretched area in the aorta.* The bulging area weakens the

Abbreviations: AAA, Abdominal aortic aneurysm; CRP, C-reactive
protein; MWCNT, Multiwalled carbon nanotube; cm, Centimeter; CNT,
Carbon nanotubes; APTMS, (3-aminopropyl)trimethoxysilane; GLU,
Glutaraldehyde; im, Micrometer; RCA, Radio corporation of America;
IDE, Interdigitated electrode; KOH, Potassium hydroxide; nM,
Nanomolar; h, Hour; pM, Picomolar; PBS, Phosphate buffered saline; M,
Molar.
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3 cm is considered normal, and an aortic diameter of >3
cm is considered a serious issue.’ Therefore, identifying
AAAs and their sizes is mandatory to avoid rupturing of
the aneurysm. Ultrasound has been commonly conducted
to identify AAAs and their size. Blood-based biomarkers
help diagnose AAAs and for follow-up treatment after
AAA surgery. Various blood-based biomarkers have
been effectively used to identify different diseases at
the earlier stages.°” Circulating serum biomarkers are
predominantly involved in the progression of an AAA
and its size changes. Circulating inflammatory cytokines
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were found to be elevated in AAA patients, and higher
expression of proinflammatory cytokines was identified
in the aneurysmal tissue. Furthermore, the serum con-
centration of various cytokines is highly associated with
the diameter of the aneurysm. In addition, insulin-like
growth hormone levels play a vital role in aneurysm
growth. Similar to other biomarkers, researchers found
that C-reactive protein (CRP) can be a suitable marker for
AAA diagnosis. CRP is produced by the liver and is one
of the highly expressed proteins during the inflammatory
process. Researchers have found that CRP levels are
higher in patients with ruptured and symptomatic AAA.'°
Furthermore, the report shows that CRP may possibly be
produced by aneurysmal tissue and that the level of CRP
in serum is linked to the aneurysmal size."! This finding
suggested that serum CRP might be a marker for AAA and
might help to identify its condition at the earlier stages.
This research was targeted to develop a highly sensitive
CRP immunoassay on an antibody-attached electrode
surface. Multiwalled carbon nanotubes (MWCNTSs) were
utilized for anti-CRP attachment on the electrode surface
through the chemical linker, and then CRP interacted.

Nanomaterials have unique characteristics that make
them attractive for various biomedical applications.'>"!’
Specifically, carbon-based nanomaterials function as scaf-
folds for biomolecular immobilization on their surfaces
and combine various exceptional characteristics, such as
electrical, physical, chemical, and optical properties, for
the transduction of signals associated with the identifica-
tion of metabolites, analytes, and disease biomarkers.'-2°
Carbon nanotubes (CNTs) have recently emerged as one
of the most investigated nanomaterials and offer various
applications in both industrial and academic interests.*"?
CNTs have carbon nanostructures with properly arranged
carbon atoms via sp2 bonds, which provide the strongest
and stiffest fibers. Functionalized nanotubes can easily
cross biological barriers, such as penetrating cells and the
cell membrane. This mechanism and feature of internal-
ization show major interest in the field of intracellular
biosensor applications. Apart from this, biomolecule-
modified CNTs are found to be stable on the surface and
arrange biomolecules correctly, which increases the inter-
action of the target and analyte on the sensor surface.
In this work, MWCNTs were used for surface function-
alization, which increases the electron transfer rate, sta-
bility, mechanical strength, and electrical conductivity.?
Furthermore, it increases the surface area with surface
physical changes and accommodates a higher number
of biomolecules to interact. MWCNTs were modified on
the electrode surface with a silane linker, and anti-CRP
was immobilized on the MWCNTSs through the aldehyde
linker. On this surface, an immunoassay was conducted to
quantify the level of CRP.

Highlights

* C-reactive protein (CRP) has been recognized as
one of the biomarkers for identifying abdominal
aortic aneurysm due to the possibility of CRP
produced in vascular tissue. This research work
was designed to develop an immunosensor on a
multiwalled carbon nanotube-modified surface
to quantify CRP. The detection limit of CRP was
calculated as 200 pM.

