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Serum creatinine concentration is an important clinical measure of kidney function. However, standard methods
of detection, such as the Jaffe method or enzymatic assays, suffer several disadvantages, including non-specificity
and procedural complexity, or high cost, respectively. In this work, we propose the use of nano-molecularly
imprinted polymers (nMIPs) in conjunction with the novel Heat Transfer Method (HTM) as a promising alter-
native sensing platform to these existing methods for measuring serum creatinine concentration. More specif-
ically, it is shown that creatinine-imprinted nMIPs can be produced using a solid-phase templating method, and
that simple drop-casting onto a cheap, disposable substrate can be used in conjunction with HTM to detect
creatinine with a limit-of-detection of (7.0 &+ 0.5) pM in buffer solutions. Furthermore, the nMIPs are shown to
selectively bind creatinine in comparison to several similar molecules, and the sensing platform is demonstrated

to be able to detect changes in creatinine concentration in complex blood plasma samples.

1. Introduction

Creatinine is a small molecule waste product formed in the body by
non-enzymatic dehydration of creatine [1], which is an important
biomolecule for vertebrate muscle function [2]. Creatinine is filtered
from blood plasma by the kidneys, and subsequently excreted from the
body during urination [1]. Due to the molecule’s small size and physi-
ologically inert behaviour, it is freely filtered by the kidneys, and hence
measurement of creatinine concentration in serum has long been used in
clinical settings as a means of assessing a patient’s renal function, spe-
cifically as an indicator of glomerular filtration rate [1, 3]; simply put,
higher-than-normal creatinine concentrations in the blood can indicate
kidney disease or injury. While healthy serum creatinine concentrations
show significant inter- and intra-individual variations, [3, 4] serum
creatinine measurements nonetheless remain important clinical in-
dicators of kidney injury. For example, the British Medical Journal
(BMJ) best practice guide suggests that acute kidney injury is indicated
by an increase in serum creatinine concentration of >0.03 mM over 48
hrs, or an increase to >1.5X the baseline value within 7 days [5].

Serum creatinine concentration is generally measured using either
Jaffe or enzymatic assays [6, 7]. The Jaffe method relies on the reaction
of creatinine with picrate to produce a quantifiable colour change,
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whereas enzymatic assays produce a colorimetric response through
successive enzymatic reactions [6]. A significant disadvantage of the
Jaffe method is its lack of specificity; a variety of common biological
compounds can react with picrate and interfere with the conversion of
the creatinine chromogen [6, 7]. Additionally, the reaction is somewhat
complex to perform since picric acid is a significant chemical hazard,
and the reaction is sensitive to temperature and pH. [7] Compared to the
Jaffe method, enzymatic assays have higher specificity and sensitivity
towards creatinine and hence are used when higher precision is required
[6]. However, the use of enzymes is associated with its own drawbacks,
not least relatively higher cost and more complex transportation and
storage logistics (because enzymes must be stored at low temperatures).
A possible means of avoiding many of the drawbacks of either method is
to measure creatinine concentration using molecularly imprinted poly-
mers (MIPs) as the recognition element.

The term MIP is used to refer to a cross-linked polymer which has
been synthesised in the presence of a template molecule. In the pre-
polymer mixture for non-covalent MIPs, molecules of monomer asso-
ciate with the template via various types of non-covalent, intermolecular
bonding, and these structures are subsequently fixed upon polymerisa-
tion and cross-linking. Removal of the template molecule, for example
through washing, leaves vacancies that will bind the template with a
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high degree of specificity due to their complementary sizes, shapes, and
functionalities. Exposing the evacuated MIP to a solution containing the
template leads to rebinding in the vacancies, which can be measured
using a variety of different sensing methods, including optical [8],
gravimetric [9], and electrochemical[10] techniques. While the selec-
tive binding of a target molecule by a MIP is analogous to that of the
antibodies and enzymes frequently used in sensing, MIPs have a number
of advantages in comparison to their biological counterparts. Proteins
and enzymes are produced through expensive and complex methodol-
ogies, require the utilisation of animals, and rapidly denature outside
their tolerated temperature and pH ranges. By contrast, MIPs can be
derived from simple and wide-ranging synthetic routes using low-cost
feedstocks and have significantly enhanced thermal and chemical sta-
bilities. These advantages mean that there has already been significant
interest in the use of MIPs for biomolecule sensing [10-12].

