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Antimicrobial resistance (AMR), referred to as the “Silent Pandemic”, has become a massive threat to
public health of the current and next generations. Molecularly imprinted polymers (MIPs) have emerged
as a possible tool to fight AMR, due to their unique features, such as high affinity and specificity for
relevant targets, easy manufacturing and good stability in physiological conditions. This review explores
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Introduction

Antimicrobial resistance (AMR) is defined as the capacity of
pathogens (such as bacteria, parasites, viruses, and fungi) to
resist the effect of medicines, grow and continue in their
pathogenic role,"” which prolongs the treatment, or, in some
cases, causes death to the infected patient. The incorrect use of
antimicrobial drugs and the lack of public knowledge contri-
bute to organisms developing the ability to resist drugs.
Annually, 10 million deaths are expected due to AMR by
2050.° The extent of the problem has escalated to a high-risk
level, with huge financing pressure upon healthcare organisa-
tions. In Europe, the annual estimation for AMR treatment is
about 9 billion euros. Moreover, the Center for Disease Control
and Prevention (CDC) has reported that AMR treatment costs in
the USA are about 35 billion dollars per year.*

Antibiotics were the first common drugs applied and
approved for microbial infection treatment. A wide range of
antibiotics are still used, such as B-lactams, sulphonamides,’
aminoglycosides,® tetracyclines,” lipopeptides,® oxazolidi-
nones,’ glycopeptides,'® streptogramins,"* macrolides,"
lincosamides," and quinolones."*** They can kill microorgan-
isms or curb their growth via various mechanisms, such as
inhibiting cell wall synthesis or disrupting the cell wall struc-
ture, hindering protein synthesis through interaction with
some ribosomes, affecting nucleic acid synthesis, and interven-
ing in some metabolic pathways (Fig. 1). They have contributed
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capturing quorum-sensing molecules, or binding alarmone nucleotide molecules.

to the eradication of many diseases and decreased the rate of
fatalities in comparison with the pre-antibiotic era.’® The
ability of microorganisms to develop defences against antibio-
tics complicates the design and approval of new drugs. Thus,
between 2010 and 2014, only four novel antibiotics were
approved as new drugs.'” In 2010, the World Health Organisa-
tion (WHO) classified antibiotic resistance as one of the three
most dangerous threats to global health.’® In 2021, WHO
reported that “The antibacterial clinical and preclinical pipe-
line is stagnant and far from meeting global needs. Since 2017
only 12 antibiotics have been approved, 10 of which belong to
existing classes with established mechanisms of antimicrobial
resistance (AMR)”."°

The primary challenge of AMR stems from the sophisticated
array of resistance mechanisms that allow bacteria to withstand
conventional antibiotic treatments, such as modification of
penicillin-binding proteins (PBPs),>*>> decrease of the cell
membrane permeability,>*>* pumping the drug outside the
cell by efflux pumps,®®?” or drug inactivation by B-lactamase
enzymes.”®° This review provides a concise overview of bac-
terial resistance mechanisms and evaluates the evolution of
molecularly imprinted polymers (MIPs) as a strategic tool
against infection. Furthermore, it highlights specific bacterial
cell membrane biomarkers as promising targets for the devel-
opment of nanoparticles designed to disrupt essential survival
pathways.

Nanotechnology and MIPs

In medicine, nanoparticles have become particularly valuable
for disease detection, targeted therapy, and drug delivery. Their
rational design has enhanced key characteristics such as bio-
availability, compatibility, stability, and drug-loading capacity,

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Mechanisms of antibiotic action. DHF — dihydrofolic acid and THF — tetrahydrofolic acid. Reproduced from ref. 30 with permission from Elsevier,

copyright (2021).

thereby extending their applications to gene therapy, tissue
engineering, and diagnostic systems.’’ Among these systems,
polymeric nanoparticles (PNPs) have received considerable
attention because of their tunable properties, including morpho-
logy, shape, size (10-1000 nm), and molecular architecture.’***
Depending on the intended application, PNPs may be prepared
either via direct polymerisation of monomers or from preformed
polymers, with each approach producing particles of distinct size,
encapsulation efficiency, and morphological features. This syn-
thetic versatility offers researchers the ability to tailor nano-
particles for a broad spectrum of biomedical and industrial
applications.**

Among polymeric nanomaterials, MIPs have emerged as a
prominent class of synthetic materials distinguished by their
ability to achieve highly specific molecular recognition. MIPs
are defined as polymers that possess the ability to “remember”
a target molecule through the formation of complementary
binding sites generated during synthesis. This molecular mem-
ory allows selective rebinding of the template, mediated
through covalent or non-covalent interactions, in a manner
analogous to natural recognition systems.*> The imprinting
process involves the pre-assembly of a template with functional
monomers, followed by polymerisation in the presence of a
cross-linker, which stabilises the recognition cavities. The
molecular imprinting process involves the copolymerisation
of functional and cross-linking monomers in a solvent in the
presence of a template molecule. Once polymerisation is

This journal is © The Royal Society of Chemistry 2026

complete, the template is removed, leaving specific recognition
sites within the polymer structure. These imprinted cavities,
which mirror the template in both geometry and chemical
functionality, provide the material with the capacity for selec-
tive rebinding (Fig. 2).>°*® MIPs can be synthesised through
straightforward, cost-effective, and highly adaptable methods,
such as precipitation polymerisation,*>*® emulsion polymeri-
sation,""*> core-shell imprinting,"*** and solid-phase methods,**"*®
enabling the production of micro- and nano-sized materials with
excellent stability, robustness, selectivity, and biocompatibility.*”*
Owing to these properties, MIPs have been successfully applied
in a broad range of fields, including the recognition of amino
acids and proteins.’®® nucleotide derivatives,>® pollutants,>*”°
drugs and food,”””® chemical sensors,”® catalysis,®® drug
delivery,® biological antibodies and receptor systems.’**

MIPs as antimicrobials

MIPs have gained attention as promising synthetic recognition
platforms with potential applications in antibacterial therapy.
Over the past decade, MIPs have been investigated for bacterial
cell recognition and antibacterial activity, reviewed by Tse Sum
Bui et al.®* Strategies have included imprinting entire bacterial
93767 or selectively targeting key biomarkers located on the
bacterial outer membrane. Such targets include lipopolysac-
charides (LPS), which are essential components of Gram-negative

cells
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Fig. 2 Schematic illustration of the synthesis steps of molecularly imprinted polymer(s) (MIPs) and their rebinding performance.

cell walls,®*”" quorum-sensing messengers, whose inhibition

suppresses biofilm formation,”>”” and drug-deactivating enzymes
such as B-lactamase.”® Other examples involve imprinting against
flagellin,” a structural protein responsible for motility; protein
A,%° which mediates bacterial adhesion to host tissues and con-
tributes to pathogenicity; and lipoprotein Lpp20,%* a component
implicated in outer membrane integrity and immune evasion.
Furthermore, the integration of MIPs with conventional antimi-
crobial agents, such as MIP-loaded polymyxin B, has been demon-
strated to enhance antibacterial activity against Pseudomonas
aeruginosa.®®

More recently, research has diversified into multiple thera-
peutic strategies in which MIPs are designed according to the
nature of the bacterial biomarker and the chosen synthetic
route. Table 1 summarises current advances in the develop-
ment of MIPs for combating bacterial growth and resistance.

