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Abstract: Beer is one of the most consumed beverages in the world. Advances in instrumental tech-
niques have allowed the analysis and characterization of a large number of beers. However, review
studies that outline the methodologies used in beer characterization are scarce. Herein, a systematic
review investigating the molecular targets and sensometric techniques in beer characterization was
performed following the PRISMA protocol. The study reviewed 270 articles related to beer analysis
in order to provide a comprehensive summary of the recent advances in beer analysis, including
methods using sensors and sensing systems. The results revealed the use of various techniques that
include several technologies, such as nanotechnology and electronics, often combined with scientific
data analysis tools. To our knowledge, this study is the first of its kind and provides the reader with a
faithful overview of what has been done in the sensor field regarding beer characterization.
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1. Introduction

Beer is one of the most popular and widely consumed beverages in the world [1]. It is
a complex mixture that contains more than 7700 volatile and non-volatile compounds that
are responsible for the taste and smell of beer [2]. Beer is obtained from the fermentation
of malted cereals in the presence of hops as a flavoring agent [3]. The brewing process
includes several steps that will determine the composition and the characteristics of beer [4].
Malting is the first step by which the barley (or other cereals) is germinated and dried
and/or roasted to form the malt. It is followed by the milling and mashing steps that will
allow the saccharification and the formation of the wort. Then, the wort is separated from
the grain during the lautering step. Hops are then added, and the mixture is brought to a
boil allowing the release of the bitterness and aromas. After cooling, the wort is brought
into a fermenter in order to start the fermentation [5]. Depending on the fermentation
temperature and the type of yeast that is used, three main types of beers can be identified.
Top fermented or “ale” beers are produced using the warm fermentation method by adding
Saccharomyces cerevisiae at 15–20 ◦C. Bottom fermented or “lager” beers, which represent the
majority of the worldwide production, are produced by adding Saccharomyces pastorianus
at cooler temperatures (7–12 ◦C). The third type of beers are naturally fermented beers
which rely on the spontaneous fermentation without yeast inoculation. The next steps are
conditioning, filtering, and finally packaging [4,5]. Besides being thirst-quenching, beer is
a natural dietary source of natural antioxidants such as polyphenols and flavonoids and
could present a beneficial effect in countering diseases such as coronary heart disease and
cancer [6,7].
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During the past two decades, a large number of studies were published that covered
the characterization of foodstuffs and beverages using different approaches and method-
ologies [3]. From an analytical point of view, authenticating beer samples was rarely
considered in the literature until recent years, when the use of new instrumental techniques
allowed the analysis and characterization of a large number of beers [5]. However, review
studies that outline the methodologies used in beer characterization are scarce, such as de-
scribing LC-MS and NMR methods used for beer characterization and quality control [3,8].
Moreover, due to the growing needs of the rapidly expanding beverage industry, there is a
need for the development of novel cost-effective tools to monitor the bioprocess. In order to
fill this gap and provide an updated and comprehensive review of the recent advances in
beer analysis, this study aims to deliver a meticulous summary of the sensometric methods
for the characterization of beers in the last 15 years, targeting different compounds present
in beer.

2. Methods

A systematic review of the recent advances in the analytical characterization of beer
was performed in order to identify methods used to investigate beer in the last 15 years.
This systematic review was conducted by following the reporting checklist of the Preferred
Reporting Items of Systematic Reviews and Meta-Analyses (PRISMA). A comprehensive
literature search was conducted to identify and categorize the articles published in the
different journals present in the Web of Science Core Collection (WoS). The choice of the Web
of Science lies in the fact that it provides a large volume of scientific literature specifically
in technical sciences such as analytical chemistry. Moreover, a variety of sorting options
allows browsing through large volumes of data quickly. Other databases such as PubMed,
Scopus, and Google Scholar were not used since PubMed focuses more on clinical and
biomedical sciences; several technical and non-medicine journals were not indexed. The
citation analysis that WoS presents provides better graphics and is more detailed than
the citation analyses presented on Scopus and Google Scholar, which offer results with
inconsistent accuracy [9].

A protocol was developed in advance to access the analysis method and inclusion
criteria. The website webofscience.com was used to search the Web of Science Core
Collection for articles published in the different journals present in the platform using
the query: TS = (Beer*) AND (TS = (*sensor) OR TS = (*sensors) OR TS = (e-nose*) OR
TS = (e-tongue) OR TS = (biosens*) OR TS = (chemosens*) OR TS = (electronic nose) OR
TS = (electronic tongue)) NOT (TS = (*beers law) OR TS = (*beer law) OR TS = (*Lam-
berts law) OR TS = (*lambert law)), thus searching only in the titles, abstracts, and/or
keywords of the literature. The search query excluded articles with the Lambert–Beer law
as it found a lot of false positive matches. A date restriction of 15 years was applied; only
articles published from 1 January 2007 until 31 December 2022 were accepted. Research
articles published only in English were accepted, and review papers, book chapters, and
proceedings were not included. The last search was run on 4 August 2022.

The review was conducted using the Covidence platform. The authors’ names, title,
source, abstract, journal name, and year of publication of the recorded articles were first
imported to Covidence. Then, two independent reviewers screened the titles and abstracts
of the articles independently, and papers that clearly were not about beer analysis were
discarded. During this phase, the conflicts were discussed between the two reviewers
until a consensus was reached. The screened articles were then classified according to
the methods used for the analysis into four groups and distributed to four reviewers for
full-text screening. The inclusion criterion was that an article had to be on the use of sensors
and sensing systems to characterize and analyze beer samples. The exclusion criteria were
raw materials of beer such as hops, or components such as ethanol, without any reference to
beer. Papers that did not provide access to the full text were also eliminated. If the reviewer
had any doubt about the eligibility of an article, it was discussed with other authors until a
consensus was found.
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3. Results and Discussion
3.1. Study Selection

The current study included 270 research articles. The study selection process has been
summarized in the PRISMA chart in Figure 1. The literature search resulted in 418 records,
of which 145 were eliminated in line with the inclusion criteria. Among them, many articles
contained the word “beer”, but it was referring to Beer’s law and not to beer as a beverage.
The remaining 273 articles were carefully screened, and one paper was excluded in line
with the exclusion criteria. Two additional studies were discarded because we did not have
access to the full text.
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After analyzing 270 articles, several technologies were found to be used to design a
multitude of sensors, including nanotechnology using nanomaterials such as carbon nan-
otubes and metallic nanoparticles, and biotechnology using apta-biosensors and electronics
such as E-noses and E-tongues. These technologies are often combined with scientific data
analysis tools.

