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Conducting Polymer Nanocomposite
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ABSTRACT: A label-free impedimetric immunosensing system was constructed for

electrochemical analysis and morphological monitoring techniques. Under optimum
conditions, the proposed biosensor was responsive to CALR concentrations over the
detection ranges of 0.015—60 pg/mL linearly, and it had a very low detection limit (4.6
fg/mL) and a favorable sensitivity (0.43 kQ pg™' mL cm™). The reliability of the
biosensor system in clinical analysis was investigated by successful quantification of CALR levels in human serum. Moreover, the
repeatability and reproducibility results of the biosensor were evaluated by using Dixon, Grubbs, T-test, and F-tests. Consequently,
the proposed biosensor was a promising method for scientific, rapid, and successful analysis of CALR in human serum samples.
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1. INTRODUCTION

Breast cancer is a serious health problem for females. The
World Health Organization reported that 2.3 million woman
were diagnosed with breast cancer and 685 deaths globally in
2020. Early diagnosis of cancer disease and efficient treatment
can significantly reduce the breast cancer mortality and
increase the survival rates.”” The cancer diagnosis techniques
contain clinical and physical investigations, histopathology,
mammography, and ultrasound magnetic resonance imaging,
but they are not adequate to determine the breast cancer at
early stages.”® Although breast cancer detection with
mammography is usually achieved with high efficiency, it
only allows the visualization of the tumor and cannot predict
its biological behaviors. Current studies are focused on the
analysis of cancer markers in biological fluids for early
diagnosis of breast cancer. Cancer markers are biological
indicators which can illustrate the variations in the structure or
function of the human body. Therefore, biomarkers play a
significant role in illness diagnosis, choice of the treatment
program, and assessment of prognosis.”>°

Calreticulin (CALR) is a calcium-binding chaperon protein
(46 kDa) present in the endoplasmic reticulum lumen.””*
CALR has two primary roles, being a molecular chaperone and
a regulator of intracellular calcium ion homeostasis.” CALR
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controls the appropriate folding of produced proteins and
membrane-bound surface biomolecules that are significant in
the cell communication with its external surroundings. The
calcium ion is the secondary reporter element in several
intracellular signaling pathways, and therefore, CALR is an
important part of cell signaling.”'" CALR is a very promising
breast cancer biomarker about invasion and metastasis, and it
is upregulated significantly in NO, N1, and N2 stages of breast
cancer."'* Ni et al. reported that the CALR concentration in
human serum was 3.726 + 0.627 (n = 35) ng/mL." In clinical
analysis, enzyme-linked immunoassay (ELISA) is usually
utilized for CALR detection in human body fluids. This
technique is based on colorimetric reading and gives
reproducible, accurate, and reliable results. This advantage
makes it a suitable tool for clinical diagnosis.]4 However, this
technique has some shortcomings including a long and
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exhausting assay procedure, demand for skilled professionals,
excess chemical requirement, short shelf life of the labeled
antibody, a narrow detection range, and high cost.'”~'® The
detection limit of ELISA is less than the nanogram
concentration level that is insufficient to obtain the threshold
of protein markers, especially in the early step of diseases.'”*°
In addition, commercial ELISA is not suitable for reuse. In
contrast to immunoassays, in immunosensors the same
bioreceptor layer can be reused for many measurements after
regeneration in basic solution (NaOH/NaCl) or glycine/HCI
buffer solution for few minutes. These causes restrict their
commercial usage in the medical field.”' Immunosensors are
interesting tools because of their simple utilization, suitable
efficiency, possibility of portability, real time analysis, low cost,
and excellent selectivity and sensitivity.””~>* Because of their
promising properties, they have been usually utilized in diverse
fields including clinical analysis, food control, environmental
monitoring, and pharmaceutical and biological-warfare agents’
analyses.”> >

Electrochemical polymerization is an eflicient technique for
sensing platform modification with targeted characteristics,
high stability, and excellent homogeneity. Because of this, this
technique is frequently utilized for sensing surface modifica-
tion.”® Electrochemical impedance spectroscopy (EIS) is a
versatile, nondestructive technique to follow the character-
ization of the surface-functionalized electrode.””*® This
technique characterizes the electron transport as well as the
impedance between the electroactive species and electrode
surface.”’ Impedimetric immunosensors that integrate immu-
nosensors with the EIS technique have been progressively used
for label-free determination of food contaminants, cancer and
cardiac biomarkers, and environmental analysis.”> The binding
of biorecognition molecules on the working electrode is also
important to improve the electrochemical feature and the use
of the biosensor. The covalent immobilization of the
bioreco&nition elements provides a highly efficient electrode
surface.”