MIPs as drug delivery carriers

Bacterial eye infections, caused by pathogens such as Pseudo-
monas aeruginosa, Staphylococcus aureus, and Escherichia coli,
are commonly treated through diverse therapeutic strategies.
Among ocular drug delivery systems, soft contact lenses have
attracted attention as potential carriers for sustained release of
antibacterial agents. Ciprofloxacin (CFX), a fluoroquinolone
antibiotic widely prescribed for corneal ulcers and bacterial
eye infections, has been extensively employed in such systems.
In this context, Kioomars et al.®* reported the development of a
molecularly imprinted polymer (MIP) hydrogel contact lens
designed to combine the antibacterial activity of ciprofloxacin
with the structural robustness of MIPs. Acrylamide mono-
mers were used to synthesise the hydrogel matrix, enabling

4818 | J Mater. Chem. B, 2026, 14, 4816-4834

controlled loading and sustained release of CFX. Notably, the
antibacterial effect increased over time, suggesting that the
sustained release of CFX from the MIP network gradually
disrupted bacterial defences.

In addition to its drug delivery function, the synthesised MIP
hydrogel exhibited optical properties desirable for ophthalmic
applications. It effectively absorbed a broad spectrum of ultra-
violet (UV) radiation while maintaining approximately 85%
transmission of visible light. This thereby provides both ther-
apeutic and protective benefits. The study further identified
reliable monomer-to-template ratios for optimised hydrogel
synthesis, offering promising parameters for ocular drug load-
ing and release. However, an important consideration is that
both MIPs and NIPs displayed antibacterial effects against
Gram-positive and Gram-negative strains. This raises potential
concerns regarding the cytotoxicity of the polymer matrices
themselves, which warrants careful evaluation of their safety for
corneal, lens, and retinal tissues before clinical translation. The
development of ciprofloxacin-loaded MIPs for the treatment of
wound infections has been investigated by Galvan Romero
et al.®* Their study demonstrated antibacterial activity against
Staphylococcus aureus and Escherichia coli, with minimum
inhibitory concentrations (MICs) ranging from 0.016 to
0.125 mg L' and 0.004 to 0.028 mg L, respectively. Impor-
tantly, no cytotoxic effects were observed on fibroblast cells.
These findings suggest that MIPs represent a promising strat-
egy for the treatment of skin infections; however, further in vivo
assessments are required.

Bacterial infections of bones and teeth, such as osteomyelitis
or periodontitis, pose serious clinical challenges, particularly
in the context of increasing AMR. Khademi and Kharaziha®

This journal is © The Royal Society of Chemistry 2026
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Table 1 Molecular imprinting strategies for fighting bacteria
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MIP type Applications Therapy’s target Notes/outcomes Targeted bacteria Ref.

MIP-hydrogel e Drug delivery Eye infections o Sustained release P. aeruginosa 83
(Ciprofloxacin) e UV absorptivity

Emulsion/bulk/ e Drug delivery Skin/wound e Lower drug dose E. coli 84

co-precipitation (Ciprofloxacin) infections e Sustained release

Surface imprinting e Drug delivery Osteomyelitis/ e Controlled release S. aureus 85

(bioglass-chitosan) (Doxycycline) periodontitis e Reduced cytotoxicity

MIP-alginate encapsulated e Drug delivery Wound dressing e Controlled release E. coli 87
(Vancomycin) e Clear inhibitory effect

MIP-PVA/gelatine nanofibers e Drug delivery Wound dressing o Slow release E. coli 88
(Gentamicin) e Non-cytotoxic

e Fast wound closure

MIP-BC grafted e Drug delivery Broad spectrum o Controlled release S. aureus 89
(Gentamicin sulphate) e Clear inhibitory effect

Boronic acid-supported MIP e Boron affinity Inhibiting protein e High bacterial killing effect E. coli, S. epidermidis 90
e Drug delivery synthesis
(Chloramphenicol)

Boronic acid-supported MIP e Boron affinity Targeting LPS e Remarkable affinity towards LPS E. coli 91
e Photothermal therapy (cell wall) e Selective recognition/inhibition

MIP-AuNPs e Photothermal therapy Targeting LPS e High affinity towards LPS E. coli 92

MIP-homoserine lactone
autoinducer

e Block quorum sensing

Biofilm formation

e Selective bacterial inhibition

e Sequestration of MRSA, P. aeruginosa 73 and
signalling molecules 75

o Reduced biofilm

MIP + z-pppGppp e Capture alarming Stress adaptation e Effective in vivo dose reduction E. coli 93
(Alarmone) nucleotides inhibition o Growth inhibition

MIP-Lysozyme Cryogel e Lysozyme release Bacterial inhibition e Constant release S. aureus, E. coli 94
MIP-AgNPs e Antibacterial Cell wall disruption e Selective recognition E. coli, S. epidermidis 95

(B-linkage)
MIP-clindamycin Acne vulgaris

(PU nanofibers)

e Drug delivery

developed an antibacterial and osteogenic treatment using sur-
face imprinting to synthesise MIP-loaded doxycycline (DOX) over
imprinted bioglass microspheres (BGMs) coated with chitosan.
BGMs were synthesised via the sol-gel method,*® followed by
deposition of chitosan to produce -chitosan-coated BGMs
(BGMs@Cs). Acrylamide monomers were then polymerised over
the BGMs@Cs in the presence of DOX as a template, which was
subsequently removed by elution to form the final MIP structure
(Fig. 3). In vitro antibacterial assays demonstrated that Staphylo-
coccus aureus and Escherichia coli were resistant to BGMs@Cs-MIP
and BGMs@Cs-NIP; however, the BGMs@Cs-MIP-DOX formula-
tion exhibited a clear inhibition zone, confirming the antibacterial
efficacy of the system. Cytotoxicity evaluation using MTT assay of
MG63 cell-like osteoblast cells (bone-forming cells) displayed cell
viability of more than 80% with BGMs@Cs-MIP and BGMs@
Cs-NIP, which ensures the cytocompatibility of MIP and success-
ful removal of unreacted acrylamide monomers that are known to
have toxic and carcinogenic properties. Furthermore, the cytotoxi-
city of DOX can be avoided by encapsulation with MIP. Addition-
ally, osteogenic differentiation assays demonstrated a significant
increase in calcium deposition for MG63 osteoblast cells treated
with BGMs@Cs-MIP-DOX compared to controls, confirming the
bone-forming activity.