2 | MATERIALS AND METHODS

2.1 | Reagents and biomolecules

Phosphate buffered saline (10 mM PBS; pH 7.4), CRP,
and anti-human C-reactive protein (anti-CRP) were
obtained from Abcam (UK). MWCNTs, APTMS (3-
aminopropyl)trimethoxysilane, glutaraldehyde (GLU),
and 2-aminoethyl alcohol (monoethanolamine) were
obtained from Sigma-Aldrich (St Louis, Missouri,
USA).

2.2 | Sensing electrode surface
fabrication

A traditional wet-etching technique was used to fabricate
the sensing electrode surface.”* The interdigitated elec-
trode (IDE) was typically designed by using AutoCAD
software with the following dimensions: length, 10,000
um; diameter, 4000 um; two probing points with 1000 um
square and gap and finger regions (20 pairs) with a 5-
um thickness. The base silica substrate was first cleaned
with Radio Corporation of America solutions (RCA1 and
RCA2), and thermal oxidation was carried out at 500°C
(for 1 h). On the SiO, layer, aluminum was coated using
an aluminum coil and thermal evaporator. Afterwards, the
positive photoresist was created on the aluminum surface
by using a photolithography method. Furthermore, the
IDE pattern was transformed by using UV light exposure.
The unexposed place was removed by dipping the elec-
trode in the photoresist developer and then baking it at
110°C (for 1 min) to remove the moist content. Finally, the
unexposed aluminum layer was etched with etchant solu-
tion. The fabricated electrode was cleaned with acetone
and distilled water, and further surface modification was
conducted.
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2.3 | Silanation process on MWCNTs
MWCNTs (0.5 g) were dispersed in 500 mL of ethanol and
placed in a beaker for ultrasonication for 1 h. Then, 5 mL
of 100% APTMS was added and stirred for 4 h at 70°C.
Furthermore, unbound APTMS was removed by washing
the MWCNTs with water followed by acetone. The final
product of silanized MWCNTs (MWCNT-silane) was sep-
arated by filtration and dried under a vacuum at 100°C for
12 h.

2.4 | Construction of anti-CRP on the
sensing electrode

Anti-CRP was constructed on the electrode by using a
silane-aldehyde linker. The following procedures were
used for the immobilization process: (i) The electrode
surface was treated with KOH (1%) for 10 min; (ii) 0.5
mg/mL MWCNT-silane conjugate was added dropwise
and allowed to rest for 3 h; (iii) 1% GLU was introduced
and allowed to rest for 2 h; (iv) anti-CRP (250 nM) was
added; and (iv) 1 M monoethanolamine was introduced
and allowed to wait for 1 h. Before each process, the
electrode surface was washed with PBS, and the current
response was recorded.

2.5 | Immunosensor procedure for CRP
detection

The CRP immunosensor was conducted on anti-CRP on
the constructed surface. Initially, a higher concentration
of CRP (3000 pM) was dropped on the anti-CRP-modified
surface, and, then, it was incubated for 30 min to allow
the CRP to interact with the antibody. After washing the
surface with PBS, the current response was recorded and
compared with zero CRP (only antibody). Similar exper-
iments were conducted for all CRP concentrations (100
and 1500 pM), and the current levels were recorded. The
difference for all CRP concentrations was calculated, and
a linear regression graph was made to calculate the CRP
limit of detection.

2.6 | Reproducibility and selectivity of
CRP detection

Sensing surface reproducibility was analyzed by conduct-
ing similar experiments using five different surfaces pre-
pared with the same batch, and the current responses were
compared. The same optimal concentrations of APTMS

(1%), GLU (2%), anti-CRP (250 nM), monoethanolamide
(1 M), and CRP (3000 pM) were used based on the pre-
liminary assessments. Quantification of CRP in serum
samples was carried out by conducting the experiment
under optimized conditions with serum-spiked CRP. CRP
was spiked in human serum, and the same procedure was
followed. Other biomolecular concentrations remain the
same. The current responses were recorded for each CRP
concentration. The changes in the current-voltage were
measured by an ammeter in the optimal range of 0-2 V
with intervals of 0.1 V. All experiments were carried out
at room temperature and maintained under wet condi-
tions using 10 mM PBS. Unless otherwise stated, washings
were conducted between each modification or interaction
step. The experiments and biomolecular interactions were
carried out under wet conditions. Experiments were per-
formed in triplicate using devices fabricated from the same
batch.

