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Abstract

Wine alcoholic fermentation occurs in a dynamic biochemical environment where inter-
actions between the vessel and the product can cause inorganic and organic species to
migrate into the fermenting must or wine. At low pH and with rising ethanol levels,
fermentation tanks made of stainless steel, concrete or cementitious materials, ceramics, or
polymers exhibit material-specific behaviors that may promote the release of toxic trace
elements or alter technologically important ions. These changes can affect yeast physiology,
fermentation kinetics, and matrix stability, directly impacting wine safety and quality. They
may also influence the evolution of key fermentation metabolites and phenolic constituents,
thereby affecting process performance, color development, oxidative stability, and other
quality-related attributes. This review synthesizes current evidence on migration mech-
anisms and examines how vessel composition shapes the chemical and microbiological
profile of fermentation. It also critically evaluates biosensor technologies—covering both
biorecognition elements and signal-transduction strategies—and assesses the transition
from laboratory prototypes to in situ or at-line implementations capable of detecting both
migration-related events and process-relevant compositional changes with operational
value for HACCP-based control. Electrochemical, optical, bienzymatic, and nanozyme-
enabled platforms are discussed in terms of selectivity, matrix compatibility, and long-term
functional stability under polyphenol and protein interference, CO, variability, fouling
and biofouling, and calibration drift. Particular attention is given to analytes associated
with vessel-derived migrants and to biosensor targets related to fermentation metabolites
and phenolic indicators, which support dynamic process monitoring and quality-focused
decision making. Considering regulatory compliance requirements across the EU, US, and
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1. Introduction

Alcoholic fermentation is the fundamental biotechnological process in winemaking
and is recognized as a Critical Control Point (CCP) within HACCP systems. It involves
intense microbial activity and rapid physicochemical changes that determine the safety
and quality of the final product [1]. During fermentation, food safety risks may arise from
endogenous compounds produced directly or indirectly by yeasts, such as biogenic amines
and ethyl carbamate, as well as from exogenous contaminants, including heavy metals
and other inorganic or organic migrants [2]. In this context, fermentation vessels are no
longer viewed as passive containers but are redefined as active food contact materials
(FCMs) that interact chemically with the fermenting must [3]. The aggressive environ-
ment of fermentation—characterized by low pH, the presence of ethanol, and thermal
fluctuations—favors corrosion and material-dependent leaching, potentially leading to the
migration of inorganic or organic constituents from the material matrix into the wine [4].
These vessel-matrix interactions may also influence the evolution of key fermentation
metabolites and phenolic constituents, affecting chemical safety, fermentation kinetics,
oxidative stability, color development, and overall product quality [5-7].

The economic and operational impact of these interactions is significant. The un-
controlled migration of substances not only poses toxicity risks to consumers but also
disrupts the delicate chemical equilibrium of fermentation, affecting yeast metabolism
and irreversibly altering the organoleptic profile of the product. Although the literature
includes reviews on the development of biosensors for determining standard oenological
parameters [8-10], a significant scientific and technological gap remains at the intersection
of materials science and biosensing. In particular, limited attention has been given to
biosensing strategies that link vessel-derived migration phenomena with process-level
indicators, such as fermentation metabolites and phenolic parameters, which may provide
complementary information on fermentation performance and wine quality evolution un-
der real operating conditions [11,12]. Specifically, there is a lack of systematic investigation
into the use of biosensors for monitoring the structural integrity of fermentation vessels
and detecting the migration of constituents from tank walls to the must. Currently, control
of such contaminants relies exclusively on conventional analytical methods [13,14]. While
these methods are accurate, they are time-consuming, require expensive laboratory equip-
ment, and provide only a static snapshot of quality, failing to capture the dynamic evolution
of corrosion or leaching during fermentation. Consequently, there is no comprehensive
approach evaluating how modern biosensors could replace cumbersome laboratory tech-
niques and offer early warning solutions that are both economically viable and accessible
to small and medium-sized enterprises (SMEs).

The aim of this work is to address this gap through a systematic analysis of fermenta-
tion vessels as active sources of contamination and process perturbation, and to evaluate
the maturity of modern biosensor platforms for detecting the associated risks and compo-
sitional changes. The analysis goes beyond a simple inventory of sensors by considering
vessel-derived substances not only as potential toxic contaminants for consumers, but
also as factors capable of altering microbial physiology, fermentation kinetics, metabo-
lite evolution, and phenolic profiles, ultimately affecting the organoleptic properties and
technological stability of wine. Specifically, the objectives of this review are:

(a) Mapping migration mechanisms: To analyze the phenomena leading to the release
of undesirable substances from the four main material categories under the specific
conditions of alcoholic fermentation.

(b) Evaluating the analytical adequacy of biosensors: To examine available biosensing
technologies for their ability to function reliably within the complex wine matrix
in detecting migrating contaminants and monitoring process-relevant metabolites
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and phenolic indicators, with particular emphasis on selectivity against interferences,
limits of detection (LODs), and the stability of biosensing materials.

(c) Proposing an integration framework: To develop a practical model for integrating
sensors into production lines as tools for safety monitoring and process- and quality-
oriented decision support, in a way that is economically viable for SMEs and supports
the transition to digitalized winemaking.

(d) Highlighting regulatory and standardization gaps: To identify asymmetries in the cur-
rent legislative framework regarding food contact materials and to propose measures
for certifying the safety of biosensors themselves when immersed in food matrices.

2. Methods

This work is a structured narrative review with a transparent and reproducible search
and source-selection process (PRISMA 2020-style flow diagram), aiming to critically synthe-
size evidence on (i) migration and leaching mechanisms of inorganic and organic species
from wine fermentation vessel materials under real alcoholic fermentation conditions and
(ii) biosensor technologies capable of supporting the detection of relevant migration events
in must and wine matrices, with operational value for HACCP-oriented monitoring. The
primary search window covered 2010-2025; earlier studies were included only when they
introduced foundational concepts or pivotal proof-of-concept evidence directly relevant to
the material-hydroalcoholic matrix interface.

Databases and search strategy. Literature was retrieved from Scopus and ScienceDi-
rect, with PubMed additionally used to strengthen coverage of biosensor-related literature,
particularly biorecognition and signal-transduction concepts. Searches used combinations
of terms addressing: (a) wine and must fermentation and fermentation vessels as food-
contact materials (stainless steel, ceramics/amphorae, concrete/cementitious materials,
polymers), (b) corrosion, leaching, migration phenomena, and relevant analytes (migration,
leaching, corrosion, trace metals, plasticizers, BPA, phthalates), (c) process-related compo-
sitional indicators, including ethanol, methanol, higher alcohols, acetaldehyde, organic
acids, total phenolics, anthocyanins, and color- or oxidation-related phenolic parameters,
and (d) biosensor technologies (aptamers, DNAzymes, molecularly imprinted polymers,
electrochemical and optical sensing, screen-printed electrodes, anodic stripping voltam-
metry), explicitly considering matrix interference and surface contamination phenomena
(fouling and biofouling) in complex matrices. A complementary identification strategy was
applied through backward and forward citation chasing. The last search was performed on
6 March 2026.

Screening and eligibility criteria. Duplicate records were removed before title and
abstract screening, followed by full-text assessment. Screening was performed by two
authors, with disagreements resolved by consensus. Peer-reviewed original studies and
reviews were included, along with selected authoritative regulatory or technical docu-
ments when necessary to substantiate food-contact compliance requirements and HACCP
integration. Sources were excluded when they lacked substantive relevance to migration
or leaching from food-contact materials under acidic or hydroalcoholic conditions, or to
biosensors targeting relevant inorganic or organic analytes in complex matrices, or to
biosensor platforms targeting fermentation metabolites and phenolic indicators relevant
to process performance and wine quality monitoring, particularly when performance or
validation evidence was insufficient or when interference and surface fouling or biofouling
were not clearly addressed. Studies from other application domains (food and beverage,
environmental, or biological samples) were included when they provided transferable
evidence on design choices and operational robustness (interferences, fouling or biofouling,
stability, calibration) critical for deployment in must and wine matrices.
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Source quality assessment and synthesis. Sources were assessed using fit-for-purpose
criteria to substantiate objectivity and scientific rigor. For migration and leaching studies,
priority was given to clearly reported exposure conditions (pH, % ethanol, temperature,
contact time), adequate material or surface characterization, and the use of established
reference analytical methods. For biosensor studies, the assessment considered biorecogni-
tion and transduction type, limits of detection and linearity relative to critical thresholds,
performance in real or equivalently challenging matrices (recovery, accuracy, repeatability),
interference management, antifouling and anti-biofouling strategies, stability, and calibra-
tion requirements. For studies addressing fermentation metabolites and phenolic indicators,
the assessment also considered their suitability for process monitoring, quality-oriented
interpretation, and applicability under real or winery-relevant conditions. Meta-analysis
was not performed because heterogeneity across studies (materials, exposure conditions,
matrix types, and biosensor performance metrics) did not allow reliable statistical pooling;
instead, a structured comparative synthesis was applied using summary tables and fit-for-
purpose criteria to derive conclusions on technological readiness and field applicability.
The identification, screening, and inclusion process is summarized in Figure 1.

Records identified from:
Databases/platforms (Scopus, ScienceDirect, PubMed) (n = 1000);
Other methods (citation chasing; OIV/EFSA/EU regulations; ISO
standards; books) (n = 68)

Records removed before screening:
I Duplicate records removed (n = 205)
Records removed for other reasons (1 = 0)

o
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A\ 4 fermentation under hydroalcoholic/
Reports assessed for eligibility hydroalcoholic/acidic conditions (1 =48)

(n =496) - packaging-only/non-fermentation contact
scenario (n =28)
- biosensor studies only in buffer with no matrix
v validation or interference/fouling assessment (1
=45)
Studies included in review - insufficient methodological detail/non peer-
(n=352) reviewed sources (n = 22)

Figure 1. Flow diagram of the literature search, screening, eligibility assessment, and final selection
of studies included in this narrative review.

3. Fermentation Contact Materials in Winemaking
3.1. Fermentation Vessels as Food Contact Materials

In modern winemaking, fermentation vessels are critical food contact materials (FCMs)
because they remain in direct and prolonged contact with an acidic, ethanolic, and chem-
ically active matrix [1,15]. Although often considered technologically neutral process-
ing units, the physicochemical conditions of alcoholic fermentation (pH 3—4, presence of
ethanol, sulfur dioxide, organic acids, and fluctuating temperature) can promote corrosion,
leaching, or material aging, leading to the migration of inorganic or organic constituents
into the fermenting medium [16-18].

Stainless steel remains the dominant material for fermentation tanks due to its high
corrosion resistance, non-porous and hygienic surface, and capacity for precise temper-
ature control. The most commonly used grades are AISI 304 and AISI 316, the latter
offering enhanced resistance to acidic and chloride-rich environments due to the pres-
ence of molybdenum [19,20]. Nevertheless, the acidic nature of grape must and wine,
combined with ethanol, SO;, and organic acids, may weaken the passive oxide layer and
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result in the release of Ni?*, Cr®*, and Fe?* /Fe3* ions into the fermenting matrix [21].
Although most available studies originate from other acidic food systems or simulants,
increased Ni and Cr concentrations have been reported under low-pH conditions [17].
The extent of metal release depends on alloy quality, surface integrity, must composition,
contact time, temperature fluctuations, and cleaning-in-place (CIP) procedures. Nickel
is of particular concern due to its allergenic potential and, together with chromium, is
among the elements monitored under European and international food contact material
regulations [22]. Consequently, stainless steel cannot be considered fully inert under
fermentation conditions [23,24].

Ceramic vessels, including traditional and modern amphorae, have re-emerged in
winemaking but present distinct challenges from a food contact material perspective [25,26].
The mineralogical composition of the clay and, most importantly, the quality, composition,
and stability of the glaze determine the risk of heavy metal migration. The release of
Pb?* and Cd?* into acidic and ethanolic matrices is well documented, particularly when
glazes are of poor quality, aged, or insufficiently fired [27-29]. Experimental data using
model wine solutions (12% ethanol, pH ~3.5) confirm measurable leaching of Pb and Cd
from degraded or unevenly glazed surfaces [28,30]. Although model systems do not fully
reproduce the dynamic conditions of fermentation—such as CO; evolution, temperature
fluctuations, and the presence of colloidal components—they indicate that surface stability
is a critical safety factor. In the European Union, ceramic food contact materials are
regulated through specific migration limits for Pb and Cd (Directive 84/500/EEC and its
amendment 2005/31/EC) [31,32]. However, compliance studies show that traditional or
artisanal vessels may exceed these limits [33]. Mitigation strategies, including low-lead or
lead-free glazes, high-temperature firing, and internal coatings, may introduce additional
sources of organic migration under acidic and ethanolic conditions [34].

Concrete and cement-based tanks are an emerging trend, particularly in small-scale
and quality-oriented winemaking [35]. Despite their technological advantages, their chemi-
cal inertness under fermentation conditions remains poorly characterized [36]. Available
evidence is largely derived from drinking water studies, where the release of CaZ*, K*,
AI%*, and trace metals has been reported as a result of hydration and carbonation processes
within the cementitious matrix [37]. The dissolution of Ca(OH); followed by CaCOj3 forma-
tion may increase porosity and promote element release [38,39]. Although fermentation
conditions differ substantially—due to acidic pH, ethanol, and phenolic compounds—these
findings suggest that concrete is not inherently inert. The potential release of Ca’* may
affect wine ionic balance and contribute to tartrate precipitation, with implications for
product stability. From a regulatory standpoint, cement-based materials are not covered by
harmonized EU-specific migration limits beyond the general safety requirement of Regula-
tion (EC) No 1935/2004 [3], creating uncertainty regarding long-term safety assessment.

Polymeric vessels (PET, HDPE, PP) are primarily used as low-cost solutions but
present significant challenges as food contact materials [40]. The acidic and ethanolic
nature of grape must can promote the migration of residual catalysts or additives. PET
has been associated with antimony (Sb) release, especially at higher ethanol concentra-
tions or temperatures [41]. In HDPE and PP, the release of monomers, oligomers, and
low-molecular-weight compounds has been reported, particularly after repeated use [42].
Additionally, plasticizers such as phthalates (DEHP, DBP) and bisphenol A (BPA) have
been detected in wines and other beverages at ug/L levels [43]. These substances are
regulated by specific migration limits under Regulation (EU) 10/2011 [44], but compliance
is strongly affected by polymer type, contact duration, acidity, ethanol concentration, and
temperature [45,46]. Occasional use of non-certified containers in small wineries further
increases potential risk.
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Opverall, analysis of the main categories of fermentation vessels shows that no material
is completely inert under winemaking conditions. Migration of inorganic and organic
constituents depends on material type, surface condition, and the dynamic physicochemical
environment of fermentation. The lack of systematic studies under real fermentation
conditions—particularly for non-conventional materials such as concrete—underscores
the need for targeted monitoring strategies. Figure 2 schematically summarizes the main
categories of fermentation vessels, highlighting their key functional advantages and the
specific migration-related risks associated with each material.
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Figure 2. Fermentation vessel materials and their migration-related risks.

3.2. Migration Mechanisms Under Alcoholic Fermentation Conditions

The migration of chemical constituents from fermentation vessels into grape must or
wine is governed by a combination of physicochemical factors that change dynamically
throughout alcoholic fermentation [47,48]. These conditions differ substantially from those
used in standard migration tests or simplified food simulants, making material behavior
highly dependent on the actual processing environment [49]. The low pH of grape must
and wine (typically 3—4), along with the presence of organic acids (tartaric, malic, lactic),
increases the solubilization of inorganic components and promotes corrosion or leaching
at material surfaces. Acidic conditions can destabilize passive metal layers, enhance the
dissolution of metal oxides, and accelerate the migration of heavy metals or alkali and
alkaline earth ions [49-51]. Ethanol, whose concentration progressively increases during
fermentation, acts as a co-solvent and enhances the solubility of hydrophobic or partially
polar organic compounds. This effect is particularly relevant for the migration of organic
additives, monomers, or plasticizers from polymeric materials or surface coatings [52].
The combined action of ethanol and acidic pH substantially alters migration mechanisms
compared with non-alcoholic food matrices [53].

Sulfur dioxide (SO,), present in both free and bound forms, affects the redox envi-
ronment of fermentation and may contribute to chemical changes at material surfaces,
particularly metallic ones [54]. Fluctuations in redox potential during fermentation can
influence the stability of metal ions and the chemical forms in which they migrate into
the liquid matrix [55]. Contact time is a critical parameter, as fermentation involves pro-
longed interaction between the material and the product, often extending over several
weeks [56]. Temperature variations, whether controlled or localized, can accelerate the
kinetics of diffusion and chemical reactions, thereby enhancing migration, particularly in
porous or coated materials [57]. Cleaning and sanitization practices (cleaning-in-place,
CIP) have a decisive impact on the surface condition of fermentation vessels. Acidic or
alkaline detergents, oxidizing agents, and mechanical stress can alter protective surface
layers, increase roughness, and accelerate material aging. These effects are cumulative
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and become evident after repeated use cycles, complicating the prediction of long-term
material behavior [58,59].

A large proportion of the available literature relies on model solutions or food simu-
lants that do not fully reproduce the dynamic nature of alcoholic fermentation, including
ethanol evolution, CO, production, compositional changes, and the presence of colloidal
and microbial components. Conclusions drawn from such systems must therefore explicitly
acknowledge their limitations, as migration phenomena under real fermentation conditions
may differ both qualitatively and quantitatively.

3.3. Impact of Vessel-Derived Metals on Key Fermentation Metabolites and Phenolic Compounds

The migration of metals and ions from food contact materials during alcoholic fermen-
tation is not only a compliance issue; it can also cause measurable changes in the metabolic
fingerprint of must or wine, because ions act (i) as enzyme cofactors and regulators of yeast
homeostasis (Mg, K, Ca) and (ii) as catalysts of redox and oxidative reactions (mainly Cu
and Fe), which affect the alcohol-aldehyde-acid balance. Fermentation has a distinctive
dynamic: essential ions tend to be retained or accumulated, while transition and heavy
metals often decrease in the liquid phase due to binding to lees, without negating their
biochemical impact during the critical period of active fermentation [60,61].

For alcohols, the immediate impact of ion migration and availability is reflected mainly
in ethanol yield and the profile of higher alcohols (fusel alcohols). Adequate Mg and K
support yeast physiology and favor higher production of ethanol and aroma-related by-
products, whereas excess Ca may inhibit fermentation by competing with Mg uptake,
leading to lower fermentation performance [62—-64]. Conversely, when transition or toxic
metals migrate or are present at elevated levels, stress and inhibition are observed and
performance tends to deteriorate; a characteristic example is Cu, where copper stress alters
the growth and fermentative properties of S. cerevisine and may reduce ethanol production
at higher concentrations [65].

For acetaldehyde, the migration or presence of Cu and Fe has a particularly direct effect,
because these metals favor oxidative pathways and redox cycling that shift the balance
toward carbonyl formation. It has been shown that Cu(Il) levels in must affect acetaldehyde
concentration and simultaneously modify phenolic composition and color characteristics
in red and white wines [66]. Similarly, Fe in an acidic-alcoholic environment is linked
to the cycle of oxidative species [67], explaining why changes in metal speciation during
fermentation may increase the acetaldehyde burden when suitable oxidative conditions
are present.

For organic acids, the most visible immediate indicator is volatile acidity (acetic acid),
which responds strongly to ionic balance and yeast metabolic stress. Available evidence
shows that Mg and K are generally associated with more favorable fermentation and
reduced acetic acid production, whereas high Ca tends to hinder fermentation progress
(Mg—Ca antagonism) and lead to increased acetic acid. These observations and mechanistic
interpretations are supported by studies on the role of inorganic elements in fermentation
and by-products [63,64] and by experimental data showing that the addition of metal
ions affects the evolution and removal of acetic acid during fermentation [68]. In parallel,
transition metals (Cu and Fe) can increase the oxidative pressure of the system and shift
equilibria toward more oxidized products, thereby affecting the overall profile of organic
acids [61,65]. For heavy metals such as Pb and Cd, the direct product impact is mediated
through yeast toxicity and disruption of essential metal homeostasis. This can manifest as
sluggish or inhibited fermentation with a consequent shift in the metabolic profile (reduced
ethanol and higher alcohols, and altered organic acids), even if part of these metals is
removed from the liquid phase due to binding to lees. Relevant biological evidence is
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documented by studies on the effects of Cd on S. cerevisiae metabolism and essential
metals [69] and by a genomic approach to Pb sensitivity [70].

The migration of metal ions from fermentation vessels into must or wine can influence
the chemical behavior of phenolic compounds, primarily through complexation, redox
processes, and induced polymerization. Redox-active metals such as Fe?* /Fe* and Cu?*, in
particular, accelerate the oxidation of phenolics to quinones, increase oxygen consumption,
and contribute to changes in wine color and astringency [71-73]. These interactions are
especially important for anthocyanins and tannins, as they may enhance or destabilize
copigmentation phenomena and affect color stability [74]. In contrast, Ca®*, Mg?*, and
K* do not exhibit strong redox activity but modify the ionic balance and the stability of
complexes or precipitates, indirectly influencing wine structure and mouthfeel [75,76].
AIR* can also form complexes with flavonoids and anthocyanin structures, affecting the
chemical and color stability of phenolic systems [77]. Additionally, Pb%*, Cd?*, and Ni**
bind to phenolic or macromolecular fractions of wine, influencing their chemical form and
bioavailability, while the behavior of chromium depends on its speciation, with Cr(III)
showing a greater tendency for complexation and Cr(VI) exhibiting a stronger oxidative
character [78-80]. Overall, pH, phenolic structure, and the presence of metal ions determine
the stability of these complexes and ultimately influence the evolution of the sensory
characteristics of wine [81,82].

3.4. Critical Control Points (CCPs) During Alcoholic Fermentation Related to Vessel-Product Interactions

Alcoholic fermentation is a highly complex processing stage in which continuously
changing physicochemical and biological conditions can make the interaction between
the fermentation vessel and the product a critical food safety factor [83]. According to
Hazard Analysis and Critical Control Point (HACCP) principles, these interactions can
be identified as Critical Control Points (CCPs), particularly when materials that are not
fully inert remain in prolonged contact with the fermenting matrix [84]. Fermentation
vessels are a primary CCP because they can release inorganic or organic substances under
acidic and ethanolic conditions [85]. The release of metal ions from stainless steel surfaces
when the passive layer is compromised, the migration of Pb and Cd from ceramic glazes,
the leaching of ions from cementitious matrices, and the release of organic additives from
polymeric materials are documented or potential chemical hazards directly associated with
the fermentation stage [48,86-89]. The nature and extent of these risks depend on vessel
composition, surface condition, contact time, and processing conditions.

In addition to direct chemical migration, fermentation vessels may indirectly affect
food safety by influencing fermentation kinetics. Parameters such as oxygen transfer, ther-
mal inertia, and CO; release impact yeast metabolism and microbial dynamics, potentially
creating secondary CCPs related to sluggish or stuck fermentations and the subsequent for-
mation of undesirable metabolites, including biogenic amines, volatile sulfur compounds,
and increased volatile acidity [90,91]. Although these compounds do not originate from the
vessel material itself, vessel-process interactions can enable their formation. From a food
safety perspective, particular concern arises from chemical hazards with low acceptable
limits and cumulative toxicological effects, such as heavy metals and industrial organic
contaminants [92,93]. The literature identifies significant knowledge gaps regarding the
behavior of non-conventional fermentation vessels, especially concrete tanks, under real
winemaking conditions [88,89]. The lack of quantitative migration data limits the definition
of precise critical limits and constrains the effective implementation of HACCP-based
control strategies.

Beyond the formation of undesirable safety-related metabolites, vessel-product in-
teractions may also be evident in measurable changes in key fermentation metabolites
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and phenolic parameters. Variations in ethanol production, higher alcohol formation,
acetaldehyde accumulation, organic acid balance, and phenolic evolution do not alone
define vessel-related CCPs, but they may serve as early indicators of process disturbances
caused by ionic imbalance, oxidative stress, or vessel-derived migration phenomena. In
this context, such compositional changes are highly relevant within HACCP-based control,
as they provide supporting evidence that the interaction between the fermentation vessel
and the product is beginning to affect both process performance and product quality under
real winemaking conditions.

Therefore, fermentation vessels should not be viewed solely as technological equip-
ment but as active process elements that can influence both product safety and stability.
Recognizing vessel-product interactions as CCPs underscores the need for systematic
monitoring of critical parameters during fermentation and for developing evidence-based
risk management strategies tailored to real winemaking conditions. This monitoring frame-
work should address not only direct migration hazards but also selected process and
quality indicators, including fermentation metabolites and phenolic parameters, when
these provide early evidence of vessel-related process deviation under actual fermentation
conditions. Accordingly, vessel-product interactions should be considered material-specific
Critical Control Points (CCPs), as they may affect safety and process stability through direct
migration phenomena and related quality deviations, as summarized in Table 1.

Table 1. From fermentation vessel materials to Critical Control Points (CCPs): migration-driven risks
during alcoholic fermentation.

. Main Dominant Relevant CCP Possible Indirect
‘2 ‘;I:;elc[t:tt;gil;l Migrants Migration During K%F?ﬁgﬁs:igty Process/Quality Ref.
Reported Mechanisms Fermentation p Indicators
Potential allergenic .
Acidic pH, ethanol, .Che'mical response (Ni), metal i’i}%ﬁé:?;}fésé
Stainless steel Ni?*, Cr¥*, 50, Wealk ened mltgrlala_tlon ffrom accgmulatl;)n; increase, 17.19.22.23 89 94
304/316) Fe2+ /Fe3+ passive layer, metallic surfaces _ requires surface henolic [17,19,22,23,89,94]
( e~* /Fe p
aggressive CIP during active integrity monitoring oxidation, color
procedures fermentation and controlled instabiiity
cleaning practices
; ; ik Fermentation
Glaze composition Heavy metal EF)XICOlOglC‘:ﬂ. r1s.k, inhibition
. . igh variability in 4
and quality, aging, release from artisanal vessels: altered
Ceramic vessels Pb2*, Cd%* firing temperature, glazed or laze stability is a ethanol/organic [28,30,95-97]
acidic ethanolic degraded & critical sa fgt acid balance,
matrices ceramic surfaces X Y possible phenolic
determinant interactions
Hydration and fChangte St.m
carbonation Alteration of Potential effects on Ki ermentation
20 4 ] e PRI inetics, volatile
Concrete/ Ca%t, K", reactions, Ca(OH), ionic balance yeast viability, tartrate acidity, jonic
cementitious AIP*, trace dissolution, and pH stability, and imba}{:a nce [35,36,89]
tanks metals porosity changes, during regulatory altered mouthfeel
interaction with fermentation uncertaint -
acidic must Y and phenolic
stability
Mainly
. . . liance-
Polymer Migration of Risk of 'comp' .
Plastic phiholotts  Composition ethanol _ ofganic  endocrine-disrupting  °LEC I
containers (PET, (DEHP, DBP), content, temperature, additives Qurmg ) compoqnds; _ less specific, but [41,44,98-100]
HDPE, PP) monomers,/ contact time, fermentation or increased risk with bl lit
! oligomers repeated use, prolonged non-certified or possibie quaity
8 material aging contact degraded polymers deviations under
prolonged
contact

4. Technological Landscape of Biosensors for Chemical Contaminants in
Wine Fermentation

This section outlines the current technological landscape of biosensors developed
for detecting chemical contaminants during wine fermentation. The analysis covers both
metallic and organic analytes, including heavy metals, cations, plasticizers, and phenolic
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compounds, with emphasis on the biorecognition elements used, the signal transduc-
tion strategies implemented, and the reported analytical performance characteristics, as
examined in the previous section.

4.1. Biorecognition Platforms for Heavy Metals

Having established the risk of toxic heavy metal migration from fermentation vessel
materials into the must, the next critical challenge is their reliable and selective detection.
Unlike the quantification of conventional oenological parameters, determining trace-level
heavy metals in a chemically complex, acidic, and ethanol-rich matrix requires advanced
bioanalytical platforms capable of functioning under significant matrix interference.

4.1.1. Biorecognition Elements

In contrast to macroelements that regulate the physicochemical stability of wine,
detecting heavy metals such as lead (Pb?*), cadmium (Cd?*), nickel (Ni**), chromium
(Cr(IlT)/Cr(VI)), and aluminum (AI**) presents distinct analytical challenges. These require
strategies capable of identifying trace-level concentrations (ppb) within a chemically satu-
rated environment [60,101]. The fundamental difficulty arises from the limited availability
of highly selective natural receptors suitable for analytical applications, as most of these
metals do not fulfill essential biological roles comparable to iron. Consequently, research
has increasingly focused on developing synthetic and biomimetic recognition systems
beyond conventional enzyme inhibition approaches [102-104].

For Pb?* and Cd?", earlier analytical methods relied on enzyme inhibition, including
urease and oxidases. Although cost-effective, these systems exhibit limited target discrimi-
nation, particularly under the acidic and ion-rich conditions of wine, where competing ions
and low pH may induce false-positive responses [105,106]. DNAzymes and aptamers have
therefore emerged as more robust alternatives. Catalytic DNAzymes such as GR-5 exploit
Pb?*-induced site-specific DNA cleavage, enabling metal-specific signal generation under
optimized ionic conditions [107-110]. For Cd?*, several aptamers adopt G-quadruplex
conformations, while others rely on stem—loop structures [111,112]. Compared to protein-
based receptors, nucleic acid platforms demonstrate improved operational stability in
ethanol-containing environments, supporting sensor regeneration and reuse [113].

Detection of Ni?* and chromium species presents additional complexity due to the
scarcity of intrinsically selective biological receptors. While chemical complexing agents
such as dimethylglyoxime (DMG) remain widely used for Ni>* determination, biosensor de-
velopment increasingly explores modified peptides (e.g., L-cysteine) and aptamers [114,115].
Molecularly imprinted polymers (MIPs) offer a promising alternative, providing synthetic
recognition cavities tailored to Ni?* and enhanced tolerance under acidic conditions [116].
For chromium, analytical relevance lies in distinguishing Cr(III) from the more toxic Cr(VI).
Although whole-cell biosensors have been proposed for assessing bioavailability, functional
nucleic acids and MIPs are generally favored for rapid and matrix-resilient detection of
specific chromium species [117,118].

AI3* represents a distinct case, as it lacks a defined physiological metabolic function.
Detection strategies often draw inspiration from microbial iron-acquisition mechanisms,
employing siderophores such as alcaligin and enterobactin. Despite their primary affinity
for Fe3*, these ligands also exhibit strong binding affinity toward A1** [119]. To improve
analytical discrimination and mitigate competitive binding from other metal ions, such
systems are often integrated with fluorescence-based reporting mechanisms activated upon
target coordination [120].

Overall, the literature indicates a progressive shift toward functional nucleic acids and
biomimetic polymers for heavy metal sensing. While enzyme inhibition remains relevant
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for general toxicity screening, it does not provide the metal-specific resolution required for
compliance with stringent maximum residue limits (MRLs) established for individual metal
ions such as Pb?* and Cd?*. Aptamers and DNAzymes, offering nanomolar to picomolar
detection ranges along with enhanced chemical robustness, are increasingly adopted as
reference recognition platforms for safety-oriented biosensing in fermentation systems. The
main biorecognition elements currently used for the selective detection and speciation of
heavy metal ions are summarized in Table 2.

Table 2. Biorecognition elements used for selective detection and speciation of heavy metal ions.

Target Heavy Proposed Recognition S Analytical
Metal Bioreceptor Mechanism Advantages Limitations Suitability Ref.
Ptinduced ORI Performance
Pb2* (Lead) DNAzymes SIte_SPECIﬁC conditions; reversible dependent on High [108-110,121]
catalytic DNA response. chemical controlled ionic
cleavage probu/stness environment
Low detection limits o
caz Target-induced (pM-nM range); Slu Scepdhblhtg t,? .
Cadmi Aptamers structural operational stability n}:m e.asﬁ egé‘?f. ation, High [111,112,122,123]
(Cadmium) reconfiguration in ethanol-containing ¢ emfma modt 1c3t10n
media often require
G 1y L
h:[rilsrciunl; 1;:11y Chelation-based Acidic pH tolerance; bier? (;I;lag sz(i)r:\;:;
binding or ; - .
Db T g structural robustness; - 1194
Ni“* (Nickel) polymerglf. 4 synthetic cavity cost-effective compa.rfe'd to }ilghly Moderate-High [114,124-126]
(MIPs)/Modifie imprinting fabrication Speciiic nucleic
peptides acid receptors
riﬂ;;tilggn Capability for valence Increased sensor
Cr(I/Cr(VI) DNAzymes/MIPs  enablin discrimination; design complexity ;oo rate High  [118,127,128]
Yy Cr(Il)/C gVI suitability for targeted and calibration 8 e
g(pe():iatii)(n ) speciation requirements

4.1.2. Signal Transduction Mechanisms

While the bioreceptor forms the recognition core of a biosensing system, the transducer
provides the amplification mechanism that converts molecular interactions into a mea-
surable analytical signal reflecting the actual concentration of heavy metals. In detecting
toxic metals such as Pb?*, Cd?*, Ni?*, Cr(Il)/Cr(VI), and Al**, the primary challenge for
the transduction platform lies not only in translating a chemical event into an electrical or
optical output but also in achieving a signal-to-noise ratio (S/N) compatible with stringent
regulatory maximum residue limits (MRLs) [101,129]. The literature consistently highlights
a methodological distinction between electrochemical techniques, which benefit from in-
trinsic preconcentration capabilities, and optical approaches, which exploit nanophotonic
enhancement mechanisms [113,130].