In another study focused on wound dressing development,
MIPs were employed as drug carriers and incorporated into
alginate, a naturally occurring polymer derived from seaweed
commonly used in wound dressings. Kurczewska et al.®” loaded
the antibiotic vancomycin onto MIPs and subsequently

This journal is © The Royal Society of Chemistry 2026

e High antibacterial effect

e Successful in vivo treatment
e CFU reduction

e No cytotoxic effect

S. aureus, P. aeruginosa, 96
K. pneumoniae,
Proteus vulgaris

encapsulated the vancomycin-loaded MIPs within an alginate
matrix. MIPs were synthesised by combining vancomycin with
the monomers ethylene glycol dimethacrylate and methacrylic
acid, followed by initiation of the polymerisation reaction using
potassium persulfate. The resulting MIPs were mixed with the
alginate dressing and dried for 48 hours. In vitro release studies
showed that vancomycin release from the MIP-alginate matrix
was slower than from the control (Fig. 4), while antibacterial
testing demonstrated that the inhibition zones against strepto-
coccal strains were larger for vancomycin-MIP-alginate than for
vancomycin-MIP alone. These findings highlight the potential
of MIPs as antibiotic carriers, offering both controlled drug
release and enhanced antibacterial activity.

MIPs exhibit promising characteristics that can effectively
contribute to enhancing the performance of drug delivery
systems, improving therapeutic outcomes, and optimising the
pharmaceutical properties of drugs.

MIPs enhancing boron affinity to bacterial structures

Materials based on boronates exhibit a unique affinity for
compounds and biomolecules containing cis-diol functional-
ities, such as nucleosides, saccharides, glycans, and glycopro-
teins, all of which are critical components of the cell surface.
This distinctive property has been leveraged to develop a range
of biological applications, including cell recognition®~° and
the creation of antibacterial and anticancer drugs.'**'**
research has integrated boronate affinity with MIPs for
the selective recognition of various analytes: nucleosides in

Prior
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(a) Schematic illustration of MIP synthesis over BGMs. (b) FE-SEM images of BGMs, coated chitosan (Cs) BGMs, and BGMs@Cs-MIP. Different surface

roughness based on the particle formation stage. Reproduced from ref. 85 with permission from the American Chemical Society, copyright (2024).

pharmaceutical preparations,'® glycoproteins, glycans, and mono-

saccharides,' as well as for the highly specific recognition of
glucosides,"” sialic acid,"*® and the rapid and selective isolation of
luteolin.'® Boronic acid moieties can bind to bacterial cell walls -
specifically, to lipopolysaccharides in Gram-negative bacteria and
peptidoglycans in Gram-positive bacteria.''® This characteristic has
been exploited to augment the antibacterial efficacy of chloram-
phenicol via MIPs. For example, Gong et al.®® reported a novel
approach to enhance chloramphenicol’s antibacterial activity by
synthesising MIPs through precipitation polymerisation. The synth-
esis involved the use of 3-(acrylamide)phenylboronic acid (APBA)
and acrylamide monomers, with chloramphenicol serving as the
template in an acetonitrile solvent. The incorporation of APBA
introduced boronic acid groups into the MIP, enabling reversible
boronate ester formation with bacterial cell wall components.

4820 | J Mater. Chem. B, 2026, 14, 4816-4834

The resulting MIP-loaded chloramphenicol demonstrated mark-
edly improved antibacterial activity, with an ICs, of 0.6 ug mL ™"
compared to 2 pg mL~" for chloramphenicol alone. Moreover, the
researchers observed a lower drug release at 37 °C (347 nm) relative
to 20 °C (529 nm), establishing a clear correlation between particle
size and drug release kinetics (Fig. 5).

Incorporation of boron-affinity functionality within MIPs
significantly enhances their affinity for bacterial glycan struc-
tures while improving selectivity and stability under physio-
logical conditions, ultimately leading to superior therapeutic
system performance.

MIPs as photothermal antimicrobials

The selective detection of microorganisms through recognition
of their characteristic biomarkers has emerged as an essential

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Vancomycin release profiles from the encapsulated MIP in com-
parison to the controls. Reproduced the ref. 87 with permission from
Elsevier, copyright (2017).

strategy in controlling pathogenic species such as bacteria,
viruses, and fungi. Among the recently developed therapeutic
approaches, photothermal therapy (PTT) has attracted consid-
erable attention due to its high efficiency in various biomedical
applications. PTT relies on the conversion of near-infrared
(NIR) light into localised heat by nanomaterials situated within
the disease microenvironment, thereby inducing damage to
targeted cells.’*>'**> Polydopamine nanoparticles (PDA NPs) are
known for their biocompatibility, strong photothermal efficiency,
and ability to interact with amino-containing molecules.'™ In a
recent study, Zhang et al.’® introduced a molecular imprinting
strategy that integrates boronic acid affinity toward the bacterial
outer membrane component lipopolysaccharide (LPS) with the
photothermal properties of PDA NPs.

This approach enabled the specific recognition of LPS on the
Pseudomonas aeruginosa cell membrane, followed by its inacti-
vation via photothermal heating. For the synthesis, PDA NPs
were first generated through the self-polymerisation of dopa-
mine. In practice, PDA NPs were prepared and collected, and
the boronic acid functionality was introduced using 4-formyl-
phenylboronic acid and sodium cyanoborohydride. The next
step involved the imprinting of LPS as a template molecule.
LPS was immobilised onto the FPBA-functionalized PDA sur-
face in phosphate buffer, followed by washing to remove any
unbound LPS.

Subsequently, dopamine was added to initiate polymeri-
sation, producing an outer polydopamine shell around the
immobilised template. After 3 h of polymerisation at room
temperature, the resulting photothermal molecularly imprinted
polymers (PMIPs) were obtained (Fig. 6a). The photothermal
performance of the PMIPs was assessed by exposing them to
NIR irradiation. Within 10 min, the temperature of the PMIP
suspension increased to 58.1 °C, a threshold sufficient to induce

This journal is © The Royal Society of Chemistry 2026
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bacterial death. Control experiments revealed negligible antibac-
terial effects when P. aeruginosa was treated with either NIR
alone or PMIPs without irradiation. In contrast, NIR-activated
PMIPs reduced bacterial survival to below 1%. Fluorescence
microscopy with SYTO9/PI dual staining, together with SEM
imaging, confirmed severe membrane damage and apoptosis
in P. aeruginosa cells following treatment with NIR-irradiated
PMIPs (Fig. 6b-d).