3 | RESULTS AND DISCUSSION

A CRP immunosensor was developed on an MWCNT-
immobilized surface to diagnose AAA (Figure 1A). Ini-
tially, the intactness of the sensing surface (Figure 1B)
and MWCNTs (Figure 1C) were evaluated under a scan-
ning electron microscope. The IDE sensing surface used
in this study operates based on the dipole moment among
ions during immobilization and interaction processes
(Figure 2A). Anti-CRP was constructed on the surface
through silane and aldehyde linkers. The MWCN increases
the surface area with surface physical changes and accom-
modates a higher number of antibodies to interact with
the target. First, the surface was hydroxylated by KOH,
and then MWCNT-silane conjugation was added.” Here,
KOH was used to enhance the silane reaction with high
OH tethering. Then, GLU was used to link MWCNT-
silane and anti-CRP. GLU has two aldehydes at its ends
to link these amine molecules. Furthermore, to cover
the free space of the aldehyde, monoethanolamine was
used. Monoethanolamine helps to cover the extra space
on MWCNT-silane and reduces the biofouling of CRP,
which is the necessary step to reduce the signal-to-noise
ratio. Finally, CRP was added to determine the interac-
tion with its antibody. The molecular attachment on the
sensing surface was also confirmed by three-dimensional
(3D) nanoprofiler imaging (Figure 2B). With this surface
functionalization, MWCNTs were used for the purpose of
improving conductivity and increasing the amount of anti-
CRP immobilization. Since the MWCNT-silane-modified
surface accommodates a larger number of antibodies
through the aldehyde linker, it improves the detection of
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FIG 1 (A)Graphical illustration of the CRP immunosensor. Anti-CRP was constructed on the surface through silane and aldehyde
linkers. Silane-modified MWCNTSs were attached to the surface, and then, a GLU linker was used to immobilize anti-CRP on the MWCNT
surface. Monoethanolamine was used as the blocking agent. The rupture with AAA is shown as an inset. (B) Interdigitated electrode surface

with its scanning electron microscope imaging. (C) Scanning electron microscope image of MWCNTSs
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FIG 2 Surface of the interdigitated electrode. (A) Molecular mechanism and movement on the surface. (B) 3D nanoprofiler imaging

before (upper image) and after (lower image) molecular immobilization
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current was recorded after each step. Drastic improvement in
current was noted after adding anti-CRP. (B) Current levels with the
anti-CRP construction process. Anti-CRP immobilization shows the
highest response to the current. The inset is a diagrammatic
representation of the mechanism of the dipole moment on the
sensing surface. Data were averaged from three independent
experiments.

CRP. Various studies have proven that a higher and proper
arrangement of the capture molecule construction on the
sensor surface improves the target-analyte binding and
lowers the detection limit. Due to the higher anti-CRP
immobilization with MWCNTs, it was expected to improve
the detection of CRP.

3.1 | Confirmation of anti-CRP
construction

The anti-CRP construction process was confirmed by
comparing the current responses with each immobiliza-
tion step (Figure 3). As shown in Figure 3A, the sur-
face with KOH showed a current of 1.33 E-11 A, and
it changed to 5.08E-10 A after the surface was modi-
fied with silane-MWCNTs, which confirmed the surface
modification with MWCNTSs. Furthermore, when GLU
was added, the level of the current increased to 9.79E-
10 A, which showed the binding of the aldehyde with
silane on the surface of the MWCNTs. When anti-CRP
was further introduced, the current output displayed large
changes (3.41E-09 A) and confirmed antibody attachment
on MWCNTs through the silane and aldehyde linkers. On
these antibody-constructed surfaces, a CRP immunoassay
was employed to quantify the CRP level. In the present
study, the current-voltage analysis was carried out at the
lower optimal range of 0-2 V with the desired intervals
(0.1 V). The desired lower range was due to the mecha-
nism (dipole moment) occurring on the sensing surface
upon biomolecular/molecular attachment and their inter-
actions (Figure 3B; inset). The measurement with the
dipole moment worked well at lower current ranges, and
it became marginal when the current increased to higher
levels.

immunoassay was conducted on the anti-CRP constructed surface.
CRP concentrations from 100 to 3000 pM were added to the
antibody-constructed surface. A clear increase in the current
response was recorded for all CRP concentrations. (B) The current
response to CRP identification. With increasing CRP levels, the
current responses also increased gradually. The current differences
for all CRP concentrations binding with its antibody were placed in
linear regression, and the CRP detection limit was calculated as 100
pM with an R? value of 0.99 (inset figure). Data were averaged from
three independent experiments.

