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Advances in biomedical science have enabled the development 
of in vitro models that mimic human tissues. Non-invasive real-
time monitoring of these models would provide valuable 
insights without disrupting the cellular environment. This study 
explores the use of molecularly imprinted polymers (MIPs) for 
this purpose, focusing on insulin and lactate as biomarkers of 
cellular metabolism. MIP sensors were created by 
electropolymerizing pyrrole around insulin or lactate templates 
on carbon electrodes. The sensors showed high sensitivity and 
selectivity, with detection ranges of 20.0 70.0 pM for insulin 
(LOD: 2.41 pM) and 0.5 3.0 mM for lactate. These findings 

therapy monitoring.
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in 
vitro 

raziskuje uporabo molekularno vtisnjenih polimerov (MIPs) za 
ta namen, s poudarkom na inzulinu in laktatu kot biomarkerjih 

ma. Senzorji MIP so bili ustvarjeni z 
elektropolimerizacijo pirrola okoli predloge inzulina ali laktata 
na karbonskih elektrodah. Senzorji so pokazali visoko 

pM za inzulin (LOZ: 2,41 pM) in od 0,5 do 3,0 mM za laktat. 
Ti rezultati poudarjajo potencial MIP za uporabo v 
personalizirani diagnostiki in spremljanju terapij.

Znanstvena veda: 
Medicina

senzorji,
molekularno 

vtiskanje,
polipirol,

inzulin,
MIP

senzor
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1 Introduction 
 
Advances in biomedical science over the last decade have led to the development of 
sophisticated in vitro models, such as organ-on-a-chip (OOC) microphysiological 
systems, which accurately simulate the functions of human tissues and organs 
(Kumar et al., 2024). Although these systems are crucial for long-term studies, real-
time monitoring of cell functionality remains a challenge. Existing methods, such as 
manual sampling or techniques with limited continuous process monitoring 
capabilities, are often inefficient. In this context, molecularly imprinted polymers 
(MIPs) present an innovative solution (Zidaric et al., 2023). 
 
Their ability to selectively recognize specific molecules enables precise analyte 
detection, enhancing our understanding of cellular responses and potentially 
advancing the diagnosis and treatment of various diseases (Li et al., 2024). 
The molecular imprinting process involves three steps: 1) the target molecule 
(template) forms a complex with the functional monomer, 2) the monomer 
polymerizes around the template in the presence of an initiator and crosslinker, 
creating a three-dimensional (3D) matrix, and 3) the template is removed, leaving 
behind specific receptor sites tailored for the re-binding of the target analyte.  
 
MIPs can be fabricated using either covalent or non-covalent approaches, with the 
latter being more commonly employed due to its simplicity and versatility (Sajini & 
Mathew, 2021). 
 

 
Figure 2: Creation and functionality of MIPs 

Source: Own creation 
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The performance of MIPs depends on their molecular recognition capability, which 
is directly linked to their fabrication method. These polymers are designed to 
selectively bind their target molecules (templates) by exploiting structural 
compatibility (size and shape) and chemical affinity (functional groups). This 
selective binding occurs in a "lock-and-key" manner, similar to enzyme-substrate 
interactions. Typically, binding is mediated through non-covalent interactions such 
as hydrogen bonding, hydrophobic forces, or ionic interactions. 
 
The binding of the target molecule to the receptor site in the MIP induces changes 
in the physical or chemical properties at the sensor surface. These changes are 
detected by transducers such as electrochemical, optical, or piezoelectric sensors, 
with electrochemical detection being the most widely used. MIP sensors exhibit high 
specificity, selectivity, and sensitivity, making them a promising platform for 
detecting drugs, pathogens, and other clinically relevant biomarkers. Their 
applications span the advanced diagnostics and therapeutic monitoring of conditions 
such as diabetes, hormonal imbalances, and inflammation, offering improved 
treatment outcomes and reduced healthcare costs (Li et al., 2024; Sajini & Mathew, 
2021). 
 
The aim of this research was to develop MIP sensors capable of monitoring cellular 
metabolites, such as insulin and lactate, in various in vitro tissue models. 
 

