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Summary of PhD dissertation in Polish: Soki owocowe charakteryzujg sie duzg zawartoscig
skladnikow mineralnych, btonnika pokarmowego, witamin, czy zwigzkoéw bioaktywnych. Sg
one wiec postrzegane jako zywnos$¢ funkcjonalna, ktérej spozycie moze mie¢ pozytywny
wplyw na organizm cztowieka. Ze wzgledu na duzy wzrost zapotrzebowania na soki owocowe,
przemyst sokowniczy stoi przed licznymi wyzwaniami zwigzanymi z oceng jakosci produktow
na poziomie przemystowym i detalicznym. Przedmiotem badan byto opracowanie nowych
rozwigzan metodycznych do kontroli jakosci sokow owocowych, z gldwnym naciskiem
na rozwigzania mogace znalez¢ zastosowanie w przetworstwie spozywczym. Badania
prowadzone byty dwutorowo. Z jednej strony przeprowadzono charakterystyke profili frakcji
lotnej sokdw owocowych przy wykorzystaniu nowoczesnej techniki analitycznej, takiej jak
dwuwymiarowa chromatografia gazowa (GCxGC). Przeprowadzenie takich analiz umozliwito
wytypowanie wyrdznikow sokow owocowych, a takze potencjalnych substancji bioaktywnych
charakterystycznych dla danego rodzaju soku. Z drugiej strony, opracowano metodyki
analityczne uzyteczne do szybkiej kontroli jakosci iwykrywania zafatszowan sokow
przy uzyciu jednowymiarowej chromatografii gazowej (GC). Opracowane metodyki dotyczyty
oznaczania zawartosci amin biogennych przy uzyciu mikroekstrakciji ciecz-ciecz wspomaganej
wysalaniem sprzezonej z GC-MS (SALLME-GC-MS) oraz zawartosci furanu i alkilofuranow
przy uzyciu ultraszybkiej chromatografii gazowej z detektorem ptomieniowo-jonizacyjnym
(UFGC-FID). Dodatkowo, opracowano rozwigzanie wykorzystujgce elektroniczny nos
umozliwiajgce wykrycie zafatszowanych prébek sokéw. Badania byty prowadzone zgodnie
Z zasadami Zielonej Chemii Analitycznej, a opracowane rozwigzania oceniono pod wzgledem
ich zielonos$ci przy uzyciu dwoch narzedzi analitycznych: AGREE oraz GAPI.

Summary of PhD dissertation in English: Fruit juices are characterized by a high content
of minerals, dietary fiber, vitamins and bioactive compounds. Therefore, they are perceived
as functional foods, the consumption of which can have a positive effect on the human body.
Due to a large increase in the demand for fruit juices, the juice industry faces numerous
challenges related to quality assessment at the industrial and retail levels. The subject
of the research was the development of new methodological solutions for fruit juice quality
control, with the main emphasis on solutions that can be used in food processing. The research
was conducted in two ways. On the one hand, the volatile fraction profiles of fruit juices were
characterized using a modern analytical technique, such as two-dimensional gas
chromatography (GCxGC). Conducting such analyzes made it possible to select
the distinguishing features of fruit juices, as well as potential bioactive substances
characteristic of a given type of juice. On the other hand, analytical methodologies useful
for rapid quality control and adulteration detection of juices using one-dimensional gas
chromatography (GC) have been developed. The developed methodologies concerned
the determination of the content of the biogenic amines using salting-out assisted liquid-liquid
microextraction coupled with GC-MS (SALLME-GC-MS) and the furan and alkylfurans content
using ultrafast gas chromatography with a flame ionization detector (UFGC-FID). In addition,
an electronic nose solution was developed to detect adulterated juice samples. The research
was conducted in accordance withthe principles of Green Analytical Chemistry,
and the developed solutions were assessed in terms of their greenness using two analytical
tools: AGREE and GAPI.
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1. Introduction

One of the very important branches of the food industry is the juice industry [1].
Because the fruit spoils and rots, and their availability is seasonal, the production
of juices from fresh fruits allows their consumption throughout the year. Fruit juices
and fruit concentrates have become valuable products and semi-finished products
[2]. Many types of fruit are used for the production of fruit juices, including apples,
grapes and peaches, but oranges are the most frequently used raw material [3].
In recent years, however, it can be noted, the increase in the popularity of juices
produced from berries, such as bilberries, raspberries, blueberries, blackberries
and chokeberries [4]. This may be due to a significant increase in interest in a healthy
daily diet. Consumers are increasingly checking the labels of food products
containing lists of nutrients and additives contained in them. This allows them
to make informed decisions when making food choices. Juices are characterized
by a low content of carbohydrates and calories, as well as a high content of fiber,
vitamins, minerals and antioxidants [5]. For this reason, juices do not have to be
an addition to meals but can be treated as functional food, the consumption of which
can have a positive effect on the human body. In particular, this applies to fruit
juices, from which natural antioxidants: polyphenols and carotenoids, can
be obtained [6].

Food authenticity assessment is of increasing importance in the food industry,
where producers and suppliers can increase their profits by substituting or adding
cheaper ingredients to their products [7]. The most common type of adulteration
of juices is dilution with water, the addition of sugar syrup, which reduces the total
amino acid value, the addition of ingredients that are not naturally present
in the juice, e.g. dyes, and the addition of cheaper juices from other types of fruit [§].
Orange juices are most often adulterated by the addition of tangerine [3], [9],
grapefruit [9] or lemon [10] juice. In the case of berry juices, the most common type
of adulteration is the addition of dyes [11] and other berry juices [12], [13]. There are
many physical, chemical or microbiological methods used to assess the quality
of juices. During the tests, the content of naturally occurring substances in raw
materials is determined and the presence of other decomposition products
or impurities is detected [14]. The most effective methods consist in analyzing
the profile of carbohydrates, phenols, carotenoids, amino acids or other organic acids
using various chromatographic techniques [15], [16]. However, the use of these
procedures is labour-intensive and time-consuming. For this reason, new solutions
are sought for fast, simple and effective detection of adulteration of fruit juices.

In addition, there are many risks associated with improper handling of fruit juices,
which is associated with the possibility of their contamination [17]. Among the
contamination of fruit juices, microbiological and chemical contamination can be
distinguished. However, modern analytical methodologies are still being sought
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to enable the determination of analytes, the presence of which may be dangerous
to the health of consumers. These methods should be characterized by good
greenness assessment, speed, reliability and sensitivity, enabling the determination
of analytes atatrace level. Fulfilment of these assumptions enables
the use of chromatographic techniques with a properly selected stage of sample
preparation [15], [16].

12
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2. Fruit juices

2.1. Fruit juices as functional beverages

The fruit juice market is one of the main markets in the food industry [1]. Due
to the growing awareness of consumers, their preferences focus on increasingly
healthy food products, which, in addition to good taste and smell, can additionally
provide health benefits. For this reason, functional beverages have gained more
and more popularity in recent years [2]. These include juices containing additional
phytochemicals or bioactive compounds. Very often, these drinks are made
from different types of fruit and then combined with dairy or soy-derived products
[2]. Fruit juices can also be medium for probiotic strains, as they have the proper
nutritional composition [18]. Citrus juices are also classified as functional juices [19].
Superfruits, such as berries and products made from them, are characterized
by a high content of polyphenols, therefore these juices can also be classified
as functional drinks [1].

2.2, Fruit juices - health benefits

Consuming fruit juices can provide several health benefits, as shown
in Figure 1. Fruit juices contain large amounts of macro- and microelements, such
as K, Mg, Na, P, or Ca and Fe [20]. These macro- and micronutrients play
an important role in the transmission of nerve impulses, the control and equalization
of blood pressure, and the regulation of osmotic homeostasis [21]. One glass of fruit
juice can provide your daily dose of nutrients such as Co, Cr, Cu, Fe, Mn, Ni, Zn,
and Se [20]. Fruit juices are also rich in B vitamins or vitamins A, C and E,
so consuming them may contribute to reducing inflammation by stimulating
the immune system [22]. Fruit juices, apart from the minerals and vitamins they
contain, are also a source of bioactive substances, such as phenolic acids
or anthocyanins. Bioactive substances contained in juices may have a beneficial
effect on the human body through anti-inflammatory, cardioprotective,
neuroprotective and antioxidant effects [23]. Consumption of fruit juices, and above
all superfruit juices, such as berries, can improve blood pressure, glycemic and lipid
profile [24].

13
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Figure 1 Health benefits related to the consumption of berry juices.

2.3. Fruit juices - risks

Including fruit juices into the daily diet can have a positive impact
on the health of consumers. However, it is important to remember that there are
many risks associated with consuming juices (Figure 2). These risks may be caused
by contamination, such as microbiological or chemical contaminations.
Microbiological contamination includes the presence of pathogenic microorganisms
such as fungi, viruses and bacteria [25]. The cause of microbiological contamination
is usually the lack of compliance with the sanitary regime during the production,
transport and storage of juices [26]. Chemical contaminants of juices include metals,
bisphenols, polycyclic aromatic hydrocarbons, pesticides, biogenic amines, furans
and adulterants. Chemical contaminants in fruit juices typically come from the fruit
and the processes they undergo, during cultivation as well as after harvesting. These
processes cause the transfer of chemical pollutants such as pesticides, metals
and biogenic amines [25]. Another factor causing the formation of impurities
such as furans may be processes that extend the shelf life of juices, such as
sterilization or pasteurization [27], [28]. In addition, the packaging in which the
finished product is stored may also be a source of chemical contamination [25].
It should be emphasized that quality control of fruit juices is extremely important
to ensure consumer safety.

14
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Figure 2 Risk related to the consumption of berry juices.

2.4. Analytical techniques used for fruit juices analysis

Fruit juice analysis is an extremely important issue. It makes it possible
to assess the nutritional value of products, and thus determine the potential impact
of juices on the human body. In addition, based on the analysis of juice samples, it is
possible to control their quality, as well as detect the additives used and monitor
any adulteration [16].

Due to the very complex composition of the matrix of juice samples,
the analysis of bioactive substances as well as microbiological and chemical
contaminations is a challenge for analytical chemists. Chromatographic techniques
are the most commonly used instruments. However, due to the complex matrix,
direct analysis of juice samples is often impossible. It is therefore necessary
to properly prepare the juice samples [29]. This stage allows the removal of interfering
substances, as well as the dilution or concentration of substances, or the separation
of analytes. Table 1 lists examples of analytical methods for the determination
of bioactive substances and contaminations of fruit juices [15].
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Table 1 Characterization of analytical methods applied to determine the bioactive
substances and contaminations in different fruit juices.

. Pro-/Anti- Number Sample . Targeted/
Chemical health Juice type of preparation Analygcal Untargeted Ref.
group . technique .
properties analytes step analysis
anthocyanins pro- blackcurrant 4 LLE UHPLC targeted [30]
anthocyanins pro- blueberry 6 LLE UPLC targeted [31]
anthocyanins pro- grape 1 - spectrophotometry  targeted [32]
blackberry
folates pro- blueberry 11 SPE UHPLC-MS/MS  targeted  [33]
strawberry
raspberry
organic acids pro- blueberry 13 SPE IC-CD targeted [34]
blueberry centrifugation
phenols pro- cranberry 43 filtration LC-MS/MS targeted [35]
grape
phenols pro- mixed berry 1 - fluorometry targeted [36]
phenols pro- blackberry 2 SPE HPLC targeted [37]
phenols pro- chokeberry - LLE spectrophotometry  targeted [38]
sugars pro- blueberry 3 filtration HPAEC-PAD targeted [39]
mycotoxins anti- pomegranate 3 QuEChERS HPLC-DAD targeted [40]
metals anti- grape 7 digestion AAS targeted [41]
metals anti- pomegranate 2 HLLME GFAAS targeted [42]
cherry
metals anti- grape 21 digestion ICP-OES targeted [43]
pomegranate
metals anti- grape 2 DLLME FAAS targeted [44]
PAHs anti- grape 12 VA-d-p-SPE GC-FID targeted [45]
PAHs anti- grape 11 QuEChERS GC-MS/MS targeted [46]
. DLLME-D-p-

PCBs anti- grape 7 SPE GC-MS/MS targeted [47]
pesticides anti- Cg};:l;rey 11 SALLE GC-MS targeted 48]
pesticides anti- raspberry 4 SULLE GC-FID targeted [49]
pesticides anti- grape 5 CSDF-ME GC-MS targeted [50]

blackcurrant

pesticides anti- raspberry 160 MSPD GC-ECD/NPD targeted [51]

redcurrant

strawberry
pesticides anti- grape 7 ILSFOD-LLME HPLC-UV targeted [52]
pesticides anti- grape 10 m-PFC GC-Orbitrap targeted [53]
furans anti- pomegranate 7 SPME GC-MS untargeted [54]
furans anti- blackcurrant 3 filtration GC-MS untargeted [55]
biogenic amines anti- bog bilberry 7 LLE HPLC-UV targeted [56]

. . . . centrifugation,
biogenic amines anti- grape 31 derivatization GC-MS targeted [57]
biogenic amines anti- blackcurrant 5 derivatization HPLC-UV targeted [58]
biogenic amines anti- blackeurrant 5 cent.rlfug.atlon, IC-CMD targeted [59]
redcurrant filtration
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Spectroscopic techniques are most often used for the determination
of bioactive substances. These techniques are primarily used as screening tests,
to determine the summary parameters, such as total phenolic content (TPC), total
flavonoid content (TFC), or total anthocyanin content (TAC). Spectroscopic techniques
are characterized by the simplicity and speed of measurements, and their use can
even be mobile. Methods for the determination of summary parameters, however,
have limitations, because reactions between analytes and reagents (e.g. Folin-
Ciocalteu reagent) may not be specific, therefore the obtained results may
be overestimated [16].

