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Abstract

Development and use of reliable and precise detgpdystems in the food supply
chain must be taken into account to ensure the mani level of food safety and

quality for consumers. Spoilage is a challengingceon in food safety considerations
as it is a threat to public health and is seriowglpsidered in food hygiene issues
accordingly. Although some procedures and detectiethods are already available
for the determination of spoilage in food produdtsese traditional methods have
some limitations and drawbacks as they are timewmmng, labour intensive and
relatively expensive. Therefore, there is an urgesgd for the development of rapid,
reliable, precise and non-expensive systems to dsal un the food supply and

production chain as monitoring devices to detectabaic alterations in foodstuff.

Attention to instrumental detection systems suchekstronic noses, electronic
tongues and biosensors coupled with chemometricoappes has greatly increased
because they have been demonstrated as a proraisgéngative for the purpose of
detecting and monitoring food spoilage. This papeinly focuses on the recent
developments and the application of such multisesgstems in the food industry.

Furthermore, the most traditionally methods for dogpoilage detection are

introduced in this context as well. The challengad future trends of the potential
use of the systems are also discussed. Based gquultished literature, encouraging
reports demonstrate that such systems are indeethdlst promising candidates for

the detection and monitoring of spoilage microorgas in different foodstuff.

Keywords: Spoilage; Multisensors; Electronic noses; BiosesisElectronic tongues
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1. Introduction

Nowadays food safety is a worldwide public heakbbue that considers different
aspects which could promote hygiene and societittheehe presence of foodborne
pathogens is a major global threat to public healtd is one of the substantial
concerns from the production to consumption chdany death or illness cases
associated with unsaftey food as a plethora ofadise including diarrhoea, dysentery
due to some food pathogens (e.8almonella spp., Shigella spp., Listeria
monocytogenespeing reported around the world. Furthermore, saspeilage
microorganisms (e.gBotrytis spp., Pseudomonasspp., Acinetobacter spp.) can
significantly cause economic losses to the food ufetures by providing suitable

conditions for spoiling remaining food materialsni, 2016).

Microbiological quality and safety of foodstuff afld be monitored and checked to
ensure the consumption security of foods to huneangs. Therefore, the originating
factors and detection of spoilage in any microljatal stage across the entire food
supply chain is of particular importance. The itferation of microbial species in
foodstuff are still routinely carried out by cont®mal methods such as biochemical
and culturing approaches which have the disadvastagbeing labour-intensive and
time-consuming. Additionally, some analytical tecjues enabling identification of
spoilage indicators have been reported in thealitee. They include purge and trap
(PT), Proton transfer reaction mass SpectrometRi(MS), Secondary Electrospray
lonization Mass Spectrometry (SESI-MS), Solid Phd&ieroextraction (SPME),
Selected lon Flow Tube Mass Spectrometry (SIFT-M&E)s Chromatography Mass
Spectrometry (GC-MS), Gas Chromatography Time ol Mass Spectrometry
(GC-TOFMS). Apart from the fact that most of thesethods require specific

analytical skills and the cost of the sample prafyan is relatively expensive, they are
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also not appropriate for continuous monitoring iood industry (Ghasemi-

Varnamkhasti et al., 2012). Moreover some techrsquentioned above, for instance
PTR-MS, are not readily available to be used infdoa industry. Hence, there is a
necessity for the development and use of innovatisgumental techniques as fast,

reliable, non-expensive devices for the purpodead spoilage characterization.

Spoilage can occurs in either stages of slauglgenirharvesting, cleaning, blanching,
processing, packaging and storage, handling andodison (Wang, Li, Yang, Ruan,
& Sun, 2016). It is worth mentioning the nature spivilage and the constituents
produced during this phenomenon are enormously toatgd because the food
matrix including fat, carbohydrate, and protein sapport microbial growth and the
exponential acceleration of spoilage. Awarenessuuh issues is necessary while
developing and using instrumental systems. Sineecttanges are created either in
aroma profile or food body, therefore more effitienonitoring of both mediums
could result in better judgment of spoilage (Kiavlinaei, & Ghasemi-Varnamkhasti,

2016).

In recent decades, some diagnostic tools sucheatr@tic noses, electronic tongues
and biosensors have attracted much interest in $poidage detection and could be
considered as potential alternatives for deteatibfood spoilage. The development
of such multisensor systems is currently an ongoattivity. In recent years
computerized techniques called chemometric toole Haeen coupled with such
instruments and the capability promotion has beeponted in the literature
accordingly (Ghasemi-Varnamkhasti & Aghbashlo, 20owever, the industrial
use of such instruments in detecting food spoilegstill in its early stages. In
particular for the case of biosensors and eleatrtomgue, some technical problems

still need to be solved before they can be useldriood industry.
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In this paper, different aspects of food spoilagEn@ with conventional detection
methods are reviewed. In addition, the basic polesi of multisensor tools which are
the candidates to be used in food detection arused and their applications for
spoilage identification are also reviewed. New gldar detecting instruments to
monitor the food production lines are substantegds in the food industry (Peris &
Escuder-Gilabert, 2013) and as the paper presthetsjse of such detection systems
is the future of food spoilage evaluation domaid aonsequently promising future
could be imagined for industrial and commercial ggsaf such systems in food

supply chain, from production to consumption.

2. Thenature of food spoilage and factorsinvolved in the process

Food spoilage remains a global economic problemishaot yet under control. It is
estimated that annually about 1.3 billion tonne$oofd, amounting to 30% of global
food production intended for human consumptiorss br wasted. This loss occurs at
all levels of the food supply chain ‘from farm tork’ with spoilage an important

contributing factor (FAO, 2011).

Food spoilage describes a variety of cumulativeesitdble changes in a food product
that renders it unacceptable to consumers (HuisVield., 1996). Food spoilage is a
complex process and loss of quality is associatild two main events; changes in
the physical and chemical characteristics of thedf@roduct and the microbial

activity of a wide range of microorganisms (Dalghat al., 2006; Ercolini et al.,

2006). It should be noted that the distinction lesw both processes is not always
clear. For instance, undesirable enzymes in miék rasponsible for producing the

rancidity and bitterness associated with spoilafieese enzymes can either be
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indigenous or of microbial origin (The et al., 2Q00But together catalyse the

proteolytic and lipolytic reactions that lead tadesirable changes in the product.

Physicochemical spoilage processes are usuallynais@s changes in the flavour
and colour of a food product and are also ofteerimked. Physical treatments such
as excessive heat, high hydrostatic pressure arasolind technologies can initiate
chemical changes in food. Likewise, chemical remsti such as lipolysis and
lipid/enzyme oxidation can cause colour change ianckased viscosity, gelation or

sedimentation (Ghanbari et al., 2013; Zhou e8110).

Biochemical and microbial changes after harvesthawnajor impact on the final
quality and shelf life of food products. Apart fropmysical and chemical damage,
other changes to the sensory quality of a food yrbduch as slime production, off-
flavours, off-odours and blown pack spoilage of wan-packaged foods can be
attributed to the metabolic activities of microangams (Brightwell et al., 2007;

Parlapani et al., 2015; Wang et al., 2017; YangBedbni, 2013).

A vast range of bacterial and fungal species playngortant role in food spoilage
therefore the microbial aspects of spoilage haen bhlee subject of intensive research
for decades. Initial studies used conventional olimlogy methods for identifying
microbial populations involved in food spoilage (Btg and Mackay, 1992; Dalgaard,
1995). However, the evolution of more powerful noollar tools, particularly those
based on 16S rRNA bacterial species classificattomd culture independent
techniques allow for a more accurate assessmertheofoverall microbial food
ecosystem and in some cases a reconsideratior alivbrsity of food spoilage flora

(Ercolini et al., 2006; Jaaskelainen et al., 2QEbfres et al., 2009; Sade et al., 2017).

An important point to note is that not all microanisms present or growing in food

product cause spoilage. Microbial species thatctyrecontribute to food spoilage
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have been described using terms such as ‘spe@bdage organisms (SSO) or
‘metabiotic spoilage associations’, the latter temas introduced to recognize the
importance of microbial interactions in food spgeaJorgensen et al., 2000; Gram et

al., 2002).

Many studies have reported on the major microlpakcies associated with spoilage
for a wide range of food types (for reviews see renet al., 2017; Casaburi et al.,
2015; Hungaro et al., 2016; Quigely et al., 201B)is generally acknowledged that
every food product has a distinct microbial floss@ciated with it during each stage
of processing and storage. The composition ofrthicgobial community depends on
the microorganisms present on the raw product disawe¢he conditions under which

the food is processed, preserved or stored (Graah, &@002; Parpalani et al., 2014).

Many interrelated factors influence the shelf ldad quality indicators of a food
product. Intrinsic, processing and extrinsic fastamdividually or in combination
determine the selection of SSOs that will dominatel cause deterioration of a
specific food product (Mossel et al., 1995; Nyclesal., 2008). Intrinsic factors
describe the inherent physical, chemical and stratproperties of the food product
such as water activity (& pH, nutrient availability and the presence dfirarcrobial
compounds for e.g. bacteriocins. Common charattrisf highly perishable foods
such as milk, poultry, fish and meat is their hggatein and moisture content, &
0.998 and neutral to acidic pH. These conditionsvige a suitable growth

environment for a diverse range of bacterial amay&l species.

Physical or chemical preservation methods are eghjluring processing to inhibit the
survival and growth of microorganisms. Baked prdaguare usually poorly

susceptible to microbial spoilage as the heat ireat during the baking process
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eliminates most of the raw microbial flora. Postgassing contamination thus

becomes an important contributory factor to spailag

The conditions under which food is stored markeadfijuences the composition of the
microbial flora that will contribute to the spoil@f the food product (Doulgeracki et
al., 2010). Extrinsic factors relate to the enviramt the food is exposed to during
processing and storage. Temperature and the gapbags surrounding a food are
the most important factors that affect microbialwgth (Ercolini et al., 2008; Casaburi
et al., 2015). Modifications to these conditiong. eefrigeration, modified atmosphere
or vacuum packaging can be used to delay spoilggsldwing down microbial

metabolic activity.

As previously mentioned, SSOs typically represesimall percentage of microbial
species associated with a food product. This isubee antagonistic and synergistic
interactions between the factors described abaferred to as implicit parameters,
will select for specific specie(s) adapted to ogctiese ecological niches depending
on their physiology and nutrient assimilation apil{Mossel et al., 1995). Table 1
summarises the influence of these factors on theamial species associated with

major food products.

For example, lactic acid bacteria (LAB) such @arnobacteriumspp. have been
shown to dominate the spoilage microbiota of déférmeat and fish products stored
at low temperature under modified atmospheres (RakMuller et al., 1998; Barakat
et al., 2000; Laursen et al., 2005). However, milgir products stored aerobically
within the same temperature range, psychrotolesanbbes likePseudomonaspp.
often dominate (Del Rio et al., 2007; Nychas et 2008; Paparlani and Boziaris,

2016).
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Table 1. Reports on spoilage microorganisms ircsatiefood products as influenced by

intrinsic and extrinsic factors
3. Traditional methods and recent developments

Food spoilage is of great economic significancee Hbility to predict shelf-life
during the development of new products and to dater remaining shelf life during
storage of food products is important for all stalders in the food value chain. This
has necessitated the development of fast, accaradereproducible methods for
monitoring food spoilage (Blixt and Borsh, 1999)aditional methods used for
quality control typically rely on microbiologicalchemical and sensory analysis

(Haugen et al., 2006; Gobbi et al., 2010; Spadadbed., 2016).