Nanomaterials like nanoparticles, nanotubes, and nano-
hybrid materials are utilized in the attractive research field
because of their unique chemical and physical properties such
as a large surface area, high conductivity, and good
biocompatibility.**™*® Carbon nanotubes (CNTs), classified
as multiwalled carbon nanotubes (MWCNTs) and single-
walled carbon nanotubes (SWCNTs), have gained a lot of
interest since being discovered by lijima in 1991. The excellent
structural, electrical, mechanical, and thermal features of CNT's
provide development of new and sensitive sensing tools
including electrochemical biosensors. They are proper
materials for the modification of working electrodes because
of their high electrical conductivity for electron transfer
reactions and high stability. Accordingly, development of
effective electrochemical biosensors based on CNT-modified
working electrodes is a very promising tool for the analysis of
various target analytes.”” The production of polymer/CNT
composites is an effective way for biosensing applications,
because combining CNTs with a polymer matrix advances
mechanical and electrical features of the interface material. In
addition, the incorporation of a CNT material into a polymer
matrix effects the charge transfer behavior and also electro-
chemical features of the electrode surface that may be
advantageous for biosensing applications.”®*” Conjugated
polymers as immobilization matrices provide improvements
in biosensor design."~** Among the conjugated polymers,
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polypyrrole is usually employed in biosensor construction
because of its suitable electrical conductivity, good stability,
ease of preparation, and biocompatibility. The biocompatibility
property of polypyrrole makes it a proper immobilization
matrix material for binding of biorecognition molecules.
Furthermore, polypyrrole can be synthesized with electro-
chemical polymerization on the electrode surface.*”**
Polypyrrole, a particular conducting polymer with a high
application potential, is a quite suitable candidate for the
synthesis of nanotube composites and appropriate for being an
immobilization matrix material.”> In a previous study, a
polyaniline-SWCNT nanocomposite was synthesized on the
working electrode, and the prepared electrode was utilized for
detection of triglyceride.’”® Thus far, no attempt has been
documented to fabricate an immunosensor based on the
SWCNTs-PPepx nanocomposite for the determination of
CALR in human serum.

This work described a novel strategy for the construction of
an SWCNTs-PPepx nanocomposite layer which was fabricated
by simultaneous electrodeposition of SWCNTSs incorporating
polymerization of the Pepx monomer onto disposable ITO
electrodes. So far, SWCNTs have been deposited in the
presence of a monomer without bearing active groups during
the electropolymerization process. In this study, we prepared
an SWCNTs-PPepx nanocomposite layer on the ITO working
electrode by a one-step electrodeposition technique. The
thickness of the nanocomposite layer can be readily controlled
with the electrodeposition method, an evident superiority over
the drop-casting technique. In addition, by using this
technique, electrode surfaces homologous to each other were
obtained. The SWCNTs-PPepx nanocomposite with consid-
erable conductivity provided a biocompatible immobilization
support for anti-CALR attachment via covalent binding
between epoxy ends of PPepx and amino ends of anti-CALR.
This immobilization procedure did not require crosslinking
reactants. In this study, we prepared an SWCNTs-PPepx
nanocomposite layer on the ITO working electrode by a one-
step electrodeposition technique. The thickness of the
nanocomposite layer can be readily controlled with the
electrodeposition method, an evident superiority over the
drop-casting technique. In addition, by using this technique,
we can obtain more homogeneous electrode surfaces.

These impedimetric immunosensor fabrication stages were
followed by performing EIS and cyclic voltammetry (CV) in
the presence of [Fe(CN)¢]>/#" as a redox probe. EIS results
illustrated that a label-free and ultrasensitive analysis tool was
developed for investigation of anti-CALR-CALR binding.
Furthermore, the surface morphology of the modified working
electrode surface was characterized by scanning electron
microscopy (SEM) and atomic force microscopy (AFM).
The suggested immunosensor displayed a low detection limit,
good repeatability, long shelf life, and suitable performance in
CALR determination in human sera.

2. EXPERIMENTAL SECTION

Materials and reagents used during the biosensor development are
described in the Supporting Information.