Abiotic synthetic receptors are engineered materials designed
to mimic the structure and function of natural biological recep-
tors, enabling selective recognition and binding of target organ-
isms. Despite their potential, the widespread application of
abiotic synthetic receptors is limited by challenges related to
synthesis complexity, cost, robustness, and adaptability to dif-
ferent environmental conditions. MIPs, as a class of synthetic
receptors,''* offer a promising alternative for achieving high
specificity and stability. To optimise MIPs for bacterial recogni-
tion and treatment, Shao et al.’*> developed a rapid screening
strategy to synthesise high-affinity, high-selectivity nano-MIPs.
The screening was performed in a 96-well plate format, where
monomers were combined at varying ratios in each row. The
polymeric library was established from monomers comprising a
variety of charged, neutral, and hydrophobic functional groups.

To prepare fluorescently labelled imprinted nanoparticles,
the optimal monomer ratios, which exhibited the highest
affinity constants (KD) towards LPS, namely 10% 1-vinylimidazole
(IM), 10% N-[(3(dimethylamino)propyl]methylacrylamide, 30%
N-tert-butylacrylamide (TBAm), 48% N-isopropylacrylamide
(NIPAm), 2% N,N’-methylenebisacrylamide (BIS), and 2.5 mg of
FITC, were selected for MIP synthesis. The prepolymerisation
mixture included LPS template (2.5 mg), and the initiator
ammonium persulfate (30 mg) dissolved in deionised water.
Then, the polymerisation was performed at 65 °C for 1 h.
Additionally, magnetic nanoparticles (10.4 mg) and gold nanor-
ods (AuNRs) (1 mg) were incorporated to prepare magnetic
imprinted nanoparticles (magnetic nano-MIPs) and AuNR@MIP
composites with a similar optimal monomer ratio used to
prepare the MIP under the same polymerisation conditions.

The resulting MIPs demonstrated remarkable performance.
When cultured with E. coli, 95.3% of the bacteria were captured
by magnetic nano-MIPs, compared to only 32.1% captured by
non-imprinted magnetic nanoparticles (NIPs). In a more
complex system, 97% of E. coli (10° cells per mL) in mouse
whole blood were captured by magnetic nano-MIPs, whereas
magnetic nano-NIPs captured only 62%, confirming the selec-
tivity of the nano-MIPs in biological samples. The antimicrobial
efficacy of the MIPs was further evaluated using photothermal
treatment. Nano-MIPs encapsulated with AuNR@MIP were
irradiated with a laser, resulting in highly efficient bacterial
elimination. Compared with AUNR@NIPs, AuUNR@MIPs demon-
strated superior antimicrobial activity when co-cultured with
mixed microbial populations, including E. coli, yeast, and Bacillus
subtilis, highlighting their selectivity in complex bacterial environ-
ments (Fig. 7). These findings suggest that MIPs provide a cost-
effective, stable, and highly selective alternative to conventional
abiotic receptors, with significant potential for bacterial detection

J. Mater. Chem. B, 2026, 14, 4816-4834 | 4821
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Fig. 5 Antibacterial effect of chloramphenicol (black) and chloramphenicol-loaded MIP2 (red) on E. coli (top) (A and B) and S. epidermidis (bottom) (C
and D) at 37 °C (left) and 20 °C (right). Reproduced from ref. 90 with permission from John Wiley and Sons, copyright (2019).

and treatment applications. However, this approach needs to be
further evaluated in vivo in animal experiments.

MIPs for blocking quorum-sensing molecules

Targeting the cellular mechanisms that sustain bacterial life
offers an effective approach to suppressing bacterial growth.
One of the most notable strategies employed by bacteria is
quorum sensing (QS), a regulatory process through which gene
expression is modulated in response to cell density. QS oper-
ates as a cell-cell signalling system that relies on the produc-
tion, release, and detection of signalling molecules, known as
autoinducers. These molecules accumulate in the surrounding
environment during bacterial growth, and, in turn, promote
biofilm formation and virulence, thereby enhancing bac-
terial survival. Biofilm development involves the adhesion of
microorganisms to surfaces, followed by the formation of
multicellular communities embedded within a protective extra-
cellular matrix. Among the diverse classes of autoinducers, acyl-
homoserine lactones (AHLs) are among the most extensively

4822 | J Mater. Chem. B, 2026, 14, 4816-4834

studied, as they readily diffuse across bacterial membranes and
directly regulate gene expression.'"” "% Previous studies have
investigated the sequestration of autoinducers using MIPs as a
strategy to reduce biofilm formation.”>'*° In this context, Ma
et al.”? synthesised porous monolithic MIPs at the micrometre
scale, employing N-(3-oxododecanoyl)-.-homoserine lactone
(3-0x0-C12AHL) as the template, to inhibit Pseudomonas aeru-
ginosa biofilm formation via autoinducer sequestration. These
MIPs were prepared through bulk polymerisation using itaco-
nic acid (IA) or 2-hydroxyethyl methacrylate (HEMA) as func-
tional monomers, in the presence of ethylene glycol
dimethacrylate (EGDMA) as the cross-linker and dimethylfor-
mamide (DMF) as the porogen solvent. Different template/
monomer/cross-linker ratios (1:6:25, 1:6:48, 1:8:25, and
1:8:48) were employed. Polymerisation was initiated with an
azo initiator under UV irradiation (365 nm, 6 W, with a 10 cm
distance between the light source and the reaction solution)
for 12 hours at 4 °C to prevent template degradation (Fig. 8).
This method is simpler, cheaper, and requires less effort than

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) Schematic illustration of the preparation of PMIP. Different experimental groups of P. aeruginosa were tested with and without NIR and PMIP.
(b) Bacterial colony photographs showing the bacteria’s survival. (c) Fluorescent images of live/dead-stained bacteria. (d) SEM images. Reproduced from
ref. 91 from the American Chemical Society under the terms of the Creative Commons CC-BY 4.0 (2023).
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Fig. 7 (a) Schematic Illustration of the synthesis of MIP nanoparticles. (b) Photograph showing the PPT of E. coli, B. subtilis, and yeast incubated with
AuNR@MIP and AuNR@NIP when treated with or without 808 nm laser irradiation. Reproduced from ref. 92 with permission from the American Chemical
Society, copyrights (2023).

precipitation polymerisation and suspension polymerisation."*  tetrazolium chloride (TTC) assay was conducted to assess
To evaluate biofilm inhibition, a crystal violet assay was cell viability. The antibiofilm activity results were consistent
performed to quantify the total biomass, while a triphenyl with the equilibrium rebinding data: HEMA-based MIPs, which
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HEMA-NIPs. Reproduced from ref. 73 with permission from the American Chemical Society, copyright (2018).

exhibited higher adsorption capacities than IA-based MIPs,
demonstrated significant inhibition of biofilm formation
(43.78-62.93%) compared with IA-MIPs and HEMA-NIPs.

Nevertheless, several limitations in this study merit atten-
tion. Although IA-MIPs adsorbed 3-oxo-C12AHL, they failed to
suppress either biofilm formation or cell viability.

