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Abstract: Ethyl carbamate (EC), known as urethane, is a naturally occurring potentially
carcinogenic metabolite that is widely found in alcoholic beverages and other food-related
fermented products. The concern related to the presence of the EC and its toxicity in
regularly consumed fermented alcoholic beverages raises global interest in assessing the
possible risks to human health. EC mitigation approaches, such as molecular imprinting
technology (MIT), have been proposed to target EC while preserving the sensory quality
of fermented alcoholic beverages. This review explores the principles of MIT, the advan-
tages and disadvantages of the most common polymerisation approach for molecularly
imprinted polymer (MIP) synthesis, the analytical techniques used for MIP characterisation,
and the strategies used to mitigate EC in fermented alcoholic beverages, with studies report-
ing removal efficiencies of up to 84%. Additionally, it highlights the novelty and potential
of MIPs, offering practical insights into their integration within the production of fer-
mented alcoholic beverages, highlighting their scalability and cost-effectiveness compared
to traditional EC mitigation strategies.

Keywords: ethyl carbamate; fermented alcoholic beverages; molecularly imprinted
polymers; synthesis; characterisation; applications

1. Introduction

Food safety is a worldwide concern, regardless of foodborne diseases and economic
and social development, and it is a priority for global governmental programs. Food
safety is a public-private partnership among industry, government, academia, and the
consumer to address public health requirements and questions concerned with nutrition,
health, food science, and ingredient safety [1]. According to the Center for Disease Control
and Prevention, each year in the United States, 48 million people get sick, 128,000 are
hospitalised, and 3000 die due to foodborne diseases [2]. Therefore, the study of toxic and
carcinogenic substances in foods represents one of the most demanding areas in food safety
due to their repercussions for public health. Moreover, their presence represents an obstacle
of high relevance for product exportation, which has a devastating economic impact on the
food industry.

Contaminants in food can be classified based on their origin and nature. These can
be microbiological (e.g., bacteria, parasites), extraneous matter (e.g., biological, chemical),
natural toxins (e.g., mycotoxins), other chemical compounds (e.g., pesticides, toxic metals,
undesirable fermentation products), packaging materials, and poisons introduced through
tampering. These contaminants can lead to serious health issues, particularly illnesses re-
lated to drug resistance that reduce the efficacy of medicines [3]. In addition, the maximum
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levels allowed in foods are governed by regulatory limits monitored by the national health
authorities in order to eradicate the risk for the consumer.

Ethyl carbamate (EC), often known as urethane, is a naturally occurring chemical
present in several fermented alcoholic beverages (e.g., wine, beer, liquor, brandies). EC
can be formed primarily through the reaction between urea and ethanol, which is in-
fluenced by fermentation conditions (e.g., pH, levels of urea or citrulline, ethanol level),
yeast metabolism (e.g., some wine yeasts generate more urea as a byproduct of nitrogen
metabolism), and storage practices. Additionally cyanogenic glycosides and ethyl car-
bamyl phosphate can contribute to EC formation under specific conditions, with copper
ions (Cu2*) enhancing cyanate production, as shown in Figure 1 [4-7].

q
‘ (VY
Urea
- Thermal decomposition
M AN »

Arginine

Latic acid bacteria ADIase | YeastArginase

M /\;Xﬂ CYﬁ“O%EHQ’Q

Cu?* |Enzymatic hydrolysis
Citrulline

an . @m0

Cyanate
\ \Ethanol \Ethanol

OTCase

Carbomyl phospha’(e Aw

Ethanol

Ethanol

Ethyl carbamate

Figure 1. Main mechanisms involved in ethyl carbamate (EC) formation in fermented
alcoholic beverages.

Apprehension related to EC occurrence in fermented alcoholic beverages arose in
1985, when relatively high levels were detected by Canadian authorities in wines and other
liquors. Health authorities have identified it as a potential carcinogen, leading to interna-
tional efforts to limit its levels in fermented alcoholic beverages. The International Agency
for Research on Cancer classified EC as a Group 2A carcinogen, suggesting it is “probably
carcinogenic to humans” based on suitable assays of carcinogenicity in animals. The World
Health Organization, a global regulatory authority, has established recommended guide-
lines for EC levels in fermented alcoholic beverages. For instance, Canada set maximum
limits (MLs) for EC in fermented alcoholic beverages according to consumption patterns
and acceptable daily intake value evaluation: 30 pg/L for table wine, 100 pg/L for fortified
wines, 150 pg/L for distilled spirits, and 400 pg/L for fruit dies and liquors [8-10]. The
EU regulatory framework for this contaminant is evolving. Member states have not yet
implemented enforceable MLs, but the European Commission has issued a recommen-
dation setting a target value of 1 mg/L (EU Recommendation 2016/22) for monitoring
purposes [11]. These limits are more commonly recommended rather than enforced limits.
The Canadian Food Inspection Agency (CFIA) conducted a survey in 2022-2023 to examine
EC levels in fermented foods available on the Canadian retail market, including alcoholic
beverages. From 275 samples, including 181 fermented soy products and 94 wine samples,
EC was detected in 34% of them, with concentrations ranging from 4 ppb to 824 ppb [12].
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Moreover, in 2023, the review on EC concerning fermented food products showed that
alcoholic beverages represent one current concern and require further monitoring and miti-
gation strategies [9]. Considering the health risks and regulatory attention, controlling EC
levels in fermented alcoholic beverages is critical to ensure safety, marketability (avoiding
trade restrictions), and quality (maintaining product quality and consumer trust).