2.1. Synthesis of Monomer Pepx. In brief, the monomer (Pepx)
was synthesized by two reaction steps (hydrolysis and esterification)
according to the literature report with minor modifications.**™** The
first reaction step was the alkaline hydrolysis reaction of 1-
pyrrolepropionitrile, and N-pyrrolylpropanoic acid (P-COOH) was
produced. The second reaction step was the esterification reaction of
N-pyrrolylpropanoic acid and glycidol, and the Pepx compound was
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Scheme 1. Schematic Diagram of the Construction Process of the Label-Free Immunosensor for CALR with the SWCNTs-
PPepx Nanocomposite-Coated Disposable Electrode
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Scheme 1. measurements.
Monomer (P-COOH) was a white solid: (Yield: %85, 4.87 g). 2.3. Electrochemical Measurement Conditions. EIS analyses
-1, 3100 . . . — 1450 . 930; formed in S mM [Fe(CN)]>~/*~ solution including 1 M KCI
FTIR cm™": 3500—3100; 2941; 2880; 1694; 1600—1450; 1216; 930; were performed in 5> m e 6 solution incltuding
786, 724; 647; 613. Raman (A, = 780 nm): 1720 (C=0); 1600; and ITO electrodes connected to a Gamry Potentiostat 1000 which
1460; 1320; 1120; 1046; 932; 764; 695. '"H-NMR (CDCl, ppm): was utilized for electrochemical analyses. EIS spectra were recorded at
11.6 (1H); 2.87 (1H); 4.24 (2H); 6.72 (2H) and 6.20 (2H) an alternative current voltage of S mV, with a direct current voltage of
. ; 2. ; 4. ; 6. . . )
Monomer (Pepx) was a pale-yellow liquid: (Yield: %5S, 0.175 g). 0Vin thfe freq;?ncﬁ range frfnln 30 kato (?'5 I—llz‘.,C\'/hmeasurementsf
FTIR cm™': 2931-2880; 1730; 1502; 1450; 1157; 1090; 932; 908; were performed in the potential range of —0.5=1 V' with a scan rate o

0.1 V/s. Single-frequency impedance (SFI) measurements were
performed at a single frequency that was determined by the aid of
the Bode plot. The SFI parameters were 13 Hz monitor frequency,
0.01 V alternative current voltage, and 0 V direct current voltage.

852; 785; 720; 659. Raman (4, = 780 nm): 1738 (C=0); 1501;
1388; 128S; 1259; 1091; 1060; 976; 907;87S; 852; 763; 702; 660;
616. '"H-NMR (CDCl; ppm): 6.14 (2H); 6.67 (2H); 4.14 (2H); 2.83

(2H); 4.45 a'nd 3.24 (2H); 3.94 (IH); 2.61 and 2.72 (2H). 2.4. Selectivity Study. The selectivity study was performed by
2.2. Sensing Surface Preparation. Prior to modification, ITO analysis of PBS solutions containing target CALR (2.5 pg/mL),
sheets (20 mm X S mm) were successively ultrasonicated in acetone, neuron-specific enolase (NSE) (250 pg/mL), interleukin 1o (IL-1cx)
soap solution (10% NaOH, 90% ethanol), and ultrapure water (250 pg/mL), interleukin 14 (IL-18) (250 pg/mL), tumor necrosis
followed by rinsing thoroughly with ultrapure water. To prepare factor alpha (TNF-a) (250 pg/mL), and interleukin 6 (IL 6) (250
nanocomposite-coated electrodes, an electrolyte solution (100 mM pg/mL) solutions. The ITO/SWCNTs-PPepx nanocomposite/anti-
tetrabutylammonium chloride (TBAPCI) in acetonitrile (ACN)) CALR/BSA immunoelectrodes were incubated in these solutions for
containing 20 uL of Pepx monomer (20 mg/mL) and 20 mg of 30 min, and the response of these bioelectrodes was recorded.
SWCNTSs was prepared. Then, the clean ITO surface was placed in a 2.5. Analysis of Human Serum Samples. The suggested
conventional three-electrode system and, electropolymerization of the biosensor was employed for the measurement of CALR concentration
Pepx monomer and electrodeposition of SWCNTs were performed by in human serum samples. Before the analysis, these samples were

diluted 1000 times with PBS, and then, the prepared ITO/SWCNTs-
PPepx nanocomposite/anti-CALR/BSA electrodes were incubated in
this solution for 30 min. After 30 min, the ITO/SWCNTs-PPepx
nanocomposite/anti-CALR/BSA electrode was rinsed with ultrapure
water, and electrochemical analyses were performed. Furthermore, the
standard addition technique was studied to determine the reliability
and performance of the suggested immunosensor. All human serum
analyses were performed repeated twice.

CV with the potential from —0.2 to 2 V for four cycles with a scan rate
of 50 mV/s. During the electropolymerization and electrodeposition
processes, the Pepx monomer-SWCNT solution (TBAPCIl) was
stirred with magnetic stirring. After electropolymerization and
electrodeposition processes, the nanocomposite-coated electrode
was washed with ACN and ultrapure water. Following the electrode
preparation process, the prepared electrodes were immersed in anti-
CALR solution for 45 min. Afterward, these electrodes were washed
with ultrapure water and introduced to BSA solution (0.5%) to block

free ends of the polymer layer. After 1 h, these electrodes were washed 3. RESULTS AND DISCUSSION

