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The development of an electropolymerized,
molecularly imprinted polymer (MIP) sensor for
insulin determination using single-drop analysis
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An electrochemical sensor for the detection of insulin in a single drop (50 pL) was developed based on
the concept of molecularly imprinted polymers (MIP). The synthetic MIP receptors were assembled on a
screen-printed carbon electrode (SPCE) by the electropolymerization of pyrrole (Py) in the presence of
insulin (the protein template) using cyclic voltammetry. After electropolymerization, insulin was removed
from the formed polypyrrole (Ppy) matrix to create imprinting cavities for the subsequent analysis of the
insulin analyte in test samples. The surface characterization, before and after each electrosynthesis step of
the MIP sensors, was performed using atomic force microscopy, scanning electron microscopy, and
energy-dispersive X-ray spectroscopy. The performance of the developed MIP-SPCE sensor was evalu-
ated using a single drop of solution containing KsFe(CN)g and the square-wave voltammetry technique.
The MIP-SPCE showed a linear concentration range of 20.0-70.0 pM (R? = 0.9991), a limit of detection
of 1.9 pM, and a limit of quantification of 6.2 pM. The rapid response time to the protein target and the
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portability of the developed sensor, which is considered a disposable MIP-based system, make this MIP—
SPCE sensor a promising candidate for point-of-care applications. In addition, the MIP-SPCE sensor was
successfully used to detect insulin in a pharmaceutical sample. The sensor was deemed to be accurate
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1. Introduction

Insulin is a polypeptide hormone that regulates glucose
homeostasis by controlling blood glucose levels in the body.'
An imbalance in insulin levels, due to either the impairment
of insulin-producing beta cells or the ineffective use of insulin
due to cellular resistance in metabolizing blood glucose, can
cause type 1 (insulin-dependent) or type 2 (insulin-indepen-
dent) diabetes.” Direct insulin monitoring in a diabetic patient
can provide insight into associated complications and improve
the treatment prognosis. The normal blood insulin concen-
tration is 50.0 pM*® under fasting conditions, while <50.0 pM
and >70.0 pM indicate type 1 and the onset of type 2
diabetes,>®” respectively. Given the vital role of insulin in
living organisms, the measurement of insulin in diagnostic
laboratories is important not only for the clinical diagnosis of
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(the average recovery was 108.46%) and precise (the relative standard deviation was 7.23%).

diabetes and the evaluation of patients with chronic pancreati-
tis, but also for doping control in athletes and for the detec-
tion of insulinoma (tumors of the pancreas) and even breast
cancer.®™!

There are a variety of approaches to the laboratory determi-
nation of insulin resistance. The most commonly used analyti-
cal techniques are insulin immunoassays. However, in
addition to development costs, they have several limitations.
In particular, specificity is limited due to cross-reactivity with
interfering structures such as proinsulin, human protein C
(HPC), and insulin-like growth factors 1 and 2 (IGF1 and
IGF2), which reduce the reliability of insulin measurement in
a clinical setting.>"? Capillary electrophoresis'* and high-per-
formance liquid chromatography'>'® are successfully
employed for the quantitative analysis of insulin. However,
these methods are time-consuming, expensive, tedious, and
have high limits of detection (LOD) for samples with nano-
molar or lower concentrations.>'*

In recent decades, biosensing has become considerably
more popular due to its recognized ability to develop selective
sensing systems to determine target analytes. This is reflected
in many publications, a wide range of applications, and active
research ranging from environmental and food safety analysis,
to pharmaceutical and clinical applications."”>° With the
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growing market demand for the detection of various analytes,
sensing platforms are limited to detecting small molecules,
but macromolecules are also becoming more prominent
targets."™?° Bioactive macromolecules are routinely used as
biomarkers and are of great interest in clinical diagnostics.
Biosensors are a valuable alternative in the rapid and cost-
effective detection of biomolecules in samples and/or solu-
tions, due to their high sensitivity and specificity. These
superior characteristics are achieved by means of the inte-
grated recognition unit of the biosensor, which is usually bio-
logical, such as enzymes and antibodies.'®?'* However,
these biological recognition units face several challenges,
including instability under measurement conditions, a short
shelf life, and costly and complex antibody production.
Surface modifications with nanomaterials or biomimetic
materials are considered promising alternatives for circum-
venting these problems. Similar approaches have also been
used for the electrochemical detection of insulin,>?>%13:24.25

Biomimetic receptor units are normally tailored by applying
the principle of molecular imprinting technology. The main
sensory properties of these biomimetic materials, called mole-
cularly imprinted polymers (MIPs), include the selective reco-
gnition of the target analyte due to the specific architecture
embedded in the polymer matrix. The formation of these cav-
ities results from the polymerization of the functional mono-
mers in the presence of the target analyte (template) and its
subsequent removal.">*>?*2%29 In the case of proteins, MIPs
mimic the binding site by replacing the amino acid backbone
of the target molecule with a synthetic polymer. Although the
preparation of MIPs is simple for small molecules, the
imprinting of high molecular weight molecules, such as pro-
teins, is limited, mainly due to the stability problems of these
macromolecules in polymerization media.>*”*® For electro-
chemical detection, there are several approaches to the surface
imprinting of proteins,?*** where the target biomolecules can
simply be adsorbed®**?' or covalently bound®” to the sensing
platforms. The specificity and selectivity of synthetic MIP
receptors in the design of insulin sensors have been reported
previously.>"'32%3% However, existing methods for designing
MIPs are based on solid-phase synthesis combined with nano-
materials or epitope imprinting, which usually complicates
manufacturing and in situ analysis due to the complexity of
the systems."® Electropolymerization overcomes several limit-
ations of conventional bulk polymerization, as it allows
polymer synthesis from an aqueous solution under mild con-
ditions. It also offers the good reproducibility of results and
the easy control of polymer thickness.?>**% For the success of
this technique, the selection of a suitable monomer is crucial
to effectively entrapping the template molecules and achieving
the desired physical properties, especially the conductivity, of
the thin polymer layers on the electrode surface.*