Several traditional EC mitigation strategies have been proposed, such as metabolic
engineering modification of yeast (e.g., enhancing the expressions of DUR3), enzy-
matic methods (e.g., adding acid urease), chemical (e.g., copper catalysts), and physical
(e.g., charcoal filtration, distillation, low temperature, deoxygenated conditions, de-stoning
process). Nonetheless, these traditional EC mitigation strategies demonstrate remarkable
weaknesses, such as a deficit of selectivity and adverse effects on wine quality, as they
can affect the wine’s sensory properties (e.g., aroma, colour, taste), which are critical to its
character and market value [13]. Subsequently, there is a requirement for more efficient
strategies, like molecular imprinting technology (MIT), that can target EC while preserving
the beverage’s sensory quality. By combining the special properties of nanostructures
with the molecular recognition power of an imprinted polymer, MIT and nanotechnology
produce a material that is very sensitive and selective. To achieve remarkable specificity,
MIT entails forming template-shaped voids in polymers that are complementary to a target
molecule in terms of size, shape, and functional groups. Even trace-level analytes can
be specifically detected and separated when used at the nanoscale (e.g., nanocomposites,
nanoparticles, nanotubes), where the increased surface area and reactivity improve the
recognition potential. With wide-ranging industrial and scientific applications, this synergy
is a potent fusion of material science and molecular recognition, as shown in Figure 2,
such as sensor technology (for detecting chemicals, drugs), drug delivery (can control the
release by targeting precise therapeutic agents), sample treatment (use as a sorbent in the
extraction procedure), and food safety (removal of contaminants), among others [14-18].
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Figure 2. Potential molecularly imprinted polymer applications. Abbreviations: SPME—solid-phase
microextraction; SPE—solid-phase extraction; MEPS—microextraction packed sorbent; SBSE—stir
bar sorptive extraction.
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The current review discusses the use of MIPs for removing EC from fermented alco-
holic beverages (e.g., wines, beers, brandies, liquors) and the principles of MIT, MIP types,
synthesis, and analytical techniques for MIP characterisation. In addition, this review not
only highlights the novelty and potential of MIPs but also provides practical insights into
their integration into fermented alcoholic beverage production.

2. Methods

This review took a retrospective approach, inspecting research articles from 2020 to
2024, concentrating on MIP applications to remove EC from fermented alcoholic bever-
ages. Pertinent articles were located and chosen from the bibliographic databases Scopus,
PubMed, and ScienceDirect for their widespread journal coverage. The selection criteria
for these articles included title, abstract, keywords, and year of publication to identify the
most current innovations in MIT for EC removal in potential industrial applications. Key-
words applied in the search included “ethyl carbamate”, “fermented alcoholic beverages”,
“wines”, “liquor”, “brandies”, “molecularly imprinted polymers”, “MIP synthesis”, “MIP
characterisation”, and “MIP application.” Additionally, wildcard symbols (¥, $, etc.) and
Boolean operators (AND, OR) were applied to improve search precision. By including all
types of publications (e.g., articles, book chapters, reviews), the initial number of papers
extracted contained nine duplicates, which were removed. Of the remaining 75 articles,
they were grouped into the following categories: polymerisation method (e.g., bulk poly-
merisation, surface imprinting, suspension polymerisation), binding efficiency (adsorption
capacity and binding affinity of the MIPs), selectivity, comparison with traditional removal
strategies (e.g., activated carbon, enzymatic degradation), and application (e.g., wine, spir-
its, other fermented beverages). Of these, 12 were excluded due to insufficient data on
MIP synthesis, characterisation, and application in EC reduction. In addition, non-peer-
reviewed sources and studies that did not specifically address MIPs for EC mitigation were
not included.

3. Molecularly Imprinted Polymers: Fundamentals and Mechanisms

MIT is the most popular nanoscience approach for creating MIPs, which are highly
defined materials that can identify and attach to specific target molecules. This approach
comprises polymerising functional monomers near a template molecule (EC or a structural
analogue) in the presence of a cross-linking agent, stabilising the polymer matrix, hardening
the structure, and fixing functional monomers’ locations near the template molecule, as
shown in Figure 3. When the polymerisation process is complete, the template molecule
is retrieved, leaving cavities within the polymer matrix that match the template in forms
of functional group arrangement (e.g., hydrogen bonds, ionic interactions, van der Waals
forces, -7 interactions), shape, and size (EC “fit” precisely) that allow MIPs selectively
recognise and bind the target molecule [19,20].

This elevated level of selectivity makes it an effective approach for removing EC
from fermented alcoholic beverages. More specifically, a selective recognition and binding
mechanism for EC means choosing a template molecule with similarities in the structure
and functional groups of EC, therefore permitting a replica of binding sites specific to EC.
With the addition of EC in MIP, it selectively binds within such sites through hydrogen
bonding due to the presence of amino (NHjy) and carbamate (O=C-O) groups in the structure
of EC, which are capable of forming hydrogen bonds with complementary groups inside
the MIP cavity. Van der Waals and hydrophobic interactions sustain the stability of EC in
the MIP binding site for higher selectivity. This specificity minimises the risk of binding
to other components, thus preserving the sensory and chemical qualities of the fermented
beverages being treated as a result of its stable structure and specific functional groups.
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Usually, molecules that can form stable hydrogen bonds or hydrophobic interactions with
EC, like methacrylic acid or acrylamide, are used to find the right functional monomers
for EC-targeting MIPs. However, designing MIPs for small, uncharged molecules has
some important difficulties: limited functional groups and lack of charge make their
binding hardly selective since noncovalent interactions are weaker and less specific. Further
optimisation of the polymer matrix for a stable, high-affinity binding site involves detailed
studies of monomer—template ratios and conditions of polymerisation to avoid nonspecific
interactions while developing an effective elution strategy that will remove the template
post-polymerisation [21].
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Figure 3. Imprinting technology of molecularly imprinted matrix using ethyl carbamate (EC) as
a template.