To obtain more reliable results, chromatographic techniques, mainly liquid
chromatography (LC), are mainly used. Determination of bioactive substances using
LC often precedes the liquid-liquid extraction (LLE) step, examples of used solvents
are methanol with water and trifluoroacetic acid (TFA) [31], or methanol acidified
with 1% acetic acid [30]. Another commonly used technique for the extraction
of phenols or organic acids is the solid-phase extraction (SPE) technique [34], [37].
Both LLE and SPE are labour-intensive and high solvent usage techniques.
For this reason, new analytical solutions for more ecological methods of both
preparation and determination of bioactive substances are still being sought.

Among the chemical substances that may have a negative impact on human
health, we can distinguish, for example, metals, PAHs, PCBs, pesticides, furans
or biogenic amines.

The content of metals in fruit juices is mainly determined using spectroscopic
techniques. Among them, we can distinguish various types of atomic absorption
spectrometry (AAS) [41], [42], [44] and inductively coupled plasma optical emission
spectroscopy (ICP-EOS) [43]. Typically, the preparation of juice samples before metal
determination involves digesting with strong solvents such as nitric acid or perchloric
acid. In order to search for greener methods of sample preparation, e.g. homogeneous
liquid-liquid microextraction (HLLME) [42] or dispersive liquid-liquid microextraction
(DLLME) [44] were used for metal extraction.

For the determination of other contaminants in fruit juices (e.g. mycotoxins,
biphenyls, polycyclic aromatic hydrocarbons, biogenic amines or pesticides),
chromatographic techniques, both gas chromatography (GC) and liquid
chromatography (LC), are most often used. Juices can contain pesticide residues
in low concentrations, therefore selective and sensitive analytical methods
are required to detect these contaminants. GC with various types of detectors
and various methods of analyte extraction is most often used for the determination
of pesticides in fruit juices. The combination of the matrix solid-phase dispersion
(MSPD) method with gas chromatography coupled with electron capture detection
and nitrogen-phosphorus detection (GC-ECD/NPD) enabled the determination
of 160 analytes in blueberry juices [51]. One of the solvents required
for the extraction of pesticides was hexane, which was a major disadvantage
of the proposed approach. A greener analytical solution was the use of continuous
sample drop flow microextraction with gas chromatography coupled with mass
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spectrometry (CSDF-ME-GC-MS) [50]. The advantages of this methodology include
high sensitivity, short analysis time and low solvent consumption. Liquid
chromatography with UV detection was also used to determine pesticides in juices.
During the sample preparation stage, ionic liquid-assisted liquid-liquid
microextraction based on the solidification of floating organic droplets was used
for analysis (ILSFOD-LLME) [52]. This methodology effectively concentrated
the tested ingredients, and the solvent consumption was small, which significantly
improved the assessment of the greenness of the methodology compared
to conventional LLE techniques.

It should be emphasized that finding reliable, sensitive and fast methods
for the detection of microbiological and chemical contaminations in fruit juices
is of great importance for the assessment of food safety and quality. Information
on the health benefits, as well as the risks associated with the consumption of berry
juices, and analytical methodologies used to determine bioactive compounds
and fruit juice contaminations, are described in a review publication, published
in the journal Food Chemistry [60]. The work addresses the limitations of current
analytical approaches as well as future trends, with a focus on green analytical
chemistry.
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Food products composition analysis is a prerequisite for verification of product quality, fulfillment of regulatory
enforcements, checking compliance with national and international food standards, contracting specifications,
and nutrient labeling requirements and providing quality assurance for use of the product for the supplemen-
tation of other foods, These aspects also apply to the berry fruit and berry juice. It alse must be noted that even
though frult juices are generally considered healthy, there are many risks associated with mishandling both fruits
and juices themselves. The review gathers information related with the health benefits and risk associated with

the consumption of berry fruit juices, Moreover, the focus was paid to the guality assurance of berry fruit juice.
Thus, the analytical methods used for determination of compounds influencing the sensory and nutritional
characteristics of frult juice as well as potential contaminants or adulterations,

1. Introduction

Human nutrition science has developed in the last decades, turning
from looking at foods as a simple source of energy to the appreciation of
their role in maintaining health and in reducing disease risks. Nowadays,
berry plants have become very attractive to the food industry, asitis a
trend to prompt their application as replacements for synthetic nutra-
ceuticals, In addition, the berry ftsell is often used to produce juice (Li
e al, 2017). Due to the high content of polyphenols, antioxidants, and
other bloactive compounds, berry fruit juices are often seen as one of the
healthiest and the most nutritious beverages (Skrovankova et al, 2015),
The mentioned groups of compounds are responsible for various health
benefits, including cardiovascular diseases, prevention of inflammation
disorders, or protective effects to lower the risk of various cancers
(Fig. 13 (de Souza er al., 2014), Because of that general assumption, it is
important to evaluate whether the amount of numerous bicactive in-
gredients is sufficient for them to be beneficial to human health,
Moreover, it is important to assess the content of substances such as
polyphenals, antioxidants, and vitamins in different juices, since their

levels may differ depending not only on the type of fruit but also on its
arigin, processing, or storage (Arfacui, 2021).

Even though berry fruit juices are generally considered healthy,
there are many risks associated with mishandling both fruits and juices
themselves (Abisso et al., 2018) It is important to collect information on
the negative effects that microbial contamination, inappropriate storing
condition, or the use of stale fruits may have on juices composition and
safety of their consumption, While some of the risks are minimized in the
case of commercially available berry juices, quality assessment is of
particular importance in the case of homemade juices, since consumers
are nol bound to obey the same sanitary standards as food producers (L)
et al., 2017).

One of the most overlooked problems asseciated with fruit juices,
including berry fruit juices consumption is the possibility of their
adulteration (Dasenaki & Thomaidis, 2009) To decrease the cost of
juices production, the producer may mix in fruits that are mot only
cheaper but also might not have as many health benefits, as well as
resorting to the addition of water, Moreover, since juices that are the
richest in hipactive compounds are not always seen as the most
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palatable, additives are used to improve their sensory qualities leading
to & further decrease of wholesomeness. Another important sdulteration
is the application of artificial flavors to mimic the namral aroma (Hruba
et al., 2021

This work aims to assess the current status of analytical approaches
to fruit juices analysis and quality assessment to identify both the cur-
rent limitations and future trends. In the article, we critically review the
up-to-date literature on fruit juices analysis, in particular on their
quality assesement. The information is provided in a concise and
approachable form, focusing on practical aspects and examples of
implementation rather than on detailed technical aspects and principles
of operation of the described methods. The focus s mainly placed on
novel methods for fruit juices quality assessment in the context of green
analytical chemistry, but diverse and interesting examples of studies
that showcase the possibilities of future developments are presented. In
addition, the practicality of the reviewed methods for end-users in and
outside of analytical laboratories are given. Current trends and lines of
future research are also discussed.

2. Health benefits related to consumption of berry juice fruit

The consumption of berry juice has been widely associated with a
decreased risk of certain chronic diseases (Giampieri et al, 2015
Habanova et al., 2019). Several studies report that berry juice have
different biological activities in vitro and in wivo systems, which are
related to thelr bioactive composition (Bakuradze et al., 20019; Giampieri
et al., 2015; Toaldo et al., 2015). These joices are excellent sources af
vitamins, minerals, and phenolic compounds, especially phenolic acids
and anthocyanins (Geraldi et al.,, 2021). The chemical composition of
fruit juices depends especially on the fruit species, maturation, climate,
and the treatments to which the fruit and the juices themselves are
submitted. In addition, during cultivation, climatic conditions have a
direct influence on the chemical quality and the polyphenolic
complexity of the fruits (Coelho et al., 2021). The technology employed
in juice production can provide different levels of extraction of bioactive
compounds. The crushing step contributes to the extraction of phenolic
compounds present in berries. It is interesting to note that during the
fruit processing, some steps, such as freezing and thawing, can affect the
extraction of some valuable components in the grinding and pressing
steps, changing the phytochemical composition of the fruit juices
{Weber & Larsen, 2017).

In addition, other processing steps affect the bioactive composition
aof juices, such as enzymatic treatment, filtration, clarification, and

Health

benefits

[Potential therapeutic
agents in the prevention

inflammation.
W

r
Sources of phenalic
compounds
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antioxidant system upregulation,
May a vital roke in health through
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pasteurization. In enzymatic treatment, pectinolytic enzymes are used to
increase productivity of juice. The use of the pectinase enzyme causes
pectin degradation, which results in reduced juice viscosity and changes
in physicochemical properties, such as total soluble solids, pH, and
turbidity (Marsol-Vall et al., 2019). Filtering or clarification is carried
out before or after pasteurization. The heat treatment (pasteurization) to
which the fruit juices are subjected can also cause reductions in the
content of vitamins and polyphenols (Stibler et al, 2020), however,
pasteurization is still conventionally used as a procedure to preserve
juices from microbial contamination (Marsol-Vall et al, 2019). Martino
et al. (2013) report that polyphenol retention and antioxidant activity
were significantly higher in grape juice clarified after thermal process-
ing (pasteurization) compared to grape juice clarified before pasteuri-
zation. In the same way as pasteurization due to the use of high
processing temperatures, the evaporation technique used to concentrate
fruit juices can reduce the nutritional value and bicactive properties of
the product {Amran & Jusoh, 2016). In contrast, low temperatures are
employed in the membrane separation technique used to concentrate
fruit juices preserving the most thermosensitive compounds, especially
vitamins and polyphenols (Bhattacharjee et al., 2017). In addition to the
reported steps, storage conditions such as exposure to heat and light
have an important influence on polyphenol retention. During storage,
the content of monomeric anthoryaning decreases leading to the poly-
merization of anthocyaning inte more stable compounds (Marsol-Vall
et al, 2019)..

Enowledge about the processes mentioned abowe is of paramount
importance for the elueidation of the chemical composition of wild fruit
juices and the correct correlation with the health benefits promoted by
the regular consumption of these bevereges, since the concentration of
vitamins, minerals and bicactive compounds directly depends on the
processes to which the fruits and juices are submitted. Clinical and pre-
clinical studies have shown that berry froits and their juices can act as
potential therapeutic agents in the prevention of various pathologies,
such as disbetes, neurodegenerative and cardiovascular diseases, and
cancer {Wang et al., 2021; Yang and Kortesniemi, 2015). The Hterature
studies showed that berry fruits and their juices, alone or in combination
with other functional foods or dietary interventions, can improve gly-
cemic and lipid profiles, blood pressure, and surrogate markers of
atherosclerosis (Calvano et al., 2019).

Berry fruits contain large amounts of essential and physiologically
important macroelements such as P, Mg, K, and Ma (Szymezycha-Madeja
et al., 2014). As well as some microelements such as Ca and Fe (Toaldo
et al., 2015). Both macro and microelements play an important role in
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Fig. 1. Health besefits amd risks related to the consumplion of berry froit juices.
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the regulativn of vsapotic bomneosiasis, Dlood pressure coonirod, oerve
impulse transmission, muscle contraction, and blood pressure balance
(Gharibzahedi & Jafari, 2017). The daily consumption of fruit juices can
be a part of the recommended daily doses of some nuiritionally impor-
tant elements, such as Co, Cr, Cu, Fe, Mn, Ni, Zn, and Se (Szymczycha-
Madeja et al., 2014).