with ultrapure water, and different concentrations of CALR antigen In this study, an immunosensor specific to CALR was
were applied on the working electrode surfaces. After each binding fabricated in four steps. First, the nanocomposite layer was
3775 https://doi.org/10.1021/acsbiomaterials.2c00499
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successfully constructed by electrodeposition of SWCNTs
incorporating polymerization of Pepx onto the ITO electrode
(Stage 1). Then, specific antibodies related to CALR protein
were immobilized onto the SWCNTs-PPepx nanocomposite-
modified electrode surface (Stage 2). After that, BSA molecules
bound on the ITO/SWCNTs-PPepx nanocomposite/anti-CALR
surface to block remaining active sites (Stage 3). Finally, CALR
antigens were attached onto the ITO surface, and the specific
reaction was determined utilizing EIS (Stage 4). The whole
immunosensor construction pathway is schematically displayed
in Scheme 1.

3.1. Chemical Characteristics of Functionalized
Electrode Surfaces. The FTIR spectra were taken at first
and second stages of the surface modification procedure in
order to prove the successful SWCNT-PPepx nanocomposite
layer formation and anti-CALR antibody immobilization.
Figure 1A,B includes the FTIR spectra of the SWCNTs-
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Figure 1. FTIR spectra of the SWCNTs-PPepx nanocomposite-coated
ITO electrode (A) and anti-CALR attached electrode (B).

PPepx composite layer-casted ITO surface (A) and the
subsequent modification with anti-CALR (B). The presence
of carbonyl groups (C=O) in the polymer layer was
evidenced by a strong absorption peak at 1738 cm™'. The
absorption peaks at 953 and 864 cm™' came from epoxy
groups of PPepx. The most evident absorption bands on the
ITO surface after anti-CALR binding were at 1640 and 1560
cm™'. These bands suggested the presence of amide groups
from the protein (—CONH,—). The spectrum of the anti-

CALR bound surface provided significant insight into the
presence of antibodies on the composite layer.

The energy-dispersive X-ray spectroscopy (EDX) study was
also performed to investigate the electrode surface morphol-
ogy. Figure SI-1A,B illustrates EDX spectra of SWCNTs and
SWCNTs-PPepx composite layer-casted ITO surface, respec-
tively. SWCNTs had oxygen (O), carbon (C), aluminum (Al),
and sulfur (S) elements, and after nanocomposite coating,
electrode included C, O, S, indium (In), tin (Sn), and nitrogen
(N) elements. The peak of N originated from pyrrole rings of
the PPepx polymer. Thus, these EDX images illustrated that
the SWCNTs-PPepx nanocomposite was present on the ITO
substrate surface.

3.2. Electrochemical Characteristics of Modified
Electrode Surfaces. Scheme 1 demonstrates the modification
pathway of the suggested immunosensor. Electropolymeriza-
tion of the Pepx monomer was performed by using the CV
technique with the potential range from —0.2 to 2 V. CVs
obtained during the electrodeposition of SWCNTs incorporat-
ing polymerization of Pepx onto the ITO electrode are
illustrated in Scheme 1. EIS and CV measurements were taken
to follow the step-by-step modification process of the
immunosensor. Figure 2A,B displays EIS and CV achieved at
modified ITO electrodes in 5 mM [Fe(CN),]3~/4~ including 1
M KCL As seen in Figure 2A, a small Nyquist plot of the
SWCNTs-PPepx nanocomposite layer was observed due to
conductive properties of the PPepx polymer and SWCNTs. By
fitting the obtained EIS data using the Randles equivalent
circuit (inset Figure 2A), the electron transfer resistance was
found as 1083 Q. The Randles equivalent circuit was employed
to define the measured EIS data. The used Randles equivalent
circuit is shown in Figure 2A-inset, and this circuit has the
ohmic resistance of redox probe solution (R,), the Warburg
impedance (W) arising from ion diffusion between the bulk
electrolyte and the working electrode surface interface, the
constant phase element (CPE), and the electron transfer
resistance (R,).*”*" The low R, indicated the fast electron
transport kinetics of the redox couple at the ITO/SWCNTs-
PPepx nanocomposite surface. As seen in Figure 2A, an increase
in electron transfer resistance (2543 Q) was seen in the
presence of anti-CALR antibody. The anti-CALR proteins on
the electrode surface formed a barrier, and this barrier made
difficult the electron transfer. The blockage of epoxy ends by
BSA on the electrode surface formed an insulative protein layer
on the electrode surface, and it was more difficult for the redox
probe. Thus, higher R, was measured (3785 Q) due to

543
785
285

C ITO-SWCNTs-PPepx Comp.
@ ITO-SWCNTs-PPepx Comp./Anti-CALR

1.083

o

2
4

e’

(kohm)

e’

@ /TO-SWCNTs-PPepx Comp.Anti-CALR/BSA <
C ITO-SWCNTs-PPepx Comp./Anti-CALR/BSA/CALR &1l
N R aoh GR
SN e
—_ 20 o e CPE
£
g s
o
£
4,?. 1.0
0.5
0.0 1.0 2.0 3.0 4.0
Zreal (kohm)

€ ITO-SWCNTs-PPepx Comp.