Electrode systems based on established screen-printing
technology have challenged the use of conventional solid elec-
trodes to quantify various compounds.’?*% Due to their low
cost, availability, portability, ease of fabrication, and commer-
cial availability, screen-printed electrodes (SPEs) can be used
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for the rapid and sensitive electroanalysis of many target
analytes.>*” Moreover, their application for on-site analysis is
further advanced by their modification with different materials
and flexibility.>*?*” Three electrode systems (a working elec-
trode, WE; a reference electrode, RE; and a counter electrode,
CE) were identified as potential candidates for a point-of-care
(POC) device design and applications in environmental and
clinical analysis.***” In addition, they can also be used as dis-
posable electrochemical cells that allow a sample drop to
adhere to the sensor surface by surface tension. In this constel-
lation, no wall is required to contain the solution and prevent
its outflowing.®® As such, they are highly suitable for working
with microvolumes and decentralized assays, such as a single-
drop analysis.>*7*? Although the latter simplifies on-site ana-
lysis, since no electrochemical cell or stirrer is required, there
are only a few publications on this subject.®3%3%37:40713 gyt
for example, a smartphone-based cyclic voltammetry (CV) plat-
form was designed as a portable system for single-drop deter-
mination of glucose.** In another study, a similar smartphone-
based sensory system using square-wave voltammetry (SWV)
and a graphene SPE was constructed to detect norepinephrine
in a sample drop.*> A single-drop analysis was also used by
Singh,> who decorated multi-walled carbon nanotubes
(MWCNTs) with quantum dots (QCs) on an SPE array for the
measurement of insulin in buffer solution. A concept using a
single-drop analysis on a screen-printed carbon electrode
(SPCE) combined with statistical analysis was presented. This
combination proved to be an accurate, precise, and rapid
analytical method for the individual determination of epi-
nephrine and uric acid in a biological sample.?” In addition,
the direct application of whole blood in drop form for the
sequential determination of glucose and lactate was demon-
strated. For this purpose, a dual enzyme-based biosensor was
prepared using glucose oxidase and lactate oxidase on two
working SPCEs.*?

This study aimed to develop the MIP-SPCE sensor to detect
insulin in one sample drop (50 pL). Although examples of pro-
tocols for the synthesis of MIPs for the electrochemical detec-
tion of insulin have been described previously,>'"'*?* to the
best of our knowledge, this is the first demonstration of an
MIP-based sensor for a single-drop analysis of insulin without
the use of solid-state synthesis or nanomaterials for signal
amplification. In addition, by not using nanomaterials or apta-
mers, one preparational step in the electrosynthesis of such a
sensor is excluded, making this method more straightforward,
faster, and less expensive. Since the MIP is part of an electro-
chemical sensor, electropolymerization is the simplest method
for electrosynthesizing a polymer film on the electrode
surface.”® Pyrrole (Py) appears to be a good choice for building
an MIP sensor surface, as evidenced by some MIP designs for
detecting several important biomolecules, including the hazel-
nut allergen,*® cortisol,*” lactose,*® hemoglobin,** a-amylase,>*
cystatin C,*® and even the SARS-CoV-2 spike glycoprotein.”
Polypyrrole (Ppy) is a conductive polymer that can easily be
electropolymerized and used as a polymeric matrix for immo-
bilizing various biological compounds, including insulin.’ Its
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further advantages include biocompatibility, stability, and
control over thickness. In addition, the N-H moieties in the
pyrrole ring can facilitate binding to the hydroxyl group of the
target molecule.>® For this purpose, Py was polymerized in a
polymerization mixture with insulin using cyclic voltammetry
(CV) directly on the surface of an SPCE to entrap the insulin in
the polymeric backbone. After the subsequent removal of the
template molecules from the Ppy matrix, the resulting MIP
film could selectively recognize the target molecule upon
rebinding. The electroanalytical performance of the MIP-SPCE
was indirectly evaluated by square-wave voltammetry (SWV)
using a K;[Fe(CN)]/K,4[Fe(CN)q] redox probe.

2. Materials and methods

2.1. Reagents and solutions

Pyrrole monomer (>98%), potassium ferricyanide (K;s[Fe
(CN)s]), potassium ferrocyanide (K4[Fe(CN)s]), potassium chlor-
ide (KCl), sodium hydroxide (NaOH) solution (1.00 M), and
insulin were supplied by Merck (Darmstadt, Germany).
Phosphate-buffered saline (PBS) solution (0.01 M, pH 7.2) was
prepared according to the manufacturer’s instructions, i.e. by
dissolving one PBS tablet (2005.5 mg) in 200 mL of ultra-pure
water. The solution of K;[Fe(CN)s]/K4[Fe(CN)s] (5 mM) was pre-
pared in PBS (0.01 M, pH 7.2). The insulin solution was pre-
pared by dissolving insulin in ultra-pure water to give a final
concentration of 0.58 mM. Solutions of insulin with lower con-
centrations were prepared by diluting the insulin solution in
PBS (0.01 M, pH 7.2). All chemicals purchased were of analyti-
cal grade and used without further purification. All aqueous
solutions were prepared with ultra-pure water (resistivity 18.2
MQ cm at 25 °C) obtained with an ELGA PureLab water purifi-
cation system (Veolia Water Technologies, United Kingdom).

2.2. Instrumentation and electrodes

All electrochemical measurements in this study were per-
formed using a PalmSens4 potentiostat/galvanostat (PalmSens,
Houten, the Netherlands) under laboratory conditions (23 =+
2 °C). The PalmSens4 was controlled using PSTrace 5.8
software.