Furthermore, despite the promising inhibitory effects, no
statistically significant difference was observed between HEMA-
MIPs and their corresponding non-imprinted polymers (HEMA-
NIPs). This raises critical questions regarding the imprinting
quality achieved through bulk polymerisation, the optimisation
of monomer-to-template ratios, and polymerisation conditions,
particularly in comparison with other studies that reported more
pronounced affinity differences between MIPs and NIPs.””

In the same area, Piletska and colleagues, in two consecutive
studies,”>**! explored the use of MIP-based microparticles to

This journal is © The Royal Society of Chemistry 2026

sequester AHL autoinducers and inhibit quorum-sensing
pathways. However, their approach was limited by relatively
low adsorption capacities. To address these shortcomings,
Lopez et al.,”®> working with the same research group, inte-
grated Mosbach’s transition state analogue (TSA) strategy for
catalytically active MIPs'>* with the solid-phase synthesis pro-
tocol developed by Canfarotta et al.* This combination enabled
the preparation of nano-MIPs capable of recognising and
degrading the Gram-negative quorum-sensing autoinducer
N-1-hexanoyl homoserine lactone (C6-AHL).

To design the TSA template, 6-amino-N-(1,1-dioxidotetra-
hydro-thiophen-2-yl)hexanamide was synthesised. This involved
the preparation of 2-azidotetrahydrothiophene from 1-oxido-
tetrahydrothiophene via the Pummerer reaction, followed by
its reaction with [tert-butyl-6-((1,1-dioxidotetrahydro-thiophen-
2-ylJamino)-6-oxohexyl]carbamate, which was derived from

J. Mater. Chem. B, 2026, 14, 4816-4834 | 4825
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Boc-6-aminocaproic acid.'>® The TSA template was then immo-
bilised onto activated glass beads via its amino group, after
silanisation with (3-aminopropyl)triethoxysilane (APTMS). Six
different nano-MIPs were subsequently synthesised using three
different functional monomers; methacrylic acid (MAA), itaco-
nic acid (IA), or 2-(dimethylamino) ethyl methacrylate (DEAEM)
as functional monomers, together with the cross-linkers tri-
methylolpropane trimethacrylate and ethylene glycol dimeth-
acrylate. The polymerisation mixture was added to 30 g of glass
beads bearing the immobilised template and initiated under UV
light using the “living” photoiniferter N,N'-diethyl dithiocarba-
mic acid benzyl ester. Dynamic light scattering (DLS) confirmed
that the resulting TSA-nano-MIPs had particle sizes ranging
between 175 and 204 nm, which represents a notable improve-
ment compared to earlier MIP microparticles.

The hydrolytic activity of TSA-nano-MIPs toward the lactone
ring of C6-AHL was investigated using liquid chromatography-
mass spectrometry (LC-MS) by monitoring the decline in Cé6-
AHL concentration over time. After 2 hours of incubation with
500 ng ml ™" of C6-AHL in water, TSA-nano-MIPs at 1 mg ml*
achieved a 41% reduction in C6-AHL concentration, whereas
non-specific nano-MIPs and controls without nano-MIPs
showed reductions of only 17% and 0%, respectively. These
findings confirm the successful imprinting of the TSA template
and demonstrate the catalytic recognition activity. After 20 hours,
the C6-AHL concentrations were reduced by approximately 57%,
31%, and 16% with MAA-TSA-nano-MIPs, non-specific nano-
MIPs, and in the absence of nano-MIPs, respectively. Impor-
tantly, this work demonstrates that nano-MIPs can function as
molecular recognition and catalytic systems at picomolar levels,
a concentration range directly relevant to quorum-sensing
environments, where autoinducer levels typically occur at the
nanomolar scale.'** Nevertheless, the translation of TSA-nano-
MIPs into practical applications will require comprehensive
assessments of their stability, functional performance, and
scalability under biologically relevant conditions.

Beyond quorum sensing, bacteria employ another defence
strategies to survive adverse environmental stresses such as
nutrient deprivation and other harsh conditions. In these
circumstances, bacteria produce signalling molecules known
as alarmone nucleotides, namely guanosine 5’-diphosphate
3’-diphosphate (ppGpp) and guanosine 5'-triphosphate 3’-di-
phosphate (pppGpp), collectively referred to as (p)ppGpp.
These small molecules play a central role in the stringent
response, a global regulatory mechanism that enables bacteria
to endure unfavourable conditions and maintain survival.
Under normal conditions, cellular growth proceeds steadily,
and alarmone levels remain low. However, under stress, their
levels increase via synthetase activity, allowing cells to adjust
by slowing growth to conserve nutrients and energy, while
simultaneously enhancing antibiotic resistance and the expres-
sion of virulence factors.'**™*?”

To assess whether nano-MIPs could interfere with this
adaptive response, Chen et al.”> developed molecularly imprinted
nanoparticles using guanosine-5’-diphosphate disodium salt
(ppG) as a template. The template was immobilised onto silanised
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glass beads, and nano-MIPs were synthesised through a solid-
phase protocol employing N-isopropylacrylamide (NIPAm,
1.6 mmol), N-(3-aminopropyl) methacrylamide hydrochloride
(APM, 0.2 mmol), N-tert-butylacrylamide (TBAm, 0.1 mmol),
and N,N’-methylenebisacrylamide (Bis, 0.1 mmol) as a cross-
linker. Polymerisation was carried out in 48 mL of water and
initiated by potassium persulfate (KPS, 18 mg in 500 puL water)
and tetramethylethylenediamine (TEMED, 1.3 pL).*> The
synthesised nano-MIPs demonstrated excellent biocompatibility.
When incubated with sheep red blood cells (RBCs), the haemo-
lysis rate was below 5%, while cytotoxicity assays with Madin-
Darby canine kidney (MDCK) cells indicated cell viability above
89%, confirming their safety for biological applications. The
antimicrobial activity of these nano-MIPs was then evaluated
against both Gram-negative bacteria (E. coli and kanamycin-
resistant E. coli) and Gram-positive bacteria (S. aureus and
MRSA). Their ability to capture stress-induced signalling mole-
cules was tested following stimulation either by UV radiation
(254 nm) or antibiotics; oxytetracycline hydrochloride (OTC), or
Kanamycin sulfate (KS).

