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Abstract

In this study, a novel biosensor based on molecular imprinting polymer (MIP) method-
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ology was fabricated toward recognition of carcinoembryonic antigen (CEA). For this
purpose, poly (toluidine blue) (PTB) was electropolymerized on the surface of gold
electrode in the absence and presence of CEA. So, the target molecules were
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entrapped into the imprinted specific cavities of MIP. Obtained results show that, the
binding affinity of the MIP system was significantly higher than that of revealed for
the nonimprinted polymer (NIP) system, MIP-based biosensor revealed linear
response from (0.005 to 75 pg/L) and low limit of quantification of (0.005 pg/L) by
using chronoamperometry technique, leading to CEA monitoring in real and clinical
samples. Thus, a novel technique for rapid, simple, sensitive and affordable monitor-
ing of CEA (LLOQ = 0.005 pg/L) has provided through developed biosensor. From a
future perspective, moreover, this method can be considered as an applicable candi-

date in biomedical and clinical analysis for point-of-care usages.
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colorectal cancer.* Therefore, CEA detection has gained great interest

1 | INTRODUCTION

in therapeutic evaluation, condition monitoring, and differential diag-

With the aim of raising the efficient cancer therapy, early diagnosis of
cancer disease is considered as one of the most challenging issues
today. Detection of cancer biomarker leads to provide the opportunity
of diagnosis the disease, before it grows into the incurable stages.!®
Furthermore, biomarkers can be applied to assess the progression of
surgery treatments. Carcinoembryonic antigen (CEA), one of the most
common cancer biomarkers, is a glycoprotein in human body that is
expressed during the fetal development.* This biomarker, which can
be found in adult human plasma sample (HPS) in slight amounts, will
represent overexpressed behavior in several cancers, including pan-

creatic, ovarian, breast, gastric, lung cancers, and in particular,

nosis of diseases.*

The conventional CEA measuring methods are typically based on
immunoassay tests. However, these immunoassay tests require
expensive and complex instruments and expert operators.> Besides,
there is the risk of hazardous radioactive elements that may cause to
harmful effects on the patients' body.® Regarding improving tumor
biomarkers detection, novel bio-affinity sensors have widely studied
and have satisfactorily used for addressing all the aforementioned
issues and have considered as efficient analytical tools.” Biomolecular
receptors (eg, histones, enzymes, and antibodies) are being replaced

with non-natural diagnostic elements; in particular, MIPs are
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intelligent synthetic biomaterials that can imitate biological recogni-
tion; thus, the MIPs materials are called as “plastic antibodies”.®

Recently, MIP-based bio-devices have been increasingly considered
as promising analytical tools in various fields, comprising clinical analysis,
providing required portability, low cost, specificity, and fast response.’
This method was first described, at 1930s, as “the fabrication of ligand-
selective diagnostic sites throughout a synthetic polymer film where a
specific template (ion, molecule, atom complex or a macromolecular
ionic, or molecular assembly) is applied with the purpose of promoting
formation of the recognition site during a polycondensation or polymeri-
zation process, following by the elimination of all or some of the specific
templates required for diagnosis to remain the cavity spaces..}2 |n
comparison with the other diagnostic techniques, MIPs, which comprise
three main unique characters of application universality, recognition
specificity, and structure predictability, have found broad interest and
have become useful in several areas, such as separation and
purification,®  bio/chemosensing,**  drug  delivery,'> artificial
antibodies,*® and catalysis,'” respect to their straightforward prepara-
tion, high physical stability, affordability, and remarkable robustness.!®
Bulk polymerization is a conventional method for molecular imprinting.

Recently, several systems have emerged that apply a variety of
techniques to fabricate imprinted particles that have better structures
than that of the conventional methods.*® Chief among the other strate-
gies, electropolymerization techniques are known as efficient methods
for MIPs deposition on various types of electrodes.?® The superiority of
electropolymerization methods among others is based on their potential
to deposit the polymeric films on irregularly shaped or tiny dimension
electrode surfaces, with adjustable thickness.?! The thickness of the
deposited conducting and nonconducting films can be controlled upon
the rate of charge transfer and self-regulation, respectively.223 Further-
more, the type of the film and the polymerization rate can be regulated
via the potential applied during electropolymerization.?42°

In this work, poly [Toluidine Blue (PTB)], an electrically semi-
conducting polymer, was considered as the artificial receptor, modified
by molecular imprinting techniques and organized by electrochemical
approach for the sensitive monitoring of CEA. With this regard, gold
electrode, which has been pretreated by cysteamine and glutaraldehyde
(Cys A-GA), was applied as the substrate where the protein-imprinted
polymer was electropolymerized. The stability of the synthesized MIP
system against degradation was considerably boosted, owing to the
crosslinking role of the Cys A-GA modifiers that led to firm covalent
bonds between the polymer film and the gold surface. The ability of the
synthesized MIP bioreceptor toward CEA recognition was evaluated by
electrochemical techniques. The binding affinity of the nonimprinted
polymer system (NIP) was significantly lower than that of MIP system,
confirming the accomplishment of the technique in creating imprinted
materials to CEA recognition. In addition, the redox peak current of the
Fe(CN)g 3~/# showed an ascending trend by raising the concentration
of CEA (from 0.005 to 60 pg/L) incubated with the MIP-coated elec-
trode. The biosensor revealed linear response by increasing the concen-
tration from 0.005 to 75 pg/L and also LLOQ of 0.005 pg/L by means
of chronoamperometry technique, leading to sensitive and selective