SPCEs, model AC1.W4.R2, were supplied by BVT
Technologies (Brno, Czech Republic) and used as a three-elec-
trode electrochemical system. These SPCE sensors have a WE
and CE made of carbon (the diameter of the WE was 1 mm),
while the RE was made of Ag that was electrolytically oxidized
to AgCl (by the supplier). All potentials (E) in this study are
reported against this Ag/AgCl RE.

2.3. MIP-SPCE design

The formation of insulin-imprinted Ppy film on the WE of the
SPCE was achieved by CV-based electropolymerization. For
this purpose, the protocol for electrosynthesis was adapted
from previous work."” The prepared polymerization solution
containing Py (0.80 M) and insulin (0.58 mM) in PBS (pH 7.2)
with a monomer : template (Py : insulin) ratio of 1: 4 was drop-
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casted (50 pL) onto the SPCE so that all three electrodes were
covered. Electropolymerization was performed by cycling the E
from 0.000 V to 0.900 V and back to 0.000 V at a scan rate (v) of
50 mV s~' for 10 cycles using a step E (Egep) of 7.0 mV. For
every cycle, the insulin molecule migrated toward the WE and
became entrapped in the growing Ppy film. After polymeriz-
ation, the entrapped insulin molecules were extracted from the
conducting polymer matrix, leaving the cavities complemen-
tary to insulin in terms of shape and functionality. The tem-
plate protein was removed by two different methods: electro-
cleaning and solvent extraction. In the electrocleaning
approach, insulin molecules were removed by the overoxida-
tion of Ppy"” by cycling the E between —0.200 V and 1.000 V for
25 cycles in PBS (0.01 M, pH 7.2) at a v of 50 mV s~ using an
Egep of 7.0 mV. To extract the template protein using a solvent,
the modified SPCE was immersed in an electrochemical cell
containing a 1.00 M NaOH solution for 30 min under mag-
netic stirring. After removing the template (regardless of the
method used), the modified SPCE was rinsed extensively with
ultra-pure water to remove protein residues from the Ppy film
and dried under a compressed air stream.

The same procedure was used to form a non-imprinted
polymer (NIP) modified SPCE. The only difference in the
preparation was that the insulin molecules were not present
during the electropolymerization process.

2.4. Surface characterization

The surface topography and roughness parameters of all of the
prepared SPCEs were characterized by atomic force microscopy
(AFM) in tapping mode using a Keysight 7500 AFM multimode
scanning probe microscope (Keysight Technologies, Santa
Barbara, CA, USA). Images were acquired after drying the
samples in a dry, high-grade (99.999 wt%) nitrogen gas stream.
The images were scanned using silicon cantilevers
(ATEC-CN-20, Nanosensors, Wetzlar, Germany) with a resonant
frequency of 210-490 kHz and a force constant of 12-110 N
m~". Images of 10 x 10 pm” with a resolution of 2048 x 2048
pixels®® were measured for all samples. Pico Image Basic 7.2
software (Keysight Technologies, Wokingham, UK) was used to
process all of the images and calculate the mean square height
of the surface (S;) and the mean surface roughness of the
surface (S,) according to ISO 25178.%*

The surface morphology and porosity of all fabricated
SPCEs were analysed by scanning electron microscopy (SEM).>
Micrographs were taken using a field emission scanning elec-
tron microscope (FE-SEM, Supra 35 VP, Carl Zeiss,
Oberkochen, Germany) operated at a low accelerating voltage
(1 keV). The images were taken at magnifications of 2500 and
10 000.

2.5. Electrochemical measurements

The SWV was used to characterize the electroanalytical
response of the assembled MIP-SPCE sensor and to analyse
real samples because it offers a low LOD and a short analysis
time.*>?7°%%7 The square-wave (SW) measurements were per-
formed in the presence of a 5 mM [Fe(CN)g]>*~ redox probe

This journal is © The Royal Society of Chemistry 2023
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prepared in 0.01 M PBS (pH 7.2). The E in the SWV was
scanned with a frequency of 10 Hz, an amplitude of 100 mV,
and an Eg.p, of 10 mV in the anodic direction from —0.800 V to
a final E of 0.600 V. As soon as a drop of the solution was
placed on the surface of the SPCE, the SWV voltammograms
were measured (the measurement lasted 25 s). The electro-
chemical behaviour of the modified SPCE surfaces was investi-
gated using the CV in an E range of —0.800 V to 0.600 V at a v
of 50 mV s~ and Egp, of 7.0 mV.

2.6. Single-drop analysis of the MIP-SPCE sensor

A single-drop analysis of rebound insulin on the surface of the
MIP-SPCE sensor was performed using the SWV as follows.
Solutions of different insulin concentrations were prepared.
One drop (5 pL) was placed on the WE of the MIP-SPCE for
15 min to allow the rebinding of insulin in the formed cavities
of the Ppy matrix. Then, the surface was rinsed with ultra-
pure, and the remaining water was soaked up using the paper
towel without touching WE. A drop (50 pL) of [Fe(CN)e]>™*~
redox probe was then pipetted onto the surface of the MIP-
SPCE sensor so that all three electrodes were covered.
Immediately after the redox probe was applied, the SWV vol-
tammogram was measured. After each measurement, the
surface of the MIP-SPCE was rinsed with ultra-pure water, and
the remaining water was soaked up with a paper towel
(KIMTECH® Science) without touching the active WE surface.
Then the surface was air dried. After this cleaning procedure,
the whole procedure was repeated.

For the real sample analysis, the insulin content in a car-
tridge (insulin aspart Novorapid, Novo Nordisk, Bagsverd,
Denmark) was tested. For this purpose, insulin from a car-
tridge was diluted with 0.01 M PBS before analysis. A volume
of 5 pL was applied to the MIP-SPCE and incubated for
15 min, followed by pipetting 50 uL of 5 mM [Fe(CN)e*~*~
redox probe. The quantification of insulin was performed by
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employing the multiple standard addition method. The real
sample was analysed three times, each time with a new MIP-
SPCE sensor.