The berry fruit juices are also rich in vitamins A, C, and E, and vi-
tamins of the B complex, which are essential for health, as their con-
sumption stimulates the immune systemn and reduces inflammation
(Skrovankova et al, 2015) Since inflammation plays a key role in the
development of diabetes, asthma, cardiovascular disease, and cancer,
the consumption of appropriate amounts of the above-mentioned vita-
mins reduces the risk of those diseases (Malekl et al., 2009). Trych et al.
(2020) reported that black currant contains approximately 160-285
mg/100 g of vitamin C. Zheng et al. (2009) reported vitamin C contents
aof 60-190 mg/100 mL in blackeuwrrant juices. Sapel & Hwa (2014) re-
ported that the ascorbic acid content of fresh strawberry juices ranged
from 20 to 40 mg/100 mL. The consumption of vitamin C is associated
with several health benefits, as it has anti-inflammatory, antibacterial,
and neuroprotective action.

We also highlight that in addition to the composition of minerals and
vitamins, wild fruit juices are excellent sources of phenolic compounds,
especially anthocyanins and phenolic acids (Bakuradze et al, 2019). It is
known that polyphenols present in fruits and vegetables exert beneficial
biological activities to the human body when consumed regularly due to
their antioxidant, cardioprotective, anti-inflammatory, and neuro-
protective activities. It is known that food matrix in which given com-
pounds are present is important factor determining its release and
stability while digested in a human body. To become binavailable and
subsequently bicaccessible polyphenols must be removed from the
digested matrix and solubilized in the gastrointestinal fluids. Therefore,
it is important to say that phenolic compounds exert their health-related
properties when they reach the target tissue of the human body in bio-
logically active concentrations (da Silva Haas et al., 2019). Anthocya-
nins are the most important flavonoids present in berry fruits and
contribute to their high antioxidant capacity. These compounds are
responsible for the flavor and the red color of the fruits (Cortez et al.,
2017

The small and aromatic berries of blackeurrant (Ribes nigrum) are
rich in anthocyanins (delphinidin 3-glucoside, delphinidin 3-rutinoside,
cyanidin 3-glucoside, and cyanidin 3-rutinoside) ( Tian e al, 2023), and
its consumption inhibits the activities of the dipeptidyl peptidase-
enzymes IV, a-amylase, o-glucosidase, nitric oxide synthase, and
cyclooxygenase-2 which are biochemical markers of type 2 diabetes and
inflammation (Kowalski & Gonzalez de Mejia, 2021). Other health
benefits were reported by Cortez and Gonzalez De Mejia (2019), such as
improved cardiovascular, nervous, ocular, skeletal, skin, and renal sys-
tems {Cortez and Gonzalez De Mejia (2019)).

The blueberry juice (Vacciniem ashed) also has high concentrations of
anthoryaning, such as cyanidin-3-glycoside, peonidin-3-glycoside,
malvidin-3-glycoside, malvidin-3-galactoside, and  malvidin-3-
arabinogide (Wu et al., 2021). Yang and Kortesniemd (2015), reported
an inverse assorciation between anthocyanin intake and the incidence of
chronic disease. Recent research shows that flavonoids can inhibit reg-
ulatory enzymes or transcription factors important for the control of
mediators involved in inflammation, in addition to attenuating tissue
damage and fibrosis (Maleki et al., 2019

Strawberry juice (Fragaria X angnassa, Duch.) is one of the berry
juices that has been gaining interest for its positive effect on health due
to its polyphenol composition, with emphasis on phenolic acids and
anthocyaning. Among the acids, ellagic acid stands out, it is a dimeric
condensation product of gallic acid and is found naturally in straw-
berries, raspberries, and blackberries and has important anticancer,
antithrombotic, and ant-inflammatory properties (Muthukumaran,
Tranchant, Shi, Ye, & Xue, 2014). In addition, strawberries are rich in
anthoryaning (pelargonidin-3-glucoside, cyanidin 3-glycoside, and
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prelargunidin S-rutiouside) that poomote benels o uman ealils, as
they can regulate gene expression and prevent DMA damage (Glampieri
et al., 2015). Preclinical and clinical investigations support the role of
anthocyanins in ocular health, these polyphenols have been associated
with several benefits pertinent to neurodegeneration. The anthocyanins
allow the reduction of induced oxidative stress, decreasing the levels of
reactive oxygen species, and malondialdehyde and increasing the levels
of superoxide dismutase, catalase, and ghitathione peroxidase in the
pigment epithelium of the human retina (Huang et al., 2018). According
to McMamara er al [2018) sopplementation with blueberry powder
generated an improvement in the cognitive function of elderly people
with subjective cognitive impairment, supposedly derived from a vaso-
maodulatory effect.

Om the other hand, the acute consumption of grape juice (Vits lob-
rusca L) rich in catechin, epicatechin, mrans-resveratrol, and anthocya-
nins (eyanidin 3,5-diglucoside and malvidin 3,5-diglucoside) increases
the levels of antioxidants in plasma and erythrocytes in healthy in-
dividuals, reducing the lipid peroxidation (Toaldo et al, 2016). Grape
juice consumption may render additional benefits for healthy adults
who exercise regularly. Grape juice had great potential as an antiooddant
source in improving the antioxidant stams and cardiometabolic profile
of healthy adults. Catechin, isoquercetin, and procyanidin B1 were the
major compounds in grape juice from cultivars Isabel, Bordo, and
Concord. The plasma antioxidant activity and HDL-cholesterol increased
after grape juice intake, and woi-cholesterol and systolic blood pressure
decreased after grape juice consumption (Toscano et al, 2017). Renaud
and De Lorgeril proposed in 1992 the French paradox which states that
the consumption of polyphenaols is associated with a low incidence of
heart and coronary disease, despite a high-fat diet. It is noteworthy that
the understanding of the “French Paradox” has stimulated the interest of
further research to investigate whether polyphenols may offer protective
effects beyond the cardiowvascular system and whether different botan-
ical sources may also offer beneficial effects on human health {5un et al,
2002).

‘With regards to the stability of phenolic compounds, they are sus-
ceptible to several structural changes during gastrointestinal digestion,
and among polyphenols, phenolic acids seem to be the most resistant
compounds, being the most relevant to explain the biological activity of
fonds (Corréa et al., 2017; Lingua et al., 2019). Chloregenic and pro-
tocatechuic acids are the major phenolic acids in blueberry juice (Viac-
cinizgm ashed) (W et al., 2020) and blackberry juice (Rubus americanns)
(Wu et al, 2021) It is known that polyphenols act in the prevention of
oxidative stress, inhibiting inflammation and improving vascular health
(Sinopoli et al, 2019). According to Yang and Kortesniemi (2015),
regular consumption of polyphenol-rich fruit juices improves the post-
prandial glycemic response and the profile of circulating inflammatory
markers, in addition to increasing plasma antiocddant capacity and
delaying the loss of related cognitive functions the age.

Growing evidence suggests that wild fruit consumption has signifi-
cant potential in preventing and treating most risks associated with a
metabolic syndrome like diabetes mellims (Hameed er al. 2020, Ven-
drame et al. 2016). This is probably due to the presence of polyphenaols
with known antioxidant and anti-inflammatory effects, such as phenolic
acids and anthoryanins. In offering efficient and secure dietary therapies
for diabetes mellitus prevention and control, tailored berries nutrition is
compared to an individual pharmaceotical strategy (Hameed et al,
20200 In this context, the use of analytical methods to determine the
bioactive composition of wild fruit juices is extremely important for the
beverage industry, as this way, it is possible to report their nutritional
potential and possible health benefits. We emphasize that to elucidate
different perspectives on the nutritional potential of food, it s necessary
to consider the effect of digestion, absorption, and metabolization of the
bioactive compounds in the human body (At et al., 2017; Velderrain-
Rodriguez et al., 2014).



GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

M. Fabjanowics ef af.

3. Risks associated with consumption of fruit juice

The insightful evaluation of the quality of berry fruit juices is of great
importance for consumer safety. Although the consumption of fruit
juices gemerally has several positive health effects, it is notorious to
emphasize the possible risks associated with microbiological contami-
nations, characterized by the presence of pathogenic microorganisms,
such as bacteria, viruses, and fungi, and chemical contaminations,
which mainly include the presence of pesticides, myeotoxing, illegal
additives, metals, bisphenols, and organic pollutants (Mostafidi er al,
2020)

Quality inspection of fruit juices is governed by different bodies in
their respective countries and regions. The European Fruit Juice Asso-
ciation Code of Practice (ALJN COP) brings together a collection of
reference guidelines for fruits and vegetables. The ALIN COP contains
parameters that a fruit or vegetable juice needs to meet in the Enropean
market, establishing criteria for evaluating juices with respect to quality,
authenticity, and identity. In addition to the ALIN COP, other bodies
establish drink quality criteria, such as the Polish Association of Juice
Producers (KUPS) in Poland and the Food and Drug Administration
(FDA) in the United States. It should be noted that the SDE requires the
application of Hazard Analysis Critical Control Point (HACCP) principles
that aim to ensure the safe and sanitary processing of fruit and vegetable
juices.

3.1, Microbiological contaminarions

3.1.1. Bacteria

The contamination of fruit juices by bacteria, these occur in places
with inadequate facilities and a lack of hygienic-sanitary standards,
mainly due to the lack of care when handling the fruits used during juice
preparation (Mawawees et al., 2019) The bacteria Escherichia coli, Sal-
muonefla ryphi, Peendomonas spp, Staphylococcus aurens, and Vibrio chol-
arae are the most commaon in froit juices and the consumption of drinks
contaminated by these pathogens can lead to diarrhea, typhoid fever,
gastroenteritis, and food poisoning (Sharma et al., 2020)-

3.1.2 Fungi
The presence of fungl in fruit juices is an important factor to be

considered since fungi are capable of producing mycotoxins, which are
toxic secondary metabolites that pose a potential risk to human health
[Fliszar-Nyil et al., 2020). Recent studies have shown that a wide va-
riety of small berries, such as strawberries, blueberries, mulberries,
blackcurrants, and raspberries, due to their soft and fragile skin, are
susceptible to small lesions that allow the growth of fungi, especially
malds. Once present in the fruit, fungi can resist heat treatments used in
the processing of fruit juices and persist in the product. In addition,
products stored at room temperature are more prone to the occurrence
of fungi (Jackson & Al-Taher, 200&). The main fungi found in fruits
belong to the genera Aspergilhes, Penicillium, and Alrermariae (Guo et al,
2021

313 Virus

The norovins or hepatitis A virs is one of the most commaon viruses
in fruit derivatives, being recognized as the cause of gastroenteritis and
hepatitis in humans, Vins contamination of fruit juices is mainly related
to the contamination that occurs during the various stages of raw ma-
terial (fruits) production, including production, harvesting, processing,
and distribution (Takahashi et al., 2018). A significant source of viruses
can result from water contaminated with the viruses that are used for
irrigation during planting, as it is not practical for all fruit farms to use
potable water. Furthermore, bacterial indicators employed for water
quality control generally cannot predict viral contamination, giving
negative results for indicator tests. In addition to water, viral contami-
nation can occur through the hands of fruit handlers without proper
hygiene (Maunula et al., 2013).
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3.2 Chemical contaminarion

Considering the quality and the safety of fruit juices, there is a
growing interest in evaluating potential chemical contaminants such as
pesticides, bisphenols or metals, as well as the presence of adulterants.
Chemical contaminants present in fruit juices are usually derived from
the fruit itself, which during crop production, post-harvest, and addi-
tional processes are exposed to contaminants like pesticides, metals, ete.
In addition, packaging can be a potential source of chemical contami-
nants (Mostafidi et al., 2020).

3.2.1. Pesticides

In recent years agriculture has advanced rapidly and intensified the
use of & huge amount of chemical inputs, mainly synthetic pesticides
that play an important role in the protection of several cultivars,
including pest control and disease prevention (Heidari et al., 2020
Pesticides belong to different chemical groups sweh as carbamates,
neonicotinoids, organochlorines, organophosphoms, phenoxyacids,
pyrethroids, strobilurins, triazines, triazoles ete.) and have two different
misdes of action (contact or systemic). Pesticides with contact action
accumulate ondin the plant layer, while pesticides with systemic action
penetrate deeper into plant tissues, and were definitely more difficult to
reduce during juice production (Jankowska, Lozowicka, & Kaczymski,
2019). It was proven that after squeezing of blackeurrants, the pesticide
residue levels in the juice were lower by more than 50% compared to
raw fruits. Moreover, the contact pesticides remained on the peel and
minimally penetrated into the juice (18% compared to the raw fruits)
[Jankowska et al, 2019). The beverage industry is the fastest-growing
fond sector worldwide, especially the production of froit juices (Food
And Beverages Global Market Report 2022- Product Image Food And
Beverages Global Market Report 2022, 2023). On the other side, in the
latest sector some problems can be pointed out, especially, the appli-
cation of enormous doses of pesticides used to increase productivity and
product quality. As a result, from the use in agricultural activities, re-
sidual pesticides can ultimately be found in the human diet, since if they
are not natrally degraded, they can penetrate plant tissues and be
found in the fruit pulp and later in the juices. In addition, the use of
techniques to concentrate processed juices can promote an increase in
the pesticide content in the final product when compared to fruits (Jin
et al, 2012).