monitoring of the CEA in real samples. The suggested MIP-based

biodevice was considered for assessing of CEA amounts in human
plasma serum. The developed biosensor offers a novel diagnostic
method, for the first time, toward rapid, simple, sensitive, and cost-
effective recognition of CEA through MIP methodology. The proposed
technique can also be appeared as an efficient candidate for POC
usages in biomedical and clinical analysis.

2 | MATERIALS AND METHODS

2.1 | Chemical and reagents

Toluidine blue (C.I. 52 040) with purity of 99% was purchased from
Merck pharmaceutical company (Germany). KCl, potassium ferricyanide
KsFe(CN),, and potassium ferrocyanide K4Fe(CN)s were obtained from
Sigma-Aldrich chemicals company (Ontario, Canada). Hydrochloric acid,
human serum albumin (HSA), and (HCL)JHNO5; were also bought from
Scharlau Chemie S.A. The solution of phosphate buffer saline (PBS)
(0.1 M, pH = 7.4) was obtained by NaH,PO, (0.1 M), and Na,HPO,
(0.1 M) in deionized (DI) water. The human plasma samples were pur-
chased from the Iranian Blood Transfusion Research Center (Tabriz,
Iran). CEA, biotinylated antibody, dilute solutions, Human Cancer Anti-
gen PSA ELISA Kit containing PSA antigen, Human CA 15-3 ELISA kit
(CanAg/CA15-3 EIA) containing CA 15-3 antigen, and standard buffer
were purchased from CanAg Diagnostic AB  Technology
Co. (Gothenburg, Sweden), Human CEA ELISA kit (CanAg/CA15-3 EIA)
containing CEA antigen, and standard buffer were purchased from
CanAg Diagnostic AB Technology Co. (Gothenburg, Sweden).

2.2 | Apparatus

Electrochemical analyses were performed by a computer-guided elec-
trochemical system including AUTOLAB device with PGSTAT302N
(Eco Chemie, Utrecht, The Netherlands), by means of NOVA 1.11
software. The conventional system of three-electrode electrochemical
cell was applied by a platinum wire, Ag/AgCl, and gold electrode as
the counter, reference, and working electrodes, respectively. Electro-
chemical characterization of the MIP-based biosensor was performed
by CV method in the presence of Fe(CN)s>~/Fe(CN)s*~ (1 mM) con-
taining KCL (0.1 M) through a potential range from —0.5 to 0.7 V
(vs Ag/AgCl), at a scan rate about 40 mV-s~%. The morphology of the
modified electrode surface was monitored by a high-resolution field
emission scanning electron microscope (FE-SEM, Hitachi-SU8020,
Czech) system, with an operating voltage about 3 kV. Chemical com-

pounds were evaluated using energy dispersive spectroscopy (EDS).
2.3 | TB electropolymerization on the surface of
the pretreated gold electrode

First, the surface of the electrode was cleaned by H,SO, solution

(0.1 M) through cyclic voltammetry technique with the potential range
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of 0 to 1.5 V and at scan rate of 100 mV/s over 15 cycles. Then, cys-
teamine solution (10 mM) was casted on the surface of gold electrode
for 1 hour. Afterward, the Au electrode was further treated with glu-
taraldehyde as cross-linker for another 1 hour. Next, the gold elec-
trode was polymerized though electropolymerization approach by
applying TBs in PBS solution (pH = 7.4) through CV technique within
the potential range of —0.5 to 0.7 V and at scan rate of 40 mV/s over
60 cycles (Figure 1). Finally, the gold electrode was further treated
(1 M) KNOg3 in PBS solution (pH = 7.4) using CV method within the
potential range of —0.3 to 0.5 V and at the scan rate of 40 mV/s over
10 cycles.

The surface-related factors, such as the rate of the applied tem-
plate/monomer, dens of polymer film, and etc., were adjusted regard-
ing to improve the analytical performance of the proposed MIP-based
biodevice for the sensitive and selective monitoring of CEA in both of
the standard and HPS samples. Concerning the efficient surface
imprinting, the dense of the PTB coating should be in proportion with
the symmetrical dimension of anchored protein biotemplates. Hence,
due to the high MW (x180 kDa) and large dimensions of CEA, the
electroconductive polymer veneer was grown until appearing the
extreme electrocatalytic behavior.

