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In this communication, molecularly imprinted nanoparticles
(nanoMIPs) that are produced by solid-phase synthesis are functio-
nalised onto thermistors via dip-coating. These thermistors are sol-
dered onto a printed-circuit board to facilitate electrical detection.
Subsequently, these are inserted into a home-made thermal device
that can measure the selective binding of biomolecules to the
nanoMIP layer via monitoring the thermal resistance (Ry,) at the
solid—liquid interface. This thermal analysis technique, referred to
as the Heat-Transfer Method, has previously been used for detec-
tion of proteins with MIP-based binders. While offering the advan-
tages of low-cost and label free analysis, this method is limited by
the high noise on the feedback loop and not being commercially
available. These disadvantages can be overcome by the use of
thermistors, which offer superior temperature sensitivity compared
to thermocouples, and its electrical read-out can be easily inte-
grated into portable devices. To our knowledge, this is the first
report where MIPs are directly integrated onto thermistors for
detection purposes. Measurements were conducted with an
epitope of epidermal growth factor receptor (EGFR) and trypsin,
where the electrical resistance was correlated to the biomolecule
concentration. For both EGFR and trypsin, an enhanced signal to
noise ratio for the electrical measurements was observed com-
pared to previous analysis that was based on thermal resistance.
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The sensitivity of the sensors in buffered solution was in the nano-
molar range, which is compatible with physiologically relevant
concentrations. Upon exposure of the nanoMIP for EGFR towards
pepsin no significant change in the resistance was yielded, estab-
lishing the selectivity of the developed sensor platform. Besides
the enhanced sensitivity, the use of thermistors will enable minia-
turisation of the device and has potential for in vivo measurements
since specified electrochemical measurements are compatible
with human use. To highlight the versatility of the nanoMIPs, this
work should be extended to a set of biomolecules with various
structures, with the possibility of extending this to an array format.

1. Introduction

The first report of the use of heat-transfer resistance at the
solid-liquid interface as a tool for medical diagnostics was
described by van Grinsven et al, in 2012, who monitored
mutations in DNA using thermal analysis." This detection
technique, which was coined the Heat-Transfer Method
(HTM), has the advantages of low-cost and label-free analysis.
In subsequent years, the methodology was expanded to deter-
mining concentrations of small organic molecules and cells
using Molecularly Imprinted Polymers (MIPs) as recognition
elements.”® MIPs are synthetic mimics of antibodies that have
high affinity for their respective template while offering signifi-
cant advantages over natural receptors including better cost-
effectiveness, superior thermal and chemical stability, and
straightforward production process.”” For the thermal sensing
of small molecules, MIP microparticles were used; however,
they have inherent drawbacks such as their low affinity, tem-
plate leaching, and heterogeneous binding site distribution.®
The sensitivity of these sensors was significantly improved by
replacing these microparticles with molecularly imprinted
nanoparticles that were produced according to the solid-phase
approach. This method relies on attaching the template, or an
epitope thereof, to a solid support that is used as an affinity
medium to obtain molecularly imprinted nanoparticles
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(nanoMIPs) with high affinity and a homogeneous binding site
distribution.” Nanoparticles manufactured according to this
method have also been proven to be biocompatible, which
makes them extremely interesting for diagnostics and thera-
peutic applications.® The combination of these nanoMIPs with
HTM enabled detection of small molecules and relevant bio-
markers in the low nM range in buffered solutions and spiked
serum samples.”'® However, there are several limitations to
bringing sensors based on thermal detection to the medical
diagnostics market including high uncertainty on thermo-
couple measurements used for analysis, incompatibility with
current hospital infrastructure, and not being able to perform
in vivo measurements. In this communication, we will replace
thermocouples as transducer materials with thermistors,
metals whose electrical resistance varies as a function of
temperature. Compared to thermocouples, thermistors have a
smaller dimension, lower cost, and high sensitivity over a
specific temperature range.'' There are few literature reports
on using MIPs in combination with thermistors.'>"'* However,
for all these cases, detection of the targets was done by moni-
toring enthalpy changes with thermistors and limits of detec-
tion were not below the micromolar range, which is not
sufficient to determine biomarkers at physiologically relevant
concentrations. We will demonstrate significant improvements
in the sensitivity of the MIP-based sensors by directly functio-
nalising the sensitive end of the thermistor with nanoMIPs.
These functionalised thermistors will be inserted into a
thermal device that was designed in-house to enable simul-
taneous HTM and electrical resistance measurements. As
proof-of-concept, nanoMIPs designed for an epitope of epider-
mal growth factor receptor (EGFR) will be used.'* EGFR is over-
expressed on the membrane of cancer cells since this acceler-
ates cell division."” It is a druggable target and there are
several inhibitors, including EGFR tyrosine kinases inhibitors,
on the market for cancer treatment. There is considerable
interest in EGFR detection due to its potential use in early
diagnosis of cancer."®

