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ABSTRACT: Glucose bio-sensing technologies have received
increasing attention in the last few decades, primarily due to the
fundamental role that glucose metabolism plays in diseases (e.g.,
diabetes). Molecularly imprinted polymers (MIPs) could offer an
alternative means of analysis to a field that is traditionally
dominated by enzyme-based devices, posing superior chemical
stability, cost-effectiveness, and ease of fabrication. Their
integration into sensing devices as recognition elements has been
extensively studied with different readout methods such as quartz-
crystal microbalance or impedance spectroscopy. In this work, a
dummy imprinting approach is introduced, describing the
synthesis and optimization of a MIP toward the sensing of glucose. Integration of this polymer into a thermally conductive
receptor layer was achieved by micro-contact deposition. In essence, the MIP particles are pressed into a polyvinyl chloride adhesive
layer using a polydimethylsiloxane stamp. The prepared layer is then evaluated with the so-called heat-transfer method, allowing the
determination of the specificity and the sensitivity of the receptor layer. Furthermore, the selectivity was assessed by analyzing the
thermal response after infusion with increasing concentrations of different saccharide analogues in phosphate-buffered saline (PBS).
The obtained results show a linear range of the sensor of 0.0194−0.3300 mM for the detection of glucose in PBS. Finally, a potential
application of the sensor was demonstrated by exposing the receptor layer to increasing concentrations of glucose in human urine
samples, demonstrating a linear range of 0.0444−0.3300 mM. The results obtained in this paper highlight the applicability of the
sensor both in terms of non-invasive glucose monitoring and for the analysis of food samples.

KEYWORDS: molecularly imprinted polymers, glucose sensing, heat-transfer method, non-invasive glucose monitoring,
non-enzymatic glucose sensor

■ INTRODUCTION

Glucose is the most abundant monosaccharide in nature and
the most used aldohexose in living organisms.1 It is essential in
major catabolic cycles, including oxidative phosphorylation and
glycolysis for the creation of glycogens, proteins, and lipids.2

The monitoring of glucose in these systems is therefore of
great importance as the molecule is a vital cog in the molecular
machinery of many processes. Sensors that can deliver a fast,
reliable, and cost-effective determination of glucose have
therefore gained increasing attention in the past decades.
Glucose sensors cover a wide range of possible applications,
ranging from diabetes monitoring and food analysis, through to
environmental monitoring and medical diagnostics.3−5 Cer-
tainly, the most crucial application of glucose sensors is in the
diagnosis and monitoring of diabetes mellitus, also known as
diabetes. Diabetes is an incurable metabolic disease, charac-
terized by high levels of blood glucose. The initial symptoms
often include frequent urination, increased thirst, and blurry
vision, and if not treated it could cause many discomforting

and life-threatening medical complications.6,7 The number of
people with diabetes is increasing tremendously, and the
World Health Organization (WHO) estimates 693 million
diabetics worldwide by 2045.8 In the United States alone, an
increase of 54% from 2015 to 2030 is estimated. This will
cause an increase in the total annual cost associated with
diabetes by 53% from $407.6 billion in 2016 to more than
$622 billion by 2030.9 Therefore, it is of utmost importance to
have a simple, fast, and robust sensing device to detect glucose
both for the diagnosis and monitoring of diabetes to amortize
these costs. Currently, commercial devices are mostly
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enzymatic-based electrochemical sensors in which the enzyme
consists of glucose dehydrogenase or glucose oxidase;10−13 in
some devices, these enzymes are coupled with other agents,
such as chromogenic agents to obtain colorimetric test
strips.14,15 The main limitation of these sensors lies in the
low stability derived from the quaternary structure of the
folded enzyme.16 Therefore, a lot of attention has been given
toward the development of non-enzymatic electrochemical
sensors that do not suffer the same drawback.17 Several
enzyme-free glucose sensors have been developed in the past
decades, with most of them being amperometric and
colorimetric sensors.18−21 Even though these non-enzymatic
sensors overcame the stability issue, they presented new issues
to resolve. The biggest challenges of which concern the
mechanism of glucose oxidation on bare platinum surfaces,
being innately unselective, leading to the possibility of
interacting with multiple saccharides and consequently
affecting the quantitative nature of the electrochemical
sensors.16 Thus, despite significant developments in the
evolution of electrochemical sensors, fully non-invasive, fast,
and cheap glucose-monitoring approaches are still required.
One such emerging technology that offers promise to

overcome the above-mentioned issues is the use of molecularly
imprinted polymers (MIPs) in sensory arrays.22,23 MIPs are
synthetic polymer-based smart materials that contain nano-
cavities capable of selectively binding a molecular target. They
are analogous to the natural antibody−antigen system,24−26