Notably, the combination of nano-MIPs with antibiotics;
demonstrated greater inhibitory efficiency compared to the full
dose of the antibiotic alone, with the results showing a clear
inhibition rate-concentration dependency. The therapeutic
potential of the nano-MIPs was further validated in vivo using
a wound infection model in male Balb/c mice (6-7 weeks old,
18-20 g). Twelve mice were inflicted with 8 x 8 mm dorsal
wounds inoculated with E. coli (10 pL, 1.0 x 10° CFU mL ™).
After 24 hours, the animals were divided into four groups:
negative control (saline 0.9%), nano-MIPs, positive control
(oxytetracycline [OTC], 10 uL, 1.0 mg mL™ '), and a combination
therapy (OTC 5 uL, 0.1 mg mL™ " + nano-MIPs 5 pL, 0.05 mg mL ™).
After six days of treatment, wound shrinkage was 65% and 68%
in the OTC and OTC + nano-MIP groups, respectively, whereas
only 31% and 30% shrinkage was observed in the negative
control and nano-MIP-only groups. Bacterial colony counts from
harvested wound tissues further confirmed that the lowest
bacterial loads were observed in the OTC and OTC + nano-MIP
groups. Overall, this study demonstrated that nano-MIPs can
enhance the antibacterial effects of conventional antibiotics,
enabling the same therapeutic outcomes with only half the
effective drug dose. This highlights their potential role in redu-
cing antibiotic consumption while maintaining efficacy.

Other strategies using MIPs to fight bacteria

Cryogel-based polymers, owing to their highly porous architec-
ture, mechanical stability, and capacity to act as biomolecule
carriers, have attracted considerable attention for antimicrobial
applications."® Employing a molecular imprinting technology
(MIT) approach, Giir et al.®* synthesised a lysozyme-imprinted
cryogel membrane (MIP-Lyz) designed for antibacterial activity
against both Gram-positive and Gram-negative bacteria. Lyso-
zyme (Lyz) is a small, naturally occurring globular protein'*®
with well-established antibacterial activity through hydrolysis
of the B-1,4 glycosidic linkages in the peptidoglycan layer
of Gram-positive bacteria.’*° Its effect against Gram-negative

This journal is © The Royal Society of Chemistry 2026
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bacteria is comparatively limited due to the protective outer
membrane;'**'3% however, Lyz can destabilise this barrier in
the presence of divalent metal ions, such as Cu®*, which act as
membrane-permeabilising cofactors. To exploit this mechanism,
the authors employed N-methacryloyl-(L)-histidine methyl ester
(MAH) complexed with Cu*>* to improve the interaction between
MAH and lysozyme.

The cryogel was prepared using 2-hydroxyethyl methacrylate
(HEMA) as a functional monomer, N,N’-methylene bisacryl-
amide (MBAAm) as the cross-linker, and ammonium persulfate
(APS) with tetramethylethylenediamine (TEMED) as initiators.
Polymerisation was carried out between two glass plates at
—12 °C for 24 hours, resulting in a lysozyme-imprinted cryogel
membrane. Antibacterial evaluation demonstrated that the
MIP-Lyz cryogel produced distinct zones of inhibition against
both Staphylococcus aureus (Gram-positive) and Escherichia coli
(Gram-negative). Interestingly, the cryogel exhibited stronger
and more rapid activity against E. coli than S. aureus, high-
lighting its potential to overcome the outer membrane barrier
of Gram-negative bacteria. In contrast, the corresponding non-
imprinted cryogel (NIP) showed a negligible antibacterial effect,
confirming that the activity arose from specific lysozyme
adsorption and release.

Further assays revealed that antibacterial performance
was concentration-dependent: higher lysozyme loading in the
MIP-cryogel correlated with enhanced inhibition, reflecting a
sustained release of Lyz from the cryogel matrix. The cytotoxi-
city of both MIP and NIP cryogel membranes was evaluated
using the mouse fibroblast cell line L929. After 24 hours of
incubation, cell viability assays confirmed that the synthesised
cryogels were non-cytotoxic, indicating their biocompatibility
and suitability for biomedical applications. Collectively, these
findings demonstrate that lysozyme-imprinted cryogels provide
a promising platform for controlled antimicrobial delivery, with
particular efficacy against Gram-negative pathogens.

Nanofibers are widely recognised for their intrinsic advan-
tages, including large surface area, high porosity, and low
production cost, which collectively provide excellent drug-loading
capacity.”® However, conventional nanofiber systems face
challenges in achieving controlled drug release, a limitation
that can be mitigated through polymer grafting strategies.'**"*>
Among these systems, bacterial cellulose (BC) nanofibers, bio-
synthesised by Acetobacter xylinum, have emerged as highly effec-
tive drug carriers due to their biocompatibility, mechanical
strength, and efficient loading properties."*¢'%”

To combine the molecular recognition ability of MIPs with
the carrier advantages of nanofibers, Tamahakar et al.®® devel-
oped a controlled drug loading and release platform by grafting
MIP microparticles onto BC nanofibers through in situ poly-
merisation. In their approach, methacrylic acid (MAA) was
employed as the functional monomer, N,N’-methylene bisacry-
lamide (MBAAm) as the cross-linker, and gentamicin sulfate, a
broad-spectrum antibiotic, as the template, and 2,2 azobis(2-
methylpropionitrile) as the initiator. BC nanofibers were
extracted from A. xylinum (strain 10245). Three MIP formula-
tions were prepared using a fixed ratio of MAA (1 mmol) and

This journal is © The Royal Society of Chemistry 2026
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MBAAmM (1 mmol), with varying gentamicin concentrations
(0.20, 0.10, and 0.05 mmol).

Drug loading and release experiments showed that the
imprinting method was successful, with results strongly influ-
enced by the amount of gentamicin used during polymeri-
sation. MIPs prepared with higher gentamicin concentrations
were able to load more of the drug. In terms of release, the MIPs
provided a slower and more controlled profile compared to
non-imprinted polymers (NIPs). While NIPs released almost all
(98%) of their gentamicin within just 8 hours, the release from
MIPs was more gradual: MIP1 (the highest gentamicin concen-
tration) released about 97% in 48 hours, MIP2 released around
80%, and MIP3 about 60% in the same period. This difference
is explained by the formation of recognition cavities during
polymerisation, which regulate how much drug can be loaded
and how slowly it is released, depending on the template
concentration used. The antibacterial activity of the MIP-nano-
fiber composites was assessed against Gram-negative E. coli
and Gram-positive S. aureus. The inhibition zones produced by
MIP1, MIP2, and MIP3 were 11.0, 9.5, and 7.5 mm for E. coli,
and 14.5, 13.5, and 12.5 mm for S. aureus, respectively. These
results confirmed concentration-dependent antibacterial activity,
with higher template loading translating into more effective
inhibition. Overall, the findings highlight MIP-functionalised BC
nanofibers as a promising therapeutic platform, offering sustained
antibiotic release and effective antibacterial activity, with perfor-
mance adjustable through the drug concentration applied during
polymerisation.