Early studies focused on determining the microlgmlal status of food products
relied mainly on total viable counts (TVC) and pbsmping microbial isolates using
biochemical tests (Dainty and Mackey, 1992; Haugfeal., 2006). These methods are
time consuming and sometimes provide limited infation as the extent of spoilage
does not always correspond to the number of migausms present in the food
(Blixt and Borsh, 1999; Ramirez-Guizar et al., 2D1Furthermore, they often
underestimate the true microbial community. Moreergly, molecular approaches
based on rRNA gene sequences or metagenomics @easimgly used to identify
microbial communities involved in spoilage (Jaaakedn et al., 2016; Jaffres et al.,

2009; Sade et al., 2017).

Chemical methods can be used as an indirect meastetéct and quantify microbial
contamination of food based on the analysis ofagexthemical markers. The quantity
of cell wall components such as chitin and ergosimre used to assess spoilage of oil
seeds during storage (Gancarz et al., 2017). Theucaehange associated with

spoilage of chicken meat can be measured usingic@ty and spectrophotometry

9



217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

(Mancini et al., 2005). The amounts of total vdéatbasic nitrogen (TVBN) and
trimethylamine can be indicative of fish spoilagaffres et al., 2011) but as these
markers only increase in fish during the late stagfestorage, they cannot be used as
an indication of freshness (Oehlenschangler, 20@4ganic acid profile and pH are
also routinely measured. A drawback of some ofahmsthods is the requirement for
laborious sampling and extraction procedures. Despechnological advances,
sensory analysis using trained panellists remainsn@ortant aspect of investigating
the direct quantification of spoilage (Parpalaniagét 2014; Lytou et al., 2017);
however this is not always practical for routinelgsis as it is time consuming and

requires skilled personnel.

Nowadays, the detection of characteristic volatdenpounds (VOC) of microbial

origin has become a viable option to investigatefghesence and growth of spoilage
organisms in food and has been used in clinicaingst (Tait et al., 2014). Wang et
al., (2016) recently reviewed the range of methosksd for the sampling, detection

and analysis of these microbial volatile organimpounds in foods.

Solid phase microextraction (SPME) coupled with gasomatography/mass
spectroscopy (GC/MS) is one of the most common austhor studying volatile

organic compounds. The use SPME-GCMS to evaluaeddgree of spoilage in
several food products including yoghurt (Ndagijiraat al., 2008), shrimp (Jaffres et
al., 2011), ham (Matrtin et al., 2010) has been mteplo However, VOC profiles are
influenced by sample preparation, extraction anwmlatographic procedures which

may create inconsistencies (Ramirez-Guizar, 2017).

The development of more rapid and efficient idecation methods continues to be
the focus of intensive research. While traditiomathods are for the most part cost
effective, they do not always provide accurate,sgee and reliable information.

10
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Instrumentation overcomes this hurdle but widespreatine use for quality control
during processing and storage is limited by cose@iipment and technical skills
required by personnel (Concina et al., 2009; Wangl.e 2016). Furthermore, they
mainly focus on compounds produced when food idleghdimiting their use for at-

site quality monitoring.

In recent decades, there have been developmentsdswhe use of gas sensors in
devices such as the electronic nose for odour teteand electronic tongue (Gil-
Sanchez et al., 2011) and biosensors. Despitaaintements in this research area,
the complexity of the microbiological and biocheatiprocesses involved in spoilage
remains a challenge to developing a single qualiyitoring technique for individual

food products (Remenant et al., 2015).

4. Production of chemical compounds (gas and substrate) in spoiled foods

As described previously, various sensory defeath s1$ off-odours, off-flavours and
discolouration in spoiled food can be attributedh® presence and metabolic activity
of spoilage microorganisms. During exponential glgwspoilage microorganisms
preferentially utilize the carbohydrates, sugarstgins and fats in food to provide
their metabolic needs. For example, during storagdéow temperatures, bacteria
present in meat use glucose as a carbon and esaugye. When glucose is depleted,
other substrates such as lactate, pyruvate, anuits @nd nucleic acids may be
metabolized (Casaburi et al., 2015). Primary mdimsosuch as polysaccharides,
amino acids, lipids and vitamins act as precursorghe production of a range of

compounds. These chemical compounds serve as todiaa spoilage and comprise

11



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

of organic acids, biogenic amines and a range o€¥(lcohols, aldehydes, ketones,

esters, volatile fatty acids and sulphur compou@syle, 2007; Wang et al., 2016).

The composition and concentration of VOCs producetbod is for the most part
determined by the combined effect of both intrinsied extrinsic factors. For
example, some amino acids can be decarboxylateditrpbial enzymes to produce
biogenic amines such as histamine, tyramine, peitresand cadaverine (Naila et al.,
2010). Biogenic amine accumulation in fermented trpeaducts has been reported to
be influenced by fermenting strains, pH, sausagendter (intrinsic) as well as
storage temperature and relative humidity (extcnsiThese conditions favour
proteolytic and decarboxylase reactions required dagenic amine formation

(Suzzia and Gardini, 2003; Lattore-Moratalla et2012).

A list of some compounds associated with the spgeilaf selected food products is
reported in Table 2. Several authors have repdhedletection and measurement of
these molecules in spoiled food and there have b#empts to identify VOCs that
are likely specific to both SSO and substrate (Ganet al., 2009; Spadafora et al.,
2016). This has paved the way for more focusediesud determine the so called
chemical spoilage index (CSI), a profile of micabvOCs (MVOCSs) for a particular
food product (Parpalani et al., 2014). The conediain of these CSI metabolites
should increase in tandem with the growth of th®©§%as well as loss of sensory
guality and therefore can be used to estimate sfee(flay, 1986; Miks-Krajnik et al.,

2016).
Table 2. Some spoilage substrates and metaboljesatly found in spoiled food

Correlating sensory impressions of spoilage tonle¢abolic activity of SSOs is not
always clear. This reflects both the complex natfréood spoilage and the limited

information available regarding the metabolism lo¢ tmicrobial species involved.
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Some VOCs can be produced from reactions catalaggedoth SSOs and food
matrix enzymes, others from complex metabolic ieast involving different
microbial species (Remenant et al., 2015). SpexfidsAB, Enterobacteriacea@and
Clostridia have been implicated in ‘blown pack’ spoilage (BRS refrigerated,
vacuum packed meat products (Brightwell et al., 7208ernandez-Macedo et al.,
2012). The ‘blown pack’ effect has been attributedyas production but it remains
unclear which species is directly implicated althjloirsome authors have attributed
BPS to be largely due to the metabolic activitie€mstridium estertheticurtCavill

et al.,, 2016; Rajagopal et al., 2016). In additiMyOCs identified from culture
media experiments as potential CSI candidates raapendetected in food (Yu et al.,

2000).

5. Multisensor systems

5. 1. Electronic nose and its performance

The human nose is much more complicated than oilv@an senses like the ear and
the eye. It is still the primary ‘instrument’ tos&ss the smell of various products and
it is is currently used to identify a diverse ramgfdood spoilage. Sensory evaluation
using the human sense of smell is subjective; schdefsign and rigorous training of
assessors allows it to become a more objective, dtilit expensive option.
Instrumental methods, such as gas chromatograpays spectrometry (GC/MS), are
also expensive and require trained personnel. ©heept of the electronic nose has
attracted attention in many branches of industnyif® potential in routine odour

analysis.

The electronic nose is an electronic system thes$ to mimick the structure of the

human nose, but trying to reduce its limitations. @ccepted definition was given by

13
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Gardner in 1994: “an electronic nose is an instminvehich comprises an array of
electronic chemical sensors with partial specificand an appropriate pattern
recognition system, capable of recognising simpleamplex odours” (Gardner &
Bartlett, 1994). The similarity of electronic nog&h the biological sense of smell
can be observed in the smelling process: the §itgp in both is the interaction
between volatile compounds (usually a complex mejtuwith the appropriate
receptors: olfactory receptors in the biologicak@m@nd a sensor array in the case of
the electronic nose. The next step is the stordgthe signal generated by the
receptors in the brain or in a pattern recognitdatabase (learning stage) and later the
identification of one of the odour stored (clagsifion stage). An electronic nose uses
currently a number of individual sensors (typicdllL00) whose selectivities towards
different molecules overlap. The response fromeargbal sensor is usually measured
as the change of some physical parameter, e.g.ucowitly or current. There are
some significant drawbacks for these devices, tik@ lack of selectivity and the
sensors drift, that are one of the main researngicgan this field. On the other hand,
they have the advantage of high portability for mgkin situ and on-line

measurements with lower costs and good reliability.

An electronic nose generally consists of an arortieaetion system, a sensor array, a
control and measurement system, and a pattern mtimmgmethod. A simple flow

chart of the typical structure of an electronicengssshown in Fig. 1 (Lozano, 2006).

Fig. 1. Block diagram of an electronic nose system.

The aroma extraction system or sampling methodesatine volatile compounds from
the samples to the sensor chamber and it significaantributes to the capability and

reliability in an odour sensing system. Varioushtaques of the sample flow, static

14
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and preconcentrator systems are available for usitlyg an electronic nose and the
most appropriate aroma extraction system shoulddbected for the project taking

into account the type of samples, the applicatimhtae portability of the system.

There is a basic classification of sampling methibd®ncentrator is used or not. A
concentrator is often used to enhance the sergind can be used to autonomously
enhance the selectivity of a sensor array. On therdand, there are two main types
of aroma extracting systems, the sample flow systechthe static system. In the first
one, the sensors are placed in the vapour flowgchvhallows the rapid exchange of
vapour and hence many samples can be measurea &itblnort time. In the static
system, there is no vapour flow around the seremod, measurements are usually
made on the steady-state responses of the sengmsed to vapour at a constant
concentration. The most common techniques useddiat or liquid samples in food
applications are static headspace (HS), purge rapd(P&T) and solid phase micro

extraction (SPME) (Lozano, Santos, Gutiérrez, &riflor 2007).

