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Development of a reusable and disposable sensor
for the rapid determination of the human
chorionic gonadotropin (hCG) biomarker
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Herein, we developed a previously undescribed electrochemical nanoMIP-based sensor for the sensitive,
reusable and accurate determination of human chorionic gonadotropin (hCG). Using a proprietary rapid
and scalable method, hCG-selective polyacrylamide nanoMIP particles were produced within 2 h in high
yields of 11 mg per 1 mL reaction batch with hCG-modified magnetic nanoparticles (MNPs@CHO@hCG).
The MNPs were reusable for 5 sequential cycles of nanoMIP production. The nanoMIPs were integrated
with gold screen printed electrodes by electropolymerisation within an electrochemically grown poly-
acrylamide layer. The ensuing hCG sensor was characterised using cyclic voltammetry and electro-
chemical impedance spectroscopy. Both electrochemical modes were shown to be suitable for deter-
mining the selective binding of the biomarker. The sensor was also tested using a non-target protein
(SARS-CoV-2 nucleocapsid protein) and was shown to be 20x more selective for target hCG compared
with the non-target. The linear range was shown to be 1.5-384 mlU with a LOD of 3 mIU and saturation
occurring beyond 1000 mlIU. We also electrochemically determined the equilibrium dissociation constant
(Kp) to be 1.4 x 107° M using EIS, which is on par with monoclonal antibodies produced for hCG. Sensor
reusability studies demonstrated that the same sensor, once regenerated after sodium dodecyl sulphate/
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1. Introduction

Human chorionic gonadotropin (hCG) is a 36 kDa glycoprotein
hormone, which serves as a key biomarker for the early detec-
tion of pregnancy. Generally, hCG is first found in the
maternal blood 3-4 days after initial fertilisation, with levels
reaching a peak at 7-10 weeks during pregnancy." Most preg-
nancy tests measure hCG in urine within a range of 6.3 mIU
ml™'-100 mIU ml™"? with a positive confirmation for these
tests being set at 20-24 mIU. However, continuous monitoring
of hCG levels is of increasing interest, as decreasing levels
during early pregnancy can indicate several conditions. As
such, a quantitative and reusable test would benefit the end
user throughout the pregnancy, allowing biomarkers to be
monitored more closely. The pregnancy lateral flow test, for
example, relies on immunochromatography, where from a
drop of urine on a sample pad, the pregnancy hormone
human chorionic gonadotropin, if present, will bind with col-
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that can be used for both pregnancy testing and testicular cancer monitoring.

loidal gold conjugated with an anti-hCG antibody and diffuse
into the urine liquid front through a nitrocellulose membrane
to a test and control line which has been pre-modified with
antibodies for hCG and antibodies against the anti-hCG anti-
body, respectively. Both lines appearing coloured indicate a
positive result, whereas just the control line appearing indi-
cates a negative result. The test is highly accurate showing
positive detection rates of 99% when the menstruation cycle is
notably absent. Existing lateral flow tests are single-use tests
that are at best qualitative only, making it impossible to know
if levels of hCG have changed without clinical intervention and
having the blood/urine tested. The latter incurs extra cost and
time commitment from a specialist. Lowered hCG levels can
be a sign of an anembryonic pregnancy, where the fertilised
embryo does not implant on the uterine wall.? It can also indi-
cate a miscarriage® or an ectopic pregnancy, where the ferti-
lised embryo implants in the fallopian tube.” Conversely,
increased levels of hCG can arise from carrying multiple
embryos,® molar pregnancy where the placenta fails to form,’
or could be indicative of cancers.®*'° For example, hCG can be
used to detect gestational trophoblastic disease, a rare group
of pregnancy-related tumours that develop when trophoblast
cells in the uterus grow abnormally,"" as well as testicular
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cancer in men.'? For testicular cancers, non-seminomatous
germ cell tumours (NSGCTs) are types of tumours that more
commonly exhibit high serum concentrations of hCG, ranging
from 300 mIU ml™" to 1000 mIU ml™"."> These increased
serum levels are observed in 40-50% of NSGCT testicular
cancer patients; of those with seminomas, 15-20% will show
elevated levels of hCG. Among those where hCG is detected in
the seminomas,'* 20-40% of the 15-20% that have elevated
levels will only have elevated hCG as a significant
biomarker.'*"?

