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Bio-applied molecularly imprinted polymers (MIPs) are biomimetic materials with tailor-made synthetic
recognition sites, mimicking biological counterparts known for their sensitive and selective analyte
detection. MIPs, specifically designed for biomarker analysis within biofluids, have the potential to
significantly aid patient diagnostics at the point-of-care, enabling self-health monitoring and
management. Recent research in this field, facilitated by the hybridisation of materials science and
biology, has developed and utilised a variety of different polymerisation synthesis methods tailored to
the bio-application of MIPs. This review evaluates the principles of molecular imprinting for disease
diagnostics, including recent progress in integrated MIP-sensor technologies for high-affinity analyte
detection in complex biofluids from serum and saliva to cerebrospinal fluid, sweat,
nasopharyngeal fluid, and tears. The work highlights the state-of-the-art in the progression of MIP-
sensor technologies’ translation into commercially available sensors and their potential contribution to
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disease detection systems in healthcare settings.

Introduction

Until recently, medical diagnostics have primarily relied on
laboratory verification, often providing delayed results due to
laborious processes, in addition to requiring specialised equip-
ment and medically trained personnel.'” However, the rising
demand for medical testing devices at the point-of-care, com-
bined with the continuous interconnecting of medicine and
digital technologies, has facilitated the fabrication of devices
with high selectivity, specificity, and rapid response times." The
evolvement of such devices has been internationally recognised
as a focal point during the COVID-19 pandemic, highlighting
further, the urgent call to advance accurate, rapid, and reliable
medical diagnosis and treatment.”™

Point-of-care devices can negate issues associated with current
clinical instruments, instead, offering fast results, small sample
volumes, easy transportability, and minimal technical training.
Commercially available point-of-care biosensors, such as the
FreeStyle Libre 2 (Abbott, USA), Accutrend™ Plus system
(Roche, Switzerland), and CoaguChek® Pro II (Roche, Switzer-
land), are sensor-based biomarker monitoring systems for
targeted diseases such as diabetes, cardiovascular conditions
and blood coagulation, respectively (see Table 1).'°*> These
biosensors have capitalised on biological recognition elements
such as antibodies or enzymes to function as the molecular
recognition element for specific target analyte(s) (e.g., glucose,
lactate, cholesterol, and triglyceride) and provide a benchmark
for MIP-based biosensors to reach the clinic.'*? Furthermore,
besides bearing high economic costs, antibodies have sensitive
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physicochemical properties, such as, sensitivity to temperature
fluctuations and requiring storage conditions below —20 °C."*
Failure to abide by the storage requirements significantly
affects their storage life and, more importantly, the affinity of
these molecules with that of the target analyte. The latter is
likely to alter their performance as a biosensor, leading to result
ambiguity. Therefore, other means of development have consid-
ered changing traditional molecular biology practices by obtain-
ing the selectivity of natural antibodies via synthetic routes,
e.g., soft lithographic processes, systematic evolution of ligands
by exponential enrichment, and molecular imprinting.**

The field of molecular imprinting historically dates to the
1940s following Pauling’s hypothesis that the occurrence of
antibodies in human cells is a consequence of the presence
of antigens.’ Pauling attributed the high specificity of the
antibody-antigen complex to the behaviour of the antigen,
performing as a template, commanding the geometry of the
antibody.' It is argued that the catalyst of this discovery
resulted from Polyakov’s development in understanding the
importance of solvent selection in 1931, specifically its effect on
the pore structure of synthesised silica hydrogels.'® And since, a
variety of synthetic approaches have been generated, giving rise
to molecularly imprinted polymers (MIPs) which demonstrate
selectivity likened to those of natural antibodies, thereby earn-
ing the titles of ‘artificial receptors’, ‘plastic antibodies’ and
‘antibody mimics’, leading to the development of molecularly
imprinted technologies (MITs)."” "

MIPs have the potential to address many of the current
challenges associated with antibody-based diagnostics, includ-
ing complicated manufacture and handling, long-term stabi-
lity, and loss of performance in organic media."”**>” MIPs are
reasonably inert materials that can be exploited as affordable
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artificial receptors for biological sensor purposes owed to their
selective, specific, biologically stable, and easily tailored (e.g.,
surface chemistry modifications and/or signalling functional-
ities) nature in combination with their exceptional physico-
chemical abilities and extensive shelf-life.'”?°"2>27 Thus,
exploitation of these material properties could facilitate
improved biomarker detection and analysis compared to clin-
ical biological receptors.*®

To date, the field of MIPs has been employed in various
applications;**>° however, this review will evaluate the principles
of molecular imprinting for biosensing and evaluate their effec-
tiveness when detecting analytes in biofluids specifically; serum,
saliva, cerebrospinal fluid, sweat, urine, nasopharyngeal fluid and
tears. Recent progress in integrated MIP sensor technologies for
high-affinity analyte detection from complex biofluids will be
critically assessed, highlighting state-of-the-art for the progression
into disease detection systems in healthcare settings and point-of-
need. Throughout this review, the term biosensor will also be
applied to sensing devices whereby the recognition element is
comprised of a synthetic MIP species. Although this may differ
from the International Union of Pure and Applied Chemistry
(IUPAC) definition of traditional biosensor terminology, the vast
majority of the literature covered in this review considers “bio-
sensors” to include MIP-based sensing devices for the detection of
biological analytes.

Mechanisms of molecularly imprinted
polymers

MIP synthesis (Fig. 1) is typically achieved via the selection
of suitable functional monomer(s) that form specific stable
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Fig. 1 Molecular imprinting process depicting potential interactions within the template—-monomer complex for a MIP synthesised via chemical poly-
merisation, where a, b, ¢, d, and e, represent non-covalent (hon-ionic), non-covalent (ionic), covalent, semi-covalent, and metal coordination, respectively. NB.
Interactions depend upon the selected template and monomer(s); therefore, the described interactions are not necessarily all simultaneously at play.
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interactions with a template molecule (target analyte).>"** The
formation of a stable template-monomer complex is critical for
the recognition capability of imprinted materials.** The spatial
arrangement of selected monomers around the template mole-
cule is secured via polymerisation, aided by a crosslinking
agent (dependent upon the type of molecular interactions
selected), forming a three-dimensional polymeric network.**
Interactions within the polymer matrix, between the newly
shaped polymer backbone and template, results in the installa-
tion of molecular recognition.”® These high-affinity binding
sites are revealed subsequent to template extraction due to the
formation of cavities complementary in shape, size, and
chemical functionality to that of the template and closely
related functional analogues.***® Molecular imprinting is clas-
sified according to the relationship between the MIP and the
non-imprinted polymer (NIP) species. NIP synthesis follows the
identical protocol employed to produce MIPs while omitting
the inclusion of the template molecule. Upon synthesis, NIPs
present a three-dimensional network of non-target-specific
cavities, where non-specific binding may still occur on the
surface thus, acting as a comparative control to selectivity
and specificity. In turn, this enables the calculation of quantifi-
able values for the assessment of both the imprinting factor (IF)
and the specificity adsorption («) ratio for sensitivity and
specificity determination, respectively.>” Collectively, these
values measure MIP performance, which is largely a conse-
quence of preparative techniques, amongst other factors,
including chemical composition (e.g., solvent choice), polymer
morphology, template-monomer complexation and their inter-
active forces.**™*°

The stability of the template-monomer complex and the energy
required for template extraction is governed by the type of
intermolecular interactions. For MIPs, molecular interactions
are classified as either covalent or non-covalent, contingent on
the available functional groups of both template molecules and
functional monomer(s) in a suitable solvent.*! Typically, non-
covalent imprinting (Fig. 1a and b) is stipulated by the self-
assembly of the template molecule and functional monomer(s)
solubilised in a suitable solvent via non-covalent interactions
(e.g., hydrogen bonding, n-r stacking interactions, or electro-
static forces), followed by the addition of a crosslinking agent
to initiate polymerisation.*>** Covalent imprinting (Fig. 1c)
describes a polymerisable and cleavable template-monomer
composite, where the template is covalently bound to the
functional monomer(s). In the latter, polymerisation is aided
by a crosslinker, after which the template is cleaved off via
acidic/basic hydrolysis, generating an imprinted species pre-
pared for template rebinding through covalent forces.***> The
final approach, semi-covalent imprinting (Fig. 1d and e),
exploits both non-covalent and covalent interactions.> Like
the covalent approach, a template-functional monomer com-
posite is formed, followed by the removal of the template
molecule via hydrolysis, fabricating cavities for template
rebinding through non-covalent bonding interactions.*

Commonly, non-covalent interactions are exploited for MIP
synthesis, and this is primarily attributed to intermolecular

This journal is © The Royal Society of Chemistry 2022
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forces, such as hydrogen bonding, encouraging interactions like
that of biological recognition systems (e.g, receptor-ligand,
enzyme-substrate, and antibody-antigen complexes).*® Addition-
ally, the ease of template-monomer complex formation, template
dissociation and capability to utilise an extensive range of differ-
ent monomers, has led to non-covalent interactions being widely
applied for MIP synthesis.”® Nevertheless, non-covalent imprint-
ing suffers from limitations in the form of heterogeneous dis-
tribution of binding sites and non-specific binding, resultant of
excess amounts of functional monomer(s) for pre-polymerisation
complex stabilisation.** Additionally, there have been reports
suggestive of the covalent imprinting approach being superior
due to the generation of uniformly accessible imprinted cavities
as there is a more homogeneous distribution of binding sites and
high selectivity throughout the MIP.*” However, despite these
advantages, covalent imprinting is not widely adopted, attributed
to time-consuming template rebinding, limiting its application as
a biosensor.”® Furthermore, covalent imprinting necessitates
additional fabrication steps for template-monomer composite
stabilisation via covalent bond formation. In particular, covalent
forces are restricted to diols, ketones, aldehydes, carboxylic acids,
and amines.*® Semi-covalent interactions, like covalent interac-
tions, can produce polymers with high selectivity; however, poly-
mers formed via these interactions can suffer from non-specific
binding due to uncleaved template molecules, occupying binding
sites.””

The success of these antibody mimics has progressed their
application for the employment of sensory components, detecting
bioanalytes (e.g:, electrolytes, metabolites, amino acids, proteins,
and hormones) located within bodily fluids.***° These bioanalyte-
rich media, including but not limited to, saliva, tears, and sweat
offer essential information regarding patient health.”* By consid-
ering alternative biofluids, other than the current gold standard -
arterial blood - enables biomarkers to be readily accessed in a
minimally invasive manner, laying the foundations for their
evolution from bench to bedside.*% %%

Methodologies to produce molecularly imprinted polymers
with example bio-applications

Today, molecular imprinting is broadly employed for various
applications, such as biosensing, chromatographic separation
and solid-phase extraction, among others.”> > Traditionally,
MIPs are formed via free-radical reactions employing prepara-
tion methods such as bulk, precipitation, emulsion, and sus-
pension techniques (Fig. 2a-d).”® The degree of imprinting
within a polymeric network is defined as the IF efficiency and
can be calculated as shown by eqn (1), where the equilibrium
binding capacity (Q), i.e., the amount of analyte bound by
MIP and NIP species, denoted by Qup and Qip, respectively,
is first determined. Q (eqn (2)) describes the divergence
between the initial amount of target analyte in the introduced
solution mixture relative to the amount in the supernatant,
where Cj, C;, m and V define the initial concentration of the
target analyte in the introduced mixture, the equilibrium
concentration of the target analyte in the solution mixture,
the mass of the polymer and volume of the analyte solution

J. Mater. Chem. B, 2022,10, 7418-7449 | 7421
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Fig. 2 Illustrative diagram depicting a range of different polymerisation techniques including: (a) bulk, (b) precipitation, (c) emulsion, (d) suspension, (e)
surface, (f) epitope, (g) sol—gel, (h) electropolymerisation, and (i) each technique's associated key.

mixture, respectively.’”*”> Additionally, Q, can also be used to
determine the specificity adsorption ratio (a), which describes
the degree of selectivity of MIP species in relation to the NIP
species, as shown by eqn (3).>” IF and o values exceeding 1 are
indicative of a good degree of molecular imprinting and target
analyte specificity, respectively.