The relatively simple criteria for the formation of MIPs mean that a
large variety of synthetic methods have been reported for their pro-
duction [13]. Processes which can produce MIP nanoparticles (i.e.
nano-MIPs, or nMIPs), are especially useful since the extremely high
surface-area-to-volume ratio of nanoparticles means that significantly
more binding sites are available for interaction with the analyte in
nMIPs than in micro- or macro-sized MIPs [14]. A range of syntheses
have been reported for nMIPs [14], but they produce particles of varying
quality. The ideal nMIP for sensing would have: a high degree of binding
site heterogeneity, thereby maximising their sensitivity and specificity
towards the target; minimal excess polymer per binding site; and min-
imal residual template remaining in the material [15]. The procedure
reported by Canfarotta et al. addresses these criteria by using a
solid-phase templating approach [15]. More specifically, they anchored
a target analyte molecule on a glass bead support, and subsequently
carried out free radical polymerisation in solution containing the tem-
plated glass beads. While polymer nanoparticles formed both at the bead
surface and in solution, they found that they could selectively retrieve
nMIPs through a temperature gradient washing process, which left the
desired particles on the glass bead surface until the final washing step
(by which point the unwanted particles had been removed) [15]. Their
synthesis could be carried out in both aqueous and organic solvents, and
as such allowed them produce monodisperse nMIPs with a high degree
of affinity for a range of different targets, including biological macro-
molecules, as well as small molecules [15].

For creatinine specifically, a range of MIP syntheses have been re-
ported, including emulsion free radical polymerisation to form MIP
microparticles [16], sol-gel formation of a creatinine-imprinted alumi-
nosilicate [17], and free radical polymerisation to graft MIPs from a
magnetic iron nanoparticle core [18]. The MIP microparticles in
particular were demonstrated to form part of an effective sensing plat-
form using Electrochemical Impedance Spectroscopy; the other cited
examples demonstrate the binding and selectivity of the synthesised
MIPs, but do not establish a sensing platform. To the best of our
knowledge, there has been no report of creatinine-imprinted nMIPs
made using the procedure described by Canfarotta et al. [15]. Similarly,
there has been no report of a sensing platform consisting of
creatinine-imprinted MIPs and a thermal method of analysis.

A novel read-out platform for detection of analyte binding to MIPs is
the Heat Transfer Method (HTM), which has been shown to be effective
when used in conjunction with nMIPs made via the Canfarotta method
[19]. This technique relies on the change in the thermal resistance of
functional material, such as a nMIP, when it is exposed to the appro-
priate analyte solution [20]. More specifically, in a typical HTM mea-
surement, a thermocouple is used to measure the temperature of a
liquid-filled sample cell while it is being heated by an external heat
sink and maintained at a constant temperature by an electric heater and
proportional-integral-derivative (PID) controller. The temperature of
the solution (T3), the temperature of the heat sink (T;), and the power
being drawn by the heater (P) are measured continuously, and together
they can be used to calculate the thermal resistance (Ry,) of the system:
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A MIP layer can be placed between the heat source and the Tp
thermocouple, typically on a substrate at the bottom of the sample
chamber, or as a coating on the thermocouple itself. An illustration of
the set-up used in this work is shown in Fig. 1. When analyte is intro-
duced to the solution, it will bind to the nMIP layer and reduce heat flux
through it [20]. This in turn reduces the measured T5 and increases the
calculated Ry. The increase in Ry, is dependant on the analyte concen-
tration, typically following a nonlinear relationship which can be cali-
brated using standards of known concentration and a fitted nonlinear
function. Changes in Ry, in response to changing analyte concentrations
can be measured not only in simple aqueous solutions, but also in
complex, real biological samples such as serum[19] and plasma [21].
This proven versatility, coupled with the simplicity of HTM systems and
the low cost of their components, means that HTM represents a prom-
ising alternative to traditional clinical sensing methods, including, in
theory, clinical evaluation of serum creatinine concentrations.

In this paper, we report for the first time, a simplified version of the
synthetic approach developed by Canfarotta et al. [15]. to produce
nMIPs imprinted for creatinine which are effective recognition elements
for sensing of serum creatinine using HTM. The nMIPs are first charac-
terised using a variety of analytical methods and are then shown to
measure creatinine in aqueous buffer solutions using the HTM. The
nMIPs are shown to be selective for creatinine sensing in comparison to
chemically similar interferent molecules and are then finally demon-
strated to provide a measurable response in real blood plasma. Overall,
it is concluded that the concept of serum creatinine sensing using nMIPs
in conjunction with HTM is promising, although both the nMIP synthesis
and HTM system would require further optimisation before being useful
in a clinical setting.

2. Experimental section
2.1. Materials

Details of all materials used in this work are given in the Supporting
Information (SI).

