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ABSTRACT: Cyclocreatine and its water-soluble derivative, cyclocreatine phosphate (CCrP), are potent
cardioprotective drugs. Based on recent animal studies, CCrP, FDA-awarded Orphan Drug Designation, has a
promising role in increasing the success rate of patients undergoing heart transplantation surgery by
preserving donor hearts during transportation and improving the recovery of transplanted hearts in recipient
patients. In addition, CCrP is under investigation as a promising treatment for creatine transporter deficiency,
an X-linked inborn error resulting in a poor quality of life for both the patients and the caregiver. A newly
designed molecularly imprinted polymer (MIP) material was fabricated by the anodic electropolymerization
of o-phenylenediamine on screen-printed carbon electrodes and was successfully applied as an impedimetric
sensor for CCrP determination to dramatically reduce the analysis time during both the clinical trial phases
and drug development process. To enhance the overall performance of the proposed sensor, studies were
performed to optimize the electropolymerization conditions, incubation time, and pH of the background
electrolyte. Scanning electron microscopy, electrochemical impedance spectroscopy, and cyclic voltammetry
were used to characterize the behavior of the developed ultrathin MIP membrane. The CCrP-imprinted
polymer has a high recognition affinity for the template molecule because of the formation of 3D
complementary cavities within the polymer. The developed MIP impedimetric sensor had good linearity,
repeatability, reproducibility, and stability within the linear concentration range of 1 × 10−9 to 1 × 10−7 mol/
L, with a low limit of detection down to 2.47 × 10−10 mol/L. To verify the applicability of the proposed
sensor, it was used to quantify CCrP in spiked plasma samples.

1. INTRODUCTION

Cyclocreatine phosphate (CCrP) is a water-soluble derivative
of cyclocreatine (CCr) that is used clinically to preserve donor
hearts and improve the recovery of the transplanted hearts in
recipient patients during heart transplantation surgery.1−3 The
Food and Drug Administration (FDA) has awarded the
Orphan Drug Designation (ODD) status for CCrP in the
process of “Prevention of Ischemic Injury to Enhance Cardiac
Graft Recovery and Survival in Heart Transplantation”.1,2 In
addition, CCrP is under investigation as a promising treatment
for creatine transporter deficiency (CTD), an X-linked inborn
error resulting in a poor quality of life for both the patients and
the caregiver. Unfortunately, there are no current available
therapies for CTD. This increases the needs for fast, cost-
effective methods for determining CCrP in patient serum,
dietary supplements, and rodent serum.
Due to the crucial role that CCrP plays, we inspected the

analytical methodologies used for its monitoring closely.4,5

CCrP detection is difficult to analyze using conventional high-
performance liquid chromatography (HPLC) as it is a highly
polar molecule that is nonelectroactive and nonfluorescent and
has a weak UV absorption signal. Moreover, the presence of
structural analogue compounds in biological fluids at high

concentration, such as creatine (Cr), CCr, creatine phosphate
(CrP), and adenosine triphosphate (ATP) makes the task even
more challenging. A literature survey revealed that CCrP has
only reported to be monitored with methods based on
hydrophilic interaction liquid chromatography (HILIC), which
can analyze highly hydrophilic small molecules.4,5 From the
analytical chemistry standpoint, HPLC is considered the
benchmark standard for pharmaceutical analysis; however, it
has various limitations related to its high cost, long cycle time,
and high organic solvent consumption.6,7 Alternatively,
impedimetric sensors have numerous advantages such as low
energy usage, ability to detect nonelectroactive molecules, high
sensitivity, relatively simple, and eco-friendly process. Fur-
thermore, such sensors can be highly selective based on
modifying the electrode surface with suitable surface
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recognition elements, such as antibodies, aptamers, or
molecularly imprinted polymers (MIPs).8−10 Therefore,
establishing a sensor based upon MIP for CCrP measurement
provides a promising and advantageous alternative to
determine small polar molecules in plasma. This could reduce
the analysis time dramatically during both clinical trial phases
and the drug development process.
Sensors are considered an interesting area for research as