though they do not suffer from the same instability in harsh
environments. MIPs have received an increasing amount of
attention from the scientific community27−32 with their
advantages over antibodies and enzymes extending past simple
stability and encompassing factors such as simple preparation,
low cost, higher physical robustness, resistance to extreme
temperature and pressure, and resistance to acids, bases, and
organic solvents.33 These benefits increase the list of possible
matrices with which analysis can be conducted, whereas with
traditional affinity reagents, this would be unfeasible. With this
said, another facet that must be considered is the readout
technology that the receptor layer is coupled with.
Traditionally electrochemical readout platforms have been

associated with the sensing of glucose; however, these methods
exploit the electrochemical reaction that occurs when glucose
interacts with specific enzymes and antibodies. This electro-
chemical reaction is absent in a MIP-based sensory platform,
and it is therefore a logical step to pair the synthetic receptor
with a more compatible readout technology, such as the so-
called “heat transfer method” (HTM). The HTM is a novel
and innovative thermal sensing readout platform developed
over the course of last 10 years.34 The method has received
increasing attention in the last few years and has recently been
applied in the detection of bacteria and small molecules via the
use of surface-imprinted polymers35,36 and MIPs.37−39 In
essence, the method is capable of measuring the thermal
resistance across a liquid−solid phase boundary, with MIPs
being the receptor layer deposited between the two. As a target
analyte is introduced in the liquid phase, it binds to the
deposited MIPs, changing its thermodynamic properties,
leading to a change in the thermal conduction path between
the liquid phase and the solid phase (Figure 1). This difference
is measured by monitoring the temperature of the liquid phase
by means of a thermocouple, while the solid phase is
continuously heated to 37 °C and is monitored by a
complimentary thermocouple. The overall change in the

recorded temperature in the liquid phase is observed as
increasing concentrations of the analyte are introduced to the
receptor layer, thus building a relationship between the
increasing thermal resistance of the receptor layer and the
concentration of the target present (eq 1).

R
T T

Pth
1 2=

−
(1)

The following research therefore sets out to demonstrate
how a MIP-based sensor coupled with the HTM can be
utilized in the sensing of glucose and how its application can be
extended to physiological samples, such as urine.
With this said, a consideration must be made when

synthesizing a MIP capable of binding glucose. The absence
of a functional group in the glucose molecule that is able to
form a strong ionic interaction with monomers containing an
acidic or basic functionality makes the direct imprinting of
glucose a tricky task; therefore, a dummy imprinting approach
is favored. Glucuronic acid (GA) was selected as the
functionalized dummy template and acrylamide (AAM) as a
functional monomer. This approach allows the formation of an
ionic bond between the −COOH and the −NH2 moieties
present in the structures of the dummy template and the
functional monomer (Figure 2) and would therefore allow

stronger interactions than those possible between glucose and
AAM. Liquid chromatography−mass spectrometry (LC−MS)
was then used to demonstrate the binding capabilities of the
dummy imprinted polymer to glucose. Furthermore, by
varying the ratios of the template−monomer−cross-linker, it
was possible to identify the best composition in terms of the
imprinting efficiency by comparing the MIP with its
corresponding non-imprinted polymer (NIP). Once the best
composition was obtained, the MIP particles were immobilized
on a polyvinylchloride (PVC) layer and deposited on an
aluminum substrate to obtain a thermally conductive receptor
layer that could be extensively analyzed with the HTM. The

Figure 1. Schematic illustration of the setup used during HTM
analysis.

Figure 2. Chemical structures of glucose, glucuronic acid, and AAM.
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analysis demonstrated the efficiency and reproducibility of the
MIP-based platform for the detection of glucose. The
selectivity of the receptor layer was then determined by
analyzing the response of the sensor to different carbohydrates
and comparing the obtained dose−response curves with those
obtained for glucose. Furthermore, the response of the
receptor layer to urine samples containing known concen-
trations of glucose was evaluated. The resulting limit-of-
detection (LoD) and linear range for glucose were compared
with the physiological concentrations of the molecule in urine,
evaluating then the applicability of the sensor in glucose
monitoring both for medical diagnostics and food analysis.

■ MATERIALS AND METHODS
Chemicals and Reagents. Prior to the polymerization, stabilizers

were removed from the functional and crosslinking monomers by
passing the reagents over a column packed with aluminum oxide.
Acrylamide (≥99%), ethylene glycol dimethacrylate (98%), 2,2′-
azobis(2-methylpropionitrile) (98%), tetrahydrofuran (≥99.9%),
dimethyl sulfoxide (≥99.9%), acetic acid (≥99%), D-fructose
(≥99%), D-lactose monohydrate (≥99.5%), and sucrose (≥99.5%)
were supplied by Sigma-Aldrich. D-Glucuronic acid (98%) and
methanol (≥99%) were supplied by Fisher Scientific. D-Glucose
(≥98%) was purchased from TCI Chemicals. All solutions were
prepared with deionized water with a resistivity of 18.1 MΩ cm−1 or
with phosphate-buffered saline (PBS) solutions. Polydimethylsiloxane
(PDMS) stamps were made with a Sylgard 184 elastomer kit obtained
from Mavom N.V. (Schelle, Belgium). Aluminum chips were supplied
by Brico NV (Korbeek-Lo, Belgium) and cut to the desired
dimensions (1 × 1 cm). Medi-Test Glucose test strips for the rapid
detection of glucose in urine were purchased from VWR Interna-
tional.
Synthesis of Dummy MIPs. Dummy MIPs were synthesized