2 Materials and methods 
 

2.1 Materials 
 

3 [Fe(CN)6]), potassium 
ferrocyanide (K4 [Fe(CN)6 ]), potassium chloride (KCl), and a standard lactate 
solution (1 g/l) were obtained from Merck (Darmstadt, Germany). Phosphate 
buffered saline (PBS, 0,01 M, pH 7,2) was prepared according to the manufacturer's 
instructions by dissolving a PBS tablet (2005,5 mg) in 200 ml ultrapure water, 

following the manufacturer's instructions. A 5 mM K [Fe(CN) ]/K [Fe(CN) ] redox 
probe was prepared in PBS (0,01 M, pH 7,2). Insulin solution was prepared by 
dissolving insulin in ultrapure water to achieve a final concentration of 0,58 mM. 
Lower-concentration insulin and lactate solutions were prepared by diluting the 
stock solutions in PBS (0,01 M, pH 7,2). All chemicals were of analytical grade and 
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used without further purification. Ultrapure water (resistivity: 18,2 M cm at 25 C) 
was obtained using the ELGA PureLab water purification system (Veolia Water 
Technologies, UK) and was used to prepare all solutions. 

2.2 Instruments and electrodes 
 
Electrochemical measurements were conducted using a PalmSens4 

PalmSens4 was controlled with PSTrace 5.8 software. 
 
A screen-printed carbon electrode (SPCE), model AC1.W4.R2, supplied by BVT 
Technologies (Brno, Czech Republic) was used to prepare the MIP insulin sensor. 
A DropSens SPCE, model DRP11-L, supplied by Metronohm (Llanera, Spain) was 
used to prepare the MIP sensor for lactate.  
 
Each SPCE system consisted of a three-electrode configuration with a carbon 
working electrode (WE), a carbon counter electrode (CE), and a silver/silver 
chloride (Ag/AgCl) reference electrode. All potentials reported in this study are 
referenced to the Ag/AgCl electrode. 
 

2.3 Preparation of the MIP-electrode 
 
The electrochemical preparation of an MIP sensor begins with the selection of an 
electrode for molecular imprinting of the target molecule. Various electrode types 
are available, including platinum, quartz crystal, nanocrystalline diamond, and 
graphite electrodes (Pilvenyte et al., 2023). In this study, screen printed carbon 
electrodes (SPCE) from two different manufacturers were used to prepare MIP 
sensors. Cyclic voltammetry (CV) was employed to monitor the formation of the 
MIP film on the SPCE surface and to evaluate the electrochemical activity of the 
prepared MIP. Square-wave voltammetry (SWV) was used to assess the rebinding of 
the analyte onto the MIP electrodes (Ozcelikay et al., 2019). 
 
Before electrosynthesis of the MIP film, the electrochemical properties of the 
working electrode (WE), such as conductivity, were evaluated using CV and 5 mM 

[Fe(CN) ] /  redox probes in PBS. As described in a previous study the formation 
of MIP films for insulin and lactate on the SPCE surface was performed via CV 
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(Zidaric et al., 2023). Pyrrole was chosen as the monomer due to its suitability for 
deposition on electrodes in aqueous solutions and its favorable properties prior to 
oxidation. These attributes allow the polypyrrole (Ppy) matrix to act as a synthetic 
antibody for the target molecule, which becomes imprinted in the polymer (Zidaric 
et al., 2023). 
 
Electropolymerization was carried out by cycling the potential (E) between 0,000 V 

a step potential (Estep) of 7,0 mV. During polymerization, template molecules (insulin 
or lactate) migrated toward the working electrode and were embedded in the 
forming Ppy film. After polymerization, the trapped template molecules were 
removed from the polymer matrix, leaving cavities complementary in both shape 
and functionality to the target molecule. A polymerization solution containing 
pyrrole (0,80 M) and insulin (0,58 mM) or lactate (1 g/L) in PBS (pH 7,2) at a 
monomer-to-
applied to the SPCE, ensuring that all three electrodes were covered. 