In this work, the surface of the working gold electrode was
cleaned through CV technique, in the presence of H,SO,4 solution
(0.1 M) with the potential range of O to 1.5V, scan rate of 100 mV/s,
and over 15 cycles. Afterward, the electrode was functionalized via
amine and aldehyde groups by incubating in cysteamine solution
(10 mM) and glutaraldehyde (5%), for 1 hour, respectively. At the next
step, the premodified gold electrode was polymerized by applying TBs
(0.1 M) in PBS solution (pH = 7.4) (0.1 M), in the presence of CEA
antigen through CV method with the potential range of —-0.5t0 0.7 V,
scan rate of 40 mV/s, and over 60 cycles. Afterward, the PTB-coated
gold electrode was treated by means of KNO5 (1 M) in PBS solution
(pH = 7.4) via CV method with the potential range of —0.3 to 0.5V,
scan rate of 40 mV/s, and over 10 cycles. Finally, the surface of the
prepared electrode was eluted via 0.1 M NaOH solution through CV
method with the potential range of —0.3 to 0.5V, scan rate of
50 mV/s, and over 100 cycles.

I/uA
o
&

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
E vs. Ag/AgCI

FIGURE 1 Cyclic voltammogram of electropolymerization of TB
on the surface of the gold electrode in the presence of 0.5 mM of TB
in 0.1 M PBS (pH 7.4) at 40 mV/s~* with 60 number of cycles

Recognition

As schemed in Scheme 1, the cleaned surface of the working
electrode is pretreated with the cross-linkers, using cysteamine
and glutaraldehyde, respectively. Then, the modified surface is
covered by PTB film in the presence of CEA as bio-templates. The
CEA molecules are entrapped within the polymer matrix through
covalent interactions between the amine groups of the PTBs and
the carboxylic acid groups of the CEA biomarkers. TB is a tiny
redox-active phenazine material that supply a positive charge with
N replaced by S in the azine ring and amine or methyl functional
groups of the benzene rings. Numerous H-bonds and electrostatic
interaction between the N-H/O-H groups of CEA biomarker, and
the S-H/N-H groups of TB might be the chief cause for the forma-
tion of the polymer-protein layer. Finally, the prepared biosensor
is washed via 0.1 M NaOH solution for elimination of the protein
bio-template and MIP preparation. In comparison with the PTB
film, the results revealed the inhibitory effects of the CEA bio-
templates on the growth of the PTB film, after entrapping within

the polymer matrix.

3 | RESULTS AND DISCUSSION
3.1 | Electropolymerization of TB on the surface
of gold electrode

As mentioned before, the gold electrode was premodified with GA-
Cys A. The complex of the cross-linker is constructed through cova-
lent bindings between the amine groups of Cys A with the aldehyde
groups of GA. On the other side, the complex of cross-linkers can
make firm binds with the surface of the gold electrode via thiol
groups. According to Figure 1, CV method was applied to form PTB
on the premodified electrode, in potential range from —0.5 to 0.7 V vs
Ag/AgCl, and scan rate of 40 mV/s, through 60 cycles. During the
electropolymerization process of TB, anodic peaks and reduction
peaks started to be appeared at —0.1 and — 0.2 V vs Ag/AgCl, respec-
tively, which confirm the formation of PTB on the gold electrode.
Also, increase in the current intensity of the peaks by raising the cycle
numbers showed the growth of the PTB on the gold surface. Finally,
Figure 1 revealed the dwindling of the oxidation peak after formation
of the PTB film. It has been affirmed that TB monomers, who contain
amine groups (-NHj) in their chemical structures, can be
electropolymerized on the gold surface to create a conducting film
through covalent bonds between the NH, groups of TB and the alde-
hyde groups of GA with considerable stability. Regarding to confirm
the PTB formation on the gold surface, CV was performed through
the redox probe ([Fe(CN),]*~/4, in the potential range of —0.3 to 0.5 V
vs Ag/AgCl, at 100 mV/s.

FE-SEM analysis was done to detect the morphology of PTBs/Au,
PSA/PTBs/Au, and MIP/PTBs/Au electrodes. As shown in Figure S1
(see supporting information), the polymerization of TB leads to con-
struction of a dendrite morphology on the surface of Au electrode,
which provides highly dense PTBs for subsequent imprinting of the
target molecule. The weight percentages of elements, including
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carbon, nitrogen, and oxygen were obtained 4.77, 2.26, and 92.97,
respectively, by the EDX spectrum. The results showed that the con-
siderable weight percentages of carbon, nitrogen, and oxygen were
obtained as a result of the PTBs formed on the surface of gold elec-
trode. Also, Figure S2 (see supporting information) shows FESEM
images of MIP and NIP which confirmed successful preparation of
biosensor platform.