Bulk polymerisation is the most widely used approach to synthesise MIPs, where the
template molecules are mixed with monomers and cross-linkers to form a homogeneous
polymer network. After the polymerisation process, grinding and sieving are required
to create particles, which, while low-cost, produce irregularly shaped particles with an
uneven distribution of binding sites, typically embedded deep within the polymer matrix.
This decreases the accessibility of small molecules to the recognition sites, indicating
slower binding kinetics and a lesser efficiency in analyte detection. This polymerisation
method may also suffer from template leaching, compromising specificity and even posing
a risk of contamination in sensitive analyses [19,20]. Suspension polymerisation is another
frequently used approach for the synthesis of MIPs, wherein the monomer, crosslinker, and
template are polymerised in an aqueous suspension to form spherical MIP beads. This
method yields uniform microspheres from small colloidal droplets of the polymerisation
mixture suspended in a liquid, often perfluorocarbon [20], but it may require additional
steps to remove the template molecule fully, as shown in Table 1.
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Table 1. Advantages and disadvantages of the most common polymerisation approach for MIP
synthesis [17,22-26].

Polymerisation Approach Advantages Disadvantages
Bulk Easy Irregular size and shape
Appropriate for the majority of Low reproducibility
polymer formulations Effort and time consuming
Economical Lower binding kinetics
Suspension/emulsion
. Regular size and shape Requires a stabiliser or a surfactant
° High reproducibility Solubility in a continuous phase

Precipitation
No required stabiliser Aggregation
Regular size, shape, and morphology Effort and time consuming
Popular for sensor applications

501_891 Preparation at room temperature

High thermal and chemical stability
Well-defined surface areas and
porous structures

Green solvents (water or ethanol)

Solubility of the template
Lack of functional monomer

Core-shell particle

Core can fulfil the function
Binding sites are uniformly distributed
Enhanced mass-transfer efficiency

Effort and time consuming
More complex synthesis

Surface imprinting

Enhanced mass-transfer efficiency Requires pure templates

Higher binding capacity Recognition mechanism uncertain
Higher binding kinetics Use of noble metals is expensive
Lower embedding phenomena Lower solubility of templates

A comparable approach is precipitation polymerisation, which is a refined form of
bulk polymerisation, where the MIP forms as precipitated microspheres without grind-
ing. It provides better control over particle size and shape and is suited for high-affinity
binding in homogeneous conditions due to the addition of a porogenic solvent in the
pre-polymerisation mixture [19,27]. Baggiani et al. [21], via bulk polymerisation using
acrylamide and methacrylic acid as functional monomers, prepared two types of MIPs for
the selective recognition and capture of EC. The experimental results show that methacrylic
acid is much better than acrylamide as a functional monomer for achieving higher imprint-
ing factors. In emulsion polymerisation, a biphasic system is created by suspending the
pre-polymerisation mixture, which includes an initiator (polar phase), in a non-polar oily
solvent with the aid of a surfactant [19]. The surfactant acts here as a template and promotes
spherical micellar MIPs. This approach strongly increases the surface area, which is very
popular nowadays in sensor applications. Because the sol-gel process involves inorganic
materials or organic-inorganic network structures and no organic monomers, there are pos-
sibilities for simple preparation at room temperature and under conditions without using
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organic solvents; this means water can be employed. This approach provides high thermal
and chemical stability, making it suitable for environmental and high-temperature appli-
cations, and it results in MIPs with well-defined surface areas and porous structures [28].
Zheng et al. [26] propose a sol-gel approach to grow perovskite-structured lanthanum
manganate (LaMnO3) on graphene oxide, creating a nanocube-structured material with
high electrocatalytic activity and a large surface area for EC detection in Baijiu. Another
smart approach to synthesising MIPs is surface imprinting, which creates binding sites
on the surface of materials, often by grafting or attaching the template directly onto a
preformed particle [29]. This approach can follow two primary routes by forming an MIP
film on various substrates using spin-coating or dip-coating techniques [19,30,31]. The
final step removes the stamp and template molecules, exposing binding sites on the MIP
film surface. Alternatively, the approach of water-in-oil emulsion polymerisation generates
core—shell particles, wherein a core (frequently silica particles) is used for stability and
coated with an MIP shell using emulsion polymerisation [19]. Core-shell MIPs are advanta-
geous over bulk MIPs in that all the binding sites are uniformly distributed near the surface
for complete template removal without leakage and provide an improved rebinding of
the target molecule along with enhanced mass-transfer efficiency, thus avoiding losses
resulting from mechanical crushing and sieving, and hence, they are highly suitable for
assays of specific targets [32]. In sum, core-shell MIPs ensure fast access to binding sites
and are easy to regenerate, making them suitable for continuous or repetitive EC removal
processes in fermented alcoholic beverage applications. On the other hand, they involve
more complex synthesis because they require additional steps and precise control to ensure
that binding sites are exposed properly, consequently lowering the binding capacity for
binding large amounts of target molecules [25]. Han et al. [33] engineered two types of
core-shell nanospheres as fluorescent probes using biomass carbon dots synthesised from
watermelon peel, achieving a high-fluorescence quantum yield of 22.8% at a reduced cost.
These probes, prepared via bulk polymerisation and sol-gel approaches, enable rapid
EC detection in fermented alcoholic beverages with high sensitivity and precision and
excellent reusability. Guo et al. [34] used EC as the template molecule and (3-cyclodextrin
derivatives as functional monomers. An EC molecularly imprinted sensor was developed
through surface modification using MIT. The sensor successfully detected EC in Huangjiu
with results comparable to those obtained via gas chromatography—mass spectrometry
(GC-MS), demonstrating its reliability and potential for food and alcoholic beverage safety
applications. Guo et al. [35] used the Diels—Alder (DA) reaction in the synthesis of MIPs
through the reversible chemical interaction of specific structures of participating molecules
in the system. Thus, the obtained new MIP is thermally switchable, possessing intelligent
molecular recognition ability with thermal reversibility for EC adsorption. The performed
absorption experiments prove that the obtained materials have strong specific absorp-
tion, and even after five recycling cycles, the recovery rate was maintained up to 88%.
Zao et al. [36] developed a disposable electrochemical biomimetic sensor for the rapid,
selective detection of EC in fermented alcoholic beverages, eliminating the need for
complex sample preparation. By modifying a screen-printed carbon electrode with re-
duced graphene oxide and electropolymerizing o-aminophenol in the presence of EC
as a template, the sensor achieved a wide linear detection range (100-1300 nM) with
a low detection limit of 37 nM and rapid detection time (under 5 min). The develop-
ment of sensors is simple; therefore, they are cheap, sensitive, and also chemically and
mechanically robust.