For electroactive metals such as Pb?* and Cd?*, anodic stripping voltammetry (ASV)
remains one of the most established and sensitive electrochemical techniques for trace metal
detection [131,132]. Its analytical advantage over conventional potentiometric methods
derives from the electrolytic preconcentration step, during which the metal ion accumulates
on the electrode surface prior to measurement, enabling detection at sub-pg/L concentra-
tions [133]. However, application in wine matrices requires mitigation of electrode fouling
caused by polyphenolic compounds [134,135]. A widely adopted strategy involves using
screen-printed electrodes (SPEs) modified with nanomaterials such as bismuth nanoparti-
cles or carbon nanotubes. As disposable, low-cost platforms, SPEs reduce memory effects
and minimize cleaning requirements, while their nanostructured surfaces increase the ef-
fective electroactive area [136-139]. For chromium, electrochemical approaches can enable
selective detection of Cr(VI) and, under appropriately optimized protocols, differentiation
between Cr(Ill) and Cr(VI), although careful method design and calibration remain essen-
tial [118,127,140]. Metals exhibiting limited or less favorable electrochemical responses
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under mild aqueous conditions, such as APt and, in certain configurations, NiZ*, are more
frequently addressed through optical platforms. In these systems, aptamers or DNAzymes
are coupled with fluorescence-based reporters, including fluorescence resonance energy
transfer (FRET) architectures, allowing conformational changes upon target binding to be
monitored optically [109,110,113,141,142].

A significant analytical limitation arises from the intense coloration of red wines,
which can absorb excitation or emission wavelengths of conventional fluorophores, leading
to inner filter effects. To mitigate this interference, upconversion nanoparticles (UCNPs) or
quantum dots operating in the near-infrared (NIR) spectral region have been employed as
alternative signal reporters. Within this spectral window, wine matrices exhibit increased
optical transparency, facilitating sensitive detection of Al1>* and Ni?* with reduced matrix
interference and, in some cases, minimal sample pretreatment [143-145].

Quartz crystal microbalance (QCM) sensors represent a less widely implemented but
analytically valuable label-free alternative. Detection is based on frequency shifts resulting
from mass changes upon metal binding at the sensor surface [135,146]. Although highly
sensitive, QCM measurements in viscous matrices such as sweet wines require strict control
of temperature and rheological parameters, which may limit their routine use outside
controlled laboratory settings [147,148].

Overall, the selection of a transduction strategy for heavy metal monitoring is gov-
erned by both the physicochemical characteristics of the target ion and the complexity of
the wine matrix. Electrochemical approaches, particularly ASV, remain highly suitable for
redox-active metals such as Pb%*, Cd%*, and Zn2* due to their favorable sensitivity-to-cost
ratio. In contrast, optical transduction enhanced by advanced nanomaterials provides
an effective pathway for metals with limited electrochemical activity, including A1** and,
under specific configurations, Ni**. Accordingly, Table 3 summarizes the main transduc-
tion mechanisms for heavy metal sensing, along with their advantages, limitations, and
suitability in wine matrices.

Table 3. Transduction mechanisms in heavy metal sensing: Performance and limitations.

Tra%s,;l,lexcer Method Main Targets Advantages Limitations V%?;t:k/}lalttzclgs Ref.
. . Veryelﬁz:l;{deg]i}fppb) Susceptible to organic High (especially
i D + + Mo ; :
Electrochemical ASV (anodic stripping Pb™, Ed 4 preconcentration; fouhng, typically with SPEs %nd [131,132,149]
voltammetry) Zn>* requires SPEs and nanomodified
favorable rface modification surfaces)
cost-to-sensitivity ratio surtace moditcatio
Complex signal
Ni%*, Cr(VI) Label-free readout; interpretation; affected Moderate
: i*, Cr - ; ioni
Electrochemical EIS/conductometric (case- sensitive to interfacial by ionic strength .anchl (matrix- [23,24]
approaches d h matrix composition; d d
ependent) changes . . ependent)
requires strict control of
conditions
. .. High under
3+ N2
Fluorescence Al 1’1 Ni™ .(a}?d Hl%h selle)clttlv%ty Inner filter effect in red optimized
Optical (FRET/fluorescent others wit acuevapevia wine; photobleaching conditions [113,141,142]
suitable aptamers/DNAzymes; .. .
reporters) . X and matrix interference (spectral window
receptors) direct optical readout :
selection)
Requires robust
NIR platforms iﬁfg?gfglgg}?;ﬁg\tgé funcrtliaoriloarlrilza;(t%irci)?ll and (partilciiﬁal;ly for
: - THH 3+ 24 ’ 4 44
Optical (UCNPs/ I\ER eIinljtt;ng AP*, Ni S/N in complex stability; potential red wine [143,144,150]
nanoprobes, LLs matrices reproducibility matrices)
constraints
Screening Simple. equipment-free  LOWeI sensitivity; limited ~ Limited (mainly
Optical Colorimetry (AuNPs) (multiple p’e, equip readability in red wines; for white/light- [14,104,151]
visual readout . - .
analytes) often semi-quantitative colored wines)
Selected targets Str_ongly aff;ctec_l b?’ Limited
Mass- (e.g., Cr with Label-free, real-time viscosity/density; imitec
L QCM -8 . . AT requires stringent (primarily [135,146]
sensitive appropriate interfacial monitoring .
thermal/rheological laboratory use)
receptors) control
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4.1.3. Analytical Validation and Critical Performance Characteristics

The successful transition of biosensors from laboratory research to industrial food
safety control requires rigorous validation of their analytical reliability against established
reference methods, such as inductively coupled plasma mass spectrometry (ICP-MS) and
graphite furnace atomic absorption spectrometry (GFAAS). Given the extremely low reg-
ulatory limits (MRLs) for heavy metals in wine (e.g., Pb** < 150 pg/L; Cd** < 10 ug/L),
performance evaluation must balance high analytical sensitivity with robustness against
matrix interference [152,153].

In terms of sensitivity and limits of detection (LOD), advances in nanobiotechnology
have significantly narrowed the performance gap between biosensors and conventional
spectroscopic techniques [23,24,104]. Electrochemical biosensors based on anodic stripping
voltammetry (ASV), using bismuth-modified or carbon nanotube-modified electrodes,
report detection limits for Pb** and Cd?* in the range of 0.1-1.0 pg/L, especially after ap-
propriate dilution or minimal sample pretreatment [131,132,136,137,149]. These values are
comparable to those achieved by GFAAS and meet the regulatory requirements established
by the OLV, supporting their suitability for compliance testing [153,154]. Optical platforms
based on aptamers and DNAzymes enhanced with nanomaterials (e.g., FRET architectures
or UCNPs) also demonstrate picomolar-level sensitivity [109,110,141]. Although ICP-MS
retains superior absolute sensitivity at the ppt level, such performance often exceeds
routine monitoring requirements, as biosensor detection limits are already sufficient for
regulatory compliance [13,155].

Biosensors offer a distinct advantage in metal speciation. For chromium, conventional
ICP-MS quantifies total chromium content and requires coupling with high-performance
liquid chromatography (HPLC) for speciation [156,157]. In contrast, biosensors employ-
ing selective DN Azymes or molecularly imprinted polymers (MIPs) can be designed
to respond preferentially to Cr(VI), providing targeted information on the more toxic
species [118,127,128,140]. Additionally, biosensors often measure the free or bioavailable
fraction of metal ions, while reference methods typically involve complete sample diges-
tion [21]. While this may yield results that differ from total metal quantification, it provides
complementary insight into the potentially bioactive fraction relevant to consumer exposure
and fermentation processes.

Matrix effects remain a central challenge in analytical validation due to the chemi-
cal complexity of wine [101]. Spiking studies in authentic wine samples report recovery
values between 85% and 115% for electrochemical sensors, with relative standard devia-
tions (RSD) typically below 10% across replicate measurements—values consistent with
AOAC performance criteria [134,158]. Interference management varies by analyte: for
AI3*, optical measurements may require controlled dilution (1:10 to 1:50) or neat-infrared
fluorescence strategies to mitigate inner filter effects, while electrochemical detection of Pb%*
and Cd?* generally shows greater matrix tolerance [120,135,143,144]. Incorporating Nafion
membranes to exclude surface-active interferents has further reduced fouling-related er-
rors, enabling relative deviations below 5% compared to ICP-MS measurements under
optimized conditions [159].

Beyond analytical accuracy, operational viability is supported by sensor stability
and reusability. Aptamer- and DNAzyme-based systems can often be regenerated with
chelating solutions (e.g., EDTA), with several studies demonstrating more than 50 reuse
cycles and signal loss below 10%. Replacing enzyme-based recognition elements with
nucleic acids has also improved shelf life, allowing storage for extended periods at ambient
temperature. Overall, analytical validation indicates that heavy metal biosensors are
evolving from purely experimental tools to reliable complementary technologies that,
despite a modest difference in absolute accuracy compared to ICP-MS, provide added
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functional value through speciation capability and field-deployable operation [103,104].
Table 4 highlights the main analytical and operational differences between heavy metal
biosensors and conventional reference methods.

Table 4. Analytical performance characteristics of biosensors versus reference methods for heavy

metal analysis.

Remarks in

Performance .
Parameter Biosensors ICP-MS GFAAS/ETAAS Fermentation Context Ref.
Suitable for routine K . .
screen- ey requirement is
Regulatory ing/compliance Reference mefrhod; Reference mgthod; r?:ﬁg;:{?;gfg [13,101]
compliance (MRLs) when properly fully compliant fully compliant interference control
matrix-matched mwimne
Typically sub-pug/L ICP-MS often exceeds
.. . to low-pg/L for Very low LODs routine needs; biosensor
Limit (oLf Od]%t)ecnon electrochomical (tVery /10‘{: LtODS) (method- and LODs can be sufficient if ~ [21,131,132,160]
platforms (platform- race/ultratrace matrix-dependent) below regulatory
dependent) thresholds
Adequate for . P
compliance-focused censitivity & ofen more
Sensitivity m};) nﬁg;?f{;::gigd Very high Very high relevant than ppt-level [23,104]
}a]n d optimized capability in production
transduction monitoring
High with High (targeted eréra‘i ilgf;lcyiglgif;fsa ;ffe‘jt
Selectivity aptamers/ . quaptlflcathn; High (with optlr.n}zed Sensor response; [103,109,110]
DNAzymes/MIPs; speciation with protocols/modifiers) selectivity depends on
matrix-dependent coupling) yaep
receptor and surface
Moderate-high Polyphenols can cause
Matrix effect (depends on High with High with i’fulin ; surface
atrix etiec antifouling design, appropriate appropriate . & [101,135,161]
tolerance i . . engineering/cleanup
surface chemistry, preparation/controls  preparation/controls -
and receptor) improves robustness
Generally within
acceptable ranges o .
Recovery (spiked thn tested lb; Typically high with Typically high with (S)Eiklggf}zrgeiaslczltri\ceaﬁg; [13,101]
wine) authentic wine validated protocols validated protocols yl’ dati 1 !
matrices validation relevance
(method-dependent)
Reference methods
. generally provide better
Precision (RSD%) o (t)iﬁeirzlefilg%s) tlerrlns Superior precision High precision repeatability; biosensors [13,101]
P Y can be sufficient for
process control
Minimal to simplified Usually requires Usually requires Major operational
Sample preparation p;g;;cr?hsiﬁl(ﬁzf}e dlgesftéi)r;égflc;tocols dlgesft(l)ir;(/) EEZIOCOIS advantage for in-process [8,101,161]
targeted cleanup) quantification quantification fermentation monitoring
Key advantage for rapid
- : Hours including Hours including screening during
Analysis time Minutes - - - [23,104]
preparation preparation fermentation or
quality control
A Plﬁggg;’jég?;iznt; Ethanol and low pH
Operational MIPs often more Instrument-based Instrument-based challenge enzyme-based [103,104]
stability /reuse robust than enzymes stability stability sensors; receptor choice ~
in harsh matrices affects stability
Biosensors can reduce
Cost per analysis Low-moderate High Moderate-high cost for high-throughput [23,24]
screening
Possible Enables on-site
Field deployability (portable/disposable Laboratory-based Laboratory-based monitoring 13 ferm enta- [23,104]
formats) tlon/.pro uction
environments
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4.2. Biorecognition Platforms for Ions

Monitoring metal ions during alcoholic fermentation is not only an analytical require-
ment but also a critical tool for controlling the technological and organoleptic development
of wine. Cations in the fermentation matrix affect physicochemical stability, biochemical
kinetics, and compliance with regulatory safety limits, while their concentrations change
dynamically due to acidity, ethanol production, and yeast metabolic activity. The need
for reliable, rapid, and in situ analysis in such a complex environment requires systematic
evaluation of modern biorecognition strategies, signal transduction mechanisms, and key
performance parameters that determine biosensor functionality. In this context, this subsec-
tion critically examines current technological approaches, emphasizing their compatibility
with the demanding physicochemical conditions of active wine fermentation [5,162].

4.2.1. Biorecognition Elements

The effectiveness of biosensor platforms for monitoring fermentation products de-
pends primarily on the choice of biorecognition element, which must maintain thermody-
namic stability and high selectivity in a chemically demanding environment. The wine
matrix is characterized by low pH (3.0-4.0), the presence of ethanol, and a high concentra-
tion of phenolic compounds—conditions under which conventional enzymatic systems
often show performance limitations. Although enzymes offer intrinsic specificity, their
tertiary structure is prone to partial denaturation under these conditions, which can reduce
catalytic activity and compromise measurement reliability. As a result, research has in-
creasingly focused on biomimetic and synthetic approaches that provide greater structural
robustness and analytical stability [5,134,163].

For macroelements that regulate physicochemical stability, such as calcium (Ca®*),
magnesium (Mg2+), and potassium (K*), Molecularly Imprinted Polymers (MIPs) have
emerged as robust and reliable recognition platforms. Unlike enzymatic systems, MIPs act
as synthetic receptors with predefined recognition cavities, offering increased resistance to
acidification and ethanol-induced solvation [164,165]. Their structural stability makes them
particularly suitable for applications such as tartrate precipitation monitoring [166,167].
In contrast, classical ionophores used in potentiometric configurations, while attractive
for their rapid response, may experience cross-sensitivity among ions with similar charge
and ionic radius. This limitation can be addressed by integrating them into electronic
tongue arrays, where multivariate chemometric algorithms enable effective discrimination
of overlapping signals [168-171].

Transition metals involved in oxidative spoilage phenomena (casse), such as iron
(Fe?* /Fe3*) and copper (Cu?"), require highly selective recognition due to their low con-
centrations and dynamic redox equilibria [5]. Microbial siderophores, such as pyoverdine,
show high binding affinity for iron; however, selectivity may be reduced in complex matri-
ces due to competing cations. For copper detection, chemical functionalization of sensor
surfaces with heterocyclic ligands (e.g., quinoline, pyridine) enables stable chelate com-
plex formation even under acidic conditions, achieving nanomolar detection limits and
significantly reducing interference effects [5,172-175].

Zinc (Zn?*) detection increasingly favors aptamer-based systems over immunochem-
ical methods. Antibodies tend to undergo structural destabilization in hydroalcoholic
environments, whereas aptamers (DNA /RNA oligonucleotides) exhibit greater conforma-
tional resilience and reversible folding for target binding. Their regenerative capability
and operational stability make them suitable for continuous monitoring during fermen-
tation [163,176]. Overall, the shift from fragile enzymatic systems to synthetic receptors
and aptamer-based architectures represents a strategic direction for developing biosensors
compatible with modern oenological requirements. This trend is also shown in Table 5,
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which presents the performance and suitability of various biorecognition elements for ion

sensing in complex winemaking environments.

Table 5. Performance and suitability of different biorecognition elements for ion sensing in complex

winemaking environments.

Suitability in

Biorecognition s v e
Target Ion(s) Strategy Key Advantages Main Limitations Fermentation Matrix Ref.
Molecularly stain{liitgh isseirsrtl;?(:le to Template leakage (in High suitability for

CaZ*, Mg?*, K* Imprinted Polymers 1 IYI’ d ethanol: some systems); 1 & Ly X [164,165]

(MIPs) ow pH and ethanol; synthesis complexity ong-term monitoring
structural robustness

) Cross-sensitivity Moderate; improved

Cog e gl pstrepensetoy GRS RIS

&y P earth ions sensor arrays
. Reduced selectivity
Siderophores . .. . . . Moderate;
Fe2* /Fe3* (g pyolzfer dine) High affinity binding  in complgx mgtrl'ces; matrix-dependent [5]
competitive binding
Functionalized St;‘g?rigggiite High suitability with
2 ; L ~
Cu™ heterocyclic ligands nanomolar LOD; Surface fouling risk proper surface [5,173-175]
acid tolerance engmneering
Regeneration Possible : R
o4 Ant capability; structural conformational High sutl'tablhty for 163176
Zn ptamers resilience; high changes in rcr?élnirtl;‘?;ls [163,176]
selectivity high ethanol g

4.2.2. Signal Transduction Mechanisms

The operational performance of biosensors during alcoholic fermentation depends
largely on the ability of the transduction system to maintain a stable and reproducible
signal in a chemically demanding environment. Unlike trace-level toxic metal analysis,
where achieving extremely low detection limits is the primary goal, monitoring major
cations during fermentation prioritizes baseline stability, resistance to surface fouling,
and continuous real-time functionality. The fermentation matrix is characterized by high
ionic strength, low pH, increasing ethanol concentration, and the presence of proteins and
polyphenolic compounds. These factors can interfere with charge transfer processes in
electrochemical systems and affect light propagation or absorption in optical configurations.
Therefore, the selection and engineering of the transducer are critical design parameters for
reliable in situ monitoring [5,134,162].

Electrochemical approaches, particularly potentiometric and conductometric systems,
are widely used for monitoring ions such as Ca?*, Mg?*, and K*. Their appeal lies in
minimal sample preparation and rapid response times. However, in fermentation envi-
ronments, adsorption of organic constituents onto electrode surfaces can cause baseline
drift and reduced reproducibility. Surface modification strategies using nanostructured
materials or selective membranes aim to improve conductivity and mitigate fouling effects,
thereby enhancing long-term operational stability [5,134,177-180]. Optical techniques are
typically chosen when enhanced selectivity is required or when electrochemical responses
are limited under mild aqueous conditions. However, chromophoric compounds present
in wine, such as anthocyanins and tannins, may compromise analytical accuracy through
absorption phenomena and inner filter effects. To address these limitations, detection
systems operating in spectral regions with reduced matrix interference are preferred, along
with nanomaterials exhibiting improved photophysical stability [5,134,181-183].

Mass-sensitive transduction mechanisms, such as quartz crystal microbalance (QCM)
sensors, offer a label-free alternative based on frequency shifts induced by mass changes
upon ion binding. While highly sensitive, their use in viscous or rheologically variable
fermentation systems requires strict control of temperature and hydrodynamic conditions,
which may limit their routine industrial application. Overall, selecting a transduction
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strategy for fermentation monitoring involves balancing analytical sensitivity with opera-
tional robustness. Electrochemical methods offer practicality and suitability for continuous
monitoring, while optical and mass-sensitive approaches provide complementary solutions
when enhanced selectivity or alternative detection principles are needed [5,134,135,162].
These considerations are reflected in Table 6, which compares the main signal transduction
mechanisms used for ion sensing in fermentation monitoring.

Table 6. Signal transduction mechanisms for ion sensing and their suitability for fermentation

monitoring.
s ra e . Suitability for
Transduction Type  Typical Applications Key Advantages 113\;[ :rlrllle}\i::ilf)artll(\)/ﬂa sl::::( ﬁ)nt@nu()us Ref.
onitoring
Fast response; low Baseline drift; surface
Potentiometric 2 2+ 4 energy consumption; fouling by High, with surface
(ISE, FET) Ca™, Mg™, K minimal sample polyphenols/ modification [134,169,177]
preparation proteins
Ionic strength Simple configuration; Limited selectivity;
Conductometric monitoring; real-time matrix conductivity Moderate [5,134,162]
macroion trends measurement variability
. T Fouling; requires
Voltammetric Selected Good sensitivity; & req .
: PR ! stable reference Moderate to high [5,172,178,179]
(when applicable) redox-active ions adaptable platforms electrode &
. L High selectivity; Inner filter effects;
(FL Orgsp;faé SPR) Seégglc‘iieolr?n adaptable reporter matrix coloration Moderate [5,181,184,185]
u cence, systems interference
Improved optical
Near-Infrared / .
Nanophotonic ) Refduced Iélatn)g _ transParency Inst{un_ler.\tal Moderate [5,183]
Systems interference detection wmdow,'e.nhanced complexity; cost
sensitivity
Quartz Crystal Label-free binding High sensitivity; Se;rf:itl’:;ento;ftcl?zty Low to moderate in [5,134,135]
Microbalance (QCM) studies direct mass detection p industrial settings S

fluctuations

4.2.3. Analytical Validation and Critical Performance Characteristics

The transition of biosensors from the laboratory to real industrial applications requires
rigorous validation of their analytical performance against established reference methods,
such as ICP-MS and AAS. This evaluation goes beyond a numerical comparison of detection
limits and examines the functional behavior of the systems within the complex physico-
chemical environment of fermentation products, with emphasis on selectivity, sensitivity,
response time, and long-term stability [5,134,162].

Selectivity is a particularly critical parameter, as the wine matrix is a chemically com-
plex environment rich in organic acids, polyphenols, and ethanol. While ICP-MS and AAS
significantly reduce organic interferences through thermal decomposition or ionization,
biosensors operate under mild conditions, making them susceptible to nonspecific adsorp-
tion and cross-sensitivity effects [5,134,180]. The literature indicates that using individual
sensors may lead to deviations due to the presence of ions with similar characteristics
(e.g., Ca?* and Mg2+). However, the integration of chemometric tools and the develop-
ment of sensor arrays (“electronic tongues”) have, in some cases, enabled performance
approaching that of reference methods without the need for extensive sample pretreat-
ment [168,170,171,186,187]. Regarding sensitivity and limit of detection (LOD), modern
biosensors achieve nanomolar (nM) levels for metals such as copper and zinc, as well
as concentrations in the mg/L range for macroelements such as calcium [172-174,179].
In absolute terms, ICP-MS provides lower detection limits, often in the ppt range [153].
Nevertheless, its extremely high sensitivity frequently exceeds the analytical requirements
of routine control in the food industry, where regulatory limits and concentrations affecting
physicochemical stability are at significantly higher levels. In this context, biosensors may
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be considered “fit for purpose,” offering sufficient accuracy with lower operational cost
and simplified infrastructure [5,134,162].

A significant comparative advantage of biosensors is response time. Laboratory analy-
ses using AAS or ICP-MS require sample transport and preparation procedures such as
digestion, dilution, and calibration, while biosensors can provide results in real time or
within a few minutes. This enables continuous monitoring of fermentation kinetics and
the implementation of immediate corrective actions, a capability not practically achiev-
able with conventional laboratory techniques [5,134,162]. A primary limiting factor of the
technology remains the stability and lifetime of the biorecognition elements. The acidic
environment (pH 3.0-4.0) and the presence of ethanol may accelerate the aging of biological
components compared to the inert parts of conventional analytical instruments. Enzymatic
sensors often exhibit reduced operational stability, requiring recalibration or replacement.
In contrast, systems based on molecularly imprinted polymers (MIPs) or aptamers demon-
strate increased robustness and satisfactory reproducibility, with coefficients of variation
typically remaining within single-digit percentages for field applications [163,166,167,181].
Overall, the evaluation of critical performance characteristics indicates that biosensors are
not intended to fully replace reference methods but rather to complement them through in
situ, rapid, and cost-effective analysis, thereby enhancing dynamic quality management in
the fermentation industry. Table 7 summarizes this comparison by contrasting the main
analytical performance characteristics of biosensors with those of established reference
methods for ion analysis.

Table 7. Analytical performance characteristics of biosensors versus reference methods for ions

analysis.
Performance Parameter Biosensors ICP-MS/AAS Remarks in Fermentation Context Ref.
Regulatory Compliance Generally within required con?piEsairlseogz;rseggiﬁ)ig’;;(:iug;iess
(SMLs) Sl}:)/ILeilangjfﬂr; ?tee r(; Fully compliant alarms; ICP-MS/AAS used for [60,101,134]
properly confirmation when needed.
ICP-MS/AAS achieve lower absolute
Typically nM range Lower (often sub-ug/L; LODs; biosensor LODs can still be

Limit of Detection (LOD)

(platform-dependent)

sufficient for operational control and [5,163,172]

method-dependent)
many regulatory thresholds.

Adequate for routine

Reference methods often exceed
routine control needs; biosensors

Sensitivity control (“fit-for-purpose”) Very high target actionable concentration [5,134,163]
ranges for timely process decisions.
High with Arrays + chemometrics mitigate
Vi 2+ 2+
Selectivity MIPs/aptamers; Very high cross-sensitivity (e.g., Ca”™"/Mg™) [168,170,186]

and improve selectivity under matrix

trix-d dent L . .
mattbedependen variability during fermentation.

Moderate — high Polyphenols/ethanol and high ionic
Matrix Effect Tolerance (depends on . High '(aft'er . str_en.gth can drivg foul_ing and signal [5,180,182]
surface/recognition digestion/ionization) drift; surface engineering and robust
element) receptors are key for stable readings.
Recovery Typically ~90-110% . . Spiking in authentic wines is
(Spiked Samples) (method-dependent) Typically high essential to quantify matrix bias [5,134]
Reference methods retain superior
Precision (RSD%) Oftenel0ve in Typically <2-3% precision; biosensors depend on [5,134]

optimized systems baseline stability, fouling control,

and calibration.

Sample Preparation

Major operational difference:
reference methods require
digestion/dilution/calibration
. . [5,134]
workflows; biosensors can run with
minimal prep for
near-real-time monitoring.

Minimal/simplified Required (dilution/
possible digestion/calibration)
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Table 7. Cont.

Performance Parameter

Biosensors ICP-MS/AAS Remarks in Fermentation Context Ref.

Analysis Time

Key advantage for kinetic
monitoring and rapid corrective
actions during fermentation, where [134,162]
delays reduce the value of
the measurement.

Longer (prep

Minutes,/real-time + instrument time)

Operational Stability

Platform-dependent;
higher for MIPs/aptamers

Enzymes are more sensitive to
ethanol/low pH; synthetic receptors
(MIPs) and aptamers generally offer [134,180,182]
improved robustness for
extended monitoring.

Instrument-based,
than enzymes high stability

Cost per Analysis

Biosensors advantageous for
high-throughput screening; reference =
methods best reserved for [5,162,172]
confirmation and periodic audits.

Low — moderate High

Field Deployability

Enables on-site fermentation control
and faster CAPA actions; lab
confirmation used selectively

near/exceeding thresholds.

Possible (portable) Laboratory-based [5,134,162]

4.3. Biorecognition Platforms for Plasticizers and Diphenols

The presence of organic contaminants, such as plasticizers (phthalate esters, PAEs) and
bisphenol A (BPA), is an important safety parameter in the fermentation industry [188,189].
These compounds may be intensified by the acidic and ethanolic environment of wine. Due
to their documented endocrine-disrupting activity, compliance with established specific
migration limits (SMLs) is both a regulatory and quality requirement [3,189]. Analytical
detection of these compounds is particularly challenging, as their phenolic structure is
similar to natural constituents of must and wine, such as anthocyanins, catechins, and
resveratrol [190,191]. This similarity can cause spectroscopic or electrochemical interfer-
ence in conventional analytical techniques. In this context, the development of selective
biosensors offers an alternative approach for rapid and in situ detection, aiming to reduce
the need for extensive laboratory procedures.

4.3.1. Biorecognition Elements

The development of biosensors for detecting plasticizers (PAEs) and bisphenols (BPA)
in wine faces significant challenges due to the structural similarity of these contaminants to
naturally occurring phenolic compounds in the matrix [191]. The phenolic rings of PAEs
and BPA resemble those of anthocyanins, resveratrol, and catechins, increasing the risk
of non-specific binding or cross-reactive responses [192,193]. Therefore, the success of a
biosensor depends primarily on the selectivity of the biorecognition element and its ability
to discriminate the target in a chemically complex environment.

Early approaches used oxidative enzymes such as tyrosinase and laccase [194,195].
Although these enzymes have high catalytic activity and relatively low integration cost,
their application in wine matrices is limited. Their broad substrate specificity can result
in parallel oxidation of natural polyphenols and BPA, increasing the likelihood of false-
positive responses. In addition, their proteinaceous nature makes them susceptible to
denaturation in the presence of ethanol (>10% v/v) and under acidic conditions, limiting
their operational lifetime. To address these limitations, research has increasingly focused
on synthetic and biomimetic receptors [196]. Aptamers, DNA or RNA oligonucleotides
selected through the SELEX process, represent a promising approach [197,198]. Through
three-dimensional folding, they form specific binding sites for molecules such as BPA or
certain phthalate esters, exhibiting high selectivity. Compared to protein-based receptors,
aptamers offer greater chemical stability and the ability to refold after exposure to ethanolic
environments, although their performance still depends on operational conditions [199].
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Molecularly imprinted polymers (MIPs) are of particular interest for industrial mon-
itoring applications [200]. MIPs are synthesized by polymerizing functional monomers
in the presence of the target molecule, generating cavities complementary in shape and
chemical interaction [201]. Unlike biological systems, they exhibit high chemical and me-
chanical resistance under acidic pH and in the presence of ethanol. This stability, combined
with their potential for low-cost production, makes them especially suitable for developing
robust or disposable sensors for monitoring the migration of organic contaminants [202].
Table 8 provides context for this advantage by comparing MIPs with other biorecognition

strategies for detecting BPA and phthalates.

Table 8. Comparison of biorecognition strategies for the detection of BPA and phthalates.

Target

Biorecognition

Suitability in

Compound(s) Strategy Key Advantages Main Limitations Fermentation Matrix Ref.
Low substrate specificity; s bl
High catalytic activity; oxidation of natural Lm;t)esi_iziat?&ltty i&e o
BPA Enzymatic simple integration; low polyphenols; reduced stabil}i, in [194-196]
material cost ethanol-induced g ity L
denaturation acidic/ethanolic wine
High molecular selectivity; Sensitivity to ionic Stre?gth High su1tab111W yvhe.n
BPA Aptamers reversible binding: and ethanol concentration; properly optimized; [197-199]
(DNA/RNA) o e conformational instability compatible with
regeneration capabiiity under harsh conditions real-time sensing
High chemical and
mechanical stability; Possible template leakage; Very high suitability for
BPA MIPs resistance to low pH and batch-to-batch variability; robust and disposable [200-202]
ethanol; low synthesis complexity sensor platforms
production cost
Target-specific recognition; Limited availability for High suitability with
PAEs Aptamers adaptable to optical and certain phthalates; matrix optimized surface [191,199]
electrochemical formats interference possible functionalization
Structural complementarity; Template bleeding; High suitability for
PAEs MIPs strong selectivity; potential nonspecific long-term or industrial [191,202]
chemical robustness adsorption monitoring
High affinity binding; Limited stability in ethanol; yfiifa;etsiltabﬁzi’gite;
BPA /PAEs Antibodies well-established higher production cost; or laboratory o ano [188]

than continuous

assay formats L
monitoring

storage sensitivity

4.3.2. Signal Transduction Mechanisms

The binding of the plasticizer or bisphenol to the biorecognition element (MIP or aptamer)
constitutes the first stage of the analytical process [199,203]. The next critical challenge is
converting this molecular event into a measurable and quantifiable signal, as target concen-
trations often fall within the ng/L range, corresponding to trace-level detection. Achieving
an adequate signal-to-noise ratio under these conditions requires amplification strategies, in
which the integration of nanomaterials plays a decisive role [195,204].

Electrochemical transduction is among the most widely applied approaches for de-
veloping portable analytical devices, exploiting the ability of phenolic compounds, such
as BPA, to undergo electrooxidation at characteristic potentials [205,206]. However, the
use of conventional electrodes (e.g., glassy carbon) may be limited by relatively low effec-
tive surface area and restricted electron transfer kinetics. To enhance analytical response,
electrode surfaces are systematically modified with nanomaterials exhibiting high elec-
trocatalytic activity. Carbon nanotubes (CNTs) and graphene oxide (GO), due to their
high surface-to-volume ratio and improved conductivity, increase the electroactive sur-
face and facilitate electron transfer, resulting in enhanced peak currents and improved
signal-to-noise ratios [207-209]. Additionally, composite materials such as Sonogel-Carbon
electrodes have been investigated for increased mechanical stability and reproducibility,
features particularly relevant for field applications [210].
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Optical transducers offer alternative solutions, particularly for phthalate esters that ex-
hibit limited or less favorable electrochemical activity under mild conditions [211]. Surface
plasmon resonance (SPR) technology, combined with MIPs or aptamers, enables real-time
monitoring of binding events through changes in refractive index at the sensor surface,
without the use of labels (label-free detection). Fluorescence-based systems relying on
energy transfer mechanisms (FRET) or quantum dots have also achieved low detection
limits [212-214]. Nevertheless, their application in red wines requires careful consideration
due to the inner filter effect, in which absorption or scattering of radiation by the colored
matrix may influence measurement accuracy [191].

