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Electroactive Molecularly Imprinted Polymer Nanoparticles
(eMIPs) for Label-free Detection of Glucose: Toward

Wearable Monitoring

Saweta Garg, Pankaj Singla, Sarbjeet Kaur, Robert D. Crapnell, Craig E. Banks,

Shayan Seyedin,* and Marloes Peeters*

The diagnosis of diabetes mellitus (DM) affecting 537 million adults
worldwide relies on invasive and costly enzymatic methods that have limited
stability. Electroactive polypyrrole (PPy)-based molecularly imprinted polymer
nanoparticles (eMIPs) have been developed that rival the affinity of enzymes
whilst being low-cost, highly robust, and facile to produce. By drop-casting
eMIPs onto low-cost disposable screen-printed electrodes (SPEs), sensors
have been manufactured that can electrochemically detect glucose in a wide
dynamic range (1 uM—10 mm) with a limit of detection (LOD) of 26 nm. The
eMIPs sensors exhibit no cross reactivity to similar compounds and negligible
glucose binding to non-imprinted polymeric nanoparticles (eNIPs).
Measurements of serum samples of diabetic patients demonstrate excellent
correlation (>0.93) between these eMIPs sensor and the current gold
standard Roche blood analyzer test. Finally, the eMIPs sensors are highly
durable and reproducible (storage >12 months), showcasing excellent
robustness and thermal and chemical stability. Proof-of-application is
provided via measuring glucose using these eMIPs sensor in a two-electrode
configuration in spiked artificial interstitial fluid (AISF), highlighting its
potential for non-invasive wearable monitoring. Due to the versatility of the
eMIPs that can be adapted to virtually any target, this platform technology
holds high promise for sustainable healthcare applications via providing rapid
detection, low-cost, and inherent robustness.

worldwide.'l According to the Interna-
tional Diabetes Federation, over 537 million
adults (aged 20-79) had diabetes in 2021
with projections indicating a rise to 643 mil-
lion by 2030.1%* Moreover, high blood sugar
(>7 mm) in diabetes can damage tissues re-
sulting in comorbidities such as renal fail-
ure, retinopathy, neuropathy, and cardio-
vascular and cerebrovascular diseases.!*’]
Therefore, it is crucial to develop a rapid
and precise glucose sensing platform to
effectively manage, monitor, and mitigate
the progression of diabetes and its related
complications.!®”] The alarming increase in
global incidence of diabetes has spurred a
significant expansion in the market for glu-
cose biosensors. In 2022, the global mar-
ket for glucose biosensors was valued at
US$12.9 billion which is projected to rise
exponentially to US$40 billion by 2032.%!

Over the last 50 years, finger-prick glu-
cose testing, relying on enzymes such as
glucose oxidase, has remained the preferred
method for the majority of individuals with
diabetes.”) However, this method is in-
vasive and often leads to non-compliance
among patients who need to undergo mul-
tiple finger pricks throughout the day to

1. Introduction

Diabetes mellitus (DM) has been established as a common,
chronic metabolic syndrome and is the 9% leading cause of death

manage their glucose levels. Furthermore, the interference with
certain substances present in blood, such as galactose, fruc-
tose, and ascorbic acid, also affects the accuracy of testing.[*1]
Enzyme-based sensors have been used for many years due to
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their excellent selectivity and sensitivity.'!] However, they pose
significant challenges such as poor stability (<6 months and re-
quiring storage at low temperatures, i.e., 4 °C), limited shelf life,
and low tolerance against environmental conditions (e.g., loss
of activity above 40 °C).">13] Non-invasive sampling methods,
such as sweat and saliva-based analysis, are gaining popularity
as alternative options to finger prick tests due to improving pa-
tient comfort."*) Enzymatic sensors currently face challenges in
achieving adequate sensitivity due to the susceptibility of glucose
oxidase to deactivation for detecting low glucose levels in non-
invasive samples. Non-enzymatic sensors have also been widely
explored which typically utilize transition metal-based nanoma-
terials, noble metals, or non-noble transition metals as synthetic
receptors.'] However, such sensors are costly due to the use of
metals or require harsh electrolyte conditions (alkaline media,
pH>11) to work, which do not facilitate direct blood sample mea-
surements without significant sample pre-treatment.['*!’] Re-
cently, wearable glucose sensors have emerged as a viable alterna-
tive to existing finger prick sensors due to their real-time continu-
ous monitoring capabilities and convenience for frequent testing
but are still invasive and expensive.['®1°] Furthermore, due to the
correlation of the blood glucose level with that in other fluids in-
cluding interstitial fluid (ISF), wearable sensors for glucose test-
ing in ISF offer a potential alternative to traditional finger prick
tests.[2%2] For instance, Dexcom G6 and Abbott Free Style Libre
are the popular continuous glucose monitoring systems in ISF
but they are not accessible to the most of the population due to
its high-cost (for instance, Dexcom G6 costs $237 for G6 trans-
mitter and $349 for a three-pack of sensors) and limited lifetime
of two weeks.[22-24]

One promising approach to reducing the costs of the wear-
able glucose sensors is to replace enzymes with alternative recog-
nition elements. Molecularly imprinted polymers (MIPs) are
promising synthetic receptors that have been employed for the
development of robust and inexpensive electrochemical sensors
due to their high specificity for the chosen template.[2>2¢] MIPs
are porous materials containing high affinity binding for their
respective targets and have gained significant interest due to
their economical and straightforward preparation, reusability, ro-
bustness, biocompatibility, versatility, and specific target recogni-
tion in complex matrices.[??8] Previous literature reports demon-
strated that several molecules including different biomarkers
(lipids, proteins, and serum amyloid A), glucose, and interleukin-
6 can be molecularly imprinted within conventional (i.e., non-
electroactive) polymers via electrochemical detection.[?73!] Elec-
trochemical measurements have gained widespread use in glu-
cose monitoring due to their high sensitivity, excellent selectiv-
ity, and straightforward operation. For instance, polypyrrole (PPy)
among other conductive polymers, has been widely utilized in the
fabrication of electroactive MIPs (eMIPs) based sensors since it
offers a high electrical conductivity (%10° S cm™!), environmental
stability, long term stability (>1 year), and straightforward poly-
merization procedure.??-34l PPy-based eMIPs sensors have been
used for the electrochemical detection of different small and large
molecules or drugs such as ethanethiol, L-tryptophan, SARS-
CoV-2 spike glycoprotein, and Klebsiella. pneumonia, showed ex-
cellent selectivity, sensitivity, and a low limit of detection (LOD)
in real samples.3>-7] However, most studies on PPy-based eMIPs
sensors employed a synthesis method that involved direction de-
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position of the MIP layer on the surface. This often results in a
low utilization of imprinted cavities, non-uniformity of the layer,
and slow adsorption rates, thus leading to poor reproducibility
and limiting commercial scalability.[*”]