Prolonged exposure to pesticides can generate several negative
health effects, from acute effects such as headaches and nausea to
chronic effects such a5 endocrine disruption, infertility, neurotoxicity,
and carcinogenesis (de-Assis et al., 2020). Within this context, it is
important to emphasize that pesticides are regulated to ensure that
pesticide residues in fond do not pose a risk to human health. Thus,
commercialized pesticides are authorized after an intensive assessment
of possible health and environmental risks (Torovie et al., 2021). The
maximum legally permitited concentrations of pesticide residues in
specific foods, including fruit juices, are regulated by the European
Union (CE/n"299/3008), but also the United States Environmental
Protection Agency sets such limits. Furthermore, efforts to minimize the
impact of pesticide residues can be adopted through the implementation
of practices such as the rational use of pesticides, exploitation of namral
pesticides, promotion of organic agriculture, and adequate application
intervals (Mostafidi et al., 20200

322 Memls

Fruit juices are an important source of minerals, which are essential
for maintaining health (Caswell, 200%). However, in addition to the
presence of elements beneficial to health, juices can contain harmiul
metals such as Hg, 5n, As, and Cd that can trigger serious problems for
human health, even at low concentration levels. The consumption of
metals through fruit juices can cause chronic diseases or mutagenesis
and carcinogenesis (Bhattacharya et al., 201 6). In addition to the risk of
these elements to human health, the presence of some metals in excess,



GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

M. Fabjanowics e al.

like Fe and Cu can reduce the shelf life of foods or possibly decrease the
nutritional value of juices, since these metals are responsible for cata-
lyzing oxidative processes, through free radicals oxidative deterioration
{Mohamed et al., 2020).

The presence of unwanted metals in juices can come from the
packaging or from the fruit itself. Juices stored in alumininm containers
can be contaminated by the metal through leaching processes. Al (1) is
highly toxic to humans due to the potential accumulation in the brain
that can trigger Parkinson’s and Alzheimer's disease (Hafez et al., 2019).
The metals derived from fruits are commonly related to the mineral
composition of the planting sodl, agricultural practices with abusive use
of pesticides or contaminants transported by air or water, in this sense, it
is extremely important to regularly monitor the dietary intake of food
sources to ensure safe food. In addition to ensuring the nutritional value
of food (Anastécio et al., 2018).

323 Biogenic amines

Biogenic amines (BAsg) are aliphatic or aromatic organic compounds
of low maolecular weights. They are generated during cellular meta-
bolism in bacteria, plants, and animals due to microbial decarboxylation
of the corresponding amino acids. The amount and kind of BAs produced
are influenced significantly by the food composition, and factors that
allow bacteria to flourish during food processing and storage (Gomez-
Gomez et al., 2018). Low quantities of BAs in food are not thought o be
dangerous, but they may have toxic effects when eaten in large doses.
Their analysis in food samples is of tremendous interest not just because
of their potential toxicity, but also because they can be utilized as in-
dications of food freshness or rotting (Saaid e al., 2009). Many works
hawe been published according to the determination of BAs in berry juice
samples (Sub-section 4.2.2),

324, Adulterafion

The adulteration of beverages is commonly related to dilution
practices, the addition of artificial flavors to mimic the natural aroma,
and the addition of flavor masking to alter specific characteristics, such
as reducing or eliminating unpleasant flavors such, as bitterness. In
addition, the addition of different chemical mixtures capable of masking
themselves so that adulteration is not perceived also constitutes adul-
teration. As a result of adulterations, a lower nutritional value is ex-
pected of beverages (Xu et al., 2019).

Some examples found in the literature on fruit juice adulteration
include the adulteration of grape juice with the addition of fruit juices of
lesser commercial value. A good example is the addition of apple juice to
whale grape juice. Apples are rich in pectin, which acts as a gelling and
natural thickening agent that prevents the separation of the juice phases.
Moreover, the addition of apple juice masks other adulterations,
including the addition of water and other additives (Oliveira et al,
200149). Similarly, orange juice (Cirus sinensis), consumed worldwide,
can suffer adulteration by the addition of Citrus reficulare (mandaring
and tangerines), Citmes aurantium (sour orange), tangors or hybrids of
sweet orange, and tangerine {Jandric et al., 2007).

Beyond the addition of other froit juices, one of the arificial in-
gredients aften added is glucose-fructose syrup (Europe) or high fructose
corn symup (United States). These syrups are added as an alternative to
sucrose due to their viscosity, which contributes to preventing crystal-
lization and having a lower cost than sucrose (Wojcik & Jakubowska,
20i21). Both components are associated with obesity rishks when
consumed in excess (Yo et al, 2013, S0li et al., 2017). Besides that, com
syrup may have levels of trace mercury resulting from syrup production
technology (Wojcik & Jakubowska, 2021

The authenticity of juices is verified by basic analytical information,
such as Brix or total acidity, besides biomolecular approaches, and iso-
topic analysis. Also important is the application of analytical methods
that assess the chemical profile of fruit juices including the quantifica-
tion of sugars, anthocyanins, organic acids, carotenoids, and amino
acids. Although these options are usually applied, there is a need for fast
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and accurate analysis methods to determine the presence of possible
adulterants in fruit juices (Wojcik & Jakubowska, 2021

325 Mycotoxins

The mycotoxins are secondary metabolites of mold and fungi, which
even in low concentrations are harmiful to humeans. The main fungi in
fruits belong to the genera Aspergillis, Penicillium and Alternarize and
give rise to & wide range of mycotoxins, including aflatoxing, produced
by Aspergillus, ochratoxins produced by Aspergillis and Penicilliim, while
citrinin and patulin are mycotoxins produced by Penicillium. And finally,
Alternaria toxins are produced by Alternarige fungl (Guo et al., 2021).

Mycotoxins can be transferred from the fruit to the juice if the spadled
fruit is not discarded during the beverage making process. Therefore,
quality control of the raw material (fruits) is essential to prevent
mycotoxin contamination in fruit juices (Gil-Serma & Patino, 2020)
Prevention strategies, both during agricultural production and in
beverage production, have proven to be good alternatives to inhibit
mycotoxin biosynthesis, including care during the harvest, such as field
management, use of biological and chemical agents, types of residence,
and post-harvest care, which include improved drying, decontamination
processes and care with storage conditions (Mostafidi et al., 2020). It is
important to emphasize that, the oocurrence of mycotoxins depends on
several factors, including, the composition of the food matrix, moismure
content, temperature, pH, relative humidity, and physical damage
(Pallares et al, 2021

The great concern with mycotoxin contamination is related to
adverse health effects since chronic exposure to these substances can
result in neurctoxic, immunological, mutagenie, genotoxic, carcino-
genic, and teratogenic problems (Guo et al, 2021, Marin et al., 2013
The Codex Alimentarius, the Enropean Union, and countries such as the
United States, Canada, and China established maximum levels for some
mycotoxins in fruit juices, with a maximum of 50 pg kg for patulin and
2pg kg'] for ochratoxin A (Guo et al., 2021).

326, Bisphenols

Bisphenols are a class of anthropogenic chemical substances widely
wsed as modifier monomers in plastc production to improve material
properties, including greater flexibility and strength (Hafez et al., 2019
A total of seventeen bisphenols have been documented for industrial
applications, including bisphenol A, bisphenol B, bisphenol F, bisphenol
AF and tetrabromobisphenol A. Among them, bisphenol A (BPA] is the
most widely applied in plastic production, including the production of
fiond packaging and beverage packaging. Due to its low production cost,
high thermal and chemical stability, BPA is widely applied as a raw
material (Khan et al, 2021}

Incomplete polymerization processes or polymer degradation can
easily result in the migration of bisphenols from packaging to food and
beverages during prolonged storage and at elevated temperatures (D.
Yang et al., 201 8). Exposure to these compounds poses a potential risk to
human health since bisphenols are classified as endocrine disruptors,
with a negative effect on the hormonal system. Furthermore, studies
indicate that BPA can cause diseases related to the cardiovascular,
metabolic, and immune systems, as well as diabetes (Hafez et al, 2000).

327 Polhuanis

Fruit juices can contain trace-level contaminants belonging to
different classes of organic pollutants, including polychlorinated bi-
phenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs). The PCBs
are a group of synthetic organic compounds considered to be persistent
organic pollutants in the environment. They are highly lipophilic com-
pounds and for this reason, they are found in concentrations in the range
of ng mL~! in aqueous samples, such as froit juices (Abujsber et al,
2019). Exposure to PCBs is associated with adverse neurobehavioral
problems, endocrine disturbances, and immunological effects (Dar-
vishnejad & Ebrahimzadeh, 2019).

The PAHs, in turn, consttute one of the largest groups of
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contaminants present in different matrices, including food. These com-
pounds are derived from the incomplete combustion of organic matter
and can come from natural and anthropogenic processes such as pollu-
tion, food processing, packaging, and thermal procedures such as
cooking. PAHs are often found in different beverages, including fruit
juices. The great concern for the scientific commumity and the food in-
dustry is related to harmful health properties, including carcinogenic
and mutagenic activities (Hascon et al., 2018).

4. Application of analytical technigues

Food is & complex heterogeneous mixture of A wide range of chem-
ical constituents as well as a wide array of additives and contaminants.
Product composition analysis is a prerequisite for verification of product
quality, fulfilment of regulatory enforcements, checking compliance
with national and international food standards, contracting specifica-
tions and nutrient labelling requirements and providing quality assur-
ance for the use of the product for the supplementation of other foods
(Kumar & Gowda, 2014). These aspects also apply to the berry fruit
which intends to be the sub-product for the production of juice. It also
must be noted that even though fruit juices are generally considered
healthy, there are many risks associated with mishandling both fruits
and juices themselves (Abisso et al.,, 2018).

As was previously mentioned, it is important to collect information
on both, the positive and negative effects connected with berry fruits
and juices. While some of risks are minimized in the case of commer-
cially available juices, quality assessment is of particular importance in
the case of homemade juices, since consumers are not bound to obey the
same sanitary standards as food producers (Li et al., 2017). And here,
analytical chemists are coming with the specific practical knowledge of
how to use analytical techniques for quality control of berry fruit juice.
In this chapter, the specific techniques are described with examples of
their application in the analysis of berry fruit juice. The focus is mainly
placed on the novel methods for froit juices quality assessment in the
context of green analytical chemistry, but also we give diverse and
interesting examples of studies that show the possibilities of future
developments.

4.1. Benefits assessment

4.1.1. Spectroscopic rechniques

Spectroscopic techniques are a useful analytical platform for any
food screening because their application is rapid, mobile, and, in the
case of some techniques, non-destructive. Spectroscopy is a popular
technigque commonly used at the stage of preliminary research to
determine the summary parameters (Boque & Giussand, 2021).

The spectrophotometric technique was applied for the evaluation of
the effect of total phenolic concentration on the flaver of blue berry
juice. The total phenolic content of blueberry juices from different cul-
tivars was determined using the Folin-Ciocalteun method. The method
showed good sensitivity (0.05-0.5 g/L) (Betr-Garber et al., 2015). The
Folin-Ciocalten method is widely applied for the analysis of total
phenalic compounds, however, this method has limitations, as the Folin-
Cipcalteu reagent is not specific for phenolic compounds and may also
react with other oxidizable compounds present in the sample, including
ascorbic aeid, amino acids, sugars, ferrous ions, among others, thus, the
total polyphencl content can be overestimated (Granato et al., 2016).
Furthermore, the Folin-Ciocalten method does not allow the quantfi-
cation of individual phenolic compounds. Therefore, it is not possible 1o
correlate specific compounds and their individual properties (Marting
et al., 2022) Bert-Garber et al. (2015) related sensory analyzes together
with physical-chemical analyzes and concuded that berries from
different cultivars showed wariability in their aroma and flavor. How-
ever, it was noticed that polyphenols had no significant effect on the
bitter and astringent taste of berries but higher polyphenols concentra-
tions contributed to maore intense sweet taste (Bett-Garber et al., 20015).
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This work presents that the impact of juice composition on flavor is very
complicated, and in fact, the estimating flavor with physicochemical
parameters is a difficult task due to the composition of the juice. In
addition to the phenolic composition, other factors can affect the flavor
of fruits and juices, including natural sugars and organic acids.
Furthermore, bitterness can be especially influenced by the presence of
iridoids. Iridoids are monoterpenoids synthesized naturally in different
plants and are characterized by a very bitter taste. However, it should be
noted that iridoids present in plants have diverse biological activities,
such as antl-inflammatory, antioxidative, anti-cancer, etc (Oszmianski &
Kucharska, 2018). In the work presented by Tolic et al. (2017, effects of
weather conditions on fruit quality attributes, phenolic compounds and
antioxidant capacity of selected chokeberry julce over three consecutive
years were investigated. Total phenols were determined by Folin-
Ciocalten method, while the pH differential spectroscopic method was
used for total anthocyaning determination. Although quality parameters
and phenolic composition vary over growing seasons, chokeberry juices
from all three seasons have very high contents of phenolic substances
and high values of antioxidant properties. This allows to state that
weather conditions affect the concentration of antioxidative com-
pounds. In addition, the results presented in this study showed that
chokeberry juices characterized by high phenolic compound values had
also high antioxidant activity. This is why it can be deduced that due to
the high proportion of natural antioxidants their consumption could
bring health benefits.