they are highly useful in multidisciplinary fields, such as
environmental monitoring, food production, bioprocess
control, health care, and biotechnology.11−13 Most sensors
are based on a recognition element that is able to recognize a
specific target molecule and subsequent transduction of the
recognition into an output signal.14,15 Designing materials that
have good recognition properties compared with biological
receptors is difficult in many cases.16 MIP materials are
considered a powerful and remarkable synthesis platform for
producing polymer-type artificial receptors.17−20 This process
involves the construction of a host molecule via a polymer-
ization process with a target guest molecule as a template in
the polymerization matrix. Then, the embedded template is
removed, and “imprint sites” are formed in the remaining
matrix to facilitate the recognition of molecules that are closely
related to the structure of the template molecule.21 One
molecular imprinting strategy involves the use of noncovalent
imprinting, which does not limit the choice of analysis
methods.22 Noncovalent imprinting offers high selectivity,
even for small molecules with no functionality.23 The
imprinting process involves polymerization of functional
monomers in the presence of a template molecule (target
molecule). Removing the template produces a recognition site
for a complementary molecule with appropriate 3D size, and
chemical functionality is provided to facilitate selective binding
to the target.9 Molecularly imprinted electrochemical sensors
are a type of MIP that synergistically combines the advantages
of MIP (in particular their selectivity) with those of
electrochemical sensors, such as high sensitivity, simple
operation, portability, low cost, user friendliness, and fast
analysis.24,25 The molecular imprinted electrochemical sensors
based on graphene,26 nanocomposites,27 carbon nanotubes,26

and carbon nitride nanotubes28,29 have been intensely used for
analysis in last years. In terms of research over the past few
years, efforts have been focused on the development of
molecularly imprinted electrochemical sensors based on the
synthesis of polymers with a predetermined selectivity for a
particular target substance.30

Electropolymerization has been reported as an excellent
method for preparing MIPs through in situ polymerization of
the monomers at an electrode surface, as it offers a simple way
to generate homogeneous binding sites for the target
template.30,31 In comparison with other polymerization
methods, electropolymerization has many advantages:9,32 (1)
it does not require free radical initiators, oxidants, or light to
initiate polymerization; (2) it can be performed at room
temperature; (3) the polymer forms adherent, dense, uniform,
and conformal ultrathin films on the electrode surface; (4) the
film thickness can be precisely controlled and reproduced by
controlling the electrochemical conditions (voltage, current,
number of cycles, and polymerization time); and (5)
polymerization and operation in aqueous media is possi-
ble.31,33,34 Selection of the functional monomers has received
much attention due to its critical role in targeting a template
molecule and its relation to the medium conditions. Moreover,

it defines the shape and characteristics of the template
molecule in the aqueous solution.31 To the best of our
knowledge, there is no previous study focused on developing
an electrochemical sensor based on electropolymerization for
the determination of CCrP.
Aniline and its derivatives are considered a promising class

of compounds in the field of molecular imprinting.35 For
example, ortho-phenylenediamine (o-phenylenediamine; o-PD)
is a diamine compound that is structurally related to aniline
and has been used as a monomer for the synthesis of various
MIP compounds.36 Upon oxidation, o-PD forms a polymeric
matrix of poly-o-PD (PoPD), where the chemical and physical
features of PoPD are highly dependent on the reaction
conditions, such as the oxidation method and pH.37 PoPD has
attracted much interest as a substrate to be functionalized in
the MIP field.37−39 It is used as a preparative strategy to
identify surfaces with specific functionality.40,41 There are
many candidates for the electrosynthesis of MIP reported in
the literature42 such as pyrrole, oo-PD, thiophene, phenol, and
recently dopamine, and levodopa. In this respect, spectroscopic
studies (such as UV−Vis and NMR) of the monomer−analyte
complex can shed light on the system to be polymerized. In
our study, the monomer showed high affinity toward our
template as indicated spectroscopically, which motivated us to
fabricate the sensor using o-PD as the candidate monomer.
In the current study, a MIP membrane for CCrP detection

was developed (to the best of our knowledge, for the first time)
by electropolymerization of o-PD onto carbon screen-printed
electrodes (C-SPEs) with a CCrP template. Electrochemical
impedance spectroscopy (EIS) was used for sensor signal
transduction; the sensor process fabrication is electropoly-
merized using o-PD. To fabricate a sensor, an ultrathin
membrane with excellent insulation characteristics is crucial for
performance optimization. Thus, cyclic voltammetry (CV) was
used to obtain electrically insulting thin films on modified
electrodes through electropolymerization of o-PD. Electro-
chemical characterization using CV and EIS was performed to
ensure the modification of the CCrP-imprinted membrane on
the SPE surface. CCrP sensor characterization and calibration
curves were established and fully validated. Finally, the
proposed sensor was used for CCrP measurements of spiked
plasma samples.