3.2 | Electrochemical characterization

The in-depth electrochemical behavior of the stepwise fabrication
process of the designed biosensor (MIP-PTB and NIP-PTB films
coated on gold electrode) was evaluated through CV and chrono-

13~/ as illustrated in

amperometry techniques in 0.01 M [Fe(CN),
Figure 2, and Table 1. Figure 2A reveals redox peaks of the bare
gold electrode (red line). The oxidation peak of the bare gold elec-
trode was appeared at 0.2V vs Ag/AgCl with current intensity
about 33.67 pA, which was slightly decreased to 27.11 pA after
treating with CysA. The reason of this slight reduction in the electric
current can be attributed to the increment in the geometric surface
area in the presence of Cys-A. Moreover, the presence of an electri-
cally hindrance layer of CysA on the highly conductive gold elec-
trode, which leads to raising the electrical resistance, and
consequently, diminishing the electron transfer process. The negligi-
ble decrement in the redox peak of the Cys A-modified electrode
can also be related to the presence of the free unbonded amine
groups on the surface of the gold electrode after CysA modification.
Therefore, the electric current intensity of the redox peak was
raised to 38.67 pA after modifying with GA, due to the increment in

the stability of the system by making covalent binds between the
amine groups of the CysA, and the aldehyde groups of
GA. Considering the bare electrode as the control sample, the oxida-
tion peak had slight increment after electro-polymerization of TB
(Figure S3). The increment of the anodic current reveals that the
conductive PTB layer can promote electron transfer of 0.01 M [Fe
(CN)6] 374, When the CEA bio-templates were interacted with the
polymer matrix through hydrogen bonds between the amine groups
of the PTBs and the carboxylic acid groups of the proteins, the
response current of the MIP-modified electrode was considerably
decreased which indicates the immobilization of CEA is carried up
properly and retracted electron transfer (Figure S4). In fact, the pro-
tein templates assume the role as an insulter and dwindle the rate
of the electrons motion. After template elimination from the poly-
mer matrix, the relevant cavities of the entrapped CEA molecules
were appeared. The redox peak currents of the MIP-based PTB
coated gold electrode were dramatically increased again in compari-
son with that of CEA/PTB/gold electrode (from O pA (for TB-treated
electrode) to 17.5 pA (0.2 V vs Ag/AgCl) (for CEA eliminated PTB
coated electrode)) (Figure 4, and Figure 3), due to the repulsive
interactions of the negatively charged MIP polymer with the
supporting electrolyte. Additionally, the presence or absence of
the template protein causes to structural differences for the
electropolymerized films, which can be detected through the redox
probe ([Fe (CN)4]3~’4) alternations. All of abovementioned results
were summarized in Table S1.

Thus, the entrapment of the bio-template within the polymer
veneer can be confirmed through the hindrance behavior of the elec-
trochemical surface blocking redox procedure of Fe (Ill)/Fe (IV). It is

noteworthy, moreover, that the hindrance behavior of MIP is more
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TABLE 1
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operative than that of NIP, due to the combination of both earlier
effects in this process.

In this project, the optimized washing condition was considered in
0.1 M NaOH for CEA elimination through the potential cycling process
of the Au electrode over100 cycles at 0.1 V/s, between —0.3 to 0.5 V;
followed by washing with DI water. The significant raise of the current
intensity after elution, indicated successful elimination of the CEA bio-
template, which acted as a barrier for the electric current. Additionally,
according to Figure 2C, for optimal recognition of CEA, the protein
elimination process needs the constant potential of +0.29 V, which is
considerably lower than that of before elution (+0.49 V). Lower poten-
tial reveals less interference by the electrochemically active materials
in the biological media. This is affirmed by interference studies in pres-
ence of other biomarkers, as interferers (Figure 3).

The chief operation of a sensor is its potential of recognition the spe-
cific molecular targets among other interfering agents. Therefore, the
selectivity of the designed bio-device was evaluated in the presence of
PSA, BSA, CA 15.3 and HSA as interfering species. According to Figure 3,
The peak intensity of MIP/CEA/PTB/gold electrode was measured by
chronoamperometry, and CV techniques in Fe (CN)¢>~4~ comprising KCl
(0.1 M) solutions with the potential range about —0.3 to 0.5 V. Figure 3A,
B reveals the CVs and their relevant histograms of electric current inten-
sities of the MIP-based gold electrodes in the presence of various bio-
markers (as interferences). It is obvious that the electric current intensity
of the MIP-treated electrode is dramatically lower in the presence of
CEA (21.02 pA) than that of the other proteins (78.61 pA, 69.22 pA,
62.2 pA, and 63.7 pA, for HAS, PSA, CA 15.3, and BSA, respectively).
Besides, the chronoamperograms and their relevant current intensity his-
tograms (in Figure 5C,D) confirm the aforementioned decrement in the
electric current intensity of the MIP-treated Au electrodes in the pres-
ence of CEA (1.09 pA) vs that of the other interferences (11.51 pA,
9.49 pA, 9.75 pA, and 9.12 pA for HAS, PSA, CA 15.3, and BSA, respec-
tively). This significant increment in the electric current rate of the MIP-
treated electrode in the presence of CEA reveals more entrapment of
CEA biomarkers in the imprinted cavities of the modified electrode, com-
pared to the other interferences, which acted as insulators for electric
current. Thus, the results indicated that the recognition of CEA bio-agent
was considerably higher than those for PSA, HAS, BSA, and CA 15.3. As
confirmed in Figure 5, evident is the fact that the synthesized protein-
imprinted polymer shows an apparent selectivity towards CEA, because
of the specific molecular structures of the imprinted sites which accu-
rately resemble the dimensional features of the CEA antibody.

High selectivity to CEA, as the target molecule, is apparently
found on the prepared MIP-PTB gold electrode, with a perspective of
cancer detection in early stages.