_ Qmre
= QNlP (1)
Omol/g) =4 Wy @)
m
_ (Owmip — Onrp
' ( QMIP ) (3)

Bulk polymerisation (Fig. 2a) proceeds with the initiation of
a soluble radical initiator in the presence of soluble monomer(s)

7422 | J. Mater. Chem. B, 2022,10, 7418-7449

(functional monomer and crosslinker) upon thermal or ultraviolet
radiation exposure.®™®" Precipitation polymerisation (Fig. 2b)
describes a homogeneous polymer solution consisting of soluble
monomer(s) and initiator in a continuous phase.®>®" Upon initia-
tion, a heterogeneous mixture is formed in which the insoluble
polymer precipitates out.®* Olcer et al. utilised bulk and precipita-
tion polymerisation to prepare a highly selective and reusable
(up to five times) MIP to detect endocrine-disrupting chemicals,
specifically, ibuprofen in drinking and tap water samples.® In the
study, ibuprofen, methacrylic acid, trimethylolpropane trimeth-
acrylate were employed as template molecule, functional mono-
mer, and crosslinker in a 1:8:20 molar ratio, respectively, with
4,4-azobis(4-cyanovaleric acid) and acetonitrile as initiator and
porogen. Precipitation polymerisation was more successful in
formulating a MIP with higher template affinity compared to
the bulk-synthesised MIP.*® The imprinted polymer prepared via
precipitated means showed an approximately two-fold increase
in sorption capacity compared to its control (non-imprinted

This journal is © The Royal Society of Chemistry 2022
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polymer, NIP), calculated at 0.0387 mmol g~ " and 0.0235 mmol g~ %, the surface of the polymer, arguably the principal contribution to
respectively at 50 mg L~ ". Selectivity was demonstrated in the sorption performance.®

presence of compounds sharing structural likeness to that of Despite bulk polymerisation being considered a simplistic
ibuprofen, namely naproxen and ketoprofen (Fig. 3(a-i)). The approach, some synthesis protocols can require mechanical
success of the precipitation technique over the bulk technique milling and, if necessary molecular sieving to provide uniform
was attributed to the MIP’s spherical nature (Fig. 3(a-ii)), provid- particle shapes and sizes.®*®* However, milling could reduce
ing greater surface area compared to the monolithic MIP MIP capturing capacities by damaging or distorting imprinted
(Fig. (3(a-iii))), thus allowing for more selective cavity sites at interaction sites.®® Regardless of the limited control over the

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. B, 2022, 10, 7418-7449 | 7423
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physical form of the obtained imprinted species, many MIP
publications still employ the bulk polymerisation approach,
possibly due to reproducibility and simplicity with respect to
the preparation and formulation of this polymerisation
process.®>¢13%¢ Bulk polymerisation limitations have led to
the development of alternative approaches, including in situ
prepared monoliths, molecularly imprinted monoliths, MIP
membranes, and MIP beads.”>®”"" Precipitation polymeri-
sation (Fig. 2b) is credited to the processes improved heat
control and direct preparation of large-scale production.”
However, precipitation polymerisation requires a greater
volume of porogen and more rigorous reaction control com-
pared to bulk polymerisation.”>”*

Emulsion polymerisation (Fig. 2c) describes the disper-
sion of monomer(s) and surfactant(s) in an emulsion of either
water-in-oil or oil-in-water. Polymer spheres are formed via the
generation of free radicals by an initiator (water- or oil-soluble —
dependent upon polymerisation type).”” In a recent study,
Zhao et al. established a MIP to purify solanesol, an essential
pharmaceutical intermediate and an organic substance to
produce anti-ulcer and anti-cancer drugs via emulsion poly-
merisation. In this study, the effects of varying quantities of
MIP chemical composition were investigated for MIP function-
ality performance purposes. Zhao et al. successfully synthesised
spherical solanesol MIP (SS-MIP) microspheres, with particle
sizes ranging between 50-500 mm, using solanesol, methyl
methacrylate, ethylene glycol dimethacrylate and potassium
persulfate, performing as template species, functional mono-
mer, and crosslinker, in a 1:8:30 molar ratio, respectively.
SS-MIP performance was demonstrated by maximum absorp-
tion retention (Qmax) of 56.97 mmol g~ ' and reported an IF of
2.51.7° Although the fabricated SS-MIP showed good adsorption
properties, more research is required to validate the perfor-
mance of this means of polymerisation, including, but not
limited to: (a) improved protocols for the formation of uni-
formly shaped and sized SS-MIPs, (b) investigation into the
recognition sensitivity and specificity of SS-MIPs, and (c) study
of SS-MIP applications.”® Ma et al, however, successfully
demonstrated a large-scale applicatory function of SS-MIPs
for high-purity solanesol extraction from tobacco leaves using
chromatographic methods via suspension polymerisation,
where methacrylic acid, ethylene glycol dimethacrylate, and
2,2'-azobisisoheptonitrile were used as functional monomer,
crosslinker and initiator, respectively. The synthesised spheri-
cal SS-MIPs (particle diameter 250-350 mm) exhibited a Qp,ax of
107.3 mmol g~ ' and IF of 3.9.”

In suspension polymerisation (Fig. 2d), a dispersed hetero-
geneous mixture of droplets is formed that undergoes poly-
merisation, ultimately forming polymer spheres.”® Gomes et al.
produced polyphenol MIPs via precipitation and suspension
polymerisation to determine the most superior process for
morphology and performance, using polydatin, a precursor of
resveratrol available in vegetable extracts, as a template.®
Polydatin is an important detectable target due to its anti-
oxidant and anti-inflammatory capabilities, rendering it a valu-
able chemical for disease treatment.”® Gomes et al. synthesised a
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range of MIPs for the amphiphilic polydatin template through a
parametric study that assessed a variety of functional monomers,
crosslinkers, and solvents for the assessment of non-covalent
interactions (including hydrophobic/hydrophilic interactions)
between the template-monomer complex and their effects on
imprinting efficiency. For natural extracts, hydrophilic/hydro-
phobic interactions are inevitable; thus, the adjustment of
solvent polarity is critical for the isolation of different poly-
phenols.®® In this study, polydatin, 4-vinylpyridine, 2,2-azo-
bisisobutyronitrile, water/methanol, and sorbitan mono-oleate
(Span 80) as template species, functional monomer, initiator,
solvent, and surfactant, respectively, presented a Qpax Of
~300 mmol g™, greater than literature reported values.***

Some of the previously discussed polymerisation techniques
can suffer from poor imprinted cavity access due to embedded
binding sites, incomplete template removal and slow mass
transfer rates. Surface imprinting (Fig. 2e), on the other hand,
generates materials with large surface areas (surface-to-volume
ratio) and high porosity owed to their distribution of externally
available binding sites. Arranging cavity sites in this way is
favourable for removing and rebinding the target analyte as
imprinted cavities are readily exposed.®®*® Moreover, these
surfaces are controllable, show low migration resistance
towards selective adsorption, bypassing the template embed-
ding phenomenon, resulting in greater adsorption capacities.®

Recent studies have shown surface or outer layer modifica-
tions of MIPs to be a popular method of molecular imprinting,
utilising specific carriers such as silica, polystyrene micro-
spheres, quantum dots, metal-organic frameworks, magnetic
nanoparticles, and carbon nanomaterials.®”**** Qu et al
recently used surface molecular imprinting to fabricate a highly
selective MIP prepared on glucose-derived microporous carbon
nanospheres for the removal of phenol (Fig. 3(b-i)), a highly
toxic substance found in wastewater which can affect the
cardiovascular and central nervous system.’***> Glucose-derived
microporous carbon nanospheres were employed as support
materials due to their rich pore structures and surface located
oxygenic functional groups, where active layers were stabilised
via silane coupling agents. An optimal polymeric mixture was
synthesised using phenol, 4-vinylpyridine, ethylene glycol
dimethacrylate, 2-methylpropionitrile, and toluene as template
molecule, functional monomer, crosslinker, initiator, and sol-
vent system in a 1:3:1.8:0.07 ratio, respectively. The assembly
of this surface imprinted crosslinked polymer (Fig. 3(b-ii))
displayed a Quax of 85.72 mg g~ '. The successful isolation of
phenol from wastewater was displayed by the relative selectivity
factors (a) of phenol versus three interfering molecules; hydro-
quinone, p-nitrophenol and p-tert-butylphenol, valued at
8.38, 7.96 and 6.67, respectively, highlighting the selective
capabilities of this synthesised MIP.**

Surface imprinting technology was also employed by Liu
et al. to develop highly sensitive and specific magnetic MIPs
(MMIPs). MMIPs with an average particle size of 2 um were
prepared via graphite-like carbon nitride-iron oxide nano-
particles as support matrices for the adsorption of atrazine, a
herbicide with known carcinogenic effects. Adsorption isotherms

This journal is © The Royal Society of Chemistry 2022
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demonstrated that MMIPs (1.82 mmol g~ ') formulated by atra-
zine, methacrylic acid, ethylene glycol dimethacrylate, 2,2-
azobisisobutyronitrile, and chloroform as template molecule,
functional monomer, crosslinker, initiator, and solvent system,
respectively, showed a greater adsorption capacity compared to
its control counterpart (MNIP, 0.875 mmol g~ ') at 80 mmol L.
Additionally, adsorption of atrazine molecules was greater when
compared to structural analogues (ametryn, atratin, hexazino-
neas), demonstrating high selectivity towards atrazine pesticides
for the detection of atrazine from complex substances.”®

Epitope imprinting (Fig. 2f) exploits short characteristic
regions of biomolecules (e.g., peptides) performing as
templates.97 Epitope MIPs (EMIPs) can overcome concerns
surrounding the imprinting of bulky macromolecular struc-
tures, often burdened with diffusion issues within the highly
crosslinked three-dimensional polymeric network and confor-
mational changes due to harsh polymerisation conditions and
environments.””°® EMIPs encourage the use of conventional
monomers, facilitating improved template extraction proce-
dures, and are more cost-effective as they avoid the need for
an entire biomolecule, making it a valuable technique for the
application of protein studies.”>'% Like traditional imprinting
methods, the epitope approach can be utilised via bulk or
surface imprinting, depending upon the desired template—
monomer complex interactions.'” Template immobilisation
onto a supporting matrix is critical for successful EMIP for-
mation, where studies have reported the preparation of tem-
plates via boronate affinity, physical adsorption, metal ion
chelation, and covalent bonding.”®"%*%

