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Dipstick Sensor Based on Molecularly Imprinted
Polymer-Coated Screen-Printed Electrodes for the Single-
Shot Detection of Glucose in Urine Samples—From
Fundamental Study toward Point-of-Care Application

Manlio Caldara,* Joseph W. Lowdon, Gil van Wissen, Alejandro Garcia-Miranda Ferrari,
Robert D. Crapnell, Thomas J. Cleij, Hanne Dilién, Craig E. Banks, Kasper Eersels,

and Bart van Grinsven

1. Introduction

Glucose biosensors play an extremely important role in health care systems

worldwide. Therefore, the field continues to attract significant attention leading
to the development of innovative technologies. Due to their characteristics,
Molecularly Imprinted Polymers (MIPs) represent a promising alternative to

Diabetes (or Diabetes mellitus) is con-
sidered a global burden both in terms
of health-related and economic costs.
According to the WHO, the number

commercial enzymatic sensors. In this work, a low-cost, flexible MIP-based
platform for glucose sensing by integrating MIP particles directly into screen-
printed electrodes (SPEs) is realized. The sensor design allows the detection
of glucose via two different transducer principles, the so-called “heat-transfer
method” (HTM) and electrochemical impedance spectroscopy (EIS). The
sensitivity and selectivity of the sensor are demonstrated by comparing the
responses obtained toward three different saccharides. Furthermore, the
application potential of the MIP-SPE sensor is demonstrated by analyzing the
response in urine samples, showing a linear range of 14.38-330 um with HTM
and 1.37-330 pum with EIS. To bring the sensor closer to a real life application,
a handheld dipstick sensor is developed, allowing the single-shot detection of
glucose in urine using EIS. This study illustrates that the simplicity of the dip-
stick readout coupled with the straightforward manufacturing process opens
up the possibility for mass production, making this platform a very attractive

of people suffering from diabetes rose
worryingly from 108 million in 1980 to
422 million in 2014, and in 2019, the dis-
ease was the direct cause of 1.5 million
fatalities.ll Inevitably, the cost for dia-
betic care multiplied, the American
Diabetes Association (ADA) estimated
a 26% increase in the total cost of diag-
nosed diabetes from $245 billion in 2012
to $327 billion in 2017 the United States
only.?) Diabetes is an incurable chronic
disease that occurs when the pancreas
does not produce enough insulin or when
the body is not able to properly utilize the
produced insulin.?l The insulin-deficiency
causes elevated levels of glucose in blood

alternative to commercial glucose sensors.
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(also called hyperglycemia) as well as in

other body fluids.*% Therefore, the eas-

iest and fastest way for the diagnosis and
monitoring of diabetes are accomplished via the use of sen-
sors able to quantify the glucose levels in physiological fluids.
Unsurprisingly, the first glucose biosensor was developed by
Leland Clark over 60 years ago in order to tackle the disease
by allowing its early diagnosis. As diabetes still represents a
condition that can lead to serious long-term health problems,
the development of novel glucose biosensors continues to be
one of the top priorities globally.”8! Generally, the recogni-
tion elements utilized in most commercial glucose sensors
are represented by enzymes such as glucose oxidase (GOx) or
glucose-1-dehydrogenase (GDH).®% Despite the fact that these
enzymes have extensively proven their reliability for glucose
sensing over the last decades, their main limitations reside
in their relatively short long-term stability,'% loss of activity
at extreme pH,!"? or reactivity toward other sugars (especially
for GDH-based sensors).®l For this reason, non-enzymatic
glucose sensor have gained increasing attention from the sci-
entific community in recent years.'# A promising category