Asg the measurement of total anthocyanin value along with palymeric
colour can be very useful to assess the quality of colour of anthocyanin-
containing juices during heating, the knowledge on kinetic of anthocy-
anins degradation in specific temperature is required. Such research was
performed by Danigman et al. (2016). The kinetic degradation of an-
thocyanins in grape juices was studied in the temperature range of 70-
Q0C. The absorbance of diluted.

grape juice samples in buffers at pH 1.0 and 4.5 were measured at
520 nm (Amax) and 700 nm using an UV-Vis spectrophotometer. The
method had simple sample preparation steps and an acceptable LOD
value. In addition, the formation kinetics of percent polymeric colowr (%
PC) was also studied by application of the bisulphite bleaching method.
High correlations were found between anthocyanin degradation and %
PC formation during heating. The obtained results allow to state that due
to the fact that the heat treatment had a significant effect on monomeric
anthocyanins and polymeric colour, it should be carefully optimised o
decrease the anthocyanin losses and polymeric colour formation in the
commercial processing of grapes into juice.

4.1.2. Chromarographic rechnigues

Many properties as well as content of specific important compounds
can be determine by application of different chromatographic methods,
Such analysis allow to estimate and evaluate the quality of different
berries. Furthermore, the application of chromatographic analyses is
recommended for identification and quantfication of specific com-
pounds, allowing the correct correlation of such compounds and their
properties. In this chapter, the specific examples of such applications are
presented.

As was previously mentioned berries are commonly consumed as
juice, however, the juice-processing conditions could affect their
bioactive compounds. This is why many researches are published to
present the impact of pasteurization conditions on the bioactive com-
pounds content. The effect of thermal treatment on the phenolic com-
pounds, anthocyanins and ellagitannins content as well as the
antioxidant capacity of black berry was evaluated by the HPLC-PAD
method (Azofeifa et al, 2015). With the use of the described method,
it was possible to follow the concentration of phenolic compounds, an-
thocyaning and ellagitannins content. Meither of the two pasteurization
conditions that were examined in this study significantly altered the
concentrations of the total polyphenols or total/individual ellagitannins
compared to those in the non-pasteurized juice. On the other hand, the
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concentration of anthocyanins significantly decreased. Over and above,
the pasteurized juice was found to inhibit the peroxidation as well as
non-pasteurized juice.

Another chromatographic method was used for analysis and com-
parison of the phenolic composition, anthocyanins, and antioxidant
capacity in blackcurrant juice from ten different cultivars (Kowalski &
Gonzalez de Mejia, 2021). In this work, the ultra-high performance
liquid chromatography (UHPLC) method was used after sample extrac-
tion from freeze-dried black currant juice with methanol acidified with
acetic acid. This method has the main advantage over the HPLC method
of having shorter analysis time and hence, less solvents consumption
(Azofeifa er al., 2015) It was found that anthocyanins content varied in
the collected samples, moreover, anthocyanins were found predomi-
nantly in the skins of the fruit. In general, the findings of this study
clearly indicate that the juices obtained from different blackcurrant
cultivars differ with respect to a number of characteristics of interest.

In another work, folate vitamers and total folate in different berries
were estimated using UHPLC-MS/MS (Zou er al., 2019). In addition, the
changes in their concentration during handling of berries into juice were
examined. In this method, & simple extraction method (boiling and
centrifugation) was used followed by solid-phase extraction for further
purification. According to the obtained results, the overall folate yield in
the juicing fractions differed amongst berries (strawberries and black-
berries had the highest total folate values (93-118 g/100g), whereas
blueberries had the lowest total folate contents). The total folates in all
tested were raised by 7 to 12 % after juicing which may be due to
excessive release of folates from the fruit matrix during processing. In
general, it can be concluded, that most of the investigated berries are
good to excellent folate sources.

In case of red fruit juices, a selected method for quality and
authentication is International Federation of Fruit- Juice Producers (IFU)
Method No. 71 (1998), which allows to determine anthocyanin profiles
by HPLC with visible detection. Despite the fact that the principle of the
method is simple and the specific compounds of red froit juice matrices
ar adulterations can be detected, correct interpretations of chromato-
grams are not as easy as expected (Obon et al, 20117, this is why the
method is many often modified. Such modification was applied in the
research performed in order to determine the composition of selected
red fruit and wegetable juices and to evaluate their quality and
authenticity. Profiles of anthocyanins, betacyanins, synthetic red pig-
ments, hydroycinnamic acids, hydroxybenzoic acids and catechins in
these fruits were studied with the use of the HPLC-UV-VIS or HPLC-
fluorescence detector methods (Obon et al., 2011). The method sue-
ceeded to separate all the studied components in 46 min analysis time,
hence it can be considered as a useful technique for quality and
authenticity control of fruit based products and for the detection of
fraudulent mixtures with synthetic or natural red food pigments. On the
other hand, as health claims of the red drinks can be related to their
polyphenol contents, this method could be applied within the juice in-
dustry to label the content of components with potential health benefits.

The outcome of enzymatic processing on blackcurrant juices was
studied through analysis of anthocyanins, flavonaol glycosides, hydros-
yeinnamic acids, sugars, and acids content (Laaksonen et al, 2014).
Analysis of anthocyanins, flavens] glycosides, hydroxycinnamic acids
was done through developing an HPLC,/DAD method, while sugars and
ackds were evaluated by GC/FID after derivatization with trimethylsilyl
(TMS) derivatizing agent. The results show that the enzyme-aided juices
were more astringent and bitter than the non-enzymatic juices. The
reason was connected with lower contents of sugars, higher contents of
phenolic compounds, and lower pH and sugar/acid ratio. In general, the
non-enzyme-agided juices obtained higher ranking in flavour, while the
enzyme-aided juices received more points in odour parameter.

In addition to evaluate the content of specific bioactive compounds
in berry juices, their stability in higher temperatures is also of high
importance, and thus, researchers also are focused on this aspects. The
stability of polyphenols (anthocyanins, flavanols and phenalic
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compounds) in chokeberry and blue berried honeysuckle juices previ-
ously subjected to one of twe sterilization methods (traditonal thermal
method and sterilization using Enbiojert Microwave Flow Pesterizer)
was tested and compared. (Flasek et al., 201 1). The chemical properties
verified included determinations of anthocyanines and other polyphenals
by HFLC-DAD-MS, however the profiles of antioxidants were obtained
by application post-column derivatization. The concentration of
phenolic acids and flavonoids (except anthocyanins) did not change
significantly under the influence of microwave-assisted sterilization.
Maoreover, it was observed that using the EnbinJet device, the decrease
in anthocyanin content was lower compared to the conventional thermal
method, especially in the case of blue berried honeysuckle juice. The
present results allow to state that sterilization with EnbioJet® Micro-
wave Flow Pasteurizer is highly conservative as regards bioactive phy-
tochemicals found in examined berry juices. This conclusion could be
true for other plant preparations rich in bioactive phytochemicals.

Another aspect of the application of chromatographic techniques in
the context of determining compounds that have beneficial effect on
human health, is their use to assess authenticity or possible adulteration
of selected berry juices. In the work (Zhang et al., 2015), a metabolomic
approach for authentication of berry fruit juices by liquid chromatog-
raphy coupled with quadrupole time-of-flight mass spectrometry (LC-
QTOF-MS) was established. In the untargeted metabolomics analysis,
obtained data were subjected to chemometric analysis such as principal
component analysis-discriminant analysis. In the targeted metabolomics
analysis, the 41 juice biomarkers, such as flavonoids and anthocyanins
provided to separate adulterated juices from berry fruit juices. In addi-
tion, adulterants have different flavonoid glycosylation patterns as well
as noteworthy differences in phenolic acids. One can conclude that the
introduced LC-QTOF-MS-based metabolomic method can be used as a
powerful tool to verify the quality of berry fruit juices.

In addition, the use of HPLC system in determination of specific
parameters, ion chromatography (IC) is also an option while speaking
about cations and anions of selected compounds. Suwch technique
coupled to suppressed conductivity detection was applied for simulta-
neous analysis of organic acids and inorganic anions in different fruit
juices including blueberry and grape juices (Uzhel et al, 2021). In
contrast to HPLC, a simple sample pre-treatment method was applied
{only filtration through 0.45 Mm membrane filter and dilution). In this
method, a novel hyperbranched anion exchanger was synthetized and
successfully applied to provide the baseline separation of glycolic, ace-
tic, formic, and lactic acids, which are not resolved to baseline with
modern commercially available columns when purely aqueous eluents
are used. The most important factor used to improve selectivity of sta-
tionary phase was the introduction of dicarboxylic aspartic acid into the
internal part of positively charged hyperbranched phase. This solution
allowed to separate the selected organic acids applying KOH as an eluent
without adding traditional, organic solvents. The study show, that the
main organic acld present in blueberry juice was found to be citric acid
(77-87% of total acids content), which improves ketosis and prevents
diabetes, followed by malic acid (protects from ischemic lesions and has
a positive effect on myocardium) and quinic acids (4-11% of total
acids), which can be metabolized to hippuric acid, which is a strong
antibacterial agent. This novel ion exchanger can be used for the esti-
mation of organic acid profiles in food quality control to detect its
deterioration during storage or auwthenticity assessment.

4.2 Risk assessment

4.2.1. Spectroscopic technigues

In most of the published articles dedicated to the issue of metal
content in fruit juices, an atomic absorption spectroscopy (AAS) (Abhasi
et al, 2020; Anastacio et al., 2018; Okhravi et al., 2020; Sorouraddin
er al, 2020) and atomic emission spectroscopy (AES) (Demir et al.,
20207 were applied with different sample extraction methods.

Some researchers performed, a microwave-assisted digestion with

25



GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

M. Fabjancwics e al.

eitleer e connbination of nitric acid amd hydogen peroxide (Aoaasiacio
et al., 2018) or nitric acid and perchloric acid (Abbasi et al., 2020)
followed by analysis using AAS. Microwave-assisted digestion results in
shorter digestion time and awvoids loss of metals by volatilization.
However, the latter showed lower sensitivity.

Muoreover, Co and Ni were analysed in pomegranate juice with the
application of a graphite fumace atomic absorption spectrometer after
complexation with 8-hydroxyquinoline and liquid-liquid micro-
extraction (Okhravi et al., 2020). The most outstanding advantage of a
given technique was the use of nitrogen instead of toxic chlorinated
solvents. The extraction was performed within seconds and LODs on the
level of 0.36 pg/L for Ni(Il) and 0.20 pg/L for Cofll) were achieved.
Another study shows, a green deep eutectic solvent dispersive liquid
liquid extraction method (DLLE) used to extract and preconcentrate
metals from the grape juice samples (Sorouraddin et al., 2020) followed
by their analysis using FAAS. The most important factor in the DLLE
technigue is the choice of & relevant extraction and dispersion solvent.
Hence, extraction solvent must have a high affinity for analytes, low
solubility, high sample stability, be a liquid under standard conditions
and have low vapor pressure {Makos et al., 2020). In the study, the deep
eutectic solvent acted as both a complexing agent and an extraction
solvent. Application of deep eutectic solvents instead of hazardous
chlorinated organic solvents is maore and more popular. It may be due to
their physicochemical properties: viscosity, density, acidity, basicity,
polarity and good extractability. They can be designed according to the
needs. Moreover, they are biodegradable, non-flammable. Thus, their
use is in line with the requirements of green analytical chemistry (Makos
et al., 20200

Several researches intended to assess the quality of fruit juices,
indicated the presence of some metals like Cr, Mi, Mn abowve their
permissible limits established by Decree-Law 306/2007 from 27th
Aungust of Portuguese Legislation for drinking water, WHO (World
Health Organization) and USEPA (United States Environmental Pro-
tection Agency) Abbasi et al, 2020; Anastacio et al., 2018; Sorouraddin
et al, 2020). Moreover, the health risks index (HRI) for some metals was
evaluated. HRI was calculated as a proportion between the estimated
daily intake of the metal and reference oral dose for each metal and the
body weight. When HRI is below 1, the exposure to metal is considered
as safe. Howewer, the results showed HRI for Cd, Cr and Pb over 1, what
signalize a danger for human health. Thus, the data confirms the
importance of monitoring of metal ions in froit juices. (Abbasi et al,
20:0).