Xing et al. developed a novel controllable oriented surface
imprinting approach, utilising boronate affinity-anchored epi-
topes to imprint protein templates.”® This study was centred
around the 2-microglobulin (b,M) protein sequence, where
abnormal concentration levels are associated with diseases
such as multiple myeloma.'® The C-terminus nonapeptide,
attached with a lysine, was selected as the template epitope,
with 2,4-difluoro-3-formyl-phenylboronic acid acting as the
coordinating ligand. Consequential of boronate affinity, the
glycated epitope was immobilised onto boronic acid-functionalised
magnetic nanoparticles, coated with multiple silylating agents,
facilitating template-monomer interactions via polycondensation
reactions in a monomer ratio of 10:10: 20: 60, respectively.’® The
synthesised glycated epitope-imprinted magnetic nanoparticles
(average diameter 150 nm) presented an imprinting efficiency
percentage and IF value of 54.2% and 5.8, respectively. The study
further demonstrated the successful removal of b,M-epitope and
protein using the synthesised glycated b,M EMIP, through fast
equilibrium kinetics (~20 min), attributed to easily accessible
surface imprinted cavities. Additionally, b,M protein showed
greater selectivity, attributed to the highest IF calculated at 6.5,
compared to competitive analogous proteins ribonuclease A,
ribonuclease B, horseradish peroxidase, and bovine serum albumin.
Moreover, the imprinted species demonstrated long-term storage
capabilities (ca. three months) with a minimal reduction in sensi-
tivity performance (13.4% decrease) and withstood a total of six
consecutive activities of rebinding.”
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Tang et al. opted for the covalent approach to prepare two
biomarker peptides (K-2209 and K-1944), reflective of gastric
and liver cancer diagnosis, using heptapeptide (DQGHGHQ)
as the epitope template.'®® Porous silica was retained as a
sacrificial substrate for template molecule immobilisation.'®
Spherical imprinted particles were synthesised via hierarchical
imprinting polymerisation, utilising the metal coordination
interaction between copper(n) oxide, the template species,
and 4-vinyl pyridine (performing as both functional monomer
and coordinating ligand) for the formation of binding sites
(Fig. 3(c-i)).®® The optimal pre-polymerisation mixture was
formed of template, aqueous copper acetate, 4-vinyl pyridine,
ethylene glycol dimethacrylate (crosslinker), and 2,2-azobisiso-
butyronitrile (initiator) in a 1: 6:12: 30 molar ratio, respectively,
dissolved in acetonitrile. DQGHGHQ-MIP exhibited a 71-88%
recovery performance for the K-1944 and K-2209. This study
demonstrated the potential of epitope imprinting to aid bio-
marker screening for cancer diagnosis through individual and
competitive batch binding experiments. The individual experi-
ments highlighted the highest IF (2.2) for the DQGHGHQ-MIP,
followed by K-2209 (2.0) and K-1944 (2.0), and competitive
binding results exhibited a ca. 1.7-fold selectivity towards the
DQGHGHQ-MIP apropos to its competitive peptide counterparts
(DQGWGHQ, DQGFGHQ and DEGHGHQ) (Fig. 3(c-ii)).""*

The sol-gel technique (Fig. 2g) offers high solvent and thermal
stability, material homogeneity at the molecular level, and a one-
pot fabrication process.>® Commonly, sol-gel imprinting utilises
tetra-methyl or -ethyl orthosilicate as a precursor to introduce the
template species into the polymeric framework.>® The polymeric
mixture undergoes hydrolysis followed by polycondensation
reactions, generating crosslinked polymeric gels.'’® Sol-gel
imprinting has attractive characteristics, including simple pre-
parative techniques, controllable porosity and surface area, and
easily tailored chemical functionality for enhanced selectivity.*®
Unlike radical polymerisation, where polymer network for-
mation has a dependency on both temperature and the choice
of organic solvent (e.g., chloroform), this technique can be
performed at room temperature with environmentally friendly
solvents (e.g., water)."”” For instance, Guoning et al. used
Tween® 20, a non-ionic water-soluble surfactant, to encourage
mild hydrolysis to develop a surfactant-mediated sol-gel system
to fabricate protein MIP layers, utilising 3-(methacryloxy)pro-
pyltrimethoxysilane as crosslinker.'’® Human serum albumin,
one of the most abundant proteins present in blood plasma,
was selected as the target protein as this biological analyte
can correspond to ailments such as kidney disease.'*''* The
authors formed a homogenous protein-polymer mixture, with
no protein deformation within the organic solvent system
(methanol and toluene) being reported. MIP layers were stabi-
lised onto iron(m, m) oxide nanospheres to encourage rapid
magnetic separation and immobilisation. Finally, ovalbumin
was employed as a protein blocking agent to improve MIP
selectivity by reducing the effects of non-specific binding.
This method of molecular imprinting demonstrated a limit
of detection (LoD) of 0.3 pug mL~' and recovery ranges of
85.4-104.5%, where the authors stated the significance of the
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selective species with the potential to replace their biological
counterparts (e.g., antibodies)."”® Considering healthy human
serum albumin levels found in urine samples are ~30 mg mL ™,
the authors have proposed a very sensitive means to detect the
onset of kidney disease.""!

Finally, MIPs can be produced via electropolymerisation
(Fig. 2h). Established in the late ‘90s, electropolymerisation
rapidly emerged as a strategy to develop thin MIP films via
in situ spatial confinement of polymer layers directly onto
the surface of an electrode."**'"™® This form of polymerisation
is initiated by the oxidation (voltage- or current-induced) of
a specific monomer in an electrochemical cell, facilitating
polymer growth.''* Electropolymerisation enables precise con-
trol over film thickness and shows good compatibility with
aqueous media.'"®

Malitesta et al. prepared and characterised the first electro-
synthesised MIP using glucose and o-phenylenediamine as
template molecule and functional monomer, respectively.'*®
This pioneering study utilised o-phenylenediamine, a known
enzyme-entrapping membrane previously employed to fabricate
biosensors, to confirm the feasibility of an electropolymerised
MIP via the exploitation of a neutral template.""” Direct analy-
tical communication between the transducer element, quartz
crystal microbalance and synthetic MIP species was established."*®
These promising findings encouraged Ozcan et al. to fabricate an
electropolymerised MIP via a modified pencil graphite electrode to
detect paracetamol (a regularly used analgesic and antipyretic
drug) in clinical and pharmaceutical samples."**''® Polypyrrole
(pyrrole, monomer) films were processed via cyclic voltammetry
deposition in the presence of lithium perchlorate (supporting
electrolyte) with (MIP synthesis) or without (NIP synthesis)
paracetamol.’*® Differential pulse voltammetry was used to
evaluate MIP and NIP performance, with a LoD of 7.9 x 10’ M
(30), highlighting the imprinted species sensitivity towards para-
cetamol. Moreover, this MIP demonstrated a constant and repro-
ducible response (1.3%, relative standard deviation (RSD) (n = 6)),
even when in the presence of competitive species (e.g., dopamine,
phenacetin, ascorbic acid, phenol and p-glucose), highlighting the
MIP sensor’s selectivity towards paracetamol."*®

More recently, Wang et al. designed a MIP electrochemical
sensor using the conductive monomer 3-thiophenacetic acid
for rapid sensitive, and label-free detection of Staphylococcus
aureus (S. aureus), a Gram-positive pathogen responsible for a
wide range of clinical infections.®*>**° The conductive MIP film
was deposited on the surface of a gold electrode, negating the
use of toxic organic solvents or a crosslinking agent. Optimised
conditions exhibited a significantly low LoD and very fast kinetic
recognition valued at 2 CFU mL ™' and 10 min, respectively. This
impedimetric sensor verified good MIP sensitivity and selectivity
with respect to electrical impedance spectroscopy responses
compared to NIP species (Fig. 3(d-i)) and structural analogues,
including Gram-positive Listeria monocytogenes and Gram-
negative Escherichia coli (E. coli) 0157 and Salmonella Paratyphi
B. Additionally, fluorescence imaging was utilised to assess the
presence of S. aureus on the surface of the bacteria-imprinted
conductive polymer film, reinforcing successfully installed
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S. aureus-specific recognition cavities, where target bacteria
was visibly detectable on the MIP species (Fig. 3(d-ii)) and
evidently absent on the NIP species (Fig. 3(d-iii)). Moreover,
SEM images captured different polymer film-modified electro-
des during the process of bacterial imprinting and recognition,
verifying that S. aureus had successfully been embedded on the
poly-3-thiophenacetic acid matrices (Fig. 3(d-iv-vi)). Ultimately,
Wang et al.’s chosen polymerisation techniques have paved the
way for potential bacteria-imprinted conductive polymer films
for pathogen detection in applications such as food and water
safety. The discussed polymerisation methods are summarised
in Table 2.%°

Following polymerisation completion, the template requires
removal from the three-dimensional polymer network to fina-
lise the molecular imprinting process. Template removal is
often achieved via washing methods using various solvents from
aqueous-based to alcohols, and less commonly, by exposing the
final product to elevated temperatures or electrochemically.'>'>*
Optimal template removal conditions should follow a simplistic
approach, operating within a reasonable timeframe and using a
minimal amount of environmentally friendly solvent(s).">* It is
important to note that the NIP usually does not undergo the
template removal step, as would be expected. However, for
complete comparative analysis, both the MIP and NIP should be
exposed to consistent chemical conditions throughout their
syntheses. In addition, evidence has suggested that skipping the
template extraction protocol for the NIP has led to unrealistic and
overstated selectivity factors to that of the MIP.">

Development of MIPs as biosensors for
point-of-care diagnostics

Molecular imprinting techniques have seen an expansion in
target species, including cells and microorganisms.****3! For
example, the selective identification of microorganisms (e.g.,
pathogenic bacterial strains) in biological media via artificial
MIP biosensing systems has gained widespread attention as a
new class of sensing materials that permits for processing-
free whole-cell bacterial detection.'® Traditionally, bacterial
detection relies on cultures and antibiotic susceptibility tests,
immunological assays, genome sequencing, and biochemical
testing, often associated with laborious, expensive, and time-
consuming practices."*>"'** Recent work has described how
utilising MIPs can provide a unique approach for the identifi-
cation of bacterial pathogens.'** %

Shen et al. integrated MIT to fabricate bacteria imprinted
polymer (BIP) beads for microbiological disease detection via
Pickering emulsion polymerisation."*® BIP beads were synthe-
sised in phosphate-buffered saline and prepared for two different
groups of bacteria, rod-shaped E. coli (E-BIP) and spherical-shaped
Micrococcus luteus (M. luteus) (M-BIP), to determine whether
whole-cell recognition performance of imprinted receptors was
affected by cell shape. Prior to template extraction, polymer bead
surfaces indicated the presence of E. coli (Fig. 4(a and b));
however, post-template extraction, only custom-made imprinted

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Bacterial imprinting at Pickering emulsion interfaces. (a and b) SEM images of E. coli imprinted polymer beads before template extraction and
(c and d) after template extraction; (e and f) sensitivity and selectivity of E-BIP and M-BIP demonstrated by E. coli and M. luteus uptake, and (g and h)
uptake of different cells. Reproduced with permission from ref. 140, Copyright 2014 John Wiley & Sons. T Escherichia coli (E. coli), Lactobacillus sakei
(LB790), Enterococcus faecium (E. faecium), Micrococcus luteus (M. luteus).

cavities were visibly present on the surface (Fig. 4(c and d)). Both
E-BIP and M-BIP beads demonstrated favourable binding of the
analogous template cells, indicative of preferential BIP bead
selectivity between rod- and spherical-shaped bacteria cells
(Fig. 4(e-h))."*° Thus, this study highlighted a practical way to
fabricate bacterial recognition sites via molecular imprinting,
developing possibilities towards biosensors for real-time examina-
tion of whole-cell bacteria species in biofluids.