The most important part of an electronic nose & dltection system or chemical
sensors, that are capable of converting a cherai@alge in the environment into an
electric signal in the gas sensors and respondhéo cbncentration of specific

compounds from gases or liquids (Nagle, 2006). Gta&nsensors can be based on
electrical, thermal, mass or optical principlesveéal examples of chemical sensors
used in electronic noses are: conducting polym@rsdarrama, Fernandez, Ifiiguez,
Souto, & De Saja, 2000), semiconductor devicese(Resiro Santos & Lozano, 2015)
guartz resonators (Sharma et al., 2015), and sud@oustic sensor (SAW) (Jose

Pedro Santos et al., 2005).
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Conducting polymers (based on polypyrrole, polyaail thiophenes, indoles, or
furans) have been used as the active layers osgasors since early 1980s. The
sensors made of conducting polymers have many wepraharacteristics: high
sensitivities and short response time at room teatpes. The electronic interface is
straightforward, and they are suitable for portabtruments. Conducting polymers
are easy to be synthesized through chemical otretdemical processes, and their
molecular chain structure can be modified convetjehy copolymerization or
structural derivations. Most of the conducting poérs are doped/undoped by redox
reactions; therefore, their doping level can beratl by transferring electrons from or
to the analytes. Electron transferring can causectianges in resistance and work
function of the sensing material. The work functioh a conducting polymer is
defined as the minimal energy needed to removeletiren from bulk to vacuum
energy level. This process occurred when the sgrfdms are exposed to redox-
active gases. They can remove electrons from thenatic rings of conducting
polymers. When this occurs at a p-type conductwlgmer, the doping level as well
as the electric conductance of the conducting petym enhanced. An opposite

process will occur when detecting an electro-domgagias.

Semiconductor chemical sensors detect gases antharm samples by a chemical
reaction that takes place when the gas comeseagtdiontact with the sensor surface.
This chemical reaction and the presence of thesgase be detected since the
electrical resistance in the sensor is modifiedmihés exposed to the monitored gas.
This change in resistance is measured and canduktasdentify the presence of a
gas, to predict the the gas concentration or othsks. Tin dioxide in different

structures (thin or thick film, nanostructures, oaires, etc.) is the most common

material used in semiconductor sensors, that areramly used to detect hydrogen,
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oxygen, alcohol vapor, and harmful gases such #asosamonoxide in different
applications related with environment, health, fapglity, etc. Operating the device
at different temperatures and varying the type #ndkness of the material, the

sensitivity and selectivity can be optimized.

The piezoelectric family of sensors has two mainmipers: quartz crystal
microbalance (QCM) and surface acoustic-wave (SAMM)ices. They can measure
temperature, mass changes, pressure, force, aetei@ion, but in the electronic

nose, they are configured as mass-change-sensitgese

The QCM type consists of a resonating disk a fellimeters in diameter, with metal

electrodes on each side connected to a lead wine device resonates at a
characteristic (10 MHz to 30 MHz) frequency whegited with an oscillating signal.

During manufacture, a polymer coating is appliedh® disk to serve as the active
sensing material. In operation, a gas sample isrbdd at the surface of the polymer,
increasing the mass of the disk-polymer device thiedeby reducing the resonance
frequency. The reduction is inversely proportiottalodorant mass adsorbed by the

polymer.

The SAW sensor differs from QCM in several impottaays. First, the wave travels
over the surface of the device, not throughoutvdkime. SAW sensors operate at
much higher frequencies, and so can generate erlahgnge in frequency. A typical
SAW device operates in the hundreds of megahehite 0 MHz is more typical for
a QCM, but SAW devices can measure changes in reagee same order of
magnitude as QCMs. Even though the frequency chenlgeger, increased surface-
to-volume ratios mean the signal-to-noise ratiousially poorer. Hence, SAW

devices can be less sensitive than QCMSs in son@&noss.
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With QCMs, many polymer coatings are available, asdavith the other sensor types,
differential measurements can eliminate common-meifiects. For example, two
adjacent SAW devices on the same substrate (orte amtactive membrane and
another without) can be operated as a differeni@l to remove temperature
variations and power line noise. A disadvantagbath QCM and SAW devices is
more complex electronics than are needed by theumbivity sensors. Another is
their need for frequency detectors, whose resoinagtiencies can drift as the active

membrane ages.

The control and measurement system includes altret@c circuits needed for the
measurements of signals generated by the senschsasuinterface circuits, signal
conditioning and A/D converters. This sensor etwuts usually amplify and

condition the sensor signal. The signal must berexded into a digital format to be
processed by a computer, and this is carried owrbgnalogue to digital converter
(e.g. a 12 bit converter) followed by a multiplexerproduce a digital signal which
either interfaces to a serial port on the micropssor (e.g. RS-232, USB) or a digital
bus (e.g. GPIB). The microprocessor is programmoechatry out a number of tasks,
including the pre-processing of the time-dependsarisor signals to compute the
input vectors xand classify them against known vectors storechémory. Finally,

the output of the sensor array and the odour ¢iegson can be displayed on a LCD

or on a PC monitor.

The main goal of an electronic nose is to idendifiyodorant sample and perhaps to
estimate its concentration. The multivariate infatimn obtained by the sensor array
can be sent to a display so a human can readrttoamiation and do an action or an
analysis. Also, that information, that is an elecic fingerprint of the volatile

compound measured, can be sent to a computerftrmpean automated analysis and
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emulate the human sense of smell. These automatalyses that comes from
methods of statistical pattern recognition, nearahays and chemometrics (Aguilera,
Lozano, Paredes, Alvarez, & Suarez, 2012), is apkatin the development of a gas
sensor array capable to detect, identify or quantifferent volatile compounds
responsible for food spoilage. This process maysiiadivided into the following
steps: preprocessing and feature extraction, dilmealty reduction, classification or

prediction, and decision-making.

Preprocessing compensates for sensor drift, cosgsehe transient response of the
sensor array, and reduces sample-to-sample vasatibypical techniques include:

manipulation of sensor baselines; normalizatiosefsor response ranges for all the
sensors in an array (the normalization constant snayetimes be used to estimate the
odorant concentration); and compression of senmaosients. Feature extraction has
two purposes: to reduce the dimensionality of tleasarement space, and to extract
information relevant for pattern recognition. Fo@ample, in an electronic nose with

32 sensors, tipically one feature is extracted fe@moh raw response of the sensor and

the measurement space has 32 dimensions.

A dimensionality reduction stage projects this iatitfeature vector onto a lower
dimensional space in order to avoid problems aassiti with high-dimensional,
sparse datasets. Maybe, some of them probablyndspa similar (but not identical)
way. This means that the number of dimensionserdtita set can be reduced without
any loss of information. It is generally performedh linear transformations such as
the classical principal component analysis (PCAJ #énear discriminant analysis
(LDA). The resulting low-dimensional feature vectsifurther used to solve a given

prediction problem, generally classification, resgien or clustering.
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Classification is a general process related togoaization, the process in which ideas
and objects are recognized, differentiated, anderstdod. In this case, the
identification of an unknown sample into previoudbarned classes is usually
performed by artificial neural networks (ANNS). Astificial neural network is an
information processing system that has certain op@dnce characteristics in
common with biological neural networks. It allowsetelectronic nose to function in
the way a brain function when it interprets resgsng§om olfactory sensors in the
human nose. During training, the ANN adapts theapyin weights to learn the
patterns of the different odorants. After trainimgyen presented with an unidentified
odorant, the ANN feeds its pattern through theedéht layers of neurons and assigns

the class label that provides the largest response.

Finally, the classifier produces an estimate ofdlass for an unknown sample along
with an estimate of the confidence placed on tasschssignment. A final decision-
making stage may be used if any application-spekiiowledge is available, such as
confidence thresholds or risk associated with Bfié classification errors. Cross
validation is usually employed and training is gteg at the point of the smallest error

in the validation set to detect and avoid overtrgn

5.2. Electronic tongue

The analysis of the substances dissolved in ligaithples with multisensor systems
was firstly developed in mid-1980s (Otto & Thoma885). In the beginning of the
1990s, the first taste sensor was built, basedoarselective electrodes (Hayashi,
Yamanaka, Toko, & Yamafuji, 1990; liyama, Miyazaklayashi, Toko, Yamafuji,

lkezaki, & Sato, 1992). The sensitive membrane waasde of various lipid
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membranes immobilized onto polyvinyl chloride (Tok&0D00). Later, in 1995, the
concept of electronic tongue was introduced. It Wased on inorganic chalcogenide
glass sensors, being used for both qualitativecarashtitative determinations (Legin,
Rudnitskaya, Di Natale, Mazzone, & D’Amico, 200da%ov, Legin, Rudnitskaya, Di

Natale, & D’Amico, 2005).

This concept has been developed, and in the lass yiee bioelectronic tongue system
was introduced (del Valle, Cetd, & Gutierrez-Capjtd014; Ghasemi-Varnamkhasti,
Rodriguez-Méndez, Mohtasebi, Apetrei, Lozano, AhimBRdzavi, de Saja, 2012). It
contains an array of biosensors and is able toitgtiaély and quantitatively
characterize multicomponent liquid samples (Cetdelgker, & Prieto-Simon, 2016;
Song, Jin, Ahn, Kim, Lee, Kim, Simons, Hong, & Pa#014; Rodriguez-Méndez,
Medina-Plaza, Garcia-Hernandez, de Saja, Ferndbsiazdero, Barajas-Tola, &

Medrano, 2014).

Conceptually speaking, electronic tongues are #&nalytools which artificially
determine the gustatory perceptions (del Valle,2@myth & Cozzolino, 2013).
These systems consist of an array of sensors auple chemometric means of data
processing for the characterization of complexitdgsamples (Winquist, Olsson, &
Eriksson, 2011; Martinez-Bisbal, Loeff, Olivas, B&r Garcia-Castillo, Lépez-
Carrero, Tormos, Tejadillos, Berlanga, Martinez-BAf Alcafiz,& Soto, 2017,
Kumar, Ghosh, Tudu & Bandyopadhyay, 2017; Rudniytaka Schmidtke, Reis,
Domingues, Delgadillo, Debus, Kirsanov, Legin, 2D1Following adequate
calibration and training, the electronic tongualde to determine the qualitative and
guantitative chemical composition of more chemispécies in complex samples
(Lvova, Di Natale & Paolesse, 2017; Gutiérrez, Hafdhari, Bouchikhi, Mimendia,

Cet0, & del Valle, 2013; Immohr, Hedfeld, Lang, &R, 2017).
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The general scheme which describes the concepedir@nic tongue is outlined in

Fig. 2.

Fig. 2. General scheme of an electronic tongueesyst

Electronic tongue comprises three components: {fignaatic sampler, which may be
necessary, but it is featured in the majority ofnowercial systems; (2) array of
sensors with different selectivity and sensitivatiyd (3) chemometric software with
proper algorithms for processing the signals framssrs and delivering the results
(del Valle, 2012; Ciosek & Wroblewski, 2007; Kal¥arkovi¢, Kalit, Vahii¢, &

Havranek, 2014; Tahara & Toko, 2013).

Usually, the initial studies dedicated to the depeient of electronic tongues with
sensors based on various detection systems foonsde: qualitative and quantitative
analysis of the solutions which represent basitesaésweet, sour, salty, bitter and
umami), as well as of other gustatory sensationsperceptions (astringency,
pungency) (Riul Jr., dos Santos Jr., Wohnrath, Dinfnazo, Carvalho, Fonseca,
Oliveira Jr., Taylor, & Mattoso, 2002; Eckert, PeReimann, & Breitkreutz, 2013;

Tian, Feng, Xiao, Song, Li, Liu, Mao, & Li, 2015idggia, Di Francesco, Marchetti,
Ferro, Leardi, Ahluwalia, 2007; Jain, Panchal, Beag Patel, & Pasha, 2010;
Rudnitskaya, Polshin, Kirsanov, Lammertyn, Nicolagison, Delvaux, Delvaux, &

Legin, 2009; Toko, 1998; Legin, Rudnitskaya, Claph&eleznev, Lord, & Vlasov,

2004; Khan, Khalilian, & Kang, 2016; Arrieta, Rogliez-Mendez, & de Saja, 2003;
Apetrei, Rodriguez-Méndez, Parra, Gutierrez, & dgaS2004; Arrieta, Apetrei,

Rodriguez-Méndez, & de Saja, 2004). This is absblutecessary in order to prove
that the sensor responds to compounds with vadogenoleptic properties. The main

compounds analyzed, as well as their sensorialgoties, are presented in Table 3.
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Table 3. The main sensorial properties and th&tive compounds.