The ability to detect hCG accurately and sensitively is there-
fore crucial for timely diagnosis and effective management of
these conditions, making it a key biomarker target for bio-
sensors. Traditional methods of hCG detection come in two
forms: the much more familiar and pervasive rapid lateral flow
test and the enzyme-linked immunosorbent assay (ELISA).
However, these immunoassays are not re-usable and can give
false negative readings in instances where hCG levels are
below the limit of detection of the assay. Also, while described
as rapid, with qualitative detection possible within
30 minutes, the lateral flow test has the flaw of not being suit-
able for quantitative determination in for example cancer diag-
nosis and other pregnancy conditions that cause heightened
levels of hCG."® The ELISA test is a quantitative test and, while
effective, is often time-consuming and labour intensive,"”
requiring sophisticated equipment, and is not conducive to
point-of-care testing. ELISA methods also require antibodies,
which must be animal-derived;'® they are labour intensive and
expensive to prepare.'® Additionally, they need to be stored in
refrigerators to maintain stability.>

Epitopes are generally defined as regions of proteins to
which antibodies can bind. These are typically amino acid
sequences, known as peptide chains, that form part of a larger
protein structure. Epitopes can be broadly categorised into two
types: linear (or sequential) epitopes, comprising a continuous
series of amino acids,>"** and conformational epitopes, which
consist of amino acids brought into proximity by the three-
dimensional folding of the protein, despite being distant in
the primary sequence.”"** Recent studies have highlighted the
importance of these regions as key imprinting targets in the
design of nanoMIPs.

While both whole proteins and short peptides can serve as
templates in the imprinting process, whole proteins are gener-
ally considered more effective for biological applications, par-
ticularly in biosensing and drug delivery. Peptides, although
easier to synthesise and handle, often fall short in several criti-
cal aspects. For example, the identification of suitable epitopes
often requires extensive and systematic mapping. These are
then compared against databases and ranked based on
sequence uniqueness. The top-ranking epitope is subsequently
synthesised and used to form the imprinted polymer.**
However, this approach does not guarantee that the selected
epitope is the most appropriate for the target protein.
Furthermore, the complexity of conformational epitopes intro-
duces significant variability in their spatial arrangements
within the protein structure. This necessitates individual
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optimisation of the imprinting process for each epitope,
thereby increasing experimental complexity.>® Additionally,
peptides are more prone to conformational changes or degra-
dation in solution compared to their whole protein counter-
parts, both in vitro and in vivo.?® This instability may compro-
mise the integrity of the imprinting process. Although pep-
tides offer practical advantages such as lower cost, increased
stability, and ease of synthesis, they frequently fail to replicate
the complete structural and functional context of the native
protein. Other experimental methods of epitope mapping
include mutational scanning, where mutations are introduced
into the antigen to determine critical residues for antibody
binding. This technique requires a suitable antigen to have
already been identified. Protein display technologies, such as
phage display, involve presenting antigen fragments on the
surface of cells or viruses to identify binding regions, but
again necessitate the prior purification and production of the
protein. These methods often require weeks to months of lab-
oratory work and can incur considerable costs.”” The use of
whole proteins as templates provides a complete and unique
three-dimensional conformation, which enhances the fidelity
and functionality of the imprinting process. This may be
attributed to cooperative effects, such as positive cooperativity,
where ligand binding at one site increases the affinity at other
sites. Such behaviour is typically observed in intact proteins
but not in isolated epitopes,?®*° resulting in more effective
and higher-affinity binding sites in whole protein-based
nanoMIPs. For applications that demand high selectivity and
specificity, whole protein imprinting remains the superior
approach.

Due to concerns about antibody reliability, their animal
sourcing and cost, there is a growing need to explore antibody
alternatives for diagnostic applications. Molecularly imprinted
polymers are gaining traction as an antibody replacement
technology (ART). This technology has evolved over the past 25
years from a bulk and crude top-down approach where MIP
monoliths are broken down to smaller particles®*°*! to a more
refined bottom-up approach where nanoscale MIPs (nanoMIPs)
and thin film MIPs integrated to sensors have demonstrated
high affinity for protein targets. These developments in con-
junction with a rapid and low-cost method of producing high
yields of such nanoMIP materials lead to the realisation of a
commercially viable ART with potential applications in
immunodiagnostics,*** biological extraction®>*®and
biosensors.”’*° Biosensors continue to offer the promise of
diagnostics that can be used by an unskilled layperson, with
notable successes being the renowned blood glucose monitor
and the pregnancy test kit. Our recent work?® shows a viable
alternative to current antibodies in the form of nano molecu-
larly imprinted polymers (nanoMIPs) as high affinity synthetic
antigen recognition materials. They can be produced rapidly
within 20 minutes, far outcompeting antibody production
times, and they exhibit nanomolar binding affinities equivalent
to monoclonal antibodies while maintaining low non-specific
binding, vastly reducing the likelihood of cross-reactivity while
potentially minimising false negatives. Furthermore, they

This journal is © The Royal Society of Chemistry 2025
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demonstrate room temperature stability for a period of weeks,
obviating the need for cold storage. They can be integrated into
electrochemical assay formats,’” making them a versatile and
reliable alternative to current methods. Furthermore, we have
recently developed a facile method to produce high yields of
nanoMIPs for biomarkers including blood proteins and the
SARS-CoV-2 nucleocapsid protein.*’ The nanoMIPs have
demonstrated their affinity and selectivity for target over non-
target proteins using electrochemical sensing.*” In this paper,
we used our proprietary method to rapidly produce room temp-
erature stable nanoMIPs to develop a simple and reusable
electrochemical diagnostic sensor for hCG.