2.2. nMIPs synthesis

The synthetic methodology used here was taken from Canfarotta
et al., [15] but with some simplifications. Firstly, while Canfarotta et al.
suggest the use of a cocktail of monomers in order to provide correct
functionality for binding to target analytes, [15] only one monomer,
N-isopropylacrylamide (NIPAM), and cross-linker, N,N’-methyl-
enebisacrylamide (BIS), were used herein. This is because it was pre-
dicted that the amide groups on these molecules would provide
sufficient non-covalent interactions with creatinine to cause molecular
imprinting; the obtained nMIPs are therefore expected to be largely
composed of poly(N-isopropylacrylamide) (PNIPAM). The chemical
structures of creatinine, NIPAM, and BIS are shown in Fig. 2 for refer-
ence. Additionally, while Canfarotta et al. describe an uncontrolled
radical polymerisation for their aqueous nMIPs synthesis, an iniferter
agent, 2-(2-Carboxyethylsulfanylthiocarbonylsulfanyl)propionic acid,
(CTP, also shown in Fig. 2) was used here to provide controlled/living
free radical polymerisation. This is because living free radical poly-
merisation has been shown to improve the homogeneity of binding sites
within MIPs compared to uncontrolled polymerisation [22], and should
promote the formation of monodisperse particle sizes [15]. Finally,
while Canfarotta et al. suggest reaction in organic solvent for imprinting
small molecules, and aqueous synthesis when using biological macro-
molecules, an aqueous synthesis was used here despite creatinine being
a small molecule since it was found to be significantly more soluble in
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Fig. 1. An illustration of the basic set-up used for HTM measurements in this work, with (A) showing a cartoon representing the assembled flow cell during a
measurement, and (B) showing part drawings for the individual components of the disassembled flow cell.
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Fig. 2. Chemical structures of creatinine, N-isopropylacrylamide (NIPAM), N,N’-methylenebisacrylamide (BIS), and 2-(2-Carboxyethylsulfanylthiocarbonylsulfanyl)

propionic acid (CTP).

water than organic solvents [15].

An abridged summary of the synthetic procedure is as follows, with
the full, unabridged version given in the SI:

Part 1 - glass bead activation and amine coating: the glass beads were
activated by reflux in 1 M sodium hydroxide then washed to neutral pH
using 0.01 M phosphate-buffered saline (PBS) solution and deionised
water. After being fully dried in an oven, the activated beads were
coated with (3-Aminopropyltrimethoxy)silane by overnight reaction in
toluene under dry conditions. The coated beads were then washed with
acetone and methanol and then dried in air.

Part 2 — creatinine template attachment: the dry coated beads were
treated for 2 hrs at ambient temperature with a solution of glutaralde-
hyde (7% v/v) in 0.01 M PBS, before being filtered and rinsed with
deionised water. The glutaraldehyde-treated beads were then added to a
45 mM solution of creatinine in 0.01 M PBS and left in a fridge over-
night. The creatinine solution was then decanted and replaced with a
solution of sodium borohydride in deionised water (approximately 1
mgmL ™). After 30 min reaction at ambient temperature, the beads were
retrieved by filtration then rinsed with deionised water and dried in air.

Part 3 — nMIP synthesis on templated glass beads: in deionised water,
NIPAM, CTP, and BIS were dissolved to give a molar ratio of approxi-
mately 26:18:1, respectively. The solution was purged with N3 (g) before
the addition of the creatinine-templated glass beads, which was

followed by further purging. Finally, ammonium persulfate and N,N,N’,
N'-Tetramethylethylenediamine were mixed in a molar ratio of 1:1.25,
respectively, then quickly added to monomer solution to initiate poly-
merisation, with the mixture then left to react for 24 hrs under inert
atmosphere and at ambient temperature.

Part 4 — nMIP collection: after reaction, the polymerisation mixture
was decanted into a solid-phase extraction tube fitted with a poly
(ethylene) frit. This was used to rinse the beads with eight 30 mL ali-
quots of deionised water at room temperature which removed unwanted
reactants and non-imprinted polymer nanoparticles; all but the last of
these aliquots were discarded (the final aliquot was kept for analysis). In
order to retrieve the desired nMIPs, a 30 mL aliquot of deionised water
at 60 °C was then added to the beads and left for 15 min before being
collected and stored. This was repeated three times to yield 90 mL of
nMIP in water suspension as the final product.

2.3. nMIPs characterisation

Fourier transform infrared (FT-IR) spectroscopy was carried out
using a Perkin-Elmer Spectrum 2 infrared spectrometer and attenuated
total reflectance (ATR) sampling accessory. A few mg of freeze-dried
sample was pressed on the ATR crystal using the pressure arm fitted
with a large load shoe, resulting in a force gauge reading in the
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instrument software of approximately 25. A background measurement
was taken in air, and spectra were collected over the wavenumber range
400-4000 cm ™! with a resolution of 4 cm™! and 4 scans-to-average.
Ultraviolet/visible (UV/vis) spectroscopy was carried out using a
Thermo Scientific Evolution 201 UV-Visible Spectrophotometer and a
quartz cuvette (path length 1 cm). Deionised water was used as the
background measurement, and absorbence was measured over the
wavelength range 200 — 1000 nm with a data interval of 1 nm, scan
speed of 1500 nm(min)’l, and integration time of 0.04 s. Solids content
was measured by weighing the mass of a glass vial containing nMIPs
suspension (approximately 15 mL) before and after freeze-drying using a
Buchi Lyovapor 1-200 Freeze Dryer with vacuum pressure set to 0.75
mbar. Before scanning electron microscope (SEM) imaging, samples
were dried onto either a Si wafer or the working electrode of a screen-
printed electrode (SPE), and dried either at room temperature (19 —
22 °C, approximately 90 — 120 min drying time) or in an oven at 65 °C
(approximately 30 min drying time). Before nMIPs deposition, the Si
wafers had been rinsed with deionised water, followed by acetone, and
then dried with a gentle stream of N (g). The substrates with dry nMIPs
were then mounted on aluminium stubs with adhesive carbon tape, and
sputter coated with gold using a Polaron SEM Coating System with a
coating time of 30 s, and voltage and current of 800 V and 5 mA,
respectively. Images were collected with a Supra 40VP from Carl Zeiss
Ltd., using a secondary electron detector, acceleration voltage of 2 kV,
and working distance of 5.2 mm. Where applicable, particle sizes were
analysed using MATLAB R2019a with bespoke code. Filters were
applied in the code to remove objects below 30 pixel in area, and above
0.9 in eccentricity, which served to disregard noisy pixels and agglom-
erated particles, respectively.