Conventional electrodes such as glassy carbon, platinum, and
gold, and have been widely used for the development of eMIPs
based glucose electrochemical sensor. However, current electro-
chemical methods often require a multi-step process involving
the pretreatment with nanomaterials such as gold nanoparti-
cles (AuNPs), graphene oxide, electro-polymerization of various
monomers including aminophenylboronic acid (APBA), and pyr-
role (Py) to achieve electrochemical sensing. Uygun et al. devel-
oped eMIPs-based glucose sensors by modifying bespoke plat-
inum screen-printed electrodes (PtE) with electrochemical poly-
merization of APBA and Py.3® The sensor was used to de-
tect glucose employing chronoamperometry exhibiting a LOD of
0.3 mM. Yang et al. also developed eMIPs based glucose sensor
by electropolymerizing eMIPs micelles and achieved an upper
detection limit of 10 mm. However, the eMIPs micelles were pre-
pared using photo-crosslinkable amphiphilic copolymer which
involved a complicated multistep manufacturing method.!*!
AuNPs coated MIPs were synthesized using free radical poly-
merization and electrodeposited on the gold (Au) electrodes in
the presence of glucose as a template with a LOD of 3 pM.[*
The development of the AuNPs-MIP-based glucose sensor in-
volved a time consuming, tedious, and costly fabrication process
that required cross-linking for electrodeposition, thus lacking
scalability.

This work introduces an innovative enzyme free PPy-eMIPs
nanoparticles based SPEs sensor for rapid electrochemical detec-
tion of glucose in both serum samples of diabetic patients and
artificial interstitial fluid (AISF). The novel, straightforward, one-
pot synthesis of eMIPs and deposition onto inexpensive SPEs
(<$0.1) eliminate the need for complex electrode modifications,
offering significant cost reductions and scalability potential.[4142]
We demonstrate the selective binding of glucose with eMIPs sen-
sor with a LOD of ~26 nm which is significantly lower com-
pared to other glucose sensors (LOD of =0.3 M).[**] Addition-
ally, the unique electroconductivity of PPy-based eMIPs enables
high sensitivity, fast response time (<30 s), high selectivity (no
significant change in current with other sugars, ascorbic acid,
and dopamine), and specificity (no response with control parti-
cles, i.e., non-imprinted polymers, eNIPs). The eMIPs sensors
exhibit exceptional robustness as they could operate at extremes
of temperature (20-120 °C), pH (5.0, 7.0, and 9.0) and possess
long-term stability (>360 days) at room temperature (RT). When
used in a two-electrode setup, a LOD of 132 nwm is achieved for
glucose detection highlighting the potential for use in wearable
applications. The eMIPs sensor is capable of determining glucose
levels in spiked human serum (HS) samples and serum sam-
ples of different diabetic patients. Furthermore, we observed a
strong correlation (correlation coefficient >0.9) between the re-
sults obtained from diabetic serum samples using our eMIPs
sensor and those from the gold standard Roche blood analyzer.
In addition, the ability of the developed eMIPs sensor to measure
glucose levels in AISF samples (LOD =44 nm) with a high cor-
relation (correlation coefficient = 0.99) to serum results, make it
compatible with non-invasive monitoring through wearable tech-
nology. Overall, our approach offers versatility beyond traditional
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Figure 1. a) Schematic representation of the synthesis of glucose imprinted electroactive MIPs (eMIPs). b) FTIR spectrum of PPy-eMIP. c) eMIPs and
non-imprinted polymer (eNIPs) particle size distribution (number versus size in nm) measured by dynamic light scattering (DLS). Transmission electron
microscopy (TEM) images of d) eMIPs and e) eNIPs. f) TEM images of eMIPs (i and ii) and eNIPs (iii and iv) at high magnification (scale bar 20 and
50 nm). g) schematic representation of the preparation of eMIPs-functionalized SPEs (eMIPs-SPEs). Scanning electron microscopy (SEM) images of h)

bare SPE and i) eMIPs-SPEs.

electrode substrates and its adaptability allows for comfortable,
discreet, and user-friendly glucose monitoring solutions, cater-
ing to diverse needs of individuals managing diabetes. The high
selectivity and versatility of the eMIP sensor, along with its ability
to function in clinical samples, highlight its potential for detect-
ing other biomarkers such as creatinine, urea, and dopamine.
This will contribute to the advancement of wearable sensors for
patients with multi-morbidities like chronic kidney and, coronary
artery disease that require simultaneous monitoring.