Besides cyclic voltammetry, chronoamperometry was employed for
the evaluation of the process occurring via electro-polymerization of TB,
as well as the MIP process of the bio-template. Chronoamperograms
were recorded at the potential of 0.3 V vs Ag/AgCl, through 50s. The
chronoamperogram analysis were recorded by adjusting the potential of
the working electrode to the desired values that was applied to estimate
the rate of catalytic constant on the engineered surface. The sensing

features of the proposed immunosensor was evaluated in every single
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FIGURE 3 CVs and chronoamperogram
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concentration is 2 pg/L
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steps of the preparation via single-potential step chronoamperometry
analysis (Figure S5). In confirmation with the CVs results, Figure S5,
reveals the striking reduction of the electric current intensity after CEA
incorporation, which further affirms the insulating behavior of the
entrapped protein template. Thus, the intensity of the electric current
raise to 1.09 pA after bio-template removal. Moreover, in verification
with Figure 2, Figure S5 shows the negligible raise in the current inten-
sity of the bare electrode after modification with Cys-A, and GA, reveal-
ing the increment in the surface area of the bare electrode after

modification with the mentioned cross-linkers.

3.3 | Analytical performance

3.3.1 | Sensitivity study of the designed
immunosensor in exposure to different
concentrations of CEA biomarker

The analytic features of the engineered immunosensor in this paper
was studied by the CV technique in exposure to various

concentrations of CEA biomarker to evaluate the potential of the
methods to recognize this protein. Figure 3A shows the CV results for
various concentrations of CEA protein in a standard sample, the

sweep rate was of 40 mV.s™!

, and the potential range was -0.5 to
0.7 V vs Ag/AgCl through 60 cycles. Besides, the calibration curves of
the different concentrations of CEA represent the linear regression
equation for various concentrations of CEA biomarker, ranging from
0.005 pg/L to 75 pg/L of the standard sample, which indicated the
high sensitivity of the fabricated immunosensor (data are not shown).
According to Figure 4, after incubation of various concentrations of
CEA (from 0.005 pg/L to 75 pg/L) to the gold surface electrode modi-
fied by CysA-GA-PTB, the peak currents were diminished by raising
the concentration of CEA biomarker. In fact, insulation of the gold sur-
face by CEA biomarkers decreases the efficiency of the electron
transfer from the supporting solution, and decelerates the electron
exchanging rate. Thus, the decreasing trend of the electric current by
raising the concentration of the biomarker (as shown in Figure 4), indi-
cates the satisfactorily immobilization of CEA on the surface of the
modified gold electrode. The obtained results showed that the pro-
posed immunosensor has the potential for successfully detection of
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the CEA biomarker with different concentrations ranging from
0.005 pg/L to 75 pg/L.

LLOQ for CEA detection was obtained as 0.005 pg/L. At the next
step, the CEA bio-templates were eliminated from the PTB matrix,
through an elution procedure. The functionality of the proposed
immunosensor is attributed to the unique structures of the cavities
that were appeared after the removal of the entrapped CEA. With this
regard, the elution process was performed for the modified PTB-
coated electrodes with various concentrations of CEA in the presence
of NaOH (0.1 M), at the potential range between —-0.5 to 0.7 V vs
Ag/AgCl, scan rate of 50 p.A.S_l, and under 100 cycles through CV
technique (Figure 4). Figure 4B reveals the calibration curves of the
elimination of different concentrations of CEA; the results represent
the linear regression equation for elimination of various concentra-
tions of CEA biomarker from the PTB matrix, ranging from 0.005 pg/L
to 75 pg/L of the standard sample, which indicated the high sensitivity
of the fabricated immunosensor. According to Figure 4B, after elimi-
nation of various concentrations of CEA (from 0.005 pg/L to 75 pg/L)
from the polymer matrix, the peak currents were increased by raising
the concentration of CEA biomarker. In fact, since the CEA bio-
markers on the gold surface has acted as the electron transfer hin-
drance, the elimination of these bio-templates caused to accelerate
the electron exchange through the supporting media. Thus, the elec-
tric currents were increased by raising the concentration of the elimi-
nated protein templates, as shown in Figure 4. Figure 5 indicates the
satisfactorily removal of CEA from the polymer matrix coated on the
modified gold electrode. The obtained results showed that the pro-
posed immunosensor has the potential for successfully detection of
the CEA biomarker with different concentrations ranging from
0.005 pg/L to 75 pg/L. Furthermore, in Figure 5, the calibration curves
for low concentrations (0.005 pug/L) and high concentrations (75 pg/L)
were plotted. The obtained linear regression equations were as

follows:
I (uA) =0.2479[Ccea (ug1)] +42.574, R?=0.0556.

LLOQ for CEA detection was obtained as 0.005 pg/L.

It is noted that the fabricated biosensors exhibit higher sensitivity
in the presence of lower concentrations of the bio-template (CEA),
than that of higher concentrations which reveals that the greater
number of electrons are transferred. Moreover, acceptable electron
transfer in higher concentrations of CEA (for both MIP- and NIP-
based biosensors) indicated that there is no limiting factor in the

detection process.