2.4. Heat transfer measurements

For studies in aqueous buffer solutions, a master solution of 10 mM
creatinine in 0.01 M PBS was made up, and then diluted to the desired
concentration ranges. For studies in plasma, a master batch of approx-
imately 0.1 M creatinine was made up in 0.01 M PBS, which was then
added blood plasma diluted with 0.01 M PBS (20% v/v plasma) in order
to give the desired concentration. The graphite working electrode (WE;
diameter = 3.1 mm) of a disposable SPE was used to provide a substrate
for supporting the nMIPs in the measurement cell. The SPEs were
fabricated as has previously been described [23]. Such SPEs were orig-
inally designed to provide a cheap, disposable means of performing
electrochemical measurements. However, they have also been shown to
be effective substrates for HTM in several instances [21, 24, 25]. In some
cases, such SPEs have been electrochemically modified prior to HTM
measurements [21, 24], but in this case the WE was used simply to
provide a well-defined area for simple drop-casting (with the reference
and counter electrodes remaining bare and unused). Specifically, a 10 pL
droplet of the nMIPs-in-water suspension obtained directly from the
synthesis was pipetted onto the WE of an SPE and allowed to dry at room
temperature (19 - 22 °C, approximately 90 — 120 min drying time). A
square segment of the SPE with the coated WE at its centre was then
placed into the sample chamber of a bespoke, additively manufactured
flow cell. The flow cell was produced via stereolithography (SLA)
printing and was of a design previously described in literature [21, 25].
Briefly, the unit consisted of: a flow cell with three interior tubes leading
to a central sample chamber, two of which act as inflow and outflow for
liquid injection, the third allowing insertion of a wire thermocouple; a
copper block/heat sink which could be screwed onto the cell; a 22 Q
resistance heater screwed to the exterior of the heat sink and connected
to an external power source and PID temperature controller; and an inert
substrate (e.g. gold-coated Si wafer) to support the SPE in the sample
chamber, plus a rubber O-ring that rests on the SPE, both of which
combine to seal the sample chamber upon assembly of the unit. An
illustration of the assembled unit is shown in Fig. 1.

Before measurements, a single thermocouple was inserted into the
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sample chamber through the perpendicular inflow pipe in order to
measure the sample temperature (T3). The tip of the thermocouple was
suspended approximately 1.7 mm above the surface of the substrate. A
second thermocouple was inserted into the copper heat sink to measure
its temperature (T;). The PID device had previously been optimised
through tuning experiments to reduce noise in values of Ry, measured
for the specific cell. The heater was then set to maintain the copper block
(T1) at a temperature of 37 °C during the course of measurement, with
the temperatures of the copper block (T;) and the sample chamber
interior (T2) set to be measured continuously at a sampling rate of 1 Hz.
Throughout measurement, the whole assembly was kept in an incubator
(VWR INCU-line Cool) maintaining a temperature of 20 °C in order to
minimise changes in environmental temperature which could increase
the uncertainty in HTM measurements.

Before measurement, either PBS, or the first analyte solution, was
injected into the sealed cell, with care being taken to eliminate any
bubbles in the sample chamber or ducting as these can unpredictably
change the measured Ry,. The measurement was then commenced. After
a 45 min dwell time of the sample in the chamber, the first/next analyte
solution was injected into the flow cell at a rate of 250 uL min~! over the
course of 12 min, thereby purging the cell of its previous contents and
leaving only the desired analyte solution. After a further 30 min dwell
time, the next analyte solution was injected. This process was repeated
until all solutions had been measured. This procedure was used for all
HTM measurements described here, apart from measurements made
using competitor molecules to creatinine, in which case an additional
injection of blank PBS solution (with no subsequent dwell time) was
carried out between each analyte solution in order to ensure that all of
the previous analyte molecule had been removed from the sample cell.
For each sample, a mean and standard deviation were taken for 10 min
worth of measurements in the period immediately before injection of the
next analyte solution.