Nanofiber-based scaffolds in combination with gentamicin-
imprinted polymers have also been explored for antibacterial
applications, particularly in wound healing. Wound dressings
play a critical role in skin regeneration, as wounded tissue
provides a favourable environment for colonisation and pro-
liferation of a wide range of microorganisms. Among various
biomaterials, polyvinyl alcohol (PVA) and gelatin are frequently
employed in tissue engineering due to their biocompatibility
and biodegradability.”*®*"*° Building on these properties,
Koudehi and Ziaseresht®® developed MIP-based wound dres-
sing by fabricating gentamicin-imprinted PVA/gelatin nano-
fibers through electrospinning. The polymerisation involved a
cross-linking reaction between the hydroxyl groups of PVA and
the aldehyde groups of glutaraldehyde, catalysed by hydrochlo-
ric acid."*® Following polymerisation, the gentamicin template
was removed via Soxhlet extraction, and the MIPs were subse-
quently reloaded with the drug. Drug release studies revealed a
clear difference between MIP- and non-imprinted polymer
(NIP)-based nanofibers. While approximately 85% of gentami-
cin was released from the NIP system within the first 8 hours,
the PVA/gelatin/MIP nanofibers exhibited a significantly slower
and more controlled release profile, with only 50% release after
40 hours and complete (98%) release after 110 hours. Impor-
tantly, the MIP nanofibers demonstrated no cytotoxicity against
fibroblast cells, confirming their biocompatibility. The thera-
peutic efficacy was further validated in vivo using a rat
skin wound model. Full-thickness excision wounds (8 mm)
were treated with PVA/gelatin/MIP nanofibers, PVA/gelatin
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nanofibers, or left untreated (control). After 14 days, wounds
treated with MIP nanofibers exhibited complete skin regen-
eration, whereas those treated with non-imprinted nano-
fibers or left untreated showed only partial healing, with
wound sizes reduced to approximately 5 mm and 2 mm,
respectively. Taken together, this study exemplifies the
broader potential of integrating molecular imprinting with
nanofiber-based scaffolds to design multifunctional wound
dressings that combine controlled antibiotic release, selec-
tive recognition, and tissue compatibility.

In a similar area, Acne vulgaris is a common dermatological
condition associated with dysbiosis of the skin microbiota,
particularly the overgrowth of acne-associated bacteria, and is
clinically characterised by pimples, comedones (whiteheads
and blackheads), and chronic inflammation of the sebaceous
follicles."' Conventional treatment strategies rely on the
administration of topical and oral antibiotics, among which
clindamycin (Cln) is one of the most widely prescribed topical
agents. However, challenges such as limited drug penetration,
reduced bioavailability, and the emergence of resistance often
compromise therapeutic outcomes. To address these limitations,
Elhabal et al.®® designed a nano-MIP-based drug delivery system
aimed at enhancing the antibacterial activity of clindamycin.
In their work, Cln-MIPs were synthesised via precipitation
polymerisation at 60 °C using methacrylic acid (MAA, 4 mmol)
as the functional monomer, ethylene glycol dimethacrylate
(EGDMA, 20 mmol) as the cross-linker, methanol as the poro-
genic solvent, and AIBN as the radical initiator. The resulting
Cln-MIPs were subsequently incorporated into polyurethane
nanofiber scaffolds (PUNFs) at a loading of 14% using
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electrospinning. Successful deposition of Cln-MIPs was con-
firmed by measurable increases in both scaffold thickness
(from 0.18 mm to 0.28 mm) and weight (from 22.65 mg to
31.54 mg). In vivo evaluations demonstrated that Cln-MIP-
loaded PUNFs were non-toxic and exhibited superior thera-
peutic efficacy compared with Cln-MIPs alone or clindamycin
controls. Specifically, CIn-MIP-PUNFs markedly reduced red-
ness and inflammation in infected rat ears, while also achiev-
ing a significant reduction in S. aureus colonization - from
~1 x 10°* CFU mL ™" in untreated controls to 3.9 x 10> CFU mL "
in the treated group (Fig. 9). By comparison, positive (clindamycin)
controls resulted in 9.2 x 10° CFU mL ', highlighting the
enhanced antibacterial performance of the MIP-functionalised
nanofiber system. This innovative approach underscores the
potential of integrating nano-sized MIP carriers with nanofiber
scaffolds to improve topical antibiotic delivery. By enhancing drug
permeability, prolonging release, and reducing bacterial load, such
systems provide compelling evidence for the therapeutic applic-
ability of MIP-based platforms in treating skin infections such as
acne vulgaris.

Surface-imprinted polymers represent a versatile strategy
for bacterial recognition and control, offering the ability to
combine selective targeting with antimicrobial functionality.
Gong et al.”® introduced an innovative approach by fabricating
silver nanoparticle (AgNP)-embedded surface-imprinted polymer
beads (Ag-BIBs) through an oil-in-water pickering emulsion poly-
merisation method. Silver nanoparticles were incorporated owing
to their broad-spectrum antibacterial properties,"*> which have a
well-known bactericidal effect by disrupting the cell membrane
structure and functions in Gram-negative bacteria. In this study,

Group I Group II Group III
(Clin suspension) (Clin-MIP) (Clin-MIP polyurethane

Day 1

Day 4

nanofiber scaffold)

Vi

Fig. 9 Antibacterial activity of clindamycin and Clin-MIP polyurethane nanofibers against S. aureus (ATCC 6538) for different time intervals. Reproduced
from ref. 96 under the terms of the Creative Commons CC BY license (MDPI) (2024).
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E. coli (TG1, rod-shaped, Gram-negative) and S. epidermidis (PCI
1200, spherical, Gram-positive) were employed as templates to
prepare bacteria-imprinted beads (BIBs). The Ag-BIBs were fabri-
cated by combining a water phase containing bacteria pre-coated
with an acrylate-functionalised polyethyleneimine prepolymer with
an oil phase consisting of Ag nanoparticles, trimethylolpropane
trimethacrylate (TRIM), divinylbenzene (DVB), and the initiation
mixture of benzoyl peroxide (BPO) and N,N-dimethylaniline (DMA)
in hexane (Fig. 10a). Binding assays demonstrated that the opti-
mised Ag-BIBs exhibited pronounced bacterial recognition and
capture efficiency, achieving up to 50% binding of E. coli and 60%
of S. epidermidis in PBS, and as high as 90% for both species in LB
medium.

Antibacterial testing further confirmed that the captured
bacteria displayed markedly impaired growth in LB in the
presence of Ag-BIBs. This bactericidal activity was attributed
to the dual action of the imprinted beads: (i) selective recogni-
tion and capture of the bacterial targets, and (ii) the subsequent
release of Ag nanoparticles embedded within the polymer
matrix, which disrupt bacterial membranes. Interestingly, the
release of Ag' ions into aqueous solution remained below 11%
of the total Ag content, indicating that the antibacterial effect
was largely governed by an Ag-BIB surface-mediated contact
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mechanism rather than extensive ion leaching into the med-
ium. This feature is particularly advantageous as it minimises
unnecessary silver release, thereby reducing potential environ-
mental and cytotoxic risks while maintaining strong anti-
bacterial efficacy.