accordingly to a previously described procedure.40,41 In essence,
functional monomer (AAM, 2 mmol, 142 mg), template (D-
glucuronic acid, 0.25 mmol, 48.5 mg), crosslinker (EGDMA, 3
mmol, 566 μL), and thermal initiator (AIBN, 0.25 mmol, 40 mg)
were dissolved in 3 mL of dimethyl sulfoxide (DMSO). The mixture
was then purged with N2 to remove any oxygen from the mixture
before the initiation of polymerization. The polymerization was
carried out at 65 °C for 10 h to allow the polymerization to be fully
completed. The obtained monolithic bulk MIP was then mechanically
ground, before washing with methanol to remove any unreacted
components. Once extracted, the MIP particles were placed in a vial
and dried in an oven overnight at 65 °C. The dried particles were then
milled four times using a Fritsch Planetary Micro Mill Pulverisette7
premium line (300 rpm, 5 min, 10 mm balls). After milling, the
particles were sieved at a 1.0 mm amplitude using a Fritsch Analysette
3 until a sufficient amount of the polymer was in the collection plate
to achieve microparticles with sizes smaller than 100 μm. Finally, the
template molecule (GA) was removed from the MIP by continuous
Soxhlet extraction with a 1:6 mixture of acetic acid and methanol for
16 h, followed by another Soxhlet extraction with pure methanol for
16 h, and particles were then dried overnight at 65 °C. A reference
NIP was prepared in parallel following the same procedure.
Thermal Gravimetric Aanalysis and Fourier Transform

Infrared Analysis. The removal of the template from the MIP was
determined through thermal gravimetric analysis (TGA) using a TA
Instruments TGA 550 Auto Advanced. Measurements were
performed under a nitrogen atmosphere at a heating rate of 10 °C/
min. For each measurement, 2.5−4 mg of the polymer sample was
used. The amount of polymers used for each measurement was
between 2.5 and 4 mg. Further confirmation of template removal was
conducted with an IR-Affinity-1S Fourier transform infrared (FTIR)
spectrometer (Shimadzu Corp., Kyoto, Japan) coupled to an
attenuated total reflectance (ATR) crystal, comparing the spectra of
extracted, non-extracted, and GA samples. The instrument was set up
to run 32 scans per measurement with a spectral resolution of 4 cm−1.

The IR spectra were recorded between 4000 and 400 cm−1. The ATR
crystal was cleaned with ethanol 70% v/v and acetone before starting
the measurement for each new sample. A background spectrum was
taken before measuring every new sample to account for environ-
mental changes.

Batch Rebinding Experiments. Rebinding experiments were
conducted as follows: 20 mg of MIP/NIP particles was incubated with
5 mL solutions of glucose in deionized water with concentrations
ranging from 0.055 to 0.55 mM. The samples were then placed on a
rocking table at 125 rpm for 90 min, before removing them and
allowing the particles to settle. The resulting settled suspensions were
filtered, and the filtrate was collected. The remaining free
concentration of the target (Cf) in solution was then determined
by LC−MS analysis. To enable these values to be calculated, a
calibration graph for glucose was first generated by analyzing the peak
areas of the chromatogram at 198.09 m/z [M + NH4]

+ for each of the
concentrations.

LCMS Analysis. The LC−MS system is composed of the
following parts: a NEXERA ultra high performance liquid
chromatography system, equipped with a Shimadzu LC-30AD solvent
delivery unit, a Shimadzu CT-20AC column oven (max. column
length 300 mm), an SPD-M30A photodiode array detector, and a
single quadrupole mass spectrometer (LCMS 2020). The MS used a
dual ionization source consisting of both electron spray ionization
(ESI) and atmospheric pressure chemical ionization. The short
column used was a Waters XSelect CSH C18 3 mm × 30 mm with a
particle size of 3.5 μm operating at 30 °C. Solvent gradient 5%
acetonitrile in water followed by a gradient to 95% acetonitrile in
water and flushing of the column at 95% water. Both solvents were
modified with 0.1% ammonium acetate. The obtained data was
analyzed using a MestReNova Software version 12.0.0.