For developing the arrays of sensors, more typessesfsors have been used:
electrochemical (potentiometric, voltammetric, angpeetric, impedimetric,

conductimetric), optic or enzymatic (biosensors).

Most electronic tongue systems reported in the iajieed literature are based on
potentiometric sensors (Mimendia, Gutiérrez, Lefjarnandez, Favari, Mufioz, & del
Valle, 2010; Ciosek & Wroblewski, 2011; Cuartercar@tero, Garcia, & Ortufio,
2015). By using the potentiometric methods, onesuess the potential between two
electrodes in the absence of an external flow ofect. The value of potential
measured under these circumstances is used foutiditative determination of the
analytical species of interest in the multicompdreuid solution (Bard & Faulkner,

2001; Zoski, 2007; Wang, 2000).

Potentiometric sensors present a number of advesitasyich as: their functioning
principle is well-known, there is a possibility aibtain selective sensors, low cost,
high possibility of industrial production, and thiketection is very similar to the
principle of molecular recognition, i.e., with tpenciple of biologic detection of the
substances responsible of taste. Their disadvasitage their being temperature
dependant and the fact that the adsorption of thgisn compounds in the sensitive
element modifies the value of the measured potefBiatov, Abramova, & Ipatov,

2010; Bobacka, Ivaska, & Lewenstam, 2008).

Potentiometric sensors are most often used in ¢iveldpment of electronic tongues
with various applications: fermentation processemitoring, identification of the
botanic origin of honey, evaluation of the impattrocro-oxygenation in the process

of wine aging in the presence of oak chips, eter$@, Joksch, & Fafilek, 2013; Peris
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& Escuder-Gilabert, 2013; Dias, Veloso, Sousa, \&st®, Machado, & Peres, 2015;
Schmidtke, Rudnitskaya, Saliba, Blackman, Scoll@tark, Rutledge, Delgadillo, &
Legin, 2010; Mednova, Kirsanov, Rudnitskaya, Kiltmar& Legin, 2009; Gutiérrez-
Capitan, Vila-Planas, Llobera, Jiménez-Jorquerpd€eila, Domingo, & Puig-Pujol,

2014).

Another category of sensors which has been widsedufor the development of
electronic tongues are the voltammetric sensorsd(BaFaulkner, 2001; Zoski, 2007;
Wang, 2000). In this case, a potential, eitheofixmost often, variable, is introduced
into the system, and the electroactive compoundsent in the sample are oxidized
or reduced, which leads to the generation of a ftdvwanodic or cathodic current.
When the sample to be analyzed is a complex omgaicing more chemical species
with redox properties, the selectivity of this typesensors is limited for a specific
analyte present in the sample. The greatest dis#alya of this type of sensors is their
reduced selectivity, but this aspect can be impiove using nanomaterials or by
employing pulse techniques (differential pulse awitnetry and square-wave
voltammetry) or by optimization of the experimentainditions (Brett & Fungaro,
2000; Gupta, Jain, Radhapyari, Jadon, Agarwal, 2BE¥a Ganjali, Garkani Nejad,
Beitollahi, Jahani, Rezapour, & Larijani, 2017; Rgdez-Méndez, Apetrei, & de

Saja, 2008).

The complexity of the voltammetric signals is ewveare complicated in the case of
sensors which contain electroactive substances biimed onto the sensitive
element. The interpretation of results is oftenficift, as the interactions are
extremely complex, electrocatalytic, synergetiandmbition effects may occur. This

is why, in most cases, it is necessary to use aoalynethods for multivariate data
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(Cetd, Apetrei, del Valle, & Rodriguez-Méndez, 20Winquist, 2008; Bueno, de

Araujo, Salles, Kussuda, & Paixao, 2014; del VAll&]0).

Numerous research groups have developed varioussendory systems based on
voltammetric sensors (metallic electrodes, eleesodased on nanocomposite
materials, chemically-modified electrodes, etcr)tfee studies of different industrial
products (Campos, Alcafiz, Aguado, Barat, Ferrdr, Barrakchi, Martinez-Mafiez,
Soto, & Vivancos, 2012; Dominguez, Moreno-Barén, gz, & Gutiérrez, 2014,
Campos Sanchez, Bataller Prats, Gandia Romero,Gotono, Martinez Mafez, &
Gil Sanchez, 2013; Winquist, 2008; Cetd, CapdeviRuig, & del Valle, 2014;

Apetrei & Apetrei, 2014).

The detection principle of the conductimetric sease based on the change in the
conductivity of the sensible material as a resdltthee interaction with various
chemical species present in the solution to beyaadl There are only a few studies
in the literature which tackle the use of conduetinc sensors in the development of
electronic tongues (Winquist, Holmin, KramRZickler, Wide, Liindstrom, 2000; Sha,

2013).

The measurement principle of impedance sensorsagedo on measuring the
impedance at a certain frequency value or for geaf frequencies with the help of
impedance spectroscopy. This type of sensors, basagrious materials, has been
largely used in the development of electronic t@sgwvith various applications
(Cabral, Bergamo, Dantas, Riul Jr, & GiacomettQ20Guo, Chen, Yang, & Wang,

2005).

The detection principle of piezoelectric sensorsbesed on the piezoelectric

phenomenon. The result of the exposure of thessosemo various substances is the
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modification of their mass due to adsorption oroapson processes, which modify
the resonance frequency of the sensor. Therefoeeglectric current is modified, i.e.,
the exit signal provided by the sensor. The adgasgaf these types of sensors are:
high sensibility, durability, low costs, and reddcsize. The detection principle is
based on mass modification (Pearce, Schiffman, ™Nagle, Gardner, 2006). The
advantages of these types of sensors are: higlibsgysdurability, low costs, and
reduced size. The electronic tongues with pieztitesensors arrays have been used
for various applications in food analysis (SehraleC & Gardner, 2004; Kalit,

Markovi¢, Kalit, Varei¢, Havranek, 2014).

Colorimetric sensors are based on the interacteiwden electromagnetic radiation
and matter, from which various phenomena, sucheflection, fluorescence or
absorption, result. This type of sensors contaieswace of light or a series of filters
for a specific wave length for increasing seletyivan indicator, and a detector. The
properties of the indicator are modified as a tesil the interaction with the
substance to be analysed, and consequently, a €harapsorbance or fluorescence
occurs. The changes are quantified by the detestdich converts the optical signal
in electrical signal. Colorimetric sensors predéetfollowing advantages: simplicity,
low cost, and high selectivity. In addition, it p@ssible for these sensors to detect
non-electroactive substances which cannot be @etday electrochemical sensors.
The disadvantages of the colorimetric sensorslanedurability and distortion of the
exit signal, which greatly limits their applicat®n(Piriya, Joseph, Daniel,
Lakshmanan, Kinoshita, Muthusamy, 2017; Kangas,k8uAtwater, Lukowicz,
Williams, & Holmes, 2017). In the literature, thexee several papers which report on

the use of electronic tongues based on colorimedgosors in food analysis
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(Gutiérrez, Llobera, Vila-Planas, Capdevila, DemgniButtgenbach, Minguez, &

Jiménez-Jorquera, 2010; Chung, Park, Park, Kink,Fan, Bae, & Cho, 2015) .

Bioelectronic tongue systems are endowed with be®es arrays which can
specifically determine a number of analytes ofresgefor a certain sample. However,
when using certain detection methods, interferemcessignificant, and there can be
obtained signals which may be assimilated to a at@nmpression, which can be
used for the discrimination and classification bé tanalyzed samples (Ahn, An,
Song, Park, Lee, Kim, Jang, & Park, 2016; Song, Am, Kim, Lee, Kim, Simons,

Hong, & Park, 2014). Bioelectronic tongue systeragehbeen successfully used in
the qualitative and quantitative analysis of vasidoods (Zeravik, Hlavacek, Lacina,

& Skladal, 2009).

The comparison between electronic tongues basdtifi@nent type of sensors were
reported in literature. For instance, a hybrid eteuc tongue based on six chemically
modified graphite-epoxy voltammetric sensors andpbfentiometric sensors was
applied in the recognition of beer types (Gutiérréfaddi, Amari, Bouchikhi,
Mimendia, Cet0, & del Valle, 2013). In other stutig data obtained with two sets of
voltammetric sensors, prepared using differentesgias, have been combined in an
electronic tongue to evaluate the antioxidant pridgee of red wines (Cetd, Apetrei,
del Valle, & Rodriguez-Méndez, 2014). Furthermane, purpose of a complex study
was to compare the performance characteristicixafiferent e-tongues applied to
the same set of pharmaceutical samples. Two conmtigr@available electronic
tongues (from AlphaMOS and Insent) and four lakmwat prototypes (one
potentiometric system from St. Petersburg Univerdilvo potentiometric systems

from Warsaw University operating in flow and statiodes, one voltammetric system
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from Barcelona University) were employed (Pein, sidimov, Ciosek, del Valle,

Yaroshenko, Wesoty, Zabadaj, Gonzalez-Calabuig,bléwski, &Legin, 2015).

The advantages of electronic tongues comparedealdssical analytical methods
include: high sensitivity, easy building and usmy lcosts of equipment and price per
analysis, as well as short time necessary for amalyhrough miniaturizing and
automating, electronic tongues can be used foir@-in-line or real-time analyses,
another advantage being that it is a non-destrictimalytical method (Khan,
Khalilian, & Kang, 2016; Cet6, Gonzalez-Calabuig] ¥alle, 2015; Medina-Plaza,
Garcia-Hernandez, de Saja, Fernandez-EscudergaBakéedrano, Garcia-Cabezon,

Martin-Pedrosa, & Rodriguez-Mendez, 2015 ).

Nevertheless, research in this field is necessarwhat concerns aspects such as:
sensor-obtaining technologies, data processingemsysalibration and validation of
results. Researchers in this field grant spectahtibn to these themes, and most of
the recent studies are more and more thorough asskemt clear applications in

various fields.