Another approach of metal determination in fruit juices and nectars
were done by inductively coupled plasma optical emission spectrometry
(ICP-0ES) method after microwave-assisted digestion (Demir et al,
20020). This method is characterized by fast extraction without the need
of using organic solvents. Additionally, it showed a high sensitivity for
all analyzed metals.

4.2.2, Chromarographic techodgues

Chromatographic techniques including GC and HPLC are widely
applied techniques when it comes to monitor varietal organic contam-
inations in juice samples, as shown in Table 1. Alfermaria mycotoodns in
pomegranate froit and juice samples were determined with the use of
HPLC-DAD method (Myresiotis et al, 2015) In this method, samples
were subjected to the QuEChERS-hased extracton method using
acetonitrile (ACN) as organic solvent. Moreover, ACN was also used as
the organic modifier in the applied mobile phase what is a big drawback.
Hence the single analysis lasts 35 min the ACN is consumed in large
quantities per each sample. On the other hand, high sensitivity being
able to detect at targeted analysis even trace amount of toxins (LODs less
than 0.02 pg/mL) was achieved. PAHs is another group of compounds
being a subject of the study when quality of berry fruit juices was dis-
cussed. Analysis of a given group of compounds is very challenging,
because they are present in very low concentration, so they need a pre-
concentration step as well as A very sensitive analytical method of
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aualysis (Elae el al, 2009 Awmlysis of eigln PAHs in grape juioe
samples was performed by using dispersive lquid liquid microextraction
coupled with high performance liquid chromatography with fluores-
cence detection (DLLME-HPLC-FLDY). DLLME was based on ACN (as a
dispersive solvent) and methylene chloride (as an extraction solvent).
Diespite using toxic organic solvents in sample extraction, this method of
extraction had a high enrichment factor (enrichment factors ranged
from 296 to 462) leading to a wide linear range and high sensitivity as
well as low detection limit.

Another method was published for extraction and pre-concentration
of twelve PAHs depending on using a vortex-assisted dispersive solid-
phase microextraction (VA-d-p-SPME) using ionic liguid-modified met-
al-organic framewaorks (ILMIL-100(Fe)) followed by GC/FID (Masrol-
lahpour et al., 2017). This method has some advantages over the DLLME
(Zhao et al, 20049), such as shorter extraction time (only one minute)
and higher extraction efficiency (due to the wse of ILMIL-100(Fe]).
Combination of both (ie., ionic liquid and MOF) lead to higher sor-
bent capacity. The developed GC method had high sensitivity (linearity
range 0.02-200 ng/mL) and a short analysis time (15 min]).

Other researchers proposed GC/FID method for determination of six
organic esters. In this method, sample pretreatment and pre-
concentration were performed using polycarbazole/ionic liquid fiber
for HS-PME. The synthesized fiber was cheap and had a long lifetime.
Maoreover, the extraction method showed high efficiency, however the
extraction time was equal to 40 min. The developed GC method showed
a wide linear range, as shown in Table 1. Total ime of the analysis was
26 min (Feng et al, 2015}

Furthermore, & highly sensitive GC-MS/MS5 method was published
for analysis of twelve phthalic acid esters in grape juice (Rodriguez-
Ramos et al., 2020). In this method, extraction and pre-concentration of
the target esters were carried out by a modified QuEChERS method.
Results of the validation of the extraction method showed high extrac-
tion recovery (75-115%) and good repeatability. The high sensitivity of
the developed method facilitated its application for analysis of the cited
analytes in grape juice samples and the results confirmed the presence of
some of the studied esters at different concentration levels in some of the
tested samples.

As was previously mentioned, BAs are a group of compounds that are
important to be monitored due to many reasons. As the BAs are usually
hydrophobic, poor chromophores, and their concentration is usually bow
in complicated matrices, their determination in food samples and bev-
erages is A challenging analytical task. Chemical derivatization by
different reagents like dansyl chloride (for both primary and secondary

amines) (Gomez-Gomez et al., 2018; Saaid er al, 2009) and O-phthal-
dialdehyde (specific for primary amines) is commonly used to improve
methods sensitivity (Kelly et al., 20000,

BaAs in different juice samples were analyzed by HPLC methods after
different sample pretreatment and derivatization (Gomez-Gomez et al.,
2018; Kelly et al., 2010; Saaid et al., 2000 In the method presented by
Gomez-Gomez ef al. (2018), BAs and phenolic compounds in grape juice
were analysed to evaluate their functional and nutritional quality.
Samples were homogenized with perchloric acid followed by derivati-
zation with dansyl chloride. As well as, liquid-lquid extraction with
toluene was performed. Analysis of eight BAs by HPLC-UV with a mobile
phases (A) 100% ACN and (B) 50% ACN was done within 25 min. While,
phenolic compounds were analysed with the use of the UPLC-UV
method applying mobile phases of aqueous phosphoric acid (0.85%)
and ACN (100%). Principle component analysis was then carried out
and results showed that a higher phenolic compound content may be
linked to a higher BAs content. The discovered association also showed
that some bacteria that synthesize BAs are becoming more active at high
pH levels. Some microbes' metabolism is inhibited by low pH, which
prevents the synthesis of BAs (Gomez-Gomez et al, 2018). HPLC-UV
method was also applied to determine BAs in blackewrrant and red
grape juices after dilution in 0.1 M HCI and aqueous extraction followed
by derivatization with dansyl chloride (Saaid et al., 2009). The method
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had a wide linear range (Table 1), acceptable detection and quantitation
limits as well as recoveries in the range between 90.0 and 106.3%. Seven
BAs in grape juice was also evaluated after automated in-loop pre-col-
umn derivatization with an O-phthaldialdehyde and N-acetyl-l-cysteine,
followed by HPLC analysis with fluorescence detection (Kelly et al,
20010). Chromatographic analysis takes 39 min. Because of the method's
great sensitivity, no sample preparation other than a straightforward
dilution was needed prior to derivatization, eliminating the necessity for
an internal standard.

In recent years, the application of lactic acid bacteria (LAB) inocu-
lation to fruit and juices processing has gained popularity in the pro-
duction of unigue non-alcoholic fermented beverages. It is a simple and
valuable biotechnological method that allows fruits to be processed into
products with a longer shelf life. The effect of LAB inoculation on the
chemical composition of bog bilberry juice was siudied using an HPLC
method (Chen et al., 20019). ACN:methanol in the ratio 4:1 (phase A) and
25 mM acetate buffer mixture were used as a mobile phase and sepa-
ration of seven BAs within 93 min. The study also involved the effect of
LAB on reducing sugars, organic acids, anthocyanins, and non-
anthocyanins phenolic compounds. Results disclosed that inocolation
with LAB resulted in significant changes in the juice composition.
Sugars, anthocyanins, total phenolic acids, votal flavanols, and amino
acids contents decreased in the juices after incubation but no changes in
organic acids were noticed. It was also observed, that the content of four
bipgenic amines as tyramine, cadavering, putrescing and phenylethyl-
amine decreased after incubation but isoleucine content increased 8
times. The findings of this study should be taken into consideration to
design a fermentation process that does not result in significant losses of
various health-promoting components and does not result in health risk
related with the BAs content (Chen et al. 2019).

Additionally, a UPLC method was published for testing nine BAs in
grape juice to be used as a quality marker for grape-derived products
(Gomez et al., 2020). The derivatization process for BAs was done with
thie use of dansyl chloride, while the mobile phase consisted of a mixture
of 100% ACN (phase &) and 50% ACN (phase B). Analysis time was
shorter as compared to those obtained using HPLC-based procedures
{Chen et al., 2019; Gomez-Gomez et al., 2018; Kelly et al., 2010; Saaid
et al., 2000). Additionally, it had a wide linear range and good sensi-
tivity as presented in Table 1.

Moreover, two GC-MS/MS methods were applied for the determi-
nation of BAs in grape juice samples (Cunha et al., 201 1; Fernandes &
Ferreira, 2000). Methods differs in the extraction techniques used. In the
first one (Fernandes & Ferreira, 2000}, the back-extraction with 0.1 M
HC1 was done after the amines have been extracted with the ion-pairing
agent bis-2-ethylhexylphosphate dissolved in chloroform. Derivatiza-
tion of the extracted amines was performed by using heptafluorobutyric
anhydride reagent. Seven amines (f-phenylethylamine, tyramine, 1,3-
diaminopropane, putrescine, cadavering, spermidine and spermine)
were quantified using this method with high sensitivity, accuracy and
reproducibility. In the second one (Cunha et al., 2011), lgquid-liguid
extraction was nsed with a toluene as an extraction solvent and isobutyl
chloroformate as an derivatizing agent. Application of a given method
enables quantification of 22 biogenic amines in 25 min.

Pesticides residues are also often present in complex matrices such as
berry juice at very small concentrations, hence for detection of these
harmful components highly sensitive and selective analytical methods
are needed.

The most widely used chromatographic technigue for pe
determination in fruit juice samples is GC with the application of
different extraction techniques and detectors like:

ey

» Liguid-liquid microextraction combined with gas chromatography
coupled with time-of-flight mass spectrometry (LLME GC-ToFMS)
which was developed for screening 165 contaminants from the
group of pesticides and dioxing like PCBs and PAHs. Despite the
satisfactory recoveries (76-120%) and simplicity of the extraction
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method, the use of chloroform and cyclohexane makes it unfav-
ourable from the Green Analytical Chemistry requirements ([Das-
gupta et al., 2011).

Multiresidue matrix solid-phase dispersion combined with GC
coupled with electron capture detector (ECD) and nitrogen-
phosphorus detector (NPDY). The method allows to determine 160
pesticides in berry fruits and their products. The disadvantage of the
proposed approach is the use of hexane as one of the extraction
solvent (Wolejko, Lozowicka, & Kaczynskl, 2014).

Counter current salting-out homogenous liquid-liquid extraction
combined with dispersive liguid-liquid microextraction coupled
with GC/FID (CCSHLLE-DLLME GC/FID). The approach uses ACN as
a coextraction/disperser, 1,2-DBE as an extraction solvent and
demanstrates large linear ranges (even 1-10000 pg/L) for the target
analytes under the optimum extraction conditions (Farajzadeh et al.,
2015L

Montmorillonite clay intercalated with jonic liquids co-deposited
with polythiophene polymer (PTh IL-Mmt) coated electrochemi-
cally on SPME coupled to GC/ECD (PTh IL-Mmt SPME GC/ECD). The
method allows determination of 5 analytes in 33 min. The imida-
zolinm group in IL, along with the porous surface structure of the
fiber, all contribute to the hybrid material’s strong electrostatic
contacts, hydrogen bonds, and a-x interactions, which results in a
high capacity for adsorption of volatile pesticides (Pelit et al., 2015
The method is characterised by high extraction efficiency
(B88.7-101.7%), high sensitivity and low detection limit presented in
Table 1.

Dispersive liquid-liquid extraction coupled with GC and nitrogen -
phosphorus detector (DLLME GC/NPD). The method allows to
determine three classes of pesticides (triazine, triazole, and neon-
icotinoid) at the ng mL ! range. It is based on acid-base reaction, in
which the extraction solvent (p-chloroaniline) is dispersed (by
deionized water) into an aqueous sample. In this study low LODs and
L{W)s and high extraction recoveries and enrichment factors were
artained present in Table 1 (Farajzadeh et al., 2016).

Continuows sample drop flow microextraction combined with
GC-MS (CSDF-ME GC-MS) was used to determine phorate, dia-
zinone, dimethoate, disulfoton, and chlorpyrifos from the fruit juice.
The application of narrow-necked conical shaped wvessel results in
short analysis time, high sensitivity and low total solvent consump-
ton (Moinfar et al., 2020).