2. Results and Discussion

2.1. Synthesis and Characterization of eMIPs

eMIPs have been produced through free-radical polymerization
using Py as an electroactive monomer, glucose as a template,
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and Pluronic P84 as a surface-active agent (Figure 1a). Similarly,
eNIPs were synthesized employing the same synthesis method
used for eMIPs synthesis without the addition of glucose (Particle
Size and Morphology Characterization of eMIPs and eNIPs). The
resulting eMIPs were characterized for their size, morphology,
and imprinting using different techniques such as DLS, TEM,
and FTIR spectroscopy. To confirm the synthesis of PPy, sam-
ples were characterized by FTIR (Figure 1b) and the results were
in agreement with literature findings.l**! The bands observed at
1546 and 1474 cm™! were attributed to the fundamental vibra-
tions of the PPy ring, while those at 1290 and 1034 cm™ corre-
sponded to the =C—H in-plane vibrations, and the band at 1167
cm~! was associated with the C—N stretching vibrations. DLS
results showed a hydrodynamic diameter (D,) of 91 + 0.9 and
122 + 0.1 nm for eMIPs and eNIPs respectively (Figure 1c). The
polydispersity index (PDI) values for eMIPs and eNIPs of ~0.3

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. Cyclic voltammograms (CV) of a) bare SPE and eMIPs functionalized SPE and b) eMIPs in the presence of glucose at different concentrations
in range of 1 um—10 mm. c) Calibration curve of glucose concentration (1 um—10 mm) on x-axis versus average change in current (Al) on y-axis (n = 3).
Results are expressed as mean + standard deviation (SD) with error bars representing SD (n = 3). CV measurements were performed in 0.1 m PBS (pH
7.0) containing 0.1 m KCl and 3.0 mm [Fe(CN)¢]*/4~ (buffer 4) at the scan rate of 50 mV s™.

demonstrated that the nanoparticles had low polydispersity and
were homogenous. Homogeneous particles are particularly im-
portant as they can be distributed evenly over the electrode area to
enhance the sensor’s performance.l’] TEM results revealed that
eMIPs (Figure 1d) and eNIPs (Figure 1e) were spherical in shape
due to the use of Pluronic P84 in the synthesis process. Pluronic
P84, known for its surfactant properties, exhibits a tendency to
self-assemble into spherical micelles when introduced into aque-
ous solutions. Consequently, it is postulated that the alignment
of Py monomers with the spherical structure of Pluronic P84
micelles facilitates the formation of spherical PPy particles.[*¢!
The size distribution histogram constructed from TEM results
showed an average particle size of 63 + 11 nm (Figure Sla, Sup-
porting Information) and 69 + 16 nm (Figure S1b, Supporting
Information) for eMIPs and eNIPs, respectively (Supporting In-
formation). Additionally, TEM images of eMIPs and eNIPs were
captured at higher magnification. TEM images for eMIPs are
shown in Figure 1f-i,ii and for eNIPs in Figure 1f-iii,iv. Compar-
ing the TEM images of eMIPs and eNIPs, lighter areas of lesser
electron density can be observed, which are abundant through-
out the nanoparticle structure of the eMIPs and might indicate
the presence of imprinted cavities. Moreover, the particle sizes
measured by TEM were consistently smaller than those obtained
from the DLS measurements for both eMIPs and eNIPs. This
disparity could be attributed to the differing physical states of the
nanoparticles during the measurements. In TEM, eMIPs/eNIPs
were in a dry state whereas these were in solution during DLS
measurements, causing them to swell and thus increase in size.
Moreover, DLS measures the D, which includes the hydration
sphere (where water molecules surround the surface of nanopar-
ticles) of eMIPs/eNIPs, thus larger particle size is observed com-
pared to TEM.[*’] eMIPs-functionalized SPEs (eMIPs-SPEs) were
developed by drop-casting eMIPs onto the SPEs and eMIPs-SPEs
were dried at RT (25 °C) for 10 min before use (Figure 1g). Scan-
ning electron microscopy (SEM) was used to investigate eMIP
loading on the SPEs. Comparing the SEM images of the bare
SPEs (Figure 1h) and eMIPs-SPEs (Figure 1i) clearly showed that
eMIPs covered the full surface of SPEs, thus confirming the suc-
cessful deposition of the eMIPs nanoparticles. Additionally, SEM
image of different eMIPs-SPEs prepared using another batch
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of eMIPs is presented in Figure Slc (Supporting Information).
These results also showed similar loadings of eMIPs onto the dif-
ferent SPE which further demonstrated the fabrication stability
of our eMIPs-SPEs via drop-casting method.

2.2. Electrochemical Measurements

CV measurements were first conducted to determine the best
optimal response of the developed eMIPs-SPEs sensor. There-
fore, four different buffer compositions (Electrochemical Mea-
surement) were tested using eMIPs-SPEs. The developed sensor
showed a stable response in 0.1 M PBS containing 0.1 M KCl
and 3.0 mwm [Fe(CN)(]*/*~ pH 7.0 (buffer 4), therefore, this buffer
was chosen as the supporting electrolyte to perform all CV mea-
surements. The bare SPE in buffer 4 showed an oxidation peak
between +0.4 and +0.5 V for [Fe(CN),]*/*~ whereas PPy based
eMIPs-SPEs (prepared according to Section 2.1) showed an oxida-
tion peak between +0.7 and +0.8 V (Figure 2a), in agreement with
previous literature reports.*8] There was no overlap between oxi-
dation peaks of [Fe(CN),]*/*~ and eMIPs, which indicated that the
presence of Fe(CN)*/* did not interfere or negatively impact the
electrochemical sensor response. Moreover, the oxidation peak of
eMIPs was also observed to be between +0.7 and +0.8 V in differ-
ent buffered solutions (buffer 1-3); however, the oxidation peak
was not stable since the peak current decreased with every scan
in those buffers (Figure S2a—c, Supporting Information).

2.3. Electrochemical Detection of Glucose with eMIPs Sensor

eMIPs-SPEs were incubated for 5 min with 5 pL of PBS solu-
tions containing increasing concentrations of glucose from 1 pm
to 10 mm and CV measurements were recorded in buffer 4. It
was observed that the oxidation peak current (I,) decreased lin-
early with increasing the logarithmic concentration of glucose (n
= 3) from 1 pm to 10 mm (Figure 2b). Similar results were ob-
served from the CV measurements on different batches of eMIPs
(Figure S2d, Supporting Information). This could be attributed to
the specific recognition of glucose by the complementary bind-
ing sites present in the eMIPs. As eMIPs are porous materials,

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Table 1. Comparison between eMIPs-sensor developed in this work and other glucose sensors reported in the literature.