Overall, optical methods provide high specificity and sensitivity at low concentrations,
whereas electrochemical transduction enhanced with nanostructured carbon materials and
screen-printed electrode (SPE) technology offers significant advantages in terms of cost,
portability, and reduced susceptibility to optical matrix interference [205]. The selection
of an appropriate transduction strategy ultimately depends on the target analyte and the
operational requirements of the winemaking process. Table 9 further highlights these
trade-offs by comparing the main transduction strategies for BPA and phthalate sensing
under fermentation-relevant conditions.

Table 9. Signal transduction mechanisms for BPA and phthalates sensing and their suitability for

fermentation monitoring.

Transduction Nanomaterial s v e Suitability in
Strategy Integration Key Advantages Main Limitations Fermentation Matrix Ref.
. s Limited sensitivity; PRSI P
Electrochemical N o Simple setup,.dlrect slower electron _ Moderate sp1tab1hty, i
one or minimal electrooxidation of - improved with surface [205,206]
(Glassy Carbon) ) transfer; surface A
phenolic groups fouling modification
Electrochemical ; abili
Carbon nanotubes Enhanced surface area; . . High suitability for
(CNT- or (CNTs), Graphene improved conductivity; P(?teqtlal fou.hn.g., ortable and [209,215]
-modified P P p
GO-modifie ide (CO hisher S/N rati fabrication variability .
electrodes) oxide (GO) igher S/N ratio field-deployable systems
Composite Electrodes nafﬁ;‘iﬁgi in Mechanical robustness; More complex High suitability for field [210]
(Sonogel-Carbon) composite matrix improved reproducibility fabrication monitoring
: Instrumental High analytical
SPR (Surface MIPs or aptamers on Rea}—tlmg, label—f%'e_e_ complexity; higher suitability; mainly [199,211]
Plasmon Resonance) plasmonic surface detection; high specificity
cost laboratory-based

Fluorescence (FRET,

Quantum dots;

Very low LOD; strong

Inner filter effect in

Moderate to high

nanostructured - e red wines; optical suitability with matrix [191,212,214]
Quantum Dots) fluorophores signal amplification interference correction strategies
Carbon . e
Screen-Printed nanomaterials; Low cost; Limited lifetime; lndI_l.IIIS%ll’}l;{J ;Eite)grlgl foarn d [205]
Electrodes (SPEs) metallic disposable; portable calibration required . &
nanoparticles on-site control

4.3.3. Analytical Validation and Critical Performance Characteristics

The adoption of biosensors as industrial control tools for detecting plasticizers and
bisphenols requires comparative evaluation of their performance against established ref-
erence methods, such as gas chromatography-mass spectrometry (GC-MS) and liquid
chromatography-mass spectrometry (HPLC-MS) [216,217]. Validation procedures primar-
ily focus on sensitivity relative to regulatory limits, selectivity within the complex wine
matrix, and operational stability of the sensing platforms.

Regarding sensitivity, modern nanostructured platforms have achieved significant
improvements in analytical performance. Incorporating carbon-based nanomaterials or
gold nanoparticles has lowered the limits of detection (LOD) of electrochemical and optical
biosensors to the nanomolar (nM) range [208,212]. Although GC-MS and HPLC-MS can
achieve lower absolute detection limits, the sensitivity achieved by biosensors is generally
sufficient for assessing compliance with the Specific Migration Limits (SMLs) defined by
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European legislation [188]. In this context, biosensors may be considered fit-for-purpose
tools for routine monitoring applications, requiring less complex instrumentation and
reduced reliance on highly specialized personnel compared to spectrometric techniques.

Managing matrix effects is a central analytical challenge. In red wine, enzyme-based
sensors relying on tyrosinase may exhibit limited selectivity due to the oxidation of naturally
occurring phenolic compounds structurally similar to bisphenol A (BPA), which can lead
to deviations or overestimation of analyte concentrations [205]. In contrast, systems based
on molecularly imprinted polymers (MIPs) or aptamers demonstrate increased selectivity
toward the target compound [200]. Recovery studies performed in authentic wine samples
have reported values between 90% and 110%, indicating satisfactory analytical reliability
under acidic and ethanolic conditions [191]. In some cases, this level of selectivity allows
for simplified sample preparation protocols compared to chromatographic methods, which
typically require extraction and cleanup steps such as solid-phase extraction [217,218].

Operational stability further differentiates available technologies. Enzyme-based elec-
trodes often have limited lifetimes and require controlled storage conditions, whereas MIP-
or aptamer-based sensors have been reported to maintain acceptable analytical performance
over extended periods under ambient conditions [200]. The enhanced chemical resistance
of synthetic recognition elements makes them suitable for on-site monitoring applications.
Overall, biosensors are not intended to replace chromatographic reference methods but may
serve as complementary rapid screening tools, enabling early identification of potential
non-compliant batches before confirmatory laboratory analysis [216]. This complementary
role is further supported by the comparison in Table 10, which outlines the main analytical
and operational differences between biosensors and chromatographic reference methods
for monitoring BPA and phthalates.

Table 10. Comparative overview of transducer types and platforms for BPA and phthalate monitoring.

Performance . Remarks in
Parameter Biosensors GC-MS HPLC-MS Fermentation Context Ref.
Generally within
Regulatory required SML ranges . . Biosensors suitable for routine
Compliance (SMLs) when properly Fully compliant Fully compliant compliance screening [188,216,219]
calibrated
Limit of Detection Typically nM range Chromatographic methods
(LOD) (depending on platform) Low ng/L or lower Low ng/L or lower provide lower absolute LODs [208,212,218]
Adequate for Biosensors considered
Sensitivity e Very high Very high fit-for-purpose for [188,200,205]
SML verification industrial monitoring
High with . . .
.. Very high Very high Chromatography benefits from
Selectivity MIPs/aptamers; . . . : [199,220,221]
matrix-dependent (after separation) (after separation) prior separation step
Moderate to high
Matrix Effect (depends on recognition High (after High (after Wine polyphenols may affect [191,195,205]
Tolerance element and extraction/cleanup) extraction/cleanup) enzyme-based sensors o
surface design)
Recovery . o o o Values consistent with accepted
(Spiked Samples) Typically 90-110% 95-105% 95-105% analytical performance criteria [191,218,222]
. Usually <10% in Reference methods retain
0, _10, 0,
Precision (RSD%) optimized systems <2-3% <2-3% superior precision [191,217,221]
. Minimal or simplified Required (extraction, Required (extraction, . . .
Sample Preparation protocols possible SPE, cleanup) SPE, cleanup) Major operational difference [218,223,224]
- . Hours Hours Key advantage for screening
Analysis Time Minutes (including prep) (including prep) applications [216,222,225]
- Platform-dependent; -
Operational - § Instrument-based, Instrument-based, Enzymes more sensitive to
Stability higher for MIPs high stability high stability ethanol and low pH [199,200,208]
than enzymes
Cost per Analysis Low to moderate High High Bﬁ?gsﬁiﬁfu?gi‘;ﬁt;gg;ﬁigr [205,216,217]
: s Possible Enables on-site
Field Deployability (portable formats) Laboratory-based Laboratory-based fermentation control [216,226,227]
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4.4. Biorecognition Platforms for Key Fermentation Metabolites and Phenolic Constituents

Reliable analytical detection of major fermentation metabolites, such as alcohols, alde-
hydes, and organic acids, as well as phenolic compounds, within the complex matrix
of fermenting must and wine, is essential because these components are primary indi-
cators of fermentation progress and the microbiological stability of the product. Their
concentrations also directly affect the organoleptic properties and the management of the
winemaking process.

4.4.1. Biorecognition Elements

Most biosensors proposed for detecting key wine fermentation metabolites are based
on enzymatic systems, although some approaches using whole cells or synthetic recognition
materials have also been investigated [5,12,134].

Ethanol is the main end product of sugar metabolism by yeasts. Consequently, its
detection has been the primary target of most biosensors developed for winemaking
applications. Most sensors use enzymes such as alcohol dehydrogenase and alcohol ox-
idase [224,228,229], which catalyze the oxidation of ethanol to acetaldehyde and enable
conversion of the biochemical reaction into a measurable electrochemical or optical sig-
nal. The widespread use of these enzymes is due to their high substrate specificity and
compatibility with various immobilization techniques on electrode surfaces [230-232]. De-
spite their effectiveness, several studies have shown that the stability of enzymatic sensors
may be significantly affected by fermentation conditions, such as high ethanol concen-
trations and pH variations [5,229]. Therefore, various strategies have been developed to
improve stability, including enzyme immobilization on nanostructured materials, the use
of conductive polymers, or incorporation into hybrid nanostructures that facilitate electron
transfer [228,233,234]. These approaches have produced sensors with improved sensitivity
and a wider linear measurement range [233,235].

In addition to ethanol, methanol is also of particular interest, as it may form during
fermentation mainly through the enzymatic degradation of grape pectins. Although its con-
centrations in wine are usually low, its presence has significant toxicological implications,
making reliable detection important for food safety. Biosensors for methanol are typically
also based on enzymes such as alcohol oxidase, which can oxidize small alcohols [236,237].
However, selective discrimination between methanol and ethanol is a major analytical
challenge, since these enzymes often show similar activity toward different primary alco-
hols. Therefore, various strategies have been proposed to improve selectivity, such as using
selective membranes or combined enzymatic systems [237]. During fermentation, a series
of higher alcohols, such as propanol, isobutanol, and isoamyl alcohol, are also produced.
These compounds are mainly formed through the metabolism of amino acids by yeasts
and contribute significantly to the aromatic profile of wine. Although their concentration
is relatively low compared with ethanol, excessive levels may negatively affect product
quality. The development of biosensors for higher alcohols remains limited, mainly due
to the lower specificity of available enzymes and the need to discriminate between multi-
ple structurally similar compounds. As a result, analysis of these compounds still relies
mainly on chromatographic techniques, while biosensors remain at a relatively early stage
of development [5,238].

Acetaldehyde is of particular interest because it is a key intermediate in alcoholic
fermentation and affects both the chemical stability and aromatic characteristics of wine. Its
detection is more challenging than that of ethanol because it can participate in multiple reac-
tions within the wine matrix. Most biosensors developed for its determination are based on
enzymes such as aldehyde dehydrogenase, which enable the selective oxidation of acetalde-
hyde and convert the reaction into an electrochemical or optical signal [239-241]. Despite
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the satisfactory selectivity offered by this enzyme, several studies indicate that the presence
of other carbonyl compounds may affect sensor response, while validation and reporting
consistency remain important challenges for broader industrial implementation [5,242].

The detection of organic acids has been the subject of extensive research, as these
molecules are directly associated with acidity regulation, microbiological stability, and the
progression of malolactic fermentation [243,244]. The main acids targeted by biosensors
are malic, lactic, acetic, and tartaric acids. Malic and lactic acids have been studied more
extensively because of their role in malolactic fermentation, during which lactic acid
bacteria convert malic acid into lactic acid. This process reduces acidity and significantly
affects the sensory profile of wine [6,245]. For this reason, several biosensors have been
developed based on enzymes such as malate dehydrogenase and lactate dehydrogenase,
which enable the selective detection of the corresponding metabolites [246-248]. In some
cases, bienzymatic systems have also been proposed, allowing simultaneous monitoring of
changes in both acids during fermentation [9,249,250].

Acetic acid is an important indicator of microbial spoilage and is associated with
the development of volatile acidity in wine. Despite its importance, the development of
selective biosensors for acetic acid remains limited. This is partly because acetic acid can
arise from multiple metabolic pathways and often coexists with other volatile compounds
that can affect sensor response. As a result, several approaches rely on microbial biosensors
that exploit the metabolic response of cells as an indicator of the presence of acetic acid [251].
Tartaric acid, although the main organic acid in wine, has been less extensively studied
in the context of biosensors. Its relatively stable concentration during fermentation and
adequate determination by conventional analytical techniques have limited interest in the
development of dedicated biosensors. Nevertheless, some electrochemical approaches
based on modified electrodes or conductive polymers have been proposed, although their
application in real wine samples still requires further evaluation [243,244,252].

For wine phenolic compounds, the main biorecognition elements are phenol oxi-
dases, especially laccase and tyrosinase, as these enzymes catalyze the oxidation of a wide
range of phenolic substrates and enable the development of sensors for estimating either
specific phenolic classes or the overall phenolic index [253-255]. They offer operational
simplicity and good compatibility with electrochemical and optical platforms, but their
selectivity is often functional rather than strictly molecular. In complex matrices such as
wine, the response often reflects the overall oxidizable phenolic load rather than a single
compound [254,256,257]. Nevertheless, enzyme inhibition, activity changes under acidic
and ethanol-rich conditions, and limited molecular specificity remain significant analytical
constraints for application in real winemaking conditions [5,257,258].

Overall, available data indicate that enzymatic platforms remain the main strategy
for detecting both fermentation metabolites and phenolic compounds, mainly because
of the high functional selectivity they provide [5,253]. However, issues such as enzyme
stability, interference from the complex wine matrix, and the need for long-term sensor op-
eration remain major challenges for broader implementation in real winemaking conditions.
Table 11 demonstrates this pattern by comparing the main biorecognition strategies used to
monitor major fermentation metabolites and phenolic compounds.
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Table 11. Comparison of biorecognition strategies used in biosensors for detecting major fermentation
metabolites and phenolic compounds.

. -, e .. Suitability in
Target Analyte Biorecognition Strategy Key Advantages Main Limitations Fermentation Matrix Ref.
High substrate specificity;
strong compatibility with Enzyme stability may High suitability
Alcohol dehydrogenase/ electrochemical and decrease at high ethanol with appropriate
Ethanol Alcohol oxidase optical transducers; concentrations and under immobilization 230,231,235]
widely established pH fluctuations strategies
biosensing strategy
Moderate; i d
Enables detection of low Limited selectivity versus Ousei;a ielg:lif\?: ¢
Methanol Alcohol oxidase/coupled ~ methanol concentrations; thanol and };h gb [236]
enzymatic systems relatively simple ethano anl Oh ler memb rapefior
enzymatic recognition primary alcohols op'tnmze.
configurations
Low molecular
lectivity; difficult
Enzymatic approaches Potential for rapid s¢ ?ﬂcislt‘i];yuis%ilrfu Y
Higher alcohols with limited screening in S tructur§11 sim%lar Low-moderate [238]
substrate specificity simplified matrices ) Y
alcohols; early stage of
development
Good selectivity; suitable lfjrcz)srsri%lfhler;ti;flggrrlmf Moderate-high with
Acetaldehyde Aldehyde dehydrogenase for electrochemical or d y l'bg . [54,239,241]
optical signal conversion compounds present proper calibration
P in wine
High specificity; directly Enzyme stability
Malic acid Malate dehydrogenase linked to monitoring dependent on matrix High [247,250,259]
malolactic fermentation conditions
Reltable monitoring of - pogsible interference
Lactic acid Lactate dehydrogenase ood enz n‘:a tic 4 from structurally related High [247,250,259]
8 speciﬁ}clity organic acids
Simultaneous monitoring
Malic + Lactic of key malolactic Increased sensor design High for targeted
acids Bienzymatic systems fermentation markers; and calibration fermentation [11,246]
improved process complexity monitoring
information
Reflects biological Lower analytical
S Whole-cell microbial metabolic response; selectivity; biological
Acetic acid biosensors useful for detecting signal interpretation can Moderate (251]
microbial spoilage be complex
o Structurally robust Lumted de\.zelopmer_lt. of
Modified R . dedicated biorecognition
L . detection platforms e
Tartaric acid electrodes/conductive tible with 4 elements; requires further Moderate [243,244,252]
polymers 1 com}[: aut EIWI . validation in
electrochemical sensing wine matrices
recigﬁizﬁ?czgnr?;:tcible Funlctiorital T afhelt than . s
Phenolic Phenol oxidases with electrochemical and molecuiar fie eCtlg It};’ High Sult.ablhty for 953 254 260
compounds (laccase, tyrosinase) optical platforms; Tesponse Olten retiects screening and [253,254,260]

suitable for total phenolic
index estimation

overall oxidizable
phenolic pool

process monitoring

4.4.2. Signal Transduction Mechanisms

For compounds associated with wine fermentation, including key fermentation
metabolites and phenolic constituents, selecting an appropriate signal transduction technol-
ogy is especially important. Biosensors used in oenological systems must operate within a
highly complex chemical environment characterized by low pH, increasing ethanol concen-
tration, and the presence of organic acids, polyphenols, pigments, and other electroactive
or optically active species that can significantly influence analytical response. Therefore,
the development of biosensors for oenological applications relies mainly on electrochem-
ical and optical signal transduction techniques, while conductometric and piezoelectric
approaches have been explored to a lesser extent [5].
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Among available configurations, electrochemical biosensors are most widely used for
detecting fermentation metabolites such as ethanol, acetaldehyde, and organic acids, as
well as for monitoring phenolic compounds. Their popularity is primarily due to their high
analytical sensitivity, potential for device miniaturization, and relatively straightforward
integration into portable or on-site analytical platforms [5,228,229]. In these systems, the
enzymatic reaction—or, in some cases, the direct electrooxidation of the analyte—generates
or consumes electroactive species that can be detected using amperometric, potentiometric,
or voltammetric techniques.

For ethanol detection, the catalytic action of alcohol oxidase produces hydrogen
peroxide, which is then oxidized electrochemically at the electrode surface, generating a
signal proportional to substrate concentration [224,261]. Similarly, for phenolic systems,
enzymatic oxidation catalyzed by tyrosinase or laccase, as well as the direct electrooxidation
of certain phenolic compounds, can be converted into amperometric or voltammetric
responses [224,262]. In these platforms, carbon electrodes, carbon nanotubes, and graphene-
based materials are widely used due to their high conductivity, large active surface area,
and the ability to tailor their surface chemistry to improve electron-transfer efficiency and
analytical performance [134,263].

Despite these advantages, applying electrochemical sensors to real wine samples
presents several analytical challenges. The presence of polyphenols, pigments, and other
electroactive compounds can cause undesirable reactions at the electrode surface, leading to
electrode fouling, progressive sensitivity loss, and calibration drift. This issue is particularly
significant in phenolic sensors, as the oxidation products of phenolic compounds can form
passivating layers on the electrode surface, limiting long-term signal stability and repeata-
bility [258,264,265]. To address these effects, many studies have proposed using modified
electrodes, such as carbon electrodes functionalized with metal nanoparticles, conductive
polymers, or hybrid nanomaterials. These modifications aim to enhance electron-transfer
kinetics, increase the effective electroactive surface area, and reduce matrix-related inter-
ference effects [137,232]. Optical biosensors provide an alternative method for detecting
fermentation metabolites and phenolic compounds. These systems rely on changes in
fluorescence, absorbance, or other spectroscopic properties resulting from enzymatic or
chemical interactions with the target analyte. A common example is monitoring the con-
version of NAD™" to NADH in reactions catalyzed by dehydrogenases, as NADH displays
distinctive absorbance in the ultraviolet region and serves as an indirect spectroscopic
indicator of analyte concentration [266].

Optical platforms have also been developed for phenolic compounds, utilizing changes
in absorbance or fluorescence signals. These methods offer high analytical sensitiv-
ity and eliminate the need for direct electrochemical contact with the sample. How-
ever, their practical use in wine is limited because the wine matrix—especially in red
wines—exhibits strong light absorption and scattering due to pigments and polyphenolic
compounds [267,268]. These matrix effects can significantly lower the signal-to-noise ra-
tio and complicate quantitative analysis. Additionally, the higher instrumental cost and
methodological complexity of optical systems often make electrochemical or hybrid sensing
platforms more appealing for practical monitoring during fermentation [269,270].

Other signal transduction mechanisms have also been investigated, including con-
ductometric and piezoelectric sensors, though their use in oenological systems remains
limited [5]. Conductometric sensors detect changes in the electrical conductivity of the
medium caused by the analytical reaction, while piezoelectric sensors—such as quartz
crystal microbalance devices—measure variations in mass at the sensor surface upon an-
alyte binding. Although these methods have shown promising results under controlled
laboratory conditions, their application in real fermentation environments is constrained by
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limitations in sensitivity, selectivity, and operational stability within the chemically complex
wine matrix [271,272]. The selection of an appropriate signal transduction mechanism for
detecting fermentation metabolites and phenolic compounds depends on the target analyte,
required analytical sensitivity, and the physicochemical constraints of the wine matrix. Cur-
rently, electrochemical transduction is the predominant approach, primarily due to its high
sensitivity, relatively low cost, and compatibility with portable analytical systems. How-
ever, its reliability in real wine samples still depends on the choice of electrode materials,
effective antifouling strategies, and robust sensor design—factors that ultimately determine
the feasibility of broader biosensor implementation in the wine industry. Table 12 further
illustrates these considerations by comparing the main signal transduction strategies used
to detect fermentation metabolites and phenolic compounds.

Table 12. Comparison of signal transduction strategies used in biosensors for the detection of

fermentation metabolites and phenolic compounds.

. T el : Suitability in
Transduction Typical Applications Key Advantages Main Limitations in Fermentation Ref.
Type P PP y 8 Wine Matrix Monitoring
High sensitivity;
: compatibility with Electrode fouling; signal High, especially
Electrochemical Ethanol, acetaldehyde, miniaturized and drift; matrix interference  with modified
(amperometric/ R . / /
otentiometric/ organic acids, portable devices; from polyphenols, electrodes and [5,134,258,263,264]
P - phenolic compounds relatively low cost; pigments, and other antifouling
voltammetric) ) o . . :
suitable for on-site electroactive species strategies
applications
High analytical ) )
F tati tabolites: sensitivity; no direct Strong light absorption Moderate; more
Optical err}?:l?o?icl(z:r(l)rrr?eoaur? dls'es, electrochemical contact ~ and scattering in wine, suitable for
(absorbance/ 1% . P d ’ with the sample; especially in red wines; controlled at-line [240,266,273]
fluorescence/ .o oran suitable for indirect reduced signal-to-noise or laboratory- e
; oxidation-related . h 8
spectroscopic) parameters enzymatic detection ratio; higher instrumental sup.por.ted
(e.g., NADH-based complexity and cost applications
systems)
Selected . . Limited selectivity;
metabolite-related riit:riml)g sz?srl‘r;g I strongly influenced by
Conductometric measurements; principie; p aly the intrinsic conductivity Low-moderate [5]
reaction-induced suitable for rapid and complexity of
conductivity ch measurements "OMPIEXITY
ty changes wine matrix
Complex analytes Corgﬁzlcr’tiosce}izsrll?i‘;tly . Increased methodological
Hybrld' requiring improved systems with broader Complex1ty;'mc';)re ' Moderate-high, /
electrochemical / . oot demanding optimization depending on [148,274]
; robustness or analytical flexibility; . X
optical platforms complementary readout otentially improved and calibration in real platform design
p y p seleZtiVitI;f wine matrices

4.4.3. Analytical Validation and Critical Performance Characteristics

The transition of biosensors from laboratory development to applications for moni-
toring the winemaking process requires rigorous evaluation of their analytical reliability.
This evaluation is typically conducted by comparing biosensor results with established
reference analytical techniques, such as GC and HPLC, which are the principal methods for
determining alcohols, carbonyl compounds, and organic acids in wine. For phenolic com-
pounds, additional reference methods include HPLC-UV, HPLC-DAD, and spectroscopic
techniques such as UV-Vis, FI-MIR, and FTI-NIR coupled with chemometric processing,
particularly when the goal is rapid estimation of total phenolic load, anthocyanins, or the
evolution of phenolic composition during fermentation [275-279].

Although these methods provide high accuracy and repeatability, their real-time imple-
mentation during fermentation is limited by the need for extensive sample preparation and
specialized laboratory instrumentation. In this context, biosensors are primarily evaluated
as tools for rapid process monitoring, providing complementary information to conven-
tional analytical techniques. For phenolic compounds, the literature is already relatively
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mature, as electrochemical, optical, and multisensor platforms have been developed for
on-site, at-line, and, in some cases, in-line winery applications, aiming to monitor color,
total polyphenols, and phenolic evolution during vinification [7,280-282].

One of the most important performance characteristics of biosensors is the limit of
detection (LOD) and the associated linear response range. For metabolites such as ethanol,
sensitivity requirements are less stringent, as its concentration in wine is typically 10-15%
v/v. In contrast, compounds such as methanol, acetaldehyde, and certain higher alcohols
are present at much lower concentrations, requiring sensors with higher sensitivity and
lower detection limits. Most contemporary enzymatic platforms report LODs in the uM to
low mM range for organic metabolites, which are generally sufficient for fermentation mon-
itoring applications [5]. For phenolic compounds, however, evaluation is more complex,
since many sensors do not target a single molecule but rather an overall or semi-selective
phenolic signal. Accordingly, their performance is judged not only by a low LOD, but also
by how reliably the response reflects indices such as total phenolic content, antioxidant
capacity, or changes in specific phenolic groups during vinification [253,254,260,283,284].

A second critical criterion is selectivity, the ability of the sensor to distinguish the
target analyte from other chemically related compounds. This requirement is especially
important for alcohols, as enzymatic sensors based on alcohol oxidases or dehydrogenases
may also show activity toward other primary alcohols, such as methanol or certain higher
alcohols [238,262,272]. Similarly, for organic acids, the presence of structurally related car-
boxylic acids may affect sensor response. For phenolics, selectivity is even more challenging
because wine contains a highly complex mixture of anthocyanins, flavonoids, phenolic
acids, and tannins, each with distinct electrochemical and enzymatic behavior [281,284].
As a result, many phenolic sensors serve more as tools for estimating the overall phenolic
index or total antioxidant activity than as strictly molecularly selective systems. For this
reason, selectivity is usually evaluated through interference studies and comparison with
chromatographic or spectroscopic reference methods [253,256].

Several studies have reported recovery values between 85% and 110%, which are
generally considered acceptable for process-monitoring applications [230,231]. For phenolic
compounds, matrix effects are often even more pronounced, as the strong absorbance of the
wine matrix in the ultraviolet and visible regions, the overlap of spectral signals, and the
tendency of oxidized phenolics to adsorb onto electrode surfaces may affect both optical
and electrochemical measurements. Therefore, the use of chemometric tools, calibration in
real matrices, and the application of antifouling surface strategies are critical components
of analytical validation [264,265,277,278,285-287].

In addition to analytical accuracy, operational stability is also a major criterion. Enzy-
matic biosensors may gradually deactivate due to pH fluctuations, the presence of organic
solvents, or thermal degradation of proteins [287]. In fermentation applications, where
ethanol concentration progressively increases, enzyme stability becomes a critical factor
for maintaining measurement reliability. Consequently, many recent studies have focused
on immobilization strategies that enable the reuse of sensors over many measurement
cycles [263,288]. Similarly, in phenolic sensors, stability depends not only on the resilience
of the recognition biomolecule but also on the platform’s ability to limit surface passivation
caused by oxidation products of phenolic compounds. In this context, nanomaterials, mod-
ified carbon electrodes, and stable enzyme-immobilization platforms have substantially
improved repeatability and operational stability, enhancing the usefulness of such sensors
for at-line or on-site winery applications [257,289].

Overall, available data indicate that biosensors can provide reliable information for
monitoring key fermentation metabolites, particularly when used as tools for rapid as-
sessment of process progression. For phenolic compounds, the outlook is even more
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promising for practical implementation, as the literature documents several optical, elec-
trochemical, and multisensor platforms designed for real winery applications, especially
for monitoring color, total polyphenols, antioxidant status, and phenolic evolution during
fermentation [280,281,289]. Nevertheless, the complete replacement of established chro-
matographic techniques remains limited, mainly due to issues related to selectivity, stability,
and matrix effects. Biosensors should therefore currently be regarded more as complemen-
tary tools for process monitoring than as full alternatives to reference analytical methods.
This perspective is summarized in Table 13, which presents the analytical performance of
biosensors compared to established methods for monitoring key fermentation metabolites
and phenolic compounds.

Table 13. Analytical performance characteristics of biosensors for key fermentation metabolites and
phenolic compounds.

Performance s HPLC- . Remarks in Fermentation
Parameter Biosensors GC/HPLC UV/HPLC.DAD  UV-Vis/FT-MIR/FT-NIR Context Ref.
Fully Fully compliant Suitable mainly for Biosensors support routine
Suitable for routine compliant for for validated screening, pattern monitoring and rapid
Regulatory process screening and tals cted phenolic recognition, and decision-making, whereas [275-277]
Compliance  rapid quality assessment labog; ator profiling and chemometric laboratory methods remain -
when properly calibrated lvsi y compositional classification rather than the reference tools for
analysis analysis confirmatory compliance formal confirmation
Chromatographic
Typically in the uM to Usually higher than techniques generally
Limit of low mM range Low, Low, especially chromatographic provide lower absolute
Detection for metabolites; compound- for targeted methods; depends LODs, whereas biosensors [253,254,260,283,284]
(LOD) application-dependent specific phenolics strongly on chemometric  and spectroscopic methods
for phenolic signals model and matrix are often sufficient for
process monitoring
Biosensors and
. spectroscopic methods are
Adequate for d Modde.rate to hlg?’t generally fit-for-purpose
Sensitivity fit-for-purpose Very high Very high epen lmg onc?na yte for industrial monitoring, [279,283]
monitoring  class an while chromatography is
calibration model . :
superior for detailed
compositional analysis
) o Chromatography benefits
Good in optimized ) ) High after chro- Lower intrinsic frorp pr%or separation,
systems, but often matrix- High after matographic selectivity; relies heavily while biosensors and
Selectivity and target—deper}dent; chromato- separation; on spectral spectroscopic tools may [253,256,277]
frequently functional graphic particularly . respond to broader analyte
; . deconvolution and
rather than molecular separation suitable for chemometric processing classes or
for phenolics phenolic classes matrix-dependent
signatures
) Wine pigments,
Moderate. to high, High after extrac- Moderate; spectral polyphenols, ethanol, and
Matrix depending on High after tion/dilution overlap and matrix organic acids can strongly
Effect recognition element, sample and chromato- absorbance /scattering affect biosensor and [264,265,277,278,285]
Tolerance antifouling strategy, preparation graphic can be substantial, spectroscopic responses if
and calibration separation especially in red wines matrix correction
is insufficient
Recovery remains a key
validation criterion for
Model- and biosensors and
Recovery . o . matrix-dependent; chromatography, while
(Spiked Typ;cal}y E;S—llt() Yo in Tyﬁ.l cilly Typically high usually evaluated spectroscopic methods are [253,254,260,283,284]
Samples) optimized systems 18 indirectly through assessed more often
prediction accuracy through
calibration/prediction
performance
Chromatographic methods
Dependent on calibration (fsglarh?g;ireﬁziif;’fa
Tesson  Lemlysven Gy Genenly sty specal gpucicopic methods may (2537254260253, 284
0 optimized systems p P reproducibi 1ty, an be more affected by matrix
preprocessing

variability and
sensor/model drift
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Table 13. Cont.
Performance s HPLC- . Remarks in Fermentation
Parameter Biosensors GC/HPLC UV/HPLC.DAD  UV-Vis/FT-MIR/FT-NIR Context Ref.
Usually
r'equilted inimal ) This is a major operational
(g!}rattlon, Usually required Mlglfrtréi 1ti(r)nrirt\é)éi?gate, difference: biosensors and
ini smplifi ilution, A i
Sample Minimal or simplified extraction, (filtration, filtration /dilution, but  SPectroscopic methods are [279-281]
Preparation protocols possible derivatiza. dilution, strong dependence on generally faster and require
tion extraction) calibration set quality less sample handling than
depending laboratory chromatography
on analyte)
L L Biosensors and
. (;ngfzr, . (ing?r' D . optical /spectroscopic tools
Analysis . mciuding inciuding apid, often minutes offer clear advantages for
Time Minutes samp}ce_a sample once ntly(l)dilsdare rapid screening and process [5,7,281]
preparation preparation and establishe o ]
and run time run time mofn itoring dyrmg
ermentation
Hich | In biosensors, ethanol, low
. . igh instrumenta pH, and fouling are critical;
Overational Pllier‘rtlfi(t)zénbdegrfgd;?’ High High stability, but prediction in spectroscopic systems,
}S)tability deacti t'y }é / instrumental instrumental robustness depends on robustness depends more [257,264,278]
elggtcré‘(/iae loans:i?/a tig; stability stability model maintenance and on calibration transfer and
p matrix consistency model drift than on
sensor chemistry
Biosensors and
spectroscopic systems are
Low t derate aft advantageous for frequent
Cost per Moderate to Moderate to . LOw to moderate atter screening, whereas
Analysis Low to moderate high high initial 1{5&1{‘;;{1:;5;’;/ model chromatography is more [279,280]
costly but analytically
stronger for
confirmatory work
Biosensors and selected
optical platforms enable
Possible Moderate to high, near-line winery
Field De- 1 i Laboratory- Laboratory- especially for monitoring of fermentation
ployability (portable/at-line/ based based portable/at-line optical progress and phenolic [7,265,280,281]

on-site formats)

systems evolution, whereas
chromatography remains

laboratory-centered

4.5. Integration of Biosensors into HACCP Planning

Recognizing vessel-product interactions as CCPs, in accordance with HACCP princi-
ples and as discussed in Section 3.3, is essential regardless of vessel construction material,
as these systems remain in prolonged and direct contact with the fermenting matrix under
acidic and ethanolic conditions. The objective at this stage is not to reiterate the associ-
ated hazards, but to define how the previously discussed biosensors can be operationally
integrated into a structured HACCP framework [290].