2. Experimental
2.1 Materials

N-Hydroxymethylacrylamide (NHMA, 48% w/v), N,N-methyl-
enebisacrylamide (MBAm), ethylene glycol, iron chloride
(FeCl3-6H,0), methylhydroquinone, sodium acetate (NaOAc),
phosphate buffered saline tablets (PBS, 10 mM, pH 7.4 + 0.2),
potassium ferricyanide (K;Fe(CN)g), potassium chloride (KCl),
sodium nitrate (NaNOs), ammonium persulphate (APS), pot-
assium peroxydisulfate (KPS), human chorionic gonadotropin
(hCG), bovine calf serum (BCS), Sigmatrix Urine Diluent and
glutaraldehyde (25% v/v) were used as received from Merck.
The hCG (10000 IU) was received as a lyophilised powder
(107.4 mg), comprising 0.1 M sodium phosphate buffer, 10 mg
mL™" of mannitol and 1.074 mg of hCG. The recombinant
nucleocapsid protein for SARS-CoV-2 was kindly donated by
Dr Dalan Bailey (the Pirbright Institute, UK). Buffers were pre-
pared in MilliQ water (resistivity: 18.2 + 0.2 MQ.cm). DropSens
disposable screen-printed electrodes (Au-BT) comprising a
gold working electrode (0.4 cm diameter), a platinum counter
electrode and a silver reference electrode were purchased from
Metrohm (Runcorn, Cheshire, UK).

2.2 Instrumentation

An Anton Paar monowave 200 microwave oven for MNP syn-
thesis was purchased from Anton Paar Ltd, Hertfordshire, UK.
An SLS Lab Basics centrifuge (Scientific Laboratory Supplies,
Nottingham, UK) was used to separate MNPs/nanoMIPs from
supernatants. A Zetasizer Nano ZS DLS (Malvern Panalytical,
Worcestershire, United Kingdom) was used to determine the
particle hydrodynamic diameter of nanoMIPs.

2.3 MNP production

Bare and aldehyde-functionalised magnetic particles were pro-
duced following our previously published solvothermal microwave
method.*®**** Briefly, 0.5 g of FeCl;-6H,O and 1.8 g of NaOAc
were dissolved in 15 mL of ethylene glycol in a 30 mL Anton Parr
G30 microwave reaction vial (MRV). Glutaraldehyde (3.5 mL) was
then added to the resulting solution with stirring for a further
5 min. The stirrer bar was then removed and the MRV was placed
into an Anton Paar monowave 200 microwave oven and the reac-
tion mixture was heated up to a temperature of 200 °C with a
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ramp time of 18 °C min~" (over 10 min). The reaction was per-
formed at 200 °C for 20 min under pressure (9 bar). The resulting
composite products were allowed to cool for 10 min, washed five
times with deionised water, followed by washing two times with
ethanol, then isolated with a neodymium magnet and then resus-
pended in deionised water and stored at 4 C.

2.4 hCG functionalization of MNPs

A suspension (1 mL) equivalent to 0.010 g of the produced
aldehyde-functionalised magnetic nanoparticles (MNP@CHO)
was placed in an Eppendorf centrifuge tube. A neodymium
magnet was placed on the side of the tube to rapidly pull the
magnetic nanoparticles from the solution (10 minutes). The
supernatant was removed and replaced with 1 mL of a 1 mg
mL™" of the lyophilised hCG powder in PBS this solution con-
sisted of 10.74 pg of recombinant human chorionic gonado-
tropin (hCG) equivalent to 100 IU of bioactivity with the
remaining 0.99 mg of the powder weight being contributed by
mannitol. The Eppendorf tube was then sonicated for
2 minutes, followed by vigorous shaking and vortexing to
ensure that the nanoparticles were fully dispersed. The reac-
tion mixture was left undisturbed at room temperature (22 °C)
for 30 minutes, allowing the protein to conjugate with
MNP@CHO. After 30 minutes, the particles were once again
separated from the solution and the supernatant was
exchanged with fresh buffer in triplicate to remove any non-
conjugated protein. The resulting MNP@CHO®@hCG particles
thus produced were stored wet at 4 °C until further use.

2.5 NanoMIP production using MNP@CHO®@hCG

With sonication, followed by vigorous shaking and vortex
mixing, the magnetic nanoparticles (0.011 g) were resus-
pended in 906 pL of PBS (pH 7.4) and transferred to a 15 mL
Falcon tube. The tube was then placed into the thermo-mixer
and set to mix at 400 rpm at room temperature. The sample
was then degassed using nitrogen for 15 minutes with stirring.
The nitrogen line was then removed and 37 mg of NHMA
monomer (77 pL of 48% v/v solution) and MBAm (6 mg) were
immediately added to the reaction mixture, followed by 40 pL
of a solution containing 10% (v/v) TEMED and 5% (w/v) APS. A
nitrogen headspace was then created, and the Falcon tube was
sealed with the cap and then wrapped in parafilm. The solu-
tion was left to mix at 400 rpm for 15 minutes to allow
nanoMIP particles to be produced at the surface of the
MNP@CHO®@hCG particles.