Roushani et al. introduced a new diagnostic method for the
detection of Acinetobacter baumannii (A. baumannii), one of the
most challenging agents of nosocomial infections worldwide."*"
MIP synthesis was achieved via electropolymerisation of the
template (A. baumannii) and the functional monomer (dopamine)
on the surface of a glassy carbon electrode. Electrochemical
properties were used to characterise the performance of the MIP
and analogous NIP modified electrode, including cyclic voltam-
metry and impedance spectroscopy, in a hexacyanoferrate
(operating as the electrochemical probe) redox system. This
sensor presented a linear range of 10°-10” CFU L' with a

7428 | J Mater. Chem. B, 2022, 10, 7418-7449

30 CFU L' LoD in human blood serum samples, the first of its
kind."*

MIPs have also been integrated with quartz crystal micro-
balances for facile, cost-effective, high-resolution, and label-free
mass sensing, owing to this device’s ability to measure very small
mass changes on a quartz crystal resonator in real-time. This type
of sensor has been extensively utilised for analytical purposes,
attributed to the technique’s high sensitivity and on-line acquisi-
tion aptitude."*>'*® Quartz crystal microbalances are generally
composed of a quartz disc incorporated with electrodes, and in
terms of MIP sensors, they function by measuring the disturbances
in frequency resonance resultant of target analyte adsorption/
binding based on the Sauerbrey equation.** Therefore, changes
in resonance energy are proportional to interactions between the
target analyte and imprinted cavity recognition sites.'*>

Tokoname et al. used a quartz crystal microbalance to
recognise the rod-shaped bacilliform bacteria, where sensor
performance was improved by integrating MIP technology with
dielectrophoresis. The target bacterial species was precisely

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Molecularly imprinted fluorescent test strip for dopamine detection in biofluids. (a) Production of dual-emission fluorescent molecularly
imprinted polymer nanoparticles (DE-MIPs) with specific dopamine recognition, and (b) DE-MIPs-coated filter paper as an easy dopamine test strip
optical detection. Reproduced with permission from ref. 147, Copyright 2019 John Wiley & Sons.

printed on the surface of a polypyrrole film, and the corres-
ponding imprinted cavities were created by extracting the target
template upon overoxidation. The integration of both techno-
logies allowed real-time and selective detection of bacilli from
apple juice samples with a LoD as low as 10° CFU mL ™" within
180 s, exclusive of any pre-treatment. These cavities showed
high selectivity and were capable of successfully differentiating
competitive rod-shaped bacterial species, including Acinetobac-
ter calcoaceticus, E. coli, and Serratia marcescens, highlighting a
simple and rapid bacterial detection method for potential
future clinical point-of-care testing.'*®

For the detection of smaller biomolecules, Wang et al
integrated dual-emission fluorescent MIPs (DE-MIPs) into a
facile test strip for the visual detection of dopamine via colori-
metric analysis."*” Dopamine sensing is vital for the diagnosis,
prevention, and management of neurological disorders includ-
ing, but not limited to, Parkinson’s disease, schizophrenia, and
Huntington’s disease.’*®**° Dopamine selective DE-MIPs were
prepared via the combination of two types of quantum dots with
red and blue colour emissions using imprinting technology.*®**
The blue quantum dots were implanted into silica nanocores,
preserving continuous fluorescent intensity, whilst the red quan-
tum dots were hybridised into the imprinted polymer shell,
encouraging dopamine interaction and stimulating fluorescence

This journal is © The Royal Society of Chemistry 2022

quenching during dopamine rebinding (Fig. 5a). DE-MIPs were
layered onto a filter paper, formulating a dopamine test strip
(Fig. 5b). Serum samples of 10 mL demonstrated dopamine
detection within 180 s with a low LoD of 100-150 nM, showing
sensitive detection to physiological dopamine levels. Thus the
authors successfully prepared a facile and efficient strategy for
rapid, visual, and on-site detection of physiologically important
species available in biofluids."*”

In addition, surface plasmon resonance, a non-invasive and
label-free detection, is another technique that can be employed
to develop MIPs into point-of-care biosensors.'>* Surface plasmon
resonance sensors are simple to function, provide real-time
responses with high sensitivity and can be easily adapted for
automation."® With respect to MIP-based plasmon resonance
sensors, the binding interaction event that occurs between
the analyte and imprinted receptor causes variation of the
plasmonic wave at the metal-dielectric interface, producing a
detectable signal.’>*'*

Cenci et al. synthesised a library of MIP nanoparticles
(diameter 20-50 nm) targeting the N-terminus of the iron
regulating hormone, Hepiciden-25, via precipitation polymeri-
sation."® Sensitive and selective sensor response to the target
hormone in spiked serum samples was detected within
180 s, using biotinylated MIP nanoparticles immobilised to
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Table 3 Characteristics and performance of the e-nanoMIP sensor for multiple target detection. Reproduced with modifications from ref. 156,

Copyright 2020 Springer Nature

Target Glucose” C4-homoserine lactone® Paracetamol® Tetrahydrocannabinol® Trypsin®
Sensitivity 5.6 mA mM " 42 mAnM ! 10.1 mA mM 7.2 mAmM ' 0.25 mA nM '
LoD 0.4 mM 0.1 nM 82 nM 50 nM 0.2 nM
Linear range 0.8-50 mM 6.2-800 nM 100-1000 mM 0.1-1000 mM 6.5-100 nM

“ Tested in phosphate buffer saline. ” Tested in human plasma.

a NeutrAvidin™ surface plasmon resonance sensor chip.
Linearity was observed with the logarithm of Hepcidin-25
concentration in the range 7.2-720 pM, and LoD was calculated
at 5 pM."” Recently reported micro-MIP-based surface plas-
mon resonance, at best, reached nanomolar sensitivities.*>3¢°
However, Cenci et al. highlighted biomarker detection on
the picomolar level, credited to utilising completely polymeric
MIP nanosized recognition elements integrated into surface
plasmon resonance. Ultimately, these results demonstrate a
viable approach for MIP integration into surface plasmon
resonance for the identification of undetected peptides and
proteins that have a fundamental role in pathogenesis but
manage to elude existing means of detection.'®”

Garcia-Cruz et al. presented a generic electrochemical sen-
sor platform, for a range of different targets, based on electro-
responsive molecularly imprinted nanoparticles (e-nanoMIPs)
for the potential employment of point-of-care diagnostics in the
clinic.’® This technology was applied to measure the concen-
tration of targets including, glucose, trypsin, paracetamol,
C4-homoserine lactone, and tetrahydrocannabinol, for the
detection/monitoring of disease (e.g., diabetes), biological
molecules (e.g., digestive enzyme), and drug conjugates for
the design of affordable, robust, and disposable sensors."”®
The e-nanoMIP fabrication procedure involved controlled poly-
merisation of the monomer mixture (e.g., methacrylic acid,
ethylene glycol dimethacrylate, and trimethylolpropane tri-
methacrylate) in the presence of a specific target analyte
immobilised onto an activated solid phase support (glass
beads). A polymerisable ferrocene derivative was added to
modify the standard composition of the prepared MIP.'>®
Electrode modification relied upon well-established carbodi-
imide coupling of e-nanoMIP deposition onto the surface of
a screen-printed gold electrode coated with self-assembled
monolayers of alkanethiol.'”” Experimentally, all sensors
demonstrated an electrochemical response time of 7 min, as
shown by differential pulse voltammetry.'***>” All e-nanoMIPs
displayed a proportional increase in current response with
respect to target analyte concentration (performance summary
of each sensor is presented in Table 3), significant of sensitive
and selective target detection. In essence, Garcia-Cruz et al.
have developed a sensor fabrication process that can be
exploited to assemble affordable, disposable, and transportable
devices for microvolume sampling of a variety of target analytes
present in biological media.'*>"*®

Hong et al. utilised protein molecularly imprinting to fabri-
cate a biomimetic sensor, exploiting the affinity of the C-reactive

7430 | J Mater. Chem. B, 2022, 10, 7418-7449

protein (CRP), an inflammatory protein, towards its natural ligand
(phosphorylcholine).”® The molecularly imprinted protein was
synthesised in the presence of O-4-nitropehnylphosphoryl-
choline, polyethylene glycol 400 dimethacrylate and 2,2’
dimethoxy-2-phenyl-acetophenone, performing as functional
monomer, crosslinker and initiator in a 1:4640:3.4 ratio,
respectively, facilitating the formation of immuno-like mem-
branes for the development of a microfluidic biochip for the
rapid detection of the target protein (CRP). In this work, a
point-of-care device for the separation and sensing of CRP from
blood serum based on an immune-like polymer membrane
(Fig. 6) was developed using well-orientated molecularly imprinted
nanocavities."® The polymer membrane was integrated within a
plastic microfluidic chip containing an enclosed interdigitated
electrode array (Fig. 6a). The loading of human blood serum
samples into the microfluidic biochip and the subsequent capture
of the target protein by the protein imprinted recognition sites of
the immuno-like membrane (Fig. 6b) was followed by the load-
ing of sodium dodecyl sulphate and CRP release from the
immuno-like membrane (Fig. 6c). This was proceeded by the
final delivery of sodium dodecyl sulphate with the target protein
to the electrodes (Fig. 6d) for electronic sensing based upon the
rate of decay of the applied electric signal due to impedance
changes. After initial incubation with spiked serum samples,
CRP was detectable within 110 s. CRP was identifiable as low as
10 mg L', Although this level surpasses the low to high-risk
categories recommended for cardiovascular disease detection
and is likely to be most beneficial for high-risk categories only,
it is apparent from the dynamic response of the decaying signal
that the approach of molecularly imprinted CRP selective cav-
ities has the potential to detect lower CRP concentrations and
form the basis for an improved clinically applicable biochip for
point-of-care-testing."”>'®® Ultimately, the proposed approach
is an adaptive technological platform, with the potential to
facilitate cost-effective mass production for the application of a
range of protein biomarkers."

MIP-based biosensor capabilities
towards detecting biological analytes
within physiological fluids

Physiological media hosts a variety of biomarkers, and the
biomarker concentration levels can give a detailed reflection

of the status of human health.'®" The following section will
discuss developments of MIP biosensors in their capability

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Point-of-care sensing platform based on immuno-like membranes with molecularly aligned nanocavities for CRP detection. (a) Prepared
membranes with aligned molecular nano-recognition for point-of-care protein biosensing. Immuno-like membrane in microfluidic biochip; (b) human
blood serum sample loading and capturing of CRP; (c) loading of sodium dodecyl sulphate and releasing of CRP from the immuno-like membrane, and
delivery of sodium dodecyl sulphate with CRP to the electrodes for electronic sensing. Reproduced with permission from ref. 13, Copyright 2013 Elsevier.

towards detecting biological analytes within a range of different
biofluids.

Serum

Blood serum, the liquid left after blood clotting, exhibits many
of the same solid components as plasma and is a popular
biological fluid for disease detection, credited to its abundance
of biochemical markers estimated at 250.'®" In turn, several
recent works have focused on the detection of biomarker
analysis within blood serum for the diagnosis of diabetes
mellitus, liver cancer, human immunodeficiency virus, breast
cancer, hypertryptophanemia, coronary heart disease, and
many others."**%*71% you et al. utilised clinical blood serum
samples for the detection of the amyloid-f3 oligomer, peptides
responsible for the amyloid plaques present in Alzheimer brain
lesions, via the fabrication of a novel electrochemical biosensor,
where molecular imprinting was integrated with an aptamer-
based sandwich assay as the sensor recognition unit."®® Amy-
loid-B oligomer-specific aptamer was assembled onto the sur-
face of the Ag/SiO, NPs via exploitation of the silver-thiol bond,
establishing a Ag/SiO,-aptamer bioconjugate. The molecularly
imprinted layer was prepared with amyloid-} oligomer,

This journal is © The Royal Society of Chemistry 2022

methacrylic acid, divinylbenzene, and 2,2’-azo-bis-(2,4-
dimethyl)valeronitrile performing as target analyte, func-
tional monomer, crosslinker, and initiator, respectively.'®®
Sensitivity was evaluated by measuring sensor response
towards two variations of amyloid-fp monomers, amyloid-
oligomers, and amyloid-f fibrils under identical conditions.
Both variations of the amyloid-p monomers and amyloid-f
fibrils showed a significantly weaker current response com-
pared to that of the amyloid-B oligomers, credited to the
specific recognition capabilities of the imprinted cavities
installed via MIP and aptamer sandwich integration. Further
investigation highlighted that different concentrations of the
amyloid-p 1-42 oligomer showed a strong linear correlation
ranging between 5 pg mL™'-10 ng mL™" (R* = 0.997), where
the LoD was calculated at 1.22 pg mL '.'®® Thus, the
response of the biosensor correlates to an amyloid-f oligo-
mer concentration range within the detection range found
in physiological serum of Alzheimer’s disease patients
(1.35-12.5 ng mL™*).*¢”