2. RESULTS AND DISCUSSION
The noncovalent imprinting process was introduced by the
Mosbach group43 and is based on noncovalent interactions
between specific functional groups on the polymerizable
monomers and template. This method has been widely used
to fabricate highly sensitive and selective sensors.44,45 Since
1990,43 noncovalent MIPs have proven to be highly selective,
and they can even differentiate between compounds that differ
only by the presence of a methyl group,21 and differentiate
between enantiomers. Hence, they have been used in many
fields, including separation science and electrochemistry.46−48

2.1. Sensor Fabrication by Electropolymerization of
o-PD. Previously, o-PD has been electropolymerized on several
substrate materials.49 Figure 1 shows the CV results during the
electropolymerization of o-PD at pH 7.0 using 20 cyclic scans
in the presence of a CCrP template; the results of the control
experiment where CCrP is absent are shown in Figure S1.
There are two changes: first one is the disappearance of this
peak at 0.3 V, which is probably due to formation of a complex
between the monomer and the template. Second one is shifting

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05098
ACS Omega 2021, 6, 31282−31291

31283

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05098/suppl_file/ao1c05098_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the start of the oxidation potential of the o-PD template
complex to the left compared to the o-PD solution alone.
Electrochemistry is a very sensitive method, and it can be used
to determine the complexation constant based on the shift of
the redox potential. During the first cycle, the o-PD oxidation
current was high and oxidation started at 0.2 V. Subsequently,
the peak current declined dramatically with every successive
scan until the current flow was highly diminished in the cell.
The voltammetric behavior of o-PD indicates an irreversible
oxidation process, resulting in the formation of bonds on the
electrode surface. These results indicate that a self-limiting,
nonconducting, ultrathin film that is adherent to the electrode
surface was formed during electropolymerization scans. The
insulating polymer was able to block electron transfer between
the o-PD monomers and the electrode/solution interface.
These results are in agreement with the previous literature.35,50

2.2. Physical and Electrochemical Properties of the
MIP. 2.2.1. Morphology. The morphology and thickness of
the C-SPE/MIP samples were examined at high magnifications
using scanning electron microscopy (SEM) (Figure 2). The
surface and plane morphology of the polymer film indicated
that it was well dispersed and homogeneous (Figure 2A−C),
suggesting that it had a sufficiently high surface coverage to
adsorb CCrP. Additionally, the cross section revealed a layered
structure with a thickness of 3.11−5.51 μm (Figure 2D−F),
and the membrane appeared porous, while SEM image of C-
SPE/NIP shows the formation of an adherent smooth film on
the top of the carbon electrode (Figure S2). The porosity of
the MIP film will not only increase its surface area but also
facilitate the CCrP diffusion into the exposed 3D cavities
within the MIP membrane porous structure which will greatly
enhance the sensor response time.
2.2.2. Electrochemical Properties. EIS was performed to

characterize the C-SPE/MIP electrodes as it is an efficient
method for analyzing interfacial phenomena.51 Here, impe-
dance measurements were performed to assess the electrode
charge-transfer resistance (RCT) and double layer capacitance
(CDL) behavior. Fitting of the data for the C-SPE/MIP
electrode was performed using Randles’ equivalent circuit
(Figure S3). Figure 3 shows Nyquist plots of the C-SPE/MIP
before and after the washing step. The initial RCT, which is a
directive and sensitive parameter that responds to changes in
the electrode−solution interface, was high for this membrane.
After washing the electrode with water for 30 min, its RCT
decreased significantly, indicating that CCrP was removed
from the MIP cavities and accessible imprinted sites were

formed. This conclusion is supported by comparing these
results with those for C-SPE/NIP, where no significant
difference in the Nyquist plots was observed under similar
experimental conditions after washing (Figure S4).
It should be noted that template removal is a critical step as