At 15 minutes, the reaction was rapidly quenched with
1 mL of 10 mM methylhydroquinone (MHQ). The reaction
solution was exchanged three times with fresh PBS to remove
any unreacted monomers and the quencher. The solution was
then resealed and the tube was placed on its side on a neody-
mium magnet (2 minutes). The supernatant was then
removed. The MNP@CHO®@hCG-nanoMIP particles were dis-
persed in 600 uL of e-pure water and placed in a sonicator
(using a VWR ultrasonicator (600 W, 45 kHz) for 5 minutes at
37 °C). The Falcon tube was then once again placed on a neo-
dymium magnet and the supernatant, now containing the
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released nanoMIPs, was placed in a 1 mL volume Eppendorf
tube and stored at 4 °C until further use. The preparation was
repeated by using MNP@CHO instead of MNP@CHO@®@hCG to
produce non-imprinted control polymers (nanoNIPs).

2.6 Integration of nanoMIPs into the electrochemical sensor

All electrochemical experiments were performed using a
Metrohm Autolab PGSTAT204 potentiostat and NOVA2.1.6 soft-
ware. NanoMIPs were eluted using sonication and were then
entrapped within an electropolymerised layer (E-layer).
E-Layers were fabricated directly onto BT-Au screen-printed
electrodes (SPEs; Metrohm) using cyclic voltammetry (CV)
largely following the procedure in ref. 37. Briefly, a 50 pL solu-
tion in PBS comprising 0.1 mg of nanoMIPs, 641 mM of
NHMA as the functional monomer, 41.5 mM MBAm as the
cross-linker, 0.29 M NaNOs;, and 48.15 mM KPS was deposited
onto the SPE. The potential was then cycled between —0.2 V
and —1.4 V for 7 cycles at 50 mV s~* (10 min, RT, 22 + 2 °C) to
produce an E-layer with the entrapped nanoMIPs. E-layers in
the absence of nanoMIPs were also produced as a control.

2.7 Electrochemical studies of nanoMIPs

The E-layer comprising entrapped nanoMIP islands (E-NMIs)
or the control E-layer was exposed to varying concentrations of
target protein (hCG) template solutions over a wide concen-
tration range (1.5 mIU mL~'-10 000 mIU mL ") for a period of
5 minutes at each concentration. PBS and synthetic urine were
tested as sample matrices.

Selective protein binding was tracked with either cyclic vol-
tammetry or electrochemical impedance spectroscopy (EIS)
using an external 5 mM potassium ferricyanide solution in
PBS containing 0.5 M KCl as a supporting electrolyte.
Electrochemical impedance spectroscopy (EIS) measurements
were conducted at a standard potential of 0.1 V (+ 0.01 V) with
10 scans of frequencies and a sinusoidal potential peak-to-
peak with an amplitude of 0.01 V in the frequency range of
0.1-100 000 Hz. A Randles equivalent circuit was fitted for all
EIS experiments using the FRA32 module (see Fig. S1).

2.8 hCG sensor reusability studies

NanoMIPs immobilised in the E-layer (NMI) (see section 2.6) were
produced for hCG and tested using a solution containing
384 mIU mL ™" of hCG in PBS to serve as a baseline response for
the sensor. These data were subsequently compared with pre-
viously produced NMI hCG electrodes to verify consistency across
measurements and ensure the sensor’s reliability prior to con-
ducting reusability assessments. The nanoMIP E-layer was sub-
jected to a cleaning process aimed at the removal of hCG bound
to the entrapped nanoMIPs. This procedure involved the appli-
cation of a 10% solution of SDS and acetic acid in water, based
on the work of Hawkins et al. (2005).** Post-cleaning, each regen-
erated sensor chip underwent a thorough rinsing process, invol-
ving three successive washes with PBS to eliminate any residual
SDS and acetic acid contaminants. The effectiveness of this clean-
ing technique was evaluated at varying exposure times ranging
from 1 to 10 minutes. Post-cleaning, the electrodes were exposed
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to 384 mIU mL™" of hCG solution and electrochemical responses
were recorded and assessed against the initial baseline responses
to quantify the level of recovery achieved. This process was
repeated until the regenerated electrode no longer returned to its
baseline response before protein binding.

3. Results and discussion

In our recent work,"" we showed that a target protein conjugated
to MNPs (MNP@CHO@protein) gave a versatile solid support for
the mass production of nanoMIPs. The method gave an unpre-
cedented high yield of 10 mg of high affinity nanoMIPs for an
equivalent mass of MNPs in only a 1 mL formulation. The yield
of nanoMIPs was shown to be maximised when the MNP particle
size was optimal. We have extended this method here for the
attachment of whole hCG onto MNP@CHO, giving
MNP@CHO@hCG. The hCG nanoMIPs were then produced
using these functionalised MNP particles, giving a yield of
11.26 mg + 0.65 for a single use of the MNPs. Upon releasing with
sonication and harvesting the nanoMIPs, the remaining
MNP@CHO®@hOCG particles could be recovered with a magnet,
recycled and reused for the production of further nanoMIPs. The
particles were thus reused, yielding a total of 50.3 + 4.1 mg of
nanoMIPs over 5 cycles. This method produces unprecedented
levels of high affinity nanoMIP materials and is capable of further
scaling for industrial (gram) level production.’®*® Beyond cycle 5,
the MNPs failed to produce useful high affinity nanoMIPs due to
MNP clumping following irreversible magnetisation of the orig-
inal superparamagnetic material*”**® and possible denaturation of
the target protein.