3.2 | Immunoassay for CRP
identification

A CRP immunoassay was conducted on the anti-CRP con-
structed surface. To reduce biofouling, monoethanolamine
was used as a blocking agent to cover the free aldehyde
before detecting CRP. Due to the anti-CRP attachment on
the MWCNTs, there was a slight current response recorded
after adding monoethanolamine (Figure 3B). Afterwards,
CRP concentrations from 100 pM to 3 nM were dropped
independently on the antibody-constructed surface, and
the current responses were recorded. A 100 pM CRP solu-
tion altered the current from 6.27E-10 A to 1.37 E-09 A,
which confirmed the detection of 100 pM CRP (Figure 4A).
Upon further increasing the CRP concentration to 200,
400, 800, 1500, and 3000 pM, the currents were increased
to 1.88 E-09, 3.5 E-09, 9.21 E-09, 1.25 E-08, and 1.52 E-08 A,
respectively. When the CRP levels increased, the current
responses also gradually increased (Figure 4B). The cur-
rent difference for all CRP was plotted in linear regression,
and the CRP detection limit was calculated to be 200 pM
at an R? value of 0.99 (Figure 4B; inset).

3.3 | Reproducibility and selectivity of
CRP detection

The reproducibility of the CRP immunosensor was con-
firmed by conducting the same experiments with five
different surfaces fabricated from the same batch. As
shown in Figure 5A, the current response was relatively
the same for all biomolecular immobilizations and CRP
identification. This result confirms the reproducibility of
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surface functionalization was used with five surfaces for CRP
identification, and the current response was relatively the same for
all experiments. (B) A CRP selectivity experiment was carried out
with CRP-spiked human serum. CRP was spiked in optimized
serum dilution (1:100), and the required volume on the anti-CRP
constructed surface was dropped. Serum dilution did not affect CRP
detection, which confirms the selective identification of CRP. Data
were averaged from three independent experiments.

the immunosensor for the identification of CRP. The selec-
tivity of CRP was determined by an experiment with
CRP-spiked human serum. For optimization, different
dilutions (1:10, 1:100, and 1:1000) of serum were initially
compared with CRP-spiked buffer solution to reveal bio-
fouling. Based on the optimization study, CRP was spiked
in human serum at 1:100 and dropped on the anti-CRP
constructed surface. This preliminary assessment with a
serum dilution of 1:100 displayed a negligible background
signal with high nonfouling. This will enhance the sen-
sitivity and specificity of the biosensor demonstrated. As
shown in Figure 5B, the serum did not affect the detection
of CRP. With increases in CRP, the current also gradually
increased, which confirmed the selective identification of
CRP. Furthermore, the recovery percentages were calcu-
lated for the concentrations (100, 200, 400, 800, 1500, and
3000 pM) used and were 92.2%, 93.5%, 95.8%, 97.13%, 97.4%,
and 98.8%, respectively. The obtained results indicate the
minor interference of proteins from serum for the inter-
action of CRP and anti-CRP. The serum has two major
interfering proteins, namely, albumin, and globulin, at lev-
els of 3.5-5.0 and 2.6-3.5 g/dL, respectively, which might
play a major role. Compared to other sensing systems,
the current sensor provides a high surface with modifica-
tion by MWCNTs and facilitates spatial arrangements for
biomolecular/molecular assembly.

4 | CONCLUSION

The AAA is a swollen and enlarged area of the abdominal
aorta, which is a life-threatening issue when it ruptures
and breaks. Quantifying CRP in serum biomarkers helps
to identify AAA and the associated conditions. CRP was
recognized as a suitable biomarker for AAA, and an

elevated level of AAA was found in a patient with a rup-
tured aneurysm. A CRP immunoassay was conducted on
a MWCNT-modified surface. Silane-modified MWCNTSs
were attached to the surface, and, then, a GLU linker was
used to attach the anti-CRP to the MWCNT surface. On
this surface, the CRP detection limit reached 100 pM. Fur-
ther reproducibility experiments were confirmed with five
different chips prepared from the same batch, and similar
identification of CRP on antibody-modified surfaces was
observed. Then, the selectivity experiment in 1:100 diluted
serum-spiked CRP confirmed the selective identification
of CRP. This immunosensor identifies CRP at a lower level
and can help to diagnose AAA.
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