For stainless steel tanks, where the CCP involves potential corrosion and release of
metallic ions, metal-specific biosensors (MIP- or aptamer-based platforms) can be incor-
porated into the CCP monitoring phase during active fermentation [291]. Periodic or
continuous measurements allow comparison with predefined critical limits or internal
alert thresholds and enable timely corrective actions in case of deviation [292]. In ce-
ramic fermentation vessels, where the primary concern is possible heavy metal migration
from glazed surfaces, DNAzyme- and aptamer-based sensors can function as in-process
monitoring tools [108,110]. Their role is not to replace initial material certification but to
provide ongoing surveillance during use, particularly in artisanal or non-standardized
constructions where glaze stability may vary.

Concrete and cementitious tanks introduce CCPs related to alterations in ionic compo-
sition and potential leaching of inorganic constituents. In this case, ion-selective biosensors
may serve both safety and process monitoring functions, as changes in ionic balance can
affect fermentation kinetics and regulatory compliance [293]. Plastic fermentation vessels
present CCPs associated with possible migration of organic additives or residual monomers
under ethanolic conditions [188]. Biosensors targeting organic contaminants, particularly
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MIP-based or nano-enhanced electrochemical platforms, can be applied as in-process
monitoring tools to assess material stability throughout fermentation [200,205].

In addition to direct hazard monitoring, biosensors targeting key fermentation metabo-
lites and phenolic indicators provide complementary process-level information within the
HACCP framework. Variations in ethanol, organic acids, acetaldehyde, and selected phe-
nolic parameters do not necessarily define vessel-related CCPs on their own, but they
can serve as early indicators of process disturbances, altered fermentation kinetics, ox-
idative instability, or matrix changes associated with vessel-product interactions. In this
context, these biosensors enhance HACCP monitoring not as primary hazard-specific
tools, but as supportive indicators of process deviation and product quality deterioration
during fermentation.

Across all vessel types, biosensors are positioned within the monitoring stage of
HACCP, while reference analytical methods (ICP-MS, GC-MS, HPLC-MS) retain their role
in verification [217,294]. Their combined application shifts vessel-related CCPs from static
post-process verification points to actively controlled process parameters during alcoholic
fermentation. Consequently, the structured adaptation of biosensors to identified CCPs
strengthens the preventive dimension of HACCP, enabling early deviation detection and
dynamic risk management throughout fermentation. Table 14 applies this HACCP-oriented
approach by mapping biosensor platforms to specific CCP monitoring needs for various
fermentation vessel types.

Table 14. Application of biosensor platforms for CCP monitoring and HACCP compliance across
different fermentation vessel types.

. Primary Proposed : ;
Fermentation . PR, . HACCP Corrective Action
Vessel Type Associated CCP M(gl{utorlng Biosensor Function Trigger Ref.
arget Platform
Exceedance of
. . MIP-based or internal alert limits
2 3 6 ) .
Stalt_}}:;listEEI Metatlolggrﬁ)lgfosﬁ due  Ni 1:' Crov/Cr®, aptamer-based CCP Monitoring — inspection, [133,292,295]
e species metal sensors passivation, or tank
replacement
DNAzyme- or Upward
. Heavy metal oh 24 aptamer-based e concentration trend
Ceramic Vessels migration from glaze Pb™, Cd electrochemical CCP Monitoring — suspension of [108,110,291]
sensors vessel use
L. . Ionic deviation
Concrete/ fonic imbalance and Ca%*, K+, AI** Ton-selective CCP and Process — adjustment of
Cementitious potential trace trace elerments. electrochemical Monitorin rocess parameters or [292,293]
Tanks element leaching race elements biosensors & p p .
vessel evaluation
. MIP-based or Detection above
Ferrlx)’}:rslgaction Migration of organic BPA, ph(;hallates, nano-enhanced CCP Monitorin threshold — material [188,200]
Vessels additives residua electrochemical & withdrawal or ,
MONOMETS biosensors replacement
Ethamol,Cl Enzymatic and De\&al:t)teoc?eféom
Indirect process organic acids, electrochemical : i
sotion 1 - Supportive fermentation or
All vessel types dev1at101n linked to ﬁcetallidehyil.(le, bflosensors. for prigcess phenolic evolution
vessel-matrix phenolic profile/ ermentation monitoring pattern — targeted
interaction redox-related metabolltgs and inspection and
phenolic changes phenolics P

confirmatory analysis

5. Applications Under Real Fermentation Conditions

The use of biosensors in real fermentation conditions marks a crucial shift from
laboratory validation to practical industrial integration in winemaking processes. Unlike
controlled laboratory settings, alcoholic fermentation takes place in a dynamic, chemically
complex, and challenging environment, where acidity, rising ethanol levels, polyphenolic
content, and ongoing compositional changes directly affect the thermodynamic stability
and analytical reliability of sensing platforms. Therefore, evaluating biosensor technologies
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requires more than assessing their metrological performance; it must also address the
strategic implementation method (in situ or at-line), compatibility with HACCP-based
control systems, and the development of technological adaptations that ensure robustness,
reproducibility, and economic viability. This section synthesizes these aspects, highlighting
both the practical potential and the realistic limitations of biosensor use under actual
fermentation conditions.

5.1. Implementation Strategies and Technological Maturity

The integration of biosensors into the wine production line marks a shift from labora-
tory documentation and validation to industrial application, aiming to support real-time
decisions or decisions at critical control points. In this context, the choice of analytical strat-
egy depends not only on the metrological performance of the device but, more importantly,
on the operational value of the information—specifically, when it is needed, how often,
and for which decision. Literature and industrial practice identify two main operating
models: in situ monitoring, where measurement is conducted directly or via a bypass
flow within or next to the tank for dynamic process control, and at-line control, where
measurement is performed through rapid, sampling-based checks near the production
line, focusing on compliance and safety. The suitability of each model depends on the
analyte category (technological ions, transition metals, toxic contaminants), the techno-
logical maturity level (TRL) of the corresponding sensors, and the constraints imposed
by the wine matrix on operating conditions. In this context, it is important to distinguish
between analytes that support dynamic process control, such as alcohols, organic acids, and
acetaldehyde, and analytes that indicate changes in other key wine constituents considered
critical quality factors, such as selected phenolic indicators and color-related parameters.
The value of each measurement depends not only on analytical sensitivity but also on
whether the information is needed continuously, periodically, or at specific control points
during fermentation [5,7,253,275].

5.1.1. In Situ Applications

The application of in situ biosensors—meaning their direct immersion in, or connection
via a bypass loop to, the fermenting must—aligns with the philosophy of Process Analytical
Technology (PAT) [216]. The practical viability of this approach depends primarily on the
nature of the analyte, its electrochemical behavior, and the physicochemical resilience
of the sensor under conditions of low pH, increasing ethanol concentration, and high
organic load.

For technologically relevant metal ions (K*, Ca?*), technological maturity is high, as
measurement is based on potentiometry using ion-selective electrodes (ISEs) [293]. These
sensors operate according to the Nernst equation, measuring a potential difference related
to ion activity without consuming the analyte or requiring preconcentration [296]. At the
industrial level, flow setups installed on bypass pipelines enable continuous monitoring
of potassium activity, which is directly linked to the saturation temperature (Tsat) of
potassium bitartrate [297]. This information can be used for targeted control of cooling
during stabilization, reducing energy consumption and avoiding excessive cooling.

Biosensors targeting key fermentation metabolites such as ethanol, malic acid, and
lactic acid are well suited for in situ or semi-continuous monitoring using bypass config-
urations, as these parameters change dynamically and are directly linked to the kinetics
of alcoholic and malolactic fermentation [11]. In this context, the operational value of
measurement is high, since continuous or semi-continuous monitoring enables early detec-
tion of delayed or abnormal fermentation, optimization of acidification or deacidification
strategies, and assessment of malolactic conversion progress. Electrochemical bienzymatic
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biosensors for malic and lactic acid have already demonstrated practical suitability for
on-site process monitoring, while ethanol is also a mature analytical target for continuous
or near-continuous tracking of fermentation progress [247,250].

For transition metals such as iron, the use of appropriately modified electrodes en-
ables discrimination between Fe?* and Fe®* forms [292]. This distinction is operationally
important, as Fe?" actively participates in redox reactions that affect wine stability and
its aromatic profile. In situ monitoring of such changes supports the control of micro-
oxygenation and the adjustment of oxidative conditions during fermentation [298]. For
phenolic compounds, in situ implementation is technically more demanding, mainly be-
cause of strong matrix absorbance, turbidity, and the tendency of oxidation products to
passivate electrochemical surfaces. Nevertheless, several in-line or bypass optical and
electrochemical methods have been developed for monitoring color development, phenolic
extraction, and the overall phenolic signal during red winemaking. This shows that this
category of analytes can be integrated into semi-continuous monitoring schemes when the
goal is to track quality evolution rather than to achieve strict quantitative determination of
individual compounds [7,278,281].

In contrast, in situ detection of heavy metals (Pb**, Cd?*) presents significant tech-
nical limitations. The most sensitive electrochemical technique for trace-level detection,
anodic stripping voltammetry (ASV), requires a preconcentration step under negative
potential [132]. In the must matrix, the electrode surface is simultaneously exposed to
polyphenols, proteins, and colloids, which adsorb rapidly and cause passivation [135]. The
resulting organic film increases charge-transfer resistance and reduces the peak current
within a few measurement cycles, degrading stability and repeatability. The need for
frequent electrochemical regeneration or replacement of electrodes increases complexity
and operating cost, making continuous in situ implementation of limited practical value in
an industrial environment [299,300].

The category of organic contaminants (bisphenol A and phthalate esters) shows even
lower compatibility with in situ monitoring. Sensors in this group rely on affinity mecha-
nisms, using aptamers, antibodies, or molecularly imprinted polymers [199,200]. Target
binding is often accompanied by receptor conformational rearrangement, while regener-
ation requires specialized buffer solutions with controlled pH or ionic strength, which
are not compatible with direct use inside the fermentation tank. In addition, the kinetic
migration of plasticizers from polymeric materials is described by diffusion coefficients
on the order of D ~ 10719-10712 m? /s, implying slow concentration changes over days or
weeks [188]. Under these conditions, the requirement for continuous real-time monitoring
is not operationally justified.

Overall, the in situ approach is highly suitable for technologically relevant ions and
certain transition metals, where measurement can be performed without preconcentration
steps and with robust electrochemical mechanisms. By contrast, for trace elements that
require preconcentration and for organic contaminants relying on affinity-based sensors,
the technical complexity and the kinetics of the phenomenon render in situ application of
limited practical value.

5.1.2. At-Line Applications

Unlike the continuous data flow of in situ monitoring, at-line analysis relies on tar-
geted sampling at critical time points in the production process, using portable or benchtop
devices placed near the production line [216]. This approach enables the use of highly
sensitive nano-biosensors without the limitations caused by prolonged sensor exposure
to the fermenting medium. As a result, it provides a practical solution for safety and
compliance controls [301,302]. The at-line approach is particularly suitable for monitoring
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phenolic parameters, as it allows controlled sampling, reduces matrix-related interferences,
and enables the use of rapid optical or electrochemical devices near the production line.
In practice, this is especially useful for tracking color development, total polyphenols,
antioxidant status, and phenolic evolution during fermentation—parameters that do not
necessarily require continuous sensor immersion but benefit from frequent monitoring at
predefined checkpoints. At the same time, biosensors targeting key fermentation metabo-
lites, such as ethanol, organic acids, and acetaldehyde, can also operate effectively within
at-line schemes, particularly when continuous exposure of the sensor to the fermentation
matrix is not operationally necessary or may disproportionately affect the stability of the
sensing platform [7,11,280-282].

For metal ions of technological interest, at-line measurement complements in situ
monitoring by providing a mechanism for verification and calibration. The use of portable
ion-selective analyzers to determine the activity of Ca?* and Cu®* allows more accurate
calculation of treatment additions (e.g., bentonite, stabilizing agents), reducing overdosing
that often results from empirical practices. Particularly for copper, at-line measurement
before bottling is critical for avoiding haze phenomena (cupric casse), as it allows estimation
of the free and reactive forms of the metal, which are not always adequately captured in
total concentration measurements [173,292].

The category of heavy metals (Pb?*, Cd?*) finds the at-line model most suitable
for application. The use of disposable screen-printed electrodes (SPEs), modified with
bismuth or gold nanoparticles, addresses the problem of surface passivation that limits in
situ configurations [107,295,303,304]. The single-use nature limits memory effects (carry-
over) and the accumulation of contaminants. In addition, the at-line procedure allows
controlled and minimal sample pretreatment, reducing matrix effects and optimizing ASV
performance. In this way, these sensors can function as screening tools at raw material
reception, enabling immediate exclusion of batches that exceed maximum permissible
limits before they enter the production process [132,133,304].

For organic contaminants and plasticizers (bisphenol A, phthalate esters), the at-line
approach is essentially the only operationally viable compliance control strategy. Migration
of these compounds from contact materials is cumulative and relatively slow; therefore,
control focuses on specific points such as before bottling or at the batch release stage [188].
Biomimetic systems based on molecularly imprinted polymers (MIPs) or aptamers have
been integrated into portable electrochemical readers or rapid screening devices, providing
“in/out-of-limit” results within a short time [199,200,203]. Although standardization for
the wine matrix is still evolving, their at-line application significantly reduces cost and time
compared with outsourced chromatographic analysis. Overall, the at-line strategy offers
advantages in analytical stability, matrix control, and economic viability, particularly for
parameters that do not require continuous real-time monitoring [134].

5.1.3. Comparative Evaluation and Selection Criteria

The choice between in situ and at-line strategies is not merely a technical decision
but results from integrating sensor technological maturity, the operational value of the
information, and the nature of the analytical target. The final selection depends on three
interrelated factors: (a) the sensor’s level of technological maturity (TRL), which directly af-
fects reliability and the feasibility of integration into the production line; (b) the requirement
for continuous versus periodic information, that is, whether the measurement supports
dynamic process control or control at predefined checkpoints; and (c) the tolerance of the
wine matrix and the degree of sample pre-treatment needed to ensure stability, repeatability,
and an acceptable level of interference [305,306].
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In situ monitoring is preferred when the objective is automation and immediate
responsiveness to parameters that change dynamically during fermentation and influence
process evolution. However, its practical implementation involves higher installation
costs and increased maintenance demands due to biofouling, variations in conductivity
and viscosity, and, more generally, the continuous exposure of the sensor to a low-pH
environment with increasing ethanol content and high organic load. In contrast, the at-line
approach relies on sampling but offers significant advantages in analytical stability, lower
cost per analysis, and more effective management of interferences through minimal and
controlled sample pre-treatment [307-309].

Based on these considerations, a more refined selection framework can be estab-
lished. Parameters that vary rapidly and are directly linked to fermentation kinetics and
technological process control—such as ethanol, organic acids, acetaldehyde, and certain
technologically relevant ions, including K*, Ca%*, Fe?* /Fe**, and Cu?*—are generally
better suited to in situ, bypass, or semi-continuous monitoring configurations, where im-
mediate analytical feedback supports timely corrective interventions. In contrast, phenolic
indicators, although critically important for wine quality evolution, color development,
and oxidative stability, are more commonly incorporated into at-line or hybrid monitoring
schemes, where controlled sampling improves analytical robustness and reduces matrix-
related interferences. Parameters primarily associated with chemical safety and regulatory
compliance, such as Pb%*, Cd?*, As, bisphenol A, and phthalate esters, are more appro-
priately addressed through at-line control strategies, as these require higher analytical
reliability, minimization of interference effects, and verification at defined control stages,
including raw material reception, pre-bottling, and batch release. The combined use of both
strategies enables a balance between technological innovation, economic feasibility, and
quality assurance, establishing a realistic framework for integrating biosensors into modern
systems for monitoring and controlling winemaking processes. This proposed allocation
of analytes to various monitoring configurations is summarized in Table 15, which out-
lines practical deployment strategies and decision-making pathways for biosensor-based
monitoring in wine fermentation.

Table 15. Proposed deployment strategies and decision-making frameworks for biosensor-based

monitoring of critical analytes in wine fermentation.

Analyte Category

Associated Control Point
(CCP/Process Control)

Recommended

Deployment Strategy Measurement Frequency

Decision Type

K*, Ca2+, Mg2+

Process Control—Ionic
balance and stabilization

Real-time process
adjustment (cooling,
stabilization control)

In situ (Ion-Selective

Electrodes) Continuous

Fe2+ /Fe3+, Cu2+

Process Control—Redox

In situ or At-line

(speciation-capable Oxygenation

Periodic or

management platforms) semi-continuous control/redox correction
Fermentation adjustment;
Process - _ - detection of
Ethanol, organic acids, Control—Fermentation In ittl-lfirlzzg?g:eggg or semic—ggr?tril;ll?(l)ﬁ,s or sluggish/stuck
acetaldehyde kinetics/malolactic ! fermentation; malolactic

progression/oxidative status

platforms

checkpoint-based

control; corrective
process intervention

Phenolic compounds

Process/Quality
Control—Extraction
management, color

evolution, oxidation control

At-line/On-site; selected
in-line optical systems
where available

Periodic or high-frequency
checkpoint monitoring

Maceration control;
pressing timing; oxidation
management;
aging-related
quality adjustment

Pb%*, Cd?*, As

CCP—Chemical safety

At-line (Disposable SPEs
with ASV)

Batch-based

Accept/reject decision;
regulatory compliance
screening

Bisphenol A, Phthalates

CCP—Migration from
vessel materials

At-line (MIP- or
aptamer-based platforms)

Batch release

Compliance verification
(SML-based pass/fail)

https://doi.org/10.3390 /bios16030153


https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153

36 of 58

5.2. Operational Limitations and the Impact of the Wine Matrix

The transition of biosensors from controlled laboratory conditions to real winemak-
ing environments presents significant technical challenges due to the complexity of the
wine matrix. Must is a dynamic, chemically evolving system in which ethanol, organic
acids, sugars, inorganic ions, polyphenols, and colloidal macromolecules coexist. Dur-
ing fermentation, the concentrations and interactions of these components change con-
tinuously, directly affecting the operational stability of biosensors. The main mecha-
nisms limiting the reliability of real-time measurements can be classified into three cat-
egories: (a) biofouling and surface passivation, (b) electrochemical and spectroscopic
interferences, and (c) physicochemical incompatibility of biorecognition elements with the
hydroalcoholic environment.

5.2.1. Biofouling and Passivation Phenomena

Biofouling is the most significant limiting factor for in situ applications. Introducing an
artificial surface into the fermenting medium immediately triggers spontaneous adsorption
processes [182,216]. Within seconds of immersion, an initial “conditioning film” forms,
consisting of small organic molecules and ions. This is followed by competitive adsorption
of macromolecules, mainly proteins, yeast enzymes, and polysaccharides (e.g., pectins,
glucans) [180]. These processes are driven by hydrophobic interactions, electrostatic forces,
and van der Waals forces. The result is the gradual coverage of the sensor’s active surface,
sometimes irreversibly [180,300]. In electrochemical configurations, the adsorbed layer
increases the charge transfer resistance (Rct) at the electrode—solution interface and restricts
analyte diffusion toward the recognition surface. This leads to decreased response current,
increased response time, and progressive signal drift [134].

Alongside physical blocking, the wine matrix also causes chemical passivation of
electrodes, mainly due to the high concentration of phenolic compounds [269]. When
anodic potential is applied, phenolic compounds such as catechins and caffeic acid are
oxidized to reactive phenoxyl radicals. These radicals polymerize on the electrode surface,
forming a compact, electrically insulating polymeric film [135,310]. This surface insulation
particularly affects amperometric techniques and methods such as anodic stripping voltam-
metry (ASV) for detecting Pb?* and Cd?* [132]. The insulating layer reduces the peak
current and alters the linearity of the calibration curve, making measurements unstable
unless systematic cleaning or surface renewal protocols are applied.

Beyond organic deposits, in situ sensors are also subject to inorganic scaling. Must and
wine are often supersaturated with respect to potassium bitartrate (KHT). Micro-defects
on the surface of ion-selective electrode membranes can serve as sites of heterogeneous
nucleation, promoting crystal growth [177,311]. Crystalline deposition alters the local ionic
balance at the interface and causes significant potential drift. Removing these deposits
requires chemical treatment with acidic or alkaline solutions, a process that interrupts
continuous operation and reduces the sensor’s operational lifetime [134,312]. Consequently,
biofouling, polyphenolic passivation, and inorganic scaling are critical factors that limit the
reliability and long-term stability of in situ systems in fermentation environments.

5.2.2. Impact of the Wine Matrix

The heterogeneous and dynamically changing composition of the wine matrix sig-
nificantly affects the analytical reliability of biosensors. The so-called “matrix effect” is
not limited to a simple increase in noise but also alters the chemical form (speciation) of
analytes, their activity, and the kinetics of recognition processes [313,314]. These effects
are especially important in electrochemical and affinity-based sensors, where the response
depends on the free form of the analyte and the local conditions at the interface [315].
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A fundamental limitation in potentiometric and amperometric detection of metal ions
such as Cu?* and Fe3* is distinguishing between total concentration and the free ionic
form [316]. Must contains high concentrations of organic acids (tartaric, malic), phenolic
compounds, and other complexing agents (ligands) [171]. Transition metals form thermo-
dynamically stable complexes with these compounds, greatly reducing the fraction of free
ions in solution.

Ion-selective electrodes (ISEs) and many electrochemical techniques respond to the
activity of the free ion rather than the total concentration [177]. As a result, a negative bias
is often observed compared to total analysis techniques such as ICP-MS [101]. Although
this constitutes an analytical discrepancy, from a technological perspective, measurement
of the bioavailable form may be more relevant to phenomena such as oxidative reactions,
haze formation, or catalytic processes. Therefore, the matrix effect is not only a source
of error but also a factor that differentiates the type of information provided by the sen-
sor. Electrochemical detection of trace levels of heavy metals (Pb?*, Cd?*) in the wine
matrix is affected by the strong redox background of the system [135]. Many phenolic
constituents, such as catechins and hydroxycinnamic acids, are electroactive and exhibit
oxidation potentials that overlap with or are close to those of the target metals [310]. Dur-
ing potential scanning, the faradaic currents associated with oxidation of these organic
molecules increase the background and reduce the signal-to-noise ratio (SNR) [186]. Peak
overlap hinders accurate quantification, especially in techniques such as anodic stripping
voltammetry (ASV) [132].

Simultaneously, adsorption of organic compounds on the electrode surface alters the
double-layer capacitance, leading to baseline shift and distortion of the electrochemical
response [135]. These changes are not constant during fermentation, as the concentration
and structure of phenolics change dynamically. For organic contaminants such as bisphe-
nol A and phthalate esters, sensors rely on affinity mechanisms (aptamers, antibodies,
MIPs) [199,200]. The selectivity of these systems depends on spatial and chemical com-
plementarity between target and receptor. The wine matrix contains numerous natural
compounds with aromatic rings and phenolic groups, which may exhibit structural similar-
ity to the target analytes [317,318]. Competitive binding of these components to recognition
cavities leads to cross-reactivity and possible false-positive results.

In addition, changes in the dielectric constant of the medium due to increasing ethanol
and ionic strength affect the affinity constant (Kaff) and the binding and unbinding kinetics
(kon/koff) [227,319]. Variation in these parameters can reduce specificity and prolong
response time, particularly in systems not designed specifically for a hydroalcoholic en-
vironment. Overall, the impact of the wine matrix is not merely a technical nuisance but
a fundamental constraint that differentiates the analytical behavior of biosensors under
real conditions. Understanding the mechanisms of complexation, electrochemical overlap,
and cross-reactivity is necessary for correct interpretation of data and rational design of
calibration and validation strategies.

5.2.3. Environmental Incompatibility

Reliable operation of biosensors under real winemaking conditions requires thermo-
dynamic stability of the recognition elements and stable charge and mass transport at the
interface [271]. Must and wine are chemically complex hydroalcoholic systems with low
pH, varying ionic strength, and increasing ethanol concentration—factors that directly
affect the functionality of both biological and synthetic sensors [320].
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The acidity of the medium (pH 3.0-3.8) deviates substantially from the physiological
operating range of many biological receptors. Increased proton concentration alters the
ionic state of amino acid residues in enzymes and antibodies, affecting tertiary structure
and the affinity constant (Kaff). Changes in protonation may reduce binding capacity
or cause partial unfolding of the protein structure, resulting in loss of sensitivity and
repeatability [321]. Similar effects occur in synthetic systems. In Molecularly Imprinted
Polymers (MIPs), acidity modifies the ionic state of functional groups involved in binding,
affecting adsorption equilibrium [200]. In electrochemical devices, pH variations can shift
peak potential and change the shape of voltammetric curves, especially when the reac-
tion is proton-dependent [322]. Ethanol, at concentrations up to 15% v/v, alters solvent
properties such as dielectric constant and water activity. These changes affect electro-
static interactions and biomolecular stability. In biological receptors, ethanol disrupts the
hydration shell and can destabilize protein structure, influencing binding kinetics [323].
In polymeric systems, such as PVC membranes of ion-selective electrodes or MIPs for
detecting organic contaminants, ethanol can penetrate the polymer network and induce
swelling [227,324,325]. Swelling alters the geometry of recognition cavities and diffusion
conditions, leading to loss of selectivity, changes in sensitivity, and increased response time.
Additionally, changes in the dielectric constant of the medium affect complexation and
affinity equilibrium constants, making calibration in a hydroalcoholic environment—rather
than in aqueous standards—necessary [227].

Fermentation is a dynamic system with intense carbon dioxide production and changes
in medium flow. The release of CO, bubbles creates local disturbances in the diffusion layer
at the sensor surface [326]. These fluctuations transiently alter mass transport and cause
unstable signals or signal spiking, particularly in amperometric devices. At the same time,
low dissolved oxygen during the anaerobic stage of fermentation limits the applicability of
detection mechanisms based on O,-dependent oxidative reactions [327]. Hydrodynamic
instability and viscosity changes affect the stability of mass transport, reducing repeatability
in in situ measurements [328]. Overall, the environmental incompatibility of the wine
matrix results from a combination of low pH, hydroalcoholic character, and dynamic
hydrodynamic behavior. These factors constrain the thermodynamic and kinetic stability
of biosensors, making it necessary to adapt the platform to this specific environment or
shift certain applications toward at-line strategies [329].

5.3. Optimization Strategies and Technological Solutions

Overcoming the physicochemical constraints imposed by the wine matrix typically
requires redesigning the sensing architecture rather than incrementally refining conven-
tional configurations. Current technological developments fall into three main categories:
(i) reinforcement and protection of the sensing interface, (ii) replacement of vulnerable
biological recognition elements with biomimetic systems, and (iii) integration of automated
microscale sample conditioning before detection. The underlying approach is sequential:
interface protection, enhancement of platform robustness, and control of the local sensing
environment [290,330].

Reduced sensitivity and slow electron-transfer kinetics under acidic conditions are
commonly addressed with high-activity nanostructured interfaces [210,331]. In ocenolog-
ical applications, another priority is replacing hazardous materials (e.g., mercury) with
environmentally compatible alternatives. For trace Pb and Cd determination at low pH,
bismuth-film electrodes are widely used because they form intermetallic deposits with
target analytes, enabling peak discrimination while minimizing interference from hydrogen
evolution currents that intensify in acidic must [332]. Further integration of carbon nan-
otubes or graphene increases the electroactive surface area and improves charge-transfer
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efficiency, allowing detection at potentials where polyphenol-related interference is re-
duced [133,333]. Matrix-induced passivation by organic acids and polyphenols is often
mitigated using selective membranes, with Nafion as a representative example [133,334].
Its sulfonated functionality provides electrostatic exclusion of anionic species (e.g., tartrate,
malate, ascorbate) while permitting cation transport to the electrode surface. To reduce
adsorption of proteins and polysaccharides, hydrophilic coatings such as polyethylene
glycol layers or hydrogel films are used to form hydrated barriers that limit nonspecific de-
position [335]. This approach prioritizes fouling prevention through interface engineering
rather than continuous electrode cleaning.

Low pH and increasing ethanol concentrations can compromise the thermodynamic
stability of enzymes and antibodies. As a result, the transition to synthetic and biomimetic
recognition elements is increasingly treated as a design requirement rather than an op-
tional alternative [336]. Molecularly imprinted polymers (MIPs) function as “synthetic
antibody” analogs by incorporating rigid binding cavities complementary in geometry and
functional group distribution to the target analyte. Due to high crosslink density, MIPs
retain structural integrity at pH values below 3 and under elevated ethanol content where
protein receptors may denature [164,166,200]. Recognition relies primarily on physico-
chemical complementarity rather than tertiary protein structure, supporting their use for
plasticizers and small organic contaminants without reliance on complex buffering condi-
tions [337]. Aptamers provide an additional advantage through reversible folding behavior.
Unlike proteins, nucleic acid receptors can undergo reversible conformational transitions
and recover binding functionality under restored conditions, which is beneficial under
fluctuating pH and temperature [112,338]. Chemical functionalization with electroactive
labels enables direct signal transduction without enzymatic amplification steps, supporting
the development of reusable sensors with extended operational lifetimes compared to
conventional immunosensors [339].

Direct immersion of sensors into fermenting must imposes inherent constraints as-
sociated with matrix variability. Microfluidic platforms address this by controlling the
local sensing environment through precise handling of small volumes and programmable
adjustment of pH, ionic strength, and dilution before measurement, without disturbing the
main fermentation vessel [340]. This provides a practical way to mitigate pH incompati-
bility and matrix-driven variability at the sensing interface. In contrast to static systems,
microfluidic architectures can incorporate automated washing and recalibration cycles,
reducing baseline drift and enabling multi-day or multi-week operation with minimal
manual intervention. Integration with wireless data transmission further supports real-
time monitoring and linkage to process control systems, positioning the biosensor not only
as an analytical device but also as a component of quality and risk management within
fermentation operations [341].

6. Regulatory Framework and Food-Contact Safety in Fermentation
Systems Integrating Biosensors

Ensuring wine quality and safety depends not only on fermentation biochemistry
but also on the chemical behavior of materials that come into contact with must or wine.
Fermentation vessels (stainless steel, ceramics, polymers, concrete, or linings) and any
immersed or adjacent monitoring device (such as in situ probes, sensing heads, membranes,
adhesives, or coatings) are considered Food Contact Materials (FCMs) and must comply
with strict safety requirements. The core principle is that materials must not transfer
constituents into the product at levels that endanger human health or cause unacceptable
changes in composition or organoleptic properties—an especially demanding requirement
under low pH and increasing ethanol content. In practice, this requires documented
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chemical inertness, controlled migration behavior, and traceability, with added complexity
when “active/intelligent” elements such as biosensors are introduced.

6.1. Fermentation Vessel Materials: Harmonization, Limits, and Regulatory Gaps

Within the European Union, the general legal basis is Regulation (EC) No 1935/2004 [3],
which sets overarching safety principles and establishes traceability obligations, including
the requirement for a Declaration of Compliance where applicable. However, implementa-
tion is not uniform across material classes. Plastics and polymeric materials are covered by
a harmonized framework (Regulation (EU) No 10/2011 [44]) that includes positive lists of
authorized substances and defined limits for specific and overall migration (SML/OML),
providing a clear compliance pathway. In contrast, stainless steel and concrete do not have
an EU-wide specific measure of comparable detail; compliance is often supported through
national provisions, technical recommendations, and the principle of mutual recognition,
resulting in regulatory asymmetry across Member States. For ceramics, the EU framework
has historically focused on Pb/Cd migration, while broader concerns (such as other trace
elements, glaze or coating performance, and sealing systems) are commonly addressed
through national practices and product-specific conformity testing.

Internationally, approaches diverge further. In the United States, the [342-344] frame-
work evaluates food-contact materials and substances through exposure-based safety
demonstration; in China, GB standards often rely on stricter positive lists and manda-
tory testing [345]. The International Organisation of Vine and Wine (OIV), while not
legally binding, remains influential as a technical reference through international codes
and recommended practices, particularly regarding “inert” materials and oenological oper-
ations [346-348]. A key practical implication for fermentation is that compliance depends
not only on the material category but also on realistic conditions of use (pH, ethanol, tem-
perature, contact time); therefore, testing strategies must reflect hydroalcoholic exposure
rather than idealized aqueous conditions.

6.2. Biosensors in Fermentation: From “Instrument” to FCM and the Nanomaterial Issue

Integrating biosensors into fermentation tanks shifts regulatory focus from the passive
inertness of the vessel to the functional safety of a continuously immersed device. An
in situ sensor is not merely a measurement tool; it is a food-contact assembly compris-
ing substrate materials, electrodes, membranes, coatings, encapsulants, adhesives, and
protective housings [3,349,350]. Therefore, it must be assessed from an FCM perspective,
where the requirement is not only the absence of harmful chemical release but also the func-
tional containment of active components (such as metals, catalysts, additives, and nanos-
tructures) under mechanical and chemical stress (CO, evolution, agitation, temperature
fluctuations, biofouling).