@ TO-SWCNTs-PPepx Comp./Anti-CALR

@ /TO-SWCNTs-PPepx Comp.Anti-CALR/BSA

C ITO-SWCNTs-PPepx Comp./Anti-CALR/BSA/CALR o

0.4

0.2

0.0

Current [pA]

-0.2

-0.4

-0.5 0.0

“VF [V vs. Ref]
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deceleration in electron transfer kinetics at the BSA protein- interactions, and this protein complex made electron transfer
exposed immunoelectrode. At the last step of biosensor
xp. . . P . difficult for the redox reaction to happen, causing a large
fabrication, the proteinous layer composed of anti-CALR and

CALR antigen was formed due to specific antigen—antibody Nyquist plot (4285 Q).
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Figure 2B depicts the cyclic voltammograms obtained during
the biosensor fabrication steps. Figure 2B illustrates that a pair
of redox peaks were observed at the SWCNTs-PPepx
nanocomposite-modified ITO electrode. As seen in Figure
2B inset, with the nanocomposite layer coating on the ITO
surface, the conductivity of the electrode surface increased and
the peak currents were quite high after modification. After the
binding process of anti-CALR on the nanocomposite-modified
ITO electrode, a decrease in peak currents of the ferro-ferri
redox probe was obtained because of formation of a protein
barrier. The BSA layer formation on the free epoxy ends of the
nanocomposite layer reduced the electron transfer rate, and
decreases were observed in the peak currents of the redox
probe. After anti-CALR and CALR complex formation, a
barrier to the diffusion of ferro-ferri ions toward the ITO
surface was observed, and this complex hindered the electron
transfer process. Thus, decreases in peak currents were
observed. The EIS and CV results showed the successful
construction of the biosensor. The agreement of the EIS with
CV results illustrated that the manufactured electrode was a
perfect platform for CALR detection.

3.3. Morphological Characterization of Electrode
Surfaces. SEM and AFM techniques are powerful tools for
electrode surface morphology characterization of different
electrode surfaces. The SEM and AFM images of the bare ITO
electrode and SWCNTs-PPepx nanocomposite layer-modified
electrodes are shown in Figure 3A,B, respectively. It can be
seen that the two electrode surfaces had clearly different
morphologies. The bare ITO had a homogeneous surface. The
average roughness (R,) of the bare electrode surface was as
1.39 nm, and the low R, indicated the regular ITO surface.
After the electropolymerization process, the SEM and AFM
images of the SWCNTs-PPepx composite layer illustrated a
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three-dimensional (3D) network composed of a dense,
compact, and homogeneous PPepx polymer layer and an
SWCNT nanomaterial. The R, of the electrode surface was
increased (125.43 nm) because the surface became rougher,
indicating modification of the electrode surface with the
SWCNTs-PPepx nanocomposite. The prepared 3D network of
nanocomposite layer was suitable for the immobilization of
anti-CALR antibody because of the large surface area of the
SWCNTs-PPepx nanocomposite layer. The unique structure of
the SWCNTs-PPepx nanocomposite layer could provide a
favorable microenvironment for the proteins to retain its good
bioactivity. Figure 3C shows SEM and AFM images of the anti-
CALR antibody-immobilized ITO surface. As clearly seen in
this figure, the electrode surface morphology was changed, and
the uniformity of the immobilized antibody distribution was
observed. Therefore, a decline was seen in R, (21.93 nm). The
BSA blockage step created a variation in the morphological
image of the ITO electrode surface and the BSA-immobilized
surface looked like previous studies.’’ The R, of the BSA-
immobilized surface was 23.65 nm. Upon recognition of
protein, changes in the morphological structure of the
electrode surface occurred, which was the evidence of specific
recognition between anti-CALR and CALR proteins. This
specific immunointeraction increased the R,, and it was found
as 79.41 nm. These achieved results are in consonance with
electrochemical analysis results.