Dynamic light scattering analysis of the hCG nanoMIPs
(Fig. 1) indicated an average size of 205 + 21.4 nm, making
them on average 150 nm larger than the nanoMIPs produced
for the SARS-CoV-2 nucleocapsid protein using the same proto-
col (see Fig S2).

The hCG nanoMIPs were then entrapped within an electroche-
mically polymerised polyacrylamide phase and integrated into dis-
posable screen-printed electrodes for subsequent electrochemical
characterisation and hCG biosensor studies. An NHMA monomer
and a bisacrylamide crosslinker were used as precursor monomer
solutions for entrapping the hydrogel-based nanoMIPs. In the
presence of nanoMIPs, cyclic voltammetric sweeps between —0.2
and —1.2 V (vs. Ag/AgCl) were used to electrochemically induce
radical formation from the KPS initiator, resulting in sulphate
radicals generated locally at the electrode surface. This in turn
chemically induced radical formation in the NHMA and bisacryla-
mide monomers at the electrode/solution interface, allowing for
polymer layer formation at the electrode surface while simul-
taneously entrapping nanoMIPs at the electrode surface. Seven
CV cycles were required to form an integral electropolymerised
layer (Fig. 2). The entrapped nanoMIP layer on the SPE was stable
at room temperature and while in contact with aqueous PBS
when not in use to prevent the hydrogel-based biorecognition
materials from drying out and detaching from the electrode
surface.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Dynamic light scattering (DLS) spectrum of the as-produced hCG nanoMIPs.
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Fig. 2 Cyclic voltammograms obtained for a seven-cycle E-layer depo-
sition to physically entrap hCG nanoMIPs at the electrode surface of the
Au-BT SPE.

Once the nanoMIP-entrapped layer was formed, rebinding of
the target and non-target proteins was investigated electrochemi-
cally. It is generally understood that cyclic voltammetry can be
used to determine micromolar concentrations of proteins.*® To
achieve nanomolar to sub-nanomolar protein sensitivity, appli-
cation of electrochemical impedance spectroscopy (EIS) has
been growing in popularity.***°™ In either case, a model redox
marker such as ferro/ferricyanide is required to indirectly quan-
tify the protein levels. Both electrochemical methods were used
to investigate the widest dynamic range for hCG determination
(0.001-1000 1U, equivalent to 4 fM-1 nM).

Fig. 3 and 4 compare the responses obtained using CV
(Fig. 3a) and EIS Nyquist plots (Fig. 4a). The corresponding cali-
bration plots are shown in Fig. 3b and 4b, respectively. In either
case, there was a concentration-dependent change in the
measured electrochemical parameters, which is directly related
to the detection of the ferrocyanide redox marker after each
protein concentration loading. It should be noted that after each
protein addition, the layer was rinsed with buffer before testing
the change in molecular permeability (by CV) or the change in
charge transfer resistance (by EIS) in the presence of a constant
concentration (5 mM) of the ferrocyanide redox marker.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Current change (measured using cyclic voltammetry) of the
E-layer-entrapped hCG nanoMIPs following rebinding of hCG at
24-10 000 mlU. The inset shows the increase in peak cathodic current
with increasing hCG levels within the lower concentration range. (b)
hCG levels in mIU plotted against the peak cathodic current change
(Aloc). The inset shows the concentration-dependent response range
(1.5-384 mlU). As the hCG concentration increases, the Al,. value
increases proportionately until saturation of the nanoMIP binding sites is
reached.

From the CV data (Fig. 3a), the magnitude of change in the
peak cathodic current between the post-polymerisation base-
line signal and after each loading of the hCG biomarker (AI,)
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Fig. 4 (a) Nyquist plots of the E-layer-entrapped hCG nanoMIPs when
exposed to a range of hCG concentrations. The derived Rcr is equivalent
to the diameter of the pseudo semicircle extrapolated from the Nyquist
plot at each concentration (an example semicircle given in the form of
the dotted line). (b) Calibration curve of hCG levels vs. ARcr
Demonstration of the linear range for the E-layer-entrapped hCG
nanoMIPs exposed to hCG in PBS between 1.5 and 384 mlU. As the hCG
concentration increases, the ARt value increases proportionately until
saturation of the nanoMIP binding sites is reached. Error bars represent
the standard deviations for averaged signals from 3 separate electrodes.

is presented in Fig. 3b. The inset shows the calibration plot at
the lower concentration end (1-500 mIU hCG). As the protein
loading increases, there is a decrease in the Al value. Beyond
1000 mIU hCG, there is a plateauing of the response, likely
due to saturation of the nanoMIP binding sites.