We have briefly summarized the focal molecular targets for the beer analysis in
Figure 2. As observed from Figure 2, most of the sensometric work has been focused
on toxins, especially ochratoxins (OTA, OTB, and OTC), followed by ethanol, amines,
polyphenols, sugars, organic acids, and heavy metals. The order in the discussion is
different in Figure 2 due to the type of sensors, e.g., sugars and ethanol were tested using
similar/same sensors. Therefore, in order to obtain a cohesive text flow, we discussed
compounds better suited with flow.
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3.2. Sensors to Detect Toxins

Beers typically contain a high water content and are therefore susceptible to microbial
(bacterial and fungal) contamination. This has been reviewed by Xu and coworkers [10].
The beers become contaminated not only by microbes but also by several mycotoxins that
are present in the grains and survive the harsh brewing conditions due to their thermal
stability [11]. The most common mycotoxins that are carried from grains (barley, wheat)
to beer are ochratoxin (OT), aflatoxins (AF), fumonisins (FN), and zearalenone (ZEN) [11].
Herein, we will discuss different sensometric techniques utilized to detect these toxins in
beer (See abbreviations).

3.2.1. Carbon Nanotubes

An aptamer specific to OTA was combined with carboxyfluorescein and single-walled
carbon nanotubes (SWCNTs) to develop a selective fluorescent aptasensor for OTA detec-
tion. The fluorescence of the free OTA (fluorescein) aptamer was quenched by SWCNTs.
This strategy was selective towards OTA with a limit of detection (LOD) of 24.1 nM [12].
Similar results were also observed when exonuclease III was coupled to fluorescein and
SWCNTs [13]. An electrochemical biosensor based on a glassy carbon electrode (GCE)
modified with multiwalled carbon nanotubes (MWCNTs) was developed for OTA. The
electrode was electropolymerized with a molecularly imprinted polymer composed of pyr-
role monomers that form hydrogen bonds between the oxygen groups of OTA. A detection
limit of 1.7 µg/L was obtained with minimal sample preparation [14]. The sensitivity of
the sensor improved when GCE was modified with 2D titanium carbide nanosheets (LOD
of 0.028 µM) [15].

An electrochemical aptasensor based on MWCNTs doped with polyethyleneimine
(PEI)-functionalized molybdenum disulfide (MoS2) was designed for the sensitive detec-
tion of ZEN. The nanocomposite was coupled with an ultra-sensitive ZEN aptamer and
immobilized into a gold and silver electrode. The method showed promising results for
ZEN determination in real beer samples with a linear concentration range from 0.5 pg/mL
to 50 ng/mL and a LOD of 0.17 pg/mL [16]. Similarly, an aptasensor based on silver
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nanoparticles (AgNPs) also detected ZEN in a low picomolar concentration with a LOD of
0.32 pg/mL [17].

3.2.2. Metallic Nanoparticles

The colorimetric quantification of OTA was performed by the release of gold nanopar-
ticles (AuNPs) that were preloaded in a DNA hydrogel. The sensor proved to be highly
selective towards OTA and could even detect other toxins such as OTB [18,19]. Hao
and coworkers developed a fluorescent DNA hydrogel aptasensor for OTA detection in
beer [20]. Similarly, AuNPs and AgNPs were also utilized for the luminescence reso-
nance energy transfer OTA quantification in beer with a LOD in the lower nanomolar
range (0.5 nM) [21,22]. Furthermore, OTA aptamer-functionalized persistent lumines-
cence nanorod (PLNR) Zn2GeO4:Mn2+ and aptamer complementary DNA-modified gold
nanoparticles (AuNPs) were utilized, which further enhanced the sensitivity of the sen-
sors [23]. Similar results were observed when nitrogen-doped carbon dots were utilized
in combination with AgNPs [24]. Carbon paste electrodes (CPE) modified with AuNPs
were used for a sensitive determination of OTA in different food samples. The developed
sensor was tested on spiked beer samples with a LOD of 0.2 nM [25]. Iron-gold nanopar-
ticles were coupled to silver core-shell nanoparticles to design a novel surface-enhanced
Raman spectroscopy (SERS) aptasensor for the sensitive detection of ZEN and showed
enhanced sensitivity compared to Ag/AuNPs-based sensors alone with a sensitivity of
0.001 ng/mL [26]. Similar results were also obtained when a gold and silver nano dumbbell
assembly was formed and used to fabricate SERS probes to detect OTA [27].

A multicolor exonuclease-assisted aptasensor for the visual detection of OTA was
obtained by etching gold nanorods (AuNRs) using a G-quadruplex-hemin DNAzyme.
The multicolor platform utilized exonuclease I (Exo I) to differentiate the conformational
change between OTA-bound and free aptamers. The method was successfully applied
to the detection of OTA in spiked beer samples [28]. The sensitivity of DNAzyme-based
sensors was improved when AuNPs were treated with graphene and manganese oxide
nanocomposite when tested on T2 toxin [29].

Self-propelled micromotors based on graphene oxide/nickel/platinum nanoparti-
cles were developed for the mycotoxin analysis. The nanomachines were used for fast
and simultaneous detection of mycotoxins in several beverages including beer. The re-
sults showed a high sensitivity of the proposed strategy towards FN-B1 with a LOD of
0.70 ng/mL [30].

An electrochemical aptasensor based on a Y-shaped DNA structure and gold nanorods
(AuNRs) was designed for OTA and FN-B1 detection. AuNRs were used as carriers for
aptamers and as signal probes to achieve signal amplification. The sensor allowed the
simultaneous detection of OTA and FN-B1 in spiked beer samples in the 1.0 pg/mL to
100 ng/mL concentration ranges, with LODs of 0.47 and 0.26 pg/mL for OTA and FB1,
respectively [31]. A CPE modified with AuNPs was used for a sensitive determination of
OTA in different food samples. The developed sensor was tested on spiked beer samples
having a linear concentration range from 0.5 to 100 nM and a LOD of 0.2 nM [25].

A sensitive biosensor for AF-B1 determination was constructed using a copper-based
metal-organic framework (Cu-MOF) and gold nanoparticles (AuNPs) with Exonuclease
III (Exo III). The Cu-MOF was used to amplify the electrochemical signals, while Exo III
played an important role in the recycling process. The biosensor was applied to determine
aflatoxin B1 in beers [32].

A novel electrochemical aptasensor based on carbon dots/α-Fe2O3-Fe3O4 nanocom-
posite for the ultrasensitive determination of AF-B1 was developed. The carbon dots
improved the aptasensor’s sensitivity due to their good electrical conductivity and large
specific surface areas, while the α-Fe2O3-Fe3O4 nanoparticles were used for their magnetic
properties and to improve the catalytic performance of the aptasensor. The results revealed
an excellent LOD of 0.5 pM for the determination of AF-B1 in beer [33].
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A novel chemiluminescence method based on dual aptasensors using Fe3O4 and
SiO2 nanoparticles as carriers was developed. The sensor performed a simultaneous
detection of OTA and adenosine triphosphate (ATP) in spiked beer samples with nanomolar
sensitivities [34].