3. Results and discussion

3.1. Step-by-step sensor fabrication

MIPs are tailored biomimetic materials that can recognize
target molecules selectively.’® As such, they can potentially
complement antibodies in bioanalytics.’® The concept of
molecular imprinting, in particular the electrochemical
surface imprinting of proteins, was used in this study. The
overall process involved three main steps: (1) the imprinting of
the Ppy film with the template/target protein (insulin); (2) the
removal of insulin molecules from the Ppy matrix; and (3) the
rebinding of insulin (see Fig. 1). Each step resulted in changes
in the electron transfer properties of the electrode surface,***’
which could be monitored by CV and SWV techniques in con-
junction with the [Fe(CN)s>~*~ redox probe in subsequent
measurements.

3.1.1. Electropolymerization. The choice of the appropriate
functional monomer for the preparation of the selective reco-
gnition units depends on several factors, including the degree
of polymerization, the potential range for electropolymeriza-
tion, and the functional groups present in the selected
polymer.>*”° Among the various conductive polymers, Ppy is
most commonly used to fabricate MIP-based recognition units
because it can be deposited from aqueous solutions.>>®° The
uniqueness of Ppy is its overoxidation phenomenon. The over-
oxidation of Ppy can easily be achieved by applying the appro-
priate electrode E, resulting in the formation of carboxyl
groups.”>**®! In this respect, overoxidized Ppy-based struc-
tures have comparable properties to antibodies or natural
receptors, so they can be referred to as artificial antibodies or

Redox probe

Fe(CN), 3/~
Electro- Template it e
polymerization ;11;-')&‘;5» % 2 removal Rebinding O @ Incubation - % & & 5 g
-~ - “Aaedil — —
e M BN V2OV
Lo INANOANOAN b |</\‘/‘_7 /\<\, </\\ '
'"i’bfypyrrol"" 6 matrix with insulin © "7 Polypyrrole matrix I

. SPCE

... Polypyrrole r};_:"; ... Insulin

Fig. 1 A schematic depiction of insulin imprinting on the surface of the SPCE. The overall process involved (1) the electrosynthesis of Ppy in the
presence of the template molecule (insulin), (2) the removal of the target protein by electrocleaning, and (3) the determination of the rebinding
ability of the formed molecular imprinted polymer film (MIP-SPCE) by using a standard redox probe and SWV.
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synthetic receptors.”® Therefore, Py was chosen as the
monomer for the electrosynthesis of an insulin-imprinted film
on the surface of the SPCE. Unlike bare metal electrodes, such
as gold, mercury, silver, or platinum, where proteins often
denature during adsorption on a surface due to protein
unfolding, carbon-based electrodes retain the protein structure
and avoid its denaturation.®® It has already been reported that
proteins tend to adsorb strongly to carbon electrodes without
requiring covalent bonding of the protein to the surface. In
addition, the wide potential window required for oxidation of
electroactive amino acid residues is possible for such a deter-
mination because the carbon electrodes do not form surface
oxides that can lead to protein denaturation.®® This advan-
tageous property may promote the quality of the imprinting
process.*” The thickness of the imprinted Ppy film is expected
to affect the amount of insulin interpolated in the polymer
matrix,>>*® and consequently the biorecognition element’s
sensitivity.*® On the other hand, it is known that the reco-
gnition sites of very thick polymer films are difficult to access
and feature low binding ability, likely due to high mass trans-
fer resistance.’®®® Alternatively, a higher number of cycles
during electrosynthesis may also lead to the detachment and
loss of the formed polymer film with a lower number of
protein binding sites, which is reflected in the poorer sensi-
tivity of the developed sensor. In general, a faster v and fewer
scan cycles contribute to a higher sensitivity and wider linear
concentration range.*®°

Previous studies®**®*”*° have shown that these electropoly-
merization parameters appear to provide a stable 3D architec-
ture of the MIP structure for the effective template removal
and accessibility of the binding sites for rebinding a target
molecule. Inspired by previous studies, the synthesis of the
MIP film on the surface of the SPCE was performed according
to a protocol reported in ref. 47 and was adapted to the target
protein (insulin). The polymer film was formed by the electro-
polymerization of Py in the presence of insulin by performing
10 consecutive CV cycles at a v of 50 mV s~". Polymer growth
was monitored by changes in the CV voltammograms. After
the first cycle of the electropolymerization of Py on the SPCE
surface, the CV voltammograms (see Fig. 2) show similar
electrochemical behaviour for the MIP and NIP systems in
terms of the position of the oxidation peaks. However, the
peak heights for oxidation were different.

The electrochemical oxidation of the monomer begins with
the loss of an electron from the Py unit and the formation of a
cation radical, which occurs at approx. 0.800 V, initiating the
electrodeposition of a thin and homogeneous Ppy film on the
WE surface.?>**%1%¢ The polymerization of Py is a reaction
with multiple reaction pathways, in which a formed cation
radical combines with another cation radical, resulting in the
formation of a dimeric product. Upon subsequent oxidations,
this Ppy dimer couples with other cation radicals, leading to
the formation of a Ppy matrix.

The insulin has only a minor effect on the Py monomer oxi-
dation mechanism with the change in the peak intensity and the
shift in the E peak (for oxidation) to a more negative E for the
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Fig. 2 Cyclic voltammograms after the first scan of the electrochemical
oxidation of Py (0.80 M in 0.01 M PBS, pH 7.2) on the surface of the
SPCE in the presence of insulin (MIP) and without insulin (NIP) in the
polymerization solution (v = 50 mV s™3).

MIP (Fig. 2). The latter can occur due to the formation of cavities
on the MIP surface due to the incorporation of insulin into the
polymer matrix, which provides an additional barrier to the
diffusion of Py for its further oxidation.*® The increase in the oxi-
dation current in subsequent cycles following the first cycle
(Fig. 3) indicates the growth of the polymer film, which can be
tuned by the number of cycles.””*° In contrast, the absence of the
cathodic peaks indicates the irreversibility of the reaction.”