Continuous sample drop flow microextraction combined with
GC-MS (CSDF-ME GC-MS) is a similar approach as presented in the
year 2020 however, different design of extraction wessel (the
extraction vessel was a conical open-end vial set in a little container
filled with double-distilled water) and halogen-free organic extrac-
ton solvent were applied. Lower limit of LODs and LOQs then in
previpusly published report were achieved and the exiraction re-
coveries in the range between 25.5 and 48.0% (Moinfar et al., 2021
Dispersive liguid-liquid microextraction coupled with GC/FID. And
D (DLLME GC-FID) was used to determine pesticide residues
including penconazole, chlorpyrifos, ametryn, clodinafop-propargyl,
diniconazole, oxadiazon, and fenpropathrin from fruit juice. The
isopropannl was used as disperser and 1,2-dibromoethane as an
extraction solvent. Moreover special shaped wessel (downward
vaporization gas orientation) was designed and used for vaporization
and ultra-preconcentration of the extract from DLLME step. The in-
novations of this study were good outcomes (presented in Table 1)
using readily available, straightforward equipment. Recoveries from
extraction were on the level of 55-89%% (Farajzadeh et al., 2021
Multi-plug filtration clean-up combined with gas chromatography-
electrostatic field orbitrap high resolution mass spectrometry (m-
PFC GC-Orbitrap/MS) is a8 method developed for screening of 350
pesticides in grape and strawberry juice samples. This extraction
method was found to be simple and time-effective. Moreover, highly
efficient clean-up of all targeted samples was observed due to the fact
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that the m-PFC column has the advantage of multiwall carbon
nanotubes (MWONTs). MWCNTs have superior adsorption capacities
compared to other sorbents because of their extraordinarily high
surface area and distinctive structure. The extraction recovery was
found to be 72_8-122 4%, revealing the high perfformance of the used
extraction method (Meng et al., 2021).

Another approach used for pesticides determination utilizes LC.
Seven insecticides in grape juice samples were analysed using HPFLC (M.
Yang et al, 2014) after the jonic lquid-assisted LLME, which was based
on the solidification of floating organic droplets utilizing a bell-shaped
collection device (BSCD). The modification of the traditional LLME
method increased its extraction efficiency since the use of BSCD allowed
easier collection of the mixed extraction solvents (1-dodecanol and IL,
which replaced commonly applied chlorinated solvents) and quicker
separation after solidification. The method resulted in an efficient con-
centration of the studied components in the tested samples, the
enrichment factor was in the range of 160 to 246 with little consumption
of organic solvents.

Fico & Kozmutza (2007) developed a highly sensitive LC-MS/MS for
the analysis of four pesticides and their metabolites in different grape
juice samples (Fico & Kozmuotza, 2007). Solid-phase extraction (SPE)
was carried out before the analysis, which yield in good extraction re-
covery (more than 80%]), high sensitivity and low quantitation limit, as
shown in Table 1. Many of the pesticides are prone to degrade due to
oxidative mechanisms, thus authors checked the role of antioxidant for
the increase of the durability of certain of the pesticide in fruit juice.
Results indicated that the degradation rate of the targeted pesticides was
slower in grape juice and quercentine-containing aqueous solutions than
in water. These findings suggested that natural anticcddants found in
fruit juices might decrease pesticide breakdown rates and enhance their
persistence.

lmofeeva et al. (2017) developed another fully-automated LC-MS/
M5 method for the detection of four pesticides in fruits and berry juices.
Under the optimized conditions the proposed extraction procedure takes
less than 2 min. Apart from that it is simple to perform, inexpensive and
does not require complex equipment. However, authors suggest that
combination with other pre-concentration method like SPE can improve
the sensitivity (Timofeeva et al., 2017

PCBs are another important group of compounds to be monitored in
food and beverage samples. Magnetic oleate-coated Fes(0y nanoparticles
(Ol-coated MNPs) were used for magnetic solid-phase extraction (mSPE)
of selected PCBs from grape juice samples followed by GC-MS/MS
analysis (Perez ef al., 2016). Authors compared the developed method
with other presented in the literature like DLLE-SFO. It was showed that
recovery obtained in this research was between 52 and 85% which was
lower than in DLLE-SFO (73-106%). However, the mSPE GC-MS/MS
method achieved higher sensitivity (LOD in the range between 1.6 and
5.4 ng/L) than in the other work (3.7-18.5 ng/L). Although no PCE was
detected in real samples, the method validation results confirmed its
ability to determine targeted chemicals in different samples.

Furan and its derivatives are another group of compounds being of
high interest of researchers. Furans are heterocyclic compounds, which
contribute to the sensory qualities of a wide range of thermally pro-
cessed foods (Shen et al, 2016). Shen, et al. (2016) proposed to deter-
ming furans in the foodstuff incloding grape, blueberry and
pomegranate juice by static headspace GC-MS. Method was character-
ized by simple sample preparation (only homogenization by manual
shaking and sodium chloride addition was needed). Satisfactory vali-
dation parameters were achieved for 13 furans determination (Table 1).
Howewver, the GC-MS analysis last more than 40 min. Results of this
study revealed that furans were detected in trace amounts in the tested
fruit juices (Shen et al., 2016).

On the other hand, the aromatic profile of pomegranate fresh and
commercial juices was siudied and correlated to their sensory flavors
using partial least squares regression (Vazquez-Aradjo et al, 2011). In
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this study, a headspace-SPME combined with the GC-MS method was
used. This study showed that there was a significant difference between
fresh and commercial juices. Results showed that there were significant
changes in their chemical composition with fresh-squeezed juice being
distinguished primarily by the presence of terpenes and aldehydes,
whereas furans played a key role in commercial juice aroma. Moreover,
different juice manufacturing processes were found to alter the aromatic
profile of the fresh juice. S0, companies should search for different
processing methods for pomegranate juice to improve its quality without
affecting its health benefits or increasing its health risks.

Varming, et al. (2004} evaluated the effect on the aroma and thus,
the content of aromatic compounds including furans, of blackcurrant
juice after the thermal treatment’s. For the purpose of the study a
headspace GC/MS method (Varming et al., 2004). In this study, black-
currant juice samples were exposed to different temperatures (45-90 “C)
for different periods (57, 80, 110, 130 5). Then the aromatic compounds
were collected (samples were purged with nitrogen and target com-
pounds were collected into the traps). Collected volatiles were thermally
desorbed and determined using GC-MS. The developed analytical
method was applied for the determination of 49 aroma compounds
involving three furans. Results of the study proved that the concentra-
tion of several terpenoids, furans, and phenols have significantly
increased after thermal treatment of 90 °C for 60 min. However,
application of 60 “C and less had no influence of the juice Aroma com-
pounds compaosition.

Another method used for furans determination was based on the
SPME combined with GC-MS designed to distinguish between healthy
and noble-rotten grape berries (Furdikowa et al., 2019). The concen-
tration of 7 out of 13 significantly differs between healthy and noble-
roften grapes. It was noticed that the content of furans such as: 2-pentyl-
furan, dihydrofuran-2{3H)-one, 5-butyldihydrofuran-2{3H}one, 5-pen-
tyldihydrofuran-2{3H)-one, S-acetyldihydrofuran-2(3H)-one 5
hexyldihydrofuran-2{3H)-one and S-ethyldihydrofuran-2(3H)-one were
higher in noble-rotten grapes than in healthy fruits.

5. Conclusions and future remarks

From year to year, the demand for fruit juices increases. Particular
interest can be observed for juices produced from superfruits, which
include berries. This is due to the fact that consumers pay more and -
maore attention to the composition of food products that they include in
their daily diet. A very important feature of food has become its health-
promoting properties, and thus health benefits.

The presented literature review focuses on modern analytical
methods that enable the determination of analytes contained in fruit
juices that may have health-promoting properties, but also those ana-
Iytes whaose presence may be harmiful to our health.

In the case of the determination of bioactive substances, spectro-
photometric techniques are used for preliminary smdies o determine
summary parameters, such as the total polyphenols content or total
anthocyanins content. In order to more accurately determine the
composition of fruit juices, chromatographic techniques, mainly liquid
chromatography, are the most often used. These techniques enable the
determination of chemical compounds even at the trace level, and are
also characterized by good selectivity, accuracy and precision. The use
of high-resolution chromatographic techniques enables the detection of
new potential active substances contained in fruit juices. However, an-
alyzes often require high consumption of organic solvents and compli-
cated sample preparation procedures for the isolation of analytes. In
accordance with the principles of green aorganic chemistry, the aim is to
replace conventional solvents with greener ones, e.g. DES and solvents
of biological origin. During the research, the aim is also to miniaturize
modemn analytical methodologies while increasing the throughput, thus
enabling the determination of as many analytes as possible in a rela-
tively short time. It should be noted that in order to understand the
nutritional potential and health-promoting properties of fruit julces, it is
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necessary not only to determine bioactive substances, but also to study
their metabolism in the human body. Increasingly, both targeted and
untargeted metabolic approaches are being used in research. When
establishing a chemical fingerprint and metabolic profiling, the key
element is data analysis, during which bicinformatics tools are used.
Metabolomics makes it possible to find new bioactive compounds, as
well as new juice biomarkers that allow them to be distinguished.

In the case of contamination of juices with microbiological and
chemical agents, it is very important to find relinble methods to detect
them. Due to the increase in the amount of possible food contamination
caused by industrialization and globalization, food safety assessment
should be at the heart of the food industry.

Finding fast, reliable and sensitive methods for detecting contami-
nants in fruit juices is essential for Assessing food quality and ensuring
consumer safiety. Spectroscopic techniques (AAS and ICP-EQS) are -
mainly used for metal content analysis. For the determination of other
pollutants (e.g. pesticides, mycotoxins, phthalates, biogenic amines and
others), chromatographic techniques (GC and LC) are most often used.
During the research, the aim is to develop modern analytical method-
ologies enabling the determination of pollutants at lower and lower
concentration levels. The ultimate goal of the new methodologies should
be selective and sensitive, miniaturized, automated and lab-independent
contamination determinations.

It should also be noted that metabolomics has potential as a
screening tool for detecting adulteration of juices, as well as their
contamination. It can be a new strategy in the food industry, enabling
quick detection of any irregularities in the composition of fruit juices.

In the future, efforts should also be made to develop new analytical
methods enabling the detection of impurities and quality control during
in-gitu julce. Different types of sensors can be used for this purpose, such
as electronic noses, electronic tongues or electrochemical sensors

In accordance with the principles of sustainable development, the
industry strives to reduce the amount of waste prodoced. Wastes ob-
tained during the production of juices, such as pomace, seeds, skins, etc.,
still contain large amounts of bioactive compounds. Future research
should therefore aim at developing green methodologies for extracting
bipactive compounds such & polyphenols, flavonoids or pectins from
fruit pomace.

In conclusion, comprehensive specifications for fruit joices should be
established in the future. Itisto be hoped that modern analytical
methods, a5 well as international cooperation between scientists, will
enable the development of such analytical tools that will guarantee that
fruit juices entering the market will be healthy and safe for consumers.
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3. The aim of the doctoral dissertation

The subject of research carried out as part of the doctoral thesis was
the development of new methodological solutions for the characterization and quality
control of fruit juices. The research was conducted in two ways. On the one hand,
efforts were made to characterize the profile of the volatile fraction of fruit juices using
modern analytical techniques. On the other hand, the focus was on the development
of simple and fast analytical methodologies with the main emphasis on solutions that
can be used in food processing.

New types of functional foods are still being sought. Fruit juices can fall
into this category if their consumption will have beneficial health effects. For this
reason, it is very important to know the exact composition of fruit juices.
Characterization of the volatile fraction profiles of juice samples was carried out using
the technique of two-dimensional gas chromatography with mass spectrometry
in order to select markers of limes juices. In addition, the profile of volatile bioactive
compounds that may have a positive effect on the human body was determined.
Another aim of the research was to check the interaction between selected bioactive
compounds characteristic of Key and Kaffir limes and human serum albumin. In both
cases, it was decided to use the HS-SPME-GCxGC-TOFMS methodology due to its
resolution capabilities and low analyte detection limits.

The scope of the research on juice quality assessment included the assessment
of authenticity and detection of adulteration of fruit juice samples, as well as
the determination of chemical compounds contained in them that may pose a threat
to consumer health. The most common types of fruit juices adulteration are water
dilution, the addition of sugar syrup which reduces the total amino acid value,
the addition of ingredients that are not naturally present in the juice, such as dyes,
and the addition of cheaper juices from other types of fruit. There are many chemical,
physical and microbiological reference methods used to assess the quality of juices.
However, the use of these procedures in the juice industry is laborious and time-
consuming. For this reason, new solutions are being searched for, allowing for a fast
assessment of the quality of fruit juices. The first objective was to develop
an approach to detect adulteration of orange juice by adding less expensive juice to
it using a commercially available electronic nose device. The non-targeted approach
based on volatile fraction fingerprinting followed by the use of chemometric methods
to compare them is an efficient and economical tool for assessing food quality.
The use of devices such as an electronic nose would make it possible to monitor
the quality of juices directly during the production process. Then, the focus was
on chemical compounds, the consumption of which in excessive amounts may have
negative effects on the health and life of consumers, namely biogenic amines, furan
and alkylfurans. In order to determine biogenic amines, a methodology was developed
that combines salting-out assisted liquid-liquid microextraction (SALLME)
with a simultaneous derivatization process, followed by the determination of analytes
using GC-MS. In the case of furans, an ultrafast gas chromatograph with a FID
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detector was used. Both methodologies were validated and evaluated in accordance
with the principles of Green Analytical Chemistry.