it has a tangible effect on the sensitivity and reproducibility of
the sensors. This step can be performed by solvent extraction
or electrochemical methods. The common solvent extraction
technique for template removal from MIP films is performed
using organic reagents or buffer solutions as eluents. However,
the use of ultrapure water has been reported frequently in the
literature, especially for removing hydrosoluble molecular
templates (such as ascorbic acid, sorbitol, and glucose) from
MIPs.50,52,53 One study compared the use of ultrapure water to
that of two frequently used solvents (10% aqueous acetic acid
and absolute alcohol) to remove an ascorbic acid template by
immersing ascorbic acid−PoPD/C-SPE samples in one of the
three solvents for 20 min.53 It was found that both acetic acid
and absolute alcohol changed the microstructure of the PoPD
film, which contributed to nonspecific adsorption. Therefore,
ultrapure water was used in this study to remove the
embedded template.
Furthermore, CV experiments were used to ensure the

successful synthesis of the CCrP-MIP on the electrode surface
(Figure 4). Using the bare SPE as a control, [Fe[CN]6]/
[Fe[CN]6]

3−/4− showed a pair of reversible redox peaks.
Coating of the electrode surface with PoPD polymer resulted
in a reduction in the intensity of these peaks for both C-SPE/
NIP and C-SPE/MIP. These results indicate that a non-
conducting adherent MIP membrane was formed on the
electrode surface that was able to block the redox peak of
[Fe[CN]6]/[Fe[CN]6]

3−/4−. Thus, an electrode with good
insulating properties was successfully developed, which was
then verified for impedimetric CCrP determination.

2.2.3. Binding and Molecular Recognition of CCrP by C-
SPE/MIP. The noncovalent polymerization method has few
constraints on the choice of template, where a prepolymeriza-
tion complex needs to be formed between the functional
monomers and the template based on typical attraction forces,
such as hydrogen bonding. Thus, o-PD is a suitable functional
monomer for producing MIPs, as it provides hydrophobic,
hydrophilic, and basic recognition sites through electrostatic
interactions54 that may enable the formation of a stable adduct
with the template. The driving force of the recognition process
is probably related to interactions between the rigid structure
of the imprinted cavities and the template.
In the imprinted membrane, CCrP is encapsulated within

imprinted cavities and is adsorbed via interactions between the
monomer and the template. To investigate such interactions,
Figure S5 shows spectroscopy results for CCrP, o-PD, and an
equimolar sample of o-PD and CCrP. Both an increase in the
intensity and shift of the o-PD peak were observed, providing
evidence for the mentioned interaction. These interactions
expected to be related to hydrogen bonding or van der Waals
binding forces, such as the formation of multiple hydrogen
bonds between the negative phosphate group, PO bond of
template molecules, and (−NH−) and (−NH2) groups in the
polymer structure. Multiple hydrogen bonds between the
CCrP phosphate group and PoPD polymer play a critical role
in sensor selectivity, as discussed later.
By examining the structure of our target analyte, CCrP is

capable of forming multiple hydrogen bonds with o-PD
monomers because carboxylic, phosphate, and nitrogen groups

Figure 1. Cyclic voltammograms for the electropolymerization of o-
PD at C-SPE/MIP (0.01 M o-PD, 0.01 M CCrP).
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are all able to form hydrogen bonds with the polymer
backbone. It is well known in biochemistry that phosphate
group “phosphorylation” can form multiple hydrogen bonds
with amino acids, and by the addition of phosphate groups to
proteins, kinase enzymes may be capable of mediating post-
translational modifications.49,55 Therefore, imprinting selective
3D cavities that are specific to template recognition has been
performed successfully in aqueous solutions, where many
hydrogen bonds occur between the analyte and template
prepolymerization complex. However, electrostatic interactions
cannot be completely excluded as previous studies highlighted

that electrostatic forces may be present, even in a neutral
medium. This can explain the inconsistencies between previous
computational and experimental results, where electrostatic
forces play a significant role in addition to hydrogen bonds in
the interaction between o-PD and the template.21

2.3. Optimization of Experimental Conditions. In the
current study, the conditions used in the electropolymerization
process for preparing the MIP were optimized, namely, the
number of scan cycles, incubation time, and pH.

2.3.1. Number of Cycles. The polymer thickness can be
easily controlled and reproduced by optimizing the voltage,

Figure 2. SEM images of C-SPE/MIP: top view (A−C) and its cross section (D−F).
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number of cycles, or current during the electropolymerization
process. The electrode surface of an impedimetric sensor must
provide sufficient electrical insulation.56 Initially, four scan
cycles were selected according to the literature,39,50 but it was
noted that the polymer films formed on the C-SPE surface had
superior sensor performance when a high number of scan
cycles (20) was used. This improvement in sensor performance
was attributed to the formation of an ultrathin insulating film
that efficiently incorporates the template during electro-
polymerization and improves the behavior of the developed
MIP membrane.
2.3.2. Incubation Time and pH of Background Electrolyte.