We demonstrate in this communication, for the first time,
that the use of thermistors leads to similar limits of detection
compared to HTM but benefits include higher signal-to-noise
ratio, only requiring a simple multimeter for analysis, and
straightforward data interpretation. First results demonstrate
that other biomarkers can be targeted by adapting the
nanoMIP, making this is a versatile tool with high promise in
the field of medical diagnostics.

2. Experimental
2.1 Consumables

Phosphate buffered saline (PBS) solutions were made using
PBS tablets (Sigma, UK) and de-ionized water of resistivity of at
least 18.2 MQ cm. Chemicals and equipment for the synthesis
and analysis of the EGFR and trypsin nanoMIPs are described
by Canfarotta et al®'* The EGFR epitope (amino acids
418-435, MW: 2005 g mol™') was obtained from Ontores
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Biotechnologies (China). Pepsin and trypsin were purchased
from Sigma (UK). The synthesis nanoMIP procedure is sche-
matically shown in ESIS1.{

In short, the nanoMIP preparation is as follows: to attach
EGFR to the solid-phase, activated glass beads were placed in a
solution containing succinimidyl iodoacetate linker which
enables coupling of the amine-derivatised solid-phase to the
thiol group present in the selected EGFR epitope. After
leaving the solution overnight and subsequent washing with
acetonitrile and PBS solutions, these functionalised beads
were added to a solution containing various acrylamide
monomers that were polymerised (polymerisation time 1 h)
by adding an ammonium persulfate solution and N,N,N',N'-
tetramethylethylenediamine.

The polymerisation process for the trypsin nanoMIPs was
similar, but the solid-phase was prepared by incubating sila-
nised glass beads with a 7% glutaraldehyde solution. After
washing the beads with distilled water, trypsin was added and
the beads were incubated overnight at 4 °C.

2.2 Set up for thermal and electrical measurements

The thermistor used in this experiment was a MicroBetaCHIP
thermistor from Farnell (Leeds, United Kingdom), which is a
negative temperature coefficient thermistor that has the advan-
tage of fast response time and working in a wide temperature
range (—40 °C-125 °C). These miniature thermistors consist of
a lead wire, which is composed of nickel bifilar and insulated
with polyester, that is potted into a polyimide tube with a ther-
mally conductive epoxy. At first, a calibration curve was con-
structed to link the resistance to the temperature.
Subsequently, the thermistor wires were applied to a nanoMIP
solution in water for 60 s and withdrawn at a rate of 5.1 cm
min~", which is in line with the procedure that our group pre-
viously used for thermocouple functionalisation.'® Following
at least 2 h of air drying, the calibration curve was repeated to
determine whether the thermistors exhibited the same temp-
erature dependence. Fig. S21 demonstrates that the tempera-
ture dependence is not affected by the presence of nanoMIPs
on the tip of the thermistor.

Subsequently, these functionalised thermistor wires were
inserted into an additively manufactured (3D printed) flow cell
that was coupled to in-house designed thermal device." The
flow cells were sealed off with a copper block that serves as a
heat-sink. Its temperature (T;) was steered with a proportional-
integral-derivative controller that was connected to the power
resistor attached to the copper. The temperature of the liquid
at fixed position 7, was measured by a thermocouple. It is
crucial to monitor the temperature signal (measurement every
second) within the flow cell to determine that changes at the
interface are due to binding of the biomolecules to the MIP
layer instead of changes in the temperature within the flow
cell. For all measurements, T; was controlled at strictly 37.00 +
0.02 °C to mimic biological conditions. The experimental set
up is schematically shown in Fig. 1.