5.3. Biosensors

Biosensors are analytical devices which integrat@eeceptor (enzymes, organelles,
living cells, tissues, nucleic acids, aptamers,) ética compatible transducing system,
and which are capable to specifically determinéateichemical compounds (Rotariu,
Lagarde, Jaffrezic-Renault, & Bala, 20&;0gnamiglio, Arduini, Palleschi, & Rea,
2014; Di Rosa, Leone, Cheli, & Chiofalo, 2017). Theost frequently used

transducers are: electrochemical, optical, massnthl, but there are other types as
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well (Compagnone, Di Francia, Di Natale, Neri, Sel& Tajani, 2017; Ali, Najeeb,
Ali, Aslam, & Raza, 2017; Almeida Silva, Cruz Mosa€Campos Janegitz, Fatibello-
Filho, 2017; Chauhan, Maekawa, & Kumar, 2017). Aeckic signal which can be
measured and recorded is produced as a resule @pibcific interaction between the
analyte and the biocomponent. The analytes or targ@pounds comprise a large
and various number of chemical species, from inugaompounds to organic
compounds with small molecules and even with |largdecules such as proteins
(Abdulbari & Basheer, 2017; EI-Nour, Salam, Solim&a Orabi, 2017; Matysik,
2017; LecaBouvier & Blum, 2005). The scheme of analytes detac with

biosensors is presented in Fig. 3.

Fig. 3. Biosensor detection scheme

When compared to classical methods of analysissebisors present a number of
advantages, such as: extremely high selectivityichvlallows the detection of the
target molecule in real complex samples, withoguinéng the pre-treatment of the
sample, short time of analysis (from a few secdds few minutes), relatively low
costs, possibility of miniaturizing and turning theinto portable devices, which
allows fast and precise on-site, in-line, on-limer@al time analytical determinations
(Scognamiglio, Rea, Arduini, & Palleschi, 2017; 8h&/ang, Wu, Liu, Aksay, &

Lina, 2010; Mehrotra, 2016).

Food quality control, as well as the detection anitoring of the food spoilage
processes, requires methods and tools for thegereaialysis of various parameters.
Biosensors can accomplish these functions, whiclwhy the special interest in
developing new biosensors which can be used in famalysis for example, for

determining freshness or spoilage, is fully justifi(Dornelles Mello & Tatsuo
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Kubota, 2002; Poltronieri, Mezzolla, Primiceri, & dwiccio, 2014; Pividori &

Alegret, 2010).

The main research directions include the analysisompounds of interest for food
guality and that of contaminates, compounds whictidentally appear in food and
which should not be there under normal conditidvisGrath, Elliott, & Fodey, 2012;
Dragone, Grasso, Muccini, & Toffanin, 2017). Moregvfocus is laid on monitoring
various chemical or biochemical processes relatedetmentation, degradation,
spoilage, maturation or freshness of foods with lbk of the biosensors (Mutlu,
2016; Vasilescu, Nunes, Hayat, Latif, & Marty, 202@lley, 2014, Ispas, Crivat, &
Andreescu, 2012; Park, Kim, Lee, & Jang, 2015).eD#tudies lay importance on the
characterization of foods in terms of biologic ogographic origins, as well as
authenticity, fraud or adulteration of foods (Amet& Ghasemi-Varnamkhasti, 2013;
Bassi, Lee, & Zhu, 1998; Narsaiah, Jha, Bhardwdjar®a, & Kumar, 2012;
Campuzano, Ruiz-Valdepefias Montiel, Torrente-Ragig Reviejo, & Pingarron,

2016).

The classification of the biosensors can be maderdmg to several criteria, the
most often being the biochemical recognition medman(Thévenot, Toth, Durst,
Wilson, 2001; Monosik, Std#ansky, Sturdik, 2012; Apetrei & Ghasemi-

Varnamkhasti, 2013; Gorton, 2005).

Enzyme-based biosensors are the most frequently instoods analysis (Kumar &
Neelam, 2016; Prodromidis & Karayannis, 2002). Teasic principles are used in
practice, one being the direct detection of thelya@gsubstrate) resulted from an
enzymatic process, the other being the inhibitibthe enzymatic activity (Upadhyay

& Nishant, 2013; Murugaboopathi, Parthasarathy, ll@een, Prem Anand, &
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Vinurajkumar, 2013). Enzymes in the class of oxediuctases (laccase, tyrosinase,
peroxidase, dehydrogenases) are used for substiatiection, and the main
electroactive compounds detected by these biosers@ o-quinone derivatives,
hydrogen peroxide or reduced forms of nicotinamadenine dinucleotide (Amine,
Mohammadi, Bourais, & Palleschi, 2006; Mello & Kuap2002; Tembe & D’Souza,
2015). The enzyme sources can be purified enzyoresnercially available, but also
organelles, cells, tissues, microorganisms, etpe{iei & Apetrei, 2016; Rodriguez-
Delgado, Aleman-Nava, Rodriguez-Delgado, Dieck-Asséartinez-Chapa, Barcel6,
Parra, 2015; Gul, Sheeraz Ahmad, Saglan Naqvi, atus®vali, Faroogi, & Ahmed,
2017; Liu, Wu, Cai, Hu, Zhou, & Wang, 2014; Hasalrunnabi, Morshed, Paul,
Polini, Kuila, Al Hariri, Lee, & Jaffa, 2014; Lintla, Lee, Lee, & Kim, 2015). For the
detection of inhibitors of enzymatic activity, thetivity of the enzyme is determined
in the absence and in the presence of the inhjldietermining the inhibition degree
based on inhibitor concentration. The detectiotacdet compounds does not involve
its transformation (Upadhyay & Nishant, 2013; Muwahgopathi, Parthasarathy,

Chellaram, Prem Anand, & Vinurajkumar, 2013).

The detection principle of affinity biosensors iasbd on molecular recognition
systems, such as the interaction between DNA (Ddmxyucleic acid) strands,
antigen — antibody or hormone — receptor interastiPatel, 2006; Turner, 2013;
Rogers, 2000). Another class of compounds useti@nptoduction of this types of
biosensors is molecularly imprinted polymers (Soxg, Chen, Wei, & Xiong, 2014;

Frasco, Truta, Sales, & Moreira, 2017; Wackerli&éhirhagl, 2016).

Nano biosensors are emerging as a promising tool¢he applications in the food
analysis. They are integrating knowledge of physsmences, biology, chemistry,

biotechnology, molecular engineering, and nanoteldgy offering important
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improvements in selectivity and sensitivity compghr® classical chemical and
biological methods. Nano biosensors can be useddtaction and quantification of
microorganisms, contaminants, and food freshneéseefFLopez, & Merkogi, 2011,

Grumezescu, 2016).

6. Literature evidence multisensor systemsto food spoilage detection

6.1. Electronic nose

There are several electronic nose systems, indutifferent types of and gas sensors
and systems combined with other techniques andgudifierent data processing
methods for the detection and characterizationooid fspoilage. Some successful
experiments performed by different authors havenlziescribed in the bibliography.
As a general rule, there are some chemical comotinad are responsible for defects
and off-flavors in food and beverages. These com@e@are known by consumers as
the first alarm signal linked to spoilage. It isrweimportant to optimize the
measurement system to detect these compounds. 4 gblemarizes the sensors and
sensory systems applications for detection andactenization of spoilage in the food

industry.

Table 4. A summarized overview on the application of elecit nose to food

spoilage detection

There are different prototypes designed by someareb groups with different
features that are appropriate for different apgibbees. In the bibliography, Laboratory
equipment as well as portable instruments are dedidor food spoilage detection.
The following reference (Jose Pedro Santos & Loz#&B015) shows a hand-held

wireless portable electronic nose applied to thad-time detection of two common
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aromatic defects in beer: acetaldehyde and etrgthtes An image of the electronic
nose is illustrated in Fig. 4. These aromatic dsfét beer have been measured at
level between the organoleptic threshold and finees$ this quantity (25 ppm for
acetaldehyde and 21 ppm for ethyl acetate). PCAe w&pplied to these responses to
see the data distribution among classes. Althohghetis some confusion between
some classes corresponding to different conceatrstinon-defect beer samples were
separated from the other samples. In a qualitati@ssification among beer without
defects (blank) and beer with one of the defecthy(eacetate or acetaldehyde)
regardless the concentration, the measurements grexgped into three classes:
blank, ethyl acetate and acetaldehyde. The PCAegdot for the whole measurement
set is shown in Fig. 4. Some partial overlappingliserved among the classes,
although the ANN analysis gave a 94 % successimatalidation. Few samples are
wrongly classified among the three clases. Autleardain that these results could be
improved using other types of classifiers and imprg the measurement system in
order to a better control of the operation tempeest and flows and reducing the

measurement noise.

Fig. 4. Portable e-nose system for the defectidistation in beeand PCA score

plot of measurements of beer defects.

It is usually recognized that electronic noses haseachieved the market penetration
that was expected in the mid-90s. The prototypsemied in Lozano et al., (2015)
could be a first step for implementation in the avindustry. It is installed in a wine

cellar for on-line monitoring of wine evolution dog 9 months. The system has a

novel sampling method that extracts the aroma tyréom the tanks where wine is
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stored; and it automatically carries the volatilenpounds to the sensor cell with tin
oxide multisensor. Linear techniques as principainpgonent analysis (PCA) and
nonlinear ones as Artificial Neural Arrays (ANN)eaused for pattern recognition,
and Partial Least Squares (PLS) is used for piadic6C-MS analysis. Results
showed that system can detect the evolution ofdifferent wines along 9 months
stored in the monitored tanks. The evolution of whee is confirmed with chemical
and sensory analysis. Moreover, GC-MS analysis pea®rmed to the wine of the
tanks. In the whole, 19 odorants were analysed. chi@enical compounds analysed
were acids (butyric acid, decanoic acid, hexanoid,asobutyric acid, isovaleric acid,
and octanoic acid), alcohols (1-hexanol and 2-pé#ranol), esters (hexyl acetate,
ethyl butyrate, ethyl decanoate, ethyl hexanodlg ésovalerate, ethyl lactate, ethyl
octanoate, isoamyl acetate, isobutyl acetate, yliethccinate and phenyl ethyl
acetate) and phenols (4-vinyl-guaiacol). The afemtioned 19 compounds analysed
in GC-MS profiles were used as predictor variablesen, a model was created in
order to predict these responses from sensor nexasats. In this way, the
concentration of chemical compounds in wine deteeatiby GC-MS were correlated
with electronic nose response PLS regression aralysrrelation coefficients near to
1 are obtained in the prediction of several vadatlganic compounds (VOCSs), i.e.
ethyl butyrate, isobutyric acid, isobutyl acetdtexyl acetate and ethyl octanoate.
This system could be trained for monitoring winegarvation and evolution in tanks
and therefore detecting off-odours of wine and weynhe wine expert to correct it as

soon as possible, preventing the wine spoilagdrapcbving its final quality.

Based on the body of scientific literature, numercansiderable works on spoilage
detection using electronic nose has been conduotedneat and fish products.

Chemical reaction between volatile compounds ine@dhn spoiled meat with gas
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sensors has imperative results and this measuringge is the basis of the spoilage
detection in meat products (Wojnowski, Majchrzaklnrski, Gbicki, Namienik,

2017.

Meat spoilage as a tremendously complex phenomesoaffected by many
parameters such as storage conditions, packagipg tynd materials used,
temperature and so on. Innovative instrumental Ggares such as electronic nose
have shown promising results to be used as a paltte@indidate for inspection of
meat and its spoilage. A list of the most appi@a on such products is summarized

in Table 4. For instance, two cases of the marenteapplications are discussed here.