Fig. 4a presents the Nyquist plots showing the change in
the EIS spectrum with increasing concentration of hCG
(20-500 mIU) binding to the nanoMIP layer. The charge trans-
fer resistance (Rcy) can be defined as the diameter of the semi-
circle formed in the real impedance (Z') represented by the
x-axis. We do not observe a complete semicircle because the
frequency domains of effective charge transfer and diffusion
overlap.”® Ideally, a Nyquist plot for a simple electrochemical
system presents a perfect semicircle, representing a single
charge transfer resistance and double-layer capacitance.
However, the introduction of an insulating or a partially insu-
lating polymer layer, such as the NMI layer, can introduce
additional resistive and capacitive elements due to electronic
conductivity. This often results in depressed semicircles or dis-
torted arcs in the high-to-mid frequency region of the plot, as
shown in Fig. 4a. The polymer layer can hinder electron trans-
fer at the electrode surface, leading to an increased interfacial
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resistance and the appearance of constant phase element like
behaviour rather than an ideal capacitive phase element
response.’®>8

Derived from the EIS data (Fig. 4a), the magnitude of
change in the Ry values between the post-polymerisation
baseline signal and after each loading of the hCG biomarker
(ARcy) is presented in Fig. 4b. The inset shows the calibration
plot at the lower concentration end (1-500 mIU hCG).
Specifically, the Ry value increases with increasing hCG con-
centration, suggesting an increased binding level of the bio-
marker to the nanoMIP-entrapped E-layer and a subsequently
reduced resistance to the charge transfer of the ferrocyanide
redox marker at the electrode surface. Fig. 4b demonstrates the
dynamic linear range (3-1000 mIU) and limit of detection
(1.5 mIU) achieved when using EIS. This range was chosen as
it represents the normal range seen between 3 and 4 weeks of
pregnancy and is analogous with current pregnancy
tests. There is no significant response in the range of
1.5-3 mIU with the first notable change in Rcr being at 6 mIU.
The background blood hCG level is 5mIU in non-pregnant
women, which means that our biosensor is less likely to return
a false positive result at the lowest concentration of hCG in
real samples. At higher biomarker concentrations
(1000-100 000 mIU), there was a plateau in the Ry response
due to the saturation of binding sites on the nanoMIP layer,
suggesting that EIS analysis is not only suitable for pregnancy
testing but also a suitable sensing system for quantifying the
very high levels of hCG present during the cancer disease
states.

EIS is particularly advantageous at low analyte concen-
trations due to its high sensitivity to interfacial changes at the
electrode surface. The charge transfer resistance (Rcr), which
reflects how effectively an electrode can oxidize or reduce a
species (e.g., ferricyanide/ferrocyanide couple),”® increases
when there is an insulating layer deposited on the surface,
which is the case when the nanoMIPs are deposited on the
electrode surface within an electrochemically grown layer
(E-layer). The R.r value then increases further when hCG
binds to the entrapped nanoMIPs. This biomarker binding
contributes to the insulating layer effect and further impedes
electron transfer between the electrode and the electrolyte. EIS
is highly effective for detecting these subtle surface changes,
making it ideal for sensing at low concentrations where even
the presence of minimal analyte leads to measurable impe-
dance shifts. However, as more of hCG binds to the nanoMIP
layer and the surface becomes saturated, the insulating layer
effect reaches a limit and plateaus. Additional binding no
longer significantly alters surface properties and EIS becomes
less responsive. CV measures the current generated by the
redox reaction of the permeating ferricyanide/ferrocyanide
couple. As more target protein binds, less of the redox couple
can access the electrode surface, resulting in a reduction of the
peak anodic (Ip,) and peak cathodic (I,.) peak currents. Since
these redox species are small molecules, they may still diffuse
through the insulating E-layer component of the E-layer-
entrapped nanoMIP composite system to a limited extent,

This journal is © The Royal Society of Chemistry 2025
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which likely explains the signal plateau at the highest analyte
concentrations where all available nanoMIP binding sites are
filled, but some electrolyte remains trapped between the
nanoMIP/electrode interface or diffuses through the hydrogel
layer. In summary, EIS is better suited for low-concentration
detection due to its sensitivity to surface changes, while EIS
and CV can be effective at higher concentrations.