Deposition of Dummy MIP Particles by Micro-contact
Stamping. Aluminum plates were polished and cut to obtain the
desired dimensions (1 × 1 × 0.5 cm2). To immobilize MIP particles, a
PVC adhesive layer (0.4 wt % PVC dissolved in tetrahydrofuran) was
deposited on the aluminum chip by spin coating (2000 rpm for 60 s
with an acceleration of 1000 rpm s−1). To stamp the particles on the
PVC layer, a PDMS substrate, covered with a monolayer of MIP
particles, was used. The PVC layer was heated for 2 h at a temperature
above its glass transition temperature (100 °C), allowing the beads to
sink into the polymer layer. The samples were cooled down prior to
thermal measurements, and any unbound particles were washed off
with distilled water. In this way, planar sensor electrodes were created
in a very straightforward and low-cost manner. This is necessary
because although reusing MIPs is possible, it would require
regenerating the binding sites in the nanocavities by rigorous washing.
This is not desirable so the design needs to be as low cost as possible
to enable their use as disposable electrodes.

Sensing Setup. The thermal detection platform is described
thoroughly in previous work.42−44 Functionalized chips were pressed
mechanically with their backside onto a copper block serving as a heat
provider. The temperature of the copper underneath the sample, T1,
was monitored by a K-type thermocouple (TC Direct). This
information was fed into a temperature control unit that stringently
controlled T1 by modifying the voltage over the power resistor
(Farnell, Utrecht, The Netherlands) that heats the copper, using a
software-based (Labview, National Instruments, Austin, TX, United
States) proportional-integral-derivative (PID) controller (P = 10, I =
8, D = 0). The functionalized side of the chip faced a polyether ether
ketone (PEEK) flow cell, which was sealed with an O-ring to avoid
leakage, defining a contact area of 28 mm2 and an inner volume of 110
μL. The flow cell is connected to a tubing system, allowing the
exchange of liquids in a controlled and automated fashion by means of
a syringe pump. Every injection of the tested analytes was performed
using a flowrate of 0.250 mL/min for 5 min. The temperature of the
liquid inside the flow cell, T2, was measured by a second
thermocouple placed 1 mm above the chip. For each rebinding
measurement, the signal was stabilized in PBS that was used as a
background solvent for the measurements. The concentration of the
target or analogue inside the flow was gradually increased (0.055−

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.1c02223
ACS Sens. 2021, 6, 4515−4525

4517

pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c02223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


0.33 mM). The signal was allowed to stabilize for 20 min between
subsequent additions. Data was analyzed by monitoring the decrease
in T2 after each addition (heat-transfer method or HTM) while
maintaining T1 at a constant 37.00 °C. This process was repeated for
each of the following compounds using the above-mentioned
concentrations: glucose, fructose, sucrose, and lactose, alongside the
reference NIP.
Glucose Detection in Urine Samples with the HTM. Human

urine samples were collected from a healthy individual and tested with
a commercially available glucose-urine test. The absence of glucose in
the collected samples was confirmed using Medi-Test Glucose urine
test strips. Afterward, the urine samples were spiked with increasing
concentrations of glucose (0.055−0.33), and the obtained dilution
series was then used for HTM analysis using the same sensing setup
previously reported for both the analysis of the MIP/NIP.

■ RESULTS AND DISCUSSION
Template Removal Confirmation. One of the critical

steps in the preparation of MIPs is the template removal.45 If
any template molecules remain in the MIP network, less
cavities will be available for the rebinding and therefore the
rebinding capacity of the polymer will be inevitably affected.
To ensure complete template removal from the synthesized
MIP, TGA and FTIR analysis of non-extracted MIPs, extracted
MIPs, and NIPs were performed. In the FTIR spectrum
(Figure 3), the distinctive peak of GA (black line) at 3300−

3500 cm−1 (OH stretch) and the bands between 1050 and 950
cm−1 attributed to a combination of CO stretching and OH
bending can be clearly observed. These are considered as the
characteristic peaks of carbohydrates.46,47 It can be clearly
noticed that these peaks are not present in the NIP and
extracted MIP spectra (green and blue lines) but instead
present in the non-extracted MIP (red line).
To further confirm the successful extraction of the template

from the MIP, TGA analysis was performed (Figure 4). The
TGA results show almost identical behavior of the extracted
MIP and NIP, where the degradation starts to take place at
around 280 °C. On the other hand, a significant weight loss
can be noticed in the non-extracted MIP starting from 110 °C,
indicating the presence of GA in the polymer before extraction.

Considering the FTIR and TGA results, it can be said with
confidence that there is no significant presence of GA in the
polymer after continuous Soxhlet extraction.