Sensor Detection method Linear range (mm) LOD (mwm) Refs.
PtE/APBA/PPy MIP Chrono impedimetric 1-45 0.3 [38]
MIP-micelles/Au electrode differential pulse stripping voltammetry (DPSV) 0.2-8 10 [39]
Au NPs modified MIP film @Y% 1076-10"* and 1074-1.07* 3x 1078 [40]
Ferrocene modified eMIPs DPV 0.8-50 0.43 [52]
AuNP-MIPs SWV and EIS 1.25x 1076 - 0.2 1.25 % 107° [54]
Fe;O4 nanosphere/Au-GOx/MIPs cv 0.01-5.0 0.005 [53]
MIPs/Au-SPE CV, DPV, EIS 0.0027-0.277 0.0032 [55]
MIP/Au-electrode SWvV 0.005-0.12 0.0011 [56]
PPy/GOx/AuNPs/GRE Amperometry 0.99-19.9 0.20 [57]
PVA/MnO, @GO/CuO MIP v 500-4400 53 58]
Ni-NPs/PPy/GRE Amperometry 0.001-1 0.0004 [59]
PPy/GOx/PPy Amperometry 0.5-24 0.026 [60]
PPy-eMIPs v 0.001-10 26 x 107¢ This work

PPy: polypyrrole, GOx: glucose oxidase, PVA: polyvinyl acetate, GO: graphene oxide, APBA: aminophenylboronic acid, PtE: platinum screen-printed electrode, Ni-NPs: Nickel
nanoparticles, GRE: graphite rod electrode, ITO: indium/tin oxide electrode, Au: goldAu NPs: gold nanoparticles, Au-SPE: gold screen printed electrode.

the binding of glucose to the imprinted cavities reduces the per-
meability of the electrode-nanoparticles interface, leading to a de-
crease in the current signal of the electroactive PPy as the glucose
concentration increases.** Similar results were observed by
Xu et al. who also reported that the differential pulse voltamme-
try current for the prepared gold nanoparticles/MIPs modified
indium/tin oxide (ITO) electrode decreased as the concentration
of glyphosate (analyte) increased.>!! Furthermore, the change in
current (AI) which is the difference between the CV peak cur-
rent value detected in the absence (I, .upy) and in the presence
of glucose (I, (y1,cose)) @t the relevant concentration was calculated
(Equation 1). A calibration curve (AI versus Glucose concentra-
tion) was plotted by taking the average AI values of three experi-
ments (n = 3), expressed as mean + standard deviation (SD). CV
results observed that the Al increased linearly (40 + 3 to 105 + 3
nA) as the glucose concentration increased (1 um to 10 mm) with
a high correlation coefficient (R?) of 0.99 (Figure 2c).

A= IP(eMIPs) - IP(glucose,lyM to 10 mM) (1)

Furthermore, the LOD for the developed sensor was ~26 nm
(LOD = 3S,/m) where S, is the standard deviation of the blank
signal and m is the slope of the calibration curve which suggests
that the obtained biosensor exhibited an excellent specificity ri-
valing the reported or existing sensors (Table 1). A wide range of
methods have been proposed for the electrochemical detection of
glucose. However, the method used for sensor development are
often labor intensive, not commercially viable, and might require
surface modification with nanoparticles to enhance the electro-
chemical response. For instance, multiple monomers were used
to synthesize nanoMIPs for electrochemical sensing of glucose,
which resulted in low-yield and is not economically feasible,
thereby limiting its commercial potential. Moreover, it required
inclusion of ferrocene, a redox probe, which can limit overall
affinity and complicate the manufacturing process.l>?) The eMIPs
sensors developed in this project use a single monomer (Py) for
specific binding of glucose, which reduces the overall produc-
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tion cost and facilitates a scalable and straightforward manufac-
turing process. Other reports require surface modification of ei-
ther MIPs with AuNPs or glucose oxidase enzyme (GOx) for glu-
cose detection (LOD of 5 um), such as using of multifunctional
bio-nanospheres with boric acid-derived MIPs.53>4 Similarly, an
electropolymerized MIP deposited onto Au SPEs was used for the
sensing of glucose in saliva samples of healthy volunteers and a
LOD was found to be 3.2 uM.%! A glucose imprinted MIP poly-
merized on the Au electrode using UV-light radiation showed
a LOD 1.1 uM in a linear range of 5.0-120 uM with SWV.I5¢]
These reports have several drawbacks including tedious poly-
merization process, not commercially feasible due to high mate-
rial or electrode cost (commercial Au electrodes are around £250
or £5 for Au SPEs); and inconsistency in MIP layer homogene-
ity with each polymerization. Besides that, these MIP sensors
have not been tested with clinical samples of diabetic patients
and therefore commercial feasibility and sensor utilization is
unknown.

2.4. Specificity of eMIPs sensor

The specificity of the glucose eMIPs sensors was evaluated using
eNIPs functionalized SPEs (eNIPs-SPEs). For this, the eNIPs-
SPEs were incubated with solutions of PBS with different con-
centrations of glucose (1 pm to 10 mm) and only a minimal de-
crease in current was observed (Figure 3a). The AI was observed
to be negligible (=13 pA) at the glucose concentration of 10 mm
on eNIPs-SPEs compared to eMIPs (~105 pA) at the same glu-
cose concentration (n = 3, Figure 3b). These results can be at-
tributed to the fact that glucose-complementary imprinted sites
were absent in the eNIPs sensor. Therefore, no binding of glu-
cose on eNIPs-SPEs was observed, indicating the high speci-
ficity of the eMIPs based glucose sensor. Similar results were re-
ported by Masoudi et al. who also observed that there was negli-
gible binding with the eNIPs as compared to glucose imprinted
CuO/MnO, /MIPs.58! Furthermore, Sehit et al. utilized AuNP-
MIPs modified gold electrode for the electrochemical detection
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Figure 3. a) CVs of eNIPs at different glucose concentrations (1 pum—10 mm). b) Calibration curve of glucose (1 um—10 mm) with eNIPs at x-axis
versus change in current (Al) at y-axis. Selectivity of glucose imprinted eMIPs sensor with various interferent molecules: c) galactose, d) fructose, and
e) ascorbic acid. f) Comparison of eMIPs with interferents and glucose at various concentrations (1 um—10 mm) at x-axis versus Al at y-axis in buffer 4

at 50 mV s~ 'scan rate (error bar represents SD, n = 3).

of glucose and the prepared sensor showed no significant change
in current with glucose in the presence of eNIPs.>*!