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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of non-enzymatic recognition elements that could overcome
the above-mentioned issues are molecularly imprinted poly-
mers (MIPs).'oV] MIPs are artificially synthesized materials
with tailor-made binding cavities complementary to the tem-
plate molecule in shape, size, and chemical functionalities;
as such they are able to specifically and selectively bind to the
target.’®! Some of the key advantages of these polymers are
their high stability to extreme conditions, extremely long shelf
life, and low-cost preparation methods.'>-?!l MIPs have been
successfully integrated into several platforms with the aim to
detect a wide variety of targets, ranging from small organic
molecules??3] to proteins,?*?° viruses,*! and bacteria.l?’?8l
These features make MIPs ideal candidates as recognition ele-
ments in glucose biosensors and for the analysis in complex
matrices, such as physiological fluids.??) In order to develop a
promising alternative to commercial sensors, the key features
that a glucose biosensor needs to address are cost-effectiveness
and possibility of mass production. In addition, these tech-
niques should be minimally or non-invasive to create a com-
mercial edge over the traditional glucose meters that require
the collection of blood using a lancet device. In the past years,
many MIP-based sensors have been developed for glucose
detection,331 with most of them being MIP films polymer-
ized onto a substratel**32-34 or platforms based on MIP micro
particles embedded onto an adhesive layer.?>3¢] Even though
such sensors showed promising results in terms of sensitivity
and selectivity, the materials and procedures used to develop
the platforms make the production process highly difficult to
reproduce on a large scale and difficult to implement in a clin-
ical setting.
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This research therefore focuses on the facile and up scal-
able fabrication of a MIP-modified screen-printed electrode
for glucose detection and its potential for monitoring the
glucose concentration in physiological samples. To this
extent, MIP particles were prepared using a bulk polymeriza-
tion approach employing a procedure optimized in the pre-
vious work,®°] the obtained particles were then mixed with
carbon-graphitic ink and the mixture was screen-printed
on top of the working electrode. This simple and straight-
forward procedure allowed the preparation of MIP-modified
SPEs (MIP-SPEs) (Figure 1a) in a cost-effective and repro-
ducible manner.

Moreover, the design of the fabricated platform made it
possible to use the sensor with two different transducer tech-
nologies (Figure 1b,c), the heat-transfer method (HTM) and
electrochemical impedance spectroscopy (EIS). The MIP-SPE
platform was characterized with Scanning Electron Micros-
copy (SEM) and Cyclic Voltammetry (CV) to assess morpho-
logical characteristic and electrochemical behavior of the
developed sensing platform. Then, HTM and EIS rebinding
analysis in buffer solutions proved the specificity of the plat-
form when compared to the reference control. The selec-
tivity of the developed platform was proven by comparing
the thermal response of the platform to different structural
analogues of the target. Finally, the response of the MIP-SPE
platform to untreated urine samples, spiked with glucose,
was assessed via HTM and EIS analysis. To bring the tech-
nology closer to a market-ready application, the EIS sensor
was transformed into a dipstick technology for the single-
shot detection of glucose in urine samples (Figure 1c). The

a)

| MIP-modified SPE

Figure 1. a) Design of the fabricated molecularly imprinted polymer-screen-printed electrode (MIP-SPE). b) Heat-transfer method (HTM) setup and
c) Electrochemical impedance spectroscopy (EIS) setup adopted for rebinding analysis using MIP-SPE as dipstick technology.
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results obtained in this paper illustrate that it is possible to
accurately measure the glucose concentration in urine in a
fast manner, further emphasizing its potential use in dia-
betes diagnosis and management.

2. Results and Discussion

2.1. SEM and CV Characterization of Functionalized MIP-SPE

The morphology of the functionalized part (working electrode)
of the sensor was studied via Scanning Electron Microscopy
(SEM) analysis (Figure 2). When analyzing the image obtained
with the bare SPE, a flat and relatively smooth surface can be
observed (Figure 2a). A different pattern is evident in the SEM
image of MIP-SPE (Figure 2b). In fact, the modification of
the electrode with graphitic ink and MIP micro particles can
be clearly seen as the surface appears more rough and uneven
when in presence of the polymer particles.