Estelles-Lopez et al., (2017) conducted a resetarcievelop the appropriate models
for predicting minced beef spoilage. For this amncommercial electronic nose
((LibraNose, Technobiochip, Napoli, Italy) compngi eight quartz crystal
microbalance (QMB) sensors coated with differerymyrrole derivatives was used.
Based on the planned experimental protocol, fewngraf the meat was inserted in a
container and left for a moment to collect the adég headspace as called static
sampling. Then the volatile compounds presentaeniadspace were passed over the
sensors and the responses registered and savedautilinars have also used four
analytical instruments to fuse the data with etedtr nose. They were Gas
Chromatography-Mass Spectrometry (GC-MS), High d?erédnce Liquid
Chromatography (HPLC), multispectral imaging (MS&nd Fourier Transformed
Infrared Spectroscopy (FT-IR). For data fusion andlyses, numerous techniques as
given in Table 4, were used and modeled. In fitinedy developed an on line platform
to identify different types on microorganisms prgse spoiled meat. Electronic nose

showed satisfactory contribution for this aim.
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Lipid oxidation as a spoilage indicator was studgdsu, Sun, Tu, & Pan (2017) who
aimed their research at evaluating the odor of €erstyle sausage as a high-fat meat
product during processing and storage using eleictnoose. During lipid oxidation,
some chemical changes occur in the sausage whene swlatile compounds
involved in the sample headspace are found suatersin aldehydes, ketones and
alcohols. Monitoring these compounds could helpipid oxidation prediction and
spoilage detection consequently. They used a lper&lectronic nose (PEN 3, Win
Muster Air-sense Analytics Inc., Germany) consgtiof ten metal oxide sensors
which were extremely sensitive to a lot of volatlempounds as nitrogen oxides,
ammonia and aromatic compounds, Benzene, hydroglenes and aromatic
compounds, Propane, methane, sulphur compoundshaddc sulphur organic
compounds, alkane). The sensors were non selentivgartial sensitive to aromatic
compounds. The time of the measurement was 60 4 Hh& for odor injection and
purging periods, respectively. Win Muster softwaras exploited to transform the
information to digital signals. As mentioned in T@b4, many data processing
algorithms were used to classify the samples. Thkoas concluded that the results
show great potential use of electronic nose inipglghe lipid oxidation of the high-

fat meat products.

6.2. Electronic tongue

Electronic tongues have been successfully usedqgtalitative and quantitative
determinations of the spoilage of many foods oénest (Haddi, El Barbri, Tahri,
Bougrini, El Bari, Llobet, & B. Bouchikhi, 2015; Sliwinska, Wisniewska, Dymerski,
Namiesnik, & Wardencki, 2014). As it is well-knowthe foods spoilage is a complex

biochemical and microbiologic process which invelvatmospheric oxygen, the
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activity of some specific enzymes and microorgasisaic. (Sahu & Bala, 2017; de

Blackburn, 2006).

Thus, for the quantitative case, a number of tamompounds formed during the
spoilage process has been determined, especialijghic amines, which result from
amino acids decarboxylation. The amino acids in@@lin these processes are free
amino acids present in foods, but also the oneshwiiiiginate in proteins hydrolysis
(Naila, Steve Flint, Fletcher, Bremer, & Meerdir#Q10; Karovtova & Kohajdova,
2005). Other guantitatively determined compounds iabsine 5’-monophosphate,
inosine and xanthine and hypoxanthine, which oatgrfrom adenosine triphosphate

(ATP) degradation (Vilas, Alonso, Herrera, Garciari®o, & Garcia, 2017) (Fig. 5).

Fig. 5. Decomposition of ATP in the muscles (Nelg€oGox, 2017)

Where, ATP: Adenosine triphosphate; ADP: Adenosidiphosphate; AMP:
Adenosine monophosphate, IMP: Inosine monophosphhte: Inosine; Hx:

Hypoxanthine; Xa: Xanthine; PI: phosphate ion.

Quantitative determination is generally acquirednir statistic models obtained
according to the data recorded with the sensoesysif the electronic tongue, which
allow gquantitative estimations of certain physichémical or sensorial parameters
(e.g. partial least squares—discriminant analy$t6S(DA) or PLS2 regression
models) (Haddi, El Barbri, Tahri, Bougrini, El Batilobet, & B. Bouchikhi, 2015;

Rodriguez-Méndez, Gay, Apetrei, & de Saja, 2009).

More types of foods have been analyzed and themgstised and the main results

obtained are presented in the following paragraphs.

37



891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

The concept of meat freshness is quite compleXydinay various physicochemical,
biochemical and microbiologic characteristics redato two different processes — the
former, aging, determined by the storage periodired by meat in order to acquire
the proper taste for consumption, and the lattlso & relation to the period of
storage, which leads to meat spoilage due to battowth and autolysis (lulietto,

Sechi, Borgogni & Cenci-Goga, 2015; Dave & Ghalyl12).

Gil et al. (2011) presented a case study of theofip@tentiometric electronic tongue
in the study of the spoilage process of a wholegief pork loin stored under
refrigeration (Gil, Barat, Baigts, Martinez-Mafne3pto, Garcia-Breijo, Aristoy,
Toldra, Llobet, 2011). The sensors array used e dbveloping of the electronic
tongue consisted of six electrodes made of Au,@&g,Pb, Zn and C, and a reference
electrode. By using more methods in the multivarddta analysis (PCA and artificial
neural arrays - multilayer perceptron and fuzzy MAIP), the authors proved that
the potentiometric electronic tongue is capablddi®rmine the storage time, which is

in relation to the degradation of the pork loin.

For data validation and for establishing the catreh with the results of classical
analytical methods, a number of physical-chemicaicrobial and biochemical
parameters were analysed. These analyses consispgdl determination, microbial
count, concentrations of inosine 5’-monophosphatesine and hypoxanthine. Using
the PLS regression method, a very good correlatias found between pH and the
data obtained from potentiometric sensors, as wadl between K-index
(simultaneously measures the variation in the asierotriphosphate) and the data
obtained with the electronic tongue. The conclusainthe study was that the

potentiometric electronic tongues are very useful the qualitative or semi-
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guantitative evaluation of freshness in meat sasmpled they can have numerous

applications in food industry in quality control pérk meat.

Another study, presented by Kaneki et al., (2004scdbed the use of a
potentiometric electronic tongue based on simplel slectrodes (i.e. Pt, CuS and
Ag,S) which are able to detect certain compounds resple for the initial stage of
meat putrefaction. This system was successfullyd usethe study of pork meat
freshness (Kaneki, Miura, Shimada, Tanaka, ItooHpAkasaka, Ohkubo, & Asano,

2004).

Microbiological contamination in dry-cured ham caccur at various stages of the
maturation process, and the development of a lamg®ber of microorganisms
involved in spoilage may lead to the alterationtleé end product (Dikeman &
Devine, 2014). These processes lead to some uapleasd non-common odours,
which are detected by an expert taster, who folleamgrocedure called “cala”, by
which he classifies hams as good and altered hBaeip, Nieto, Pelaez, & Reguera,
1999). Girdn et al. (2015) produced a potentiomegtectronic tongue based on an
array of sensors which contains three types of @ensilver, nickel and copper
electrodes. This electronic tongue was used for dlassification of altered and
unaltered hams before the classification of hamarbgxpert tester. The results of the
analyses showed that, in the case of altered h#m®s\g potentials have the lowest
values and the Cu potentials, the highest valuestii®y from these experimentally
observed differences, a model of classificatiomains was built, but further studies
are required for the system validation for indastpractice (Girdn, Gil-Sanchez,

Garcia-Breijo, Pagana, Barat, & Grau, 2015).
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Gil-Sanchez et al. (2011) presented the use oh@iowd multisensor system for the
analysis of the spoilage of wine when it is in emttwith air (Gil-Sanchez, Soto,
Martinez-Mafnez, Garcia-Breijo, Ibafiez, & Llobet,12). The system consists of a
potentiometric electronic tongue and a humid etetr nose. The potentiometric
electronic tongue was used for the evolution inetiof the wine samples in the
presence of air. The classical method of analysisdufor monitoring the wine
spoilage was the determination of the titratabda(} acidity. The electronic tongue
used in this study is based on potentiometry. Riat@etric sensors were built using
thick-film serigraphic techniques. The paste used rmaking the sensors was
commercial, generally used for the production ofcktilm resistances and
conductors for hybrid electronic circuits. Each tpasontains an active element,
which are, in this case, Ag, Au, Cu, Ru, AgCl, adThese sensitive materials are
often used in the production of non-specific eledés. Some materials were used in
duplicate for the production of sensors, by modidyifor instance, the thickness of
the sensitive layer, 9 potentiometric sensors beialgided in the multisensor system.
Fig. 6 presents the distribution of the sensorghenmultisensor pad and the tracks

and pads for connecting to measuring equipment.

Fig. 6. The sensor array used for the potentiometiectronic tongue (Gil-Sanchez,

Soto, Martinez-Mafiez, Garcia-Breijo, Ibafiez, & ldt2011).

Ruiz-Rico et al. (2013) studied the shelf-life &sseent of fresh cod in cold storage
using a voltammetric electronic tongue (Ruiz-Rideyentes, Masot, Alcaiiiz,

Fernandez-Segovia, & Barat, 2013). The electroaigie system is based on an
array of sensors, specialised software installedaddC and electronic equipment.
Measurements relied on pulse voltammetry, the geltaulses being applied to

sensors by the electronic equipment, and the gmmkreurrents being measured

40



963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

afterwards. For each sensor, 1,000 values weregdedpwhich correspond to the
time evolution of the current generated in the exysafter applying the voltage pulse.
The sensor system is made up of 8 metallic eleesoseparated into two subsystems,
one made up of 4 electrodes based on noble métdisirq, rhodium, platinum and
gold) and the other, of 4 metallic electrodes basedon-noble metals (silver, cobalt,
copper and nickel). Therefore, a total of 8,00Quealare registered by the electronic
tongue for each sample under study. For the vadidaif the analytical system, data
resulted from physical-chemical and microbial asesywere used. For all samples
analysed, the limits of the main parameters relaefish freshness, such as total
volatile basic nitrogen, mesophilic and Enterobaateae, were exceeded on the
fourth day of storage, which means that fish habedf-life less than four days. The
results of physical-chemical and microbial analysé®wed an obvious loss of
freshness from day O to day 4. Also, the voltammétngue results showed a clear
difference between the freshness of fish on dagsd 1 of storage and that in the
following days. The regression patterns based amiapdeast squares for Total
Volatile Basic Nitrogen (TVB-N) and mesophilic cdaarproved that the predicted
values concord with the experimental results, whedmfirms the usefulness of

voltammetric electronic tongue for assessing calage.

Haddi et al. (2015) implemented a voltammetric tetc tongue based on an array
of seven working electrodes, a platinum countectedele and an Ag/AgCl reference
electrode (Haddi, El Barbri, Tahri, Bougrini, El i3a Llobet, & Bouchikhi, 2015).
The working electrodes were made of platinum, gaddyer, glassy carbon,
palladium, copper and nickel. They were assemlyigtleé form of an array of sensors

in a stainless steel tube. The wires of each eldetwere connected to a portable
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potentiostat through a relay box. The responséiseo&rray of sensors in the presence

of the samples to be analyzed were recorded bycoyaltammetry.