3. Results and discussion

The nMIPs were fabricated as detailed in the experimental section.
We first turn to their characterisation.

3.1. nMIPs characterisation

3.1.1. Spectroscopic characterisation

FT-IR spectroscopy was performed on the freeze-dried nMIPs to
assess their chemical composition. The corresponding spectrum is
shown in Fig. 3A, with details of the labelled peaks summarised within
Table 1. In general, the spectrum was comparable to spectra for PNIPAM
found in the literature, [26, 27] although the broad peak centred at
approximately 3180 cm ™! obscured some additional peaks which should
be apparent for the polymer. This broad peak is assumed to be phys-
isorbed water which remains on the hydrophilic polymer after
freeze-drying. In addition to the PNIPAM absorption peaks, several
peaks at approximately 1000 cm™! and below were observed; these are
not consistent with any of the organic components of the polymer, but
are similar in position and intensity to absorptions seen when PNIPAM is
dried with physisorbed phosphate [28]. This is unsurprising, since
phosphate ions are present in the PBS solution used repeatedly during
solid-phased templating, and would be expected to remain in the ma-
terial upon freeze-drying if they had not been washed fully from the
glass beads before nMIP synthesis. Although the presence of phosphate
is not expected to be an issue for the application of the nMIPs in sensing,
purer material could be obtained through dialysis in deionised water if
so desired. There are no obvious absorption peaks representing the other
organic components expected to form part of the polymer (i.e. BIS and
CTP), but this is probably due to the fact that they are expected to form a
relatively small fraction of the material, hence their absorption peaks
could obscured by those of the PNIPAM, and/or may not be discernible
in this measurement configuration (i.e. because of the short path length
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Fig. 3. (A) FT-IR spectrum of the nMIPs obtained after freeze-drying. Peaks labelled A — G can be assigned to vibrations expected for PNIPAM, and the peaks
collectively labelled H arise from phosphate left in the material after drying (see Table 1); (B) UV/vis spectra of nMIPs and WPs. The spectra show peaks at 308 nm
corresponding to the thiocarbonyl group of the iniferter agent, and the shoulder of a peak corresponding to carbonyl groups in the polymer backbone.

Table 1

FT-IR peak positions and assignments for the creatinine imprinted nMIPs.
Peak label Peak wavenumber/cm ! Assignment
A 3180 (broad) H,0
B 2935 sp°> C-H[26]
C,D 1640 (shoulder), 1573 Amide[26]
E 1452 -C(CH3), symmetric deformation[26]
F,G 1394, 1359 -C(CH3); antisymmetric deformation[26]
H 1100 - 400 Phosphate[28]

inherent to spectroscopy carried out using an ATR accessory). Overall,
from the FT-IR data it can be concluded that a material consisting mainly
of PNIPAM has been synthesised.

A UV/vis absorption spectrum for the obtained nMIPs is shown in
Fig. 3B. The peak centred at 308 nm corresponds to the n—x* electronic
transition of the thiocarbonyl group in the iniferter agent [29], which is
expected to remain as part of the structure of the obtained polymers. The
large peak extending below the measured minimum wavelength of 200
nm is assigned to the carbonyl group of the poly(amide). Also shown is a
spectrum for a sample taken from the last room temperature washing
step of the synthesis, labelled Washing Polymers (WPs). It can be seen
that the absorbence at 308 nm of the WPs is only slightly lower than that
of the nMIPs; the ratio of absorbances nMIPs:WPs at 308 nm was found
to be 0.91. As per the Beer-Lambert law, absorbence is directly pro-
portional to concentration when the measured path length and ab-
sorptivities are the same (as in this case), hence it can be inferred that
the WPs contained 91% of the same polymer content as the obtained
nMIPs. This demonstrates that substantial polymer material is still being
lost during the final room temperature washing steps of the synthesis, at
which point the only remaining polymer was intended to be bound to
the glass beads (and hence not removable by the wash). However, from
this data alone it cannot be concluded whether the WPs represent un-
wanted, non-imprinted polymer, or usable MIP.

3.1.2. Solids concentration

The solids concentration in the obtained nMIPs suspension was
found by measuring the mass of sample in a glass vial before and after
freeze-drying. Through using this methodology, the solids concentration
in suspension was found to be (206 + 6) pg mL ™!, where the uncertainty
has been propagated from uncertainty in the mass balance used. In turn,
this can be used to calculate the mass of solid obtained per mass of glass
bead template, which was found to be (104 + 3) ug g = I However, it

should be noted that these are likely overestimates of the nMIPs con-
centration; some contribution to the mass of the solid obtained by freeze
drying will arise from both physisorbed water, and salts found by IR
spectroscopy to remain from the PBS solutions (although this is difficult
to quantify). By the same method, the solids concentration in the sus-
pension of WPs was found to be (86 + 5) pg mL~!, which is substantially
less than suggested by UV spectroscopy, but nonetheless still represents
a significant mass loss during the final washing step. Canfarotta et al.
report a minimum yield of approximately 200 pg g ~ ' (ug nMIPs per g
beads) from their synthesis [15], double that obtained here. According
to their “troubleshooting” guide, Canfarotta et al. suggest that the cause
of the lower than expected yields could be low amounts of immobilised
template on the solid phase, or incomplete elution of the nMIPs from the
solid phase [15]. However, from the measured solids concentration of
WPs and the results of Section 3.1.1, it seems likely that unintended loss
of nMIPs during washing is the most significant cause of the low yield of
nMIPs in this modified synthesis.