Nano-MIPs offer an advanced solution in the miniaturisation of traditional MIPs to the
nanoscale size (>100 nm), which allows for improved accessibility and binding efficiency
for target analytes. Their surface-to-volume ratio raises the exposure of recognition sites,
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allowing quick binding kinetics and great selectivity, which are critical for detecting trace
levels of contaminants in fermented alcoholic beverages. The stability, sensitivity, and
scope of application are influenced by each of these approaches. Nonetheless, nano-MIPs
have some disadvantages related to the complexity of synthesis, which needs controlled
polymerisation and may lead to inexpensive production and obstacles when scaling up.
Such agglomeration during preparation may reduce the active surface area, and their reuse
often results in the deterioration of the imprinted structure; hence, reusability is limited. In
addition, maintaining the stability of such binding sites on these colloidal-sized particles is
also highly questionable in conditions with variable pH and temperature, to which they will
be exposed during any practical field application [37]. Wu et al. [38] reported an innovative
nanozyme with a metal-organic framework and molecularly imprinted polymers with an
EC-specific imprinted cavity, CoO@MOF-MIP, exhibiting high peroxidase-like activity and
blue fluorescence to enable onsite trimodal colorimetric, fluorescent, and photothermal
detection of EC residues. The use of a trimodal detection system enhances the accuracy and
depth of the analysis by way of Boolean-logic-based operations, enabling fast intelligent
decision-making. Moreover, this nanozyme integrated with MIP provides a flexible and
universal platform for point-of-care contaminant detection and may have possible smart
monitoring applications in food safety.

4. Characterisation and Performance of Molecularly Imprinted Polymers
for Ethyl Carbamate Removal

The preserved structure of the MIP cavity after template removal is thought to be
critical, warranting thorough characterisation. The template-extracted cavity is indirectly
assessed by examining the binding selectivity of MIPs with a non-imprinted polymer
(NIP), prepared under the same conditions without the template, used for comparison to
highlight the effects of imprinting [17,39]. Several techniques are used for characterising
the chemical, morphological, and physicochemical (thermal adsorption, functional binding
site) properties of MIPs, as shown in Figure 4.

Chemical

+ Scanning electron microscopy

» Transmission electron microscopy
* Dynamic light scattering

* Atomic force microscopy

+ Static contact angle

* Quartz crystal microbalance

* Adsorption isotherms

+ Adsorption kinetics

* Thermogravimetric analysis
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Figure 4. The most common techniques used for molecularly imprinted polymer characterisation.
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Chemical characterisation techniques, such as Fourier-transform infrared spectroscopy
(FTIR) and nuclear magnetic resonance (NMR, 1H, and 13C), are employed to analyse the
chemical structure of MIPs. FTIR recognises individual functional groups of monomers,
cross-linkers, and templates and investigates their interactions during MIP formation by
examining specific absorption bands. FTIR also confirms the effective removal of the
template molecule, showing access to an imprinted cavity upon changes within character-
istic peaks in the forms of shifting, reduction intensity, and even disappearance of peaks.
Likewise, FTIR can indicate secondary interactions, namely hydrogen bonding or van der
Waals forces, occurring during the rebinding of the template [40]. The successful chemical
transformations and structural incorporation during the synthesis of azide covalent organic
frameworks (COFs) ,,iq¢)-based materials were further confirmed by Meng et al. [41] using
FTIR. Absorption of the azide peak at 2093 cm ™! and persistence of stretching bands due
to C=0 and C=N at 1590 cm~! showed that post-modification by the copper-catalysed
azide-alkyne cycloaddition reaction was successful. In addition, the characteristic peaks at
1731 cm~! and 1257 cm ! verified the presence of ester and carboxyl groups from ethylene
glycol dimethacrylate and methacrylic acid, respectively, indicating the successful encapsu-
lation of COFs(,,i4¢) within the core-shell nanomaterial structure to be used for capturing
urea while eliminating EC from fermented alcoholic beverages.

Complementary insights into the MIP structure can be derived by NMR in solid-state
and solution-state formats. In the solution state, NMR proves monomer—template inter-
actions during pre-polymerisation complex formation by changes in chemical shift and
coupling constants. Solid-state NMR can further explain the complete polymer structure,
distinguishing between template-imprinted sites and cross-linked regions. Both techniques
are also applied for template removal confirmation by comparing spectral data, and the
mobility of the polymer chains near the imprinted sites can be evaluated by NMR relaxation
measurements, thus offering a more detailed view of binding mechanisms. The integration
of these techniques makes comprehensive characterisation possible, which is necessary
to optimise functionality and specificity in MIPs [34,40,42,43]. Guo et al. [34] used the
integration of FTIR and 3C-NMR to confirm the structural incorporation and chemical
transformations through the synthesis of an EC molecularly imprinted sensor (EC-MIS)
using MIP surface modification. Guo et al. [35] confirmed the success of the DA reac-
tion in DA-MIP by 3C NMR. Key observations comprised the emergence of a signal at
~90 ppm, attributed to C8, the broadening of the carbonyl group peaks (~33.0 ppm), and
the disappearance of furan ring signals (~110.4 ppm and ~141.1 ppm). Moreover, novel
peaks appearing at 140.0 ppm for the C9/C10 carbon skeleton and 169.6 ppm for carbonyl
groups indicated the DA bond and involvement of maleimide, thus confirming that the
reaction occurred.