With the help of this system, it was objectivelydamapidly assessed whether there
were any significant differences between meat tyfpeef, goat and mutton), and
between the same piece of meat in various spossgges. The electronic tongue
system, made up of 7 voltammetric sensors, was fasdtle detection of the specific
electroactive compounds for each of the three typlesneat. Data analysis was
pursued using discrimination and classification hods, Principal Component
Analysis (PCA) and Support Vector Machines (SVM®)e results obtained proved
that the system is capable of distinguishing meased on their biologic origin. Also,

for each type of meat, the number of days passedlthstorage can be determined.

A number of studies reported in the literature egblion the use of voltammetric
electronic tongues based on sensors modified widctreactive substances

(phthalocyanines or conducting polymers), both l@gand screen-printed electrodes.

A study reported the use of a novel array of voitetric sensors used for the
detection of the principal biogenic amines resufted the spoilage process of Tench
fish (Rodriguez-Méndez, Gay, Apetrei, & de SajaP®0 The array of sensors
consisted of screen-printed electrodes modifiedh wihthalocyanines. The method
conveyed in this study entailed the global detectbthe chemical products resulted

from the process of spoilage of fish, including biegenic amines.

The sensors proved very good sensitivity to biogamines present in the solution to
be analysed (ammonia, dimethylamine, trimethylamiaglaverine and histamine). It
was observed that biogenic amines have great mfkien the chemical behaviour of

the sensors, due to the fact that some biogenioesrare electroactive and that all
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biogenic amines have basic and nucleophilic pregseriThe developed sensors are

very sensitive, reproducible, and present goodilgiabn long term.

The array of sensors was used for the determinatidhe freshness degree of fish
kept at 4C in the refrigerator for 12 days. The responsesroed by cyclic

voltammetry were successfully used for assessieshfress and for determining the
post-mortem period. The voltammetric signals diggthincreasing intensity with the

increasing of storage time.

The ability of discriminating fish samples basedtbeir freshness was demonstrated
by principal component analysis. The ability ofsdéying the fish samples according
to their freshness, as well as the prediction ekhHness of some samples was
calculated by partial least squares-discriminanalgsis (PLS-DA). The results
proved that voltammetric electronic tongue is dbledetermining the degree of fish
freshness by monitoring the production of spoilpgeducts. In addition, this method

is able to determine the stage of the spoilagegssiavhich comprises 4 states.

Another paper reported the use of a voltammetactednic tongue for monitoring the
freshness of Pontic shad fish samples (ApetreiriBoez-Mendez, Apetrei, de Saja,
2013). The samples were Pontic shAtb¢a Ponticg a species living in the north-
western part of the Black Sea. Pontic shad migrateshe Danube River for
spawning. The array of sensors was made up ofi@ssef sensors based on carbon
screen printed electrodes modified with polypyrraleped with different doping
agents. The electrochemical signals are complexpagsent redox processes related
to the electrochemical activity of the amines, ardox peaks associated to the
electrochemical activity of the electroactive matler The viability of the

voltammetric electronic tongue was tested for fisdshness monitoring. From the
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analysis of the signals registered by sensorspatfrof the signal currents associated
to biogenic amines was observed in the analyseglsanwith the increase of the

storage time.

The voltammetric signals obtained with the helghaf array of sensors were used to
discriminate and evaluate the state of fish fresen@rincipal component analysis
confirmed the ability of the voltammetric electroniongue to monitor the fish
freshness. The partial least squares—discriminaalysis (PLS-DA) model showed
that this electronic tongue is able to determires pbst-mortem time elapsed, being

highly useful in practice.

Another study was dedicated to the detection arghtification of putrescine and
ammonia resulted from the spoilage of dehydrated, lzs well as to monitoring beef

freshness under refrigeration conditions (Apetre\getrei, 2016).

The array of sensors used in this study was a thydiwe, made up of screen-printed
electrodes modified with bisphthalocyanines andypgirole doped with different
doping agents. The electrochemical responses o$d¢hsors were analysed for two

compounds of interest in beef spoilage, namely anianand putrescine.

The electrochemical signals are related to thexrguloperties of the substances used
for modifying the electrodes, which are greathyushced by the compounds present
in the solution to be analysed. At first, it wasedtenined that the sensors were capable
to detect amine compounds in beef extract powd#r good sensitivity to the levels
of concentration at which the respective compouarésfound in the initial spoilage
stages. The sensor array made up of sensors weithe$t performance was used for

beef freshness monitoring. The methods conveyedh®ranalysis of experimental
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data, PCA and PLS-DA, demonstrated that the eleictrtongue system is able to

discriminate and classify samples according ta ttedrigeration time.

6.3. Biosensors

Various types of biosensors have been used fospleeific determination of some
analytes directly related to the spoilage proc&ssgriu, Lagarde, Jaffrezic-Renault,
Bala, 2016). The most important are biogenic amied the compounds resulted
from the decomposition of nucleic acids, as isdage of xanthine, hypoxanthine and
other metabolites (Ghaly, Dave, Budge, & Brooks1®O0 The following section

reviews the most relevant results reported in feciglized literature, according to

the type of food under analysis.

Meat and meat products are the foods which have lbeest often studied using
biosensors for spoilage detection. The reasonasttte products which result from
the spoilage process are toxic and may lead txicdaton, allergies, and even death
when ingested in large quantities (Stadler & Linda2008). In order to be fitted
with consumption, beef must be subject to a refatien process for a few days, a
process that is named “aging” (Perry, 2012). Duitsgefrigeration, besides aging,
the unwanted process of bacterial spoilage may atsoir. Therefore, in order to
obtain aged meat with optimal organoleptic propsttihe simultaneous monitoring
of aging and bacterial spoilage is necessary. kgihlighting the bacterial spoilage
process, it is necessary to monitor the conceaotratf putrescine and cadaverine, two
biogenic amines, which can be considered markerhefspoilage process (Perry,

2012; Dashdorj, Tripathi, Cho, Kim, & Hwang, 20¥jetrei & Apetrei, 2016).
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Yano et al. (1996) developed a direct sensing nieth@rder to determine the quality
of beef (Yano, Yokoyama, Tamiya, & Karube, 199@)eThiosensor was made of an
Ag/AgCl electrode and a platinum electrode onto chitwo enzymes were

immobilized, namely putrescine oxidase or xantlom&lase. The detection method
used was potential-step chronoamperometry, thenpatevas stepped in the range
from 0.3 V to 0.6 V. The experimental conditionscls as pH and selectivity, were
adequate and the target compounds could be analysttek beef surface. Sensitivity,
selectivity and stability of the biosensor were wegood in detecting putrescine,
cadaverine and hypoxanthine. The experimental teedelmonstrated that the method
of direct determination with this biosensor coulel $uccessfully used in the non-

destructive assessment of beef quality.

Kress-Rogers et al. (1993) developed a prototypsenisor (in the form of an array of
biosensors) in view of ultra-fast assessment ok poeat freshness (Kress-Rogers,
D’Costa, Sollars, Gibbs, & Turner, 1993). The bius®ws array allows the
measurement of glucose concentration at 2 and 4depth under the meat surface.
The array of biosensors was used to monitor thédagoprocess of refrigerated pork
carrying a slaughterhouse flora. The assessmemeaf freshness was pursued based
on the three-dimensional profile of glucose nearrteat surface. This method can be
applied as a marker for the fast evaluation of dempoods, in what concerns the

microbial and oxidative spoilage, maturation anglférmentation process.

Fish and fish products spoilage is also of gretrést in food industry, as fish is
susceptible to spoilage due to storage conditibish spoilage under refrigeration
conditions is attributed to the metabolic degramatdf trimethylamine N-oxide
(TMAO) to trimethylamine (TMA) by psychrophilic bearia. TMA accumulation in

tissues is responsible for the specific smell ofrdding fish, while the TMA
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concentration depends on the stage of the spopageess (Barrett & Kwan, 1985;

Muzaddadi, Devatkal, & Oberoi, 2016).

Gamati et al. (1991) developed a biosensor for todng the trimethylamine
concentration, based on the difference in the omygs#ake response of two microbial
electrodes (Gamati, Luong & Mulchandani, 1991). Qufethe electrodes was
produced usingPseudomonas aminovorarggown on TMA. It was particularly
sensitive to TMA, trimethylamine N-oxide, dimethylame and monomethylamine.
The other electrode was produced usiAgeudomonas aminovorargrown on
TMAO, and it was sensitive to TMA, trimethylamine-dXide, dimethylamine and
monomethylamine. The response of biosensor isrimg TMA concentration and
the limit of detection is in pM domain. Besidesg ttelative standard deviation of the
biosensor response is low, the response is stalde reproducible. The results
obtained with the help of this sensor were validdig HPLC. The biosensor is useful

for TMA determination in fish tissue extracts.

Another biosensor for the TMA detection was devetbpy Bourigua et al. (2011). It
was based on polypyrrole—flavin-containing monoease (FMO3) and ferrocene.
The detection techniques employed were amperona@ilyimpedance spectroscopy.
The biosensor presents high selectivity and sertgitio TMA in real samples. The
validation of the biosensor was carried out usifgf®MV and the real sample was fish
extract after deterioration during storage (Bouaighl Ichi, Korri-Youssoufi, Maaref,

Dzyadevych, & Jaffrezic Renault, 2011).

In food industry, fish processing is difficult bersg of its low commercial life and
high variability of the raw material, starting fratme biologic species and ending with

fishing and storage. An important biomarker of fsgfoilage is the level of xanthine:
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above certain values, it is certain that the speilprocess has begun (Costa &

Miertus, 1993).

Fish freshness is the most important feature of téwv material for its processing in
food industry under safe, qualitative condition$teAthe fish’s death, breathing and
biosynthesis of adenosine triphosphate (ATP) nticleocease. Consequently, the

ATP in the muscles is degraded, according to therse presented in Fig. 5.

Among the spoilage products, IMP is the main faatdrich contributes to fish
freshness flavour, and the spoilage product hypibwaa is what gives the fish meat
its specific bitter taste. Dervisevic et al. (20pspduced a biosensor based on a host
matrix hanocomposite for immobilization of xanthiogidase made up of MWCNT
incorporate in poly (GMA-co-VFc) copolymer film (Desevic, Custiuc, Cevik, &
Senel, 2015). The inclusion of MWCNT in the polymeratrix resulted in a
substantial growth of the sensitivity of the bios@n The fabrication process of the
sensitive layer of the biosensor was characterigedcanning electron microscopy.
The electrochemical behaviour of the biosensor stadied by cyclic voltammetry
and electrochemical impedance spectroscopy. Theebhsor presents maximum
response to xanthine at pH 7.0 and 45°C, when +0.3% applied. The biosensor
reaches 95% of steady-state current in approximadelseconds. The limit of
detection of the biosensor to xanthine detectioof i8.12 uM, positive results being
obtained for the measurement of xanthine conceotr&t fish meat. The response of

the biosensor is stable and the interferenceseaselow.