Imprinting factor (IF) was calculated by taking the ratio of the
slopel®! (m) of the calibration curves of eMIPs (y = 7.273In(x) +
86.082) and eNIPs (y = 0.266In(x) + 11.81) as described in Equa-
tion 2:

IF = Mepip / Menip (2)

IF was found to be ~27 for our eMIPs and showed the speci-
ficity of eMIPs toward glucose, which indirectly confirm the im-
printing of the glucose in the eMIPs. These results are higher or
comparable to those reported for other MIP-based sensors, which
typically have IF values ranging from 2 to 23.161-63]

2.5. Selectivity of eMIPs Sensor

Human blood has a complicated matrix that contains ample com-
pounds such as ascorbic acid, sugars, and a mixture of proteins,
which can foul the electrode surface and interfere with the sens-
ing mechanism.[®%] Galactose and fructose are monosaccha-
rides which are present in blood along with glucose and thus
impact sensing.[®®] Ascorbic acid interference is particularly
relevant because it co-exists with glucose in blood and can af
fect the accuracy of glucose measurements.[”] Therefore, the
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selectivity of the eMIPs sensors was assessed against possible
interferents including galactose, fructose, sucrose, and ascorbic
acid using the same concentration range of glucose used in this
study (1 pM—10 mm). CV measurements were recorded and the
change in peak current was calculated for each sample. CV re-
sults showed almost no decrease in current with the incubation of
galactose, fructose, and ascorbic acid (1 umM—10 mwm) to the eMIP-
SPEs (Figure 3c—e). At the highest (10 mm) concentration, Al was
measured as only ~16, ~14, and ~18 pA for galactose, fructose,
and ascorbic acid, respectively. These values for AT were signifi-
cantly lower compared to the A response for glucose (2105 pA).
This can be attributed to the incompatibility of the binding sites
in the prepared eMIPs sensor with the above interferents. On
the other hand, sucrose showed significant binding to the eMIPs
at all the investigated concentrations. This is because sucrose is
composed of 50% glucose and 50% fructose and the presence of
glycosyl units in its structure is similar to glucose (Figure S2e,
Supporting Information). It is worth mentioning that sucrose
binding to the eMIPs sensor will not hinder glucose detection in
blood samples since it is not found in human blood. High affinity
for sucrose has previously been reported for glucose MIP sensor,
in agreement with our observations.[**>>] The comparative graph
(AIversus concentration) of interferents (galactose, fructose, and
ascorbic acid) and glucose with eMIPs (Figure 3f) showed that
no significant change was observed with other interferents as
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Figure 4. a) Robustness of eMIPs sensor when exposed to temperatures of 20-120 °C for 30 min. b) Long-term stability study of eMIPs sensor on
different days (1-360 days). The eMIPs sensor was tested in a 1 um glucose concentration in PBS. c) Effect of different pH (5.0, 7.0, and 9.0) on the
stability of eMIPs sensor when incubated with glucose at two different concentrations (1 um and 10 mm). d) Reproducibility study of eMIPs-SPEs sensor
(n = 6) in the presence of T um glucose. Experiments were performed in triplicates (n = 3). Error bars represent SD.

compared to glucose. These observations highlight the high se-
lectivity of eMIPs sensors toward glucose.

2.6. Robustness, Stability and Reproducibility

The robustness of the eMIPs sensor was evaluated by measur-
ing its AI response with glucose concentration (1 pM) over var-
ious temperatures ranging from 20 to 120 °C. Moreover, the
stability of eMIPs was determined over a one-year time (1 to
360 days). The eMIPs sensor retained 98% of its original sen-
sor response after incubation at 120 °C (Figure 4a) and 85%
after 360 days (Figure 4b), respectively. Our results were well
corroborated with literature reports. For instance, Sehit et al.
assessed the stability of gold nanoparticles-based eMIP sensor
over a 40-day period, revealing a slight signal decrease. Diouf
et al. also observed the stability of eMIP based glucose sensor
for a period of 3 months, with the sensor preserving 85% of its
initial response.>*%°] In contrast, our developed sensor demon-
strated a very high stability over one year, retaining 85% of the
initial response. These results show that our eMIPs sensor is
highly robust and stable, even under extreme conditions whereas
enzyme-based glucose sensors are only stable at low tempera-

Small 2024, 2403320

2403320 (7 of 12)

tures (4 °C). The pH value has a significant role in the electro-
chemical reaction between the analyte and electrode.[®®] There-
fore, buffered solutions consisting of 0.1 M PBS, [Fe(CN)(]>~/*=
and 0.1 m KCl with different pH values (i.e., pH 5.0, 7.0, and
9.0) were used to observe the effect of pH on binding of glucose
to the eMIPs. It was observed that eMIPs incubation with glu-
cose (at 1 um and 10 mwm respectively) showed slightly higher
AT responses at the physiological pH 7.0 compared to pH 5.0
and 9.0, indicating that glucose had higher interactions with
imprinted cavities at pH 7.0 (Figure 4c). However, pH did not
affect the sensing performance significantly and the changes
in AI response was statistically negligible which further con-
firmed the stability and robustness of our eMIPs sensor.[*?] The
developed eMIPs sensor provide a more reliable and practical
glucose sensing compared to common enzyme-based sensors
that suffer from instability issues as the activity of enzymes
(like GOx) can be easily influenced by temperature and buffer
pH.% Furthermore, to evaluate the reproducibility of eMIPs-
SPE sensors, the electrochemical behavior of six different eMIPs-
SPEs (n = 6), prepared in two batches (3 SPEs per batch of
eMIPs) under identical conditions and the same amount of
eMIPs nanoparticles, was studied using CV. The AI response
of different SPEs incubated with 1 pm of glucose (Figure 4d)
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Figure 5. a) CVs of eMIPs with glucose (1 um—10 mm) spiked human serum (HS, 100X diluted) in a three-electrode setup. b) Calibration curves of
glucose concentration in HS (1 um—10 mm) versus Al in three-electrode and two-electrode setups (n = 3). ¢) Comparison of average glucose levels in
five different (male and female) diabetic patients’ (Pt) serum samples determined using Roche blood analyzer (hospital method) and eMIPs sensor in

three-electrode and two-electrode setups. Error bars represent SD.