3.1.3. SEM

When dried on a Si wafer in an oven at 65 °C, the nMIPs appear as
discrete, roughly spherical particles; see Fig. 4A. Automated computa-
tional image analysis can be used to measure the sizes of the particles,
with the resulting size distribution shown in Fig. 4B. The particle di-
ameters appear to follow lognormal distribution, with a mode diameter
of approximately 120 nm, and an arithmetic mean diameter of (150 +
47) nm. A sample of WPs imaged in the same manner showed particles of
a similar nature and size (see SI), providing further evidence that
polymer is unintentionally lost during the final washing step of the
synthesis. Intriguingly, when the nMIP solution was dried on a Si wafer
at room temperature, the nMIPs appeared to form a film rather than
remaining as discrete particles; see Fig. 4C. This is not necessarily un-
usual behaviour, since colloidal polymer particles often form a film upon
drying under the right conditions (e.g. latex based paints), although it
might indicate a low degree of crosslinking within the polymer. How-
ever, another possible cause of this phenomenon is the complex phase
behaviour of PNIPAM, which is known to possess an aqueous Lower
Critical Solution Temperature (LCST) of approximately 32 °C; above this
temperature, the polymer becomes insoluble, expelling water and
forming discrete globules or otherwise undergoing phase separation.
[30] As such, it is difficult to state conclusively whether the particles
observed in Fig. 4 represent discrete nanoparticles which form a film
upon drying, or polymer chains which agglomerate into globules above
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Fig. 4. SEM images of: (A) nMIPs dried onto a Si wafer in an oven at 65 °C; (C) nMIPs dried onto a Si wafer at room temperature; and (D) the WE of an SPE onto
which the nMIPs solution was dried at room temperature. The diameter distribution of the particles observed in (A) is shown in (B).
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Fig. 5. (A) Ry, versus time for the creatinine imprinted nMIPs upon injection of increasingly concentrated creatinine solutions; (B) Ry, versus time upon sequential
injection of approximately 0.6 mM creatinine competitor solutions, followed by a final injection of approximately 0.6 mM creatinine solution; (C) chemical structures
of the competitor molecules studied in comparison to creatinine. In (B), the three injections marked by asterisks correspond to purging of the cell with blank PBS
solution between each test molecule solution injection.
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the LCST. Dynamic Light Scattering (DLS) measurements carried out on
the solution were inconclusive, as the obtained data was low quality,
with “expert advice” in the instrument software indicating the presence
of large particles, likely fragments of glass noted by Canfarotta et al. to
occur frequently in their procedure [15]. Nonetheless, for the purposes
of this work the sample will be assumed to be formed of nMIPs which
form a polymer film upon drying. The working electrode of an SPE was
used to provide a substrate for supporting the nMIPs during HTM
measurements. An SEM image of the nMIPs dried at room temperature
on an SPE is shown in Fig. 4D. As with samples dried on a Si wafer, under
these conditions, the nMIPs appear to have formed a film on the elec-
trode surface rather than remaining as discrete particles. Despite the
lack of discrete particles, drying the nMIPs at room temperature was
investigated rather than oven heating as it was unknown what effect
increased temperature would have on the polymer (and insufficient
material was available for thermal analysis).

3.2. Heat transfer measurements

Despite their low concentration in solution, and their tendency to
form a film on the SPE surface, the drop-cast nMIPs were found to be
effective for sensing creatinine in PBS buffer solution. Fig. 5A shows the
raw HTM data (R, versus time) for the nMIPs on the SPEs. In a solution
of PBS, the thermal resistance stabilised at an Ry, of (2.51 4 0.03) °C W
~ 1, Upon the sequential addition of increasingly concentrated creatinine
solutions, the Ry, increased up to a maximum of (2.79 + 0.03) °CW ~ Lat
a creatinine concentration of 0.64 mM, an increase of (0.28 & 0.05) °C
w- 1, or (11 + 1)%. An increase in the thermal resistance of a system
containing MIPs particles arises due to the binding of molecules from
solution, which reduces heat flux through the MIPs layer (e.g. by
blocking of pores and channels) [20]. These data demonstrate that the
synthesised nMIPs have successfully been imprinted with creatinine.