Nanomaterials present a specific regulatory bottleneck. In EU practice, nanoforms
are not automatically considered equivalent to their bulk counterparts, even when the
bulk substance is known or authorized in food-contact contexts [3,351]. This creates
additional risk assessment requirements, particularly when nanostructures are accessible at
the interface or when abrasion, delamination, or degradation could lead to their release into
the matrix. For fermentation-compatible implementation, this drives a strong “regulatory-
to-design” approach: preference for closed or encapsulated architectures (such as protective
barriers with controlled analyte permeability) and, when continuous immersion cannot be
robustly justified, a shift toward at-line formats where contact time and exposure can be
more defensibly controlled and documented.
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6.3. Regulatory Asymmetry and the Need for Fermentation-Realistic Test Conditions

The central challenge is not a lack of regulation, but the mismatch between rapid
technology evolution and standardized testing protocols tailored to fermentation conditions.
Two points are critical for winemaking systems:

First, regulatory fragmentation for certain structural materials (notably metals/alloys
and concrete/linings) leads to different compliance expectations across jurisdictions, in-
creasing the documentation burden for suppliers and wineries, especially when equipment
and sensing devices are intended for international markets.

Second, conventional migration tests are often performed under static conditions,
whereas alcoholic fermentation is inherently dynamic: CO, production, changes in viscos-
ity and conductivity, low pH, high organic load, mechanical stress, and surface biofouling.
For in situ sensors, this means that beyond baseline migration data, use-condition vali-
dation becomes essential: stress testing for coating integrity and delamination, abrasion
and fatigue evaluation, and verification that the device does not introduce physical haz-
ards (such as detachment of micro-components). In practice, integration into food safety
management systems (HACCP or ISO 22000) must explicitly address these risks alongside
chemical migration [352].

Including regulatory analysis in a review of biosensing strategies across wine fer-
mentation vessels is scientifically justified when approached from a “regulatory-to-design”
perspective. Vessels and biosensors should be considered a single food-contact system, with
requirements for chemical inertness, functional containment, and fermentation-realistic
testing under hydroalcoholic and dynamic conditions. In this context, regulation is not an
appendix to the technology discussion; it becomes a selection criterion that directly informs
platform architecture and deployment strategy (in situ versus at-line) for safe, reliable, and
industrially credible fermentation monitoring.

7. Conclusions

This review shows that alcoholic fermentation is a dynamic, chemically evolving
system in which the interaction of tank material, physicochemical changes (pH, rising
ethanol, temperature fluctuations, phenolic and colloidal fractions, CO,), and microbial
activity collectively shape safety and quality parameters. Available data indicate that no
fermentation vessel material—stainless steel, ceramics, cementitious or concrete materials,
polymers, or coatings—is fully inert under real winemaking conditions, as mechanisms
of inorganic ion or metal release and organic compound migration are observed, with
intensity depending on the chemical aggressiveness of the hydroalcoholic matrix and
variable process conditions. Therefore, targeted monitoring of technologically critical
ions and transition metals, toxic trace elements, and organic migrants or contaminants is
an essential component of modern risk management in fermentation, with emphasis on
measurable reliability within the actual matrix.

Biosensors represent an important technological direction for moving from intermit-
tent laboratory analyses to operational monitoring with high temporal resolution. However,
the choice of strategy depends on the analyte category, required operational information,
and technological maturity. In this respect, it is also necessary to distinguish between
analytes primarily associated with safety and compliance, analytes directly linked to fer-
mentation kinetics, and analytes that reflect the evolution of product quality. In situ
applications align with the philosophy of Process Analytical Technology and are more suit-
able for process-control parameters that change dynamically and can be measured without
pre-concentration. In contrast, for toxic heavy metals that require pre-concentration and for
organic pollutants or plasticizers that rely on affinity mechanisms and have slow migration
kinetics, continuous in situ monitoring has limited functional value and greater technical
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complexity. In this context, the at-line model is operationally dominant for compliance
and safety control at critical points, offering greater analytical stability and more effective
interference management.

At the same time, biosensors should not be viewed solely as tools for moni-
toring hazardous migrants or contaminants. Biosensors targeting key fermentation
metabolites—such as ethanol, organic acids, and acetaldehyde—provide information di-
rectly related to fermentation kinetics, malolactic progression, and early detection of process
disturbances. Their value therefore extends beyond analytical determination to operational
decision support, particularly where rapid or semi-continuous measurements can reveal
delayed, deviating, or otherwise suboptimal fermentation behavior before these issues be-
come apparent through conventional laboratory testing. In addition, biosensors addressing
phenolic indicators are increasingly relevant for quality-oriented monitoring, as they can
provide timely information on color evolution, total phenolic changes, antioxidant status,
and extraction- or oxidation-related transformations during fermentation.

Performance limitations under real conditions are mainly due to fouling and biofoul-
ing, interferences from polyphenols and proteins, pH and ethanol variability, CO,-driven
hydrodynamic instability, and calibration drift, all of which affect long-term functional
stability and the feasibility of reliable integration. Thus, moving from prototypes to field
applications requires validation under actual use conditions, documented antifouling ar-
chitectures and maintenance or regeneration strategies, and a clear definition of the role
of biosensors as monitoring or screening tools that complement reference methods where
regulatory documentation is required. This requirement is equally critical for biosensors
targeting fermentation metabolites and phenolic compounds, as their practical value de-
pends not only on sensitivity but also on their ability to maintain stable and interpretable
responses within the chemically evolving wine matrix.

Regulatory compliance is as decisive as technological performance. Treating the tank
and sensing configuration as a unified system of food-contact materials, the incomplete
harmonization of specific measures for certain material categories (especially cementitious
or concrete), and increased requirements for nanomaterials and functional barriers in
active or intelligent systems require a “regulatory-by-design” approach. Overall, the
review concludes that mature and safe use of biosensors in fermentation is feasible only
through a combination of realistic selection of in situ or at-line approaches by analyte and
use, validation in the real matrix with emphasis on long-term stability, and a coherent
compliance strategy for the complete food-contact system. Importantly, this framework
should include not only safety-related targets but also biosensor platforms for process
control and quality monitoring, especially those addressing fermentation metabolites and
phenolic evolution.

The field is now moving toward a transition from “proof of concept” to standardized
evaluation and comparable documentation: unified validation protocols under real fer-
mentation conditions are needed, focused on long-term stability, interference and fouling
management, and reproducibility across varieties, matrices, and tank materials. In parallel,
integrating sensors into architectures that facilitate maintenance, recalibration, and hy-
gienic design, as well as early alignment with food-contact material requirements (including
functional barriers and restrictions on nanomaterials), will determine whether proposed
solutions become reliable tools for process surveillance and compliance in the wine indus-
try. From this broader perspective, the future relevance of biosensors in winemaking will
depend not only on their ability to detect contaminants or verify compliance, but also on
their capacity to support dynamic process control and quality-oriented decision-making
during fermentation.
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Abbreviations

The following abbreviations are used in this manuscript:

AAS Atomic Absorption Spectrometry

AOAC Association of Official Analytical Chemists
ASV Anodic Stripping Voltammetry

AuNPs Gold Nanoparticles

BPA Bisphenol A

CaCOs Calcium Carbonate

Ca(OH), Calcium Hydroxide

ccp Critical Control Point

CIP Cleaning-In-Place

CNTs Carbon Nanotubes

DBP Dibutyl Phthalate

DEHP Di(2-ethylhexyl) Phthalate

DMG Dimethylglyoxime

EIS Electrochemical Impedance Spectroscopy
ETAAS Electrothermal Atomic Absorption Spectrometry
FCM(s) Food Contact Material(s)

FET Field-Effect Transistor

FRET Fluorescence Resonance Energy Transfer

GC-MS Gas Chromatography—Mass Spectrometry
GFAAS Graphite Furnace Atomic Absorption Spectrometry

GO Graphene Oxide
HACCP Hazard Analysis and Critical Control Point
HDPE High-Density Polyethylene

HPLC-MS High-Performance Liquid Chromatography-Mass Spectrometry
ICP-MS Inductively Coupled Plasma-Mass Spectrometry

ISE Ion-Selective Electrode

ISO International Organization for Standardization
Kaff Affinity Constant

KHT Potassium Bitartrate

kon/koff Association/Dissociation Rate Constants
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LOD(s) Limit(s) of Detection
MIP(s) Molecularly Imprinted Polymer(s)
MRL(s) Maximum Residue Limit(s)

NIR Near-Infrared

o1 International Organisation of Vine and Wine
OML Overall Migration Limit
PAE(s) Phthalate Ester(s)

PAT Process Analytical Technology
PET Poly(ethylene terephthalate)
PP Polypropylene

QCM Quartz Crystal Microbalance
QDs Quantum Dots

Rct Charge Transfer Resistance
RSD Relative Standard Deviation
SNR Signal-to-Noise Ratio

SML(s) Specific Migration Limit(s)
SME(s) Small and Medium-sized Enterprise(s)

SO, Sulfur Dioxide

SPE(s) Screen-Printed Electrode(s)
SPR Surface Plasmon Resonance
Tsat Saturation Temperature

UCNPs Upconversion Nanoparticles

References

1. Benito, S. The Management of Compounds That Influence Human Health in Modern Winemaking from an HACCP Point of View.
Fermentation 2019, 5, 33. [CrossRef]

2. Christaki, T.; Tzia, C. Quality and Safety Assurance in Winemaking. Food Control 2002, 13, 503-517. [CrossRef]

3. European Union. Regulation (Ec) No 1935/2004 of the European Parliament and of the Council of 27 October 2004 on Materials and
Articles Intended to Come into Contact with Food and Repealing Directives 80/590/Eec and 89/109/Eec; Official Journal of the European
Union; European Union: Strasbourg, France, 2004.

4.  Loépez-Santiago, J.; Garcia, A.I.G.; Gémez-Villarino, M.T. An Evaluation of Food Safety Performance in Wineries. Foods 2022,
11, 1249. [CrossRef]

5. Dominguez-Renedo, O.; Navarro-Cufiado, A.M.; Meléndez-Alvarez, M.E.; Alonso-Lomillo, M.A. Current State of Electrochemical
Sensors in Wine Analysis for Early Diagnosis. TrAC Trends Anal. Chem. 2023, 168, 117349. [CrossRef]

6. Chidi, B.S.; Bauer, EF.; Rossouw, D. Organic Acid Metabolism and the Impact of Fermentation Practices on Wine Acidity:
A Review. S. Afr. ]. Enol. Vitic. 2018, 39, 315-329. [CrossRef]

7. dos Santos, I.; Bosman, G.; du Toit, W.; Aleixandre-Tudo, J.L. The Use of Non-Invasive Fluorescence Spectroscopy to Quantify
Phenolic Content under Red Wine Real-Time Fermentation Conditions. Food Control 2023, 147, 109616. [CrossRef]

8.  Goriushkina, T.B.; Soldatkin, A.P.; Dzyadevych, S.V. Application of Amperometric Enzyme Biosensors for Wine and Must
Analysis. Procedia Chem. 2009, 1, 277-280. [CrossRef]

9.  Gamella, M.; Campuzano, S.; Conzuelo, F; Curiel, ].A.; Mufioz, R.; Reviejo, A.J.; Pingarrén, ].M. Integrated Multienzyme
Electrochemical Biosensors for Monitoring Malolactic Fermentation in Wines. Talanta 2010, 81, 925-933. [CrossRef]

10. Campbell, A.S.; Kim, J.; Wang, ]. Wearable Electrochemical Alcohol Biosensors. Curr. Opin. Electrochem. 2018, 10, 126-135.
[CrossRef] [PubMed]

11. Samphao, A.; Butmee, P; Saejueng, P.; Pukahuta, C.; Svorc, L.; Kalcher, K. Monitoring of Glucose and Ethanol during Wine
Fermentation by Bienzymatic Biosensor. . Electroanal. Chem. 2018, 816, 179-188. [CrossRef]

12. Gayda, G.; Stasyuk, N.; Klepach, H.; Gonchar, M.; Nisnevitch, M. Promising Bioanalytical Approaches to Wine Analysis.
In Quality Control in the Beverage Industry; Elsevier: Amsterdam, The Netherlands, 2019; pp. 419-457.

13. Rantasa, M.; Majer, D.; Godec, L.; Kolsek, G.; Erjavec, E.; Finsgar, M. ICP-MS-Based Determination of Heavy Metals and
Associated Health Risks in Vegetables, Ice Creams, and Wines in Slovenia. Int. J. Environ. Anal. Chem. 2025, 106, 1095-1114.
[CrossRef]

14. Abdelmonem, B.H.; Kamal, L.T.; Elbaz, R M.; Khalifa, M.R.; Abdelnaser, A. From Contamination to Detection: The Growing

Threat of Heavy Metals. Heliyon 2025, 11, e41713. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.3390/fermentation5020033
https://doi.org/10.1016/S0956-7135(02)00030-0
https://doi.org/10.3390/foods11091249
https://doi.org/10.1016/j.trac.2023.117349
https://doi.org/10.21548/39-2-3172
https://doi.org/10.1016/j.foodcont.2023.109616
https://doi.org/10.1016/j.proche.2009.07.069
https://doi.org/10.1016/j.talanta.2010.01.038
https://doi.org/10.1016/j.coelec.2018.05.014
https://www.ncbi.nlm.nih.gov/pubmed/30859141
https://doi.org/10.1016/j.jelechem.2018.03.052
https://doi.org/10.1080/03067319.2025.2534031
https://doi.org/10.1016/j.heliyon.2025.e41713
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 45 of 58

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Allam, M.; Bazok, R.; Bordewick-Dell, U.; Czarniecka-Skubina, E.; Kazimierczak, R.; Laikoja, K.; Luik, A.; Fuka, M.M,;
Muleo, R.; Peetsmann, E.; et al. Assistance Needed for Increasing Knowledge of HACCP Food Safety Principles for Organic
Sector in Selected EU Countries. Sustainability 2023, 15, 6605. [CrossRef]

Valdez, B.; Schorr, M.; Stoytcheva, M.; Zlatev, R.; Carrillo, M. Corrosion in the Food Industry and Its Control. In Food Industrial
Processes—Methods and Equipment; InTech: London, UK, 2012.

Ali Sultan, S.A.; Ahmed Khan, F.; Wahab, A.; Fatima, B.; Khalid, H.; Bahader, A.; Safi, S.Z; Selvaraj, C.; Ali, A.; Alomar, S.Y.; et al.
Assessing Leaching of Potentially Hazardous Elements from Cookware during Cooking: A Serious Public Health Concern. Toxics
2023, 11, 640. [CrossRef] [PubMed]

Dong, Z.; Lu, L.; Liu, Z.; Tang, Y.; Wang, J. Migration of Toxic Metals from Ceramic Food Packaging Materials into Acid Food
Simulants. Math. Probl. Eng. 2014, 2014, 759018. [CrossRef]

Nickel Institute. Food Safety Starts with Rigorous Hygiene, and Nickel-Containing Stainless Steels Continue to Play a Vital Role in This
Respect at Every Link of the Food Chain. The Most Common Alloy Used for Food and Beverage Applications Is Known as Type 304, Often
Also Called 18-8 or 18-10 to Reflect the Percentages of Chromium and Nickel Respectively; Nickel Institute: Toronto, ON, Canada, 2018.
Dalipi, R.; Borgese, L.; Casaroli, A.; Boniardi, M.; Fittschen, U.; Tsuji, K.; Depero, L.E. Study of Metal Release from Stainless Steels
in Simulated Food Contact by Means of Total Reflection X-Ray Fluorescence. J. Food Eng. 2016, 173, 85-91. [CrossRef]
Plotka-Wasylka, ].; Frankowski, M.; Simeonov, V.; Polkowska, 7.; Namiesnik, J. Determination of Metals Content in Wine Samples
by Inductively Coupled Plasma-Mass Spectrometry. Molecules 2018, 23, 2886. [CrossRef] [PubMed]

EFSA Panel on Contaminants in the Food Chain. Scientific Opinion on the Risks to Public Health Related to the Presence of
Nickel in Food and Drinking Water. EFSA ]. 2015, 13, 4002. [CrossRef]

Ferrari, A.G.-M.; Crapnell, R.D.; Banks, C.E. Electroanalytical Overview: Electrochemical Sensing Platforms for Food and Drink
Safety. Biosensors 2021, 11, 291. [CrossRef]

Wang, K; Lin, X.; Zhang, M.; Li, Y.; Luo, C.; Wu, J. Review of Electrochemical Biosensors for Food Safety Detection. Biosensors
2022, 12, 959. [CrossRef]

McGovern, P.E. Ancient Wine; Princeton University Press: Princeton, NJ, USA, 2019; ISBN 9780691198965.

Baiano, A.; Mentana, A.; Quinto, M.; Centonze, D.; Longobardi, F.; Ventrella, A.; Agostiano, A.; Varva, G.; De Gianni, A;
Terracone, C.; et al. The Effect of In-Amphorae Aging on Oenological Parameters, Phenolic Profile and Volatile Composition of
Minutolo White Wine. Food Res. Int. 2015, 74, 294-305. [CrossRef] [PubMed]

Robinson, J. The Oxford Companion to Wine; Robinson, J., Harding, J., Eds.; Oxford University Press: Oxford, UK, 2015;
ISBN 9780198705383.

Gonzélez-Soto, E.; Gonzélez-Rodriguez, V.; Lopez-Sudrez, C.; Castro-Romero, J.M.; Pérez-Iglesias, ]J.; Fernandez-Solis, ].M.
Migration of Lead and Cadmium from Ceramic Materials Used in Food Preparation. Bull. Environ. Contam. Toxicol. 2000, 65,
598-603. [CrossRef]

Pang, Y.; Zhang, M.; Ling, M,; Li, D.; Wang, S.; Ye, M; Lan, Y,; Hu, J.; Zhang, X. Comparative Effects of Ceramic Vessels and
Conventional Aging Containers on the Chemical Composition, Sensory Attributes, and Consumer Perception of Wine. Food Chem.
X 2025, 31, 103052. [CrossRef]

Prokopiou, V.D.; Metaxa, Z.S. Micro-Oxydation of Wine in a Ceramic Vessel with CNT. Mater. Today Proc. 2023, 93, 772-778.
[CrossRef]

EUR-Lex. Official Journal of the European Communities. Available online: https://eur-lex.europa.eu/content/help/0j/about-
oj.html?locale=en (accessed on 7 January 2026).

European Union. COUNCIL DIRECTIVE of 15 October 1984 on the Approximation of the Laws of the Member States Relating to
Ceramicarticles Intended to Come into Contact with Foodstuffs; Official Journal of the European Communities; European Union:
Luxembourg, 1985.

Reinosa, ].J.; Enriquez, E.; Fuertes, V.; Liu, S.; Menéndez, J.; Fernandez, J.F. The Challenge of Antimicrobial Glazed Ceramic
Surfaces. Ceram. Int. 2022, 48, 7393-7404. [CrossRef]

Demont, M.; Boutakhrit, K.; Fekete, V.; Bolle, F.; Van Loco, J. Migration of 18 Trace Elements from Ceramic Food Contact Material:
Influence of Pigment, PH, Nature of Acid and Temperature. Food Chem. Toxicol. 2012, 50, 734-743. [CrossRef] [PubMed]
Markaki, E. Concrete Tanks: A New Trend or Reversion to the Simplicity? Available online: https://blog.botilia.gr/en/concrete-
tanks/ (accessed on 7 January 2026).

Montalvo, FF,; Garcia-Alcaraz, J.L.; Camara, E.M.; Jiménez-Macias, E.; Blanco-Ferndndez, ]J. Environmental Impact of Wine
Fermentation in Steel and Concrete Tanks. . Clean. Prod. 2021, 278, 123602. [CrossRef]

Sudermann, P. Manfred Breitbach Concrete Structures for Drinking Water Reservoirs. In Proceedings of the ATINER’s Conference;
Sudermann, P, Breitbach, M., Eds.; ATINER’s Conference Paper Proceedings Series: Athens, Greece, 2021.

Moras, C.A.; Bach, L.T.; Cyronak, T.; Joannes-Boyau, R.; Schulz, K.G. Ocean Alkalinity Enhancement—Avoiding Runaway CaCO3
Precipitation during Quick and Hydrated Lime Dissolution. Biogeosciences 2022, 19, 3537-3557. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.3390/su15086605
https://doi.org/10.3390/toxics11070640
https://www.ncbi.nlm.nih.gov/pubmed/37505605
https://doi.org/10.1155/2014/759018
https://doi.org/10.1016/j.jfoodeng.2015.10.045
https://doi.org/10.3390/molecules23112886
https://www.ncbi.nlm.nih.gov/pubmed/30400672
https://doi.org/10.2903/j.efsa.2015.4002
https://doi.org/10.3390/bios11080291
https://doi.org/10.3390/bios12110959
https://doi.org/10.1016/j.foodres.2015.04.036
https://www.ncbi.nlm.nih.gov/pubmed/28411995
https://doi.org/10.1007/s0012800165
https://doi.org/10.1016/j.fochx.2025.103052
https://doi.org/10.1016/j.matpr.2023.07.003
https://eur-lex.europa.eu/content/help/oj/about-oj.html?locale=en
https://eur-lex.europa.eu/content/help/oj/about-oj.html?locale=en
https://doi.org/10.1016/j.ceramint.2021.12.121
https://doi.org/10.1016/j.fct.2011.12.043
https://www.ncbi.nlm.nih.gov/pubmed/22265939
https://blog.botilia.gr/en/concrete-tanks/
https://blog.botilia.gr/en/concrete-tanks/
https://doi.org/10.1016/j.jclepro.2020.123602
https://doi.org/10.5194/bg-19-3537-2022
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 46 of 58

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kathyola, T.A.; Chang, S.-Y,; Willneff, E.A.; Willis, CJ.; Cibin, G.; Wilson, P.; Kroner, A.B.; Shotton, E.J.; Dowding, PJ.;
Schroeder, S.L.M. How Non-Aqueous Media Direct the Reaction of Ca(OH), with CO; to Different Forms of CaCOj3: Operando
Mid-Infrared and X-Ray Absorption Spectroscopy Studies. Phys. Chem. Chem. Phys. 2025, 27, 9668-9675. [CrossRef]

Dombre, C.; Rigou, P.; Chalier, P. The Use of Active PET to Package Rosé Wine: Changes of Aromatic Profile by Chemical
Evolution and by Transfers. Food Res. Int. 2015, 74, 63-71. [CrossRef]

Giuliani, A.; Zuccarini, M.; Cichelli, A.; Khan, H.; Reale, M. Critical Review on the Presence of Phthalates in Food and Evidence
of Their Biological Impact. Int. J. Environ. Res. Public Health 2020, 17, 5655. [CrossRef]

Bach, C.; Dauchy, X.; Chagnon, M.-C.; Etienne, S. Chemical Compounds and Toxicological Assessments of Drinking Water Stored
in Polyethylene Terephthalate (PET) Bottles: A Source of Controversy Reviewed. Water Res. 2012, 46, 571-583. [CrossRef]
Mastanjevié, K.; Kartalovi¢, B.; Kovacevi¢, D.; Krstanovi¢, V.; Habschied, K. Migration of Phthalates and Bisphenol A from
Polyethylene Terephthalate Bottles into Beer During Storage at Controlled Temperatures. Foods 2025, 14, 2689. [CrossRef]
European Union. COMMISSION REGULATION (EU) No 10/2011 of 14 January 2011 on Plastic Materials and Articles Intended to
Come into Contact with Food; Official Journal of the European Union; European Union: Brussels, Belgium, 2011.

Wenzl, T.; Karasek, L.; Giri, A. Report EUR 27230 EN Determination of Ten Phthalates in Wine by Gas Chromatography Mass
Spectrometry (GC-MS) 2015. In Report on the Method Performance Study of a Method to Determine Phthalates in Wine; Publications
Office of the European Union: Luxembourg, 2015. [CrossRef]

Official Journal of the European Union. Plastic Materials and Articles Intended to Come into Contact with Food. 2011. Available
online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32011R0010 (accessed on 7 January 2026).
Todasca, M.-C.; Chira, N.; Avramescu, M.; Rubeli, A.; Deleanu, C.; Rosca, S. Study of Compositional Changes in Must During
Fermentation Process Using Proton Nuclear Magnetic Resonance Spectroscopy. Rev. Chim. 2008, 59, 1101. [CrossRef]

Maragou, N.C.; Tzachristas, A.; Tsochatzis, E.D.; Thomaidis, N.S. Chemical Migration from Wine Contact Materials. Appl. Sci.
2024, 14, 6507. [CrossRef]

Massera, A.; Assof, M.; Sari, S.; Ciklic, I.; Mercado, L.; Jofré, V.; Combina, M. Effect of Low Temperature Fermentation on the
Yeast-Derived Volatile Aroma Composition and Sensory Profile in Merlot Wines. LWT 2021, 142, 111069. [CrossRef]

Zhou, Y.-F; Haynes, R.J. Sorption of Heavy Metals by Inorganic and Organic Components of Solid Wastes: Significance to Use of
Wastes as Low-Cost Adsorbents and Immobilizing Agents. Crit. Rev. Environ. Sci. Technol. 2010, 40, 909-977. [CrossRef]

Cui, W.; Wang, X.; Han, S.; Guo, W.; Meng, N.; Li, ].; Sun, B.; Zhang, X. Research Progress of Tartaric Acid Stabilization on Wine
Characteristics. Food Chem. X 2024, 23,101728. [CrossRef] [PubMed]

Gupta, R K,; Pipliya, S.; Karunanithi, S.; Eswaran, U.G.M.; Kumar, S.; Mandliya, S.; Srivastav, P.P,; Suthar, T.; Shaikh, A.M.;
Harsanyi, E.; et al. Migration of Chemical Compounds from Packaging Materials into Packaged Foods: Interaction, Mechanism,
Assessment, and Regulations. Foods 2024, 13, 3125. [CrossRef] [PubMed]

Seref, N.; Cufaoglu, G. Food Packaging and Chemical Migration: A Food Safety Perspective. J. Food Sci. 2025, 90, e70265.
[CrossRef]

Ochando, T.; Mouret, ].-R.; Humbert-Goffard, A.; Aguera, E.; Sablayrolles, J.-M.; Farines, V. Comprehensive Study of the Dynamic
Interaction between SO2 and Acetaldehyde during Alcoholic Fermentation. Food Res. Int. 2020, 136, 109607. [CrossRef]

Nelson, J.; Boulton, R.; Knoesen, A. Redox Potential and Its Control in Research and Commercial Wine Fermentations. Fermentation
2025, 11, 9. [CrossRef]

Mas, A.; Beltran, G.; Torija, M.]. Microbiological Control of Alcoholic Fermentation. Ecocycles 2020, 6, 57-72. [CrossRef]

Rollero, S.; Bloem, A.; Camarasa, C.; Sanchez, I.; Ortiz-Julien, A.; Sablayrolles, ].-M.; Dequin, S.; Mouret, J.-R. Combined Effects of
Nutrients and Temperature on the Production of Fermentative Aromas by Saccharomyces Cerevisiae during Wine Fermentation.
Appl. Microbiol. Biotechnol. 2015, 99, 2291-2304. [CrossRef] [PubMed]

Gotz, A.; Wani, A.A.; Langowski, H.-C.; Wunderlich, J. Food Technologies: Aseptic Packaging. In Encyclopedia of Food Safety;
Elsevier: Amsterdam, The Netherlands, 2014; pp. 124-134.

Berk, Z. Cleaning, Disinfection, Sanitation. In Food Process Engineering and Technology; Elsevier: Amsterdam, The Netherlands,
2009; pp. 561-573.

Dumitriu, G.-D.; Teodosiu, C.; Morosanu, 1.; Plavan, O.; Gabur, I.; Cotea, V.V. Heavy Metals Assessment in the Major Stages of
Winemaking: Chemometric Analysis and Impacts on Human Health and Environment. . Food Compos. Anal. 2021, 100, 103935.
[CrossRef]

Bekker, M.Z.; Day, M.P.; Smith, P.A. Changes in Metal Ion Concentrations in a Chardonnay Wine Related to Oxygen Exposure
during Vinification. Molecules 2019, 24, 1523. [CrossRef]

Birch, R.M.; Ciani, M.; Walker, G.M. Magnesium, Calcium and Fermentative Metabolism in Wine Yeasts. J. Wine Res. 2003, 14,
3-15. [CrossRef]

Ribeiro-Filho, N.; Linforth, R.; Bora, N.; Powell, C.D.; Fisk, I.D. The Role of Inorganic-Phosphate, Potassium and Magnesium in
Yeast-Flavour Formation. Food Res. Int. 2022, 162, 112044. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1039/D4CP04774E
https://doi.org/10.1016/j.foodres.2015.04.026
https://doi.org/10.3390/ijerph17165655
https://doi.org/10.1016/j.watres.2011.11.062
https://doi.org/10.3390/foods14152689
https://doi.org/10.2787/666948
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32011R0010
https://doi.org/10.37358/RC.08.10.1977
https://doi.org/10.3390/app14156507
https://doi.org/10.1016/j.lwt.2021.111069
https://doi.org/10.1080/10643380802586857
https://doi.org/10.1016/j.fochx.2024.101728
https://www.ncbi.nlm.nih.gov/pubmed/39253017
https://doi.org/10.3390/foods13193125
https://www.ncbi.nlm.nih.gov/pubmed/39410160
https://doi.org/10.1111/1750-3841.70265
https://doi.org/10.1016/j.foodres.2020.109607
https://doi.org/10.3390/fermentation11010009
https://doi.org/10.19040/ecocycles.v6i2.181
https://doi.org/10.1007/s00253-014-6210-9
https://www.ncbi.nlm.nih.gov/pubmed/25412578
https://doi.org/10.1016/j.jfca.2021.103935
https://doi.org/10.3390/molecules24081523
https://doi.org/10.1080/0957126032000114973
https://doi.org/10.1016/j.foodres.2022.112044
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 47 of 58

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Ribeiro-Filho, N.; Linforth, R.; Powell, C.D.; Fisk, I.D. Influence of Essential Inorganic Elements on Flavour Formation during
Yeast Fermentation. Food Chem. 2021, 361, 130025. [CrossRef]

Sun, X,; Liu, L.; Zhao, Y.; Ma, T.; Zhao, F.; Huang, W.; Zhan, J. Effect of Copper Stress on Growth Characteristics and Fermentation
Properties of Saccharomyces Cerevisiae and the Pathway of Copper Adsorption during Wine Fermentation. Food Chem. 2016, 192,
43-52. [CrossRef]

Errichiello, F.; Picariello, L.; Forino, M.; Blaiotta, G.; Petruzziello, E.; Moio, L.; Gambuti, A. Copper (II) Level in Musts Affects
Acetaldehyde Concentration, Phenolic Composition, and Chromatic Characteristics of Red and White Wines. Molecules 2024,
29,2907. [CrossRef]

Nguyen, T.H.; Waterhouse, A.L. Acid Complexation of Iron Controls the Fate of Hydrogen Peroxide in Model Wine. Food Chem.
2022, 377,131910. [CrossRef]

He, R.-R.; Wang, Z.-C.; Tong, H.-E,; Chen, W.-X.; Chen, W.-].; Chen, H.-M.; Zhong, Q.-P. Effects of Metal Ion Addition on Acetic
Acid Removal by Saccharomyces Cerevisiae during Lychee Wine Fermentation. Int. J. Food Eng. 2019, 15, 20180003. [CrossRef]
Rajakumar, S.; Abhishek, A.; Selvam, G.S.; Nachiappan, V. Effect of Cadmium on Essential Metals and Their Impact on Lipid
Metabolism in Saccharomyces Cerevisiae. Cell Stress Chaperones 2020, 25, 19-33. [CrossRef]

Du, J.; Cao, C,; Jiang, L. Genome-Scale Genetic Screen of Lead Ion-Sensitive Gene Deletion Mutations in Saccharomyces Cerevisiae.
Gene 2015, 563, 155-159. [CrossRef]

Danilewicz, J.C. Review of Reaction Mechanisms of Oxygen and Proposed Intermediate Reduction Products in Wine: Central
Role of Iron and Copper. Am. J. Enol. Vitic. 2003, 54, 73-85. [CrossRef]

Nguyen, T.H.; Waterhouse, A.L. Redox Cycling of Iron: Effects of Chemical Composition on Reaction Rates with Phenols and
Oxygen in Model Wine. Am. J. Enol. Vitic. 2021, 72, 209-216. [CrossRef]

Rousseva, M.; Kontoudakis, N.; Schmidtke, L.M.; Scollary, G.R.; Clark, A.C. Impact of Wine Production on the Fractionation
of Copper and Iron in Chardonnay Wine: Implications for Oxygen Consumption. Food Chem. 2016, 203, 440—-447. [CrossRef]
[PubMed]

Xie, J.; Xu, Y.; Chen, W. Discovery and Characterization of Novel Anthocyanin-Metal Complex for Blue Food Coloring. Food
Chem. 2025, 485, 144485. [CrossRef] [PubMed]

Mira, H.; Leite, P.; Ricardo-da-Silva, ].M.; Curvelo-Garcia, A.S. Use of Ion Exchange Resins for Tartrate Wine Stabilization. OENO
One 2006, 40, 223. [CrossRef]

Just-Borras, A.; Pons-Mercadé, P.; Gombau, J.; Giménez, P.; Vilomara, G.; Conde, M.; Cantos, A.; Canals, ].M.; Zamora, F. Effects
of Using Cationic Exchange for Reducing PH on the Composition and Quality of Sparkling Wine (Cava). OENO One 2022, 56,
179-192. [CrossRef]

Corrente, G.A.; Malacaria, L.; Beneduci, A.; Furia, E.; Marino, T.; Mazzone, G. Experimental and Theoretical Study on the
Coordination Properties of Quercetin towards Aluminum(IIl), Iron(Ill) and Copper(Il) in Aqueous Solution. J. Mol. Lig. 2021,
325,115171. [CrossRef]

Tariba, B. Metals in Wine—Impact on Wine Quality and Health Outcomes. Biol. Trace Elem. Res. 2011, 144, 143-156. [CrossRef]
Green, A.M.; Scollary, G.R. Influence of Metal Ions on Lead Complexation in Wine. Aust. J. Grape Wine Res. 2000, 6, 197-202.
[CrossRef]

Levina, A.; Lay, P.A. Solution Structures of Chromium(VI) Complexes with Glutathione and Model Thiols. Inorg. Chem. 2004, 43,
324-335. [CrossRef]

Yao, S.; Wang, W.; Li, X,; Liu, X.; Han, R.; Zhang, J. Effects of Metal Ions on Antioxidant Activity of Red Wine. ChemistrySelect
2024, 9, €202400226. [CrossRef]

Santos-Buelga, C.; de Freitas, V. Influence of Phenolics on Wine Organoleptic Properties. In Wine Chemistry and Biochemistry;
Springer: New York, NY, USA, 2009; pp. 529-570.