As the diffusion of the CCrP template into the MIP is not
instantaneous, the optimal incubation time of the sensor
immersed in the sample was investigated by measuring the
sensor response at 5 min intervals over 5−25 min. The
measured capacitance values increased over time and plateaued
after 15 min. Therefore, the MIP sensor should be incubated in
the analyte solution for a 15 min “accumulation time” prior to
measurement, presumably due to slow diffusion and binding
kinetics.9

To select an appropriate pH of the background electrolyte
for the proposed sensor, different pH values were determined
within the pH range of 2−10. Borate buffer with pH 8.5
showed the maximum sensitivity and was thus considered the
optimal pH. The optimal activity of the sensor as a function of
pH was determined based on the negatively charged CCrP,
which is thought to be incorporated into the PoPD film via
multiple hydrogen bonds that stabilize the molecule within the

3D imprinted cavities.57 At pH 8.5, the PoPD backbone will be
neutral as the o-PD monomer has pKa1 < 2 (+2) and pKa2 =
4.47 (+1). However, it should be stressed again that multiple
hydrogen bonds are capable of providing sufficient interaction
between the target analyte and polymer backbone. Our
experimental results are consistent with a recent report for
detecting anionic perfluorooctanesulfonate using PoPD,58

where the authors reported an optimal detection pH of 8.4
(similar to our optimal pH of 8.5). They argued that this pH
was optimal because the anionic group is bound to a relatively
small hydrophobic backbone. These findings were considered
while selecting the optimal conditions for our impedimetric
measurements.

2.4. Determination of CCrP in Biological Fluids. Under
the optimal conditions in borate buffer (pH 8.5) and after 15
min of incubation time at the electrode surface, a CCrP
calibration curve was produced using spiked plasma. There was
a linear relationship between the charge-transfer capacitance of
the MIP membrane and the CCrP concentration in the range
of 1 × 10−9 to 1 × 10−7 M (R2 = 0.996). It should be noted
that C-SPE/NIP showed minimum response “As shown in
Figure S4, the NIP capacitance change upon exposure to
challenging concentration; 10−5 M CCrP was about 46.2 nF,
while for MIP upon exposure to similar concentration
capacitance change was over 278.4 nF” to the CCrP solution,
indicating the importance of the 3D cavities in the MIP in the
recognition process and the subsequent generation of the
signal.

2.5. Bioanalytical Method Validation. Validation of the
developed method assessed according to the FDA guidelines
resulted in metrics within the acceptable limits.

2.5.1. Linearity, LOD, and LOQ. Figure 5 shows the
calibration curve of the CCrP in spiked plasma. LOD and

LOQ were 2.47 × 10−10 and 8.25 × 10−10 mol/L, respectively.
As a result, it is clear from comparing the proposed method
with the published ones for CCrP determination that our
method provides a linearity range (22.9−0.23 ng/mL) close to
those of reported tandem mass spectroscopy methods.4,5

Figure S6 provides the EIS experiment result with different
CCrP concentrations.

2.5.2. Selectivity. To assess the selectivity of the developed
MIP capacitive sensor toward CCrP, the interference of
structural analogue molecules (Cr, CCr, CrP, and ATP) was
investigated, where their chemical structures are shown in

Figure 3. Nyquist plot of the C-SPE/MIP as prepared (green) and
before (blue) and after (red) washing.

Figure 4. Voltammograms of SPE in the presence of [Fe[CN]6]/
[Fe[CN]6]

3−/4− redox couple, black line: bare electrode; green Line:
C-SPE/NIP; red line: C-SPE/MIP.