The electrochemical behavior of the functionalized SPEs
was analyzed by CV voltammetry using a [Fe(CN)¢]*/* redox
probe in KCL. In Figure 2¢, cyclic voltammograms of MIP-SPE
and NIP-SPE (red and blue lines) show increased oxidation
and reduction peaks compared with those obtained for bare
SPE (black line); the difference is attributed to the fabrication
process of the modified SPEs, in which MIP-modified gra-
phitic ink is screen-printed onto the working electrode. This
results in an increased conductivity of the substrate due to the
higher concentration of graphite in the WE. Another indica-
tion of the increased surface area in the modified electrodes is
provided by the analysis of the oxidation peaks of the different

75
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SPEs;7 in fact, a shift from +0.4 to +0.37 V is observed when
comparing the bare SPE with the MIP- and NIP-modified
SPEs.

2.2. Heat-Transfer Rebinding Analysis in PBS

To scrutinize the rebinding efficiency of the MIP-modified SPEs
thoroughly using the Heat-Transfer Method, the functionalized
substrates were placed inside a flow cell at a stringently con-
trolled temperature of 37.00 °C and upon injection of increasing
concentrations of glucose in buffer solutions (PBS), the
thermal variations at the solid-liquid interface were recorded
and analyzed (Figure 3a). In order to get a direct comparison
with the NIP-functionalized SPE and bare SPE and therefore
assess the specificity of the MIP-SPE over the two reference
materials, the obtained temperature values were baselined and
then transformed to effect size (%) values using an equation
reported in previous works (Figure 3b).>*l The data show a
clear distinction in the temperature profiles of MIP-SPE (black
lines), NIP-SPE (red lines), and Bare SPE (green lines) from the
first analyte injection. This difference is seen to increase with
higher concentrations of glucose, proving the specificity of the
MIP-sensor in the entire analyzed range. The results are in line
with results obtained in other studies and can be explained by
the fact that when the target binds to the polymeric interface,
the thermodynamic properties of the interfacial layer change.
In this case, binding of glucose to the MIP layer, increases the
thermal resistance of the interface, leading to a drop in tem-
perature in the liquid flow cell above the MIP-functionalized
sensor chip. 213530
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Figure 2. Characterization of the MIP-modified screen-printed electrodes. Scanning electron microscopy (SEM) images of working electrode of

a) bare screen-printed electrode and b) screen-printed electrode modified with MIP particles (MIP-SPE). c) CV voltammograms of bare SPE, MIP-SPE,

and NIP-SPE.
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Figure 3. HTM rebinding analysis of MIP/NIP/Bare SPE after injection of glucose (55.5-333 im). Analysis on time of a) Temperature and b) effect size
changes upon injection of the analyte. c) Dose-response curves of MIP-SPE, NIP-SPE, and bare SPE.

Dose-response curves were constructed by plotting the
effect size (%) values against the glucose concentration intro-
duced inside the flow cell (Figure 3c). The dose-response curve
obtained for the MIP-electrode shows a saturation trend com-
monly observed for imprinted polymers coupled with HTM
as readout technology. In fact, the measurement shows a clear
response after the first injections, which then starts to pla-
teau due to the saturation of the binding sites available for the
binding. For this reason, the data was fit asymptotically with
Origin, version 2021b (OriginLabs Corporation, Northampton,
MA, USA) for MIP-SPE (R? = 0.9992), NIP-SPE (R? = 0.6297),
and Bare SPE (R? = 0.9632).

2.3. Electrochemical Impedance Spectroscopy (EIS) Rebinding
Analysis in PBS

To further prove the specificity of the MIP-SPE substrate and
demonstrate its versatility in detecting glucose with different
readout technologies, an EIS rebinding analysis in phosphate-
buffered solution (used to mimic physiological samples) was
carried out (Figure 4). The analysis was carried out by con-
necting the functionalized SPEs to an impedance analyzer
with a commercially available SPE connector, demonstrating
then the potential of the modified electrode as sensing element
in handheld electrochemical devices. The measurement was
recorded after simply inserting the sensing part of the function-
alized electrode into a vial containing increasing concentration
of target (55.5-333 pum). The obtained data show that MIP-SPE