Techniques for morphological characterisation are vital for understanding and refining
the surface and physical properties of MIPs. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) can be applied to evaluate surface morphology
and particle size, providing vital details on the homogeneity and porosity of MIPs, which
have a direct bearing on analyte diffusion and binding site accessibility. TEM can pro-
vide nanostructural details of thin films and surface-coated MIPs, including core-shell
homogeneity and layer thickness [44]. Particle size analysis, usually carried out by laser
diffraction or dynamic light scattering (DLS), provides quantitative data about particle size
distribution and dispersion stability. In combination with BET analysis, these techniques
characterise the surface area (m?/g), pore volume (cm>/g), and pore size distribution, thus
providing a full understanding of the physical framework of MIPs. BET usually shows
higher surface areas in MIPs compared to NIPs due to the creation of template-induced cav-
ities [43]. For surface-deposited MIPs (e.g., films, membranes, sensor layers), atomic force
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microscopy (AFM) provides high-resolution topographical maps, quantifying roughness
parameters that influence binding performance. Insights into the wettability and chemical
functionality of MIP surfaces can be obtained by static contact angle (SCA) measurements,
which correlate surface hydrophobicity or hydrophilicity to functional monomer-template
interactions. X-ray photoelectron spectroscopy (XPS), conducted for the confirmation of
template removal, also provides information related to changes in elemental composition
and the chemical state of the polymer matrix, often detecting residual template or func-
tional group changes post-synthesis. To confirm the preliminary data obtained by FTIR,
Han et al. [45] used XPS analysis to detect a peak at 288.8 eV in the C 1 s region, confirming
that the Schiff base reaction had taken place between the main amine and aldehyde groups
and consequently demonstrating that carbazole-based COFs were successfully synthesised.
In the meantime, quartz crystal microbalance (QCM) offers real-time, label-free monitoring
of the binding and unbinding events of target analytes and is thus of particular use in the
study of MIP selectivity and affinity under different conditions. Further techniques such
as ellipsometry are also applied to measure the thin film thickness and optical properties,
which complement the morphological characterisation of MIPs in detail [17,35,39,43].

The quantification of the binding affinity and site distribution can be measured through
adsorption isotherm models (e.g., Langmuir, Freundlich, Jovanovic, Scatchard, Langmuir—
Freundlich), demonstrating the efficiency of MIPs in the selective detection of ECs from
similar molecules. Monolayer adsorption on a surface with homogenous binding sites
is proved by the Langmuir isotherm model, which admits homogeneous adsorption on
a surface. The Langmuir isotherm model assumes that sorption occurs at particular uni-
form sites on the adsorbent; if a site is already occupied by the template molecule, more
adsorption at that precise site is not feasible. An empirical formula assuming heteroge-
neous surface energy is the Freundlich isotherm model. The intercept of the linearised
Freundlich plot, known as the heterogeneity index (m), indicates the surface’s binding
site heterogeneity, where a value of m close to 1 suggests homogeneous sites and a value
near 0 indicates heterogeneous sites. Models like the Scatchard and Langmuir-Freundlich
isotherms integrate features of these basic isotherms for further precision in describing MIP
binding dynamics [17,45,46]. Adsorption kinetics frequently follow pseudo-second-order
models, revealing specificity in the interaction between the EC and MIP binding sites, with
the interaction being controlled by chemisorption. This model indicates that MIPs designed
for EC have quick binding rates, particularly when surface-imprinted polymers are applied
to improve accessibility and decrease diffusion restrictions in complex matrices [35,47,48].
According to Wu et al. [49], a pseudo-second-order kinetic model could accurately depict
the adsorption reaction of MIPs towards EC. The correlation coefficient (R?) value derived
from the fitting curve (t/Qt vs. t) was 0.9991, and the Qe value derived from the linear
regression model’s slope was 3.91 mg/g, which was in good agreement with the experi-
mental Qe value of 3.84 mg/g. As a result, chemical adsorption mechanisms that involve
electron sharing between MIPs and EC regulate the adsorption process.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), which
are thermal characterisation techniques, are utilised to evaluate the thermal degradation
pattern of MIPs in comparison to their NIPs. These techniques provide specific perceptions
concerning the temperature range for the safe application of MIPs. TGA is of special impor-
tance in the optimisation of synthesis protocols due to the identification of residual solvents,
unreacted monomers, or cross-linkers. In addition, TGA is performed to assess the thermal
stability of MIPs concerning NIPs and to confirm the complete removal of templates, hence
the efficiency of washing cycles [17]. Guo et al. [35], using TGA and DSG, observed different
thermal properties of DA-MIPs and rDA (retro DA)-MIPs in terms of EC adsorption. No
significant difference in thermal stability between MIPs and DA-MIPs was observed using
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TCA curves. Both showed a total weight loss of 19-23% up to 600 °C, suggesting suitable
thermal properties. DSC of DA-MIPs displayed an endothermic peak at ~130 °C, attributed
to the fracture of DA adduct bonds, missing in MIPs and rDA-MIPs, which assured the
presence of DA bonds in DA-MIPs. Thermodynamic studies on the adsorption of EC onto
MIPs generally indicate exothermic and enthalpy-driven processes, which means that the
optimal binding occurs under moderate-to-low temperatures. MIPs for EC are stable in the
pH range relevant to alcoholic beverages, i.e., pH 34, and they maintain selective binding
performance without degradation at moderate ethanol concentrations of up to 40% v/v,
which is an indispensable requirement for stability in spirits and wines and generally in
alcohol-rich matrices. Such properties further underline the suitability of MIPs for the
selective removal of EC from different types of fermented alcoholic beverages, offering
various beverage compositions in terms of robustness and effectiveness.