Figure 5. Calibration curve of capacitance vs logarithmic concen-
tration of CCrP in spiked plasma sample ranges of 1 × 10−9 to 1 ×
10−7 M.
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Figure S7. The concentration of the structural analogues was
selected based on their estimated concentration in the real
biological samples.4 Figure 6 indicates that the selectivity of the

MIP capacitive sensor is closely associated with the type of
functional group, molecular structure (shape and size), and
charge of the interfering species. The selectivity of the
developed imprinted sensor was evaluated by assessing its
response to some potential interferences. In the experiments,
Cr, CCr, CrP, and ATP were used to investigate its selectivity.
Figure 6 shows the change in CDL of the developed MIP

membranes upon interaction with 10−8 M CCrP and various
interfering molecules (ATP, CCr, CrP, and Cr) over 15 min.
In the case of the C-SPE/MIP CCrP sensor, an apparent
capacitance change was observed for ATP (8.2%) and CCr
(5.3%), while only minimal capacitance changes (<2.0%) were
observed for Cr and CrP, even at a high concentration (10.0
μM).
The surprising low selectivity of the C-SPE/MIP sensor

toward CCr (the parent drug of CCrP) reflects the importance
of the multiple hydrogen bonding interactions between PoPD
and the phosphate moiety in CCrP, which greatly enhance the
binding toward CCrP compared to CCr. Moreover, the same
argument explains the high interference of ATP compared to
CrP; although both have phosphate groups, ATP has three
phosphate groups, while CrP has only one. Therefore, ATP
shows the highest interference with the MIP sensor through
formation of hydrogen bonds with PoPD. In addition, ATP is
expected to be the most strongly bound peripheral to the
PoPD surface by multiple hydrogen bonds and therefore
produces the highest observed interference. This explains why
CrP has a higher interference than Cr. These results confirm
that the C-SPE/MIP sensor has good selectivity for CCrP

recognition in biological fluids. These results are consistent
with previous reports. Electropolymerized MIP sensors have
been reported as excellent selective sensors for their target
templates in the presence of structural analogues, such as
targeting glucose in the presence of fructose,50 sorbitol in the
presence of glycerol,52 caffeine in the presence of theophylline
(differing only by a methyl group),59 and even the
enantiomeric selectivity for L-glutamate in the presence of D-
glutamate.60

2.5.3. Accuracy and Precision. Spiked plasma at the three
QC levels (QCL, QCM, and QCH) was prepared and
analyzed to test the within run and between run accuracy and
precision on 3 consecutive days. The CCrP sensor had an
intraday accuracy of 100.33% with a precision of 0.57% and an
interday accuracy of 100.38% with a precision of 0.82%. All
results are listed in Table S1.

2.5.4. Recovery and Matrix Effect. Plasma protein
precipitation using methanol/water (1:1) has proven to be a
successful and simple way to prepare plasma samples with
good recovery. Assessment of the matrix effect (ME) is
considered a cornerstone for assay validation. In this study,
either suppression or enhancement effects were measured by
comparing the capacitance according to eq 1 [ME (%) = Set 2
(Matrix)/Set 1 (Neat solvent) × 100], as described previously.
The results summarized in Table 1 show matrix enhancement
across the studied QC levels for CCrP (173.53 ± 1.74%). In
contrast, the process efficiency (PE) calculated from eq 3 [PE
% = Set 3 (Plasma)/Set 1 (Neat solvent) × 100%] takes into
consideration both the recovery and ME. Therefore, recovery
efficiency (RE) was calculated from eq 2 [Set 3 (Plasma)/Set 2
(Matrix) × 100%], which provides the actual recovery of the
analyte (108.02% ± 1.83) not affected by ME, while PE
(187.49 ± 3.54%) describes the efficiency of the overall
process.
The large ME is common for capacitive sensors and

dominated by the ionic strength of the sample.61 Another
factor that can contribute to the ME is the use of methanol
during protein precipitation. It is worth noting that the RSD is
considered low, which ensures the validity and linearity of the
data. Because EIS is a sensitive surface technique, the initial
background is sensitive to the surroundings. This is a major
advantage for monitoring cell cultures and bacterial growth just
by monitoring changes in the growth medium. Therefore,
changes in the capacitance (and/or resistance) are monitored
and frequently reported in the literature. Thus, the calibration
for each matrix should be performed separately before the
measurement.

2.5.5. Stability. The prepared quality-control samples were
subjected to three freeze−thaw cycles. The resulting mean

Figure 6. Relative capacitance change of the MIP capacitive sensor for
10−8 CCrP and other interferences at 10−5 concentration at the same
CCrP-imprinted polymer film.