During electropolymerization, negatively charged insulin
diffuses into the electrode surface and binds to the Ppy matrix
through electrostatic interactions.>**” The insulin and Py in the
inner wall of the imprinted cavities can bind through hydrogen
bonding and n-m stacking.®® These molecular interactions
between the template molecule and the Py units are crucial for
forming imprinted cavities in the polymer matrix.*®

3.1.2. Template removal. Another important step in the
development of MIP-based sensors is the removal of the tem-
plate. There are several strategies to remove the entrapped
protein, from chemical or enzymatic methods, to electroclean-
ing. In order to effectively remove the insulin from the Ppy
network, two different strategies were employed: electroclean-
ing and the use of an alkaline solution (1.00 M NaOH, i.e. alka-
line template removal). Of the two methods mentioned, elec-
trocleaning proved to be more suitable for removing insulin in
terms of efficiency and preserving polymer integrity.

The alkaline template removal damaged the polymer film,
leading to a deterioration of the electrochemical properties of
the MIP surface. This is likely due to the degradation of the
polymer film, which resulted in a loss of adhesion to the elec-
trode surface. This degradation of the polymer film could be
due to the strong oxidation effect of the 1.00 M NaOH and the
applied potential in the subsequent electrochemical measure-
ments (the results are not shown herein). The latter probably
caused the formation of gaseous species, facilitating the

67,68
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Fig. 3 Cyclic voltammograms representing the Py electropolymerization on the surface of the SPCE; (a) with and (b) without insulin in the polymer-

ization solution.

polymer film detachment.”® Therefore, the electrochemical oxi-
dation of Ppy was used for insulin extraction from the formed
polymer film. This was achieved by cycling the E between
—0.200 V and 1.000 V for 25 cycles. During this step, the over-
oxidation of Ppy occurred at approx. 0.400 V for the first cycle
(Fig. 4).*7°" With every sequential cycle, a small amount of Ppy
matrix, together with the entrapped insulin, was peeled off the
surface, which resulted in a decrease in the oxidation peak. In
the last five cycles of the electrocleaning step, no significant
difference between the CV voltammograms was observed. In
addition, the absence of the oxidation peak indicated that the
majority of the available Ppy film was overoxidized, resulting
in the formation of carboxyl groups and the removal of insulin
from the Ppy matrix (Fig. 4).

The proposed mechanism underlying the overoxidation of
Ppy in aqueous solutions such as PBS suggests that the oxygen

15t scan
21t scan

25th scan

-50.0

1000 Lot

-0.200 0.100 0.400 0.700 1.000
E/V vs. Ag/AgCl

Fig. 4 Measured CV voltammograms during the removal of insulin
(electrocleaning approach) from the formed Ppy matrix in 0.01 M PBS
(pH 7.2) with a v of 50 mV s™%.

This journal is © The Royal Society of Chemistry 2023

produced during water oxidation causes the overoxidation of
the conductive Ppy film.°" This also leads to the formation of
carboxyl groups on the Py rings, which break the links in the
Ppy chain.®®®" These cleavages in the Ppy matrix facilitated
the extraction of insulin molecules from the polymer film,*”
while also leading to the spatial functionalization of the
imprinted cavities. This, in turn, contributes to the more suc-
cessful oriented rebinding of insulin through the interactions
between the amine groups of the proteins and the carboxyl
groups of the imprinted cavities. After the first cycle, succes-
sive cycles (only the first and the last five scans are shown in
Fig. 4 for clarity reasons) showed a decrease in the background
contribution, indicating the decreasing conductivity of Ppy.
Although overoxidation breaks the bonds in the Ppy network,
the neutral pH of PBS (7.2) prevented the degradation of the
polymer film.*” The oxidation of Py in a neutral medium leads
to the formation of polarons and bipolarons, which could
prevent the leaching effect of the MIP film. A polaron is a
charge associated with a lattice distortion that creates connec-
tions in the Ppy network to improve the electrochemical pro-
perties along with the electropolymerized film. Although the
overoxidation of Ppy results in the loss of protons from the
polymer matrix, neutral pH promoted the generation of polar-
ons and bipolarons through a proton-coupled electron transfer
reaction that stabilized the Ppy film.*

3.2. The electrochemical behaviour of differently imprinted
SPCEs

The electrochemical behaviour of the stepwise imprinting
process was investigated using the [Fe(CN)s]*"*~ redox probe
on the surfaces of the coated SPCE after each modification
step (Fig. 5).

CV voltammograms show that the oxidation of insulin at
the Ppy-insulin-SPCE surface does not occur in the employed
potential range (from —0.800 V to 0.600 V) since no additional

Analyst, 2023,148, 102-1115 | 1107
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Fig. 5 The electrochemical behaviour of the step-by-step imprinting process in 0.01 M PBS (pH 7.2) containing the 5 mM [Fe(CN)¢>~"4~ redox probe
using the CV: (a) the bare SPCE (blue solid line), (b) the Ppy—SPCE (red solid line), (c) the Ppy—insulin—SPCE (green solid line), and (d) the MIP-SPCE
(purple solid line). The measurements were performed at a v of 50 mV s%. The insert shows the CV voltammogram of a bare SPCE at a lower i scale.