3.2.3. Upconverting Nanoparticles

An ultrasensitive aptasensor based on hexagonal core/shell upconverting nanopar-
ticles (CS-UCNPs) and graphene oxide (GO) was developed for OTA detection. The
CS-UCNPs, coupled to an OTA aptamer, acted as energy donor, and GO acted as energy
acceptor in a luminescence resonance energy transfer (LRET) process. CS-UCNPs were
brought in close proximity to the GO surface resulting in quenching of the luminescence
of UCNPs. The aptasensor showed good specificity and high sensitivity towards OTA in
beer samples with a LOD of 1 pg/mL [35]. On the other hand, fluorescence- and carbon
electrode-based aptasensors [36,37] have limited sensitivities. Upconverted nanoparticles
(UCNPs) coupled to magnetic nanoparticles or metal organic frameworks were used to
design novel sensors for the determination of OTA and T2. These sensors either utilized
FRET or IR for the upconversion. The sensitivity of OTA was 5 pg/mL and 87 pg/mL for
T2 [38,39].

A highly sensitive immunosensing platform based on zearalenone-conjugated bovine
serum albumin immobilization on a screen-printed carbon electrode was designed for ZEN
detection. An anti-zearalenone monoclonal antibody was added for indirect competitive
immunoreaction with ZEN followed by an alkaline phosphatase-labeled antibody and
1-naphthyl phosphate as a substrate, allowing the determination of ZEN concentrations via
differential pulse voltammetry. The immunosensor showed good specificity, reproducibility,
and sensitivity with a LOD of 0.25 ng/mL, and good recovery values in the range of 89–97%
against beer samples [40].

A novel aptasensor for OTA detection based on UCNPs assembled with gold nanourchins
(AuNUs) was described. UCNPs acted as a luminescence label for upconversion lumi-
nescence (UCL), and AuNUs acted as an enhancing substrate for SERS. This dual-mode
aptasensor was applied for OTA detection in spiked beer samples with high recoveries of
95.2−103% for UCL and 92.4−108% for SERS [41].

Screen-printed carbon electrodes (SPCEs) were modified with two aptamers using a
diazonium salt as a binder. The aptasensors were used for the detection of AF-B1 in beer
and wine samples. The quantification of AF-B1 was achieved by using electrochemical
impedance spectroscopy, and the results showed good recovery levels in the range of
92–100% and the LODs were 0.12 ng/mL and 0.25 ng/mL for the two sequences [42]. The
SPCE was modified with the OTA aptamer using diazonium salt and click chemistry for the
design of a sensitive OTA aptasensor. The detection of OTA in spiked beer samples was per-
formed in a range between 1.25 ng/L and 500 ng/L with a LOD of 0.25 ng/L [43]. Similarly,
when the SPCE was modified with horseradish peroxidase by pyrrole, electropolymeriza-
tion was used to fabricate a sensitive biosensor for OTA with the same amounts of recovery
as discussed above [44]. The SPCE combined with immunosensing platforms and magnetic
beads improved the performance of immunosenors and decreased the LOD to 33 µM [37].
An automated flow-based aptasensor for OTA based on SPCE modified with functionalized
magnetic beads was prepared. This method was fully automated avoiding human errors,
and a short analysis time of 20 min was achieved [45]. Selectivity of OTA was improved
by using horseradish peroxidase immobilized in a poly pyrrole matrix onto disposable
screen-printed carbon electrodes with a LOD of 0.1 ng/mL. It was successfully applied on
beer and the concentration of OTA was found to be 1 µM [46].

For T-2 toxin detection in beer, the SELEX method aided by graphene oxide was
used to create a high-affinity ssDNA aptamer that exclusively binds to the T-2 toxin. The
LOD was 0.4 µM using a specific aptamer sequence as the recognition element [47]. Their
findings suggest that the graphene oxide SELEX method was suitable for the screening
of aptamers against small molecule toxins, providing a potential application for aptamer-



Beverages 2023, 9, 5 7 of 23

based biosensors. Similarly, Zhao with his team created a fluorescence aptasensor using an
aptamer that was tagged with the Cy3-aptamer for the detection of T-2 toxin in beer [48].
The fluorescence of the Cy3-aptamer based on the fluorescence resonance energy transfer
(FRET) and photoinduced energy transfer (PET) was quenched by NH2-UiO-66. They
found that the NH2-UiO-66/Cy3-aptamer combination disintegrated as a result of T-2 toxin
recognition and binding to Cy3-aptamer. A highly sensitive response to T-2 toxin was
made possible by the restoration of fluorescence intensity after blocking the energy transfer
mechanism. They also observed a strong linear correlation between toxin concentration
and the fluorescence intensity [48].

Goud and colleagues have established an aptasensing platform for the detection of
toxin analytes in alcoholic beverages by comparing the analytical performance of two
aptamer sequences [49]. They established an interaction between the TAMRA-labeled
Q-DNA strand and FAM (carboxyfluorescein)-labeled aptamer with and without the target
analyte using an epitope structure-switching signaling aptamer for the high sensitivity
detection of AF-B1. Their approach demonstrated high selectivity and sensitivity (LOD
of 0.2 ng/mL) [49]. Similarly, a gold electrode-modified methylene blue-labeled aptamer
was used for the binding with either cDNA or AF-B1. The features of an electrochemical
aptasensor were simple operation, quick evaluation, better restoration, and minimal cost.
With a 5 min sample incubation, their electrochemical aptasensor allowed for the detection
of AF-B1 at 2 nM [50]. Since additional aflatoxins (AF-B2, AF-G1, and AF-G2) can also bind
with the aptamer itself, an additional sample preparation step will improve the selectivity
for the targeted AF [51].

Efforts were also made to detect OTA using the optoelectronics system [52]. The
technique utilizes the fluorescent properties of the compounds of interest. The proposed
prototype was based on real-time thin-layer chromatography, where hydrogenated amor-
phous silicon photosensors were deployed to observe the fluorescent properties of the
compound OTA. The system consisted of three modules. A UV (ultraviolet) source, a high
performance thin-layer chromatographic plate, and photo-detectors made up of silicon.
The operating principle was that during the chromatographic run, the OTA is separated
from other compounds, and when its fluorescent bands synchronize with the photosensors,
a current peak is detected which corresponds to the amount of that compound present in
the sample. This obtained peak is then compared with a standard reference to determine
if the amount is within the range. An OTA filter between the chromatographic plate and
photosensors was used to filter out unwanted wavelengths coming from the UV source [52].