The preparation of 12 amyloid-f8 1-42 MIP biosensors under
identical conditions demonstrated a relative standard deviation
(RSD) value of 7.7% for the detection of 1 ng mL ™" of amyloid-B
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1-42 oligomer, indicating that the MIP could be reproduced
satisfactorily. Stability was monitored by measuring the elec-
trochemical signal of the sensor every week, where ~91.2% of
the original signal intensity was retained after 28 days. Recovery
of the amyloid-f 1-42 oligomer from spiked healthy human
blood serum samples ranged between 93-107.7% with accep-
table RSDs ranging from 2.5 to 9.8%, verifying the applicability
of the fabricated MIP biosensor for amyloid-f1-42 oligomer
determination in clinical samples for early Alzheimer’s disease
diagnosis."”*

Jaiswal et al. reported a MIP-based electrochemical sensor
developed via a layer-by-layer approach, capable of quantita-
tively differentiating between ultra-trace levels of p- and -serine
in blood serum and cerebrospinal fluid of clinical patients.*®®
Serine, has a crucial role in the functioning of the central
nervous system, and is a biomarker of psychiatric disorders
(e.g., schizophrenia).'®® Imprinted polymeric films were com-
prised of acrylamide, copper(u) oxide, 2,2’-bipyridine, and
chloroform, acting as functional monomer, catalyst, ligand,
and initiator, respectively. Layer-by-layer assembly was achieved
by grafting synthesised imprinted polymeric films via spin
coating on the surface of pencil graphite electrodes. Jaiswal
et al. prepared a highly sensitive biosensor, with respect to
other biosensors evaluating the same target analyte, inferred
by a 0.24 ng mL~" and 0.25 ng mL~" LoD for p-serine (0.83-
20.63 ng mL~ " LoD range) and 1-serine (0.87-20.45 LoD range),
respectively (inclusive of both biological fluids), utilised for
sequential analysis of isomeric target analytes using a single
electrode.”’®”® The authors reported that the artificial recog-
nition component, (i.e., the MIP), presented an IF of 25.61,
absent of any regeneration limitations, cross-reactivity, and
false positives, highlighting its capability to improve medical
diagnostics for the correct management of administered
medications and facility admittance."®®

Luo et al developed a magnetic surface molecularly
imprinted-resonance light scattering sensor for the rapid and
highly sensitive detection of the Japanese encephalitis virus
(JEV), a mosquito-transmitted virus that can cause inflamma-
tion of the brain."’®"” The surface imprinted polymer was
prepared on silicon-coated iron oxide microspheres and poly-
merisation was performed using aminopropyltriethoxysilane
and tetraethyl orthosilicate as functional monomer and cross-
linker to immobilise the target virus (JEV) and secure the three-
dimensional polymeric network, respectively. The sensitive and
selective detection of JEV was initially determined in Britton-
Robinson buffer. Under optimised conditions, the LoD was
observed at 1.3 pM (3.0%, RSD)."”® In comparison to previously
reported MIP optical sensors for the detection of JEV, the
detection limit (1.3 pM) is clinically acceptable, and sensor
response time (20 min) is significantly faster."”®*”® The
response of the magnetic MIPs towards JEV in the presence
of other viruses, including Hepatitis A virus, dimensionally
different Rabies virus, and Simian vacuolating virus 40, using
an initial virus concentration of 75 ng mL ™", showed that the
imprinted JEV could be selectively detected with low non-
specific adsorption when in the presence of virus
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interferents. The feasibility of the prepared MIP-sensor for
the detection of JEV in clinically relevant samples was exam-
ined in spiked (10-90 ng mL™") healthy human serum samples.
Sensing performance was ascribed by recovery rates ranging
between 98.0-110.2%, suggestive of the designed approach
being a promising means to detect the target virus in patient
samples.'”®

To address drawbacks of using antibodies for cancer bio-
marker recognition, Tawfik et al. utilised optical methods in
the form of fluorescent molecularly imprinted conjugated
polythiophenes to develop a simple and affordable enzyme-
free amplification assay for the detection of o-fetoprotein, a
biomarker of liver cancer, undetectable among healthy indivi-
duals, within blood serum samples.'®® This strategy relied upon
dual emission fluorescent molecularly imprinted conjugated
polymers (MICPs) fabricated with specific a-fetoprotein and
carcinoembryonic antigen affinity and enhanced fluorescence
features (Fig. 7). Signal amplification was generated by exploiting
two varying conjugated polymers green- and yellow-emitting
polythiophenes, where photoluminescence quantum yield was
observed at 35% and 55%, respectively. Both imprinted species
were synthesised via ultraviolet chemical polymerisation (1 =
365 nm), where conjugated polythiophenes were solubilised in
4-vinylphenylboronic acid in the presence of the target analyte,
polyethylene glycol dimethacrylate (crosslinker), and 1-hydroxy-
cyclohexyl phenyl ketone (photo initiator)."*® Initial o-fetoprotein
sensitivity parameters were examined in phosphate-buffered
saline, where a LoD of 2.50 pg mL " and 1.20 pg mL " for
green- and yellow-emitting fluorescent MIPs, respectively, was
recorded.'® Comparatively, the obtained LoD values showed
improvement with regard to state-of-the-art a-fetoprotein
biosensors. 8 7'%°

The designed sensor’s feasibility was surveyed in multiple
human physiological fluids. Traces of a-fetoprotein in human
blood serum were analysed, where LoDs for green- and yellow-
emitting MICPs were valued at 5.0 pg mL~* and 2.2 pg mL™,
respectively. For saliva samples, LoDs were calculated at
2.1 pg mL™" and 1.1 pg mL™" for green- and yellow-emitting
MICPs, respectively. Attained values agreed with early o-
fetoprotein detection in clinical samples, where the onset for
positive results is 5 ng mL™". In addition, target recovery from
a-fetoprotein spiked blood serum varied between 98.9-110%
(1.56-3.65%, RSD) and 98-105% (1.88-3.66%, RSD) for green-
and yellow-emitting MICPs, respectively. For saliva samples,
recovery ranges included 96.90-110% (1.91-4.21%, RSD) and
97.30-110% (2.43-3.66%, RSD) for green- and yellow-emitting
MICPs, respectively.'®

As a proof of principle, the designed MIP sensors were used
for a-fetoprotein analysis of clinical blood serum provided by
liver cancer patients. The quantified o-fetoprotein concentra-
tions from both MIP biosensor assays were concurrent to those
probed by enzyme-linked immunosorbent assay (ELISA) analy-
sis, reflected by high linear correlations (R* = 0.985 and R”> =
0.987, respectively). Therefore, Tawfik et al. has unveiled a
pioneering step to advance universally accessible, affordable,
portable, point-of-care cancer diagnostics using optical MIP

This journal is © The Royal Society of Chemistry 2022
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biosensors in physiological samples, which will be of signifi-
cant benefit in resource-limited clinical settings.*®°

Saliva

Unlike serum, saliva sampling is non-invasive, with signifi-
cantly less risk of subsequent infection (from possible needle
contamination) and overall cost."*® Furthermore, salivary bio-
marker detection is becoming a popular method for diagnostics,
credited to its accessibility of biological analytes associated with
disease, common to those found in human blood.'3%137:191-19
Diouf et al. capitalised on this biofluid via the development of a
MIP electrochemical sensor for the sensitive detection of glucose
in saliva."®® Healthy physiological salivary and blood glucose
levels range between 0.05-21.61 mg dL™* and 70-120 mg dL,
respectively.'®® Despite the very selective, specific and sensitive
nature of enzymatic glucose sensors, their applications are
hindered by their complexity, lack of stability, limited opera-
tional conditions (e.g., temperature, pH, and humidity sensi-
tivity, refer to Table 1), and heavy reliance on blood samples
from finger-pricking.'®”'*® Despite these issues, there are
minimal reports focused on non-enzymatic biosensors for the
direct detection of glucose; therefore, there is a gap in the
current clinical commercial market for the development of a

This journal is © The Royal Society of Chemistry 2022

technique. Reproduced with permission from ref. 180, Copyright 2020 Elsevier.

non-invasive and effective glucometer for continuous, accurate,
and rapid measurements.*®°

In response to the current commercial limitations, Diouf et al.
fabricated a non-enzymatic MIP sensor based on electrochemical
polymerisation of the functional monomer acrylamide cross-
linked by N,N’-methylene bis-acrylamide in the presence of
glucose onto a gold surface printed electrode to determine
glucose concentrations in real saliva samples (Fig. 8).'%°
Electrochemical detection of glucose within a working range
of 0.5-50 pug mL ™" was achieved by introducing the working
electrode into a known concentration of glucose. A ferricyanide
redox probe was utilised to monitor decreasing current in
response to increasing glucose concentration, explained by
the binding of glucose molecules with that of MIP recogni-
tion cavities - impeding electron transport to the redox probe.
Differential pulse voltammetry and electrical impedance spectro-
metry were utilised to determine the LoD, reported at 0.59 ug mL ™"
and 1.6 pg mL™*, respectively. Notably, the NIP species showed a
negligible change of signal, signifying that observed responses
directly resulted from the immobilised glucose within imprinted
glucose cavities.'*® The selectivity of this glucose MIP sensor was
measured using lactose and sucrose, two interfering analytes,
naturally coexisting in biological saliva samples, with a similar
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Elsevier.

structure to that of glucose. No significant response was obtained
from either interferant. Thus, the proposed glucose MIP sensor
showed a remarkable selectivity towards glucose molecules only.
Additionally, the reproducibility (3.4%, RSD), repeatability (4.0%,
RSD), and stability (retained 85% of its initial response) of the MIP
sensor were also investigated, where stability was monitored at
regular time intervals over a three-month period.'®® The fabri-
cated glucose MIP sensor was applied to saliva samples of six
healthy volunteers. Sampling procedures involved mouth rinsing
followed by storage at 4 °C. Saliva glucose levels were compared
to that of finger-prick blood. Salivary glucose and fasting
blood glucose values ranged between 0.22-0.86 mg dL™* and
94-147 mg dL ', respectively. Consequently, Diouf et al. have
established an inexpensive, simple, and effective sensing platform
for non-enzymatic glucose detection, assembling a promising tool
for the future evolution of accurate and reliable non-invasive
diabetes mellitus diagnosis using MIT. To further validate the
obtained results within this study, additional data should be
collected from saliva samples of diabetic patients.>*!

Salivary biomarker analysis was also adopted by Parnianchi
et al., who recently developed, for the first time, a highly
sensitive and selective electrochemical sensor integrated with
a MIP for the detection of bilirubin.>*® Bilirubin is a metabolite
of the catalytic degradation of heme in haemoglobin and can be
utilised as a biomarker of anaemia (low levels) and liver disease
(high levels).**'*® Due to the electrochemical applications
of multi-walled carbon nanotubes, these structures were used to
modify the electrodes prior to o-phenylenediamine (functional
monomer) electropolymerisation in the presence and absence of
bilirubin for MIP and NIP electrode preparation, respectively.>>?*

Preceding biosensor employment for the detection of
bilirubin in real human samples, the sensing platform was first
characterised using ferricyanide as an electrochemical probe.