Adv. Mater. Interfaces 2023, 2300182 2300182 (4 of 9)

retains a high specificity when compared with NIP-SPE with
a commercial electrochemical readout. A clear decrease in the
absolute value of the impedance can be observed for the MIP-
SPE after submerging it in the lowest concentration of glucose
(Figure 4a,c); in contrast, it can be seen that the NIP-SPE shows
a negligible change in the impedance value upon exposure to
glucose solutions. Dose-response curves were constructed after
baselining the absolute impedance values for MIP- and NIP-
SPE, and then plotting the changes (delta Abs Z) against the
glucose concentrations used for the analysis (Figure 4d). The
MIP-modified electrode shows a linear behavior (black line,
R? = 0.9882) with no evidence of saturation effects, suggesting
that the sensor might be effective also at higher glucose con-
centrations when analyzed in PBS samples; NIP-SPE (red line,
R? =0.9114) instead shows a diminished response that seems to
plateau with higher glucose levels.

2.4. Selectivity Studies of MIP-SPE

A key feature that needs to be evaluated for molecularly
imprinted polymers and for biosensors in general is the selec-
tivity of the sensor platform to a determined target over other
competitors. To accurately assess the selectivity of the MIP-SPE
substrate, the HTM response to three different saccharides was
recorded and analyzed (Figure 5). One of the tested molecules
is fructose, a simple sugar with the same molecular formula as
glucose (C¢H1,0) and, as such, the two molecules are classified
as functional isomers. However, when analyzing the structures

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. EIS rebinding analysis after injection of glucose (55.5-333 um). Analysis on time of a) Absolute Z values and b) Delta absolute Z at different
concentrations of glucose. Dose-response curves for MIP-SPE and NIP-SPE of c) Absolute Z and d) Delta absolute Z.

of these two molecules, glucose is a six-membered ring, while
fructose is a five-membered ring. Thus, it can be deducted that
this structural difference is responsible for the clearly higher
response of the sensor to glucose in comparison to fructose
(Figure 5c). The other molecules tested (sucrose and lactose)
instead are made up of two monosaccharides, and therefore are
classified as disaccharides. It is important to highlight that both
the molecules contain one glucose unit in their structure and
as such are good indicator of the MIP selectivity. Despite this
structural similarity, the developed MIP-SPE sensor exhibits
high specificity (Figure 5a,b) and selectivity (Figure 5c) toward
glucose over these molecules, thus suggesting that size and
shape of the analyzed disaccharides obstruct the potential inter-
actions with the MIP-modified electrode.

2.5. Rebinding Analysis in Urine Samples via HTM
and EIS Analysis

The potential applicability of the developed sensor for glucose
detection in physiological samples was proven via HTM and
EIS analysis of untreated urine samples spiked with the target.
From the raw data measurements obtained with the two dif-
ferent readout technologies it can be clearly observed a distinc-
tive change for the MIP-SPE substrate, whereas NIP-SPE shows
little to no response with both HTM and EIS (Figure 6a,c). Spe-
cifically, in the HTM analysis of the MIP-SPE, a decrease in
temperature is observed after each injection of the glucose solu-
tions due to the obstruction of the heat flow at the solid-liquid

Adv. Mater. Interfaces 2023, 2300182 2300182 (5 of 9)

interface as a result of the interaction between the target and
the cavities present in the polymer. The NIP-SPE signal, on the
other hand, shows very little change after injections, thereby
proving the specificity of the MIP sensor. To better highlight
and compare the thermal response of MIP- and NIP-modi-
fied SPE, dose-response curves were constructed as indicated
above (Figure 6b), and the data were fitted asymptotically for
both MIP-SPE (black line, R? = 0.9905) and NIP-SPE (red line,
R? =0.9356).