In previous work, the biomolecule concentration was corre-
lated to the thermal resistance at the solid-liquid interface of

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The modified HTM set up that can simultaneously measure the electrical resistance of the functionalised thermistor and the thermal resis-

tance at the solid—liquid interface.

a MIP-functionalised thermocouple or a functionalised elec-
trode."” The thermal resistance (Ry,) was determined by divid-
ing the temperature gradient (7,-T;) over the power required
to keep the heat sink at the set temperature of 37 °C. The
power is taken into consideration because it eliminates exter-
nal influences, which have an impact on the measurements
due to the non-adiabatic nature of the flow cell.
Simultaneously with these measurements, the electrical resis-
tance is monitored every second with a RS Pro IDM8341 bench
digital multimeter (Corby, UK) which is possible since the
thermistor is soldered onto a printed circuit board.

2.3 Thermal and electrical measurements

In all measurements, the flow cells were filled with a solution
of PBS and left for at least 30 min to ensure stabilisation of the
baseline temperature signal. Solutions (2.5 mL) of EGFR or
tryypsin (0-500 nM) were prepared in PBS (pH = 7.4) and
added at 100 pL min~' to the flow cell with an automated
NE500 programmable syringe pump (ProSense, Oosterhout,
the Netherlands). At least 20 min was allowed between sample
additions to ensure stabilisation of The functionalised ther-
mistor was positioned opposite of the thermocouple that
measures T,. This experiment was performed with both the
functionalised thermistor and with a “bare” thermistor to
demonstrate that measured changes in electrical resistance
can be attributed to binding of the target to the MIP layer. A
thermocouple, positioned opposite of the thermistor, was
used to determine the stability of the temperature signal
within the flow cell and to show that changes in the electrical
resistance are not caused by changes in properties of the
liquid. The selectivity for the nanoMIP designed for EGFR was
evaluated by first exposing the MIP to a PBS solution of pepsin
(250 nM) followed by a PBS solution of EGFR (250 nM).

3. Results

3.1 EGFR measurements

At first, a measurement with a bare (non-functionalised) ther-
mistor was conducted to determine the influence of additions

This journal is © The Royal Society of Chemistry 2020

of PBS solutions containing an epitope of EFGR and trypsin
on the electrical resistance and the temperature within the
flow cell (Fig. S31). From Fig. S3,T a distinct difference was
observed between the noise on the thermal signal vs. the elec-
trical resistance measured by the thermistor. The thermal re-
sistance stabilised at 4.32 + 0.05 °C W', with a coefficient of
variation of ~1% that is in line with previous literature
reports.'” The noise levels are relatively high compared to com-
mercial equipment and work by Geerets et al., has demon-
strated that this can be attributed to fluctuation in the power
that is required to keep the heat sink at a fixed temperature.'®
For the thermistors, the standard deviation was determined
during the same interval and values of only 0.02% were
obtained. Since the limit of detection is directly related to the
standard deviation on the baseline signal, this means higher
sensitivity could be expected with thermistors compared to
previous measurements based on the thermal resistance.

Upon injecting PBS solutions spiked with an epitope of
EGFR, sharp increases in the thermal resistance were
observed. This can be attributed due to solutions at ambient
temperature being injected into the flow cell that is at 37 °C,
but upon stabilisation the signal returned back to baseline.
There was no significant increase in the Ry, which is expected
since there are no MIP cavities for the peptide to bind. The
thermistors demonstrated a slight increase, from 6196 to 6201
Q, which can be attributed to non-specific adsorption to the
thermistor surface or change in thermal conductivity of the
solution due to biomolecules being present. This might not be
picked up by the thermal resistance signal due to the higher
noise on the signal.

Subsequently, identical measurements were conducted
using thermistors functionalised with nanoMIPs for EGFR
(Fig. 2). Contrary to the measurements with the blank, Fig. 2
demonstrates a significant increase in the electrical resistance
as one would expect when target molecules bind to the MIP
layer. There was no significant difference in the temperature
measured by the (non-functionalised) thermocouple at posi-
tion T, that could affect the electrical resistance, validating
that changes measured by the thermistor were attributed to

Analyst, 2020, 145, 5419-5424 | 5421
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Fig. 2 Measurements of the thermal (black line) and electrical (blue
line) resistance over time upon addition of PBS solutions containing
EGFR (0-500 nM). The thermocouple was used as such, the thermistors
were functionalised with nanoMIPs for EGFR.

binding to the MIP layer instead of temperature changes
within the flow cell.