7434 | J Mater. Chem. B, 2022,10, 7418-7449

Analyses highlighted that when the target analyte was removed
from the polymer film, there was a significant decrease in
electron transfer resistance, credited to the successful imprinting
of bilirubin cavities performing as electron transfer channels -
reducing resistance. Ultimately, modified MIP electrodes showed
awide linear range of 12.08-91.81 fM with a 7.8 fM LoD.>*° Sensor
selectivity was investigated via structurally similar analogues to
bilirubin, including progesterone, testosterone, dopamine,
uric acid, and ascorbic acid. Each structure was examined
three times and signified negligible cavity adsorption com-
pared to the bilirubin template, valuing MIP sensor selectivity
at 1.05 pA fM~*.*°° Furthermore, this MIP electrode signified
reasonable operational stability (i.e., it can be used several times),
attributed to a minimal 5% signal loss over a period of 10 days,
which is in agreement with other reported studies.”*>>°® Follow-
ing optimisation testing, the selective detection of bilirubin in
human saliva of neonates and adults, was analysed. Samples
relating to healthy adult saliva were prepared in different con-
centrations ranging from dilution factors of 0-1000. MIP sensor
performance was examined by the addition of standard bilirubin
in the femtomolar range (12.08-91.81 fM), where clinically reason-
able responses were observed as identified by an average bilirubin
recovery of 97.41% with an RSD of 3.84 (n = 4). However, detection
of bilirubin from the samples relating to infants with symptoms
of jaundice using the developed MIP sensor showed a decrease in
target analyte recovery (95.9% with an RSD of 6.0% (n = 4)) when
compared to results obtained using high-performance liquid
chromatography (HPLC).>*

Cerebrospinal fluid

In contrast to saliva, cerebrospinal fluid sampling is a more
invasive technique. Cerebrospinal fluid is an invaluable clinical
specimen that offers critical information regarding diseases,

This journal is © The Royal Society of Chemistry 2022
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infections, and severe conditions affecting the spinal cord and
brain.>***" Ji et al. fabricated a MIP monolith using a micro-
pipette tip, prepared via epitope imprinting, for the highly
selective extraction of cholecystokinin neuropeptides (Fig. 9).*'>
Cholecystokinin neuropeptides are active within the physiological
and pathophysiological processes of the central nervous system,
contributing to mental health disorders (e.g., schizophrenia)
and epilepsy; therefore, the development of accurate analytical
techniques within the fluid is vital.>***"*

The designed MIP monolith exhibited specific recognition
capability, high cholecystokinin neuropeptides (CCK) recapture
capacity, and excellent reusability. Initially, in situ poly-
merisation occurred, where methacrylic acid, ethylene glycol
dimethacrylate, and 2,2’-azobisisobutyronitrile were applied as
functional monomer, crosslinker, and initiator, respectively,
in the presence of the template CCK4. Template extraction
revealed imprinted cavities that could selectively recognise
CCK4 and structurally similar CCKs (i.e., species that shared
the same imprinted amino acid sequences), including CCK5
and CCKS. In addition, three oligopeptides, including tetra-
peptide, Leu-enkephalin and Met-enkephalin, were introduced
to interfere with the specific binding observed for the CCK
neuropeptides for sensor selectivity evaluation. Nonetheless,
the MIP monolith demonstrated a significant molecular affinity
and selectivity enrichment capability for CCK neuropeptides
only.>'* Sensor applicability was determined by monitoring
CCK neuropeptide in clinical human cerebrospinal fluid samples.
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Formulated calibration curves for CCK4 (R* = 0.981) and CCK8
(R* = 0.973) signified LoDs calculated at 1.2 and 5.5 pM,
respectively. Linearity and target recoveries (73.9-90.4%) were
within clinically acceptable limits. The feasibility of the pre-
pared MIP monolith sensor has shown that with the combi-
nation of sample purification and enrichment, it was possible
to detect CCK neuropeptides in cerebrospinal fluid at physio-
logical levels.*'?

Lulinski et al. developed a MIP to detect tryptamine within
cerebrospinal fluid to monitor cardiovascular pathologies
(e.g, myocardial infarction, hypertension). The sensor was fabri-
cated via molecularly imprinted solid-phase extraction (MISPE)
and HPLC combined with fluorometric signal technology. The
tryptamine-imprinted microscale sorbent (stationary phase), per-
forming as sensor recognition, was synthesised via both bulk and
precipitation polymerisation, where 4-vinylbenzoic acid and ethy-
lene glycol dimethacrylate were employed as functional monomer
and crosslinker, respectively. Static (sensitivity determination) and
dynamic experiments (selectivity determination) revealed an IF of
15.4 and 18.62, respectively. Tryptamine determination in the
presence of serotonin and r-tryptophan was validated using a
complex matrix of bovine serum albumin yielding the recoveries
of tryptamine that ranged between 98.7 and 107.0% (1.1-3.7%,
RSD).*”® Human cerebrospinal fluid (post-mortem) was then
tested to determine the practicality of the MIP sensor in the
presence of competitors. First, the elution fraction obtained from pure
cerebrospinal fluid was spiked with standards of tyramine (1.31),

'. Template
] ———>

Removal

Fig. 9 Schematic depiction of the MIP monolith fabrication protocol for the selective recognition of cholecystokinin (CCK) neuropeptides in
cerebrospinal fluid. The monomer and template interactions are highlighted. A micropipette tip connected to a syringe is utilised to perform the
molecularly imprinted solid-phase microextraction (MI-u-SPE) for the detection of CCK neuropeptides via the epitope imprinting approach. Reproduced

with permission from ref. 212, Copyright 2015 John Wiley & Sons.
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serotonin (IF = 1.21), and r-tryptophan (IF = 1.16) to identify the
presence of eluent interferants. The Q.. Of tryptamine (186 +
19 mmol g ') is greater than that of the interfering species (15.9 +
1.6,39.9 + 4.0, and 117 & 12 mmol g, respectively), indicative of
MIP target adsorption. The reported values are explained by
structural analogy to that of tryptamine, as the interferants all
share a similar indole ring with an ethylamine aliphatic chain.
Nevertheless, the MIP sensor clearly demonstrates tryptamine
selectivity irrespective of the present interferants. All signals were
achieved in <15 min. Neat human cerebrospinal fluid spiked
with the internal standard (5-methoxy-tryptamine) was also tested
for extraction processes to quantify the concentration of trypt-
amine in the eluent. All signals were achieved in <25 min.
Ultimately, MISPE techniques demonstrated a very low
tryptamine LoD (19.9 nmol L") in bovine serum albumin, and
tryptamine was also quantified in human cerebrospinal fluid
(553 £ 45 nmol L' (n = 3)), even in the presence of competitive
structural equivalents. Thus, the authors have developed a novel
analytical procedure to determine tryptamine in real human samples
for a better-magnified insight into cardiovascular-related ailments.”"

Sweat

Sweat has a less complicated matrix than other physiological
fluids, resulting in the secretion of metabolites in an acidic and
electrolyte-rich fluid.**® The minimally invasive nature and easy
collection of this fluid due to several accessible sampling sites
enables sweat to be used in applications for continuous
analysis.”"” Recently, Mugo et al. utilised this media to develop
a molecularly imprinted cortisol selective biosensor, fabricated
via the layer-by-layer assembly for elevated cortisol detection,
implicated in various stress-related conditions (e.g., post-
traumatic stress disorder and bipolar disorder).?'®%'° As such,
cortisol can be a valuable biomarker for diagnosing physiolo-
gical conditions related to anxiety, depression, and mental
health.?*® The sensor layers comprised a stretchable polydi-
methylsiloxane base with carbon nanotube-cellulose nanocrys-
tals (CNC/CNT) conductive nanoporous nanofilms. The MIP
was fabricated via surface imprinting using glycidyl methacry-
late (functional monomer) and ethylene glycol dimethacrylate
(crosslinker) where is was deposited onto the CNC/CNT, form-
ing the cortisol biomimetic receptor.**®

Sensitivity of the MIP was shown by a 180 s sensor response,
with a 2.0 + 0.4 ng mL™' LoD (2.6%, RSD) to cortisol in
phosphate buffer, attributed to the inherent receptor-specific
cavities engrained in the MIP film.”*" Increasing cortisol con-
centrations yielded a linear calibration (R* = 0.92) with a high
calibration sensitivity four orders of magnitude higher than the
NIP, acting as a control. Moreover, the MIP cortisol sensor
dynamic range was determined to be 6-60 ng mL ", falling
within the physiological cortisol range (8-50 ng mL™') in
human sweat, thus confirming the feasibility of the prepared
sensor for cortisol detection in biological sweat.”’” Although
former reported cortisol biometric sensors have displayed lower
LoD values; these sensors rely on antibodies.”*>”>** Specificity
of the imprinted cortisol sensor was determined via analysis of
analogous interfering chemical species, similar to those already

7436 | J Mater. Chem. B, 2022, 10, 7418-7449

View Article Online

Review

present in human sweat. The interfering species tested included
epinephrine, methoxyxprogestone, B-estradiol and glucose. The
MIP sensor exhibited high specificity towards cortisol with a
measurable difference in voltammetric readings, compared to
the introduction of the other interfering species.”® Biosensor
feasibility was evaluated for ex situ analysis of sweat samples.
Following triplicate measurements, cortisol concentration was
determined to be 33 & 2 ng mL " (5.4%, RSD), which falls within
the normal clinical range. The MIP sensor’s cortisol content was
also validated by HPLC, resulting in a very similar concentration
of 29 + 0.5 ng mL ™" (5%, RSD).”*®

In a recent study, Tang et al. developed a touch-based MIP
biosensor (Fig. 10a) for selective cortisol detection through natural
perspiration. Instead of sweat sampling via stimulative methods
(e.g., exercise), this sensor was designed to measure fingertip
sweat cortisol through touch via highly selective binding to the
cortisol-imprinted electropolymerised polypyrrole coating, where
Prussian blue was embedded as the redox probe. The high density
of eccrine sweat glands present in the fingers can produce high
sweat volumes, which can subsequently be collected by the highly
porous, permeable, and sweat absorbing polyvinyl alcohol hydro-
gel. Thus, this MIP-based fingertip cortisol biosensor has gener-
ated a natural and practical sweat sampling technique, providing
a stressless, label-free, low-cost point-of-care testing platform for
mental health management and monitoring, exemplifying a
potential step-change in the disciplines of wearable biosensor
devices and personalised healthcare.*

Zhang et al. developed a wearable electrochemical biosensor by
incorporating silver nanowires and a MIP electropolymerised in
the presence of 3-aminophenulboronic acid (functional mono-
mer) on a screen-printed electrode for the non-invasive mon-
itoring of lactate in human sweat.>”® During exercise, sweat
lactate concentrations can ascend to 25 mM; however, a severe
imbalance can lead to anaerobic metabolism (e.g., pulmonary
embolism or haemorrhagic shock).?””**® The MIP sensor
exhibited high sensitivity and specificity for the detection of
lactate in phosphate buffer saline from 107 °-10"" M, significant
of a 22 uM LoD. Furthermore, the sensors had high stability and
reproducibility with a sensitivity recovery of 99.8% =+ 1.7% seven
months after being stored in the dark at room temperature.
Glucose, urea, pyruvic acid, uric acid, sodium chloride, calcium
chloride and ammonium hydroxide were among the many
substances utilised to measure the sensor’s selectivity, primar-
ily due to their structural resemblance to the metabolic sub-
stances found in human sweat. Generally, the sensor response
showed good selectivity towards the target and negligible
response to the interferants. Urea, pyruvic acid and uric acid
give the highest current changes around 3 x 10~ A, which is
only 1.4% of the specific response for lactate (14 mM) binding
(2.2 x 107° A).>*® Epidermal lactate measurements were per-
formed on six healthy volunteers. A thin film of poly-
dimethylsiloxane with a sweat cell was utilised for the upwards
attachment of the electrode biosensor to the volunteer’s skin,
enabling sweat overflow after cell saturation (Fig. 10b). Differ-
ential pulse voltammetry responses were recorded every five
minutes for a period of 30 minutes during exercise. After
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Fig. 10 Molecularly imprinted sweat sensors for healthcare monitoring. (a) Cortisol-imprinted electropolymerised polypyrrole-based sensor for the
rapid and stressless detection of cortisol (i) The touch-based cortisol biosensor demonstrating the single-touch application; (ii) sensing mechanism
illustration describing the cortisol accumulation from finger sweat diffusing through the hydrogel onto the MIP electrode; and (iii) a structural depiction of
the sensor with cryogenic scanning electron microscopy image of the porous hydrogel. Reproduced with permission from ref. 225, Copyright 2021 John
Wiley & Sons. (b) Molecularly imprinted silver (Ag) nanowires for the detection of lactate. Application of the designed screen-printed three-electrode
biosensor chip to a human volunteer for the feasible determination of sweat sensing during exercise exertion, where the binding principle of the MIP
biosensor fabrication and sensing process is highlighted. Reproduced with permission from ref. 226, Copyright 2020 Elsevier.