Although HTM is commercially interesting due to its low-
cost and user-friendly operating mechanism, its application in
handheld single-shot analysis of urine samples, similar to a
blood glucose meter, is cumbersome with the current equip-
ment. Therefore, an EIS-based sensor was developed using a
handheld commercial SPE connector and a commercial imped-
ance analyzer. This device can be used as a dipstick for non-
invasive single-shot glucose detection in urine. The sensor was
“dipped” in urine samples, spiked with the same concentrations
analyzed by the HTM method, therefore allowing a direct com-
parison between the two different data sets. The results show
a clear decrease in the absolute value of the impedance upon
exposure of the MIP-functionalized SPE to the lowest concen-
tration of glucose, whereas the reference NIP-SPE shows a
much smaller decrease. Furthermore, the change in impedance
increases linearly when the MIP sensor is placed in contact
with higher concentrations of glucose, thus demonstrating the
reliability of the designed SPE for the quantitative analysis of
glucose in complex matrices such as urine. To make interpreta-
tion of the impedance changes of MIP- and NIP-modified SPE

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Selectivity studies via HTM analysis. Dose-response curves obtained after exposing a) MIP-SPE and b) NIP-SPE to increasing concentrations
of three different saccharides. c) Analysis of the MIP-SPE/NIP-SPE response (%) after exposure to 0.33 mm of glucose, fructose, sucrose, and lactose.

during the rebinding experiments easier, dose-response curves
for MIP-SPE (black line, R? = 0.9861) and NIP-SPE (red line,
R? = 0.8017) were constructed in Figure 6d. When analyzing
the constructed curves with both the transducers (Figure 6), it
is clear that the MIP-sensor can be successfully employed for
both HTM and EIS analysis in a complex physiological matrix,
such as urine. The sensitivity of the developed sensor in urine
samples was assessed by calculating the limit of detection
(LoD) from the dose-response curves of MIP-SPE (Figure 6b,d,
black lines). The LoD was calculated using the three-sigma
rule, (blue dashed line) corresponding to the maximum noise
value of the signal throughout the measurement multiplied
by three. The obtained y-values were then plotted (blue lines)
and their intercept with the MIP-fits allowed the calculation of
the two LoDs. The calculated LoDs were found to be 14.38 um
for the HTM and 1.37 um for the EIS urinalysis. These results
demonstrate the potential of MIP-SPE as low-cost, diagnostic
device for the non-invasive diagnosis of diabetes in urine sam-
ples as the sensor proves its efficiency in the physiologically rel-
evant regime. Moreover, when comparing Figures 3 and 4 with
Figure 6, it can be seen that the sensor's performance is not
highly affected from complex matrices and therefore might be
further developed for glucose detection in different body fluids.

3. Conclusion

In this work, we have successfully prepared an imprinted
polymer for glucose detection using a free radical bulk

Adv. Mater. Interfaces 2023, 2300182 2300182 (6 of 9)

polymerization approach. The prepared MIP particles were
then employed as recognition element to fabricate a MIP-func-
tionalized screen-printed electrode (MIP-SPE) sensor. The MIP-
SPE sensor was fabricated by simple screen-printing a mixture
of graphitic ink and MIP particles onto the working electrode
of a standard carbon SPE. The sensor has demonstrated to
be incredibly selective and is sensitive enough to allow both
thermal and electrochemical quantification in urine samples
in physiologically relevant concentrations. In terms of com-
mercial application, the impedimetric sensor mainly stands
out by the possibility of using it in combination with a hand-
held SPE connector and a commercial impedance analyzer in
a dipstick configuration. This would allow for the single-shot,
non-invasive analysis of the glucose concentration in urine
samples. The low-cost, disposable nature of the chips makes
this possible, while the impedimetric sensor enables end-users
to quickly get a result that can be easily quantified. In the cur-
rent setup we used a benchtop impedance analyzer but this can
easily be replaced by a handheld model once implementation is
complete. The combination with the easily scalable production
process of the SPEs further emphasizes the commercial poten-
tial of the platform. Batch-to-batch variability resulting from
the heterogeneity of the produced MIPs, has mainly shown to
influence the baseline but not the relative response of the nor-
malized MIP-NIP signal. For this specific application, in this
concentration range, a simple baseline calibration correction
would suffice to get rid of this batch-to-batch variability. How-
ever, a fully automated process that would allow for the mass
production of large batches of homogenous, high-affinity MIPs
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Figure 6. HTM and EIS rebinding analysis in human urine samples. Raw data obtained via a) HTM and c) EIS analysis after exposing the MIP-/NIP-
modified SPE sensor to increasing concentration of glucose. Dose-response curves constructed from b) HTM and d) EIS measurements, the blue

dashed lines indicate the calculated LoDs (30 method).