 
 

Figure 2: Schematic depiction of the steps involved in MIP sensor creation 
Source: (Zidaric et al., 2023) 

 
Following polymerization, electroelution was performed to remove the template 
molecules from the conducting polymer matrix. This step involved preoxidation of 
the Ppy matrix by cycling the potential between -0,200 V and 1,000 V for 25 cycles 
in PBS (0,01 M, pH 7,2) at a scan rate of 50 mV/s with an Estep of 7,0 mV. This 
process successfully prepared the electrode, making it suitable for the final step of 
development: rebinding the target molecule (insulin or lactate). At each step, the 
electrode was rinsed with ultrapure water and dried using compressed air. 
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2.4 Binding of the analyte to the prepared MIP-electrode 
 
The electrochemical response of the MIP-electrode upon analyte rebinding was 
evaluated using SWV and CV. Measurements were performed with a 5 mM 

[Fe(CN) ] /  redox probe in 0,01 M PBS (pH 7,2). 
 
For SWV, the potential was scanned in the anodic direction from -0,8 V to 0,6 V, 
with a frequency of 10 Hz, an amplitude of 100 mV, and an Estep of 10 mV. 
Voltammograms were recorded after applying a drop of the analytical solution to 
the MIP-electrode surface. Each measurement lasted approximately 25 seconds. 
 
In addition, CV was employed to measure the electrochemical response of selected 
analytes. For insulin determination, the potential was scanned in the cathodic 
direction from 1,4 V to -0,6 V. For lactate determination, a potential range of -1,2 V 
to 0,7 V was used. In /s with an Estep of 7,0 
mV was applied. Three replicate measurements were performed for each analyte to 
ensure reproducibility and reliability. 
 
2.5  Reproducibility and Operator Bias 
 
The experiments were conducted using several sets of SCPEs from multiple 75-
count batches, noting the lot number, production date, and differences between 
manufacturers (DropSens and BVT Technologies). Reproducibility was evaluated 

within a batch and between batches using CV and redox probe [Fe(CN) ] /  
(sweeping potential between -
an Estep of 7,0 mV). The results demonstrated high consistency and reliability. 
Although handlers were not blinded to the experimental parameters, which 
introduces potential bias, all measurements were meticulously recorded and 
categorized and are available for further verification upon request. 
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3 Results and Discussion 
 

3.1 Electrosynthesis (electropolymerization and electroelution) of MIP 
electrodes 
 
The selection of appropriate support electrodes is a critical factor in the formation 
of MIP films on the working electrode surface. The electroanalytical performance 
of (bio)sensors is closely tied to the properties of the working electrode material, 
including electron transport, potential range, background current, and system 
stability. For this study, the goal was to develop a sensor compatible with 
miniaturized microphysiological systems (e.g., organs-on-a-chip). To meet this 
requirement, SPCEs were selected. These electrodes are increasingly employed in 
modern bioanalysis due to their advantages in microscale analysis -Miranda 
Ferrari et al., 2021). SPCEs are cost-effective, easy to use, and exhibit good 
reproducibility, making them ideal for bioanalytical applications. 
 
In addition to these advantages, SPCEs allow efficient interaction with protein 
molecules without inducing denaturation, a common issue with metal electrodes 
such as gold, silver, and platinum (Contreras-Naranjo & Aguilar, 2019). 
Denaturation would negatively affect the electrode's ability to bind proteins, making 
SPCEs a superior choice for constructing sensors targeting biological molecules. 
 
The quality and performance of SPCEs can vary depending on the batch and 
manufacturer. Variations in the formulation of the carbon paste, in the screen 
printing process or in the electrode production can lead to inconsistent results in 
electropolymerization. Therefore, before electrosynthesising MIPs, we evaluated the 
quality of electrical performance using CV and redox probe. On average, 10 
electrodes per batch showed distorted measurements due to handling errors, 
calibration problems or manufacturing defects. The recognition and binding 
performance of synthetic MIP receptors depend heavily on the efficiency of the 
electropolymerization process. In this study, significant effort was devoted to 
optimizing the polymerization of pyrrole on the working electrode, as the 
electropolymerization conditions (e.g., potential range and number of cycles) directly 
influence the final electroanalytical performance of the MIP film. These parameters 
must be carefully tuned to create an optimal three-dimensional polymer structure. 
Excessive polymerization cycles can lead to overly thick and multilayered polymers, 
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hindering the analyte's ability to penetrate the polymer and reach the electrode 
surface. Additionally, too many cycles may result in layer delamination, 
compromising the polymer's structural integrity (Zidaric et al., 2023). 
 