3.4. Effects of the Polymer Layer Thickness, Anti-
CALR Concentration, and Anti-CALR Incubation Times.
The electrolyte solution used during the electropolymerization,
scan numbers utilized for monomer electropolymerization,
amount of anti-CALR antibody loaded on the ITO electrode
surface, and incubation durations of anti-CALR and CALR
molecules were optimized for the construction of CALR
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biosensors. First of all, the electrolyte solution employed
during the electropolymerization was investigated by using
four different salts including TBAPCI, tetrabutylammonium
tetrafluoroborate (TBAPF,), tetrabutylammonium hexafluor-
ophosphate (TBAPF), and lithium perchlorate-sodium
perchlorate (LiClO,-NaClO, 1:1). The calibration curves
obtained with different electrolyte solutions are given in Figure
SI-2. The maximum immunosensing signal was obtained, when
TBAPCI was utilized as a supporting electrolyte. The effect of
scan numbers of Pepx monomer electropolymerization was
investigated by coating the monomer onto the ITO electrode
with 2, 4, and 8 scan numbers. During the scan number
optimization study, all the other parameters were constant. As
shown in Figure 4A, it can be seen that the maximum
impedimetric response of the immunosensor was obtained
after four scan numbers. The immunosensor signal obtained
after two scan numbers was low because suflicient active epoxy
ends did not form on the ITO surface. The immunosensor
developed with eight scan numbers had a low signal and this
low signal might originate from thick polymer layer formation,
which hindered electron transfer and caused high electron
transfer resistance. Because of these reasons, four scan
numbers were optimum for biosensor construction. Afterward,
the effect of anti-CALR concentration on the immunosensor
signal was investigated by incubating SWCNTs-PPepx nano-
composite-modified electrodes with different levels of anti-
CALR (0.5 pg/mL; 2.5 pg/mL; 12.5 pg/mL) for 1 h. As
observed in Figure 4B, the immunosensor had similar signals,
and therefore, 0.5 pg/mL anti-CALR was utilized for biosensor
development due to low fabrication cost. After optimization of
the anti-CALR amount, the incubation time of anti-CALR was
optimized. The nanocomposite-coated electrodes were in-
cubated in anti-CALR antibody solution for 30, 45, and 60
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min. After 30 min incubation, the biosensor had a low response
toward CALR antigen owing to the insufficient amount of anti-
CALR antibody molecule immobilization; 45-min incubation
provided a good immunosensor signal, and thus, 45 min was
the optimized duration for anti-CALR incubation (Figure 4C).
Finally, the incubation duration of CALR was optimized. The
ITO/SWCNTs-PPepx nanocomposite/anti-CALR/BSA electro-
des were incubated in CALR solution for 30, 45, and 60 min.
The responses of these immunosensors were similar, and
therefore, 30 min was adequate time for CALR antigen
incubation (Figure 4D).

3.5. Impedimetric Analysis of the Target Protein
Calreticulin. The detection performance of the suggested
electrochemical immunosensor was investigated utilizing the
EIS technique. For this aim, eight different ITO/SWCNTs-
PPepx nanocomposite/anti-CALR/BSA electrodes were incu-
bated with increasing concentrations of CALR for 30 min. The
differential charge transfer resistances were obtained against
various levels of CALR antigen. Figure SA shows the obtained
impedimetric spectra after incubation with increasing amounts
of CALR. The increase in the amount of CALR antigen caused
an increase in the amount of immunocomplex and also,
illustrated a gradual increment in R, values. In the same way,
decreases were measured in CV peak currents with the
increasing concentration of CALR (Figure 5C). The formed
immunocomplex proteins caused formation of a protein barrier
and prevented electron transport between the ITO surface and
electrolyte solution. The proposed biosensor illustrated a wide
linear range from 0.015 to 60 pg/mL (Figure SB). The
regression was found to be AR, [kQ] = 0.101[CALR] + 0.197
with a correlation coefficient of 0.9991. The detection limit,
quantification limit, and sensitivity were found as 4.6 fg/mL,
15.2 fg/mL, and 0.427 kQ pg™' mL cm™, respectively. The
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Table 1. CALR Detection Methods (A) and CALR Concentration in Human Sera Samples Tested by the Developed Biosensor

(B)