5. Molecularly Imprinted Polymers for Ethyl Carbamate Removal from
Fermented Alcoholic Beverages

Recent studies have explored approaches to selectively remove, either indirectly
(e.g., inhibiting the urea formation) or directly, EC from fermented alcoholic beverages
without altering sensory properties (e.g., aroma, taste, and colour), which are essential
to the product’s character and market value. Integrating MIPs into beverage production
and processing enable the extraction of EC and its precursors, thereby reducing both
its formation and concentration. Practical applications, such as incorporating MIPs into
filtration systems or solid-phase extraction (SPE) processes, highlight effective strategies
for lowering EC levels in fermented alcoholic beverages, as shown in Table 2 [33,50,51]. So
far, relatively few publications have discussed the binding or recognition capabilities of
MIPs concerning EC, as well as its precursors.

Regarding indirect EC removal from fermented alcoholic beverages, urea is one of the
most prominent and well-studied precursors in EC production. In yeast cells, enzymatic
hydrolysis of arginine generates nearly 90% of EC from urea, indicating that reducing urea
levels in fermented alcoholic beverages could significantly decrease the EC content. In
this sense, Meng et al. [41] developed an azide COF-embedded MIP (COFs ,,iqc)@MIPs)
platform for urea adsorption and indirect EC removal from Huangjiu. The platform’s via-
bility was demonstrated through the spiking recovery of Huangjiu samples, with recovery
rates ranging from 88% to 109%, as shown in Table 2. In addition, the processing model
attained a 39% reduction in EC levels, demonstrating the potential for addressing health
concerns linked to fermented alcoholic beverages due to efficiently capturing and elimi-
nating beverage hazards. Moreover, Meng et al. [52] developed a COFs,,iqe) framework
conjugated with bionic antibody microspheres, namely COFs,,i4¢)@BAs, which precisely
adsorbed urea, consequently reducing the EC levels in Huangjiu via indirect control. The
spiked recoveries of Huangjiu samples varied from 85% to 110%, with a relative standard
deviation (RSD) lower than 2.12%. In the simulated system, the COFs,,iq¢)@BAs displayed
the effective inhibition of EC, since the initial EC concentration was reduced from 103 mg/L
to 75 mg/L, representing an inhibition rate of 27%.
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Table 2. Indirect and direct approaches to remove ethyl carbamate from fermented

alcoholic beverages.

Matrix

MIP or

Modified MIP Main Results

Ref

Indirect approach

Huangjiu

LOD =16 ng/L

Linearity range: 0-5 nug/L
COFs(azide)@MIPs Recovery: 88-109%

The processing model attained a 39%

reduction in EC levels

[41]

Huangjiu

LOD =13ng/L

Linearity range: 0.05-5 pug/L

Recovery: 85-110%

The initial EC concentration was reduced
from 103 mg/L to 75 mg/L, representing an
inhibition rate of 27%

COFs(azide)@BAs

(52]

Direct approach

Rice wine,
fruit brandy

Recovery: 84-102%

MIPs-SERS is suitable for EC quantification
and can quickly and precisely remove EC
from rice wine and fruit brandy

MIPs-SERS

[49]

Liquor

Recovery = 87-116%

Fe;0,@COFs demonstrated excellent
stability and exceptional performance in
removing EC from liquor

FE3 04 @COFs

(48]

Huangjiu

LOD =5.86 ug/L
EC-MIS proved to be suitable for EC
detection and, consequently, EC removal

MIPs based on
-cyclodextrin derivatives

[34]

Baijiu, Huangjiu,
plum wine

LOD =607 ng/L
Recovery: 85-109%

COFs(carbazole)@MIPs MIPs on carbazole-based COFs were
suitable to selectively quantify EC in a
diversity of fermented alcoholic beverages

[45]

Liquors

LOD = 0.57-0.94 ug/L

Recovery = 84-144%

CDs@MIPs proved to be highly efficient in
the recognition of trace EC in real samples

CDs@MIPs

(33]

Baijiu, Huangjiu

LOD = 0.82-1.65 ug/L
Recovery = 84-107%

GFPNs@PMIPs GFPNs@PMIPs demonstrated specific EC
recognition and removal via the
charge-transfer effect

[51]

Distilled spirits

LOD =37nM
Recovery = 99-100%

MIP/rGO/SPCE MIP /rGO/SPCE provides a novel
opportunity for the real-time detection of
EC without sample pretreatment

[36]