Glucose Binding Analysis via LC−MS. In order to
identify the best composition for the binding of glucose, four
different ratios of the template/monomer/crosslinker were
synthesized and tested (Table 1). The compositions tested

were based on the common ratios of the components found in
the literature using AAM as a functional monomer, EGDMA as
a cross-linker, and DMSO as a porogenic solvent.
For each composition, a corresponding binding isotherm

was generated by analyzing the free concentration of glucose
found in solution, Cf (mM) from the batch rebinding
experiments. These values were then used to extrapolate the
corresponding substrate bound (Sb) (μmol g−1) values, which
indicate the number of moles of glucose bound per gram of the
polymer at each data point,48 thus enabling the obtained Sb to
be plotted against Cf. The data were fit with Origin, version
2019b (OriginLabs Corporation, Northampton, MA, USA)
using an allometric (y = axb) fit. All MIPs (black squares) were
plotted alongside their corresponding NIP (red squares)
(Figure 5). Of the compositions analyzed, MIP/NIP-03
presented the lowest overall maximum binding capacities of
9.26 μmol g−1 for the MIP and 2.37 μmol g−1 for the NIP
(Figure 5c), thus demonstrating that with the higher
concentration of the cross-linker and a lower amount of the
functional monomer, the amount of cavities generated within
the material was less when compared to the other

Figure 3. FT-IR analysis of the NIP, extracted MIP, non-extracted
MIP, and GA.

Figure 4. TGA analysis of the NIP, extracted MIP, and non-extracted
MIP.

Table 1. Synthesized MIP/NIP Compositions

MIP/NIP
GA
(mg)

AAM
(equiv)

EGDMA
(equiv)

AIBN
(mg) Solv.

T
(°C)

MIP1 48.5 6 12 40 DMSO 65
NIP1 6 12 40 DMSO 65
MIP2 48.5 8 12 40 DMSO 65
NIP2 8 12 40 DMSO 65
MIP3 48.5 6 16 40 DMSO 65
NIP3 6 16 40 DMSO 65
MIP4 48.5 8 16 40 DMSO 65
NIP4 8 16 40 DMSO 65
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compositions. MIP-01 (Figure 5a) and MIP-02 (Figure 5b)
demonstrated similar binding capacities of 15.29 and 15.59
μmol g−1, respectively. Though the values for these MIPs are
similar, the values for their corresponding NIPs are not similar,
with NIP-01 showing a maximum binding capacity of 12.41
μmol g−1 and NIP-02 a maximum binding capacity of 4.28
μmol g−1. It can therefore be stipulated that the higher amount
of the functional monomer in MIP-02 generates binding sites
with higher affinity than the non-specific interactions observed
in its corresponding MIP. The lower concentration of the
functional monomer (MIP-01) demonstrates a less specific
nature as MIP-01 demonstrates a similar maximum binding
capacity to that of its NIP.
This therefore indicates that a certain threshold of the

functional monomer is required to generate more specific
molecular recognition. The reverse of this trend can be
witnessed within MIP-03 and MIP-04, though the cross-linker
concentrations within these MIPs are higher than those with
MIP-01 and MIP-02, thus indicating that the amount of the
cross-linker present also affects the amount of specific binding
observed between the MIP/NIP. MIP-04 has the highest of all
the observed maximum binding capacities with a value of 25.39
μmol g−1 and a corresponding NIP value of 10.88 μmol g−1

(Figure 4d). To complement these values and to place a metric
upon the amount of specific binding per MIP/NIP, the imprint

factor (IF) was calculated for each formulation. The IF value is
defined as the amount of Sb at a defined Cf for the MIP
devised by the Sb value of the NIP at the same Cf value. The
Cf value for this calculate tends toward the lower ends as these
values tend to be unaffected by the saturation effects when
higher concentrations of the analyte are present. With this in
mind, Cf = 0.2 mM was selected to calculate the IF values for
each of the MIPs. These values were calculated directly from
the fitted binding isotherms and are reported in Table 2. Of
the compositions analyzed, it is unsurprising that MIP/NIP-01
has the lowest specific binding toward glucose with an IF value
of 2.12. The difference between the binding observed with the

Figure 5. Rebinding analysis with LC−MS of (a) MIP/NIP1, (b) MIP/NIP2, (c) MIP/NIP3, and (d) MIP/NIP4.

Table 2. Synthesized MIP/NIP Compositions

MIP/NIP R2 Sb/μmol g−1 (at Cf = 0.2 mM)
IF

(at Cf = 0.2 mM)

1 0.9457 MIP: 6.54 2.12
0.9058 NIP: 3.08

2 0.8783 MIP: 13.05 5.18
0.3874 NIP: 2.52

3 0.9503 MIP: 8.6 4.15
0.4508 NIP: 2.07

4 0.9602 MIP: 16.09 2.29
0.906 NIP: 7.03
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MIP/NIP is too similar, with this visually apparent lack of
difference being reinforced by the calculated metric. It is
however surprising that MIP/NIP-04 has a lower associated IF
value when comparing the visually inspected graph. MIP-02
and MIP-03 were calculated to have similar IF values, with
MIP-02 demonstrating to be the more specific of the two with
an IF value of 5.18 when compared to an MIP-03 value of 4.15.
Again, these values are clearly a direct result of the amount of
the cross-linker and monomer used in the synthesis of the
MIP/NIP. MIP-02 has a higher concentration of the monomer
compared to the cross-linker, enabling a higher degree of
specific binding due to the higher degree of interactions
possible between the monomer and template. The same trend
can be seen between the MIP-01 and MIP-04, with MIP-04
having the higher amount of a functional monomer and
subsequently slightly higher IF values in comparison. Overall,
when considering both the maximum binding capacity and the
associated IF values of each MIP, it is clear that the MIP that
should be used in further experimentation is MIP-02. MIP-02
has a respectable maximum binding capacity while also
retaining a higher IF when compared to the other
compositions.
Rebinding Analysis via the HTM. After depositing the

MIP/NIPs on aluminum chips that were spin coated with a
thin layer of PVC (Figure 6), the functionalized surfaces were
subjected to HTM analysis.