Template removal from the resulting polymer complex is another critical step in 
MIP electrosynthesis. Incomplete template removal can lead to false positive results 
during electrochemical measurements of the target analyte. Several template removal 
methods are available, including chemical (solvent-based), enzymatic, and 
electrochemical techniques. Each approach has its benefits and limitations. Based 
on prior research (Li & Qian, 2000; Zidaric et al., 2023), electroelution was chosen 
as the most effective method for template removal while maintaining the polymer's 
integrity. 
 
Electroelution involves a broader voltage range and more cycles than 
polymerization, allowing for better polymer chain opening and thorough template 
removal (Zidaric et al., 2023). This process relies on the preoxidation of Ppy in 
aqueous solutions like PBS, which promotes the formation of oxygen-containing 
compounds during water oxidation. Carboxyl groups form on the pyrrole rings, 
leading to chain scission, which facilitates the removal of template molecules. The 
resulting imprinted cavities are functionalized for selective re-binding of target 
molecules through interactions between the analyte's functional groups and the 
carboxyl groups within the cavities (Li & Qian, 2000; Ratautaite et al., 2021; Zidaric 
et al., 2023). 
 
This optimized electrosynthesis protocol, involving precise polymerization 
conditions and effective template removal through electroelution, ensures the 
formation of high-quality MIP films. These films are capable of selectively rebinding 
target molecules, thus enhancing the sensor's analytical performance and suitability 
for applications in microphysiological systems. 
 

3.2 Re-binding of the target molecule to the insulin MIP-electrode 
 
The binding of insulin to the polymer matrix gaps was primarily monitored using 
SWV, a highly sensitive and rapid voltametric method. SWV offers a detection limit 
comparable to spectroscopic and chromatographic techniques 
2017). SWV is more effective than CV in reducing measurement noise, making it 
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ideal for accurate quantification of electric current during potential changes
(Mirceski et al., 2018).

After template removal, the insulin MIP-electrode's performance was evaluated by 
applying a single drop of insulin solution and measuring the electrochemical 
response. Insulin concentrations ranging from 20,0 to 70,0 pM were tested by 

allow binding to the polymer matrix. A redox probe, [Fe(CN) ] / , was then added, 
and the response was measured via SWV. While longer incubation times may reduce 
the detection limit, they also increase the risk of non-specific binding, which can 
compromise sensor selectivity.

Sequential testing of insulin solutions at increasing concentrations revealed a 
decrease in the redox probe signal after the first incubation (Figure 3). This decrease 
is attributed to insulin re-binding to the imprinted recognition sites on the MIP-
electrode surface. The binding of insulin interferes with the diffusion of the redox 
probe to the working electrode surface, causing a signal reduction. This effect was 
observed to intensify with increasing insulin concentration.

Figure 3: SWV voltammogram of insulin solution on the MIP electrode with an associated 
calibration curve (inset) over the concentration range of 0 to 70 pM

Source: Own creation
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One of the challenges in using SPCEs is achieving uniform and controlled surface 
modifications. Variability between batches and manufacturers can lead to differences 
in the formulation of the carbon paste, the screen-printing process, or the electrode 
fabrication, all of which influence the polymerization process and the 
electrochemical properties of the MIP film. These inconsistencies may result in 
variability in SPCE properties, such as surface roughness, porosity, or impurity 
levels, which in turn affect the reliability and reproducibility of experimental data 
(Martindale et al., 2011; Suresh et al., 2021).  
 
For highly sensitive methods like SWV, such variability can produce inconsistent 
results, including non-uniform electrochemical activity and poor signal-to-noise 
ratios. This leads to distorted voltametric signals and reduced measurement 
sensitivity and accuracy. In comparison, CV typically offers a more stable 
background signal, especially when measurements are influenced by high-frequency 
noise or low currents (Martindale et al., 2011). CV also provides better-defined 
voltametric signals and clearer resolution of redox peaks. 
 