peak formed compared to the Ppy-SPCE (Fig. 5). Compared to
a bare SPCE, all Ppy-coated SPCEs (pure Ppy-SPCE, Ppy-
insulin-SPCE, and MIP-SPCE) showed enhanced electro-
chemical activity due to the favourable electrochemical pro-
perties of the electropolymerized Ppy film.*”””! The higher
current of the [Fe(CN)¢]*™*~ redox probe measured on Ppy-
SPCE, Ppy-insulin-SPCE, and MIP-SPCE compared to bare
SPCE can arise due to the increase in double layer capacitance
(Fig. 5). Moreover, the higher capacitance can also be attribu-
ted to the increase in the effective surface area of the conduc-
tive Ppy film on the surface of SPCE and the properties of the
Ppy surface film. In addition, the presence of positively
charged nitrogen atoms in Ppy’” contributes to the fast elec-
tron transfer kinetics of the [Fe(CN)s]*™*~ redox couple. Due
to the electrostatic interactions, [Fe(CN)s]**~ can easily inter-
act with the positively charged Ppy film,*” which resulted in
increased peak current. However, the peak current response
on the Ppy-insulin-SPCE surface was less intense than on the
Ppy-SPCE surface. The difference in the peak current intensity
may be attributed to the distribution of the nuclei formed by
polymerization in the presence of an insulin molecule. The
properties of conducting polymers depend strongly on their
morphology and structure.”" The insulin molecule can be seen
as a protrusion in the monolayer. The area around the mole-
cule can immediately be filled with the growing polymer,
leading to the formation of an uneven coating. Moreover, the
negative surface charge of insulin hinders the diffusion of the
[Fe(CN)e]>~"*~ redox probe to the surface of the SPCE. On the
contrary, pure Ppy can be deposited on the surface of an SPCE
as a completely covered homogeneous and adherent film.”*
This observation supports the assumption that the insulin
molecules were entrapped in the Ppy backbone, which was
reflected in the reduced current response of the [Fe(CN)e]>~*~
redox probe. Finally, the overoxidation of Ppy, used as a strategy

108 | Analyst, 2023, 148, 1102-1115

to remove insulin, affected the conductivity of the composite
MIP on the surface of the SPCE, as evidenced by the overall
decrease in current.”” The presence of carboxyl groups in the
Ppy matrix contributed to the more anionic charge of the MIP-
SPCE surface,’ resulting in the observed electrochemical behav-
iour. Despite the reduced conductivity of the MIP-SPCE sensor,
the imprinting cavities provided with carboxyl groups can
promote the rebinding of insulin through the interactions
between the amino group of the protein and the carboxyl group
of the binding sites in the imprinted polymer.>*

The resulting MIP and NIP films were also evaluated by
SWV measurements in the presence of the 5 mM [Fe(CN)s*~
*~ redox probe. Fig. 6 shows that both polymer-coated SPCEs
(MIP-SPCE and NIP-SPCE) showed a higher square-wave
signal (and higher background current) compared to bare
SPCE, with the NIP-SPCE providing a higher analytical signal
than MIP-SPCE. This may be due to the more uniform distri-
bution of the Ppy film on the surface of the SPCE, resulting in
a higher current compared to the MIP (however, as described
below, the NIP suffers from poor analytical performance). In
addition, the differences in the electrochemical response can
also be attributed to the different chemistry of the two Ppy
films formed. Namely, the imprinted cavities in the MIP film,
which have a spatial arrangement of the interacting groups,’>
could affect the electrochemical features of the MIP-SPCE
sensor. These synthetic MIP receptors do not provide the same
access to the redox probe ions as NIP-SPCE (there are no
imprinted cavities present on NIP-SPCE), resulting in a lower
peak current. The presence of the Ppy film on both MIP-SPCE
and NIP-SPCE shifted the oxidation E of the redox probe to
more negative potentials compared to the bare SPCE (Fig. 6).
The E shift was due to the Ppy film, which changes the overall
charge of the sensor surface and thus the electrochemical pro-
perties of the surface.

This journal is © The Royal Society of Chemistry 2023
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3.3. Surface characterization

The design and development of a surface-based electro-
chemical sensor strongly depends on the surface properties
and topography of the materials. From this perspective, the
improved analytical performance of a sensor is the result of
many factors, including maximized target-surface inter-
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actions, reduced non-specific binding, and the avoidance of
fouling on the sensor surface. Although substrate (transducer)
surface modifications represent only a small portion of the
total modified surface, they have an uncertain impact on
sensor performance and reliability. Therefore, many research-
ers equate electrochemical performance with the quality of the
surface modification strategy.”*

AFM measurements were performed before and after each
step of the electrosynthesis of the MIP films on the SPCE
surface to check the homogeneity and surface roughness of
the SPCE surfaces. The surface topography and corresponding
surface roughness parameters S, and S, measured at different
analysed spot sizes (20 x 20 um, 10 x 10 pm, and 1 x 1 um) are
shown in Fig. 7.

The bare SPCE surface exhibited a rough surface associated
with the composition of carbon ink with a higher density of
edge graphite particles used for screen-printing production.”
As expected, the surface roughness of the 20 x 20 pm analysed
spot increased after the electropolymerization of Py (with or
without insulin), indicating the successful formation of
polymer film on the bare electrode.”®’” However, for smaller
scan areas (10 x 10 um and 1 x 1 pm, respectively), the surface
of the pure Ppy-SPCE sensor appeared to be more homo-
geneous, which was due to the obstruction of signals by the
surface defects (e.g. holes and pores) on the SPCE-containing
carbon with different bonding organization.”® In contrast, the
trapped insulin on the Ppy-insulin SPCE surface contributed
to the “swellings” in the topographic image. Regardless of the
extraction method used, a decrease in surface roughness was
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Fig. 7 Surface topography and roughness parameters measured by AFM at the SPCE surface before and after monomer electropolymerization in
the presence of the template, followed by template removal (by electrocleaning and alkaline template removal) from the Ppy matrix.
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observed, indicating the successful extraction of insulin from
the polymer matrix; however, after the removal of the template,
different surface patterns can be seen.”® By comparing AFM
images measured at smaller scan areas, the effects of different
removal methods can be observed. A rougher topography was
shown on the surface of the MIP-SPCE, where insulin was
removed by alkaline template removal (1.00 M NaOH solution).
This increase in the roughness can probably be attributed to the
abrasiveness of the chemical approach that disintegrated
(damaged) the polymer matrix. These results are related to the
heterogeneous conductivity of these SPCE arrays described above.