Abbreviations: CDs@MIPs—biomass carbon dots embedded in molecularly imprinted polymers; EC—ethyl
carbamate; Fe30;@COFs—magnetic iron oxide@covalent organic frameworks; GFPNs@PMIPs—genipin-
H-Phe-Phe-OH nanoparticles@peptide-based molecularly imprinted polymers; LOD—Ilimit of detection;
MIP/rGO/SPCE—molecularly imprinted polymers/reduced graphene oxide/screen-printed carbon composite
electrode; MIPs-SERS—molecularly imprinted polymers and surface-enhanced Raman spectroscopy.
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Regarding direct EC removal, Baggiani et al. [21] used acrylamide and methacrylic
acid as functional monomers to develop two types of MIPs to recognise and capture EC. In
this study, chloroform was also used as a porogen to enhance polymer selectivity, and the
results highlighted that the carbamate group was critical for recognition; the shape and size
of the substituents further modulated the selectivity in favour of analogues slightly larger
than the template. As a result, methacrylic acid became the preferred functional monomer
in later studies on MIP synthesis via bulk polymerisation. With their low cost and robust
structures, MIPs see growing use as recognition elements in sensors, and a major trend in
current sensor research involves integrating MIPs’ selective recognition abilities with the
sensitivity of electrochemical detection. Yan et al. [48] proposed an efficient approach for
eliminating EC from liquors using a magnetic mesoporous adsorbent (Fe304@COFs) with
great adsorption effectiveness and quick action. The adsorption process was monitored
by gas chromatography—-tandem mass spectrometry (GC-MS/MS), and it was found that
the Fe304,@COFs adsorbent followed a pseudo-second-order kinetic model and attained
elevated recovery rates (87-116%) and a lower RSD < 5.8%. The Fe3sO4@COFs adsorbent
exhibited stability and a robust approach for EC removal, indicating its future pertinency
for pretreatment in liquors. Han et al. [51] exploited a peptide-based MIP (PMIP) platform,
using genipin-H-Phe-Phe-OH nanoparticles (GFPNs) as a fluorescent optosensing core for
EC detection. The obtained GFPNs@PMIPs showed a dual red-blue fluorescence with a
lower limit of detection (LOD, 0.82-1.65 pug/L) and high accuracy with spiked recoveries
rates ranging from 84% to 107%. Moreover, the platform was coupled with a smartphone
application for real-time and on-site detection, enabling visual confirmation utilising red
(R) value changes upon EC detection. This approach illustrates a new portable method for
monitoring of EC in fermented alcoholic beverages. Studies investigating MIP performance
for the removal of EC in fermented alcoholic beverages (wines, liquor, brandies) reveal that
MIPs generally retain their selective binding in alcoholic beverages. Moreover, MIPs are
used to selectively remove contaminants (e.g., ochratoxin A, bisphenol A, volatile phenols)
from fermented alcoholic beverages [53-57].

6. Comparison of MIT with Other Strategies to Reduce Ethyl Carbamate
in Fermented Alcoholic Beverages

Over recent decades, several traditional strategies have been implemented to mitigate
EC from fermented alcoholic beverages, such as the metabolic engineering modification
of yeast (e.g., enhancing the expressions of DUR3), enzymatic methods (e.g., adding
acid urease), chemical (e.g., copper catalysts), and physical (e.g., charcoal filtration, low
temperature, deoxygenated conditions, de-stoning process) [58], as shown in Figure 5.

Wau et al. [59] developed a metabolically engineered yeast strain, N§5PUR1,2/DURS_¢,
to decrease the level of EC in Chinese rice wine. Overexpression of the DUR3 gene was
mediated by a CRISPR/Cas9 system and resulted in 92% and 59% reductions in urea and
EC concentrations, respectively, compared to the original strain. The engineered strain
showed genetic stability and did not affect yeast growth or fermentation performance, mak-
ing it a promising candidate for application in rice wine production with reduced EC levels.
Han et al. [60] genetically engineered Saccharomyces cerevisiae strains to destroy EC using
the urethanase gene (UreA) from Micrococcus species, which converts EC into ethanol and
ammonia. Surface-displayed urethanase (EBY100/Aga2-UreA) showed the greatest degra-
dation efficiency, eliminating 476 mg/L EC in 84 h, a 31% enhancement over extracellular
UreA expression. Under pH 5.0 conditions in the bioreactor, this strain degraded an addi-
tional 519 mg/L EC, thus demonstrating the effectiveness of enzyme surface display for
reducing toxic compounds during fermentation processes. Dong et al. [61] isolated a novel
EC hydrolase (ECH) from Acinetobacter calcoaceticus with a high specificity of 68.31 U/mg
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and excellent tolerance to extreme conditions (e.g., ethanol, retaining up to 40% activity at
60% ethanol within 1 h) and elevated salt concentrations. The immobilised ECH decreased
71.6 ng/L of the EC in the liquor in 12 h with insignificant influence on flavour molecules,
suggesting this may hold industrial applications for fermented alcoholic beverage improve-
ment. However, all these approaches usually have disadvantages, e.g., low scalability
(e.g., metabolic engineering), potential off-flavours or toxicity (e.g., copper catalysts), el-
evated operational costs (e.g., enzymatic treatments), and low efficacy under industrial
fermentation conditions (e.g., physical methods) [58]. MIPs have higher initial costs and
face regulatory challenges, but in several key respects, this approach outperforms tradi-
tional strategies for EC removal in beverage production due to their superior performance
in terms of selectivity (yielding up to 84% efficiency in fermented alcoholic beverages) and
their excellent cyclic stability and reusability. In addition, preservation of beverage quality
is ensured by the minimum removal of desirable flavour compounds, and the method is
cost-effective over the long term, even considering the higher initial synthesis costs. In
contrast, most traditional strategies, such as enzymatic degradation or physical adsorption,
usually lack specificity; they often require more frequent material replacement or regenera-
tion and can also remove other components inadvertently, compromising beverage quality.
From an economic perspective, the feasibility of applying MIP technology will be measured
in terms of production costs, scalability, and efficiency relative to traditional mitigation
strategies. While MIPs have the potential to offer high selectivity and recyclability and
potentially lower waste product generation, preparation and processing may be more costly.
However, if MIPs have enhanced contaminant removal efficiency with reduced replacement
frequency and total operating cost, they could prove to be a low-cost alternative in the long
run. A sound cost-benefit analysis would be essential to ascertain their economic viability
compared to traditional strategies (e.g., activated carbon filtration, ion exchange) [13,61,62].
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Figure 5. Traditional strategies to mitigate ethyl carbamate from fermented alcoholic beverages.