Furthermore, an image sensor exploiting the RGB model was developed for the
analysis of OTA. It was a low cost, portable fluorescence detecting device which was
developed to design a colorimetric assay for the detection of various analytes. One of
the applications was to detect OTA in red wine and beer with a low nanomolar LOD
and acceptable recoveries [53]. An indirect competitive enzyme-linked immunosorbent
assay strategy conjugated by an analytical system was developed for chemiluminescence
detection, and it was used for the detection of OTA. The U-shaped microchannel performed
better than straight channels, and the LOD was reported to be 0.1 ng/mL for beer and
2 ng/mL for wine [54].

Conclusively, aptasensors coupled to nanoparticles, carbon nanotubes, or optoelec-
tronics systems offer reliable, quick, and accurate testing methods for the quantitative
assessment of a mycotoxin in beer and wine samples. The detection of toxins in beer and
wine through aptamer-based biosensors may serve as a stepping-stone for considerable
improvements in the quality control of the alcoholic beverage market. Overall, sensors that
are developed to detect different toxins possess high sensitivities, and with the introduction
of an appropriate sample preparation strategy, the selectivity can be enhanced further.

3.3. Detection of Ethanol and Sugars

It is very well known that the yeast fermentation of sugars (from barley or wheat)
produces ethanol. This process is very well established and has been used for ages [55].



Beverages 2023, 9, 5 8 of 23

This also means there will be a need for sensors simultaneously detecting both sugars and
ethanol. Hence, both will be discussed together in this section.

A polyvinyl alcohol–multiwalled carbon nanotube–alcohol dehydrogenase (PVA–
MWCNT–ADH) biocomposite was used to develop an amperometric ethanol biosensor.
The MWCNT was used for electron transfer, PVA was used as a backbone binder, and
ADH as a catalyst that facilitated the conversion of ethanol into acetaldehyde. The pro-
posed biosensor presented a low electrochemical oxidation potential of NADH, making
possible the detection of ethanol in real samples such a beer with high sensitivity and a fast
response [56].

A novel ethanol biosensor was developed by incorporating alcohol dehydrogenase
(ADH) into a colloidal gold (Aucoll)–MWCNTs composite electrode using Teflon as the
binder. The biosensor was applied for the determination of ethanol in commercial beer
samples with a LOD of 4.7 µM, which was better than those reported for other carbon
nanotube-based ADH biosensors [57]. GCE was modified with a nanocomposite film to
elaborate an ethanol biosensor. The film was made up of MWCNTs, ADH, and chitosan as a
polymeric binder. The MWCNTs improved the electrons transfer, while ADH facilitated the
conversion of ethanol into acetaldehyde. The developed ethanol biosensor exhibited high
sensitivity, and a LOD of 0.52 µM was observed [58]. Similarly, when the ADH enzyme was
entrapped in SWCNT with reduced graphene oxide, the detection efficiency was slightly
better than MWCNT [59]. An enzymatic electrode for the sensitive amperometric detec-
tion of ethanol was designed. The electrode was integrated with alcohol dehydrogenase
and chloranil in liquid-crystalline cubic phases on single-walled carbon nanotubes. The
composite showed good electrocatalytic oxidation of NADH at low-anodic potential and
exhibited good analytical performances and good stability for ethanol determination in
complex samples such as beer [60]. Similarly, tin oxide-based nanosheets were turned into
3D hierarchical nanoflowers to build a sensitive gas sensor that successfully monitored the
existence of ethanol by a simple integrated device [19].

Glucose oxidase was immobilized into a nanocomposite formed with AuNPs, N,N-
dimethylformamide (DMF), and 1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPF6).
The composite film was modified on a GCE for glucose detection in beer and human plasma.
The results revealed that the average recovery of the spiked beer samples was 99% [61].
Au/SiO2 nanoparticles were electrodeposited onto a GCE to construct a novel ethanol
biosensor. The nanosensor showed excellent catalytic activity in the oxidation of NADH
and was successfully applied for the determination of ethanol in real samples including
beer [62]. AuNPs coated with polydopamine, using localized surface plasmon resonance,
were used as a sensing platform to monitor fermentable sugars in beer wort. The proposed
strategy was successfully tested in real samples [63].

A paper-based screen-printed biosensor for ethanol determination in beers was de-
veloped for the first time. The paper-based screen-printed electrode was modified with
a nanocomposite formed by carbon black and Prussian blue nanoparticles for enhanced
hydrogen peroxide (H2O2) detection. Ethanol was indirectly quantified by monitoring the
concentration of the produced H2O2. The nanomodified device was successfully used for
ethanol determination in commercial beer samples [64].

An electrochemical method for ethanol determination using a nanoporous carbon
electrode in the presence of NAD+ and ADH was developed. The electrode was obtained
by treating a GCE in 0.1 mol/L NaOH by electrochemical oxidation at 1.80 V followed by
reduction at −1.00 V, resulting in the formation of nanoporous cavities on the electrode
surface. The electrocatalytic activity of the obtained electrode towards the oxidation of
NADH was excellent and was successfully utilized for ethanol determination in real beer
samples [65]. A flow injection analysis integrated with an amperometric ADH graphene-
based composite biosensor was designed for ethanol determination in alcoholic drinks.
The amperometric device was compared to a portable Raman spectrometer, and the results
revealed several limitations of the two tools, mainly in the analysis of samples with complex
matrices, such as dark beers and red wines [66]. Based on a semiconductive polymer-
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nickel oxide nanocomposite, the sensor showed good sensing of ethanol and a good
reproducibility at room temperature for real samples such as beer and wine [67].

Screen-printed electrodes (SPEs) equipped with gold working electrodes were mod-
ified by coating their probe surface with a paper crown which was soaked with two
different room temperature ionic liquids used for the flow injection amperometric detection
of ethanol in alcoholic beverages. It was found to be a rapid ethanol detection method in
drinks suitable for untrained operators, and easy to transport [68]. For simultaneous quan-
tification and discrimination of methanol and ethanol, a dual biosensor analysis system
was developed where both ADH and AOX (alcohol oxidase) were used because ADH can
oxidize only ethanol from the mixture, and AOX can oxidize preferentially methanol but
also ethanol [69]. The methanol “fuel cell” was used directly for detecting methanol and
ethanol. Two different open circuit voltage formats and a potentiometric format were used.
However, the findings showed that for commercial beverages it takes a long time, at least
two–three months, to obtain the response within the desired limit. Analysis times were
reduced when oxidoreductive enzymes were used in the fuel cells [70].