remains a topic that needs to be researched in order to further
improve the applicability of the sensing platform.

4. Experimental Section

Materials: Stabilizers were removed from the monomer and cross-
linker through filtration on aluminum oxide. Aluminum oxide (299.7%),
acrylamide (299.9%), D-glucuronic acid (=298%), D-glucose (=99%),
methanol (HPLC grade), acetic acid (299.8%), dimethyl sulfoxide
(299.7%), potassium chloride (99%) potassium ferricyanide (299%),
potassium ferrocyanide trihydrate (299%) were purchased from Fisher
Scientific (Landsmeer, the Netherlands). Ethylene glycol dimethactrylate
(298%) and azobisisobutyronitrile (298%) were purchased from Sigma
Aldrich (Zwijndrecht, the Netherlands). Test strips for glucose analysis
(Medi-Test) and Phosphate buffered saline (PBS) tablets 1X were
obtained from VWR International BV (Amsterdam, the Netherlands).
Milli-Q water (18.2 MQ cm™) or phosphate-buffer saline (PBS) were
used to prepare solutions for rebinding studies.

Preparation of Molecularly Imprinted Polymers: Bulk molecularly
imprinted polymers (MIPs) for the detection of glucose were
synthesized through free radical polymerization, following a procedure
reported in the previous work with slight modifications.’® A dummy
imprinting approach was employed using glucuronic acid as template
to enhance the interaction with the functional monomer (acrylamide)
during the imprinting process. Briefly, D-glucuronic acid (97 mg),
acrylamide (282 mg), ethylene glycol dimethacrylate (EGDMA, 1.13 mL),
and azobisisobutyronitrile (AIBN, 50 mg) were dissolved in dimethyl
sulfoxide (DMSO, 6 mL). The pre-polymerization solution was degassed
with N, for 15 min, and then the polymerization was performed at 65 °C
for 18 h. The bulk MIP was then ground and the obtained micro particles
were dried at 65 °C overnight. The removal of the template was achieved
employing a previously described procedure.’l A reference control

Adv. Mater. Interfaces 2023, 2300182 2300182 (7 of 9)

(NIP) was prepared in parallel following the same procedure as per the
MIP.

Fabrication of the Screen-Printed Macroelectrodes (SPEs) and Glucose-
MIPs Bulk Modified Screen-Printed Macroelectrodes (MIP-SPEs): Stencil
designs with a microDEK 1760RS screen-printing machine (DEK,
Weymouth, UK) were used for the production of the SPEs. For each of
the screen-printed electrodes, a carbon—graphite ink formulation was
first screen-printed onto a polyester flexible film (Autostat, 250 um
thickness). After that, the layer was cured at 60 °C for 30 min in a box
fan oven with extraction. Next, a silver/silver chloride (60:40) reference
electrode was applied by screen-printing Ag/AgCl paste (Product Code:
C2040308P3; Gwent Electronic Materials Ltd, UK) onto the plastic
substrate. Then, this layer was cured at 60 °C for 30 min in an oven.
Finally, an insulating dielectric paste ink (Product Code: D2070423D5;
Gwent Electronic Materials Ltd, UK) was printed to cover the connections
and define the 3.1 mm diameter graphite working electrode. One more
time, this layer was cured in the same conditions as the previous layers.
After these steps, the SPE are ready to use and these platforms have
been well characterized in previous works.?8-41]

The glucose-MIPs modified screen-printed macroelectrodes (MIP-
SPEs) were made by modifying the carbon-graphitic ink via modification
with glucose-MIPs. This was carried out using a weight percentage of Mp
to M, where Mp is the mass of particulate (the mass of glucose-MIPs)
and M, is the total mass of the ink including the base graphitic ink and
the mass of the particulate.*>*’ This was thoroughly mixed into the ink
and screen-printed on top of the carbon—graphite working electrode.