Siddiqui, S.A.; Erol, Z.; Rugji, J.; Tasqi, F; Kahraman, H.A.; Toppi, V., Musa, L.; Di Giacinto, G.; Bahmid, N.A,;
Mehdizadeh, M.; et al. An Overview of Fermentation in the Food Industry—Looking Back from a New Perspective. Bioresour.
Bioprocess. 2023, 10, 85. [CrossRef]

White, W.; Catarino, S. How Does Maturation Vessel Influence Wine Quality? A Critical Literature Review. Ciéncia E Técnica
Vitivinicola 2023, 38, 128-151. [CrossRef]

Voidarou, C.; Antoniadou, M.; Rozos, G.; Tzora, A.; Skoufos, I.; Varzakas, T.; Lagiou, A.; Bezirtzoglou, E. Fermentative Foods:
Microbiology, Biochemistry, Potential Human Health Benefits and Public Health Issues. Foods 2020, 10, 69. [CrossRef]
Lépez-Santiago, J.; Garcia Garcia, A.L; Villarino, A.G.; Som, A.M.; Gémez-Villarino, M.T. Assessing Wineries’ Performance
in Managing Critical Control Points for Arsenic, Lead, and Cadmium Contamination Risk in the Wine-Making Industry:
A Survey-Based Analysis Utilizing Performance Indicators as a Results Tool. Heliyon 2024, 10, €22962. [CrossRef] [PubMed]

i Cortiella, M.G.; Ubeda, C.; Covarrubias, J.I; Pefia-Neira, A. Chemical, Physical, and Sensory Attributes of Sauvignon Blanc
Wine Fermented in Different Kinds of Vessels. Innov. Food Sci. Emerg. Technol. 2020, 66, 102521. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1016/j.foodchem.2021.130025
https://doi.org/10.1016/j.foodchem.2015.06.107
https://doi.org/10.3390/molecules29122907
https://doi.org/10.1016/j.foodchem.2021.131910
https://doi.org/10.1515/ijfe-2018-0003
https://doi.org/10.1007/s12192-019-01058-z
https://doi.org/10.1016/j.gene.2015.03.018
https://doi.org/10.5344/ajev.2003.54.2.73
https://doi.org/10.5344/ajev.2021.20024
https://doi.org/10.1016/j.foodchem.2016.02.081
https://www.ncbi.nlm.nih.gov/pubmed/26948636
https://doi.org/10.1016/j.foodchem.2025.144485
https://www.ncbi.nlm.nih.gov/pubmed/40300422
https://doi.org/10.20870/oeno-one.2006.40.4.865
https://doi.org/10.20870/oeno-one.2022.56.2.5399
https://doi.org/10.1016/j.molliq.2020.115171
https://doi.org/10.1007/s12011-011-9052-7
https://doi.org/10.1111/j.1755-0238.2000.tb00179.x
https://doi.org/10.1021/ic034901v
https://doi.org/10.1002/slct.202400226
https://doi.org/10.1186/s40643-023-00702-y
https://doi.org/10.1051/ctv/ctv20233802128
https://doi.org/10.3390/foods10010069
https://doi.org/10.1016/j.heliyon.2023.e22962
https://www.ncbi.nlm.nih.gov/pubmed/38163151
https://doi.org/10.1016/j.ifset.2020.102521
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 48 of 58

88.

89.
90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

He, N.X,; Bayen, S. An Overview of Chemical Contaminants and Other Undesirable Chemicals in Alcoholic Beverages and
Strategies for Analysis. Compr. Rev. Food Sci. Food Saf. 2020, 19, 3916-3950. [CrossRef]

Dyer, T. Biodeterioration of Concrete; A science publishers book; CRC Press: Boca Raton, FL, USA, 2017; ISBN 9781315119557.
Comitini, F.; Agarbati, A.; Canonico, L.; Ciani, M. Yeast Interactions and Molecular Mechanisms in Wine Fermentation:
A Comprehensive Review. Int. . Mol. Sci. 2021, 22, 7754. [CrossRef] [PubMed]

Moreira, L.; Milheiro, J.; Filipe-Ribeiro, L.; Cosme, F.; Nunes, EM. Exploring Factors Influencing the Levels of Biogenic Amines in
Wine and Microbiological Strategies for Controlling Their Occurrence in Winemaking. Food Res. Int. 2024, 190, 114558. [CrossRef]
Zilelidou, E.A.; Nisiotou, A. Understanding Wine through Yeast Interactions. Microorganisms 2021, 9, 1620. [CrossRef] [PubMed]
Bartle, L.; Sumby, K.; Sundstrom, J.; Jiranek, V. The Microbial Challenge of Winemaking: Yeast-Bacteria Compatibility. FEMS
Yeast Res. 2019, 19, f0z040. [CrossRef]

Kamerud, K.L.; Hobbie, K.A.; Anderson, K.A. Stainless Steel Leaches Nickel and Chromium into Foods during Cooking. J. Agric.
Food Chem. 2013, 61, 9495-9501. [CrossRef]

Baiano, A.; Scrocco, C.; Sepielli, G.; Nobile, M.A. Del Wine Processing: A Critical Review of Physical, Chemical, and Sensory
Implications of Innovative Vinification Procedures. Crit. Rev. Food Sci. Nutr. 2015, 56, 2391-2407. [CrossRef]

Prezioso, I.; Corcione, G.; Digiorgio, C.; Fioschi, G.; Paradiso, V.M. Ageing of Red Wine (Cv. Negroamaro) in Mediterranean
Areas: Impact of Different Barrels and Apulian Traditional Amphorae on Phenolic Indices, Volatile Composition and Sensory
Analysis. Foods 2025, 14, 650. [CrossRef]

European Union. COMMISSION REGULATION (EC) No 1895/2005 of 18 November 2005 on the Restriction of Use of Certain Epoxy
Derivatives in Materials and Articles Intended to Come into Contact with Food; Official Journal of the European Union; European
Union: Luxembourg, 2005.

Sharma, A.K.; Navale, S.V,; Aute, S.N.; Karibasappa, G.S.; Oulkar, D.P; Adsule, P.G. Changes in Phytochemicals during
Fermentation of Wine Grapes. Int. |. Food Ferment. Technol. 2012, 2, 19-25.

Thompson-Witrick, K.A; Pitts, E.R.; Nemenyi, ].L.; Budner, D. The Impact Packaging Type Has on the Flavor of Wine. Beverages
2021, 7, 36. [CrossRef]

Sangerlaub, S.; Miiller, K. Long-time Performance of Bottles Made of PET Blended with Various Concentrations of Oxygen
Scavenger Additive Stored at Different Temperatures. Packag. Technol. Sci. 2017, 30, 45-58. [CrossRef]

Grindlay, G.; Mora, J.; Gras, L.; de Loos-Vollebregt, M.T.C. Atomic Spectrometry Methods for Wine Analysis: A Critical Evaluation
and Discussion of Recent Applications. Anal. Chim. Acta 2011, 691, 18-32. [CrossRef] [PubMed]

Bora, ED.; Calugdr, A.; Bunea, C.-I; Rozsa, S.; Bunea, A. Assessment of Physicochemical, Macro- and Microelements, Heavy
Metals, and Related Human Health Risk from Organically, Conventionally, and Homemade Romanian Wines. Horticulturae 2022,
8, 382. [CrossRef]

Ajab, H.; Khan, M.H.; Naveed, P.; Abdullah, M.A. Evolution and Recent Development of Cellulose-Modified, Nucleic Acid-Based
and Green Nanosensors for Trace Heavy Metal Ion Analyses in Complex Media: A Review. Int. ]. Biol. Macromol. 2025,
307, 141745. [CrossRef] [PubMed]

Aihaiti, A.; Wang, J.; Zhang, W.; Shen, M.; Meng, E; Li, Z.; Zhang, Y.; Ren, M.; Zhang, M. Recent Advances and Trends in
Innovative Biosensor-based Devices for Heavy Metal Ion Detection in Food. Compr. Rev. Food Sci. Food Saf. 2024, 23, e13358.
[CrossRef] [PubMed]

Ashrafi, A.M.; Sys, M.; Sedlackova, E.; Shaaban Farag, A.; Adam, V.; Pfibyl, J.; Richtera, L. Application of the Enzymatic
Electrochemical Biosensors for Monitoring Non-Competitive Inhibition of Enzyme Activity by Heavy Metals. Sensors 2019,
19, 2939. [CrossRef]

Evtugyn, G. Sensitivity and Selectivity of Electrochemical Enzyme Sensors for Inhibitor Determination. Talanta 1998, 46, 465-484.
[CrossRef]

Zhou, Q.; Lin, Y;; Lin, Y.; Wei, Q.; Chen, G.; Tang, D. Highly Sensitive Electrochemical Sensing Platform for Lead Ion Based
on Synergetic Catalysis of DNAzyme and Au-Pd Porous Bimetallic Nanostructures. Biosens. Bioelectron. 2016, 78, 236-243.
[CrossRef]

Yu, Y;; Yu, C; Niu, Y,; Chen, ]J.; Zhao, Y.; Zhang, Y.; Gao, R.; He, J. Target Triggered Cleavage Effect of DNAzyme: Relying on
Pd-Pt Alloys Functionalized Fe-MOFs for Amplified Detection of Pb2*. Biosens. Bioelectron. 2018, 101, 297-303. [CrossRef]
Meng, X.; Yue, Y.; Huang, M.; Duan, Z.; Liu, K.; Wu, L. DNAzyme-CRISPR Driven Dual-Mode Biosensor with Nanozyme Signal
Amplification for on-Site Pb2+ Detection. Anal. Chim. Acta 2025, 1379, 344711. [CrossRef] [PubMed]

Cai, X.; Zhang, Y.; Wang, M.; Lu, X,; Qi, C.; Zhang, W. Advancements in DNAzyme-Mediated Biosensors for Detecting Lead Ions
in Food and Water. . Food Compos. Anal. 2025, 146, 107962. [CrossRef]

Zhang, Q.; Zhang, C.; Li, N.; Dai, Z. Optical Visualization of Cadmium Ion Using a Label-Free Nucleic Acid Aptamer for
Recognition. Anal. Lett. 2024, 57, 981-995. [CrossRef]

Yu, H.; Zhao, Q. Sensitive Electrochemical Sensor for Cd?* with Engineered Short High-Affinity Aptamer Undergoing Large
Conformation Change. Talanta 2024, 271, 125642. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1111/1541-4337.12649
https://doi.org/10.3390/ijms22147754
https://www.ncbi.nlm.nih.gov/pubmed/34299371
https://doi.org/10.1016/j.foodres.2024.114558
https://doi.org/10.3390/microorganisms9081620
https://www.ncbi.nlm.nih.gov/pubmed/34442699
https://doi.org/10.1093/femsyr/foz040
https://doi.org/10.1021/jf402400v
https://doi.org/10.1080/10408398.2013.842886
https://doi.org/10.3390/foods14040650
https://doi.org/10.3390/beverages7020036
https://doi.org/10.1002/pts.2283
https://doi.org/10.1016/j.aca.2011.02.050
https://www.ncbi.nlm.nih.gov/pubmed/21458627
https://doi.org/10.3390/horticulturae8050382
https://doi.org/10.1016/j.ijbiomac.2025.141745
https://www.ncbi.nlm.nih.gov/pubmed/40057091
https://doi.org/10.1111/1541-4337.13358
https://www.ncbi.nlm.nih.gov/pubmed/38923121
https://doi.org/10.3390/s19132939
https://doi.org/10.1016/S0039-9140(97)00313-5
https://doi.org/10.1016/j.bios.2015.11.055
https://doi.org/10.1016/j.bios.2017.10.006
https://doi.org/10.1016/j.aca.2025.344711
https://www.ncbi.nlm.nih.gov/pubmed/41167881
https://doi.org/10.1016/j.jfca.2025.107962
https://doi.org/10.1080/00032719.2023.2235623
https://doi.org/10.1016/j.talanta.2024.125642
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 49 of 58

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Bao, W.; Aodeng, G.; Ga, L.; Ai, ]. Aptamer-Based Electrochemical Biosensors: Signal Transduction Mechanisms, Application
Progress, and Future Trends. Sens. Actuators Rep. 2025, 10, 100366. [CrossRef]

Yang, Y.; Yuan, Z.; Liu, X.-P; Liu, Q.; Mao, C.-J.; Niu, H.-L,; Jin, B.-K.; Zhang, S.-Y. Electrochemical Biosensor for Ni Detection
Based on a DNAzyme-CdSe Nanocomposite. Biosens. Bioelectron. 2016, 77, 13-18. [CrossRef]

Wang, C.; Ye, M.; Zhang, X.; Chai, X.; Yu, H.; Liu, B.; Zhang, C.; Wang, Y. Aptamer-Based Biosensors for Rapid Detection and
Early Warning of Food Contaminants: From Selection to Field Applications. Molecules 2025, 30, 4332. [CrossRef]

Romanholo, P.V.V,; Razzino, C.A.; Raymundo-Pereira, P.A.; Prado, TM.; Machado, S.A.S.; Sgobbi, L.F. Biomimetic Electrochemical
Sensors: New Horizons and Challenges in Biosensing Applications. Biosens. Bioelectron. 2021, 185, 113242. [CrossRef]

Chen, S.; Chen, X.; Su, H.; Guo, M; Liu, H. Advances in Synthetic-Biology-Based Whole-Cell Biosensors: Principles, Genetic
Modules, and Applications in Food Safety. Int. J. Mol. Sci. 2023, 24, 7989. [CrossRef]

Ye, R,; Xu, A.; Li, X,; Lin, X.; Guo, H. Nanozyme Cu@Fe3;0,@MOF-199 with Highly Sensitive of Colorimetric-Electrochemical
Detection for Cr(VI): Mechanism of Substrate Catalytic Promotion-Inhibiting Dual-Effect Driving. Sens. Actuators B Chem. 2025,
444,138522. [CrossRef]

Chiado, A.; Varani, L.; Bosco, F; Marmo, L. Opening Study on the Development of a New Biosensor for Metal Toxicity Based on
Pseudomonas Fluorescens Pyoverdine. Biosensors 2013, 3, 385-399. [CrossRef]

Vyas, T.; Choudhary, S.; Sharan Rathnam, S.; Joshi, A. Fiber-Optic Detection of Aluminum and Copper in Real Water Samples
Using Enzyme-Carbon Quantum Dot (CQD)-Based Thin-Film Biosensors. ACS EST Eng. 2024, 4, 694-705. [CrossRef]

Yang, Y.; Li, W,; Liu, J. Review of Recent Progress on DNA-Based Biosensors for Pb2+ Detection. Anal. Chim. Acta 2021, 1147,
124-143. [CrossRef]

Liang, P; Lv, B.; Chen, K.; Qiao, W.; Li, D. An Ultrasensitive Cd2+ Detection Biosensor Based on DNAzyme and CRISPR/Cas12a
Coupled with Hybridization Chain Reaction. Anal. Chim. Acta 2023, 1283, 341950. [CrossRef] [PubMed]

Ma, X,; Suo, T.; Zhao, F; Shang, Z.; Chen, Y.; Wang, P,; Li, B. Integrating CRISPR/Cas12a with Strand Displacement Amplification
for the Ultrasensitive Aptasensing of Cadmium(Il). Anal. Bioanal. Chem. 2023, 415, 2281-2289. [CrossRef] [PubMed]

Gupta, VK.; Singh, A K.; Pal, M.K. Ni(II) Selective Sensors Based on Schiff Bases Membranes in Poly(Vinyl Chloride). Anal. Chim.
Acta 2008, 624, 223-231. [CrossRef]

Dugo, G.; La Pera, L.; Lo Turco, V.; Di Bella, G.; Salvo, F. Determination of Ni (II) in Beverages without Any Sample Pretreatment
by Adsorptive Stripping Chronopotentiometry (AdSCP). J. Agric. Food Chem. 2004, 52, 1829-1834. [CrossRef] [PubMed]
Sanllorente, S.; Julia Arcos, M. Optimization of Digestion Procedure for the Determination of Nickel in Wine by Differential-Pulse
Adsorptive Stripping Voltammetry. Analyst 1998, 123, 513-517. [CrossRef]

Guo, J.; Wu, ]; Yang, ].; He, J. A Colorimetric and Electrochemical Dual-Mode System for Identifying and Detecting Varied Cr
Species Based on Fungus-like Porous CoS Nanosensor. Talanta 2025, 285, 127379. [CrossRef] [PubMed]

Zhu, J.; Yin, H.; Zheng, S.; Yu, H.; Yang, L.; Wang, L.; Geng, X.; Deng, Y. Tag-free Fluorometric Aptasensor for Detection of
Chromium(VI) in Foods via SYBR Green I Signal Amplification and Aptamer Structure Transition. J. Sci. Food Agric. 2024, 104,
8008-8021. [CrossRef]

Al-Qaysi, WW.; Hameed, S.F; Shakir, T.N.; Athab, M.H. A Critical Review of Precision Analytical Methods for Detecting Heavy
Metals in Alcoholic and Non-Alcoholic Beverages. Int. |. Environ. Anal. Chem. 2025, 1-29. [CrossRef]

Grieshaber, D.; MacKenzie, R.; V6ros, J.; Reimhult, E. Electrochemical Biosensors—Sensor Principles and Architectures. Sensors
2008, 8, 1400-1458. [CrossRef]

Brainina, K.Z.; Stozhko, N.Y.; Belysheva, G.M.; Inzhevatova, O.V.; Kolyadina, L.I.; Cremisini, C.; Galletti, M. Determination
of Heavy Metals in Wines by Anodic Stripping Voltammetry with Thick-Film Modified Electrode. Anal. Chim. Acta 2004, 514,
227-234. [CrossRef]

Antonietta Baldo, M.; Bragato, C.; Daniele, S. Determination of Lead and Copper in Wine by Anodic Stripping Voltammetry with
Mercury Microelectrodes: Assessment of the Influence of Sample Pretreatment Procedures. Analyst 1997, 122, 1-5. [CrossRef]
Liu, J; Yin, Y,; Liu, G. Recent Progress of Electrochemical Sensors for Accurate Detection of Heavy Metal Ions in Water:
A Comprehensive Review. Int. |. Electrochem. Sci. 2025, 20, 101209. [CrossRef]

Vasilescu, A.; Fanjul-Bolado, P; Titoiu, A.-M.; Porumb, R.; Epure, P. Progress in Electrochemical (Bio)Sensors for Monitoring Wine
Production. Chemosensors 2019, 7, 66. [CrossRef]

Yamasaki, A.; Oliveira, ].A.B.P; Duarte, A.C.; Gomes, M.T.S.R. An Insight into the Adsorption and Electrochemical Processes
Occurring during the Analysis of Copper and Lead in Wines, Using an Electrochemical Quartz Crystal Nanobalance. Talanta 2012,
98, 14-18. [CrossRef]

Jothimuthu, P; Hsu, J.L.; Chen, R.; Inayathullah, M.; Pothineni, V.R.; Jan, A.; Gurtner, G.C.; Rajadas, J.; Nicolls, M.R. Enhanced
Electrochemical Sensing with Carbon Nanotubes Modified with Bismuth and Magnetic Nanoparticles in a Lab-on-a-Chip.
ChemNanoMat 2016, 2, 904-910. [CrossRef]

Silva, RM.; da Silva, A.D.; Camargo, J.R.; de Castro, B.S.; Meireles, L.M.; Silva, P.S.; Janegitz, B.C.; Silva, T.A. Carbon
Nanomaterials-Based Screen-Printed Electrodes for Sensing Applications. Biosensors 2023, 13, 453. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1016/j.snr.2025.100366
https://doi.org/10.1016/j.bios.2015.09.014
https://doi.org/10.3390/molecules30224332
https://doi.org/10.1016/j.bios.2021.113242
https://doi.org/10.3390/ijms24097989
https://doi.org/10.1016/j.snb.2025.138522
https://doi.org/10.3390/bios3040385
https://doi.org/10.1021/acsestengg.3c00453
https://doi.org/10.1016/j.aca.2020.12.056
https://doi.org/10.1016/j.aca.2023.341950
https://www.ncbi.nlm.nih.gov/pubmed/37977780
https://doi.org/10.1007/s00216-023-04650-6
https://www.ncbi.nlm.nih.gov/pubmed/36952025
https://doi.org/10.1016/j.aca.2008.06.054
https://doi.org/10.1021/jf0353077
https://www.ncbi.nlm.nih.gov/pubmed/15053517
https://doi.org/10.1039/a702870i
https://doi.org/10.1016/j.talanta.2024.127379
https://www.ncbi.nlm.nih.gov/pubmed/39681056
https://doi.org/10.1002/jsfa.13631
https://doi.org/10.1080/03067319.2025.2584489
https://doi.org/10.3390/s80314000
https://doi.org/10.1016/j.aca.2004.03.047
https://doi.org/10.1039/a605370j
https://doi.org/10.1016/j.ijoes.2025.101209
https://doi.org/10.3390/chemosensors7040066
https://doi.org/10.1016/j.talanta.2012.06.025
https://doi.org/10.1002/cnma.201600174
https://doi.org/10.3390/bios13040453
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 50 of 58

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.
154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Antufia-Jiménez, D.; Gonzélez-Garcia, M.B.; Herndndez-Santos, D.; Fanjul-Bolado, P. Screen-Printed Electrodes Modified with
Metal Nanoparticles for Small Molecule Sensing. Biosensors 2020, 10, 9. [CrossRef] [PubMed]

Torres-Rivero, K.; Florido, A.; Bastos-Arrieta, J. Recent Trends in the Improvement of the Electrochemical Response of Screen-
Printed Electrodes by Their Modification with Shaped Metal Nanoparticles. Sensors 2021, 21, 2596. [CrossRef] [PubMed]

Hilali, N.; Mohammadi, H.; Amine, A.; Zine, N.; Errachid, A. Recent Advances in Electrochemical Monitoring of Chromium.
Sensors 2020, 20, 5153. [CrossRef] [PubMed]

Wang, RE.; Zhang, Y.; Cai, J.; Cai, W.; Gao, T. Aptamer-Based Fluorescent Biosensors. Curr. Med. Chem. 2011, 18, 4175-4184.
[CrossRef]

Li, A.Z.; Belzberg, C.H.T; Sidhu, M.; Hariri, A.A. Fluorescent Modifications in Aptamer Switches—Positional, Structural, and
Neighboring Pair Effects on Sensor Performance. Nucleic Acids Res. 2025, 53, gkaf1346. [CrossRef]

Wang, K.; Li, Y; Li, H.; Yin, M,; Liu, H.; Deng, Q.; Wang, S. Upconversion Fluorescent Nanoparticles Based-Sensor Array for
Discrimination of the Same Variety Red Grape Wines. RSC Adv. 2019, 9, 7349-7355. [CrossRef]

Jiang, R.; Wang, J.; Feng, B.; Mou, P,; Zhou, S.; Zhang, X.; Zhou, Y.; Chen, G.; Lin, D. Sensitive and Specific Detection of Trace Al 3+
Ions Using an Upconversion Nanoparticle-Xylenol Orange Complex via the Inner Filter Effect. Anal. Methods 2024, 16, 8027-8036.
[CrossRef]

Qi, W,; Jiang, Q.; Ma, T,; Tan, Y.; Yan, R.; Erihemu, E. Near-Infrared Spectroscopy Combined with Chemometrics for Liquor
Product Quality Assessment: A Review. Foods 2025, 14, 2992. [CrossRef]

Wang, L.; Song, J.; Yu, C. The Utilization and Advancement of Quartz Crystal Microbalance (QCM): A Mini Review. Microchem. ].
2024, 199, 109967. [CrossRef]

Lim, HJ.; Saha, T.; Tey, B.T.; Tan, W.S.; Ooi, C.W. Quartz Crystal Microbalance-Based Biosensors as Rapid Diagnostic Devices for
Infectious Diseases. Biosens. Bioelectron. 2020, 168, 112513. [CrossRef] [PubMed]

Gupta, R.K.; Rasheed, T.; Nguyen, T.A.; Bilal, M. Metal-Organic Frameworks-Based Hybrid Materials for Environmental Sensing and
Monitoring; CRC Press: New York, NY, USA, 2022; ISBN 9781003188148.

Siriangkhawut, W.; Ponhong, K.; Chantiratikul, P.; Mayotha, P. Bismuth-antimony film electrode for stripping voltammetric
determination of trace cadmium and lead in Thai rice wine. Quim. Nova 2023, 46, 718-723. [CrossRef]

Naithani, S.; Sharma, P,; Layek, S.; Thetiot, F.; Goswami, T.; Kumar, S. Nanoparticles and Quantum Dots as Emerging Optical
Sensing Platforms for Ni(II) Detection: Recent Approaches and Perspectives. Coord. Chem. Rev. 2025, 524, 216331. [CrossRef]
Hu, X;; Qin, Y; Zhao, J.; Brake, J.; Zhang, S.; Sun, W.; Bian, J.; Wu, X. Rapid On-Site Detection of Chromium Contamination in
Foods Using a Naked-Eye DMSA-AuNPs Colorimetric Sensor. Food Control 2026, 180, 111655. [CrossRef]

Pyrzynska, K. Analytical Methods for the Determination of Trace Metals in Wine. Crit. Rev. Anal. Chem. 2004, 34, 69-83.
[CrossRef]

OIV. Multielemental Analysis in Wine Using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS); OIV: Jerez, Spain, 2023.
Trzcinka-Ochocka, M.; Brodzka, R.; Janasik, B. Useful and Fast Method for Blood Lead and Cadmium Determination Using
ICP-MS and GF-AAS; Validation Parameters. J. Clin. Lab. Anal. 2016, 30, 130-139. [CrossRef] [PubMed]

Adesina, K.E.; Burgos, C.J.; Grier, T.R.; Sayam, A.S.M.; Specht, A.]. Ways to Measure Metals: From ICP-MS to XRE. Curr. Environ.
Health Rep. 2025, 12, 7. [CrossRef]

Wheal, ML.S.; Wilkes, E.N. Application of Multi-Isotope Calibration to Analysis of Wine Samples by ICP-MS. J. Anal. At. Spectrom.
2021, 36, 2383-2390. [CrossRef]

Erarpat, S.; Demir, C.; Oner, M.; Bakirdere, S. Chromium Speciation by the Combination of High-Performance Liquid Chromatog-
raphy and Inductively Coupled Plasma-Optical Emission Spectrometry. Environ. Monit. Assess. 2022, 194, 690. [CrossRef]
Chen, W.; Yao, M.; Zheng, W.; Li, J.; Zheng, Y.; Dong, L. A Bimetallic MOF-Based Electrochemical Sensor for Detecting Histamine
in Spiked Wine Samples. Food Anal. Methods 2026, 19, 3. [CrossRef]

Gao, X,; Lu, H.; Ma, Y.; Wu, H.; Liu, C. First Use of a Multi-Walled Carbon Nanotubes -Nafion Composite Electrode for the
Quantitative Analysis of Edible Mushroom Polysaccharides in Agricultural Samples. J. Food Meas. Charact. 2024, 18, 6459-6472.
[CrossRef]

Dessuy, M.B.; Vale, M.G.R.; Souza, A.S.; Ferreira, S.L.C.; Welz, B.; Katskov, D.A. Method Development for the Determination of
Lead in Wine Using Electrothermal Atomic Absorption Spectrometry Comparing Platform and Filter Furnace Atomizers and
Different Chemical Modifiers. Talanta 2008, 74, 1321-1329. [CrossRef]

Sikolenko, T.; Bou-Maroun, E.; Noret, L.; Legal, M.; Karbowiak, T. Streamlining Metal Analysis in Wine: Matrix Purification for
Simple Lead Detection by AAS or Portable Electrochemical Sensor. Food Chem. 2025, 491, 145047. [CrossRef]

Villalonga, A.; Sdnchez, A.; Mayol, B.; Reviejo, J.; Villalonga, R. Electrochemical Biosensors for Food Bioprocess Monitoring. Curr.
Opin. Food Sci. 2022, 43, 18-26. [CrossRef]

Hosseinikebria, S.; Khazaei, M.; Dervisevic, M.; Judicpa, M.A ; Tian, J.; Razal, ].M.; Voelcker, N.H.; Nilghaz, A. Electrochemical
Biosensors: The Beacon for Food Safety and Quality. Food Chem. 2025, 475, 143284. [CrossRef]

Somnache, S.N. Molecularly Imprinted Polymers (MIPs). Ger. J. Pharm. Biomater. 2025, 4, 2750-6258. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.3390/bios10020009
https://www.ncbi.nlm.nih.gov/pubmed/32024126
https://doi.org/10.3390/s21082596
https://www.ncbi.nlm.nih.gov/pubmed/33917220
https://doi.org/10.3390/s20185153
https://www.ncbi.nlm.nih.gov/pubmed/32917045
https://doi.org/10.2174/092986711797189637
https://doi.org/10.1093/nar/gkaf1346
https://doi.org/10.1039/C8RA09959F
https://doi.org/10.1039/D4AY01581A
https://doi.org/10.3390/foods14172992
https://doi.org/10.1016/j.microc.2024.109967
https://doi.org/10.1016/j.bios.2020.112513
https://www.ncbi.nlm.nih.gov/pubmed/32889395
https://doi.org/10.21577/0100-4042.20230043
https://doi.org/10.1016/j.ccr.2024.216331
https://doi.org/10.1016/j.foodcont.2025.111655
https://doi.org/10.1080/10408340490475858
https://doi.org/10.1002/jcla.21826
https://www.ncbi.nlm.nih.gov/pubmed/25425387
https://doi.org/10.1007/s40572-025-00473-y
https://doi.org/10.1039/D1JA00269D
https://doi.org/10.1007/s10661-022-10395-z
https://doi.org/10.1007/s12161-025-02951-3
https://doi.org/10.1007/s11694-024-02662-z
https://doi.org/10.1016/j.talanta.2007.08.048
https://doi.org/10.1016/j.foodchem.2025.145047
https://doi.org/10.1016/j.cofs.2021.09.006
https://doi.org/10.1016/j.foodchem.2025.143284
https://doi.org/10.5530/gjpb.2025.1.1
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 51 of 58

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Pan, J.; Chen, W.; Ma, Y.; Pan, G. Molecularly Imprinted Polymers as Receptor Mimics for Selective Cell Recognition. Chem. Soc.
Rev. 2018, 47, 5574-5587. [CrossRef]

Ni, X,; Tang, X.; Wang, D.; Zhang, J.; Zhao, L.; Gao, J.; He, H.; Dramou, P. Research Progress of Sensors Based on Molecularly
Imprinted Polymers in Analytical and Biomedical Analysis. |. Pharm. Biomed. Anal. 2023, 235, 115659. [CrossRef]

Wang, J.; Lin, X.; Wu, J.; Lv, X,; Dai, B.; Wang, K.; Wu, J. Research Progress on Molecularly Imprinted Polymer-Aptasensors for
Food Safety Detection. Symmetry 2025, 17, 1933. [CrossRef]

Garcia-Hernandez, C.; Garcia-Cabezon, C.; Rodriguez-Mendez, M.L.; Martin-Pedrosa, F. Electronic Tongue Technology Applied
to the Analysis of Grapes and Wines: A Comprehensive Review from Its Origins. Chemosensors 2025, 13, 188. [CrossRef]

Ali, N.M.; Abdelrahman, S.; Reda, A.; Eldin, N.B.; Abd El-Rahman, M.K.; Shoeib, T. From Toxic to Traceable: Advances in
Ion-Selective Electrode Detection of Heavy Metals for Food Safety. J. Food Compos. Anal. 2025, 148, 108489. [CrossRef]

Lu, T.; Al-Hamry, A.; Adiraju, A.; Yan, M.; Azhati, R.; Talbi, M.; Wu, Z.; Shi, G.; Kanoun, O. Electronic Tongue Based on
Composites of Metal Phthalocyanine and Carbon Nanotubes and Electrochemically Deposited Metal Nanoparticles for Metal
Ions Detection Enhanced by Machine Learning. In Proceedings of the 2023 International Workshop on Impedance Spectroscopy (IWIS);
IEEEL: New York, NY, USA, 2023; pp. 148-153.