An ADH/peroxidase-based amperometric enzyme biosensor for the detection of
ethanol in alcoholic beverages was developed with a LOD of 2.85 mM [71]. By the ap-
plication of the eukaryotic double mediator (EDM) system, ethanol in alcoholic drinks
was detected in a fast, direct, and small-sample measurement method but with poor selec-
tivity [72]. Based on Methylobacterium organophilum, an immobilized eggshell membrane
electrode and an oxygen electrode were used to develop an ethanol biosensor with a LOD
of 25 nM [73]. A low-cost method using natural indicators and digital images in a flatbed
scanner was used for the detection of ethanol in beer. It was the first method to quantify
ethanol in beer containing ethanol < 2% [74]. A low-cost wireless amperometric system
for the detection of glucose and ethanol was developed with the glucose and ethanol
amperometric biosensor integrated with a wireless telemetry system. The results obtained
in this method were compared with the enzymatic spectrophotometric kit for glucose and
the modular measurement system for ethanol detection, and it was found that it included
ease and speed of construction with the cheapness of materials and the detection of the
main fermented materials with sensitivity and repeatability [75]. During small-scale fer-
mentation, an online microdetector containing an amperometric biosensor was developed
for the high temporal resolution monitoring of glucose and ethanol concentration. It was
found that the developed microdetector indicated an increase in ethanol productivity [76].
An ultrasound analysis was successfully used to determine ethanol and sugar content
throughout the fermentation process of beer [77]. Analytical characteristics of a bi-enzyme
amperometric sensor were investigated to detect ethanol by the role and influence of al-
cohol dehydrogenase and horseradish peroxidase. For wine and beer samples, the LODs
were 2.94 mM and 9.79 mM, respectively [78].

Alpha-glucosidase and pyranose oxidase were immobilized onto a graphite electrode
to construct a maltose biosensor. The immobilization was carried out using carbon nan-
otubes, chitosan, and glutaraldehyde. The novel bi-enzymatic sensor was used to detect
maltose in complex matrices such as beer and revealed to have a good sensitivity and accu-
racy [79]. A non-enzymatic sensor for electrochemical glucose monitoring was developed.
The sensor was based on graphene oxide decorated with AgNPs on a GCE. The proposed
sensor was revealed to be a reliable tool for glucose determination during the glycolytic
process in fermented food such as beer [80].

A sensitive and selective method was developed for maltose determination in bever-
ages using a carbon nanostructured screen-printed electrode modified with CuO/glucose
oxidase/maltase/SiO2 biocomposite film. The dispositive was successfully used for the
maltose determination in beer samples with a linear concentration range from 0.01 to
0.1 mmol/L and a LOD of 5 nM [81]. A maltose biosensor was developed comprising a
maltose-binding protein where the green fluorescent protein was flanked at the N-terminus
and the Renilla luciferase variant at the C-terminus. This bioluminescence resonance energy
transfer system (BRET) showed a 30% increase in the BRET ratio, and the equivalent FRET
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showed only a 10% increase. This method was used for maltose detection in beer, and the
concentration of maltose in beer was found to be 10.6 ± 0.5 mM. This sensor was sensitive
with an EC50 of 0.37 µM for maltose [82]. The same maltose-binding protein biosensor was
combined with a microfluidic system for the detection of maltose in beer and water. By
this method, the quantification of maltose at the mL scale was completed in <100 s with an
EC50 13 nM which had not been reported previously. The concentration of beer found was
2.2 mM, where the enzyme-linked colorimetric assay showed 0.96 mM [83].

3.4. Amines and Peptides

Amino acids, peptides, and amines are present in the raw ingredients (barley, hops,
wort) utilized in the production of the beers. Yeast utilizes these resources as a source
of carbon and nitrogen to carry out the fermentation process [84]. The presence of these
amines in the raw materials have been reviewed by Koller and coworkers [85]. The non-
sensometric methods for the determination of amines and amino acids have been reviewed
previously [86]. This present manuscript will focus on how different sensors have been
used to measure biogenic amines.

CPE modified with SWCNT was used to design an electrochemical sensor for his-
tamine determination. The proposed sensor was successfully applied for histamine detec-
tion in alcoholic beverages including beer samples, thus offering a promising analytical tool
for routine quality control. The current response of histamine was linearly proportional
to its concentration in the range from 4.5 to 720 µM with a LOD of 1.26 µM [87]. The
optical properties of SWCNTs were used to develop a novel paper-based near-infrared
optical nose. The SWCNTs were encapsulated with a wide variety of peptides on a paper
substrate, and the emitted fluorescence was continuously imaged via a complementary
metal oxide semiconductor camera. Machine learning tools used the fluorescence images
to discriminate between the aromas of red wine, beer, and vodka. A slow and low response
of the sensors was noticed during the sniffing of beer, and most of them did not reach a
plateau [88]. The specific recognition and determination of histamine was performed using
an electrochemical sensor based on AuNPs. The AuNPs were electrodeposited onto a GCE
surface, followed by molecularly imprinted polymer layer immobilization. The proposed
methodology proved to be appropriate for histamine detection in beer samples [89].

Tyramine oxidase was immobilized onto citric acid-capped AgNPs that were attached
to a gold electrode via cysteine self-assembled monolayer to construct a sensitive am-
perometric biosensor for tyramine detection. The proposed method was used for the
tyramine measurement in sauce and beer showing an optimum response within 8 s, when
polarized at 0.25 V, 35 ◦C, and pH 8.5, with a LOD of 0.01 mM [90]. The sensitivity of
tyramine determination was improved by utilizing GCE modified with silver-substituted
ZnO nanoflowers. The LOD improved to 30 nM [91]. Helicoid AuNPs with intrinsic
chirality were synthesized and utilized to construct, for the first time, an electrochemical
chiral sensor. The electrode was applied for tyrosine analytes determination, and the sensor
recognized L-tyrosine in both beer and milk [92].

A sensitive fluorescent sensor based on the encapsulation of UCNPs into a zinc-based
metal-organic framework (ZIF-8) and the incorporation of molecularly imprinted polymer
(MIP) was developed for octopamine determination. The ZIF-8 improved the dispersion
and emission intensity of UCNPs and reduced the adsorption time of MIP. The proposed
biosensor was successfully applied to detect octopamine in spiked beer samples with a
recovery range of 81.75–90.63% [93].

An optical sensor based on nanofiber mat functionalized with active vinyl groups and
solid surface-room temperature phosphorescence as a transduction system was used to
determine tryptamine. This method appears to be a sensitive, economical, and environmen-
tally friendly method for direct tryptamine detection in beer with short run times (<15 min)
and a LOD of 6 ng/mL [94].