The equation (Mp/M;) x 100 was used to formulate the 5 wt% MIP-
SPEs. A 5 wt% of glucose-MIPs was used to ensure consistent printing
of the analyte in the fabrication process and to test viability of the
proposed system. The screen-printed electrodes used throughout this
work had a connection length of 32 mm and average resistance of
2.16 + 0.06 kQ.146]

Scanning Electron Microscope (SEM) and Cyclic Voltammetry (CV)
Characterization of Modified SPEs: In order to characterize the surface
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morphology of the modified screen-printed electrode, a bare SPE and
a MIP-modified SPE were placed into 12 mm disks and after gold
coating, the samples were imaged using a Scios Dualbeam scanning
electron microscope (SEM). Cyclic voltammetry studies of bare SPE,
NIP-SPE, and MIP-SPE were performed using a PalmSens4 potentiostat
(PalmSens BV, Utrecht, the Netherlands). CV scans were recorded at a
potential range of —0.5 to 0.6 V in 0.01 m [Fe(CN)g>/* (1:1) and 0.1 m
KCl as electrolyte solution at a scan rate of 0.05 V s7.

Heat-Transfer Method (HTM) Setup: The sensing platform used
for the HTM rebinding studies has been described in previous
works.[#48] Briefly, MIP-modified screen-printed electrodes were placed
on a copper heat sink. The temperature of the sink, T;, was strictly
controlled using a K-type thermocouple (TC Direct, Nederweert, the
Netherlands), a power resistor (Farnell, Utrecht, the Netherlands)
and a software-based PID controller (P =10, | =8, D = 0) in Labview
(National Instruments, Austin, TX, USA). The electrode was exposed
to the different analytes using an injection-molded polycarbonate (PC)
flow cell (A =28 mm?, V=110 uL). A syringe pump was used to inject
the studied samples at a rate of 0.250 mL min~' for 5 min. To measure
thermal changes at the solid-liquid interface, a second thermocouple
monitored the temperature inside the flow cell, T,, at a constant inlet
temperature of 37 °C. To stabilize the signal, phosphate-buffered saline
(PBS) or human urine solution was used. Increasing concentrations
(55.5-333 um) of glucose solutions (or competitor) were gradually
injected into the system. To stabilize the signal, a waiting time of
20 min was observed between each addition. Mean values and error
bars presented in all the HTM analysis are obtained from the average
of three measurements.

Electrochemical Impedance Spectroscopy (EIS) Analysis: A MFIA
impedance analyzer (Zurich Instruments, Zurich, Switzerland) was
used to measure the impedance changes. The impedance analyzer was
connected to the functionalized SPEs using a portable PalmSens SPE
connector (PalmSens BV, Utrecht, the Netherlands). The sensing part
of the modified screen-printed electrode was then inserted into vials
containing 10 mL glucose solutions in PBS or untreated urine samples,
ranging from 55.5 to 333 um. Continuous frequency sweeps were taken
at a low-frequency range from 10 Hz to 1 kHz at a test signal of 300 mV.
Dose-response curves were obtained from the absolute impedance
values at a single frequency at which the corresponding phase angle
is 45°. Mean values and error bars presented in all the EIS studies are
obtained from the average of three measurements.

HTM and EIS Analysis in Urine Samples: Human urine samples
were collected from a healthy volunteer. The absence of glucose in
the samples was confirmed using commercially available Medi-Test
Glucose test strips. Increasing concentrations of glucose (55.5-333 um)
in urine samples were then prepared and employed for the HTM and
EIS rebinding analysis with no need of additional pre-treatment of the
physiological sample.
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