Pettinelli, S.; Pérez-Gonzalez, C.; Salvo-Comino, C.; Mencarelli, F; Garcia-Cabezén, C.; Rodriguez-Mendez, M.L. High-
performance Bioelectronic Tongue for the Simultaneous Analysis of Phenols, Sugars and Organic Acids in Wines. ]. Sci.
Food Agric. 2025, 105, 1430-1438. [CrossRef]

Yang, Z.; Zhang, X.; Guo, J. Functionalized Carbon-Based Electrochemical Sensors for Food and Alcoholic Beverage Safety. Appl.
Sci. 2022, 12,9082. [CrossRef]

Norocel, L.; Gutt, G. Method and Electrochemical Biosensor for Detection of Copper in Wine. Rev. De Chim. 2018, 69, 3010-3012.
[CrossRef]

Norocel, L.; Gutt, G. Screen-Printed Voltammetric Biosensors for the Determination of Copper in Wine. Sensors 2019, 19, 4618.
[CrossRef]

Hasan, R.S.; Al-Najim, A.N.; Alomari, S.M.; Saadi, A.M. A Review of Important Bacterial Siderophores and Their Potential
Applications. Int. |. Med. All Body Health Res. 2024, 5, 168-177. [CrossRef]

Zhan, S.; Wu, Y.; Wang, L.; Zhan, X.; Zhou, P. A Mini-Review on Functional Nucleic Acids-Based Heavy Metal Ion Detection.
Biosens. Bioelectron. 2016, 86, 353-368. [CrossRef]

Ruiz-Gonzalez, A. Ion-Selective Electrodes in the Food Industry: Development Trends in the Potentiometric Determination of
Tonic Pollutants. Electrochem 2024, 5, 178-212. [CrossRef]

Munonde, T.S.; Nomngongo, PN. Nanocomposites for Electrochemical Sensors and Their Applications on the Detection of Trace
Metals in Environmental Water Samples. Sensors 2020, 21, 131. [CrossRef] [PubMed]

Li, B.; Xie, X.; Meng, T.; Guo, X,; Li, Q.; Yang, Y.; Jin, H,; Jin, C.; Meng, X.; Pang, H. Recent Advance of Nanomaterials Modified
Electrochemical Sensors in the Detection of Heavy Metal Ions in Food and Water. Food Chem. 2024, 440, 138213. [CrossRef]
[PubMed]

Sarapulova, V.; Nevakshenova, E.; Nebavskaya, X.; Kozmai, A.; Aleshkina, D.; Pourcelly, G.; Nikonenko, V.; Pismenskaya, N.
Characterization of Bulk and Surface Properties of Anion-Exchange Membranes in Initial Stages of Fouling by Red Wine. J. Memb.
Sci. 2018, 559, 170-182. [CrossRef]

Karimzadeh, Z.; Mahmoudpour, M.; de la Guardia, M.; Ezzati Nazhad Dolatabadi, J.; Jouyban, A. Aptamer-Functionalized
Metal Organic Frameworks as an Emerging Nanoprobe in the Food Safety Field: Promising Development Opportunities and
Translational Challenges. TrAC Trends Anal. Chem. 2022, 152, 116622. [CrossRef]

Deng, Z.; Zhu, R.; Ma, L.; Zhou, K,; Yu, Z.; Wei, Q. Diamond for Antifouling Applications: A Review. Carbon N. Y. 2022, 196,
923-939. [CrossRef]

Chou Chau, Y.-F. Nanophotonic Materials and Devices: Recent Advances and Emerging Applications. Micromachines 2025,
16, 933. [CrossRef]

Wu, K.-J.; Wu, C,; Fang, M,; Ding, B.; Liu, P.-P; Zhou, M.-X.; Gong, Z.-Y.; Ma, D.-L.; Leung, C.-H. Application of Metal-Organic
Framework for the Adsorption and Detection of Food Contamination. TrAC Trends Anal. Chem. 2021, 143, 116384. [CrossRef]
Jiang, W.; Zhou, X.; Yuan, X.; Zhang, L.; Xiao, X.; Zhu, J.; Cheng, W. Multifunctional Metal-Organic Frameworks for Enhancing
Food Safety and Quality: A Comprehensive Review. Foods 2025, 14, 4111. [CrossRef] [PubMed]

Garcia-Hernandez, C.; Garcia-Cabezon, C.; Martin-Pedrosa, F.; Rodriguez-Mendez, M.L. Analysis of Musts and Wines by Means
of a Bio-Electronic Tongue Based on Tyrosinase and Glucose Oxidase Using Polypyrrole/Gold Nanoparticles as the Electron
Mediator. Food Chem. 2019, 289, 751-756. [CrossRef]

Zheng, Z.; Qiu, S.; Wei, Z. A Novel Voltammetric Electronic Tongue Based on Nanocomposites Modified Electrodes for the
Discrimination of Red Wines from Different Geographical Origins. Chemosensors 2022, 10, 332. [CrossRef]

Fasano, E.; Bono-Blay, F; Cirillo, T.; Montuori, P.; Lacorte, S. Migration of Phthalates, Alkylphenols, Bisphenol A and Di(2-
Ethylhexyl)Adipate from Food Packaging. Food Control 2012, 27, 132-138. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1039/C7CS00854F
https://doi.org/10.1016/j.jpba.2023.115659
https://doi.org/10.3390/sym17111933
https://doi.org/10.3390/chemosensors13050188
https://doi.org/10.1016/j.jfca.2025.108489
https://doi.org/10.1002/jsfa.13174
https://doi.org/10.3390/app12189082
https://doi.org/10.37358/RC.18.11.6672
https://doi.org/10.3390/s19214618
https://doi.org/10.54660/IJMBHR.2024.5.4.168-177
https://doi.org/10.1016/j.bios.2016.06.075
https://doi.org/10.3390/electrochem5020012
https://doi.org/10.3390/s21010131
https://www.ncbi.nlm.nih.gov/pubmed/33379201
https://doi.org/10.1016/j.foodchem.2023.138213
https://www.ncbi.nlm.nih.gov/pubmed/38134834
https://doi.org/10.1016/j.memsci.2018.04.047
https://doi.org/10.1016/j.trac.2022.116622
https://doi.org/10.1016/j.carbon.2022.05.015
https://doi.org/10.3390/mi16080933
https://doi.org/10.1016/j.trac.2021.116384
https://doi.org/10.3390/foods14234111
https://www.ncbi.nlm.nih.gov/pubmed/41376048
https://doi.org/10.1016/j.foodchem.2019.03.107
https://doi.org/10.3390/chemosensors10080332
https://doi.org/10.1016/j.foodcont.2012.03.005
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 52 of 58

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Lubbad, S.; Steiner, S.A.; Fritz, ].S.; Buchmeiser, M.R. Metathesis Polymerization-Derived Monolithic Membranes for Solid-Phase
Extraction Coupled with Diffuse Reflectance Spectroscopy. J. Chromatogr. A 2006, 1109, 86-91. [CrossRef]

Cheng, J.-H.; Sun, D.-W,; Pu, H.; Zhu, Z. Development of Hyperspectral Imaging Coupled with Chemometric Analysis to Monitor
K Value for Evaluation of Chemical Spoilage in Fish Fillets. Food Chem. 2015, 185, 245-253. [CrossRef]

Wang, J.; Yu, J.; Yu, Y;; Luo, Z.; Li, G.; Lin, X. Nanoporous Electrode with Stable Polydimethylsiloxane Coating for Direct
Electrochemical Analysis of Bisphenol A in Complex Wine Media. Food Chem. 2023, 405, 134806. [CrossRef]

Pathak, R.K,; Jung, D.-W.,; Shin, S.-H.; Ryu, B.-Y.; Lee, H.-S.; Kim, J.-M. Deciphering the Mechanisms and Interactions of the
Endocrine Disruptor Bisphenol A and Its Analogs with the Androgen Receptor. J. Hazard. Mater. 2024, 469, 133935. [CrossRef]
vom Saal, ES.; Vandenberg, L.N. Update on the Health Effects of Bisphenol A: Overwhelming Evidence of Harm. Endocrinology
2021, 162, bqaal71. [CrossRef]

Zofair, S.FF.,; Khan, M.A.; Anwar Salman, K.; Younus, H. A Novel Colorimetric Assay for the Detection of Bisphenol A Using
Laccase and Mediator Immobilized on Polyvinyl Alcohol Hydrogels. Catal. Lett. 2025, 155, 32. [CrossRef]

Alkasir, R.S.J.; Ganesana, M.; Won, Y.-H.; Stanciu, L.; Andreescu, S. Enzyme Functionalized Nanoparticles for Electrochemical
Biosensors: A Comparative Study with Applications for the Detection of Bisphenol A. Biosens. Bioelectron. 2010, 26, 43—49.
[CrossRef] [PubMed]

Goriushkina, T.B.; Orlova, A.P; Veryk, G.M.; Soldatkin, A.P.; Dzyadevych, S.V. The Procedure of Ethanol Determination in Wine
by Enzyme Amperometric Biosensor. Biopolym. Cell 2009, 25, 279-289. [CrossRef]

Schiano, M.E.; Abduvakhidov, A.; Varra, M.; Albrizio, S. Aptamer-Based Biosensors for the Analytical Determination of Bisphenol
A in Foodstuffs. Appl. Sci. 2022, 12, 3752. [CrossRef]

Rajabnejad, S.-H.; Badibostan, H.; Verdian, A.; Karimi, G.R.; Fooladi, E.; Feizy, ]. Aptasensors as Promising New Tools in Bisphenol
A Detection—An Invisible Pollution in Food and Environment. Microchem. J. 2020, 155, 104722. [CrossRef]

Naseri, M.; Mohammadniaei, M.; Sun, Y.; Ashley, ]. The Use of Aptamers and Molecularly Imprinted Polymers in Biosensors for
Environmental Monitoring: A Tale of Two Receptors. Chemosensors 2020, 8, 32. [CrossRef]

Hamed, E.M.; Li, S.EY. Molecularly Imprinted Polymers-Based Sensors for Bisphenol-A: Recent Developments and Applications
in Environmental, Food and Biomedical Analysis. Trends Environ. Anal. Chem. 2022, 35, €00167. [CrossRef]

Pan, Y.; Wu, M,; Shi, M,; Shi, P.; Zhao, N.; Zhu, Y.; Karimi-Maleh, H.; Ye, C.; Lin, C.-T.; Fu, L. An Overview to Molecularly
Imprinted Electrochemical Sensors for the Detection of Bisphenol A. Sensors 2023, 23, 8656. [CrossRef]

Ma, L.; Cui, Y;; Wang, Z.; Cheng, Q.; Zhou, Y.; Zhang, G.; Wang, L.; Zhu, Y.; Xu, F.; Abdiryim, T. A Novel Molecularly Imprinted
Sensors Using Chitosan on Nitrogen-Doped Hollow Carbon Nanospheres for Bisphenol A Detection. J. Hazard. Mater. 2025,
495, 139149. [CrossRef]

Ali, G.K.; Omer, KM. Molecular Imprinted Polymer Combined with Aptamer (MIP-Aptamer) as a Hybrid Dual Recognition
Element for Bio(Chemical) Sensing Applications. Review. Talanta 2022, 236, 122878. [CrossRef]

Liu, Y;; Yao, L.; He, L.; Liu, N.; Piao, Y. Electrochemical Enzyme Biosensor Bearing Biochar Nanoparticle as Signal Enhancer for
Bisphenol A Detection in Water. Sensors 2019, 19, 1619. [CrossRef]

Zhang, Y.; Lei, Y,; Lu, H.; Shi, L.; Wang, P; Ali, Z.; Li, J. Electrochemical Detection of Bisphenols in Food: A Review. Food Chem.
2021, 346, 128895. [CrossRef]

Varmira, K.; Saed-Mocheshi, M.; Jalalvand, A.R. Electrochemical Sensing and Bio-Sensing of Bisphenol A and Detection of Its
Damage to DNA: A Comprehensive Review. Sens. Biosensing Res. 2017, 15, 17-33. [CrossRef]

Movahed, H.R.; Rezaei, M.; Mohagheghzadeh, Z. Construction of Electrochemical Sensor Modified with Molecularly Imprinted Polymer
and RGO-Fe304-ZnO Nanocomposite for Determination of Bisphenol A in Polymers and Water Samples; Iranian Chemical Society:
Tehran, Iran, 2021; Volume 8.

Zhao, Y.; Geng, X.; Zhou, X.; Xu, L.; Li, S;; Li, Z.; Guo, Y,; Li, C. A Novel High-Stability Bioelectrochemical Sensor Based on
Sol-Gel Immobilization of Lactate Dehydrogenase and AuNPs-RGO Signal Enhancement for Serum Pyruvate Detection. Anal.
Chim. Acta 2023, 1265, 341335. [CrossRef]

Harun-Ur-Rashid, M.; Imran, A.B.; Foyez, T. Voltammetric Sensors Modified with Nanomaterials: Applications in Rapid Detection
of Bioactive Compounds for Health and Safety Monitoring. Discov. Electrochem. 2025, 2, 14. [CrossRef]

Achache, M.; El Boumlasy, S.; Bouchta, D.; Choukairi, M. Development and Applications of Carbon Paste and Sonogel-
Carbon Electrodes Modified with Nanomaterials: Perspectives in Pharmaceutical, Biological, Environmental and Food Analysis:
A Review. TrAC Trends Anal. Chem. 2026, 194, 118502. [CrossRef]

Hosseini, S.; Ibrahim, F. Current Optical Biosensors in Clinical Practice; Springer: Singapore, 2016; pp. 1-12.

Orenli, D.; Kacar Selvi, C.; Oztiirk, F.; Erden, P.E.; Kilig, E. Electrochemical (Bio)Sensors Based on Carbon Quantum Dots, Ionic
Liquid and Gold Nanoparticles for Bisphenol A. Anal. Biochem. 2023, 662, 115002. [CrossRef]

Savoca, D.; Pace, A. Bioaccumulation, Biodistribution, Toxicology and Biomonitoring of Organofluorine Compounds in Aquatic
Organisms. Int. . Mol. Sci. 2021, 22, 6276. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1016/j.chroma.2005.11.082
https://doi.org/10.1016/j.foodchem.2015.03.111
https://doi.org/10.1016/j.foodchem.2022.134806
https://doi.org/10.1016/j.jhazmat.2024.133935
https://doi.org/10.1210/endocr/bqaa171
https://doi.org/10.1007/s10562-024-04877-7
https://doi.org/10.1016/j.bios.2010.05.001
https://www.ncbi.nlm.nih.gov/pubmed/20605712
https://doi.org/10.7124/bc.0007E7
https://doi.org/10.3390/app12083752
https://doi.org/10.1016/j.microc.2020.104722
https://doi.org/10.3390/chemosensors8020032
https://doi.org/10.1016/j.teac.2022.e00167
https://doi.org/10.3390/s23208656
https://doi.org/10.1016/j.jhazmat.2025.139149
https://doi.org/10.1016/j.talanta.2021.122878
https://doi.org/10.3390/s19071619
https://doi.org/10.1016/j.foodchem.2020.128895
https://doi.org/10.1016/j.sbsr.2017.07.002
https://doi.org/10.1016/j.aca.2023.341335
https://doi.org/10.1007/s44373-025-00027-9
https://doi.org/10.1016/j.trac.2025.118502
https://doi.org/10.1016/j.ab.2022.115002
https://doi.org/10.3390/ijms22126276
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 53 of 58

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Zhang, L.; Er, ].C.; Xu, W,; Qin, X.; Samanta, A ; Jana, S.; Lee, C.-L.K,; Chang, Y.-T. “Orange Alert”: A Fluorescent Detector for
Bisphenol A in Water Environments. Anal. Chim. Acta 2014, 815, 51-56. [CrossRef] [PubMed]

Alam, M.K.; Rahman, M.M.; Elzwawy, A.; Torati, S.R.; Islam, M.S.; Todo, M.; Asiri, A.M.; Kim, D.; Kim, C. Highly Sensitive and
Selective Detection of Bis-Phenol A Based on Hydroxyapatite Decorated Reduced Graphene Oxide Nanocomposites. Electrochim.
Acta 2017, 241, 353-361. [CrossRef]

Bahadir, E.B.; Sezgintiirk, M.K. Biosensor Technologies for Analyses of Food Contaminants. In Nanobiosensors; Elsevier: Amster-
dam, The Netherlands, 2017; pp. 289-337.

He, P; Ling, Y.; Yong, W.; Yao, M.; Zhang, Y.; Feng, X.; Zhang, Y.; Zhang, F. Determination of 22 Alternative Plasticizers in Wrap
Film by Solid Phase Extraction and Ultra-High Performance Supercritical Fluid Chromatography-Tandem Mass Spectrometry.
J. Chromatogr. A 2022, 1669, 462916. [CrossRef] [PubMed]

Gallart-Ayala, H.; Moyano, E.; Galceran, M.T. Analysis of Bisphenols in Soft Drinks by On-Line Solid Phase Extraction Fast Liquid
Chromatography-Tandem Mass Spectrometry. Anal. Chim. Acta 2011, 683, 227-233. [CrossRef]

Li, S.; Shippar, J.; Mastovska, K. Determination of Bisphenol A (BPA) in Commercially Packaged Ready-to-Consume Carbonated
and Noncarbonated Water and Nonalcoholic Beverages: A Single-Laboratory Validation Study, First Action 2017.15. J. AOAC Int.
2019, 102, 605-611. [CrossRef]

Zhou, Q.; Qian, Y,; Qian, M.C. Analysis of Volatile Phenols in Alcoholic Beverage by Ethylene Glycol-Polydimethylsiloxane Based
Stir Bar Sorptive Extraction and Gas Chromatography—Mass Spectrometry. J. Chromatogr. A 2015, 1390, 22-27. [CrossRef]
Caballero-Casero, N.; Rubio, S. Comprehensive Supramolecular Solvent-Based Sample Treatment Platform for Evaluation of
Combined Exposure to Mixtures of Bisphenols and Derivatives by Liquid Chromatography-Tandem Mass Spectrometry. Anal.
Chim. Acta 2021, 1144, 14-25. [CrossRef]

Correia-S4, L.; Norberto, S.; Delerue-Matos, C.; Calhau, C.; Domingues, V.F. Micro-QuEChERS Extraction Coupled to GC-MS for
a Fast Determination of Bisphenol A in Human Urine. J. Chromatogr. B 2018, 1072, 9-16. [CrossRef]

Brehm-Stecher, B. Sampling and Sample Preparation for Sensor-Based Detection of Pathogens in Foods. In High Throughput
Screening for Food Safety Assessment; Elsevier: Amsterdam, The Netherlands, 2015; pp. 11-22.

Stasyuk, N.; Demkiv, O.; Gayda, G.; Zakalska, O.; Nogala, W.; Gonchar, M. Amperometric Biosensors Based on Alcohol Oxidase
and Peroxidase-like Nanozymes for Ethanol Determination. Microchim. Acta 2022, 189, 474. [CrossRef]

Nanda, R.R; Sharma, J.; Chand, S.; Addagada, L.; Rout, P.R. Biosensing Contaminants of Emerging Concerns: A Technological
Leap in Emerging Contaminant Detection. Curr. Opin. Environ. Sci. Health 2025, 47, 100649. [CrossRef]

Qicheng, L. A Portable Biosensor for the Detection of Cadmium-Induced Oral Carcinogens in Food. J. Food Compos. Anal. 2026,
150, 108831. [CrossRef]

Erfkamp, J.; Guenther, M.; Gerlach, G. Hydrogel-Based Sensors for Ethanol Detection in Alcoholic Beverages. Sensors 2019,
19, 1199. [CrossRef] [PubMed]

Bilgi, M.; Ayranci, E. Biosensor Application of Screen-Printed Carbon Electrodes Modified with Nanomaterials and a Conducting
Polymer: Ethanol Biosensors Based on Alcohol Dehydrogenase. Sens. Actuators B Chem. 2016, 237, 849-855. [CrossRef]

Hooda, V.; Kumar, V.; Gahlaut, A.; Hooda, V. Alcohol Quantification: Recent Insights into Amperometric Enzyme Biosensors.
Artif. Cells Nanomed. Biotechnol. 2018, 46, 398-410. [CrossRef] [PubMed]

da Cruz, R.G.; Beney, L.; Gervais, P.; de Lira, S.P.; de Vieira, TM.ES.; Dupont, S. Comparison of the Antioxidant Property of
Acerola Extracts with Synthetic Antioxidants Using an in Vivo Method with Yeasts. Food Chem. 2019, 277, 698-705. [CrossRef]
Du, Q.; Wang, L.; Yang, J.; Liu, J.; Yuan, Y.; Wang, M.; Liu, B.; Zhang, X.; Ren, Y.; Zhao, H.; et al. Enhancing Gas Sensing
Performances and Sensing Mechanism at Atomic and Molecule Level of WO3 Nanoparticles by Hydrogenation. Sens. Actuators B
Chem. 2018, 273, 1786-1793. [CrossRef]

Arlyapov, V.A.; Kamanina, O.A.; Kamanin, S.S.; Reshetilov, A.N.; Shvets, V.I. Monitoring of Biotechnological Processes by Enzyme
Electrodes Modified with Carbon Nanotubes. Appl. Biochem. Microbiol. 2019, 55, 313-321. [CrossRef]

Smutok, O.; Kavetskyy, T.; Prokopiv, T.; Serkiz, R.; Wojnarowska-Nowak, R.; Sausga, O.; Novak, L; Berek, D.; Melman, A.;
Gonchar, M. New Micro/Nanocomposite with Peroxidase-like Activity in Construction of Oxidases-Based Amperometric
Biosensors for Ethanol and Glucose Analysis. Anal. Chim. Acta 2021, 1143, 201-209. [CrossRef]

Aykag, A.; Gergeroglu, H.; Besli, B.; Akkas, E.O.; Yavas, A.; Giiler, S.; Giines, F.; Erol, M. An Overview on Recent Progress of
Metal Oxide/Graphene/CNTs-Based Nanobiosensors. Nanoscale Res. Lett. 2021, 16, 65. [CrossRef]

Li, E; Li, Y;; Feng, J.; Gao, Z.; Lv, H; Ren, X.; Wei, Q. Facile Synthesis of M0oS2@Cu20-Pt Nanohybrid as Enzyme-Mimetic Label
for the Detection of the Hepatitis B Surface Antigen. Biosens. Bioelectron. 2018, 100, 512-518. [CrossRef]

Wang, J.; Li, X.; Zhang, J.; Tian, H. Modulating a D-7-A Type Diarylethene for on-Demand Cu2+ Check via Photo-Switchable
Detection Range and Sensitivity. Sens. Actuators B Chem. 2018, 257, 77-86. [CrossRef]

Toma, K.; Iwasaki, K.; Arakawa, T.; Iwasaki, Y.; Mitsubayashi, K. Sensitive and Selective Methanol Biosensor Using Two-Enzyme
Cascade Reaction and Fluorometry for Non-Invasive Assessment of Intestinal Bacteria Activity. Biosens. Bioelectron. 2021,
181, 113136. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1016/j.aca.2014.01.038
https://www.ncbi.nlm.nih.gov/pubmed/24560372
https://doi.org/10.1016/j.electacta.2017.04.135
https://doi.org/10.1016/j.chroma.2022.462916
https://www.ncbi.nlm.nih.gov/pubmed/35290864
https://doi.org/10.1016/j.aca.2010.10.034
https://doi.org/10.5740/jaoacint.18-0132
https://doi.org/10.1016/j.chroma.2015.02.064
https://doi.org/10.1016/j.aca.2020.11.057
https://doi.org/10.1016/j.jchromb.2017.10.060
https://doi.org/10.1007/s00604-022-05568-z
https://doi.org/10.1016/j.coesh.2025.100649
https://doi.org/10.1016/j.jfca.2025.108831
https://doi.org/10.3390/s19051199
https://www.ncbi.nlm.nih.gov/pubmed/30857259
https://doi.org/10.1016/j.snb.2016.06.164
https://doi.org/10.1080/21691401.2017.1315426
https://www.ncbi.nlm.nih.gov/pubmed/28415884
https://doi.org/10.1016/j.foodchem.2018.10.099
https://doi.org/10.1016/j.snb.2018.07.099
https://doi.org/10.1134/s0003683819030037
https://doi.org/10.1016/j.aca.2020.11.052
https://doi.org/10.1186/s11671-021-03519-w
https://doi.org/10.1016/j.bios.2017.09.048
https://doi.org/10.1016/j.snb.2017.10.099
https://doi.org/10.1016/j.bios.2021.113136
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 54 of 58

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

Semenova, D.; Pinto, T.; Koch, M.; Gernaey, K.V.; Junicke, H. Electrochemical Tuning of Alcohol Oxidase and Dehydrogenase
Catalysis via Biosensing towards Butanol-1 Detection in Fermentation Media. Biosens. Bioelectron. 2020, 170, 112702. [CrossRef]
[PubMed]

Paun, V.I; Banciu, RM.; Lavin, P,; Vasilescu, A.; Fanjul-Bolado, P.; Purcarea, C. Antarctic Aldehyde Dehydrogenase from
Flavobacterium PL002 as a Potent Catalyst for Acetaldehyde Determination in Wine. Sci. Rep. 2022, 12, 17301. [CrossRef]

[itani, K.; Chien, P.-J.; Suzuki, T.; Toma, K.; Arakawa, T.; Iwasaki, Y.; Mitsubayashi, K. Improved Sensitivity of Acetaldehyde
Biosensor by Detecting ADH Reverse Reaction-Mediated NADH Fluoro-Quenching for Wine Evaluation. ACS Sens. 2017, 2,
940-946. [CrossRef]

Ibanez, D.; Gonzalez-Garcia, M.B.; Herndndez-Santos, D.; Fanjul-Bolado, P. Spectroelectrochemical Enzyme Sensor System for
Acetaldehyde Detection in Wine. Biosensors 2022, 12, 1032. [CrossRef]

Liu, W;; Cao, J.; Wu, D.; Wu, Y.; Qin, Y;; Liu, Y.; Zhao, X.; Song, Y. Development of an Advanced Acetaldehyde Detection Solution
Based on Yeast and Bacterial Surface Display Technology. J. Biotechnol. 2025, 398, 42-50. [CrossRef]

Robles, A.; Fabjanowicz, M.; Chmiel, T.; Plotka-Wasylka, J. Determination and Identification of Organic Acids in Wine Samp]es.
Problems and Challenges. TrAC Trends Anal. Chem. 2019, 120, 115630. [CrossRef]

Zeravik, ].; Fohlerova, Z.; Milovanovic, M.; Kubesa, O.; Zeisbergerova, M.; Lacina, K,; Petrovic, A.; Glatz, Z.; Skladal, P. Various
Instrumental Approaches for Determination of Organic Acids in Wines. Food Chem. 2016, 194, 432—440. [CrossRef]

Vicente, J.; Baran, Y.; Navascués, E.; Santos, A.; Calderén, F.; Marquina, D.; Rauhut, D.; Benito, S. Biological Management of
Acidity in Wine Industry: A Review. Int. J. Food Microbiol. 2022, 375, 109726. [CrossRef] [PubMed]

Giménez-Goémez, P.; Gutiérrez-Capitdn, M.; Capdevila, E; Puig-Pujol, A.; Ferndndez-Sanchez, C.; Jiménez-Jorquera, C. Monitoring
of Malolactic Fermentation in Wine Using an Electrochemical Bienzymatic Biosensor for L-Lactate with Long Term Stability. Anal.
Chim. Acta 2016, 905, 126-133. [CrossRef]

Giménez-Goémez, P; Gutiérrez-Capitan, M.; Capdevila, F.,; Puig-Pujol, A.; Fernandez-Sanchez, C.; [iménez-Jorquera, C. Robust
L-Malate Bienzymatic Biosensor to Enable the on-Site Monitoring of Malolactic Fermentation of Red Wines. Anal. Chim. Acta
2017, 954, 105-113. [CrossRef] [PubMed]

Pundir, C.S.; Narwal, V,; Batra, B. Determination of Lactic Acid with Special Emphasis on Biosensing Methods: A Review. Biosens.
Bioelectron. 2016, 86, 777-790. [CrossRef]

Giménez-Gémez, P,; Gutiérrez-Capitan, M.; Capdevila, F.; Puig-Pujol, A.; Jiménez-Jorquera, C.; Fernandez-Sanchez, C. Compact
Analytical Flow System for the Simultaneous Determination of L-Lactic and 1-Malic in Red Wines. Sci. Rep. 2020, 10, 19404.
[CrossRef]

Katrlik, J.; Pizzariello, A.; Mastihuba, V.; Svore, J.; Stred’ansky, M.; Miertus, S. Biosensors for L-Malate and L-Lactate Based on
Solid Binding Matrix. Anal. Chim. Acta 1999, 379, 193-200. [CrossRef]

Kesler, Y.M.; Kviatkovski, I.; Rotem, N.; Brandis, A.; Shoseyov, O.; Yarnitzky, T.; Helman, Y. Detection of Spoilage-Associated
Acetic Acid Levels Using a Transcription-Based Whole-Cell Biosensor. Microb. Biotechnol. 2025, 18, €70267. [CrossRef]
Lourengo, A.S.; Nascimento, R.F; Silva, A.C.; Ribeiro, W.F.; Araujo, M.C.U.; Oliveira, S.C.B.; Nascimento, V.B. Voltammetric
Determination of Tartaric Acid in Wines by Electrocatalytic Oxidation on a Cobalt(II)-Phthalocyanine-Modified Electrode
Associated with Multiway Calibration. Anal. Chim. Acta 2018, 1008, 29-37. [CrossRef]

Rodriguez-Delgado, M.M.; Alemén-Nava, G.S.; Rodriguez-Delgado, ].M.; Dieck-Assad, G.; Martinez-Chapa, S.O.; Barceld, D.;
Parra, R. Laccase-Based Biosensors for Detection of Phenolic Compounds. TrAC Trends Anal. Chem. 2015, 74, 21-45. [CrossRef]
Jewell, W.T.; Ebeler, S.E. Tyrosinase Biosensor for the Measurement of Wine Polyphenolics. Am. J. Enol. Vitic. 2001, 52, 219-222.
[CrossRef]

Bounegru, A.V,; Apetrei, C. Laccase and Tyrosinase Biosensors Used in the Determination of Hydroxycinnamic Acids. Int. J. Mol.
Sci. 2021, 22, 4811. [CrossRef]

Garcia-Guzman, J.J.; Herndndez-Artiga, M.P.; Palacios-Ponce de Leén, L.; Bellido-Milla, D. Selective Methods for Polyphenols
and Sulphur Dioxide Determination in Wines. Food Chem. 2015, 182, 47-54. [CrossRef]

Martin, E.; Dubessay, P.; Record, E.; Audonnet, F.; Michaud, P. Recent Advances in Laccase Activity Assays: A Crucial Challenge
for Applications on Complex Substrates. Enzyme Microb. Technol. 2024, 173, 110373. [CrossRef]

Liu, X;; You, S.; Ma, E; Zhou, H. Characterization of Electrode Fouling during Electrochemical Oxidation of Phenolic Pollutant.
Front. Environ. Sci. Eng. 2021, 15, 53. [CrossRef]

Silber, A.; Brauchle, C.; Hampp, N. Dehydrogenase-Based Thick-Film Biosensors for Lactate and Malate. Sens. Actuators B Chem.
1994, 18, 235-239. [CrossRef]

Tarasov, A.; Stozhko, N.; Bukharinova, M.; Khamzina, E. Biosensors Based on Phenol Oxidases (Laccase, Tyrosinase, and Their
Mixture) for Estimating the Total Phenolic Index in Food-Related Samples. Life 2023, 13, 291. [CrossRef]

Azevedo, A.M.; Prazeres, D.M.E,; Cabral, ].M.S.; Fonseca, L.P. Ethanol Biosensors Based on Alcohol Oxidase. Biosens. Bioelectron.
2005, 21, 235-247. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1016/j.bios.2020.112702
https://www.ncbi.nlm.nih.gov/pubmed/33045667
https://doi.org/10.1038/s41598-022-22289-8
https://doi.org/10.1021/acssensors.7b00184
https://doi.org/10.3390/bios12111032
https://doi.org/10.1016/j.jbiotec.2024.11.020
https://doi.org/10.1016/j.trac.2019.115630
https://doi.org/10.1016/j.foodchem.2015.08.013
https://doi.org/10.1016/j.ijfoodmicro.2022.109726
https://www.ncbi.nlm.nih.gov/pubmed/35635990
https://doi.org/10.1016/j.aca.2015.11.032
https://doi.org/10.1016/j.aca.2016.11.061
https://www.ncbi.nlm.nih.gov/pubmed/28081804
https://doi.org/10.1016/j.bios.2016.07.076
https://doi.org/10.1038/s41598-020-76502-7
https://doi.org/10.1016/S0003-2670(98)00610-2
https://doi.org/10.1111/1751-7915.70267
https://doi.org/10.1016/j.aca.2018.01.005
https://doi.org/10.1016/j.trac.2015.05.008
https://doi.org/10.5344/ajev.2001.52.3.219
https://doi.org/10.3390/ijms22094811
https://doi.org/10.1016/j.foodchem.2015.02.101
https://doi.org/10.1016/j.enzmictec.2023.110373
https://doi.org/10.1007/s11783-020-1345-7
https://doi.org/10.1016/0925-4005(94)87088-8
https://doi.org/10.3390/life13020291
https://doi.org/10.1016/j.bios.2004.09.030
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 55 of 58