Diamine oxidase (DAO), as a biocatalytic component of the electrochemical biosensor,
was used for the first time for the detection of biogenic amines in wine and beer. According
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to the results, this process was found to be less efficient for beer comparing with the GC-
MS process [95]. A fluorescent system based on nitrogen-doped graphene quantum dots
(GQDs) and Mercury (II) was designed for cysteine detection. The fluorescence of the
system, quenched by Hg(II) due to the efficient electron transfer between GQDs and Hg(II),
recovered gradually upon cysteine addition. The sensor was successfully applied to detect
cysteine in beer samples with a LOD of 1.3 nM [96]. All in all, it appears that sensors are
efficiently determining amines from beers. Still, a complete profiling of different amines
present in the sample is not yet possible.

3.5. Polyphenols

A number of polyphenols are present in beers. They are known to possess antioxidant
effects and have been very well investigated and reviewed [97,98]. They are also known to
form complexes with proteins in the beer and result in a type of haze. Polyphenols not only
possess numerous health benefits but also affect the physical stability of the beers [98].

GCE modified with a SWCNT-tyrosinase-polyalanine nanocomposite was used for
polyphenol determination. The sandwich-type biosensor exhibited a good analytical
performance when applied for phenolic compound detection in real beer samples, with
satisfactory recoveries regarding caffeic acid and catechol. The LODs were 8 nM and
6 nM for catechol and caffeic acid, respectively [99]. Similarly, when the CPE was used
for the determination of maltol, the electrochemical response of the electrode for maltol
was compared after being doped with carbon nanotubes or graphene. The results showed
that there was no advantage to doping the CPE, and the method was sensitive, accurate,
cheap, and easy for the determination of maltol in beer [100]. SPCEs modified with AuNPs
were used as a platform for enzyme deposition for the design of a rapid and sensitive
polyphenols biosensor [101].

An electrochemical sensor based on a carbon cloth electro-deposited with AgNPs and
drop-coated by a covalent organic framework (COF) was developed for the simultaneous
detection of bisphenol A and S. AgNPs provided a stable reference signal and improved
the conductivity, while the COF improved the adsorption and enrichment of the target.
The constructed sensor was applied for the simultaneous determination of bisphenols in
beer [102].

Nitrogen-doped fluorescent carbon dots were used as a novel fluorescent sensor for
the highly sensitive detection of tannic acid. The fluorescence quenching of the carbon
dots was observed with the increase in tannic acid concentration. The calibration curve
displayed a linear detection range from 0.4 to 9.0 µmol/L with a LOD of 0.12 µM [103].
Fluorescent carbon dots and water-soluble carbon dots synthesized from citrate were also
used for quercetin determination [104,105].

An electrode called the sonogel–carbon electrode was utilized in three different studies
led by the same group. In the first study, Trametes versicolor laccase and mushroom tyrosi-
nase were immobilized into the electrode to form a bi-enzyme biosensor for polyphenol
determination in beer [106]. For the same purpose, three types of phenoloxidases were
incorporated individually into a sonogel–carbon electrode to design three types of amper-
ometric biosensors. The employed enzymes were Trametes versicolor laccase, mushroom
tyrosinase, and horseradish peroxidase. The comparison between the three sensors showed
that the laccase-based biosensor was the most stable, with a relative standard deviation of
3.3%, and thus was selected as the best one to evaluate polyphenols in beers [106,107]. A
laccase–sonogel–carbon biosensor was proposed to determine polyphenols in beers for beer
stability estimation. The proposed method was used for beer stability estimation instead
of the Folin–Ciocalteu assay due to its better sensitivity and selectivity [108]. Resveratrol
was quantified in beer by detection of the fluorescent photoproduct of UV radiation, with a
LOD of 1.0 ng/mL [109].

Tyrosinase was immobilized on new sonogel–carbon electrodes to prepare three am-
perometric biosensors for the detection of phenols and polyphenols. It was designed to
seek new electrochemical biosensors, and it was observed that the Nafion/Tyr/sonogel
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carbon biosensor stabilized it, and in real samples it showed a reproducible response and
protected the immobilized enzymes from possible inhibitors [110].

3.6. Organic Acids

Organic acids are end products that are obtained after yeast or bacterial fermentation.
They add a particular sour flavor to the beers. If this flavor is unintentional, then it might
be due to microbial contamination and needs immediate attention. The final composition
of the organic acids depends upon the strains [111,112]. Some of the common organic acids
are lactic acid, acetic acid, malic acid, tartaric acid, citric, and succinic acid [113].

Lactate oxidase and horseradish peroxidase were incorporated into a carbon nanotube-
polysulfone membrane using a phase inversion technique and deposited onto a SPE to
form a fast and sensitive sensor for an L-lactate analysis. The enzymatic biosensor was
applied for L-lactic acid determination in different wine and beer samples showing a good
reproducibility LOD of 5 nM [114]. When lactate oxidase was immobilized on a GCE with
a hydrogel film composed of laponite and a bioinspired thymine polycation to enhance
the analytical response towards L-lactate, the polycation, obtained by copolymerization
of 4-vinylbenzyl thymine and 4-vinylbenzyl trimethylammonium chloride, performed
a better analysis of lactate in beer than SPEs [115]. Graphene oxide nanoparticles were
electrodeposited onto a pencil graphite electrode to construct a lactate dehydrogenase-
based biosensor. The sensor measured lactate levels in serum and beer with a LOD of
0.1 µM [116]. An amperometric biosensor was designed to detect D-lactic acid based on
the DLDH/DP/TTF (D-lactic acid dehydrogenase/Diaphorase/tetrathiafulvalene) system.
The approach involved the integration of D-lactic acid determination with the commer-
cial L-lactic acid biosensor in a semi-automatic FIA (flow injection analysis) system. A
successful determination of D-lactic acid from the beer samples was found through this
method [117]. An amperometric sensor was also developed with lactate dehydrogenase
which was immobilized into a Prussian blue-modified electrode for the detection of lactate
with a LOD of 0.84 µM. The lactate detection in beer with this method performed better as
compared with other commercial kits [118].

Platinum nanoparticles (PtNPs) were electrodeposited onto SWCNTs that were modi-
fied on a GCE to construct a sensitive biosensor for methylglyoxal detection. The proposed
method was successfully applied to the quantitative analysis of methylglyoxal in wine and
beer samples showing high sensitivity, good reproducibility, and low LOD of 2.8 nM [119].
A new method based on the electrochemical activation of GCE was designed for methyl-
glyoxal detection. The evaluation of the electrode performances showed that the proposed
method was able to detect methylglyoxal in low nanomolar concentrations [120].

Hydrophobic interactions between GO and negatively charged enzymes were used
for the first time to fabricate CE-integrated immobilized enzyme microreactors (IMERs) by
a simple immobilization procedure based on layer-by-layer assembly. It was successfully
used to detect pyruvate in beer samples within a 0.2–0.3 mM concentration and a recovery
range between 86 and 101% with RSD between 1.9 and 3.2% [121]. Overall, no differences
were observed between electrochemical/amperometric sensors utilized to detect lactate,
while nanoparticulate systems performed better.