10 minutes of exercise, skin moisture became evident, and the
differential pulse voltammetry current began to show a
reduction, resulting in sweat lactate build-up. After 30 minutes
of exercise, a sweat lactate concentration of 14 mM was
measured. The same MIP silver nanowires biosensor was then
applied to the remainder of the volunteers, producing parallel
current responses validating the MIP device reconcilability.
Ultimately, the described epidermal biosensor showed a higher
sensitivity for lactate concentrations through an easily accessible
medium, as opposed to many other lactate biosensors, offering

This journal is © The Royal Society of Chemistry 2022

on-body monitoring of perspiration lactate for real-time monitor-
ing of human health conditions.>*'

Urine

Urine can also provide real-time monitoring for biomarker
studies, as highlighted by multiple reports based on the construc-
tion of MIP-based biosensors for urine analysis.'?3>!1:229:230
Zhang et al. produced a MIP-based electrochemical biosensor
supported by a dual-signal technique to evaluate human serum
albumin in real urine samples.**" Urine albumin excretion,
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Illustrative depiction of a paper-based electrode. Electrode modification occurs via molecular imprinting of the 3-nitrotyrosine template,

formulating a sensor film receptive of the template molecule. Reproduced with permission from ref. 237, Copyright 2020 Elsevier.

a bulky negatively charged protein, can indicate early-stage
chronic nephritis, diabetes, and endothelial dysfunction.>*?
Sensor fabrication was achieved by modifying a glassy electrode
substrate with gold nanoparticles and polythionine-methylene
blue, displaying a MIP film synthesised via electropolymerisa-
tion using o-phenylenediamine and hydroquinone as func-
tional monomers. Sensitivity was observed within the linear
range of 107 '°-107* g L™' (R* = 0.995) by simultaneously
decreasing substrate and solution probe peak currents, indica-
tive of human serum albumin occupied imprinted cavities
(3 x 107" g L', LoD).>*" Notably, the designed sensor demon-
strated lower LoD values when compared with other published
MIP-sensors specific for human serum albumin detec-
tion.>!%?29,231,2337236 The biosensor exhibited reasonable sensor
selectivity when tested with a range of competitive substances,
including glycine, glutamate, cysteine, tryptophan, histidine,
dopamine, ascorbic acid, haemoglobin, and bovine serum
albumin. The biosensor also demonstrated reproducibility
(4.4%, RSD (n = 5)) and stability at 95.3% of initial signal
retention. The MIP sensor applicability was evaluated by mea-
suring target protein concentrations from urine samples of an
unwell patient and a healthy volunteer, where serum albumin
recovery varied between 90-104% (3.0-3.5%, RSD) and 95-
105% (2.2-3.9%, RSD), respectively. These values concur with
the immunoturbidimetry assay results from the hospital
record, suggesting that the proposed biosensor proposed pro-
mising results for clinical assays.>*"

Martins et al., like Tawfik et al., developed a paper-based
biosensor, encouraging improved affordability, sustainability,
and reliability of support materials for the design of point-of-
care diagnostic devices. A label-free detection method involving
direct MIP assembly on a paper platform, integrated with a
conductive carbon ink for suitable electrochemical transduc-
tion, was incentivised for the recognition of 3-nitrotyrosine in
urine. 3-Nitrotyrosine is an important marker for oxidative

7438 | J Mater. Chem. B, 2022, 10, 7418-7449

stress, responsible for neurodegenerative disorders (e.g.,
Alzheimer’s and Parkinson’s disease). The MIP film was depos-
ited on the surface of the carbon-coated electrode through bulk
polymerisation, followed by electropolymerisation using phenol
as a functional monomer (Fig. 11).*” 3-Nitrotyrosine concentra-
tions were monitored via the immersion of the MIP-based device
in spiked human urine samples. A linear correlation for both the
MIP and NIP (control) species was observed for 3-nitrotyrosine
concentrations ranging between 5 pM-1 mM; however, the MIP
sensor demonstrated greater linear sensitivity (R* = 0.994), repro-
ducibility (smaller error bars) and an LoD of 22.3 nM (1-2%, RSD
(n = 3)).**” In comparison to previously reported works involving
MIPs coupled with electrochemical sensing that were amplified
using nanomaterials, this reported LoD is clinically viable.>**

Nasopharyngeal fluid

The COVID-19 pandemic has highlighted the importance of
point-of-care testing using safely accessible physiological media,
such as nasopharyngeal fluid. Although remarkable progress
has already been achieved, there is still great demand for
simple and rapid diagnostic tools for the early detection
of the coronavirus disease. Molecular assays, i.e., real-time
polymerase chain reaction (RT-PCR), have become the gold
standard for accurate severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) detection.”*® Unfortunately, due to the
time-consuming analysis, instrumentation costs, and the need
for medically trained personnel, the use of RT-PCR can be
limited.>***" Consequently, there is still an urgent need for
more affordable, portable and sensitive devices for COVID-19
diagnostics.

Commercially available point-of-care diagnostic tools for
the detection of the SARS-CoV-2-specific antigens, such as the
qualitative lateral flow immunochromatographic assays, utilise
the antibody-based detection principle, producing results
within 15-30 min.>** Alternatively, point-of-care diagnostic

This journal is © The Royal Society of Chemistry 2022
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permission from ref. 245, Copyright 2022 Elsevier.

tools based on electrochemical sensing platforms have also
been reported.>*>*** Nevertheless, current forms of coronavirus
detecting systems suffer from special storage systems to preserve
their shelf life due to the environmental sensitivity of the
biological materials.>*®

Ayankojo and co-authors have recently developed a MIP-
based electrochemical sensor for the quantitative detection of
the SARS-CoV-2 spike protein subunit S1 (ncovS1) found in the
nasopharyngeal fluid of coronavirus patients for the rapid
detection of coronavirus disease.>*> The authors exploited the
covalent interaction between 1,2-diols of the highly glycosylated
protein and the boronic acid group of 3-aminophenyl-boronic
acid (functional monomer). A disposable thin-film gold electrode
chip was modified with a MIP film with selectivity toward the
ncovS1, acting as the recognition element (Fig. 12a and b).>*

Clinical samples consisted of nasopharyngeal specimens of
three negative and five positive coronavirus patients in sample
preservation solution, where their coronavirus status was pre-
viously confirmed via RT-PCR. The fabricated sensor displayed
areaction and measurement time of 15 and 5 min, respectively.
Device sensitivity towards ncovS1 detection in nasophary-
ngeal samples showed a LoD of 4.8 pg mL~" (linear range of
0-30 pg mL™").>*> When compared to other electrochemical
sensor platforms for SARS-CoV-2 detection reported in the
literature, the ncovS1 sensor presented a clinically reasonable
performance with improved rapid results output,>**>46-24°

The selectivity of the sensor was determined by spiking
negative coronavirus samples with varying concentrations of
either ncovS1, SARS-CoV-2 nucleo-protein (ncovNP) or their
mixture. The responses induced on the sensor by the increasing

This journal is © The Royal Society of Chemistry 2022

concentration of ncovNP were below the LoD, indicating no
recognition for ncovNP, whereas increasing responses above
the LoD were seen towards ncovS1. Furthermore, the responses
induced by the mixture of both proteins in a 1:10 ratio are
comparable to that from ncovS1, thus, indicating that the
presence of ncovNP in the sample does not interfere, to any
significant extent, with the sensor-specific recognition of
ncovS1 thereby enabling its accurate analysis.”*®

The proposed strategy has established its suitability as a
potential diagnostic tool for clinical assessment of SARS-CoV-2,
demonstrating a substantial quantitative advantage apropos
to the LoD over commercially available lateral-flow immuno-
chromatography-based SARS-CoV-2 antigen tests through easily
obtainable nasopharyngeal sampling.

Similarly, Raziq et al. report a MIP-based electrochemical
sensor for the rapid detection of the SARS-CoV-2 nucleocapsid
protein (ncovNP). This device is comprised of a disposable
sensor chip in the form of a gold thin-film electrode (Au-TFE)
interfaced with a MIP selective for ncovNP connected to a
portable potentiostat, measuring the reduction in charge
transfer intensity carried by the hexacyanoferrate redox probe
via the thin ncovNP-MIP film to the Au-TFE.**° Fabrication of
the sensor consisted of modifying an Au-TFE with a ncovNP-
MIP film via electrochemical surface imprinting, utilising
poly-m-phenylenediamine as functional monomer - rationa-
lised through computational modelling.>** The performance
of the resulting ncovNP sensor was initially assessed in lysis
buffer, signifying a linear response up to 111 fM with an LoD
of 15 fM. The rebinding time of ncovNP at the sensor’s surface
was also optimised to 15 min incubation in ncovNP-containing
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samples, as demonstrated by sensor saturation and response
equilibrium.>*°

Sensor selectivity was assessed by evaluating its ability to
distinguish between ncovNP and interfering proteins such as a
subunit of SARS-Cov-2 spike protein, S1 (75 kDa, pI 6.0);
hepatitis C virus surface viral antigen, E2 HCV (47 kDa, pI
8.2); Cluster of Differentiation 48 protein, CD48 (22 kDa, pI 9.3);
and bovine serum albumin, BSA (66 kDa, pI 4.7). Target protein
selection was established by protein size, isoelectric point
molecular weight, and potential to be found in real biological
samples. Nevertheless, the results highlighted that the
response of the ncovNP sensor was greater towards the target
protein as compared to the responses towards the interfering
proteins.?*®

The clinical diagnostic feasibility of the ncovNP sensor was
studied by analysing the nasopharyngeal swab specimens of
four COVID-19 negative and four COVID-19 positive patients.
The presence or absence of the viral infection in the clinical
samples was confirmed with RT-PCR method. Initially, the
sensor was calibrated using COVID-19 negative samples spiked
with known concentrations of ncovNP. The sensor showed a
pseudo-linear response versus ncovNP concentration in the
range of 0.22-333 fM with a LoD of 27 fM. In addition, the
sensor demonstrated appreciable selectivity towards ncovNP,
since its response was almost insensitive to the addition of S1
in the COVID-19 negative sample but raised immediately after
ncovNP was spiked. These results indicate the sensor’s promis-
ing capability to respond towards ncovNP without significant
disturbance towards the accurate determination of COVID-19
positive samples, where other proteins of SARS-CoV-2 are
presented.”*® Finally, sensor stability was inspected via the
preparation of 12 sensors, which were tested on a weekly basis
in the lysis buffer diluted COVID-19 negative samples spiked
with ncovNP at a concentration of 66.6 fM. The results con-
firmed that the response of the as-prepared sensors remained
unchanged for up to 9 weeks of storage, revealing excellent
long-term stability.>®® The presented strategy presents a new
route for the development of express COVID-19 diagnostic
tools, relying on an entirely different approach as compared
to the currently available SARS-CoV-2 antigen tests. Thus, this
method could symbolise a valuable alternative to a portable
diagnostic platform for the rapid screening of COVID-19.>*°

Tears

Takeuchi et al. successfully demonstrated the use of tears as a
physiological database for target biomarkers, enabling the
predictive determination of cancer aggression at the onset.
The developed molecular imprinting-based dynamic moulding
approach, produced antibody-conjugated signalling nanocav-
ities capable of cancer-related small extracellular vesicle (SEVs)
recognition.>®* The current status quo of in vivo sEV detection
relies upon the collection of blood samples, micro-ribonucleic
acids, and proteins embedded inside and/or outside sEVs.>?
The analysis proceeds via RT-PCR, ELISA, Western blotting, and
mass spectroscopy.”>* These analytical methods usually involve
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Fig. 13 Detection of breast cancer-related small extracellular vesicles
(SEV) available in tear samples using the Schirmer tear test strip. Repro-
duced with permission from ref. 252, Copyright 2020 ACS Publications.

time-consuming and tedious pre-treatments, such as ultra-
centrifugation and/or size-exclusion chromatography.**?