showed similar values across all SPEs, with a relative standard
deviation (RSD) of 1.96%, indicating the high reproducibility
of the eMIPs-SPE sensors. Similar observations were reported
previously on PPy-based eMIPs for the electrochemical detec-
tion of Klebsiella pneumonia (RSD of 1.8%)37] and on metal-
organic framework based PPy-eMIPs for the determination of
dopamine in human serum samples (RSD of 2.25%)."! The
prepared sensor exhibited consistent performance, showcasing
its ability to maintain a reliable and reproducible response over
time. This robust and long-term stable behavior underscores the
durability and long-term effectiveness of the eMIPs sensor, en-
hancing its potential for practical applications in various sensing
scenarios.

2.7. Electrochemical Detection of Glucose with a Two-Electrode
Setup

As a proof of concept, CV measurements were also carried out
with a two-electrode setup using eMIPs-SPE as WE and Pt wire
as CE. CV results revealed that the incubation of glucose (1 um—
10 mm) with eMIPs sensor had a concentration dependent de-
crease in current (Figure S3a, Supporting Information). The cali-
bration curve of Al versus glucose concentrations (1 um—10 mm)
showed a linear relationship as depicted in Figure S3b (Support-
ing Information). There was no significant difference in the CV
results obtained from the two-electrode and three-electrodes se-
tups (Section 3.3) and there was a high correlation (0.98) between
the data. Compared to the conventional three-electrode systems
commonly used for biosensing, the two-electrode setup could
Dbe easier and cheaper to make and is more commercially viable
since it does not rely on the use of a reference electrode which
can be expensive. Additionally, the two-electrode systems elimi-
nate the need for complicated measurement setups as they may
be easily used in conjunction with traditional electronics and
therefore have relevance toward developing miniaturized wear-
able sensors. The high correlation of the sensing response be-
tween the two-electrode and three-electrode systems opens doors
to developing wearable sensors that are tiny, easy to fabricate,
scalable, and cost-effective.
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2.8. Electrochemical Detection of Glucose in Real Samples
2.8.1. Detection of Glucose in Spiked Human Serum Samples

The nonspecific adsorption of numerous biomolecules present
in complex sample matrix (serum, blood/plasma, and saliva)
can lead to fouling at the electrode interface. This can signifi-
cantly impede electrochemical performance, a reduction in both
the sensitivity and specificity of the biosensor’s electrochemi-
cal signal.l’?! However, our developed sensor was able to de-
tect glucose concentrations (1 umM-10 mwm) with high sensitiv-
ity (%2.91 A and 0.608 pA uM~! mm=2) in spiked human
serum (HS) samples using both three-electrode (Figure 5a) and
two-electrode systems (Figure S3c, Supporting Information) re-
spectively. The calibration curve for the three-electrode and two-
electrode sensors showed linear relationships between AI and
logarithmic glucose concentration (mm) with a high correlation
coefficient (R?) of 0.99 (Figure 5b). However, the difference in the
AT of two and three electrode system can be attributed to the fact
that in a two-electrode system, the counter electrode is actually
utilized as the reference electrode. Unlike the dedicated reference
electrode, the potential of the counter electrode fluctuates during
measurement, leading to varying results. Many literature stud-
ies have reported the glucose sensing in diluted HS using non-
enzymatic electrochemical sensors but those typically require al-
kaline media.l”>’*] Our study achieved the glucose detection in
the physiological pH range without the need for an expensive and
time-consuming preparation process.

2.8.2. Detection of Glucose in Diabetic Patients’ Serum Samples

A random venous blood (serum) glucose level >11 mwm or a
fasting blood glucose level >7 mwm on two or more separate
occasions, is indicative of a probable diagnosis of diabetes in
an individual.”>7¢! Therefore, the real time applicability, relia-
bility, and accuracy of the proposed eMIPs sensors were inves-
tigated to determine glucose in serum samples of diabetic pa-
tients. The samples from five different patients (Pt.) including
males and females with old DM histories were tested to measure
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Figure 6. a) CVs of eMIPs with glucose (1 um—10 mm) spiked artificial interstitial fluid (AISF). b) Calibration curves of Al versus glucose concentration
(1 um=10 mm) in AISF (pH 7.4) in three-electrode electrode setup (n = 3). Error bars represent SD.

glucose levels. The glucose concentration (mm) obtained with
eMIPs sensor (in both three-electrode and two-electrode setups)
showed no significant difference (confidence coefficient 95%)
compared to the Roche blood analyzer results (data from New-
castle upon Tyne Hospital Trust). The concentration of glucose
in the diabetic serum samples was determined using a calibra-
tion curve of glucose spiked HS (for both three-electrode and two-
electrode systems) and the results (in triplicates) were presented
in Figure 5c. The correlation coefficients for the three-electrode
and two-electrode systems with the Roche blood analyzer (hos-
pital method) was found to be 0.93 and 0.96, respectively. Cor-
relation coefficients with magnitudes between 0.9 and 1.0 indi-
cate very high levels of correlation between variables. Thus, these
findings demonstrated a significant correlation between the pre-
pared sensors and the established hospital method/Roche blood
analyzer, affirming the reliability of the developed eMIPs-based
electrochemical sensor. Notably, the correlation between the re-
sults obtained from the two-electrode and three-electrode setups
further underscores the robustness of the developed material and
sensor platform. These results collectively support the practical
application of the prepared sensors in real-time glucose detec-
tion.