3.7. Hydrogen Peroxide

The utilization of hydrogen peroxide in breweries as an additive to prevent microbial
contamination has been known since the last century [122]. Both hydrogen peroxide
and ethanol present different stress factors on the yeast during fermentation; therefore,
a number of efforts have been made to monitor them simultaneously [123]. Some of the
sensometric techniques utilized for the detection of hydrogen peroxide are outlined below.

Ultrathin two-dimension (2D) MOF nanosheets and MWCNTs were used to design
a novel electrochemical biosensor for H2O2 determination. The 2D MOF nanosheets and
MWCNTs were mixed to form a composite film that was transferred to electrodes as a
novel sensing platform. The advanced platform was successfully applied to determine
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the amount of H2O2 in serum and beer samples with a LOD of 0.70 µM and a wide linear
range from 0.001 to 8.159 mM [124].

A paper-based screen-printed biosensor for ethanol determination in beers was devel-
oped for the first time. The paper-based SPE was modified with a nanocomposite formed
by carbon black and Prussian blue nanoparticles for enhanced H2O2 detection. Ethanol
was indirectly quantified by monitoring the concentration of the produced H2O2. The
nanomodified device was successfully used for ethanol determination in commercial beer
samples [64].

GCE modified with meso-macroporous carbon networks aerogels was used to develop
an eco-friendly biosensor for the detection of ascorbic acid and H2O2. The aerogels were
made by assembling low-cost carbon nanorods that were derived from apples’ biomass.
The proposed method exhibited a better analytical performance than GCE modified with
carbon nanotubes. The results were satisfactory for detecting H2O2 in real beer samples,
and the modified electrode could be used to develop a novel electrochemical sensing
platform for the routine determination of ascorbic acid or H2O2 in food analysis [125].

An electrochemical platform based on phthalocyanine-conjugated polymer nanosheets
was constructed for the accurate detection of H2O2. The method exhibited excellent H2O2
determination performance in commercial beers with a wide linear detection range from
0.1 to 1000 µM, a short response time of 0.1 s, and a low LOD of 0.017 µM [126].

For the fast detection of H2O2 in microliter food samples, an immobilized cytochrome
C-coated SPE was applied for making an efficient biosensor. This method showed 1.4-fold
increased H2O2 detection compared to cytochrome C in mesoporous zeolitic imidazolate
framework-8 (ZIF8). With this device, the concentration of H2O2 in milk and beer was
accurately determined [127].

3.8. Metals Ions

The bioaccumulation of heavy metals is known to cause a number of diseases [128,129].
The beverages consumed by humans also possess a number of heavy metals, and owing
to their toxic effects, these have to be under permissible limits [130]. Therefore, it is very
important to have detection strategies to monitor their levels during the product’s life
cycle [131].

A colorimetric and turn-on fluorescent sensor for the detection of potassium metabisul-
phite (KMS) was developed. A colloidal solution of AuNPs stabilized with graphene oxide
(GO-AuNPs) was synthetized to determine KMS by colorimetry and spectrophotome-
try. The surface plasmon resonance properties of AuNPs and the fluorescence property
of GO were used to perform the analysis. The method was successfully used for KMS
determination in real samples including beer with a LOD of 9.4 µM [132].

A paper-based electrochemical sensor pyrolyzed by a CO2 laser was fabricated for the
sulfite analysis. The proposed method showed a LOD of 1 mg/L with good repeatability
and reproducibility when applied to beer and wine samples for sulfite determination [133].
Non-modified SPCEs were used for total sulfites determination in beer. The developed
method combined gas-diffusion microextraction with square-wave voltammetric detection
and showed low LOD (0.050 mg/L) when applied to beer samples [134].

Dual DNA tweezers were used for the simultaneous detection of Cu2+ and Mg2+ in
wine and beer. The dual DNAzyme provided two kinds of fluorescent signals that were
amplified by the entropy-driven three-dimensional DNA nanomachine for quantitative and
simultaneous detection of the two metal ions. The LODs were 2 nM for Mg2+ and 10 pM
for Cu2+, respectively [135]. Square wave voltammetry (SWV) and a preconcentration step
were used without agitation at a boron-doped diamond SPE modified with bismuth film
(SPE-BDD/BiF) to directly detect the amount of lead (II) and mercury (II) in beer. This
method was found to be highly sensitive and capable of finding very low amounts of lead
and mercury with a LOD of 6.5 and 7.5 µg/L, respectively [136].

The 2-Salen ligands were used as cobalt-selective electrodes, and polymeric membrane
electrode (PME) and coated graphite electrode (CGE) were compared, and it was observed
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that the CGE showed a limit detection of 7 nM. It was used successfully for the detection
of cobalt in soil, beer, and water [137]. A bridge-modified 4-tertbutylthiacalix arene was
used as an electroactive material for the preparation of a cobalt-selective sensor. PVC-
based membranes using sodium tetraphenylborate as the anion discriminator and bis(2-
ethylhexyl) sebacate, chloronaphthalene, tri-n-butylphosphate, o-nitrophenyl octyl ether,
and tris (2-ethylhexyl) phosphate as plasticizers were prepared and investigated as a cobalt-
selective sensor. A LOD of 300 ppb and a low response time of 10 s were observed [138].
A novel solid cobalt-selective electrode using 4-tertbutylthicalix arene as ionophore was
designed for selective cobalt sensing. The membrane, having an ionophore/polyvinyl
chloride/sodium tetraphenylborate/nitrophenyl octyl ether ratio of 3.5:33:1.5:62 (w/w; mg),
had the best performance characteristics. The constructed biosensor could be an interesting
alternative for the routine analysis of cobalt in beer samples [139].

7-nitro-1,2,3-benzoxadiazole-acridone acetyl piperazine was used as a fluorescent
probe for the detection and quantification of hydrogen sulfide with a limit of 0.19 µM [140].
The fluorophore 9-anthraldehyde aggregated in water, turning the solution yellow-green.
The presence of sulfite anions monomerized the fluorophore, with the monomer being blue.
This allowed for the quantification of sulfite with a LOD of 3.19 µM [141]. A similar concept,
albeit in reverse, was also used by the same authors to quantify sulfite. The fluorophore,
TPE-N2+, which forms an aggregate with polylysine when the polymer is exposed to
sulfite anions, was used to quantify with a LOD of 3.6 µM [142]. The fluorophore 6-
cyanonaphthalen-2-yl-2,4- dinitrobenzenesulfonate was used as a fluorescent probe for the
quantification of hydrogen sulfide with a LOD of 30 nM [143]. Then, 6-(2, 4-dinitrophenoxy)-
2-naphthonitrile was used by the same group for the same purpose, and a LOD of 76 nM
was determined [144].