Next, SEM was used to further investigate the imprinting
process’s influence on the morphology of the deposited
polymer films (Fig. 8).

The SEM analysis confirmed the formation of polymer
films with different patterning. Pure Ppy deposited on a bare
SPCE shows a porous morphology with small clusters. This
cauliflower-like structure consists of microspherical grains
formed on the defect sites of the SPCE surface after
nucleation.””””" However, the Ppy film grown in the presence
of insulin shows a more granular morphology with no
observed clusters. This could support the idea that insulin
entrapped in the polymer leads to the swelling of the Ppy film,
which is associated with a lower conductivity than in pure Ppy
film.”® On the other hand, the extraction of insulin from the
Ppy matrix resulted in increased porosity due to the formed
imprinted cavities of insulin. Compared to the surface of the
NIP-SPCE sensor, both MIP-SPCE sensors (MIP-SPCE (electro-
cleaning) and MIP-SPCE (alkaline template removal)) revealed
a more compact morphology with the formed cavities.

bare SPCE

Ppy-SPCE

View Article Online
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The EDS analysis (Fig. 9) confirms the production of the
MIP-SPCE sensor. The presence of nitrogen (N) in all modified
SPCE sensors (weight concentrations between 14.70% and
16.30%) confirms the deposition of a Ppy film due to the pres-
ence of N-H components in the Py ring.”> Moreover, the
highest amount (16.30%) was found in Ppy-insulin-SPCE,
which is due to the contribution of the terminal -NH, groups
in the insulin molecule. In addition, traces of sulfur (S) in the
EDS spectra of Ppy-insulin-SPCE and both MIP-SPCEs, likely
associated with thiol groups in the insulin molecule, indicate
protein imprinting in the polymer. The lower N content and
the increased oxygen (O) content after the removal procedure
(by electrocleaning or alkaline template removal) can be
explained by the removal of the insulin molecules from the
Ppy film and the formation of -COOH groups in the Ppy
matrix. Comparing the amount of N and O between the two
MIP-SPCE sensors (the bottom row in Fig. 9), electrocleaning
is the most efficient method of removing insulin from the Ppy
matrix, as evidenced by the lower N content (indicating the
better removal of insulin molecules) and a slightly higher O
content (due to the formation of -COOH groups). This is also
reflected in the improved analytical performance of the result-
ing MIP-SPCE sensor.

3.4. Analytical response of the MIP-SPCE

After template removal, the performance of the MIP-SPCE was
evaluated by the SWV technique in a single drop of solution
(as described in section 2.6). The MIP-SPCE methodology was
partially validated, where the LOD, limit of quantification
(LOQ), linear concentration range, accuracy, and precision

NIP-SPCE (overoxidized Ppy-SPCE)

PPy-insulin-SPCE

Fig. 8 SEM micrographs of different SPCE arrays taken at different magnifications.
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Fig. 9 EDS spectra obtained on the different SPCE surfaces.

were determined. The linear correlation between the insulin
concentration and SW signal was investigated in the range of
20.0 to 70.0 pM. For this purpose, 5 pL of insulin solutions
(different concentrations) were incubated for 15 min to allow
insulin adsorption before applying the [Fe(CN)s]*~"*~ redox
probe and measuring the electrochemical response by SWV. A
longer incubation time could lead to lower LODs, but may also
contribute to non-specific adsorption, resulting in poorer
selectivity.’*®*#' The different insulin solutions were incu-
bated sequentially at increasing concentrations. The measured
SWV voltammograms of the 5 mM [Fe(CN),]*/*~ redox probe
with the corresponding linear calibration curve are presented
in Fig. 10.

The instant after the first insulin incubation, a signifi-
cant decrease in the Ai, of the redox probe occurred
(Fig. 10a), which was due to the re-binding of insulin to the
available imprinted recognition sites on the MIP film
surface, and was more pronounced with increasing insulin
concentration. This event blocked the diffusion of the redox
probe onto the WE surface, leading to a drop in Ai,. The
method showed a linear dependence between Ai, and
insulin concentration in a concentration range between
20.0-70.0 pM (Fig. 10b).

This journal is © The Royal Society of Chemistry 2023
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In the same manner, the NIP-SPCE sensor was examined to
evaluate the extent of the recognition and rebinding of insulin
on the imprinted sites on the MIP surface. Since the electro-
synthesis of the Ppy-based NIP film was performed without
insulin, the formed polymer film has no complementary reco-
gnition sites for insulin rebinding. Therefore, any interaction
with insulin that might occur would be attributed to non-
specific binding with the Ppy matrix. On that basis, a non-
linear response of the NIP-SPCE sensor was present (Fig. 11)
in the concentration range, where the MIP-SPCE showed a
linear response. Therefore, the imprinting cavities on the
MIP-SPCE surface allow specific recognition and rebinding.

The LOD and LOQ were determined based on the standard
deviation of the residuals (s.)** and the slope of the calibration
curve (b;). In order to obtain the LOD and LOQ, the s. were
multiplied by 3 and 10, respectively, and divided by the b,.*”
The determined LOD was 1.9 pM, and the LOQ was 6.2 pM.
Compared to other insulin detection methods reported pre-
viously (Table 1), the proposed MIP-SPCE sensor shows
similar or lower LOD values. On the other hand, it must be
pointed out that, unlike the other reported methods, the MIP-
SPCE sensor herein allows the analysis of insulin with a low
LOD in a single drop of the sample.
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Fig. 11 The electrochemical performance of the NIP-SPCE in a single drop: (a) the SWV voltammograms of the NIP-SPCE measured in 0.01 M PBS
(pH 7.2) containing the 5 mM [Fe(CN)¢I* /4~ redox probe with different concentrations of insulin, and (b) the corresponding linear calibration curve
of Aiy, as a function of the insulin concentration for the electrochemical response on the NIP-SPCE sensor.