The selectivity of the nMIPs towards creatinine binding was inves-
tigated by measuring their Ry, upon exposure to “competitor” molecules
which are chemically and/or structurally similar to creatinine. Fig. 5B
shows Ry, versus time for the nMIPs when sequentially exposed to
approximately 0.6 mM solutions of such competitor molecules. For urea
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and N-hydroxysuccinimide (NHS), changes in Ry, of (—1.4 + 1.3)% and
(0.07 + 1.05)% were measured, respectively; these are changes are
small and close to or within the measured uncertainties, hence it can be
concluded that these competitor molecules show little to no binding to
the nMIPs. By contrast, an increase of (0.08 + 0.06) °CW_1, or (2.4 +
1.4)%, was observed upon exposure to creatine. However, this is
significantly lower than the increase of (0.66 + 0.06) °CW’1, or (19 +
1)%, which occurred when the same system was subsequently exposed
to a similar concentration of creatinine. Overall, it can be concluded that
the synthesised nMIPs bind creatinine selectively, although it must be
noted that the presence of large concentrations of creatine in a sample
would be expected to cause misleading HTM results. Furthermore, the
fact that a similarly significant change in Ry, in the presence of creati-
nine is still observed in Fig. 5B after almost twice the number of injection
steps as in Fig. 5A implies that the nMIPs are stable on the SPE substrate
and are not washed away during analyte injections.

A plot of absolute change in Ry, ARy, versus creatinine concentra-
tion is shown in Fig. 6. There is clearly a nonlinear relationship between
creatinine concentration and the observed ARy, of the system, with AR,
initially increasing rapidly as creatinine is added, then increasing less
rapidly over intermediate concentrations, before finally beginning to
plateau, presumably as the creatinine binding sites on the nMIPs become
saturated. The nonlinear relationship between Ry, and analyte concen-
tration is typical of HTM measurements, with the data found here
similar to the curves previously reported when MIPs[19, 31] or anti-
bodies[21] have been used to bind a target molecule and cause a change
in thermal resistance. In the SI, HTM data for the WP sample are also
shown. The WP HTM results were similar to those of the obtained nMIPs;
it can therefore be concluded that the polymer material being uninten-
tionally lost in cold washing is of similar quality for sensing as that
obtained from final, hot washing step of the synthesis. It can therefore be
concluded that this lower-cost, modified method is slightly wasteful and
could be optimised further but can indeed be used to make nMIPs
imprinted for creatinine which are suitable for HTM measurements.

Previous HTM literature has tended to fit Ry, versus concentration
data with equations of the type shown in Eq. (2), [19, 21] i.e. the
pre-loaded “Dose-Response” (DR) nonlinear fitting equations in

] Fig. 6. ARy, versus creatinine concentration for the synthesised
0.35+ ! nMIPs. The data show a nonlinear relationship which is described
1 : better using a fit derived from the Langmuir-Friedrich isotherm
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OriginLab graphing software. In Eq. (2), y is taken as the ARy, data, x is
the analyte concentration, and Aj, Az, X, and p are constants. However,
while such equations can fit the data well, they do not contain any in-
formation about the adsorbent (in this case, MIPs). By contrast, the
Langmuir-Freundlich isotherm suggested for MIPs characterisation by
Umpleby et al. [32] contains information about the adsorbent, including
the number of binding sites and the binding affinity. More specifically,
for a heterogeneous system, the LF isotherm describes the equilibrium
concentration of bound adsorbate (y) in terms of: the total number of
binding sites (N,); a constant, a, which is related to the median binding
affinity of the adsorbate on the adsorbent; a heterogeneity index, m,
which is related to the heterogeneity of the adsorbate binding sites; and
the concentration of adsorbate in solution, x. This is shown in Eq. (3).
With the assumption that ARy, is directly proportional to the equilib-
rium concentration of bound adsorbate, Eq. (3) can be fitted directly to
the ARy, data and compared to Eq. (2). The two fits can be seen in Fig. 6,
and, from inspection of the fitted curves and the corresponding re-
siduals, it is clear that the LF isotherm is a better fit for the data than the
DR curve. This is further evidenced by the lower
root-mean-squared-error (RMSE) for the LF fit than the DR fit; these
were 0.004 °C W ~ ! and 0.012 °C W ~ 1, respectively. The
limit-of-detection (LOD) was estimated by fitting a line of the form y =
bx + c to the initial section (i.e. 0 mM — 0.004 mM) of the LF curve and
using the fitted gradient, b, to calculate the LOD as per the 3¢ method.
More specifically, the standard deviation of the lowest measured con-
centration was multiplied by three and divided by the slope (b) of the
fitted straight line. This gave a LOD of (7.0 + 0.5) pM, where the un-
certainty in LOD has been propagated from the uncertainty in the fitted
value of b. The position of the LOD relative to the data is illustrated in
Fig. 6.