3.3.2 | Real sample analysis

The bio-sensor was occupied for detection of CEA in human plasma
samples incorporating different concentrations of CEA (0.005 pg/L to
75 ug/L) using the standard addition technique. To evaluate the prac-

tical usages of bio-imprinted polymer, various concentrations of CEA

Recognition

were incorporated with HPS and determined by CVs and chrono-
amperometry techniques, after and before bio-template (CEA) elimi-
nation. CEA monitoring was performed in exposure to the biological-
interfering factors to estimate the efficacy of the fabricated MIP-
based biosensor. With this regard, various concentrations of CEA anti-
gen were incorporated into the HPS without dilution or pretreatment,

3-/4 was evaluated by CV

and the redox performance of Fe (CN)g
(Figure S6), and chronoamperometry (Figure S6) upon CEA binding to
the engineered surface. The obvious increment in the current peak of
the CEA-TB coated electrode after CEA elimination indicated the suc-
cessful removal of the protein templates, which had acted as insulator
through the conducting polymer matrix (Figure S7A). Moreover, the
apparent increment in the slop of the calibration curves of the CEA-
PTB chronogram after CEA elimination, from —0.0055 to —0.011 con-
firms the sensitivity of the proposed biosensor towards CEA
detection.

As illustrated in Figure S7, the prepared MIP-based biodevice can
clearly determine CEA with various concentrations ranging from
0.005 to 75 pg.L™?, and the relevant calibration curve to the linear

regression equation is measured as follows:

I (pA) = —=0.0055[Cca (ug/1)] + 3.7424,By chronoamperometry before
CEA elimination.

I (uA) = —=0.011[CcEn (ug/1)] + 8.6647,By chronoamperometry after
CEAelimination.

I (pA) = =0.0164[Ccea (ug/1)] + 10.44, By CV before CEA elimination.

I (pA) = —0.0347([Ccga (ug/1)] + 59.61,By CV after CEA elimination.

Additionally, the optimized recognition potential of the imprinted
biodevice, besides the electro-catalytically behavior and the biocom-
patibility of the prepared PTB were measured by estimating the opti-
mal value of LLOQ. The estimated LLOQ in this work was lower than
the previously studied techniques, such as flow injection tests, spec-
trophotometric techniques, and paper-based microfluidic devices
(Table 1).

The main advantage of the MIP method is its selective binding
ability to the pattern molecule. Other benefits of the MIP-type bioma-
terials are including®”%8;

(1) providing 3D network, where the target molecules can be
trapped. Afterwards, the trapped molecules can be removed from the
polymer substrate through the washing process, which causes to
remain the dimensionally similar cavities with the target molecules.

(2) The simple and affordable preparation procedure.

(3) More sensitive and efficient system than the conventional
methods.

Chief among all of the MIP preparation methods (eg, spin-
coating,®’ composite making,*® or drop-coating*?), electrochemical
polymerization has found great interest owing to their unique merits

such as fast, and simple preparation procedure, making firm binds with
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the surface of the electrode, high reproducibility in various conducting
materials, and easy control over the morphology and the thickness of
the polymer film. Despite their excellent electrochemical behavior and
great electropolymerization ability, there are few studies who has
employed phenazines for molecular imprinting of proteins.8 These
types of polymers can maintain the redox activity of the monomers;
hence, their conducting nature makes them a favorable candidate for
electroanalysis studies. Among these polymers, toluidine blue, a
water-soluble member of the redox dye group, has unique electro-
chemical and chemical features that make it attractive as an electronic
mediator in enzyme-based biosensors.*? Although phenazines can be
directly electro-polymerized on the surface of the bare electrode,
sometimes, the weak binding between the electrode and the growing
phase leads to inhibit the nucleation of the monomers on the elec-
trode surface, and thus, an unstable polymer film may be formed.*®
Alternatively, the polymer coating can be formed from the self-
assembled well-organized monolayers promoting the binding stability
of the film on the electrode. In this study, we use TB monomers to
form the electro-conductive MIP-based biosensor, which has not pre-
viously reported for CEA detection. In comparison with the conven-
tionally used immunoassays for CEA detection, designed disposable
biosensor can be fabricated through a simple and costly affordable
procedure, proposing the possibility of CEA monitoring in POC bio-
sensors with admirable selectivity and sensitivity. Additionally, the
stability of our designed bio-system has further improved respect to
the firm covalent binds between the thiol groups of the cross-linkers
and the gold substrate.

The results revealed that for plasma samples in combination with
different concentration of CEA, the response of the immunosensor
increased in comparison with the control, proposing that the fabri-
cated immuno-device is desirable for CEA determination in different
plasma samples. Thus, the suggested immunosensor can be used as an
efficient diagnostic approach for cancer therapy. Generally, the
designed immunodevices can introduce a novel technique for simple,
rapid, label-free, and costly affordable monitoring of CEA compared
to the previous reports. Moreover, the intrinsic rigidity of the polymer
may lead to long-term stability, robustness, and re-usability of the
synthesized MIP-based biosensor. This method seems to be appropri-

ate for POC usages in clinical context.