In doing so, each of the functionalized surfaces was exposed
to increasing concentrations of glucose (0.00−0.33 mM) over
a defined time frame (Figure 7). The measurements were
conducted in PBS (pH = 7.4) with a stabilization temperature
of 37 °C so as to imitate the physiological conditions and to

ensure that the conducted measurements were relatable to the
potential real-world samples.
The analysis of both MIPs and NIPs was conducted in the

exact same manner to enable the direct comparison of
substrates functionalized with both kinds of receptors. During
the analysis, it can be clearly seen that the temperature inside
the flow cell decreases when a higher concentration of glucose
is introduced in the flow cell with the MIP particles (Figure 8a,
black line). This behavior is characteristic of an analyte that is
binding to the MIP, as binding events at the surface of the
receptor typically lead to an increased thermal resistance at the
solid−liquid interface, which impedes the flow of heat to the
solution inside the flow cell. In comparison, the same behavior
is not observed during the analysis of the NIP (Figure 8a, red
line), though there is a negligible decrease inside the flow cell
when a high concentration of glucose is present. This decrease,
however, is primarily due to the non-specific binding
interactions that the glucose can have with any surface
functionalities present in the NIP. The change in the
temperature inside the flow cell can also be represented as a
change in thermal resistance at the liquid-phase interface. The
time-resolved thermal resistance data (Rth) of the MIP (black
line) show that the decrease in temperature observed in Figure
8a can indeed be attributed to an increase in thermal resistance
caused by glucose binding to the MIP particles (Figure 8b).
When Rth is calculated for the NIP (red line), it is clear that the
NIP does not behave in the same manner as the MIP and the
thermal resistance of the receptor does not change much over
the entire tested concentration range. These results are
comparable with the ones presented in previous works where
other biomolecules (vitamin k and other small molecules such
as histamine, nicotine, and serotonin) were analyzed with the
same thermal readout setup.42,49

The time-resolved temperature profiles for the MIP and NIP
were used to construct dose−response curves, plotting the
effect size as a function of the change in temperature against
the concentration of glucose introduced into the flow cell
(Figure 9).
The effect size (%) was obtained by dividing the decrease in

temperature at each concentration by the average baseline
temperature obtained after stabilization in PBS (eq 2).

T
T

Effect size (%) 100
PBS

= Δ ×
(2)

The data was fit with Origin, version 2019b (OriginLabs
Corporation, Northampton, MA, USA) using an allometric (y

Figure 6. (a) Microscopy analysis of aluminum chips with deposited
MIP particles. (b) Highlighted background in red showing a substrate
without particles. Image was taken at 20× magnification.

Figure 7. Schematic representation of the deposition of the MIP particles and rebinding analysis with the HTM.
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= axb) fit for both the MIP (black curve, R2 = 0.9593) and NIP
(red curve, R2 = 0.89887).
The LoD was calculated from the dose−response curve of

the MIP (blue dashed line) using the 3σ method,
corresponding to three times the maximum y-axis noise on
the signal throughout the measurement. The reason for taking
the error on the measurement signal (intra-sample variability)
rather than the standard error on the average of three
measurements (inter-sample variability) is that the former is
bigger than the latter. While this shows the sensitivity
limitations of the low-cost readout technology, it also
demonstrates that the electrode production process is highly
reproducible and leads to a high degree of repeatability in the
resulting sensor platform.35−40 This y-value was then plotted
and its intercept with the black curve was the calculated LoD
for the sensor being 19.4 μM. The calculated intercept for the

LoD (19.4 μM) is greater than the curve plotted for the NIP
data, demonstrating that the sensor is capable of detecting
concentrations of glucose that bind specifically. Therefore, this
adds a degree of reliability to the sensor as it is able to
differentiate between non-specifically bound and specifically
bound glucose. The sensor demonstrates the saturation effects
toward the higher concentrations (above 0.25 mM) and seems
to plateau as the concentration tends toward 0.33 mM. The
reference NIP is shown to saturate at much lower
concentrations (0.2 mM) and has an observably lower effect
size in comparison to the MIP.