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.
276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

Jadan-Piedra, F,; Cevallos-Mendoza, J.E.; Vera Delgado, ] M.; Sinchez Mendoza, V.; Laz Mero, M.; Rivadeneira, Z.R.A.; Duefias
Utreras, J.A.; Rodriguez-Gamez, M.; Jadan-Piedra, C. Selective Determination of Methanol and Ethanol Using a Sensor Based on
Alcohol Oxidase Immobilized on a Cassava Biopolymer. Biosens. Bioelectron. X 2023, 15, 100414. [CrossRef]

Ndreka, X.; Isak, N.; Xhaxhiu, K.; Kudr, J.; Zitka, O.; Farruku, M.; Baraj, B. Electrochemical Determination of Wine Polyphenols
Using Carbon Electrodes: A Review. Electroanalysis 2024, 36, €202400084. [CrossRef]

Sanchez Arribas, A.; Martinez-Ferndndez, M.; Moreno, M.; Bermejo, E.; Zapardiel, A.; Chicharro, M. Analysis of Total Polyphenols
in Wines by FIA with Highly Stable Amperometric Detection Using Carbon Nanotube-Modified Electrodes. Food Chem. 2013, 136,
1183-1192. [CrossRef]

Jakubec, P.; Bancirova, M.; Halouzka, V.; Lojek, A.; Ciz, M.; Denev, P; Cibicek, N.; Vacek, J.; Vostalova, ]J.;
Ulrichova, J.; et al. Electrochemical Sensing of Total Antioxidant Capacity and Polyphenol Content in Wine Samples
Using Amperometry Online-Coupled with Microdialysis. J. Agric. Food Chem. 2012, 60, 7836-7843. [CrossRef]

Li, T; Zou, Y,; Liu, S; Yang, Y.; Zhang, Z.; Zhao, Y. Monitoring NAD(H) and NADP(H) Dynamics during Organismal Development
with Genetically Encoded Fluorescent Biosensors. Cell Regen. 2022, 11, 5. [CrossRef]

Monagas, M.; Bartolomé, B.; Gémez-Cordovés, C. Updated Knowledge About the Presence of Phenolic Compounds in Wine.
Crit. Rev. Food Sci. Nutr. 2005, 45, 85-118. [CrossRef]

Forzato, C.; Vida, V.; Berti, F. Biosensors and Sensing Systems for Rapid Analysis of Phenolic Compounds from Plants:
A Comprehensive Review. Biosensors 2020, 10, 105. [CrossRef]

Montereali, M.R.; Seta, L.D.; Vastarella, W.; Pilloton, R. A Disposable Laccase-Tyrosinase Based Biosensor for Amperometric
Detection of Phenolic Compounds in Must and Wine. J. Mol. Catal. B Enzym. 2010, 64, 189-194. [CrossRef]

Galmarini, M.V.; Maury, C.; Mehinagic, E.; Sanchez, V.; Baeza, R.I.; Mignot, S.; Zamora, M.C.; Chirife, J. Stability of Individual
Phenolic Compounds and Antioxidant Activity During Storage of a Red Wine Powder. Food Bioproc. Technol. 2013, 6, 3585-3595.
[CrossRef]

Boulton, R.; Nelson, J.; Knoesen, A. A Review of Sensors for the Monitoring, Modeling, and Control of Commercial Wine
Fermentations. Fermentation 2025, 11, 329. [CrossRef]

Esmeryan, K.D.; Lazarov, Y.; Grakov, T.; Fedchenko, Y.I; Vergov, L.G.; Staykov, S. Metal-Phenolic Film Coated Quartz Crystal
Microbalance as a Selective Sensor for Methanol Detection in Alcoholic Beverages. Micromachines 2023, 14, 1274. [CrossRef]
Kidanemariam, A.; Cho, S. Metal-Organic-Framework-Based Optical Biosensors: Recent Advances in Pathogen Detection and
Environmental Monitoring. Sensors 2025, 25, 5081. [CrossRef]

Kaushik, A.; Vasudev, A.; Arya, S.K.; Bhansali, S. Mediator and Label Free Estimation of Stress Biomarker Using Electrophoretically
Deposited Ag@AgO-Polyaniline Hybrid Nanocomposite. Biosens. Bioelectron. 2013, 50, 35—41. [CrossRef] [PubMed]

Skladal, P. Smart Bioelectronic Tongues for Food and Drinks Control. TrAC Trends Anal. Chem. 2020, 127, 115887. [CrossRef]
Tarola, A.M.; Milano, F.; Giannetti, V. Simultaneous Determination of Phenolic Compounds in Red Wines by HPLC-UV. Anal.
Lett. 2007, 40, 2433-2445. [CrossRef]

Aleixandre-Tudo, ].L.; Buica, A.; Nieuwoudt, H.; Aleixandre, J.L.; du Toit, W. Spectrophotometric Analysis of Phenolic Compounds
in Grapes and Wines. J. Agric. Food Chem. 2017, 65, 4009-4026. [CrossRef]

Aleixandre-Tudo, ].L.; Nieuwoudt, H.; Aleixandre, J.L.; du Toit, W. Chemometric Compositional Analysis of Phenolic Compounds
in Fermenting Samples and Wines Using Different Infrared Spectroscopy Techniques. Talanta 2018, 176, 526-536. [CrossRef]
Fragoso, S.; Acefa, L.; Guasch, J.; Mestres, M.; Busto, O. Quantification of Phenolic Compounds during Red Winemaking Using
FT-MIR Spectroscopy and PLS-Regression. J. Agric. Food Chem. 2011, 59, 10795-10802. [CrossRef]

Jeremic, J.; Ricci, A.; Tacconi, G.; Lagarde-Pascal, C.; Parpinello, G.P,; Versari, A. Monitoring Oxidative Status in Winemaking by
Untargeted Linear Sweep Voltammetry. Foods 2020, 9, 728. [CrossRef]

Shrake, N.L.; Amirtharajah, R.; Brenneman, C.; Boulton, R.; Knoesen, A. In-Line Measurement of Color and Total Phenolics
during Red Wine Fermentations Using a Light-Emitting Diode Sensor. Am. |. Enol. Vitic. 2014, 65, 463—470. [CrossRef]
Medina-Plaza, C.; de Saja, J.A.; Ferndndez-Escudero, J.A.; Barajas, E.; Medrano, G.; Rodriguez-Mendez, M.L. Array of Biosensors
for Discrimination of Grapes According to Grape Variety, Vintage and Ripeness. Anal. Chim. Acta 2016, 947, 16-22. [CrossRef]
Beaver, C.; Collins, T.S.; Harbertson, ]. Model Optimization for the Prediction of Red Wine Phenolic Compounds Using
Ultraviolet—Visible Spectra. Molecules 2020, 25, 1576. [CrossRef]

Giglio, C.; Yang, Y.; Kilmartin, P. Analysis of Phenolics in New Zealand Pinot Noir Wines Using UV-Visible Spectroscopy and
Chemometrics. J. Food Compos. Anal. 2023, 117, 105106. [CrossRef]

Cozzolino, D. Phenolics and Spectroscopy: Challenges and Successful Stories in the Grape and Wine Industry. J. Sci. Food Agric.
2025, 105, 1408-1412. [CrossRef] [PubMed]

Dhaffouli, A. Next-Generation Antifouling Electrochemical Sensors: From Surface Design to Practical Applications. Microchem. ].
2026, 220, 116637. [CrossRef]

Mor, R. A Review on Development of Enzymatic Biosensors for Industrial Applications. World |. Adv. Res. Rev. 2024, 23, 2582-2590.
[CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1016/j.biosx.2023.100414
https://doi.org/10.1002/elan.202400084
https://doi.org/10.1016/j.foodchem.2012.09.027
https://doi.org/10.1021/jf3019886
https://doi.org/10.1186/s13619-021-00105-4
https://doi.org/10.1080/10408690490911710
https://doi.org/10.3390/bios10090105
https://doi.org/10.1016/j.molcatb.2009.07.014
https://doi.org/10.1007/s11947-012-1035-y
https://doi.org/10.3390/fermentation11060329
https://doi.org/10.3390/mi14061274
https://doi.org/10.3390/s25165081
https://doi.org/10.1016/j.bios.2013.06.012
https://www.ncbi.nlm.nih.gov/pubmed/23831854
https://doi.org/10.1016/j.trac.2020.115887
https://doi.org/10.1080/00032710701577666
https://doi.org/10.1021/acs.jafc.7b01724
https://doi.org/10.1016/j.talanta.2017.08.065
https://doi.org/10.1021/jf201973e
https://doi.org/10.3390/foods9060728
https://doi.org/10.5344/ajev.2014.14023
https://doi.org/10.1016/j.aca.2016.10.032
https://doi.org/10.3390/molecules25071576
https://doi.org/10.1016/j.jfca.2022.105106
https://doi.org/10.1002/jsfa.13173
https://www.ncbi.nlm.nih.gov/pubmed/38012025
https://doi.org/10.1016/j.microc.2025.116637
https://doi.org/10.30574/wjarr.2024.23.1.2278
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 56 of 58

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.
299.

300.

301.

302.

303.
304.

305.

306.

307.

308.

309.

310.

311.

312.

Tuncay, D.; Ergene, B. Determination of the Total Phenolic Content in Hardaliye by Amperometric Laccase-Based Biosensor and
Comparison of the LC-MS/MS. |. Food Compos. Anal. 2024, 134, 106487. [CrossRef]

Bathinapatla, A.; Manuel, M.; Pakrudheen, I.; Mulpuri, R.K.; Kanchi, S. New Frontiers in Polyphenol Analysis: A Review of
Electrochemical Sensors and Commercial Devices Enhancing Food and Beverage Analysis. ]. Food Compos. Anal. 2025, 140, 107161.
[CrossRef]

Engku Abd Rahman, E.N.S.; Irekeola, A.A.; Yusof, N.Y.; Yean, C.Y. Enhancing Food Safety: A Systematic Review of Electrochemical
Biosensors for Pathogen Detection—Advancements, Limitations, and Practical Challenges. Food Control 2026, 179, 111603.
[CrossRef]

Zaras, 1.; Kujawa, O.; Olszewski, M.; Jarczewska, M. Application of PS2M Aptamer as Receptor Layer for Electrochemical
Detection of Lead Ions. Biosensors 2025, 15, 59. [CrossRef]

da Costa, A.M.S,; Delgadillo, I.; Rudnitskaya, A. Detection of Copper, Lead, Cadmium and Iron in Wine Using Electronic Tongue
Sensor System. Talanta 2014, 129, 63-71. [CrossRef]

Fatibello-Filho, O. Potentiometric Biosensors. In Tools and Trends in Bioanalytical Chemistry; Springer International Publishing:
Cham, Switzerland, 2022; pp. 265-272.

Grindlay, G.; Mora, J.; Gras, L.; de Loos-Vollebregt, M.T.C. Ultratrace Determination of Pb, Se and As in Wine Samples by
Electrothermal Vaporization Inductively Coupled Plasma Mass Spectrometry. Anal. Chim. Acta 2009, 652, 154-160. [CrossRef]
[PubMed]

Venkateswara Raju, C.; Hwan Cho, C.; Mohana Rani, G.; Manju, V.; Umapathi, R.; Suk Huh, Y.; Pil Park, J. Emerging Insights into
the Use of Carbon-Based Nanomaterials for the Electrochemical Detection of Heavy Metal Ions. Coord. Chem. Rev. 2023, 476,
214920. [CrossRef]

Isildak, O.; Ozbek, O. Application of Potentiometric Sensors in Real Samples. Crit. Rev. Anal. Chem. 2021, 51, 218-231. [CrossRef]
Narciso, D.; Fernandes, C.; dos Santos, P.C.; de Pinho, M.N. New Method for the Estimation of the Potassium Hydrogen Tartrate
Saturation Temperature of Port Wines. Am. J. Enol. Vitic. 2005, 56, 255-266. [CrossRef]

Danilewicz, J.C. Fe(Il):Fe(IIl) Ratio and Redox Status of White Wines. Am. J. Enol. Vitic. 2016, 67, 146-152. [CrossRef]

Akter, M; Park, J.-S. Fouling and Mitigation Behavior of Foulants on Ion Exchange Membranes with Surface Property in Reverse
Electrodialysis. Membranes 2023, 13, 106. [CrossRef]

Yang, L.; Cheng, X.; Ma, Y.; Lou, S.; Cui, Y,; Guan, T.; Yin, G. Changing of SEI Film and Electrochemical Properties about MCMB
Electrodes during Long-Term Charge/Discharge Cycles. ]. Electrochem. Soc. 2013, 160, A2093—-A2099. [CrossRef]

Sharma, M.; Mahajan, P.; Alsubaie, A.S.; Khanna, V.; Chahal, S.; Thakur, A.; Yadav, A.; Arya, A.; Singh, A.; Singh, G. Next-
Generation Nanomaterials-Based Biosensors: Real-Time Biosensing Devices for Detecting Emerging Environmental Pollutants.
Mater. Today Sustain. 2025, 29, 101068. [CrossRef]

Thalluri, C.; Bukke, S.P.N.; Vasam, M.; Nettikallu, Y.; Mundu, M.M. Redefining Detection with Nanobiosensors: Exploring Sensor
Types, Fabrication Techniques, and Multi-Scale Applications. Mater. Technol. 2025, 40, 2600431. [CrossRef]

Zhang, M. Detection of Heavy Metal Ions Based on Gold Nanoparticles. Highlights Sci. Eng. Technol. 2023, 73, 169-172. [CrossRef]
Zhang, C; Li, C.; Han, X. Screen Printed Electrode Containing Bismuth for the Detection of Cadmium Ion. J. Electroanal. Chem.
2023, 933, 117291. [CrossRef]

McCorry, M.C.; Reardon, K.F,; Black, M.; Williams, C.; Babakhanova, G.; Halpern, ].M.; Sarkar, S.; Swami, N.S.; Mirica, K.A,;
Boermeester, S.; et al. Sensor Technologies for Quality Control in Engineered Tissue Manufacturing. Biofabrication 2023, 15, 012001.
[CrossRef]

Reyes, S.J.; Durocher, Y.; Pham, PL.; Henry, O. Modern Sensor Tools and Techniques for Monitoring, Controlling, and Improving
Cell Culture Processes. Processes 2022, 10, 189. [CrossRef]

Gargalo, C.L.; Lopez, P.C.; Hasanzadeh, A.; Udugama, I.A.; Gernaey, K.V. On-Line Monitoring of Process Parameters dur-
ing Fermentation. In Current Developments in Biotechnology and Bioengineering; Elsevier: Amsterdam, The Netherlands, 2022;
pp- 117-164.

Rathore, A.S.; Nikita, S.; Jesubalan, N.G. Digitization in Bioprocessing: The Role of Soft Sensors in Monitoring and Control of
Downstream Processing for Production of Biotherapeutic Products. Biosens. Bioelectron. X 2022, 12, 100263. [CrossRef]

Qamar, A.; Kerdi, S.; Amin, N.; Zhang, X.; Vrouwenvelder, J.; Ghaffour, N. A Deep Neural Networks Framework for In-Situ
Biofilm Thickness Detection and Hydrodynamics Tracing for Filtration Systems. Sep. Purif. Technol. 2022, 301, 121959. [CrossRef]
Rocha, P; Vilas-Boas, A.; Fontes, N.; Geraldo, D.; Bento, F. Evaluation of Polyphenols in Wine by Voltammetric Techniques with
Screen Printed Carbon Electrodes. Electroanalysis 2020, 32, 159-165. [CrossRef]

Zhang, Y. Sustainable Strategies for Wine Colloidal Stability: Innovations in Potassium Bitartrate Crystallization Control. Crystals
2025, 15, 401. [CrossRef]

Coulter, A.D.; Holdstock, M.G.; Cowey, G.D.; Simos, C.A.; Smith, P.A.; Wilkes, E.N. Potassium Bitartrate Crystallisation in Wine
and Its Inhibition. Aust. |. Grape Wine Res. 2015, 21, 627-641. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1016/j.jfca.2024.106487
https://doi.org/10.1016/j.jfca.2024.107161
https://doi.org/10.1016/j.foodcont.2025.111603
https://doi.org/10.3390/bios15010059
https://doi.org/10.1016/j.talanta.2014.04.030
https://doi.org/10.1016/j.aca.2009.05.020
https://www.ncbi.nlm.nih.gov/pubmed/19786176
https://doi.org/10.1016/j.ccr.2022.214920
https://doi.org/10.1080/10408347.2019.1711013
https://doi.org/10.5344/ajev.2005.56.3.255
https://doi.org/10.5344/ajev.2015.15088
https://doi.org/10.3390/membranes13010106
https://doi.org/10.1149/2.064311jes
https://doi.org/10.1016/j.mtsust.2024.101068
https://doi.org/10.1080/10667857.2025.2600431
https://doi.org/10.54097/hset.v73i.12859
https://doi.org/10.1016/j.jelechem.2023.117291
https://doi.org/10.1088/1758-5090/ac94a1
https://doi.org/10.3390/pr10020189
https://doi.org/10.1016/j.biosx.2022.100263
https://doi.org/10.1016/j.seppur.2022.121959
https://doi.org/10.1002/elan.201900392
https://doi.org/10.3390/cryst15050401
https://doi.org/10.1111/ajgw.12194
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 57 of 58

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

Ibanez, E.; Bicchi, C.; Capozzi, F,; Chen, Y.; Coppola, F; Fanali, S.; Ferreira, S.R.S.; Fischer, M.; Gavahian, M.; Gavara, R.; et al.
Future Trends in Food Science and Foodomics: A Perspective View by the Editorial Team of Exploration of Foods and Foodomics.
Explor. Foods Foodomics 2024, 2, 707-766. [CrossRef]

Sgorbini, B.; Cagliero, C.; Liberto, E.; Rubiolo, P.; Bicchi, C.; Cordero, C. Strategies for Accurate Quantitation of Volatiles from
Foods and Plant-Origin Materials: A Challenging Task. J. Agric. Food Chem. 2019, 67, 1619-1630. [CrossRef]

Han, X.; Lu, H.-C.; Wang, Y.; Gao, X.-T.; Li, H.-Q.; Tian, M.-B.; Shi, N.; Li, M.-Y; Yang, X.-L.; He, F; et al. Region, Vintage, and
Grape Maturity Co-Shaped the Ionomic Signatures of the Cabernet Sauvignon Wines. Food Res. Int. 2023, 163, 112165. [CrossRef]
[PubMed]

Al-Jaf, S.H.; Mohammed Ameen, S.S.; Omer, KM. A Novel Ratiometric Design of Microfluidic Paper-Based Analytical Device for
the Simultaneous Detection of Cu?* and Fe3* in Drinking Water Using a Fluorescent MOF@tetracycline Nanocomposite. Lab Chip
2024, 24, 2306-2316. [CrossRef]

Filipe-Ribeiro, L.; Cosme, F.; Nunes, EM. New Molecularly Imprinted Polymers for Reducing Negative Volatile Phenols in Red
Wine with Low Impact on Wine Colour. Food Res. Int. 2020, 129, 108855. [CrossRef]

Cosme, F; Vilela, A.; Oliveira, I.; Aires, A.; Pinto, T.; Gongalves, B. From Volatile Profiling to Sensory Prediction: Recent Advances
in Wine Aroma Modeling Using Chemometrics and Sensor Technologies. Chemosensors 2025, 13, 337. [CrossRef]

Abolghassemi Fakhree, M.A; Delgado, D.R.; Martinez, F.; Jouyban, A. The Importance of Dielectric Constant for Drug Solubility
Prediction in Binary Solvent Mixtures: Electrolytes and Zwitterions in Water + Ethanol. AAPS PharmSciTech 2010, 11, 1726-1729.
[CrossRef] [PubMed]

Rocchitta, G.; Spanu, A.; Babudieri, S.; Latte, G.; Madeddu, G.; Galleri, G.; Nuvoli, S.; Bagella, P.; Demartis, M.; Fiore, V.; et al.
Enzyme Biosensors for Biomedical Applications: Strategies for Safeguarding Analytical Performances in Biological Fluids. Sensors
2016, 16, 780. [CrossRef] [PubMed]

Wang, Y.; Zhu, L.; Zhu, Z; Liu, M.; Zhao, X. Effects of Different PH Levels on the Structural and Functional Properties of Proteins
of Phaeodactylum Tricornutum. Molecules 2024, 29, 3139. [CrossRef] [PubMed]

Cui, K,; Soudackov, A.V,; Kessinger, M.C.; Xu, J.; Meyer, G.J.; Hammes-Schiffer, S. General Kinetic Model for PH Dependence
of Proton-Coupled Electron Transfer: Application to an Electrochemical Water Oxidation System. J. Am. Chem. Soc. 2023, 145,
19321-19332. [CrossRef]

Chinnadayyala, S.R.; Santhosh, M.; Singh, N.K.; Goswami, P. Alcohol Oxidase Protein Mediated In-Situ Synthesized and
Stabilized Gold Nanoparticles for Developing Amperometric Alcohol Biosensor. Biosens. Bioelectron. 2015, 69, 155-161. [CrossRef]
Dias, B.; Carvalho, J.; Mendes, ].P,; Almeida, ]. M.M.M.; Coelho, L.C.C. Analysis of the Relative Humidity Response of Hydrophilic
Polymers for Optical Fiber Sensing. Polymers 2022, 14, 439. [CrossRef]

Ochoa, G.C.; Aguilar-Cordero, ].C. Membrane Composition Effects on the Analytical Behavior of Solid Contact Potentiometric Pb
2+ Selective Electrodes Based on Diazadibenzo-18-crown-6 Ionophores. Electroanalysis 2011, 23, 1736-1744. [CrossRef]

Prusova, B.; Humaj, J.; Kulhankova, M.; Kumsta, M.; Sochor, J.; Baron, M. Capture of Fermentation Gas from Fermentation of
Grape Must. Foods 2023, 12, 574. [CrossRef]

Magdalena, J.A.; Angenent, L.T.; Usack, ].G. The Measurement, Application, and Effect of Oxygen in Microbial Fermentations:
Focusing on Methane and Carboxylate Production. Fermentation 2022, 8, 138. [CrossRef]

Lépez, A.; Ibarz, A.; Pagan, J.; Vilavella, M. Rheology of Wine Musts during Fermentation. |. Food Eng. 1989, 10, 155-161.
[CrossRef]

Pan, Y,; Liu, J.; Wang, J.; Gao, Y.; Ma, N. Invited Review: Application of Biosensors and Biomimetic Sensors in Dairy Product
Testing. J. Dairy Sci. 2024, 107, 7533-7548. [CrossRef]

Zhao, Y,; Sun, T.; Zhang, H.; Li, W.; Lian, C,; Jiang, Y.; Qu, M.; Zhao, Z.; Wang, Y.; Sun, Y,; et al. AI-Enhanced Electrochemical
Sensing Systems: A Paradigm Shift for Intelligent Food Safety Monitoring. Biosensors 2025, 15, 565. [CrossRef]

Wu, X.; Yuan, Z.; Gao, S.; Zhang, X.; El-Mesery, H.S.; Lu, W.; Dai, X.; Xu, R. Nanostructure-Engineered Optical and Electrochemical
Biosensing Toward Food Safety Assurance. Foods 2025, 14, 3021. [CrossRef] [PubMed]

Liu, L.; Sima, Y.; Feng, J.; Shi, S.; Chen, A.; Zhou, C.; He, Q.; Tan, Y. Bismuth Oxide and Nitrogen-Doped Reduced Graphene
Oxide Co-Modified Glassy Carbon Electrode to Perform Sensitive Electrochemical Sensing and Determination of Chrysin in
Pharmaceutical Capsules. Microchem. J. 2024, 196, 109544. [CrossRef]

Hoxha, E.; Broli, N.; Farruku, M.; Senturk, H.; Yildiz, E.; Vasjari, M.; Erdem, A. Cost-Effective Electrochemical Detection of
3-Blockers in Surface Waters Using Hybrid RGO/Ag and RGO/TiO2 Nanocomposite Electrodes. Results Chem. 2025, 18, 102862.
[CrossRef]

Loise, V.; Simari, C. Next-Generation Nafion Membranes: Synergistic Enhancement of Electrochemical Performance and
Thermomechanical Stability with Sulfonated Siliceous Layered Material (SSLM). Polymers 2025, 17, 1866. [CrossRef] [PubMed]
Brito-Pereira, R.; Policia, R.; Ribeiro, C.; Martins, P.; Lanceros-Mendez, S.; Crespilho, EN. Hydrogel In-Tape Electronic Tongue.
ACS Appl. Electron. Mater. 2025, 7, 1792-1801. [CrossRef]

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.37349/eff.2024.00060
https://doi.org/10.1021/acs.jafc.8b06601
https://doi.org/10.1016/j.foodres.2022.112165
https://www.ncbi.nlm.nih.gov/pubmed/36596113
https://doi.org/10.1039/D3LC01045G
https://doi.org/10.1016/j.foodres.2019.108855
https://doi.org/10.3390/chemosensors13090337
https://doi.org/10.1208/s12249-010-9552-3
https://www.ncbi.nlm.nih.gov/pubmed/21132406
https://doi.org/10.3390/s16060780
https://www.ncbi.nlm.nih.gov/pubmed/27249001
https://doi.org/10.3390/molecules29133139
https://www.ncbi.nlm.nih.gov/pubmed/38999090
https://doi.org/10.1021/jacs.3c05535
https://doi.org/10.1016/j.bios.2015.02.015
https://doi.org/10.3390/polym14030439
https://doi.org/10.1002/elan.201100073
https://doi.org/10.3390/foods12030574
https://doi.org/10.3390/fermentation8040138
https://doi.org/10.1016/0260-8774(89)90033-2
https://doi.org/10.3168/jds.2024-24666
https://doi.org/10.3390/bios15090565
https://doi.org/10.3390/foods14173021
https://www.ncbi.nlm.nih.gov/pubmed/40941137
https://doi.org/10.1016/j.microc.2023.109544
https://doi.org/10.1016/j.rechem.2025.102862
https://doi.org/10.3390/polym17131866
https://www.ncbi.nlm.nih.gov/pubmed/40647875
https://doi.org/10.1021/acsaelm.4c02059
https://doi.org/10.3390/bios16030153

Biosensors 2026, 16, 153 58 of 58

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

Singh, G.; Singh, L.; Kurmi, B.D.; Patel, P. Biorecognition Elements Driving Electrochemical Biosensors for Detecting Biological
and Chemical Contaminants in Food: Progress and Challenges. Electroanalysis 2026, 38, €70091. [CrossRef]

Abbassi, N.; Guesmi, A.; Wannassi, J.; Mhadhbi, N.; Boufahja, F.; Hamadi, N.B.; Rekik, W.; Tahiri, A.; Barhoumi, H.; Naili, H.
Tin-Based Halide Hybrid (C¢H13N,)[SnClg] as an Efficient Electrochemical Sensor for Trace Bisphenol A Detection: Structural
and Functional Insights. Microchem. J. 2025, 217, 114874. [CrossRef]

Li, L.; Li, Y;; Chen, X; Lei, C.; Lin, M.; Luo, H.; Xie, P.; Wei, ].; Fei, G. Aptamer-Based Biosensors for Metal Ion and Mycotoxin
Detection: Principles and Progress. Dye. Pigment. 2026, 245, 113272. [CrossRef]

Pathiraja, G.; Bonner, C.D.].; Obare, S.O. Recent Advances of Enzyme-Free Electrochemical Sensors for Flexible Electronics in the
Detection of Organophosphorus Compounds: A Review. Sensors 2023, 23, 1226. [CrossRef] [PubMed]

Zhang, H.; Wang, J.; Huang, X.; Peng, R.; Du, J.; Xu, H.; Long, C.; Pan, J. Split-Flow Electroextraction with in-Situ Matrix Cleanup
for Analysis of Shellfish Toxins. Food Chem. 2026, 503, 147809. [CrossRef]

Savas, S.; Gharibzahedi, S.M.T. Smartphone-Integrated Electrochemical Devices for Contaminant Monitoring in Agriculture and
Food: A Review. Biosensors 2025, 15, 574. [CrossRef] [PubMed]

U.S FDA. CFR 110.40—Equipment and Utensils. Code of Federal Regulations; U.S. FDA: Silver Spring, MD, USA, 2023.

U.S FDA. 21 CFR 175.300—Resinous and Polymeric Coatings. Code of Federal Regulations; U.S. FDA: Silver Spring, MD, USA, 2023.
U.S FDA. 21 CFR 177.1520—Olefin Polymers. Code of Federal Regulations; ECFR: Berlin, Germany, 2023.

GB 4806.1-2016; General Safety Requirements for Food—Contact Materials and Articles. NHFPC: Beijing, China, 2017.

OIV. International Code of Oenological Practices; OIV: Paris, France, 2021; ISBN 9782850381065.

OIV. OIV Collective Expertise Document “Safety Assessment of Cadmium in Vine and Wine”; OIV—International Organisation of Vine and
Wine; OIV: Paris, France, 2023; ISBN 9782850380846.

OIV—International Organisation of Vine and Wine. OIV Collective Expertise Document “Arsenic and Wine: A Review”; OIV
Publications: Paris, France, 2021; ISBN 9782850380396.

U.S FDA. Guidance for IndustryConsidering Whether an FDA-Regulated Product Involves the Application of Nanotechnology; U.S. FDA:
Silver Spring, MD, USA, 2014.

U.S FDA. Preparation of Food Contact Substance Notifications (Administrative): Guidance for Industry; U.S. FDA: Silver Spring, MD,
USA, 2021.

GB 9685-2016; National Food Safety Standard—Standard for Uses of Additives in Food Contact Materials and Their Products.
National Health and Family Planning Commission of the People’s Republic of China: Beijing, China, 2017.

INTERNATIONAL STANDARD ISO 22000:2018; Food Safety Management Systems-Requirements for Any Organization in the
Food Chain. ISO: Geneva, Switzerland, 2018.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/bios16030153


https://doi.org/10.1002/elan.70091
https://doi.org/10.1016/j.microc.2025.114874
https://doi.org/10.1016/j.dyepig.2025.113272
https://doi.org/10.3390/s23031226
https://www.ncbi.nlm.nih.gov/pubmed/36772265
https://doi.org/10.1016/j.foodchem.2025.147809
https://doi.org/10.3390/bios15090574
https://www.ncbi.nlm.nih.gov/pubmed/41002314
https://doi.org/10.3390/bios16030153

	Introduction 
	Methods 
	Fermentation Contact Materials in Winemaking 
	Fermentation Vessels as Food Contact Materials 
	Migration Mechanisms Under Alcoholic Fermentation Conditions 
	Impact of Vessel-Derived Metals on Key Fermentation Metabolites and Phenolic Compounds 
	Critical Control Points (CCPs) During Alcoholic Fermentation Related to Vessel–Product Interactions 

	Technological Landscape of Biosensors for Chemical Contaminants in Wine Fermentation 
	Biorecognition Platforms for Heavy Metals 
	Biorecognition Elements 
	Signal Transduction Mechanisms 
	Analytical Validation and Critical Performance Characteristics 

	Biorecognition Platforms for Ions 
	Biorecognition Elements 
	Signal Transduction Mechanisms 
	Analytical Validation and Critical Performance Characteristics 

	Biorecognition Platforms for Plasticizers and Diphenols 
	Biorecognition Elements 
	Signal Transduction Mechanisms 
	Analytical Validation and Critical Performance Characteristics 

	Biorecognition Platforms for Key Fermentation Metabolites and Phenolic Constituents 
	Biorecognition Elements 
	Signal Transduction Mechanisms 
	Analytical Validation and Critical Performance Characteristics 

	Integration of Biosensors into HACCP Planning 

	Applications Under Real Fermentation Conditions 
	Implementation Strategies and Technological Maturity 
	In Situ Applications 
	At-Line Applications 
	Comparative Evaluation and Selection Criteria 

	Operational Limitations and the Impact of the Wine Matrix 
	Biofouling and Passivation Phenomena 
	Impact of the Wine Matrix 
	Environmental Incompatibility 

	Optimization Strategies and Technological Solutions 

	Regulatory Framework and Food-Contact Safety in Fermentation Systems Integrating Biosensors 
	Fermentation Vessel Materials: Harmonization, Limits, and Regulatory Gaps 
	Biosensors in Fermentation: From “Instrument” to FCM and the Nanomaterial Issue 
	Regulatory Asymmetry and the Need for Fermentation-Realistic Test Conditions 

	Conclusions 
	References