Based on the molecular weight of the whole intact hCG
(36 kDa) and that 5000 IU has been previously determined to
be equivalent to 500 pg of hCG,>® we adapted the data from
Fig. 3b and 4b and converted the levels of hCG from mIU to
mol L' (see Fig. $3 and S4, respectively), and then the Hill-
Langmuir equation®”*°®> was applied to determine an
effective equilibrium dissociation constant (Kp) for the
nanoMIPs. Based on the concentration of protein required to
saturate the hCG nanoMIPs represented by the plateau in
Fig. 3b and 4b (referred to as By,y), we can use the E-layer
sensor results to determine the binding affinity (Kp) using the
Hill-Langmuir adsorption isotherm model (i.e. Kp = concen-
tration of protein at By,,y,) for the produced nanoMIPs. We
assumed that the Hill coefficient is equal to 1, which is indica-
tive of ligand (MIP) binding with no cooperativity to one site.
The K, values were determined to be 1.73 x 107° M using the
CV data (Fig. 3b) and 1.14 x 107'° M using the Rc; data
(Fig. 4b), both demonstrating Ky, values akin to monoclonal
antibodies for hCG.%* We observed a factor of 10 differences
here likely due to the difference in the determination of By,
the point at which saturation is reached between the two
electrochemical modes of interrogation. At high concen-
trations (between 10° and 10° mIU), near the saturation point,
for CV, Al,. = 0.01 pA per mm? per decade, whereas for EIS,
saturation had been reached, giving AR = 0 Q per decade.

Fig. 5 compares the EIS-derived calibration plots of hCG
(1-500 mIU) obtained in PBS and synthetic urine (S-urine).
The response is reduced in S-urine, suggesting potential inter-
ference from the biomatrix. However, at concentrations of
32 mIU-384 mlIU, the sensor nonetheless demonstrates that a
quantifiable response can be obtained without the need for
any dilution of the spiked urine sample. Compared with PBS
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responses, the overall obtained resistances in S-urine with a
positive measurement are reduced from 82% at the lowest con-
centration to 46% at the highest concentration, suggesting
that the matrix has a significant effect on the binding of hCG
and thus the ability to be selectively taken up by the nanoMIP
binding sites. The synthetic urine is known to have a pH range
of 6.8-7.2, which is much more of an acidic environment than
the narrow neutral range of 7.4 in PBS. hCG is known to
become denatured at a low pH and in the presence of high
urea concentrations.®® (A chaotropic agent® such as those
seen in urine samples). These factors that are replicated in the
synthetic urine may mean that the reduced response is due to
a level of denaturation of hCG that would cause its shape and
structure to change, preventing effective binding within the
nanoMIP binding sites and consequently causing a reduced
response. However, the fact that there is still a response means
that there is enough intact recognition of hCG overall for there
to be a positive response from the sensor, allowing this sensor
to be used within real urine samples without the need for
dilution.

The hCG nanoMIP E-layer was also tested with a model
serum sample (bovine calf serum) spiked at 1000 mIU of hCG
(see Fig. S5). A near 100% recovery was observed based on rela-
tive ARcr responses when serum was compared with PBS and
S-urine matrixes, demonstrating that the serum did not
present any matrix effects in terms of, for example, non-
specific protein binding to the nanoMIP E-layer surface and/or
destabilising the spiked hCG biomarker.

Based on the molecular weight of the whole intact hCG
(36 kDa) and that 5000 IU has been previously determined to
be equivalent to 500 pg of hCG,*® we determined that
1000 mIU was equivalent to 2.89 nM hCG. The hCG nanoMIP-
entrapped E-layer was challenged with the SARS-CoV-2 nucleo-
capsid protein (N-protein) as a non-target protein of a similar
size and at the same concentration as target hCG. Fig. 6 shows
the differences in the ARqr values between target and non-
target binding at 1 uM of biomarker (equivalent to 3460 mIU),
which is at levels where all binding sites will be occupied. By
taking a ratio of the two signals, we determined a high selecti-

-~ PBS
- Synthetic urine

T 1T T T T 1
16 32 64 128 256 512
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Fig. 5 Peak cathodic current change (a) and charge transfer resistance change (b) of the E-layer-entrapped hCG nanoMIPs in the pregnancy and
testicular cancer relevant concentration range of hCG in PBS (black) and in a synthetic urine matrix (red) to simulate hCG in urine. Error bars rep-
resent the standard deviations for averaged signals from 3 separate electrodes.
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Fig. 6 AR response of the E-layer-entrapped hCG nanoMIPs to a
non-target protein (SARS-CoV-2 nucleocapsid protein) compared with
the target hCG biomarker. Ferri/ferrocyanide was used as a redox
marker to measure changes in Rcr

vity factor of nanoMIPs for target hCG to be 22:1 in PBS and
20:1 in synthetic urine. While a low Ky, value of between 10~°
and 107'° M gives an indication of the tendency of nanoMIPs
to tightly bind with the target with affinities akin to a mono-
clonal antibody, the selectivity factor is an effective measure of
how much more effective the MIP is at picking out its target
protein (complement) compared with a non-target (non-comp-
lementary) protein.

Sensor reusability was tested in PBS. This was achieved by
removing the sensor after target binding (at 1000 mIU) and
then dipping the sensor in a 10% solution of SDS and acetic
acid. Sonication to remove bound protein was considered but
due to the fragile nature of the physically entrapped
nanoMIPs, there was concern that sonication would lead to
detachment of the nanoMIPs from the electrode. SDS/AcOH
treatment effectively denatured and removed the selectively
bound biomarker, allowing the nanoMIP chip to be regener-
ated.*> The chip was subsequently washed with de-ionised
water and PBS before retesting with the target. Fig. 7 shows the
Rcr change signals for repeat target binding and sensor regen-
eration. One chip could be reused for three sequential
measurements with no deterioration in the signal. However,
after the third regeneration of the nanoMIP chip, it appeared
that not all the protein could be removed. There was also a
corresponding cumulative signal at the subsequent target
binding stage, which was no longer proportional to the con-
centration of the target added.