The thermal resistance stabilised at 3.75 + 0.05 °C W~ with
a measured electrical resistance of 6245 + 1 Q. This is in a
similar order to the blank but it could be there is a slight
increase in the measured resistance due to the presence of the
nanoMIPs; it should be noted that the particles are only
expected to be at the measurement tip. Upon addition of 500
nM of an epitope of EGFR in a PBS buffer, the thermal resis-
tance increased slightly but not above the noise of the thermal
resistance.

When binding of biomolecules to MIP-functionalised ther-
mocouples occurred, an increase in the thermal resistance at
the solid-liquid interface was observed which can be explained
by the “pore blocking model”.” It is expected that binding of
the template of interest to the nano-MIP functionalised ther-
mistor will follow the same trend as the thermocouples and
binding of the template to the MIP layer will result in an
overall increase in the electrical resistance.

As Fig. 2 shows, the resistance of the thermistor went up by
23 Q, which is significantly higher than the increase by 5 Q
that was recorded by the blank measurements. That corre-
sponded to an increase of 0.3%, which is twenty times the
noise on the signal. Significant changes in the resistance were
measured upon additions of 10 nM of an epitope of EGFR in
PBS or higher. This limit of detection is similar to what was
previously obtained with functionalised thermocouples'® and
in line with enzyme-linked immunosorbent assays, the stan-
dard method to determine EGFR.' It is expected that with
optimisation of the functionalisation procedure, it is possible
to improve the sensitivity compared to thermocouples due to
the overall lower noise on the thermistor. EGFR is over-
expressed in a number of tumours and is associated with
increased serum levels; the specificity of this sensor platform
is readily within the physiologically relevant range.*°
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In order to evaluate the reproducibility, this measurement
was repeated. To this end, the tip of the thermistor was
cleaned with ethanol and nanoMIP functionalisation was
repeated. The response in electrical resistance as a function of
the EGFR concentration, where the error bars correlate to the
standard deviation on three independent measurements, is
shown in Fig. S2.7 Up until 100 nM, a similar pattern was
observed with respective increases of 15 + 1 Q vs. 17 + 1 Q at
this concentration. While measurements up until that point
were in agreement, slight deviations (+5 Q) at higher concen-
tration were observed which could be due to differences in
available binding sites on the surface. Due to the nature of the
functionalisation procedure, it is difficult to control the
amount of nanoMIP present on the tip, which could signifi-
cantly affect the maximum binding capacity and thereby the
binding at higher concentration.

3.2 Trypsin measurements

To demonstrate the versatility of this approach, nanoMIPs
designed for trypsin were deposited onto thermistors and
measurements were performed with PBS solutions spiked with
trypsin. Fig. 3 demonstrates the electrical and thermal resis-
tance over time, which shows a similar pattern compared to
the experiments done with EGFR.

The thermal resistance did not significantly increase upon
addition of 500 nM of trypsin in PBS. In contrast, there was a
more pronounced change in the electrical resistance compared
to EGFR, with a jump of around 40 + 10 & upon exposure to a
PBS solution spiked with 10 nM of trypsin. When increasing
the concentration, the resistance gradually rose further with a
total change of 50 + 2 Q. The estimated limit of detection for
this methodology was in the low nanomolar range, which is
similar to what we have reported with functionalised thermo-
couples.’ It is also in line with the dissociation constant (Kp)
calculated for these nanoMIPs (8 nM). Additional data avail-
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Fig. 3 The thermal (black line) and electrical (blue) resistance measured
by the thermistor functionalised with a nanoMIP for trypsin upon

exposure to PBS solution containing trypsin. The red line is a guide for
the eye and a 600 pt average of the thermal resistance.
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able in Fig. S17 demonstrates how this value was calculated
using surface plasmon resonance (SPR). An experiment
(ESIS57) with a freshly prepared MIP-functionalised thermistor
demonstrated this similar jump in the order between 35-40 Q
upon exposure of the thermistor towards a trypsin concen-
tration of 10 nM in PBS, demonstrating the reproducibility of
the sensor platform.