Dervisevic et al. (2015) studied the detection ahtkine molecules, which is an
indicator of meat spoilage (Dervisevic, Custiuc,vi&e Durmus, Senel, Durmus,

2015). Xanthine is formed as a result of the deamsitjpn of guanine. To this end,
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they developed a novel biosensor by embedding esexpanded graphene oxide
sheets decorated with iron oxide {Bg nanoparticles into poly (glycidyl
methacrylate-covinylferrocene) phase, and by coxalemobilization of xanthine
oxidase onto the surface of P(GMA-co-VFc)/REGQ@enanocomposite film. The
experimental conditions were studied and optimizedhe high sensitivity detection
of xanthine (response time, linear range, operadind storage stability, pH and
temperature) a limit of detection of 0.uM being obtained. The xanthine biosensor
was used for the analysis of xanthine contentsh feal samples after 5, 8, 10, 13, 15,
and 20 days of storage. The novel biosensor prokatlit could be successfully
employed in the analysis of real samples and &lgbit could be successfully used as

a reliable fish freshness controlling technique.

Apetrei et al. (2015) developed a biocomposite eseig@inted biosensor based on
immobilization of tyrosinase onto the carboxyl ftionalised carbon nanotube for
assaying tyramine in fish products (Apetrei & Apet2015). Tyramine is a biogenic
amine which is especially found in fermented foodduocts, but also in smoked,
salted or soused fish (Luten, 2006). This compocend be used as a biomarker for
spoilage monitoring. The detection principle emeldyvas the amperometric one, by
applying the optimum potential for the electrochegthireduction of the o-quinone
formed in the enzymatic process at the surfacéefensitive layer of the biosensor.
The biosensor presented very good analytical padaoce in what tyramine detection
is concerned. These results are related to thespeesof carboxyl functionalized
carbon nanotube in the sensitive layer which fetés the transfer of the electrodes

involved in the electrochemical process.
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Histamine is a biogenic amine of low molecular vreigwith biologic activity.
Histamine intoxication is also known as “scombrdish poisoning”. Histamine
concentration is used as an indicator of fish ggeil(Luten, 2006; Feng, Teuber, &

Gershwin, 2016).

Histamine is accumulated in seafood after the lagg of bacterial spoilage and
causes histamine poisoning even though the fishmoape altered in what the visual

aspect and smell is concerned (Luten, 2006; Feaghdr, & Gershwin, 2016).

Keow et al. (2007) developed a biosensor basedamioxidase for the detection of
histamine in tiger prawnPenaeus monoddr{Keow, Bakar, Salleh, Heng, Wagiran,
& Bean, 2007). The response time of the biosersbelow 1 minute under optimal
pH conditions of 7.4. The limit of detection istlee sub-ppm domain (under 50 ppm,

the level established by FDA USA), which recommeihdisr practical usage.

For the validation of the biosensor on real sampthe variation of histamine
concentration was studied on tiger prawn sampkes af5-hour exposure at 30 £ 2°C
temperature. The results obtained were comparablthe results determined by
HPLC. There is good linear correlation between tia® methods, with the
determination coefficient higher than 0.95. Theskiwsor is reusable and may be used
for the determination and quantification of histaeiwithout further sample
processing, being appropriate for the analysisigstimine in tiger prawn and also for

spoilage monitoring.

Boka et al. (2012) developed a novel amperomeinsdnsor based on putrescine
oxidase for the selective detection and quantificabf putrescine, a characteristic
which may function as an indicator of microbial spge (BOka, Adanyi, Szamos,

Virdg, & Kiss, 2012). Putrescine oxidase was ismatfrom Kocuria rosea
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(Micrococcus rubens The purified enzyme was immobilized onto thefate of a
graphite electrode in a hydrogel containing homistaperoxidase, as a mediator of

electron transfer and poly (ethylene glycol) (46@jlycidyl ether as a reticular agent.

This biosensor was used in an amperometric eldwrocal cell in flow together
with the reference electrode Ag/AgCI (0.1 M KCldaa platinum wire as an auxiliary
electrode. Under optimal conditions of pH, floweand applied potential, a vast
linearity domain was obtained between the respoofséhe biosensor and the
putrescine concentration, with a detection limiprapriate for applications in foods
analysis. The validation of the biosensor was paday analysing beer samples and

comparing the results obtained with the resulthefreference method HPLC.

The formation of volatile compounds, such as adetatde and ethylene in plants and
fruits is related to the state of their metaboligfar example, the synthesis speed of
ethylene in apples increases with the time speat hfrvest, while the acetaldehyde
production is related to the anaerobic metabolistmclv grows in fruits after

harvesting. The quantity of ethylene and acetaldehy related to the metabolic state

and to the quality of fruit (Chen, Zhang, Hao, Ch&rCheng, 2015; Maffei, 2010).

Weber et al. (2009) developed and implemented aidhydual-channel catalytic-
biological sensor system, able to quantify the wetatile substances in situ (Weber,
Luzi, Karlsson, & Fussenegger, 2009). This biosemstdased on a mammalian cell
line engineered for constitutive expression ofAspergillus nidulanswhich triggers
guantitative reporter gene expression in the pmsenf acetaldehyde. Ethylene
oxidized to acetaldehyde through Wacker processbeaquantified with the same

biosensor. The quantification of metabolites alldwke accurate assessment of the
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quality of fruits, the fresh apples being clearlffedentiated from the old and rotten

apples.

By placing in relation the catalytic processes #émel detection technology of the
biosensors, it was possible to determine the métabtate of food. Consequently,
this could be used in the assessment of foods wisaffer biochemical

transformations, as well as in control processesdigecting and preventing food

spoilage (Zhang & Keasling, 2011).

Fumarate is a very important intermediary in Kralygle (the tricarboxylic acid
cycle) and has a key role in the fundamental pseEsvhich produce energy, as well

as in the biosynthesis of amino acids and lipidsigbih & Cox, 2017).

The accumulation of fumarate in organism above réaice limit, due to fumarate
hydratase mutation, is one of the main causes refditary leiomyomatosis and renal
cell cancer, being considered an oncometabolitengY&oga, Pollard, & Adam,

2012)

On the other hand, fumarate is present in beveydgdsng powders and candy, as a
result of the microbial activity which leads to #pge. Another source of
contamination is represented by the impurities garedn certain synthetic additives.
Accordingly, fumarate is an important and relevemlicator of food quality, which
can be used as a biomarker of food freshness (HW€40; Kvasnik & Voldtich,
2000). Nevertheless, a cost-effective and fastyéinal method for the detection and
guantification of fumarate is desired. Si et alD18) produced an electrochemical
whole-cell biosensing system for the quantificatofriumarate in foods (apple juice)
(Si, Zhai, Liao, Gao, & Yong, 2015). A sensitiveniards electric output (electron

flow from electrode into bacteria) is sensitiveftonarate inShewanella oneidensis
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MR-1. Therefore, the electrochemical fumarate mmesey system delivered
symmetric current peak immediately upon fumaratdtamh in the sample. The peak
area increases in direct ratio with fumarate cotraéion in vast concentration domain
with a limit of detection of 0.8@M. This biosensing system showed to be specific to
fumarate, as the interferences are very low. Thielateon of this biosensing system
was pursued by the successful quantification ofdiate in samples of apple juice.
The advantages of this biosensing system are: mitypllow cost, limited time

required for analysis and its robustness in funeagagntification.

7. Challenges and futuretrends

Commercial electronic noses are designed for gepearpose use and besides
selectivity and sensitivity of the sensors in th@ay they do not match the needs for a
particular application. It is necessary to designaaray of sensors with optimized

conditions for each application in order to inceetise performance for food spoilage

detection.

So far, electronic noses as sensory detectorsoaf $poilage have been widely used
in the laboratory of different research groupsslalso clear that the utility of using
electronic noses in an industrial or consumer cdnsehigh; the chemical compounds
responsible of food spoilage are usually detectgdelectronic noses at lower
concentrations than human nose, so efforts mushdme by researchers to transfer
this technology to them. For the food industrytdasand more efficient sampling
techniques suitable for successive batches nebd tieveloped in the future. On the
sensors side, major focus must be given to thegdeand development of high

sensitivity and selectivity drift free sensors than be used reliably over long
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temporal horizons. Novel and promising materidde fjrapheme or silicene should be
used for developing ambient temperature sensors remvél nanostructures like
nanowires and nanofibers and other nanostructwels @nhance the response and
reduce the time of response and consumption. Dataegsing methods not only must
be made for classification and prediction probleing,also for sensor replacements,
compensating drift, stability and reliability ofehsensors. It will allow a long-term
use that will be a convincing factor for industrizam considering the uptake of such a
device. On the consumers’ side, there are now abdailin the market miniature gas
sensors with low size (less than 2x3mm) and consomyless than 7mw) that will
allow to develop very small electronic noses systéon consumers in order to advise
them if food they are going to consume is of adegupality. Moreover, mobile
phones have been increasing the number of senseyscbntain; from one or two
sensors in 2003 to more than 16 sensors in 20&@idéons of the sensor market say
that in the near future, smart phones will inclgds sensors, and with it hundreds of

apps for detecting compounds, odours and aromatedelvith food spoilage.

The future of the electronic tongue systems andbibsensors are closely related
because improving the sensitivity and selectivitfy tbe sensor array remain

challenging tasks.

It seems that the trends will include the developinod novel sensitive nanomaterials
and the nanotechnologies for the preparation ofsdresors as well as the use of
hybrid array of sensors. The inclusion of the bisges in the sensors arrays could be
a factor that will improve the multi-analyte deteat the quantitative analyses
becoming more significant and more precise. Thisdsessary in the detection of
food spoilage in early stage, when it starts andwieen the food product is spoiled

and not suitable for human consumption. Other irgmbrresearch directions will
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include the miniaturization of the systems ablemeasure in-flow in real-time
analysis, coupled with wireless signal transmittesgpert systems for data analysis
and feed-back action. These multisensory systertisasgure a rapid and accurate

control of food spoilage, important for the prodiscand for the consumers.

8. Conclusion

In this paper, we have outlined the major contidng of electronic nose, biosensors,
and electronic tongue technologies related witlifspoilage. There is a great interest
for handheld instruments that respond to simplestjes related with food spoilage
posed by producers, food inspectors and generauocoers. A great number of
references can be found with different applicatimisfood spoilage detection,
including wine spoilage monitoring and detection aff-flavors, beer defects,
microbial contamination in tomatoes, egg qualitytedgon, grain spoilage,
enterobacteriaceae in vegetable soups, spoilabakafry products, contamination of
soft drinks, apple defects, milk spoilage and olieg defects, fish freshness
monitoring, meats freshness, seafood spoilage.eagpjde spoilage, among others.
Electronic noses and gas sensors have shown inlateyears an important
enhancement in the time response and time lifeedsas a decrease in the size and
consumption. The latest works about the electréomgue systems for detection of
food spoilage demonstrates one significant prognedhe terms of high sensitive
sensor arrays based on different methods of deteetnd the use of improved data
analyses. The biosensors were used in the detadtianget analytes related to food
spoilage with high sensitivity, improved selectyiand low detection limit. These
superior analytical characteristics are principaéiated to the use of nanomaterials

and nanotechnologies in the development of biogenso
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