2.8.3. Application of eMIPs Sessor in Artificial Interstitial Fluids

Wearable monitoring for glucose can be carried out in ISF (the
liquid just below the skin) because ISF is very similar in compo-
sition to plasma/serum and can be extracted using non-invasive
methods such as reverse iontophoresis and hydrogel micronee-
dle patches.”778] Since glucose freely diffuses from capillaries
into the interstitial space, the glucose level in the ISF is a reliable
indicator of the blood glucose level.”?) Understanding the behav-
ior of glucose in an environment similar to ISF could provide a
reliable and practical understanding of the real-life performance
of the sensor for diabetes management practices.®*8!] We vali-
dated the performance of the eMIPs sensor in glucose (1um to
10 mwm) spiked artificial ISF (AISF, pH 7.4). Monitoring the cur-
rent response revealed a concentration dependent decrease in the
peak current (Figure 6a). Furthermore, the calibration curve of
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AT versus glucose spiked AISF (1um to 10 mm) concentrations
(in logarithmic scale) showed a linear relationship (Figure 6b)
with a R? 0of 0.99 (n = 3) and a LOD of 44 nm. Notably, a sim-
ilar trend for AI response was observed with AISF samples as
with AT response for the three-electrode system and spiked HS
samples. The ability of eMIPs sensor to determine the glucose
levels in AISF samples (1 um to 10 mm) and a strong correla-
tion with results from spiked serum samples (20.99) suggest the
suitability of our eMIPs sensor for the development of wearable
sensors.

3. Conclusion

This is the first report which demonstrate a novel method for
the fabrication of PPy based eMIPs sensor for the monitoring of
glucose in real samples of diabetic patients. The production of
eMIPs involves a straightforward, cost-effective, and facile bulk
synthesis process that eliminates the need for lengthy and expen-
sive fabrication steps and materials such as enzymes, AuNPs, and
carbon dots. The developed sensor is inexpensive (SPEs<$0.1)
and has high robustness (withstanding 120 °C), long-term stabil-
ity (12 months), fast response time (<30 s), excellent selectivity,
and specificity. CV measurements revealed highly specific bind-
ing of glucose with eMIPs based sensor in a wide working range
(1 pM—10 mm) with a LOD of 26 nm (or ~#136 nM) and sensi-
tivity of #2.91 pA pM~! mm~2 (or ~0.608 pA uM~! mm~2) when
used in a three-electrode (or two-electrode) setup. The clinical po-
tential of the eMIPs sensor as a reliable tool for monitoring glu-
cose levels in diabetic patients was demonstrated by showing a
strong correlation (>0.9) of the sensing signal with the data from
the common Roche blood analyser. Our eMIPs sensor demon-
strated a wide detection range of 1 pum to 10 mm in AISF with a
LOD of #44 nm and strong correlation with serum glucose, high-
lighting its potential application for non-invasive measurements
with wearable technology. Additionally, the use of a two-electrode
setup eliminates the need for a reference electrode, enhances
the versatility of the sensor, and makes it possible to achieve
sensors that are easier and more cost-effective to manufacture.
Given the versatility of eMIPs, this technology can extend to de-
tecting other biological molecules like uric acid, dopamine, and
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creatinine. Utilizing dual/triple SPEs enables the simultaneous
detection of two or three biological molecules, critical for diabetes
patients who have associated co-morbidities that need to be mon-
itored at the same time.

4. Experimental Section

Materials:  Pyrrole (Py), iron (Ill) chloride hexahydrate, D-glucose,
fructose, galactose, sucrose, potassium ferricyanide (111), potassium hexa-
cyanoferrate (II) trihydrate, and human serum (HS) were purchased from
Sigma-Aldrich (UK). Pluronic P84 (MW = 4200 g mol~") was provided as
a gift sample by BASF (Germany). Potassium chloride, Oxoid phosphate
buffered saline (PBS) tablets and methanol were purchased from Fisher
Scientific (UK). The serum samples from five different diabetic patients
were obtained from the NovoPath Biobank (ethical approval number is
22/NE/0054, project ID is 314763) Newcastle upon Tyne Hospital Trust
(UK). All chemicals and solvents used were high-performance liquid chro-
matography (HPLC) or analytical grade and were used without any further
purification. PBS solutions were prepared with deionized (DI) water with a
resistivity of >18.2 MQ cm. All other chemicals used for the AISF prepara-
tion were of analytical grade and were procured from Sigma-Aldrich (UK).

The graphite SPEs with a diameter of ~3.1 mm were made in-house
using a screen-printing machine (DEK microDEK 1760RS, UK) and a suit-
able stencil design. First, a carbon-graphite ink (Gwent Electronic Materi-
als Ltd, UK) was printed on a 250 pum thick polyester substrate (Autostat).
The ink was then cured at 60 °C for 30 min in an oven. Afterward, a di-
electric paste (Gwent Electronic Materials Ltd, UK) was applied to cover
the connections, and then cured again at 60 °C for 30 min. The resulting
electrodes has a high reproducibility by showing a relative standard devia-
tion (RSD) of less than 4.2% when tested with [Ru(NH;)]>*/3*/0.1 m KCl
and had an average connection length of 32 mm with a working electrode
resistance of 2.16 + 0.06 kQ. The rectangular shape of the electrodes was
defined by the dielectric material, making them easy to handle.[4?]

Methods—Synthesis of eMIPs and eNIPs:  D-glucose imprinted eMIPs
nanoparticles were synthesized through the chemical polymerization of
Py using Iron (l11) chloride hexahydrate (FeCl;-6H,0), where Py and glu-
cose served as the electroactive monomer and template, respectively.[*?]
First, Pluronic P84 (2.3 g) and glucose (0.1 m) were dissolved in DI water
(230 mL) and the mixture was stirred for 3 h at 40 °C. Py (0.1 m) was then
added to the mixture and stirred for 1h at 20 °C. Subsequently, FeCl;-6H,0O
(0.3 M) was added and the mixture was kept stirring for additional 6 h at
20 °C. The obtained eMIPs nanoparticles were then washed three times
with a 50:50 mixture of methanol and water to remove any Pluronic P84
residue. In the next step, glucose (template) and unreacted monomer were
removed from the eMIPs solution through refluxing with a 50:50 mixture of
methanol and water (3X). Finally, glucose imprinted eMIPs were collected
by filtering the solution through a sintered funnel and drying overnight at
60 °C under vacuum. eNIPs were produced using the same process with-
out the addition of glucose and served as a reference material.