3.3 EGFR selectivity measurements

To further examine the selectivity of the EGFR nanoMIPs, an
experiment was performed where the functionalised thermis-
tors were first exposed to pepsin (250 nM in PBS), followed by
flushing with PBS, and subsequent exposure to a solution con-
taining EGFR (250 nM in PBS). The results of this experiments
are shown in Fig. 4. Pepsin is a digestive protein with a mole-
cular weight of ~34.5 kDa," and was previously used to deter-
mine the selectivity of the nanoMIPs designed for EGFR. Thus,
it will demonstrate whether binding is based on the specific
sequence of amino acids, or whether other peptides will also
bind to the nanoMIPs.

The resistance stabilised at 6205 Q in PBS and was not
affected by the addition of a solution of PBS with pepsin.
However, a notable increase of 10 Q was observed upon
addition of a solution containing EGFR. This is somewhat
lower compared to the measured response in Fig. 2; however,
it has to be noted that the presence of (residual) pepsin and
potential binding of pepsin to the nanoMIP layer might
impact binding of EGFR. Nonetheless, it is clear that the
response was only observed upon exposure of the nanoMIP to
its original target, which is a first proof for the selectivity of
the polymer layer.

The selectivity of the nanoMIP designed for trypsin was
evaluated with biotin, another protein that is involved in the
metabolism of enzymes. As shown in Fig. S6, upon exposure
of the functionalised thermistors to PBS solutions with con-
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Fig. 4 The electrical resistance measured by the thermistor functiona-
lised with a nanoMIP for EGFR upon exposure to pepsin, PBS, and the
template EGFR.
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centrations up to 500 nM of biotin no significant response in
the electrical resistance was observed, thereby providing
additional proof of selectivity of the developed sensors.

4. Conclusions

This work is the first report of a polymer-based sensing plat-
form using MIP-functionalised thermistors as working electro-
des. Dip-coating was used to attach the nanoMIPs onto the
sensitive tip of a negative temperature coefficient thermistor.
The functionalised thermistor was attached to a printed circuit
board and inserted into a flow cell, ensuring simultaneous
measurements of the electrical resistance of the thermistor
and of the thermal resistance at the solid-liquid interface. The
flow cell was sealed off with a copper heat sink, which was
kept at 37.00 + 0.02 °C for all measurements to mimic body
temperature. Experiments where the bare (non-functionalised)
thermistor was exposed to PBS solution with increasing bio-
marker concentration (0-500 nM of an epitope of EGFR) did
not show a significant difference in either the electrical or
thermal resistance. In contrast, the thermistors that were func-
tionalised with nanoMIPs designed for EGFR demonstrated an
increase in the electrical resistance that was attributed to
binding to the nanoMIP layer since there was no significant
response in the temperature signal. A measurable increase was
seen for concentrations of 10 nM which is in the same range
as previously used thermocouples and immunoassays com-
monly employed for EGFR analysis. The use of thermistors
over thermocouples, that were previously used for MIP-based
detection of biomarkers, has the significant advantages of
lower noise (0.02 vs. 1%) and thereby higher signal to noise
ratio. This experiment was repeated with a freshly prepared
electrode, which demonstrated a similar signal in the lower
concentration range. The selectivity of the sensor platform was
established by comparing the response of the EGFR nanoMIP
functionalised thermistor in the presence of pepsin, a bio-
marker with similar properties. To demonstrate the versatility
of the sensor platform, the same experiments were performed
with nanoMIPs for trypsin. A limit of detection in a similar
order for trypsin (10 nM) was obtained, which again is similar
to commonly used immunoassays while offering lower noise
compared to the use of the thermal resistance.

The use of thermal sensing in combination with MIP
technology for detection of biomolecules has the advantages
of straightforward and low-cost analysis. However, it has to be
noted that the home-made device used for thermal analysis is
not available in all labs with the technology in its infancy.
Furthermore, it is difficult to miniaturise the device and it is
not compatible with in vivo measurements due to the need of
a temperature gradient. The sensor platform described in this
communication has sensitivity on par with thermal analysis
for spiked buffered solutions while offering miniaturisation
and higher signal-to-noise. In the future, experiments should
be undertaken to move towards a covalent functionalisation
strategy to improve reproducibility, optimise the flow cells and
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limit heat loss to the environment, and evaluate the perform-
ance of the sensors in clinical samples. Clinical samples,
including serum, plasma and urine, contain an abundant
presence of interferents such as blood proteins, which will
pose its own challenges. Despite these challenges, this versa-
tile technology when implemented into a portable device can
have high potential for use in biomedical research.
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