7. Challenges and Future Directions

The applicability of MIPs to remove or inhibit EC in fermented alcoholic beverages
represents a suitable approach to food safety. However, several challenges should be
considered, such as reproducibility, cost, process scalability, quality control, and material
handling, before scaling up the production of MIPs for EC removal. For enormous batch
runs of reliable quality and performance, the synthesis parameters of temperature, mix-
ing durations, and monomer-template ratios might be crucial. It is difficult to guarantee
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consistency in binding capacity and selectivity for EC on a larger scale, since even little
adjustments to these parameters might have a significant impact on the binding character-
istics of this polymer. The initial investment in the manufacture of MIPs can be very high,
especially due to the special materials required for synthesis and controlled environments
for optimal polymerisation. In addition, costs related to optimisation and validation of
production processes are extremely high, especially for small- and medium-sized pro-
ducers that may not have many resources. Most approaches to MIP synthesis effective
at a laboratory scale will not translate industrially, since polymerisation techniques have
disadvantages; poor mixing and heat transfer can occur, which could compromise quality
and properties in large volumes of MIPs. Ensuring quality control in large-scale production
is vital for maintaining the specifications that MIPs must meet for EC binding. Rigorous
testing and characterisation will add to the complexity and expense of such a production
process. Large-scale processing and handling could also present a problem of material
stability and degradation, especially if the products or starting material consists of labile
compounds [44,50,63]. Organic solvents and chemicals used during synthesis may often
pose environmental hazards unless subjected to proper management. The use of fewer toxic
solvents and some alternative methods of polymerisation are some of the green chemistry
principles that minimise environmental impacts during MIP production. The residuals of
MIPs and the remaining chemicals used for their synthesis are difficult to dispose of. If
MIPs are prepared for single use, they can be one of the causes of waste generation. For this
purpose, sustainable disposal techniques need to be developed. This issue can be overcome
by research on biodegradable alternatives or any recycling methods for MIPs. The life
cycle assessment of MIPs will help to show the environmental impacts from production
to disposal. A holistic view can point out areas that need improvement in the production
process for sustainability [64].

The introduction of MIPs into the production of fermented alcoholic beverages is
subject to food safety legislations, which vary by region. These usually require a full safety
assessment by relevant regulatory bodies, such as the FDA in the United States or EFSA in
Europe, to confirm that MIPs will not leach harmful substances into fermented beverages
or otherwise affect the quality of the beverage. All new materials coming into contact
with food, including MIPs, will need to be rigorously evaluated and approved regarding
their safety, efficacy, and interaction with food components. This can include detailed
studies on the migration of chemical compounds, their eventual toxicity, and long-term
effects on consumers. Moreover, if in direct contact with beverages or food products, MIP
materials must comply with Regulation (EC) No 1935/2004 [65,66]. The regulation lays
down general safety and inertness principles for all food-contacting materials so that they
do not transfer constituents to food at levels harmful to human health or change food
composition, taste, and odour in an unacceptable way [65]. On the other hand, if the MIP
radically alters the nature or makeup of the food product, it would be within the scope of
Novel Food Regulation (EU) 2015/2283 and would have to be authorised. The regulation
provides a regulatory framework for placing novel foods on the European Union market
to grant a high level of protection for human health and the interests of consumers [67].
The problems a winery might experience concern labelling requirements and conformance
with local and international standards. Extra administrative work is required regarding
MIP-treated beverages to meet their criteria for marketing and consumer information
without compromising safety or environmental integrity.

Future research on MIPs for applications in fermented alcoholic beverage production
and other industries will likely involve the following areas of high promise: advanced
MIP materials, hybrid MIP nanocomposites, artificial intelligence (Al) in MIP design,
sustainability in MIP production, and long-term stability and reusability. Therefore, inves-
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tigating novel monomers, cross-linkers, and templates can lead to MIPs with improved
selectivity and binding capacities. The development of hybrid materials, combining MIPs
with nanoparticles or other functional materials, will allow for the improvement of me-
chanical stability, surface area, and binding kinetics. By incorporating machine learning
and computational modelling into the design process, MIP selectivity and synthesis effi-
ciency may be significantly improved. Al will enable synthesis condition optimisation,
template—-monomer interaction prediction, and the identification of the optimal polymer
topologies to target a particular analyte. Sustainability in synthesis will reduce the environ-
mental impact of MIP manufacturing, including the development of more environmentally
friendly solvents or waste-derived feedstocks. Important information for consumer safety
will be obtained from further studies on the long-term stability, regeneration processes, and
cost-effectiveness of MIPs in diverse fermented beverage matrices. Investigating these fields
will help create more effective, economical, and ecologically friendly MIP technologies that
improve performance and selectivity in applications like winemaking and others [50].

8. Conclusions

MIPs provide a direct or indirect efficient and selective strategy for removing EC
from fermented alcoholic beverages. Compared to traditional adsorbents, their design
enables increased binding capabilities by specifically recognising EC. Studies show that
MIPs may sustain binding performance across several cycles, which increases their cost-
effectiveness and makes them a feasible option for long-term fermented alcoholic beverage
processing applications. Their selective properties contribute to reducing the possibility
of binding to non-target components; consequently, MIPs are indispensable in solving
EC problems in fermented alcoholic beverages without changing their sensory properties
(e.g., taste, colour, odour). The continued development of MIP technology increases their
potential for commercial applications, namely, the integration of MIPs into the production
of fermented alcoholic beverages without sacrificing quality with practical selection as
food safety regulations constrict and consumer consciousness of pollutants grows. Scal-
ability of production and continuous research towards the improvement of MIP designs
support their practicality in large-scale beverage production, hence positioning them as a
prime instrument in pioneering production processes. Methacrylic-acid-based polymers,
polystyrene, polyacrylamide, silica-based polymers, and hybrid organic-inorganic mate-
rials exhibit promising MIP matrices. Most MIPs are based on methacrylic acid due to
the high hydrogen bonding between methacrylic acid and EC, which enhances the selec-
tivity and adsorption efficiency. Silica-based MIPs have excellent thermal and chemical
stability and, hence, may find applications at the industrial level. Hybrid materials with
inorganic elements have superior mechanical strength and reusability; hence, they are more
suitable for large-scale applications in beverage processing. These latest developments
ensure that MIPs are among the modern approaches for the removal of ECs in fermented
alcoholic beverages.
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