Particle Size and Morphology Characterization of eMIPs and eNIPs:  The
obtained eMIPs powder was subjected to Fourier transform infrared
(FTIR) analysis using an attenuated total reflection (ATR)-FTIR spectrom-
eter (Perkin Elmer UATR Spectrum Two, UK). FTIR spectra were recorded
to identify the formation of the PPy polymeric material, and the functional
groups present in the polymer network. Dynamic light scattering (DLS)
experiments were conducted to measure the hydrodynamic diameter (D))
of eMIPs and eNIPs using a Malvern Zetasizer Nano ZS with a 173° scat-
tering angle and a 632.8 nm laser wavelength. Each sample was tested at
different time points to check the stability of the measurements at 25 °C
and all the experiments were performed in triplicate. For the morphology
and particle size determination, transmission electron microscopy (TEM)
measurements were performed using Hitachi HT7800 120 kV TEM ma-
chine (Japan). Briefly, a 2 mg mL™" solution of eMIPs and eNIPs in PBS
(pH 7.0) was sonicated using RS pro ultrasonicator (at a frequency of
40 kHz with an ultrasonic power rating of 70 W) for 1 min and subse-
quently applied to a copper grid using drop-casting. To prepare the eMIPs
functionalized SPEs, eMIPs solution (2 mg mL™" in PBS) was drop-cast
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onto the SPEs, and eMIPs-SPEs were kept for drying at RT (25 °C) for
10 min. The morphology of the bare and eMIPs-SPEs was studied using
SEM (Carl Zeiss Sigma VP FEG-SEM, Germany).

Electrochemical Measurements: Cyclic voltammetry (CV) measure-
ments were carried out with a PalmSens4 potentiostat (PalmSens,
the Netherlands) using custom-made SPEs as working electrode (WE),
Ag/AgCl as reference electrode (RE), and a platinum wire (Pt) as a counter
electrode (CE) at the potential range of —1.2to +1.2 V (vs Ag/AgCl) and a
fixed scan rate of 50 mV s~1. 20 uL of eMIPs solution (2 mg mL~" in PBS,
pH 7.0) was drop cast onto SPEs and dried for 10 min at RT (25 °C), with
the resulting SPEs referred to as eMIPs-SPEs. Four different buffered so-
lutions were employed: buffer 1 (0.1 m PBS, pH 7.0), buffer 2 (0.1 m PBS,
0.1 m KCl, pH 7.0), buffer 3 (10 mm PBS, 0.1 M Na,SO,, pH 7.0), and
buffer 4 (0.1 m PBS containing 0.1 m KCl and 3.0 mm [Fe(CN)¢]3/4~ pH
7.0) to determine the optimal response of eMIPs-SPEs through CV mea-
surements. eMIPs-SPEs were washed with DI water and incubated with 1
uM to 10 mm concentration of glucose (in PBS, pH 7.0) for 5 min prior
to the CV measurements. The calibration curve was obtained by plotting
different concentrations of glucose (1 um to 10 mm) on the x-axis versus
changes in current (Al) on the y-axis. Selectivity studies have also been
performed using different interferents such as galactose (Gal), fructose
(Fru), sucrose (Suc), and ascorbic acid (AA) at different concentrations (1
um-10 mm, PBS, pH 7.0). eNIPs functionalized SPEs were used to eval-
uate the specificity of eMIPs-SPEs sensors. CV measurements were also
performed in a two-electrode set up constructed by using the same WE
and CE used in the three-electrode system to further explore the potential
of the prepared sensor for real-time monitoring of glucose in a wearable
device.

Robustness, Stability, and Reproducibility Studies: eMIPs-SPEs were
kept at different temperatures (20120 °C) in a temperature-controlled
oven for 30 min after which CV measurements were performed. For sta-
bility studies, the same batch of eMIPs was used to produce eMIPs-SPEs
and tested at different time intervals over a period of one year (1st, 15th,
30th, 60th, 120th, 240th, 360th day). The capability of the eMIPs sensor to
withstand various pH values (i.e., pH 5.0, 7.0, and 9.0) was investigated
at minimum and maximum glucose concentrations (1 um and 10 mm).
All the experiments were performed in triplicates (n = 3). Additionally, to
determine the reproducibility of the developed sensor, six different eMIPs-
SPEs were prepared from two different batches of eMIPs (3 SPEs per batch
of eMIPs) prepared under the same conditions by drop-casting an equal
amount of eMIPs nanoparticles onto the SPEs. CV measurements were
then performed with the eMIPs-SPEs incubated with 1 um concentration
of glucose and the relative standard deviation (RSD) in percentage was
calculated.

Application of eMIPs sensors in Glucose Spiked Human Serum Samples
and Serum Samples of Diabetic Patients: Glucose spiked human serum
(HS) samples were prepared by mixing different concentrations of glu-
cose (1 uM-10 mm) with 100X diluted HS. CV measurements were per-
formed to construct a calibration curve using eMIPs sensors. Furthermore,
real serum samples from five different diabetic patients (100X diluted)
were obtained from the NovoPath Biobank (ethical approval number is
22/NE/0054, project ID is 314763) and analyzed using eMIPs sensor. The
concentration of glucose in the diabetic serum samples was determined
using the calibration curve constructed by plotting glucose concentrations
(1 uM to 10 mm) on the x-axis versus Al for glucose spiked HS on the y-
axis.

Application of eMIPs Sensors in Glucose Spiked AISF Solutions:
To prepare the AISF, 2.5 mm CaCl,, 10 mm HEPES (2-[4-(2-
hydroxyethyl) piperazin-1-yllethanesulfonic acid), 3.5 mm KCl, 0.7 mm
MgSQOy, 123 mm NaCl, 1.5 mm NaH,PO,, 7.4 mm saccharose (sucrose)
were mixed, and the pH of the solution was adjusted to pH 7.4.18] All
solutions were prepared with DI water with a resistivity of >18.2 MQ cm.
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