A new approach was introduced to substitute the laser-induced fluorescence detection
system, and it included a high-performance detection sensor for MEMS-based capillary
electrophoresis chips. This method was successfully used to analyze beer, wine, and milk
mixed in different buffer solutions. It was also able to differentiate between NH4

+, K+,
Ca2+, Na+, Mg2+, and Li+ ions, indicating their use in the profiling of metal ions [145]. A
combination of cation-selective poly (4-amino-2,1,3-benzothiadiazole) in an array with pH
was used with anion-selective electrodes. It was successfully used for recognizing different
Czech beers by exhibiting a sensitive response for Zn2+ and Cd2+ in a concentration range
of 100 µM–10 mM and in concert with other polymer electrodes that recognized other
Czech beers [146].

Different selective and partial selective electrodes were compared for different systems.
It was found that independent sources of information are generated by selective electrodes.
However, for the juice flow mode, selective electrodes, and for the beer flow mode, partially
selective electrodes are recommended. However, the best result will be obtained when
they are combined because all the information from two different points of view will be
obtained, and it will be easier to analyze the sample [147].

3.9. Gibberellin

Gibberellins are plant growth hormones and are used as additives during the brewing
process to improve the quality of the malt for the brewing industry. Gibberellins have been
known to positively regulate heavy metal toxicity, and some of the gibberellins themselves
are known to be dangerous to humans [148,149]. Therefore, it is important to develop
methods to detect and quantify the same in the beers and sometimes in tandem with
heavy metals.

A highly sensitive molecularly imprinted electrochemical sensor was designed for
gibberellin detection. Gold-doped g-C3N4 nanohybrids were prepared on the surface of
a GCE in order to enhance the electrochemiluminescence signal of Ru(bpy)3Cl2 using a
resonance energy transfer. The proposed strategy allowed an ultra-sensitive detection of
gibberellin in beer samples with a LOD of 1.64 pM [150]. Similarly, when magnetic Fe3O4
nanoparticles and Fe3O4-Au nanoparticles with high affinity were synthesized, and then
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L-cysteine-GA3 was grafted on the surface of a gold electrode via magnetic self-assembly,
they showed similar results [151].

For Gibberellin A3 (GA3) detection, a molecularly imprinted electrochemical lumines-
cence (MIP-ECL) sensor was developed where GA3 was detected by competitive binding
between GA3 and Rhodamine-labeled GA3 to the MIP film. The sensitive assays had
a LOD of 3 pM [152]. Improvement in the same technique was made by utilizing den-
drimer multilabel template molecules. GA3 was labeled by using ferrocene carboxylic
acid-modified PDTPA (poly-diethylenetriaminepentaacetic acid). The electrochemical sen-
sor was observed to be sensitive to GA3 detection in a concentration range of 1.0 × 107 M to
2.0 × 109 M. Additionally, the sensor’s viability was confirmed by the accurate examination
of beer samples [153].

4. Conclusions

This study was performed to provide an updated systematic review of the recent
advances in the analytical characterization of beer using sensors and sensing systems. It
provides the reader with an overview of what has been accomplished in the sensing field in
recent years. Thus, it provides the foundation for further research that could outline other
strategies used for beer characterization.

Conclusively, we have summarized different sensors developed to analyze the contents
of the beer. Furthermore, it has been observed that the sensors are very selective for the
target molecules; however, to meet the growing demands of the beverage industry, there is
a need for sensors able to profile a wide range of compounds in a single shot.
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Abbreviations

Abbreviations Definition
ADH Alcohol Dehydrogenase
AF Aflatoxin
AgNPs Silver Nanoparticles
AOX Alcohol Oxidase
ATP Adenosine Triphosphate
AuNPs Gold Nanoparticles
AuNUs Gold Nanourchins
BDD Boron-Doped Diamond
BiF Bismuth Film
BMIMPF6 1-butyl-3-methylimidazolium hexafluorophosphate
BRET Bioluminescence Resonance Energy Transfer
cDNA Complimentary DNA
CGE Coated Graphite Electrode
CMOS Complementary Metal Oxide Semiconductor
COF Covalent Organic Framework
CPE Carbon Paste Electrode
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Abbreviations Definition
CS Core/Shell
Cy3 Cyanine 3
DAO Diamine Oxidase
DLDH D-Lactic Acid Dehydrogenase
DMF N,N-dimethylformamide
DNA Deoxyribonucleic Acid
DP Diaphorase
EC50 Half Maximal Effective Concentration
EDM Eukaryotic Double Mediator
E-nose Electronic Nose
E-tongue Electronic Tongue
Exo Exonuclease
FAM Carboxyfluorescein
FIA Flow Injection Analysis
FN Fumonisin
FRET Fluorescence Resonance Energy Transfer
GA3 Gibberellin A3
GC Gas Chromatography
GCE Glassy Carbon Electrode
GQDs Graphene Quantum Dots
H2O2 Hydrogen Peroxide
IMERs Integrated Immobilized Enzyme Microreactors
KMS Potassium Metabisulphite
LOD Limit of Detection
LRET Luminescence Resonance Energy Transfer
MEMS Micro Electromechanical Systems
MIP Molecularly Imprinted Polymer
MIP-ECL Molecularly Imprinted Electrochemical Luminescence
MOF Metal-Organic Framework
MoS2 Molybdenum Disulfide
MWCNT Multi-Walled Carbon Nanotube
NADH Nicotinamide Adenine Dinucleotide
NPs Nanoparticles
OT Ochratoxin
OTA Ochratoxin A
OTB Ochratoxin B
OTC Ochratoxin C
PDTPA Poly Diethylenetriaminepentaacetic Acid
PEI Polyethyleneimine
PET Photoinduced Electron Transfer
PLNR Persistent Luminescence Nanorod
PME Polymeric Membrane Electrode
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PtNPs Platinum Nanoparticles
PVA Polyvinyl Alcohol
PVC Polyvinyl Chloride
Q-DNA DNA Single Strand
SELEX Systematic Evolution of Ligands by Exponential Enrichment
SERS Surface-Enhanced Raman Spectroscopy
SPCE Screen-Printed Carbon Electrodes
SPE Screen-Printed Electrode
SWCNT Single-Walled Carbon Nanotube
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Abbreviations Definition
SWV Square Wave Voltammetry
T2 T-2 Toxin
TAMRA Tetramethyl-6-carboxyrhodamine
TPE Tetraphenylethene
TTF Tetrathiafulvalene
UCL Upconversion Luminescence
UCNPs Upconverting Nanoparticles
ZEN Zearalenone
ZIF-8 Zeolitic Imidazolate Framework-8
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