(A) biosensing system detection method detection range (pg/mL) detection limit (pg/mL) ref
ELISA colorimetric 1300—-200,000 1300 Raybiotech
ELISA colorimetric 1300—200,000 1300 Thermofisher
ELISA colorimetric 156—10,000 39 Mybiosource
ELISA colorimetric 140.6—9000 140.6 Abcam
ELISA colorimetric 160—10,000 100 Elabscience
SWCNTs-PPepx Comp. Modified Electrode electrochemical 0.015—60 0.0046 present study
(B) measured CALR added CALR measured CALR SD and coefficient variation ~ recovery  relative difference
sample level (pg/mL) level (pg/mL) level (pg/mL) (%) (%) (%)
1 2.82 1.00 4.0 0.06—1.38 106.18 6.18
1 2.67 1.00 3.97 108.30 8.30
1 2.82 30.00 32.96 0.14—-0.42 100.45 0.45
1 2.67 30.00 32.77 100.30 0.30
2 2.83 1.00 3.89 0.23-5.64 101.54 1.54
2 3.06 1.00 4.22 103.87 3.87
2 2.83 30.00 32.68 0.83—-2.59 99.52 —0.48
2 3.06 30.00 31.50 95.28 —4.72
3 5.33 1.00 6.38 0.06—0.87 100.93 0.93
3 5.24 1.00 6.31 101.11 1.11
3 5.33 30.00 35.93 0.68—1.87 101.72 1.72
3 5.24 30.00 36.89 104.70 4.70
4 5.83 1.00 7.09 0.12—1.64 103.88 3.88
4 6.04 1.00 7.26 103.07 3.07
4 5.83 30.00 35.90 0.83—-2.26 100.22 0.22
4 6.04 30.00 37.07 102.85 2.85
N 2.33 1.00 3.47 0.02—0.60 104.13 4.13
S 242 1.00 3.50 102.30 2.30
S 2.33 30.00 33.18 0.31-0.93 102.61 2.61
N 242 30.00 32.75 101.00 1.00
“SD, standard deviation.
detection limit, linear range, and sensitivity of the proposed increase in impedance (pink plot) was seen and this increment
biosensor were compared to other detection methods of CALR demonstrated the successful interaction.
(Table 1A). These results indicated that the constructed The repeatability of the sensing system was evaluated by
immunosensor had suitable performance for CALR detection recording the R, responses of 30 ITO/SWCNTs-PPepx
in the low femtogram level which was not possible with ELISA. nanocomposite/anti-CALR/BSA electrodes after incubation in
The SWCNTs-PPepx nanocomposite matrix provided high PBS solution containing CALR antigen with three different
electrical conductivity due to SWCNTs and PPepx-conjugated concentrations. To anajlyze the repe’atability performance of
polymer for electron transfer reactions and high stability. Thus, the bio’sensor., Grubbs and Dixons. tests were performed.
this layer supported the electrochemical signal and provided a Grubbs’ test is emg%l(g)zed to.determlne a single ou_tller m a
low detection limit for the proposed biosensor. The electro- normall’y data test.: In this test, the results attained after
deposition of SWCNTs incorporating polymerization of the Grubbs test Aapphcatlon were comp arecjl to the fixed value
Pepx monomer onto disposable ITO electrodes offered the (level of significance) present in Grubbs’ table. The low and
P P . ,
. . high Grubbs’ test values were calculated as 1.476 (for 0.1 pg/
easy control of the thickness of the nanocomposite layer and
. mL); 1.27 (for 15 pg/mL); 0.80 (for 20 pg/mL) and 1.492
electrode surfaces homologous to each other were obtained.
) : ) (for 0.1 pg/mL); 2.025 (for 1S pg/mL); 2.195 (for 30 pg/
More repeatable and reproducible results were obtained with .
’ - mL), respectively. The calculated values were lower than
the use of these electrodes, and the obtained repeatability and Grubbs’ critical tabulated value (2.29, @ = 0.05). Apart f
e ) 29, .0S). Apart from
reproducﬂnhty ‘results were supported by statistical analysis Grubbs’ test, the Dixon test was also utilized for the testing
methods 1ncl.ud.1ng the F-Test and.T-Test. ] outlier. The low and high Dixon test values were calculated as
SFI analysis is the most appropriate technique to follow the 0.0 (for 0.1 pg/mL); 0.115 (for 15 pg/mL); 0.0 (for 30 pg/
kinetic biointeraction between antibody and its target antigen. mL) and 0.143 (for 0.1 pg/mL); 0.403 (for 15 pg/mL); 0.371
During this experiment, impedance is recorded at single (for 30 pg/mL), respectively. The calculated values were lower
frequency, which was determined with the help of the Bode than Dixon’s critical tabulated value (0.477), and therefore,
plot”” In this study, a target CALR antigen solution according to Grubbs’ and Dixons’ statistical evaluation rule, the
(phosphate buffer, pH 7.4) was prepared and used for SFI data sets have no outliers.
analysis. The ITO/SWCNTs-PPepx nanocomposite/anti- The reproducibility of the study was investigated by
CALR/BSA electrode immersed in this solution at the three- measuring the impedimetric responses of 60 bioelectrodes
electrode system and the time-dependent variations at the after incubation in PBS solution containing CALR antigen with
single impedance were recorded. As observed in Figure SD, an three different concentrations. The reproducibility study was
3780 https://doi.org/10.1021/acsbiomaterials.2c00499
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Figure 6. Quality control chart (A), reusability (B), selectivity (C), and storage stability (D) of the proposed biosensor.

also performed with two researchers by measuring three
different CALR concentrations (0.1, 15, and 30 pg/mL) for 10
times under the same conditions in different days. The
obtained results were evaluated with the Horwitz test; the
Horwitz ratio displayed the acceptability of analysis techniques,
and this ratio was calculated by using relative standard
deviation (RSD, %) and predicted relative standard deviation
determined by using the Horwitz equation.” As a result of this
statistical test, Horwitz ratios of the 15 pg/mL data set were
found as 0.72 and 0.56. These values were lower than 2, and
they proved the excellent training and experience.