Selectivity Analysis of the Receptor Layer. To
demonstrate the selectivity of the optimized MIP toward
glucose, further HTM analysis was conducted. The same
experimental parameters and procedures as per the glucose
rebinding analysis with the HTM readout were used for the
analysis of the analogues. The tested competitive analytes were
selected based on the chemical structure (Figure S1) and
function in the body, therefore a monosaccharide (fructose)
and two disaccharides (sucrose and lactose) were tested, and
the binding response was analyzed. To this end, fructose was
analyzed due to its similarity with glucose, though it is
important to notice that despite having the same chemical
formula (C6H12O6), they differ structurally. To further
determine the selectivity of the sensor, sucrose and lactose
were analyzed. Both molecules are composed by two
monosaccharide units, one of them being glucose and the
second one being fructose and galactose, respectively. In order
to observe a direct comparison between glucose and the other
tested analytes, the same concentration ranges previously
analyzed (0.055−0.33 mM) were applied, and the thermal
response was then transformed directly into an effect size (%)
as previously described (eq 2).
The effect sizes were then plotted against the concentration

for each analyte, and the different dose−response curves for
MIPs (Figure 10a) and NIPs (Figure 10b) were obtained.
Overall, none of the tested analytes demonstrated a higher
binding affinity than glucose toward the MIP (Figure 10a).
This difference was apparent from a Cf of 0.05 mM, where
there is a clear differential between glucose and the other

Figure 8. (a) Temperature profile and (b) Rth variations of the MIP/NIP after infusions with varying concentrations of glucose (0.00−0.33 mM) in
PBS.

Figure 9. Dose−response curve obtained by HTM analysis of the
MIP/NIP after infusions of different concentrations of glucose, the
blue dashed line reveals the LoD (3σ method) at ± 19.4 μM. Error
bars and mean values are calculated using the noise of the signal and
are the average of multiple measurements.
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molecules. The difference in effect size is then seen to increase
as the concentration of the analyte in solution does,
demonstrating a higher selectivity toward glucose at higher
concentrations. This said, when analyzing samples at the lower
Cf range, the analogues still have the potential to interfere with
the sensor as they interact with the sensor in the LoD range.
For medical diagnostics, this is not a problem as the
physiological concentrations encountered are typically higher
but it might limit the use of the sensor in industrial
applications such as monitoring fermentation processes in
large bioreactors. When analyzing the NIP data, the analogues
demonstrate a similar affinity to that of glucose. Of the
compounds tested, lactose is the most similar to glucose with
the signal being barely differentiable. This highlights the non-
specific interactions between the NIP and the other analogues,
though as with glucose an IF value can be calculated for each
of the compounds (Table 3).

It should be noted that the disaccharides containing one
glucose unit in their structure (sucrose and lactose) have a
higher affinity for the MIP when comparing the IF of these
with the one of fructose. Since the nanocavities present in the
polymer are specifically made to fit a GA (and therefore
glucose) unit, the response shown for sucrose and lactose is
attributed to the presence of the glucose unit.
Application of the MIP Sensor for the Determination

of Glucose Levels in Human Urine Samples. The
applicability of the sensor for medical diagnostics was
illustrated in this experiment, in which the sensor’s ability to
determine the glucose levels in urine samples was assessed.
The same experimental parameters and procedures as per the
analysis conducted in PBS were used for the analysis of glucose

levels in human urine samples. To this end, urine samples were
collected from a healthy volunteer and analyzed with a
commercial enzyme-based colorimetric glucose detection kit in
order to confirm the absence of glucose in the collected urine
samples (Figure S2). In order to show a direct comparison
between the thermal response obtained in PBS and the one
obtained in urine samples, the urine samples were spiked with
the same concentration of glucose (0.055−0.33 mM)
previously analyzed. Dose−response curves for both the MIP
and NIP were obtained by plotting the effect size as a function
of the change in temperature against the concentration of
glucose in urine introduced in the flow cell (Figure 11). The
effect of size (%) was calculated in the same manner using the
previously reported equation (eq 2). The data was fit with

Figure 10. (a) HTM analysis of compounds (glucose, fructose, sucrose, and lactose) introduced inside the flow cell and infused at increasing
concentrations in PBS (0.00−0.33 mM) and their corresponding dose−response curves for (a) MIPs and (b) NIPs. Error bars and mean values are
calculated using the noise of the signal and are the average of multiple measurements.