However, tears have been reported to contain sEVs and can
be collected easily in a non-invasive manner using the Schirmer
tear test strip by placing a filter paper inside the lower lid of the
eye for tear extraction (Fig. 13).>>>*°° Tears provide a means of
convenient and self-collecting sampling at the point-of-care.
Thus, Takeuchi et al. fabricated a non-invasive, rapid, and
sensitive platform for sensing intact sEVs within the tears
sampled from breast cancer patients. The synthesis of SEV-
binding nanocavities began with the conjugation of silica
nanoparticles to hexahistidine peptide chains and free thiol
groups as dynamic moulds. Thiol groups were then coupled
with methacrylic acid (functional monomer) via disulphide
exchange reaction with 2-(2-pyridyl)dithioethyl methacrylamide
to yield methacrylamide-coupled hexahistidine-tagged silica
nanoparticles, enabling copolymerisation with the polymer
matrix.”>> Subsequently, surface-initiated atom transfer radical
polymerisation was performed to form a layer of 2-methacryloyl-
oxyethyl phosphorylcholine-based biocompatible polymer matrix,
whereby the formed coating was intended to minimise non-
specific binding to the substrate.>®”

Tears collected from five breast cancer patients and five
healthy volunteers were used to assess the efficiency of the sEV
sensor chip towards cancer detection. Extracted tear SEVs were
analysed exclusive of any pre-treatment, ensuring that those
analysed were intact. The LoD was calculated at 1.2 x 107" M
(linear range of 0-1.0 x 10~ '® M), highlighting the compar-
ability of the device in question to previously reported
pre-treatment-free methods.>*®?%® The authors attributed the
sensor’s success to the highly dense sEV-sensing nanocavities,
antibody orientation, and preferable round shape for small
extracellular vesicle binding, enabling small extracellular vesicles
to form multipoint interactions with two or more antibodies
(anti-CD9).>*>

This journal is © The Royal Society of Chemistry 2022
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The developed sensor exhibited selectivity when successfully
differentiating between healthy donors and breast cancer
patients, as well as between samples collected before and after
total mastectomy. Their nano-processing strategy can be easily
repurposed for the specific detection of other types of cancer by
changing the conjugated antibodies, thereby facilitating the estab-
lishment of liquid biopsy for early cancer diagnosis. Sensor
development was further enhanced via the construction of a
differential antibody array for breast cancer-related sEV detection.
This involved the conjugation of five antibodies: anti-CD9, anti-
CD63, anti-oestrogen receptor, antihuman epidermal growth
factor receptor 2, and anti-GGT1 on each small extracellular
vesicle-sensing chip. Moreover, the sensor showed an analysis time
of 5 min, significantly less than that of ELISA-based strategies.>*’

Here we have explored the use of molecular imprinting
technologies as the sensor components in diagnostic tools for
the detection of analytes in a wide range of biofluids for the
detection of a variety of biomarkers utilised to diagnose disease.
The inherent and versatile ability of MIPs to identify pathological
biomarkers, ranging from small molecules to whole-cell organ-
isms and viruses was further explored through their ability to
detect disease-specific biomarkers in biofluids such as serum,
saliva, cerebrospinal fluid, sweat, urine, nasopharyngeal fluid,
and tears, signifying MIPs’ potential role in the future of precision
diagnostics. Recent progress in the field of MIP-biosensing exem-
plifies their clinically relevant sensitivity and specificity that can
be attained by integrating molecular imprinted species with well-
established nanomaterials and “intelligent” interfaces capable of
manipulating and extracting analytes of interest from complex
biological media. These cost-effective, highly stable, long shelf-
life, artificial sensing elements can provide new avenues for
developing non-invasive biosensing platforms for the rapid, accu-
rate, and quantifiable detection of health-relevant biomarkers at
point-of-care. A highlighted selection of the MIP-based biosensors
targeting biofluid-specific biomarkers and their corresponding
detectable diseases discussed in this review, is summarised in
Table 4.

Progress towards commercialising MIP-based biosensors

The Freestyle Libre 2, Accutrend® Plus system, and CoaguChek®™
Pro II (Table 1), are current benchmark examples of commercially
available devices where biological materials have been employed
as recognition elements for exclusive analyte detection. Through-
out this review, from Diouf et al. MIP sensor for glucose
detection, to Zhang et al. development of a wearable MIP
sensor for the non-invasive monitoring of lactate in human
sweat, the capability and potential of MITs to be replacements
of their biological equivalents for the development of perso-
nalised medical care has been demonstrated. To date, along
with the substantial advancements in developing MIP compo-
sites capable of detecting biomarkers in a wide range of
biofluids, the field has seen some initial steps towards trans-
lating MIP technologies into commercially available products.
One non-randomised clinical investigation for a MIP-based
medical device aimed to quantifiably monitoring the effect of
chemotherapy in colorectal cancer patients via the detection
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of transfer ribonucleic acid markers has been conducted
in urine samples. The MIP-based sensor platform was
designed to detect adenosine monophosphate by measuring
surface acoustic waves in a microfluidic channel.?** Commer-
cially, among the companies that have emerged, MIP
Technologies, based in Lund, Sweden, is an ISO 9001:2008
certified company specialising in the design and production
of custom-made polymeric separation materials through
two commercialised products; Resna®™ (bulk resins) and Affi-
nilute™ MIP Columns (solid-phase extraction columns) for
separation.”®* Allergy Amulet has marketed a point-of-care
device to detect allergens at ‘““clinically relevant thresholds”
via MIP electrochemical sensing. The MIP detection element
of the device was based on the electrochemical oxidation
via differential pulse voltammetry of o-phenylenediamine
(functional monomer) onto screen-printed electrodes under
nitrogen atmosphere.>*>***> MIP Diagnostics, based in Bed-
ford, U.K., has been exploring the commercialisation of MIT
through their “nanoMIPs” platform promoted for its use in
the development of lateral flow devices and ELISA assays.
Nanoparticle MIPs and nanoMIPs, are produced via bulk poly-
merisation using styrene as functional monomer, ethylene
glycol dimethacrylate and trimethylolpropane trimethacrylate
as crosslinkers, N-diethyldithiocarbamic acid benzyl ester as
interferer, and pentaerythritol-tetrakis-(3-mercaptopropionate)
as chain transfer agent, dissolved in acetonitrile using glass
beads and UV polymerised. Depending on the application, the
nanoMIPs have been subsequently conjugated onto sensor
chips via coupling using carbodiimide crosslinker chemistry
or through activation of the nanoMIP particles using NaOH,
silanisation of the sensor chip’s surface and subsequent
immobilisation, among others.”**®” Their current research
and development products (Troponin I, ProBNP and NT-
ProBNP) rely on the nanoMIPs as the affinity reagent. As the
biosensors market is anticipated to exceed $35 billion by 2026,
following an increased demand for point-of-care healthcare
monitoring and wearables, we foresee subsequent expansion
to the commercialisation interest of MIT, allowing for growth
opportunities in the research and development of smart
MIP-based biodevices with a drive-in sustainable synthesis
approaches.?®

Summary and future outlook

The function of MIPs performing as the synthetic recognition
components within biosensors is motivated by improving
healthcare technologies. However, to commercially compete
with their biological counterparts further developments are
required to accelerate the performance of MIP sensors in
the application of clinical samples. Although the expansion of
MIP-based point-of-care devices or other wearable sensors
could still benefit from further development, the direct results
obtained from using these simple biomarker detection techni-
ques provide an accurate, rapid, convenient, reliable, afford-
able, and sustainable approach for on-site disease diagnostics.
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Cerebrospinal fluid (CSF), matrix-assisted laser desorption/ionisation-time of flight mass spectroscopy (MALDI-ToF MS), organic electrochemical transistors (OECTs), lossy mode resonance

(LMR), surface plasmon resonance (SPR), human immunodeficiency virus (HIV), human serum albumin (HSA), quartz crystal microbalance (QCM), solid-phase extraction (SPE), field-effect

transistor (FET), and reflectometric interferometric spectroscopy (RIS).
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MIP biosensors’ high selectivity and sensitivity, miniaturised
into portable devices, will inspire universally affordable and
reliable biofluid detection.

The synthetic affinity acquired through the “molecular memory”
of the imprinted cavities towards a target species has signified
the importance of molecular imprinting approaches, concern-
ing the ability of such recognition matrices to identify specific
analytes in complex mediums and their subsequent impor-
tance in diagnostics. This review has further demonstrated the
ability of MIPs acting as sensing elements to present the
required stability akin to selectivity and performance to that
of enzymatic and antibody-based diagnostic counterparts via
summarising the current status of the most up-to-date mole-
cularly imprinted biosensor devices. The rudiments of MIP
design, including the fundamental elements (e.g., functional
monomer(s), crosslinker, initiator etc.), preparative methods,
and characterisation techniques, have been evaluated, high-
lighting innovative and/or improved processes, such as bulk,
emulsion, suspension, precipitation, and electropolymerisa-
tion, in addition to, sol-gel, surface, and epitope imprinting
processes.

Integrating MIPs with nanocomposites to detect and purify
biomarkers out of small volumes of biofluids has been critical
for developing sensing platforms. As can be seen by the
literature covered, incorporating smart technologies, and min-
iaturising the sensing element of such devices are important
aspects of future commercialisation.

From small molecules to the advancement of facile meth-
odologies, such as electropolymerisation, capable of imprinting
macromolecules, whole microorganisms, and viruses, molecular
imprinting has effectively expanded its ability to extend toward
the detection of a wide range of biomarkers.

Until now, MIPs for biosensing has predominately focused
on imprinting single species followed by optimisation, selectiv-
ity assessment in the presence of structurally homologous
species and improved performance. Nonetheless, early disease
detection predominately relies on the simultaneous identifi-
cation of several biomarkers coexistent in the same media. The
design and expansion of strategies towards the development of
multiplexed sensing platforms or arrays of disease-relevant
biomarkers can further expand the clinical significance of
MIP-biosensors.

While lab-scale molecular imprinting has significantly pro-
gressed and there are many positive indicators of its future role
in medical diagnostics, sustainable approaches to their produc-
tion by employing green chemistry principles, is an essential
element that needs to be addressed. As the principles of green
chemistry are becoming more relevant to several scientific
fields, molecular imprinting is destined to follow. At present,
there has been disproportionate and insufficient research
focusing on the use of less toxic and green chemicals that are
less harmful to the users and non-polluting to the environment.
Through green synthesis, the selection of green and renewable
sourced reagents, reducing the number of reagents required for
the processes, and the engagement of safer analytical methods,
strategies focusing on sustainability and a ‘“toxic-free”
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environment can be attained, contributing to both healthcare
and environmental sustainability.
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