To evaluate the reproducibility test results (for 1S pg/mL),
the T-test and F-test were carried out to check the means and
the distribution of the groups, respectively. A two-sample T-
test assuming equal variances was used to find the statistical
signiﬁcance.56 The calculated T-amount was lower than the T-
critical two-tail amount (0.69 < 2.10), and thus, the averages of
data were not importantly distinct from each other and the
attained value was not statistically significant. The calculated F-
value was lower than the F-critical tabulated value (1.679 <
4.026). The obtained result illustrated that the distribution of
the data set was not significantly different from each other. The
pooled standard deviation was found as 0.369, and low RSD
proved good reproducibility and acceptable precision. Figure
6A illustrates the quality control chart of the system, and this
chart illustrated the variations during the measurements. The
reference value of this chart was 15 pg/mL. Upper and lower
warning limits were calculated as 15.64 and 14.36 pg/mlL,
respectively. Upper and lower control limits were calculated as
15.96 and 14.04 pg/mL, respectively. As seen in Figure 6A, the
measurement results were present in these limits, and the
results were acceptable for analysis. Consequently, the
obtained RSD values confirmed an acceptable repeatability
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and reproducibility of the biosensor development procedure
and electrochemical analyses.

To test the reusability of the prepared electrode,
regeneration ability of the biosensor was studied. After each
detection of CALR protein, the utilized electrode was
regenerated by incubation in HCI solution (0.01 M) for S
min, and after that, it was washed with ultrapure water. The
regeneration process continued until the electrode failed. The
biosensor retained 82.78% its initial signal after six
regeneration cycles. This result indicated good reusability
performance of the biosensor (Figure 6B). To investigate the
selectivity suggested immunosensor, some biomarkers such as
NSE, TNF-q, IL6, IL-1¢, and IL-1/ with higher concentration
(250 pg/mL) than CALR (2.5 pg/mL) were utilized, and the
impedimetric signal toward these antigens was tested with the
suggested immunosensor. As observed in Figure 6C, the
suggested biosensor gave insignificant responses to these
biomarkers at high concentration levels. The obtained results
illustrated the specific binding of anti-CALR to CALR and the
selectivity of this biosensor. For investigation of the storage
stability of the suggested biosensor, 10 different electrodes
fabricated under the same conditions were used to check their
responses against 45 pg/mL CALR. The prepared bioelectr-
odes were stored at 4 °C, and each week, the electrochemical
response of the related electrode was recorded. The proposed
immunosensor retained 61.69% of its initial signal after 6
weeks. The obtained good storage stability was attributed to
successful nanocomposite layer coating on the ITO electrode,
which supported the immobilization of anti-calreticulin (Figure
6D).

3.6. Analytical Applicability of the Biosensor for
CALR Analysis in Human Sera. The clinical applicability of
the suggested immunosensor was appraised by measurement of
CALR in human serum. First of all, before analysis, human sera
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samples were diluted 1000 times with phosphate buffer. The
CALR level of diluted serum samples was analyzed with the
suggested biosensor. After that, the serum samples were spiked
with two different levels (1 and 30 pg/mL) of CALR protein
to test the accuracy of the sensing system. After adding CALR
protein, these serum samples were analyzed with the proposed
biosensor. EIS measurements were performed in duplicate, and
recovery results of the suggested biosensing technique changed
from 95.28 to 108.30% which confirmed that the proposed
biosensor was feasible for the analysis of CALR at low levels in
human sera.

4. CONCLUSIONS

In summary, a novel hybrid nanocomposite material SWCNT's-
PPepx was covered onto a low-cost and disposable ITO
platform in order to fabricate an ultrasensitive and selective
immunosensor for CALR analysis in human sera. The utilized
biosensor fabrication strategy provided a conductive immobi-
lization matrix with a large surface area. The use of the
SWCNTs-PPepx nanocomposite not only facilitated the
electron transfer between the electrolyte and working electrode
surface, but also it provided attachment points for anti-CALR
biorecognition molecules. The changes in R, were linearly
dependent on the CALR level in the linear range of 0.015—60
pg/mL with a correlation coefficient of 0.9991. The proposed
biosensor had good selectivity, robust storage stability, and
simple applicability. Furthermore, according to statistical
analysis techniques, the proposed system was a reliable and
successful tool for CALR analysis. Finally, the suggested tool
was further applied for the analysis of CALR concentration in
human sera with satisfactory results. In conclusion, the
described procedure could also be used for the detection and
quantification of the other protein biomarker in the fields of
clinical diagnosis.
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