Promising bacterial proteins as
recognisable biomarkers to MIPs
for future works

In this section, we discuss the potential of MIPs to target
bacterial proteins that play a pivotal role in microbial survival
and resistance. Bacterial persistence and drug resistance are
mediated by diverse biochemical mechanisms, many of which
rely on proteins essential for growth and adaptation. A notable
example is B-lactamases, a broad family of bacterial enzymes
responsible for conferring resistance to B-lactam antibiotics
(e.g., penicillins, cephalosporins, and carbapenems) by hydro-
lysing the B-lactam ring and thereby abolishing its inhibitory
effect on cell wall synthesis. These enzymes are widely expressed in
clinically relevant pathogens, including Pseudomonas aeruginosa,
Klebsiella pneumoniae, and E. coli,**>'**
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(a) Schematic illustration of Ag-MIPs. Growth curves of E. coli (b) and S. epidermidis (c) in L.B. medium in the presence of bacteria-imprinted

polymers with and without Ag loading. Reproduced From ref. 95 from the American Chemical Society under the terms of the Creative Commons CC-BY
4.0 (2023).
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Table 2 Examples of bacterial outer membrane structures

Outer membrane proteins Function Structure Ref.

OmpF porin Allows diffusion of small hydrophilic molecules such as nutrients B-Barrel 146 and 147
and waste products across the outer bacterial membrane

LamB porin Facilitates the diffusion of maltose and maltodextrin into the cell B-Barrel 148 and 149

BtuB outer membrane protein Transporter that permits the high-affinity binding B-Barrel protein 150 and 151
and transport of vitamin By,

TolC outer membrane protein Channel for Type I secretion systems (T1SS) B-Barrel protein 152

LptD/LptE outer Translocates LPS across the outer membrane to the outer leaflet B-Barrel protein 153 and 154

membrane proteins complex

BamA B-barrel assembly Assembly and insertion of outer membrane proteins (OMPs) B-Barrel protein 155 and 156

machinery protein and maintaining membrane integrity

Li et al”® successfully demonstrated the feasibility of the of stimuli-responsive imprinted hydrogels via free-radical
approach, employing -lactamase as a template for the preparation  polymerisation of low-cost monomers. When tested against

A

TolC PulD BamA

Fig. 11 Structure of some outer membrane proteins (https://www.rcsb.org/).
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methicillin-resistant Staphylococcus aureus (MRSA), the hydrogel
reduced bacterial viability by approximately 80%, attributed
to the binding of MIPs to B-lactamase and inhibition of its
hydrolytic activity. Such findings highlight the feasibility of
employing MIPs to neutralise resistance-related enzymes.

In Gram-negative bacteria, the outer membrane acts as a
protective barrier and organises key cellular functions. Outer
membrane proteins (OMPs) with B-barrel structures, such as
porins and other channels, facilitate the transport of ions,
nutrients, and waste products, which is essential for bacterial
metabolism and survival (Table 2 and Fig. 11). MIPs can be
designed to specifically recognise these proteins,**> and disrupt
their functions, including permeability, structural integrity,
virulence, and molecular transport.

Advanced approaches such as solid-phase imprinting*®
allow the use of purified proteins as templates to produce
highly selective nano-MIPs. Similarly, snapshot imprinting"*”*>®
enables the identification of key peptide sequences that contri-
bute to protein stability, which are then used as templates to
generate nano-MIPs capable of recognising the full protein within
the cell.*®

In a recent study, snapshot imprinting was employed to map
the surface proteome of lung cancer cells as a strategy for
biomarker discovery. E. Piletska et al."*® selectively captured
peptides from proteins exposed on the surface of lung cancer
cells using snapshot imprinting. By polymerising directly on
live cells, the nanoMIPs enriched surface-accessible proteins,
which were then identified by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). The study demonstrates a
novel approach for profiling the cell surface proteome, provid-
ing potential biomarkers and targets for future cancer diagnos-
tics and therapies.

Magumba et al.'®® employed a snapshot imprinting approach
using MIPs to investigate differences in the cell-surface proteomes
of three lung cancer cell lines (A549, H460, and H522) compared
with a non-cancerous bronchial epithelial cell line (BEAS-2B).
Proteomic analysis using LC-MS/MS identified hundreds of
differentially expressed proteins (DEPs). Among these, the
MIP-based approach enabled the identification of five key
proteins (NPM1, TOP2A, EZH2, PRKDC, and HNRNPK) which
are associated with lung cancer and may represent potential
diagnostic biomarkers or therapeutic targets. These findings
demonstrate the potential of nanoMIP-based snapshot imprint-
ing as an alternative approach for identifying protein targets for
diagnostic and therapeutic applications.

Snapshot imprinting can be exploited to systematically map
outer membrane proteins (OMPs) and identify the most effec-
tive peptide sequences as templates for the synthesis of nano-
MIPs via molecular imprinting. By precisely targeting these
key protein sequences, the resulting nano-MIPs have the
potential to selectively bind OMPs, thereby interfering with
critical bacterial functions. This interference may compromise
membrane permeability, disrupt structural integrity, atten-
uate virulence, and hinder the transport of essential mole-
cules in coordination with inner membrane systems. Such a
targeted approach offers a promising strategy for developing

This journal is © The Royal Society of Chemistry 2026
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next-generation antibacterial materials with high specificity
and efficacy.

Conclusion

This review describes recent advancements in the application
of MIPs as antimicrobial agents, emphasising synthetic meth-
odologies, therapeutic outcomes, and their broader implications
for mitigating antimicrobial resistance (AMR). Current research
demonstrates significant progress in engineering MIPs with high
specificity and binding affinity for diverse bacterial targets.
Notably, MIPs have proven effective as localised delivery vehicles
for infections of the eye, skin, bone, and dental tissues. Further-
more, specialised MIPs have enhanced the efficacy of chlor-
amphenicol through boron affinity and, when integrated with
photothermal therapy, have achieved selective bacterial eradica-
tion by targeting lipopolysaccharides (LPS) to convert infrared
energy into localised heat.

Beyond drug delivery, MIPs serve as robust abiotic receptors
for sequestering LPS and inhibiting critical signalling mole-
cules, such as quorum-sensing factors and alarmone nucleo-
tides, thereby disrupting bacterial growth and intercellular
communication. Structural integration with cryogels and nano-
fibers has further optimised these platforms by improving drug
loading capacity and enabling sustained-release profiles.
However, a more comprehensive characterisation of template-
monomer complexes remains essential to elucidate the for-
mation and spatial distribution of binding sites fully.

Future research must focus on the fundamental interactions
between MIPs and bacterial biomarkers at the molecular level
to clarify underlying binding mechanisms. The evidence sug-
gests that outer membrane proteins in Gram-negative bacteria
and f-lactamases in Gram-positive bacteria are prime tem-
plates for developing nano- and micro-MIPs. By targeting these
vital structures, MIPs offer a transformative approach to bac-
terial neutralisation, providing a promising trajectory for inno-
vative therapeutic and diagnostic solutions in the global fight
against microbial resistance.
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