3.3.3 | Kinetic studies

Scan rate plays a pivotal role in the electrochemical feature of
analytes on the surface of the modified electrode. Thus, the influence
of this factor on the electrochemical response of MIP-based gold elec-
trode was evaluated in the presence of 0.1 mM Fe (CN),2~/# con-
taining 0.1 M KCL, (pH = 7.4). The results of the scan rate, recorded
between 10 to 100 mV/s, are exhibited in Figure S8A, which reveals
that the currents of the oxidation peak raised proportionally through
the scan rate representing that the designed system has appropriate
ability to shuttling electron. According to Figure S8 (A-F), a linear rela-
tionship is revealed between the sweep rate, peak current, and peak

oxidation at low sweep rates, representing the catalytic nature of the
bio-device. Concerning quantitate factors, three parameters of the
number of the transferred electrons (n), the electron transfer coeffi-
cient (a), and the coated specific surface area (I'*) can be determined
by Figure S8E, and Figure S8B, respectively.

The following equation is considered for determining the number

of the transferred electrons (n), using Figure S8E.

n2F?
=|— +
E <4RT Lnv + constant,
where F is the faraday constant, R is the standard gas constant, and T
is the temperature (kelvin). Regarding to this work, the number of the
transferred electrons are estimated as 1.05.

The specific facial coating of the modified electrode was calcu-

lated by means of the CV method through the following equation:
F2n2 i
Ip= (ﬁ) VAT,

I'*: the surface coating of the redox species; n: the potential sweep
rate; A: the surface area of electrode (A = zr? = 0.0314 cm?).**

In this work, I'* is measured around 42 x 10~° mol cm™2.

It is worth attention that various transport phenomena and the
chemical reaction rate depend to a variety of factors such as the flow
rate, temperature, the average pore size, the size of particle, and etc.
Thus, under certain conditions, the similar reaction can be occurred in
the kinetic region, while others can take place in the diffusion region.
The adsorption-controlled phenomenon is a process taking place due
to the migration of particles or molecules from the bulk phase to the
interface. On the other hand, in a diffusion-controlled phenomenon,
the molecules are migrated from bulk phase to the subsurface, which
then transport from subsurface to interface. Thus, a surface-
controlled procedure is explained via the rate of molecule migration
from the bulk to the interface, while a diffusion-controlled procedure
is characterized by the rate of molecules that diffuse initially through
the subsurface and then to the interface. Both phenomena (whether
adsorption or diffusion) are scan rate dependent. By plotting a graph
log of current vs the log of scan rate, the slope values can be mea-
sured between 0.5 and 1, which indicates diffusion-controlled phe-
nomenon for the slope values around 0.5, and adsorption-controlled
process for the slope values around 1. According to the results of
Figure S8D, the slop of the Lnl vs LnV linear diagram is measured
about 0.4024 which is around 0.5, representing the dominance of the
diffusion-controlled phenomenon. Furthermore, According to
Figure S8C, and Figure S8B, electron transfer process was controlled
by diffusion.

According to the obtained results, it can be concluded that the
surface of the electrode has successfully covered by the polymer
through an electropolymerization process. Thus, the transmission of
the electrons can be improved in the PTB-modified gold electrode.

In order to evaluate the mass transfer mechanism, two methods

were suggested. First, the relation between the square root of scan
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rate and the peak current was obtained (Figure S8C). Its relevant AED=E.. —E
P = Epc —Epa.

regression equation is as follows:
I (pA) =4.5021v°° +2.8272

Applying this approach, the peak current intercept vs the scan
rate square root was found to be 3.5443, which demonstrates that
the most effective factor to manage mass transfer is diffusion mecha-
nism instead of adsorption, and the bio-device can be used for quanti-
tative analysis. Second, the Napierian logarithm related to scan rate vs
the Napierian logarithm of peak current was drawn, as illustrating in
Figure S8D. The relevant plot slope to the oxidation peak in
Figure S8D was found as 0.4024. If the Ln scan rate (V/s) vs the peak
current slope (mA\) is close to 0.5, then the procedure is diffusion con-
trolled; on the other side, if the rate of slope is close to 1, then the
procedure is controlled via adsorption. As, the slope was calculated as
0.4024, it can be resulted that the process of mass transfer is con-
trolled by diffusion, which is in accordance with the recorded results
of the previous method. Moreover, the mechanism of mass transfer
can further be estimated by the coefficient of the electron transfer («)

of the following Equation**°:

RT
=(— +
Ep (2 F> Inv + constant,

E,: electrode potential, R: standard gas constant (8.314, J K= mol™Y),
F: Faraday's constant (96 486, As.mol™), T: temperature in Kelvin
scale (298 K), and v: the potential sweep rate (V/s).