Table 1. Recovery and Matrix Effect for the Determination of CCrP

ME (%)a RE (%)b PE (%)c freeze and thaw cycle (%) bench top stability (%)

QCH 176.30 110.08 194.07 98.39 96.78
QCM 174.00 107.82 187.60 97.56 96.32
QCL 170.31 106.15 180.79 97.31 97.65
mean ± RSD 173.53 ± 1.74 108.02 ± 1.83 187.4 ± 3.54 97.75 ± 0.71 96.92 ± 1.06

aME expressed as the ratio of the capacitance of an analyte fortified post extraction (Set 2, Matrix matched) to the capacitance of the same analyte
standards (Set 1, Neat solvent) multiplied by 100. bRE calculated as the ratio of the capacitance of an analyte fortified before extraction (Set 3,
Plasma) to the capacitance of an analyte fortified post extraction (Set 2, Matrix matched) multiplied by 100. cPE expressed as the ratio of the
capacitance of an analyte fortified before extraction (Set 3, Plasma) to the capacitance of the same analyte standards (Set 1, Neat solvent)
multiplied by 100.
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recovery percentage of CCrP was in the range of 97.31−
98.39% with a RSD of 0.58−0.85% (Table 1), which
confirmed that repeated freeze−thaw cycles did not affect
the quantification of the analyte. In addition, the prepared
samples after extraction were left at room temperature for 6 h
and then analyzed to study the bench-top stability; the mean
recovery percentage of CCrP was in the range of 96.32−
97.65% with a RSD of 0.51−1.71%. The results showed that
there was no degradation of CCrP. In general, samples are
considered stable if the results are within ±15% of the original
concentration.62 Moreover, the sensor showed good stability,
as it was stored in a desiccator at room temperature for 1
month, and then, it was reused with no obvious change in the
capacitance response.

3. CONCLUSIONS

A MIP membrane selective toward CCrP was successfully
fabricated via electropolymerization of the o-PD monomer on
a C-SPE substrate. The developed MIP offered satisfactory
specificity and selectivity for the template molecule, even in the
presence of the structural analogues abundant in biological
fluids. Moreover, the proposed method could be easily
extended to develop chemical sensors for other small
molecules by selecting appropriate monomers in conjunction
with a suitable transduction mechanism. EIS measurements
may be a sensitive and convenient method for investigating
MIPs, even with nonelectroactive embedded species. The
developed impedimetric sensor provides a simple, accurate,
precise, sensitive, and cost-effective approach to determine
CCrP in sub-nanomolar concentrations in borate buffer at
optimum pH. The sensor was highly effective for identifying
CCrP in spiked human plasma at extremely low concen-
trations. To the best of our knowledge, this is the first study to
identify CCrP with a practical method; existing studies have
used HILIC UPLC−MS/MS analysis of rodent plasma, dietary
supplement products, and CTD patient fibroblasts. Therefore,
MIP membranes have great potential for use in faster and cost-
effective CCrP detection.

4. EXPERIMENTAL SECTION

4.1. Instruments. A potentiostat/galvanostat PGSTAT204
(Metrohm Autolab, Netherlands) was used for electro-
polymerization of the MIP, along with CV and EIS
measurements. A three-electrode configuration was used with
the C-SPE as the working electrode (3 mm diameter; CH
Instruments, Inc., TX, USA), Pt wire counter electrode, and
Ag/AgCl (3 M KCl) reference electrode. SEM (TESCAN,
Vega III, Czech Republic) was used to characterize the C-SPE.
4.2. Chemicals and Reagents. CCrP was supplied by

PioChem International LLC. Stock solutions of 1 × 10−2 M
CCrP were freshly prepared in ultrapure water and then kept
refrigerated at 4 °C. In addition, o-PD, K4[Fe(CN)6],
K3[Fe(CN)6], and potassium chloride were purchased from
Sigma-Aldrich, USA. Methanol (HPLC grade) was used for
the precipitation of the plasma proteins. Ultrapure water was
used for the extraction of CCrP from plasma and CCrP
removal from the MIP. Human plasma was purchased from the
Holding Company for Biological Products and Vaccines
(VACSERA, Egypt).
4.3. Electrochemical Polymerization of Poly(o-phe-

nylenediamine). C-SPE was immersed in a 0.01 M solution
of the template (CCrP), 0.01 M o-PD, and phosphate buffer