. Az —Al
¥ = A T o @
N,ax™
= 3
Y 1+ axm 3

With healthy serum creatinine concentrations covering the range 5 —
12 ppm (approximately 0.04 — 0.1 mM) [16], significantly higher than

Blank plasma
4 | diluted with
1/ PBS (20% v/v)

Talanta Open 5 (2022) 100087

the estimated LOD of 7 pM,, it is clear that the as-synthesised nMIPs are
sensitive enough to be used in HTM for detection of clinically relevant
concentrations of serum creatinine, even when simply drop-cast onto the
WE of an SPE. However, the nMIPs cannot be concluded to useful for
clinical application on the basis of the measurements in PBS solution
alone, since real plasma samples are expected to contain a variety of
competitor molecules and other interferents. To prove the utility of the
nMIPs in real samples, further HTM measurements were carried out in
PBS-diluted “blank” blood plasma, which is assumed to contain a
healthy baseline creatinine concentration, and plasma spiked with
additional creatinine to give a concentration increase typical of a real
clinical measurement. Dilution with PBS solution was necessary to bring
the change in creatinine concentration into the range in which the Ry, of
the nMIPs changes rapidly with creatinine, but above the LOD shown in
Fig. 6. More specifically, the blood plasma was spiked with 0.1 M
creatinine solution (on the order of uL) to give a concentration of
approximately 0.05 mM (50 uM) in the undiluted plasma, which is in the
range of clinically relevant changes in creatinine concentration as
described by the BMJ [5]. Diluting this plasma sample with PBS solution
to 20% (v/v) gives a creatinine concentration of approximately 10 uM,
which is in the optimum measurement range for detection and above the
calculated LOD of 7 uM. As can be seen in Fig. 7, exposing the nMIPs to
the creatinine-spiked plasma solution after the blank plasma solution led
to an increase in R, of (0.11 & 0.07) °CW ™!, which is of a similar order
of magnitude as the ARy, seen in pure buffer solution (e.g. in Fig. 6).
These data show that the SPE-supported nMIPs can be used in HTM to
detect clinically relevant changes in creatinine concentration in real
blood samples.

The red crosses in Fig. 7 represent brief periods of increased noise as
the cell temperature restabilised after the door to the incubator had been
opened (which let in cold air) in order to allow the cell to be checked for
bubbles. Indeed, bubble formation was found to occur more readily in
plasma and PBS-diluted plasma samples than in PBS solutions, which
can be attributed to the ability of blood plasma proteins to stabilise
foams [33]. It is for this reason that full dose-response data could not be
collected for plasma samples; multiple injections into the flow cell
consistently led to bubbles large or numerous enough to invalidate the
measurement run. This is an issue which would have to be resolved

Plasma +50 uM creatinine
diluted with PBS (20% v/v)

to give +10 uM creatinine

Time (min)

Fig. 7. HTM data for a blank PBS solution, blank plasma solution diluted with PBS (20% v/v), and a 50 uM creatinine-spiked plasma solution diluted with PBS (20%
v/v) (i.e. a 10 pM spiked increase in creatinine taking into account dilution). The red crosses indicate brief periods of increased uncertainty after the incubator was
opened to check the cell for bubbles. The lines and error bars represent the means and standard deviation of ten minutes of measurements.
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before the set-up described here could be applied for real clinical use.
Possible solutions could include changing the ducting to the sample cell
to reduce the likelihood of bubble formation or designing a new cell with
a built-in means of quickly removing bubbles during measurement
without significantly disturbing the system.

4. Conclusion

We have shown that PNIPAM nMIPs imprinted for creatinine can be
produced using a simplified version of the aqueous synthesis described
previously by Canfarotta et al. [15]. Simple drop-casting of PNIPAM
nMIPs solution onto a cheap, disposable SPE produced a film when dried
at room temperature rather than the desired layer of discrete nano-
particles. However, the platform was nonetheless shown to be effective
for HTM sensing of creatinine in buffer solutions, with a LOD of (7.0 +
0.5) uM calculated using a fitted Langmuir-Freundlich isotherm and the
30 method. The nMIPs were found to bind creatinine selectively versus
several similar molecules and were subsequently shown to be able to
detect clinically relevant changes in creatinine concentration in complex
blood plasma samples.

However, for the application to real clinical situations, it is likely that
further optimisation would be required. For example, a synthesis
different to that described here would be needed to produce more
effective nMIPs; the use of a monomer other than NIPAM, and/or a
larger amount of cross-linker relative to monomer could avoid the for-
mation of a polymer film on the substrate surface and the associated
reduction in surface area compared to a discrete nanoparticle layer.
Similarly, a HTM system would need to be used which could mitigate for
the increased tendency for problematic bubble formation observed in
blood plasma samples. Nonetheless, it can be concluded that the com-
bination of simple drop-casting of creatinine-imprinted nMIPs onto
disposable SPEs, and subsequently using HTM as a readout method,
provides a promising alternative platform for clinical serum creatinine
testing which merits further investigation.
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