If the rate of a is close to 0.5, the type of the system is diffusion
controlled. By means of this equation, the value of o was achieved as
0.018 which also supports that the relevant mass transfer to the sys-
tem is quasi-reversible and obey from two electron/two proton pro-
cess. The plot of the aforementioned equation achieved from
corresponding peaks potential (V) vs Napierian logarithm of oxidation
peak currents (mA) is illustrated at Figure S8E. This diagram reveals
the dependency between E, and the Napierian logarithm of the
sweep rate (In v) of the PTB-coated electrode, its relevant regression

equation is as follows:

Lnl, (pA) =0.018Ln(v) +0.208.

Although SEM technique can provide information about the
structural and topographical features of the prepared electrode sur-
face, there is no imaging technique to evaluate the exact electroactive
area, and the electrochemically active/inactive sites on the surface of
the electrodes.

Several samples represent a reversible cyclic voltammetric wave
that arises from the recovery of all the prototype particles after a
reciprocating sweep.

The variances between the obtained potential peaks (E, p), called

AE p, are shown as follows which has gained a particular interest:

This variance is chiefly depended to the sample diffusion rate.
Also, the waveform is under influence of the electron transfer veloc-
ity, which can be considered as the activation hindrance for electron
transfer.

By considering the flow, the ideal model of the reversible pairs
follows the relation of ',:f =1. For the semi-reversible pairs, | ,, is close
to | p, but not equal. According to Figure S8F, since the slope of the
curve is close to zero (—0.001), not exactly zero, the relation of t— is
close to 1, not exactly 1, which indicated that the system follows a
semi-reversible process. The data in Figure S8 also indicate that the
oxidative (i, ox) peak to reductive (i, red) peak currents ratio (i, ox/i,
red) kept approximately constant by raising the scan rate, while AE,,
(the peak-to-peak separation of the anodic (E, ox) to cathodic (E, red))
raised with growing scan rate.

In this work, according to Figure S8D, AE, (the peak-to-peak
separation) was 0.1 V and the |,/ l,eq (current peak ratio) for the
MIP-modified gold electrode was approximately a unit, demon-
strating that the electrochemical procedure of the prepared elec-
trode is quasi-reversible; its relevant regression equation is as

follows:

I (wA) = —0.0011v +0.6169.

This indication reveals that the great surface area to volume ratio
achieved from electrodeposition of TB on the premodified gold elec-
trode improved the electron transfer within the system. The impact of
scan rate in the CV curves of the PTB-coated gold electrode was
examined in 0.1 M [Fe (CN)g]*~/4~ solution containing KCI. According
to Figure S8A, a pair of redox peaks obtained at different scan rates
and the current of the redox peak changed linearly by increasing the
scan rate within the range of 10 to 100 mV.5~2. The linear diagram in
the Figure S8B also reveals the linear relationship that occurred
between the scan rate and peak current.

3.4 | Stability Study of CEA-imprinted polymer

Stability is one of the most important factors of a biosensor that
tightly depends on its application. The stability and repeatability of
the MIP-based biosensors are considered as the most pivotal features
for their long-term application in sensing assays. In this work, the sta-
bility of the MIP-based biosensor was evaluated through CV analytical
tests in Fe (CN),>~4 (0.1 M) comprising 0.1 M KCLl. The signal alter-
nations of the relevant peak currents to the MIP-based biosensor
were recorded after 24 hours storage of the electrodes at 4°C
(Figure 6). The results showed a slight decrement in the peak currents
of the incubated electrode after 24 hours, declaring reasonable stabil-

ity of the synthesized bioassay.
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4 | CONCLUSIONS (PTB)) as receptor, accompanied by the molecular imprinting methods

In this study, sensitive detection of carcinoembryonic antigen (CEA)
was evaluated by using the electrically conductive poly (Toluidine Blue

and electrochemical approaches. The electropolymerization of the
CEA-imprinted PTB on the pretreated gold electrode surface (using
cysteamine and glutaraldehyde as the cross-linkers) led to improve
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the stability of the system against the degrading factors of the
(MIP).

methods were performed to evaluate the potential of the MIP-based

molecular-imprinted polymer Moreover, electrochemical
immunosensor toward the protein detection. In comparison with the
nonimprinted polymer (NIP) bio-device, the MIP-based system had
considerably higher binding affinity. This superiority of the MIP-based
systems over the NIP-based ones caused to make it more efficient in
fabricating imprinted materials that are particularly favorable for CEA
biomarker monitoring. Various concentrations of CEA (from 0.005 to
75 pg/L) were considered for entrapping through the PTB matrix
coated on the gold electrode, the results revealed an increase in the
0.1 mM of Fe(CN)s 3"“redox peak current. It was further revealed
that the prepared immunosensor possessed a broad linear range from
0.005 to 75 pg/L and LLOQ of 0.005 pg/L with a great selectivity,
affinity, and acceptable stability, representing the successful monitor-
ing of the CEA in clinical samples. The designed immunosensor is also
likely to offer a novel strategy for rapid, simple, sensitive, and costly
affordable evaluating of 0.005 pg/L of CEA. Furthermore, the tech-
nique appears to be suitable for point-of-care (POC) applications in
biomedical and clinical analysis. Interestingly, other types of template
molecules can be applied in our proposed MIP-based system for

designing new immunosensors to monitor other target biomolecules.
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