To address these issues, CV measurements were performed on MIP electrodes for 
insulin determinations. The parameters were adjusted to achieve an optimal current 
response and well-resolved peaks. It was also observed that the direction of the CV 
measurement (starting from the cathode or anode) influenced the noise level. 
Measurements initiated in the anodic direction were more susceptible to noise due 
to solvent oxidation, which generates background current unrelated to the analyte 
(Yamada et al., 2022). Consequently, measurement parameters were modified to 
begin in the cathodic direction (from positive to negative voltage) over a range of 
1,4 V to -0,6 V, which reduced noise and improved signal clarity. 
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Figure 4: CV analysis of insulin re-binding to the MIP-electrode with an associated 
calibration curve (inset) over the concentration range of 0 to 70 pM

Source: Own creation

As shown in Figure 4, the signal decreased linearly with increasing insulin 
concentrations, reflecting insulin binding to complementary cavities in the MIP film. 
CV measurements were less sensitive to batch-to-batch variations in SPCEs 
compared to SWV. Although SWV offers higher resolution, its sensitivity to 
electrode variability limited its advantage in this case. CV provided more consistent 
results, suggesting that it may be more reliable for insulin determination under these 
experimental conditions (Martindale et al., 2011).

After removal of the template, the performance of MIP-SPCE was evaluated using 
the SWV technique in a single drop of insulin solution (as described above). The 
relationship between the insulin concentration and SWV signal was investigated in 
the range of 20,0 to 70,0 pM. For this
concentrations were incubated for 15 minutes to facilitate insulin adsorption prior 

to application of the [Fe(CN) ] -/ - redox probe and subsequent measurement of 
the electrochemical response by SWV. After the first insulin incubation, a significant 

of the redox probe was observed (Figure 3). This decrease was 

attributed to the rebinding of insulin to the imprinted recognition sites on the surface 
of the MIP film, with the effect becoming more pronounced with increasing insulin 

concentration. The dat and insulin 

concentration in a concentration range of 20,0 to 70,0 pM (see Figure 3). Compared
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to previous insulin detection methods (Table 1), the MIP-SPCE sensor achieved 
comparable or lower limits of detection (LOD). However, a key advantage of this 
approach is its ability to analyze insulin with a low LOD using only a single drop of 
analyte sample, which distinguishes it from other methods. 
 

3.3 Re-binding of the target molecule to the lactate MIP-electrode 
 
This study assessed the ability of a lactate-specific MIP-electrode to quantify lactate 
concentrations within the physiological range for healthy tissues (1,5 to 3 mM) (Li 
et al., 2022). The protocol for re-binding lactate to the synthesized receptor sites on 
the MIP-electrode was adapted and optimized (Figure 5). Electrochemical 
measurements were performed within a voltage range of -1,2 V to 0,7 V using CV 

and the redox probe [Fe(CN) ] / . 
 

 of lactate solution at varying concentrations was applied to 
the MIP-electrode and incubated for 10 minutes. The results revealed a decrease in 
current response as lactate concentration increased. This signal reduction is 
attributed to the binding of lactate molecules to the MIP film, which interferes with 

potassium ion (K ) transfer and the associated electron exchange at the working 
electrode surface (Dykstra et al., 2024). These results confirm the MIP-electrode's 
functionality and its ability to detect lactate within the targeted concentration range. 

 
 

Figure 5: Current response of lactate re-binding to the MIP-electrode with an associated 
calibration curve (inset) over the concentration range of 0 to 3 mM 

Source: Own creation 
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To evaluate the specificity of lactate recognition, a non-molecularly imprinted 
polymer (NIP) film was synthesized and tested under the same conditions. Unlike 
the MIP, the NIP film was electrosynthesized in the absence of lactate, resulting in 
a polymer matrix lacking complementary recognition sites. Any interaction between 
lactate and the NIP film would therefore arise from non-specific binding to the Ppy 
matrix. 
 
The results from the NIP-electrode demonstrated a non-linear response to 
increasing lactate concentrations within the same range where the MIP-electrode 
exhibited a linear response (Figure 6). This non-linear behavior highlights the 
specificity of the receptor sites in the MIP film, confirming that the observed 
responses in the MIP-electrode were primarily due to specific lactate binding rather 
than non-specific interactions. 
 

 
Figure 6: Response of increasing lactate concentrations to NIP electrodes with an associated 

calibration curve (inset) over the concentration range of 0 to 3 mM 
Source: Own creation 

This analysis underscores the effectiveness of the MIP-electrode in selectively 
binding and quantifying lactate, validating its potential application in physiological 
monitoring systems. The comparison with NIP-electrodes further demonstrates the 
high specificity of the MIP film, supporting its utility for precise lactate detection. 
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3.4 Results 
 
The results presented in this article regarding rebinding to the lactate MIP electrode 
are preliminary, as the tests have not yet been finalized, including determining LOD 
and LOQ values. At this stage, we aim to demonstrate the feasibility of creating 
specific receptor targets for small molecules such as lactate using MIP development 
methods. 