Table 3. IF Values of the Tested Analytes at Cf = 0.2 mM

analyte IF (Cf = 0.2 mM)

glucose 2.95
sucrose 1.60
lactose 1.22
fructose 0.56

Figure 11. Dose−response curve obtained by HTM analysis of the
MIP/NIP after infusions of different concentrations of glucose in
spiked human urine samples, the blue dashed line reveals the LoD (3σ
method) at ± 44.4 μM. Error bars and mean values are calculated
using the noise of the signal and are the average of multiple
measurements.
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Origin, version 2019b (OriginLabs Corporation, North-
ampton, MA, USA) using an allometric (y = axb) fit for both
the MIP (black curve, R2 = 0.9753) and NIP (red curve, R2 =
0.5756). The LoD was calculated using the same method as
the one obtained from the curve in PBS (3σ method) and was
found to be 44.4 μM.
Similar to the experiments performed in PBS, the calculated

intercept for the LoD in urine samples is greater than the curve
plotted for the NIP data, demonstrating that the sensor is
capable of detecting glucose in a quantitative and specific
manner in human urine samples as well as in PBS. When
comparing the dose response curves obtained with the HTM
analysis using PBS or urine as a medium, the sensor
demonstrates a very similar behavior. It can be clearly noticed
that in both the dose−response curves (Figures 9 and 11), an
observably lower effect size is observed for the reference NIP
when compared with the MIP. Even though the calculated
LoD is higher in urine than in PBS samples, 44.4 and 19.4 μM,
respectively, the sensitivity of the sensor in urine is higher than
the one calculated for many commercial enzyme-based sensors
and therefore demonstrates the applicability of the sensor in
the monitoring and quantification of glucose in diabetic
patients.
Selectivity Analysis of the Receptor Layer in Human

Urine Samples. The selectivity of the developed platform in
human urine samples was demonstrated with further HTM
analysis. This was achieved by analyzing the thermal response
after injection of the same compounds (and concentrations)
used for the selectivity studies in buffer solutions. The
recorded thermal response was then transformed into an
effect size (%) as previously described (eq 2) and plotted
against the injected concentration of the analyte in urine
samples (Figure 12).
Overall, none of the tested analytes show a higher binding

affinity for glucose toward the MIPs. This difference was
apparent from the first injection (0.05 mM), in addition the
difference in effect size is seen to increase as the concentration
of the analyte introduced does, demonstrating a higher

selectivity toward glucose at higher concentrations. It can be
noticed that the disaccharides containing a glucose unit
(sucrose and lactose) show a higher rebinding effect than
fructose, attributed to the fact that the navocavities present in
the MIP are made to fit a GA (and therefore a glucose) unit.
Since the effect sizes obtained in PBS are comparable with the
ones obtained in human urine samples for each of the tested
compounds, it is demonstrated that selectivity and specificity
of the sensor are not highly affected by the matrix in which the
analytes are present.

■ CONCLUSIONS

In this work, a straightforward approach for the synthesis of
MIPs for glucose using a dummy imprinting technique was
presented. The imprinted polymer was prepared using GA as
the dummy template to obtain receptors that could bind
glucose. By preparing MIPs with different molar ratios of GA/
AAM/EGDMA, an optimized MIP recipe was obtained to
ensure the specific interaction between the target and the
receptor. Template removal from these synthesized MIPs was
studied using FTIR and TGA, providing a strong proof that the
template molecule is indeed removed and functions optimally.
Rebinding experiments analyzed with LC−MS proceeded to
be used to construct binding isotherms for each of the
compositions. These isotherms were analyzed in terms of
maximum binding capacity and IF values, where MIP-02 was
determined to have the best composition for binding glucose
(IF = 5.18, Sb max = 15.59 μmol g−1). The optimized MIP was
then scrutinized further by thermal analysis with the HTM.
The analysis of the MIP samples was performed in phosphate
buffer solutions, where an LoD of 19.4 μM and a linear range
of 19.4−330 μM was achieved. The sensor therefore operates
in a concentration regime that is two orders of magnitude
higher than physiological concentrations encountered in blood.
However, for other applications such as the detection of
glucose in sweat, urine, food products, or industrial
applications, the higher apparent sensitivity renders it
beneficial over traditional, commercial enzymatic glucose
sensors. The same analysis was then conducted for different
analogues of glucose (sucrose, lactose, and fructose),
determining that the sensor had greater affinity toward glucose
than any of the molecules tested.
Finally, the MIP particles demonstrated their efficiency in

detecting glucose in physiological fluids. To this end, human
urine samples were collected and analyzed with the HTM. The
sensor exhibited an LOD of 44.4 μM and a linear range of
44.4−330 μM, demonstrating the applicability of the sensor in
both establishing urine glucose concentrations. The combina-
tion of a low-cost detection platform with a straightforward,
easily scalable production process, leading to a disposable
glucose sensor that is competitive to state-of-the-art sensor
platforms, makes these findings very interesting in terms of
commercial applications and follow-up research to further
optimize the sensor and integrate it into a handheld or
wearable device. The results demonstrate that the sensor might
offer a non-invasive, low-cost alternative to traditional enzyme-
based and/or electrochemical methods in terms of medical
diagnostics but the sensitivity of the sensor also makes it
interesting to study other potential applications such as its use
in food analysis or the monitoring of industrial fermentation
processes.

Figure 12. HTM analysis of compounds introduced inside the flow
cell and infused at increasing concentrations (0.00−0.033 mM) in
human urine samples and their corresponding dose−response curves
for MIPs. Error bars and mean values are calculated using the noise of
the signal and are the average of multiple measurements.
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