(pH 7.0). The mixture was purged with N2 for 15 min before
starting the polymerization and throughout the polymerization
process. Electropolymerization was accomplished by CV in the
potential range of 0.0−0.9 V versus Ag/AgCl reference
electrode, with a scan rate of 50 mV/s for 20 cycles. A C-
SPE nonimprinted electrode (C-SPE/NIP) was prepared for
use as a control. The preparation of C-SPE/NIP was
performed using a similar procedure to C-SPE/MIP, except
in the absence of the template. Then, the developed electrode
was activated by washing to remove the CCrP with water
under stirring; the targeted template was extracted from the
polymer by continuous extraction for 30 min. The removal of
the template was confirmed by EIS. Finally, the C-SPE-
modified electrode was rinsed and then dried in a stream of N2
to prepare it for CCrP analysis.

4.4. Physical and Electrochemical Characterization of
the MIP. The surface morphology and film thickness of C-
SPE/MIP and C-SPE/NIP samples were examined using SEM.
CV characterization of the developed electrodes was
performed in a phosphate buffer solution (pH 7.0) containing
10 mM [Fe(CN)6]/[Fe(CN)6]

3−/4− (1:1) redox probe and 0.1
M KCl as a supporting electrolyte. Electropolymerization was
performed using CV in the range of 0.0−0.8 V versus Ag/AgCl
with a scan rate of 50 mV/s. EIS measurements were
performed in the three-electrode configuration over the 0.1
Hz to 100 kHz frequency range, with a 5 mV alternating
voltage signal and [Fe[CN]6]/[Fe[CN]6]

3−/4− as the redox
probe. The validity of the results was checked using Kramers−
Kronig relations, then fitted to Randles’ equivalent circuit using
Nova 1.11.0 software to estimate the components.

4.5. Optimization of Experimental Conditions. To
optimize sensor performance, the optimal electropolymeriza-
tion conditions were carefully chosen, including the number of
scan cycles, C-SPE/MIP incubation time in the sample
solution, and pH of the background electrolyte.

4.6. Quantification of CCrP in Spiked Plasma. Human
plasma samples were stored frozen and all analytical
procedures were performed at room temperature. Aliquots of
plasma (1.0 mL) were placed in Wasserman tubes and spiked
with different volumes of standard CCrP solution. Plasma
protein precipitation was performed by adding 3 mL of
methanol/water (1:1) by vortex mixing. Then, the mixture was
centrifuged with a speed of 5000 rpm for 15 min.63 Aliquots of
the supernatant were added to borate buffer with pH 8.5. The
results were plotted as the capacitance change versus CCrP
concentration for computing the corresponding regression
equation in the linear range.

4.7. Bioanalytical Method Validation. The proposed
bioanalytical method was developed and validated according to
FDA guidelines for bioanalytical method validation.64 The
selectivity of the method was evaluated by testing different
interference substances that are abundant in human plasma
and are structural analogues to CCrP. The linearity of the
proposed method was evaluated using five fortified plasma
samples with CCrP concentrations in the range of 1 × 10−9 to
1 × 10−7 M at pH 8.5. The limit of quantification (LOQ) and
limit of detection (LOD)33 were calculated using 10S/X and
3S/X accordingly, where S is the standard deviation of the
intercept of the regression line and X is the slope of the
regression line. The accuracy and precision were determined at
three concentration levels, QCL (1.0 × 10−9 mol/L), QCM
(1.0 × 10−8 mol/L), and QCH (1.0 × 10−7 mol/L), as the
average of three determinations and on 3 consecutive days.
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The ME was evaluated by preparing CCrP solutions with
concentrations QCL, QCM, and QCH: (i) Set 1 was
formulated in borate buffer (neat solvent); (ii) Set 2 was
formulated in extracted plasma; and (iii) Set 3 was formulated
in plasma. The capacitance of Sets 1, 2, and 3 were used to
calculate the ME, RE, and PE values65

= ×ME (%) Set 2/Set 1 100 (1)

= ×RE (%) Set 3/Set 2 100 (2)

= ×PE (%) Set 3/Set 1 100 (3)

Different storage conditions were applied to evaluate the
stability of the drugs in plasma, and the results were compared
to the initial concentration. The following parameters were
examined for the three prepared concentration levels (QCL,
QCM, and QCH): (i) freeze−thaw stability following three
freezing cycles and unassisted thawing at room temperature;
and (ii) bench-top stability.
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