Precision in terms of the repeatability and reproducibility
of the MIP-SPCE sensors was evaluated using relative standard
deviation (RSD) and was lower than 10.00% in both cases.
Reproducibility was defined by six replicate measurements
using the determined Ai, on freshly prepared MIP-SPCEs,
which was measured after the incubation of the MIP-SPCE
sensors with 20.0 pM insulin and a 5 mM redox probe. The cal-
culated RSD was 5.92%. The repeatability of the developed
MIP-SPCE sensor was determined in the same manner as for
the reproducibility, with the difference of using a single MIP-
SPCE sensor ten times. The calculated RSD value was 5.13%.
Both RSD values obtained indicate that the performance of the
MIP-SPCE sensor is consistent with industrial precision stan-
dards (ISO-15917:2003)."

M2 | Analyst, 2023, 148, I02-1115

The developed MIP-SPCE sensor was also used to deter-
mine insulin in a commercial pharmaceutical test sample (a
cartridge containing a fast-acting insulin analogue, insulin
aspart). For this purpose, the real sample was diluted to the
required concentration (which was in the linear concen-
tration range of the method) since the declared concen-
tration of insulin aspart in a cartridge was 100 U mL™"
(0.60 mM). The quantification of insulin was performed
using a multiple standard addition method (five additions
were added). The analysis was performed using three
different MIP-SPCE sensors. The accuracy and precision
were evaluated in terms of recovery and RSD, which had to
be between 80.00-120.00% and less than 20.00%, respect-
ively.®® The results of the insulin determination in the real

This journal is © The Royal Society of Chemistry 2023
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Table 1 A comparison of the linear concentration ranges, LODs, and real sample applications of different electrochemical sensors for insulin detec-

tion published previously

Sensor Technique Linear concentration range ~ LOD Real sample Ref.
Guanine/NiO,/GCE Amperometry 100 pM-4 pM 22 pM N/A 83
MWCNT/MIP DPASV 0.068-5.682 nM 0.0183 nM  Blood serum, insulin injection 2
Ni(OH),NPs/Nafion-MWCNTs/GCE ~ CV 1.5-40 uM 85 nM Human plasma, pharmaceuticals 84
AB/CPE DPV 20-1000 nM 5nM Insulin injection 85
Aptamer (In1-IT)-based sensor ACV 10-200 nM 10 nM N/A 86
Ppy-GF/PGE CA 0.225-1.235 pM 8.65 nM Blood serum 9
SPE/MWNT-QD SWvV 100-5000 pM 100 pM N/A 3
SPCE/MWCNT/NiO; 5 Amperometry 600 nM-10 pM 19.6 nM Blood serum 87
MIP-SPCE SWvV 20.0-70.0 pM 1.9 pM Insulin cartridge This work

Key: nanoparticles (NP), nickel oxide nanoparticles (NiOx), acetylene black nanocarbon particles (AB), polypyrrole (PpY), molecular imprinted
polymer (MIP), glassy-carbon electrodes (GCE), multi-walled carbon nanotubes (MWCNT), graphene electrode (GF), pencil graphite electrode
(PGE), gold electrode (AuE), carbon paste electrode (CPE), screen-printed electrode (SPE), quantom dots (DC), screen-printed carbon electrode
(SPCE), alternating current voltammetry (ACV), chronoamperometry (CA), differential pulse voltammetry (DPV), and differential pulse anodic

stripping voltammetry (DPASV).

Table 2 Real sample analysis using MIP-SPCEs

The concentration of

the diluted solution Determined

of the declared concentration Recovery  RSD
Sample product (pM) (pM) (%) (%)
1 25.0 25.2 99.42
2 25.0 28.3 113.33 7.23
3 25.0 24.9 112.63

sample demonstrate that the method is deemed to be
precise and accurate (Table 2).

4. Conclusions

This work presents the development of a molecular imprinting
polymer method using an electrochemical sensor to detect
clinically relevant biomarker insulin in pharmaceutical
samples. The first step in the development of a molecularly
imprinted polymer (MIP) sensor was the electropolymerization
of pyrrole in the presence of insulin using cyclic voltammetry.
To obtain synthetic recognition units on a screen-printed
carbon electrode (SPCE) surface for the selective determination
of insulin, the insulin was successfully extracted by electro-
chemical oxidation of polypyrrole in 0.01 M PBS. The resulting
MIP sensor enables the analysis of a single drop of solution
(50 pL) containing insulin without additional nanomaterials
or other complex immobilization compounds, such as apta-
mers, which is cost- and time-saving. At each step of MIP sensor
development, the surface was characterized using atomic force
microscopy, scanning electron microscopy, and energy-disper-
sive spectroscopy. The surface characterization confirmed the
formation of the imprinted cavities in the polypyrrole (Ppy)
matrix at MIP-SPCE, allowing electroanalytical performance for
insulin detection. Thus, the use of pyrrole as a functional
monomer provided useful electrochemical properties for the
SPCE array, leading to the formation of a 3D insulin-imprinted

This journal is © The Royal Society of Chemistry 2023

structure. The obtained limit of detection (1.9 pM) and limit of
quantification (6.2 pM) values are of interest as regards clinical
diagnostics and were one of the lowest values reported in the lit-
erature. The method showed a linear response in a concen-
tration range from 20.0-70.0 pM (R* = 0.9991). The precision in
terms of repeatability and reproducibility was evaluated using
relative standard deviation (RSD) and was 5.13% and 5.92%,
respectively. The developed MIP-SPCE sensor was successfully
used to analyse insulin in the pharmaceutical sample (insulin
cartridge). The quantification of insulin in the real sample was
performed using multiple standard addition method. The accu-
racy in terms of the average recovery was 108.46%, and the pre-
cision in terms of RSD was 7.23%. The possibility of the ana-
lysis of the low sample volumes associated with the rapid
response time offers an advantage over conventional methods.
As a disposable and portable sensor system, it is also a promis-
ing candidate for point-of-care applications.
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