 

4 Conclusion 
 
This study demonstrates the ability of MIP electrodes to analyze small sample 
volumes of insulin and lactate in physiological concentrations (insulin: 20,0  70,0 
pM; lactate: 1,5-3,0 mM) without requiring additional nanomaterials or complex 
immobilization compounds (e.g., enzymes, antibodies, or aptamers). This can reduce 
both production costs and preparation time. The system's miniaturization and rapid 
response time offer a significant advantage over traditional biochemical methods. 
Additionally, the potential integration of MIP sensors into portable devices makes 
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them ideal candidates for point-of-care applications, representing a step forward in 
accessible and efficient diagnostic technologies. 
 
This research aimed to demonstrate the applicability of MIP sensors for detecting 
single analytes in clinical practice and among individuals under high physical stress, 
such as professional athletes and soldiers. Wearable devices incorporating MIP 
technology could enable continuous, real-time physiological status monitoring, 
revolutionizing personal health and sports science. These devices would precisely 
track physiological processes, optimizing performance and health management 
(Ayankojo et al., 2024). 
 
In addition, MIP sensors show great potential in diabetes management by enabling 
early detection of insulin level deviations and ensuring timely treatment adjustments. 
Additionally, lactate monitoring with these sensors aids in identifying metabolic 
changes, which are crucial in intensive care, emergency medicine, and cardiovascular 
care (Psoma & Kanthou, 2023). 
 
Conventional analytical methods require manual sampling, large working volumes, 
and frequent system interruptions, making them unsuitable for miniaturized systems 
such as Transwell inserts, organ-on-a-chip models, and organoids. These methods 
often rely on optical and fluorescence microscopy with dyes and labels, which only 
allow single measurements and often require experiment termination. In contrast, 
miniaturized MIP-based sensors allow convenient integration into various in vitro 
models and in situ monitoring without negatively affecting the cells. In addition, 
synthetic recognition units are more stable to external factors (e.g., pH, temperature) 
than natural ones (e.g., enzymes, antibodies). The electrosynthesized MIP receptors 
also allow precise control of polymer film thickness, increasing biorecognition 
sensitivity. 
 
Despite the promising results, some limitations have appeared during our study. One 
of the key challenges is the variability of the sensor performance, mainly due to the 
fabrication of the screen-printed carbon electrode (SPCE), which highlights the need 
for further optimization to improve the sensor's reliability. In addition, our study 
does not include a direct comparison of sensor performance with established clinical 
methods such as those used in clinical practice. However, we believe that MIP 
sensors could significantly improve the accuracy, stability and functionality of clinical 
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sensors such as the FreeStyle Libre. By offering a non-enzymatic, highly specific and 
cost-effective alternative, they promise to improve patient outcomes and reduce 
healthcare costs. For example, the FreeStyle Libre relies on enzymatic glucose 
sensors, which can be interfered with by other substances in the blood or interstitial 
fluid (e.g. paracetamol, uric acid). MIP sensors could reduce such cross-reactivity as 
recognition is based on the shape in functionally orientated imprinted cavities that 
resemble the template molecule. Due to the stable polymer matrix, they could have 
a longer lifetime so that the sensors need to be replaced less frequently. In addition, 
MIP sensors could enable simultaneous monitoring of multiple analytes (e.g. 
glucose, lactate and cortisol), providing a more comprehensive overview of the 

 
 
Future research should focus on the applicability of MIP sensors for detecting other 
analytes and wider concentration ranges of these analytes. Studies will also be needed 
to establish their effectiveness and suitability for use in clinical practice. Addressing 
these challenges will not only improve the functionality of MIP sensors but will also 
allow their integration into advanced diagnostic technologies.  
 
Notes 
 
Abbreviations used in the text: 
 
OOC: organ-on-a-chip 
MIP: molecularly imprinted polymer 
SPCE: screen printed carbon electrode 
CV: cyclic voltammetry 
SWV: square wave voltammetry 
Ppy: polypyrrole 
NIP: non-molecularly imprinted polymer 
POC: point of care 
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