It should be noted that Fig. 4b and 5 show averaged
responses from three separate electrode chips. The higher
standard deviations observed in Fig. 4a and 5 are due to inter-
electrode variability inherent in the use of screen-printed elec-
trodes (SPEs). Unlike measurements conducted using the
same electrode across multiple trials (see Fig. 7), which show
minimal variability, individual SPEs can exhibit batch-to-batch
and unit-to-unit inconsistencies in the surface morphology
and ink distribution, which can contribute to variability in the
electrochemical properties and sensing performance.®*®’

The ability of the MIP-based electrochemical sensor chip to be
reused 2-3 times with high accuracy and specificity represents a
promising advancement. Compared to industry standards like
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1000

Fig. 7 ARcr response of the E-layer-entrapped nanoMIP sensor
showing that a single sensor can be reused at least three times before
degradation begins to occur. The ferri/ferrocyanide couple (5 mM) was
used as a redox marker to measure Rcr.

Clearblue®, which are strictly single-use due to the irreversible
nature of their chemical reactions, even limited reusability offers
clear sustainability and cost advantages. Commercial reusable
digital systems, such as the Zioxx Digital Pregnancy test, address
reusability by incorporating a reusable electronic reader alongside
disposable test sticks. However, the core sensing element in these
systems remains single use. Therefore, they cannot be considered
truly reusable in a chemical sense, as the sensing function relies
on fresh reagents and antibodies, which must be reintroduced for
each test. In contrast, our nanoMIP-functionalized electro-
chemical sensor offers true reusability at the chemical level, as
the molecularly imprinted polymer (MIP) can selectively bind and
release hCG without requiring replacement of biological reco-
gnition elements.

MIP-based biosensors typically demonstrate limited but
stable reuse often between 2 and 5 cycles before signal degra-
dation occurs®®® Therefore, the consistent performance of
our sensor over 2-3 uses is realistic and competitive within the
current research and commercial landscape. While this does
not yet match the robustness and convenience of commercial
digital electronics, it represents a significant step toward more
sustainable, high-performance diagnostics.

In this paper, we demonstrate that with our simple reusable
nanoMIP-based electrochemical sensor, we can reliably deter-
mine hCG in the diagnostically relevant physiological range for
both pregnancy and cancer biomarker determinations, whereas
its use in pregnancy testing proves advantageous for quantitative
and repeat measurements; given that the lateral flow test for
quick single-shot measurement is the market leader, it is our
opinion that penetration of the everyday use market using our
method could face challenges. However, where repeat quantitat-
ive measurements are required in complex pregnancy situations

This journal is © The Royal Society of Chemistry 2025
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either for personal use or in a clinical setting, our method
would be recommended. Additionally, in the cases where hCG
levels can be used to indicate cancer, there are no reliable
devices currently available on the market. Our method reliably
measures elevated hCG with a cancer-positive level of up to 3 IU,
which could meet this need. It is also worth noting that protein-
selective nanoMIPs with antibody-like affinities can be manufac-
tured at scale within 1 day, whereas the labour intensity and
costs associated with monoclonal antibody manufacture are still
significantly higher.”®

4. Conclusions

In this study, we have developed a novel electrochemical
nanoMIP-based sensor for the sensitive, selective, and reusable
detection of human chorionic gonadotropin (hCG). The
nanoMIPs were rapidly synthesized using a proprietary, scal-
able method, achieving high yields and enabling reusability of
the magnetic nanoparticle (MNP) templates for up to five pro-
duction cycles. Integration of the nanoMIPs into gold screen-
printed electrodes via electropolymerisation yielded sensors
capable of detecting hCG using both cyclic voltammetry and
electrochemical impedance spectroscopy (EIS), with a demon-
strated limit of detection of 3 mIU and a linear detection range
of 1.5-384 mIU. The sensors exhibited a 20-fold selectivity for
hCG over a non-target protein (SARS-CoV-2 nucleocapsid
protein) and an equilibrium dissociation constant (Kp) of 1.4 x
107'° M, comparable to those of monoclonal antibodies. We
demonstrated that it is usable in a mock urine sample.
Furthermore, the sensors could be regenerated and reused for
at least three measurement cycles. These results highlight the
potential of this platform for applications in both pregnancy
diagnostics and testicular cancer monitoring. Further studies
are required to demonstrate its applicability in real urine and
serum samples. We demonstrate for the first time that the
electrochemical-based nanoMIP system has an element of re-
usability with the sensor becoming unreliable after three
sequential uses. Further sensor stability studies are required to
understand how the system performs over days and weeks.
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