Diagram of the concept of research carried out during the doctoral thesis
is shows in Figure 3.

Literature review

Juices characterization Juices quality control

Biogenic

Frauds .
amines

Furanes

Analytical method development

HS-SPME-
GCxGC-
TOFMS

Data analysis / data usage

Figure 3 Diagram of the concept of research.
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4. Experimental part

4.1. Characterization of fruit juice samples

4.1.1. Development of a methodology enabling the analysis of the volatile fraction
of lime juices using the two-dimensional gas chromatography technique
and the determination of the antioxidant properties of these juices

Hypothese

e The use of a two-dimensional gas chromatograph made it possible
to characterize the volatile fraction of juice samples with a very complex matrix

o The terpene profile is characteristic of different types of lime juices and allows
samples to be distinguished

Questions

o  Which one from the two types of lime juices have better antioxidant properties?
e Can the content of antioxidant substances be used to distinguish lime juice
samples?

The food industry is still looking for new types of fruit juices that can be classified
as functional drinks, i.e. those that provide health benefits [2]. An example
of functional drinks due to the high content of vitamin C are citrus juices [18], [19].
Before producers introduce new types of juices for sale, it is necessary to accurately
characterize the ingredients of these juices in order to know their properties
and potential pro-health abilities.

Kaffir lime juice was selected as a new type of juice for the study. This fruit is very
popular in Southeast Asia, and its peel and leaves are used for culinary purposes.
However, the juice of this fruit is not eaten [61]. Key lime juice, the most common
type of lime in Europe, was used for comparison. In the case of functional drinks,
itis very important to characterize juices in terms of their antioxidant status.
In the case of the volatile fraction, terpenes are the main group of chemicals that
contribute to the antioxidant properties of food [62]. Gas chromatography is the most
often used to analyze the volatile fraction of food samples. The aroma of fruits and
citrus juices is a very complex mixture. For this reason, the use of ultrafast GC
and conventional GC does not always allow the separation of all analytes contained
in the sample. The solution to this problem may be the use of two-dimensional gas
chromatography technique characterized by a higher separation potential, higher
sensitivity and resolution [63].

In this study, a methodology was developed for the semi-quantitative
characterization of the volatile fraction of juices from two species of limes, as well as
the quantitative determination of terpenes. During the study, solid phase
microextraction (HS-SPME) was wused for the isolation and enrichment
of the analytes, and the extraction was performed using
divinylbenzene/carboxy/polydimethylsiloxane (DVB/CAR/PDMS) fibers.
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A two dimensional gas chromatograph coupled with a time-of-flight analyzer
and mass spectrometer (GCxGC-TOF-MS) was used to separate and identify
the analytes. Data on the chromatographic columns used in the research (Table 2)
and the temperature programs used during the chromatographic separation
of the analytes (Figure 4) are presented below. The proposed methodology enabled
accurate and precise determination of selected terpenes, which is a contribution
to the development of science, because so far in the literature, the content of terpenes
in lime juice samples was given only as a percentage.

Non-volatile bioactive compounds in the juices of both lime varieties were
determined using antioxidant tests and 'H NMR spectroscopy. Finally, Kaffir and Key
limes juices were compared based on the collected data in order to distinguish
between them.

The research results were published in the journal Food Control [64].

Table 2 Parameters of the two chromatographic column used during the research.

Parameters I dimension column II dimension column
Type: capillary capillary
Lenght: 30 m 1.6 m
Internal Diameter: 250 um 100 um
Maximum temperature: 325°C 280°C
Trade name of stationary phase: Equity 1 SGWAX
The film thickness of the stationary 0.25 ym 0.10 um
phase
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Figure 4 GCxGC-TOFMS - chromatographic temperature program applied during
research.
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To sum up, in this work an analytical method was developed
for the determination of volatile substances in citrus juice samples using
the HS-SPME-GCxGC-TOFMS technique. Comparing the composition of the volatile
fractions of both juices, it was observed that the most numerous group of chemical
compounds were terpenes. The proposed methodology was  useful
for the quantification of terpenes. Kaffir lime juice contained more terpenes compared
to Key lime juice. This fruit juice is therefore characterized by a higher content
of bioactive substances in the volatile fraction. Comparing the terpene profile of both
types of juice allowed them to be distinguished in terms of botanical origin.
In addition, by comparing the 'H NMR spectra, small differences were estimated that
may allow differentiation between the samples of both juices. Determination
of the polyphenols content in the water extracts of the tested juices also confirmed
that the Kaffir lime juice is characterized by a higher content of bioactive compounds,
and thus better antioxidant properties.
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Kaffir (Citrus hystrix) and Key (Citrus aurantifolia) limes juices were investigated and compared. Two
dimensional gas chromatography coupled with time-of-flight mass spectrometry (GCx GC-TOF-MS) was
applied to assess the botanical origin of Kaffir and Key limes juices, based on volatile substances. The
biggest differences in the contents of selected terpenes in Kaffir and Key limes occur in chemical com-
pounds such as Limonene, Citral, Terpinen-4-ol. Limonene concentration is almost 8 times higher in the
Key lime volatile fraction than in Kaffir lime. The difference in concentration of Citral in Kaffir lime is
almost 20 mg/kg lower than in Key lime. Higher concentration of Terpinen-4-ol was noted in Kaffir lime
samples and the content was almost 20 times higher. The concentrations of #-Pinene, Citronellal,
Camphene, Nerol, trans-Geraniol and p-Pinene are at similar levels in the volatile fraction of both fruits.
Bioactive substances (polyphenols, flavonoids, tannins and flavanols) and the values of antioxidant ca-
pacities by four radical scavenging assays (DPPH, CUPRAC FRAP, ABTS) were determined and compared in
water and methanol extracts in Kaffir and Key limes juices. The bioactivity of Kaffir lime differ signifi-
cantly in water extracts in comparison with Key lime juices. The '"H NMR shifts in methanol and chlo-
roform extracts showed some differences in aromatic region between the two varieties of lime juices.
Terpinen-4-ol for Kaffir lime and Citral for Key lime were used as potential markers. The GCxGC-TOF-MS
allows better separation of substances originating from complex matrices than one-dimensional chro-
matography, based on improved resolution, increased peak capacity and unique selectivity. The possible
falsification of mentioned juices can be detected by the use of GCxGC-TOF-MS, antioxidant assays and
NMR shifts.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

culinary purposes, because of specific aroma. Both the leaves and
the skin contain many chemical compounds with a healthy effect.

Kaffir lime (Citrus hystrix) is one of the most popular fruits in
Thailand or Laos. Kaffir lime leaves are one of the most commonly
used Thai spices. Despite the leaves, the skin is also used for

Abbreviations: Polyph, polyphenols; GAE, gallic acid equivalent; CE, catechin
equivalent; Flavan, flavanols; Flavon, flavonoids; Vit C, vitamin C; Anthoc, antho-
cyanins; CGE, cyanidin-3-glucoside equivalent; Chlor, chlorophyll; Xan+Carot,
xanthophylls+carotenes; ABTS, 2, 2-Azino-bis (3-ethyl-benzothiazoline-6-sulfonic
acid) diammonium salt; FRAP, Ferric-reducing/antioxidant power; CUPRAC,
Cupric reducing antioxidant capacity; 1,1-diphenyl-2-picrylhydrazyl, DPPH; TE,
trolox equivalent.

* Corresponding author.
#*+ Corresponding author.

E-mail addresses: tomasz.dymerski@gmail.com (T. Dymerski), shela. gorin@mail.

huji.ac.il, gorin@cc.huji.ac.il (S. Gorinstein).

https://doi.org/10.1016fj.foodcont.2018.02.005
0956-7135/@© 2018 Elsevier Ltd. All rights reserved.
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Limonene, a-Terpineol, 2p-Pinene, Terpinen-4-ol, y-Terpinene, o-
Terpinene, and «-Terpinolene are common terpenes in leaves
(Srisukh et al., 2012a,b). In turn, the content of the individual ter-
penes in the skin were estimated: Limonene 40.65%, Terpinen-4-ol
13.71%, o-Terpineol 13.20% (Srisukh et al., 2012a,b; Thanaboripat,
Chareonsettasilp, & Pandee, 2006). Kaffir lime pulp and juice are
not consumed directly (Waikedre et al., 2010). However, they also
contain many bioactive substances. Kaffir limes do not grow in
temperate climate, and these fruits are also not imported into Eu-
ropean countries. In Europe, the most popular and available be-
tween lime varieties is Key lime (Citrus aurantifolia), which also
contains many bioactive terpenes (Spadaro, Costa, Circosta, &
Occhiuto, 2012).

The content of individual terpenes varies in the volatile fractions
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of each above-mentioned fruits. It is extremely important to
determine terpenes in fruit products, because of their health-
promoting effect or on the other site their excess can cause
health problems. One of the most popular food products made from
limes is juice. Key lime juice is used as an additive to beverages or
sauces, oppositely, Kaffir lime juice has sour and bitter taste and
very often is classified as an industrial waste. In many countries for
economic reasons adulteration investigations of products contain-
ing Key lime with Kaffir lime juice is provided. The major chemical
compounds found in the Kaffir lime juices volatile fraction may
have potential allergic effects (Rubel, Freeman, & Southwell, 1998)
as well as a large number of antioxidants may induct allergic dis-
eases (Allan, Kelly, & Devereux, 2010). Assessment of the authen-
ticity of juices is also important for food industry. It prevents
producers from material losses due to contamination of the pro-
duction line. Therefore, it is extremely important to develop an
analytical method to identify possible botanical origin of limes.

The applications of two-dimensional gas chromatography
(GCxGC) and time of flight mass spectrometry (TOFMS) to analyze
aroma of food products are shown in a number of reports (Bogusz
Junior et al,, 2015; Dymerski et al,, 2015; 2016), Two-dimensional
gas chromatography is useful tool to analyze fruit samples. Aroma
profile of the volatile fraction of apples, pears, and quince fruit were
performed (Schmarr & Bernhardt, 2010). In turn, 3-methylbutan-1-
ol, 3-methylbutan-1-ol acetate, 2-phenylethyl acetate and phenyl-
ethyl alcohol were selected as compounds characteristic for banana
smell (Capobiango et al., 2015). Using GCxGC-TOFMS technique it
was also possible to quantify the volatile compounds of different
kinds of berries (Dymerski et al., 2015). Untargeted analysis was
also performed after the postharvest and the storage of apples
(Risticevic, Deell, & Pawliszyn, 2012). It was also possible to indicate
terpenes in the samples of grapes (Banerjee et al., 2008; Rocha,
Coelho, Zrostlikova, Delgadillo, & Coimbra, 2007) and blueberries
(Kupska, Chmiel, Jedrkiewicz, Wardencki, & Namie$nik, 2014).
Strawberries growing in Australia have been distinguished due to
their botanical origin (Samykanno, Pang, & Marriott, 2013) and
different varieties of chili due were classified according to their
species (Bogusz Junior et al.,, 2015). Strawberries were also exam-
ined in order to analyze profile of volatile fraction (Williams, Ryan,
Olarte, Marriott, & Pang, 2005). Dymerski et al. (2016) classified
samples of cranberries, blueberries and cranberries. It is also
possible to determine the pesticide residues in fruit samples
(Zrostlikova, Hajslova, & Cajka, 2003).

The composition of the volatile fraction of essential oil of
C. aurantifolia was analyzed using GC-MS by Spadaro et al. (2012),
Analysis of volatile fraction of Kaffir lime was performed using GC-
MS technique. It was possible to select 15 major chemical respon-
sible for the flavor of Kaffir lime (Kasuan et al., 2013). Nevertheless,
there are no literature reports about authenticity markers of above-
mentioned types of limes, including also the use of two-
dimensional gas chromatography.

Similarly, the situation is revealed in case of studies concerning
the comparison of antioxidant activities of Kaffir and Key fruit
juices. There are only a few investigations, in which a total phenolic
and flavonoid contents, ferric reducing antioxidant power (FRAP)
and 1, 1-diphenyl-2-picryl hydrazyl (DPPH) radical scavenging ac-
tivity were determined (Chafar, Prasad, Weng, & Ismai, 2009). The
characterization of lime juices from the point of their antioxidant
status is important. Therefore, the aim of this study was to compare
Kaffir and Key lime juices regarding to their aroma and antioxidant
properties. For this reason, the advanced analytical methods were
elaborated, with the use of two dimensional gas chromatography
coupled with time-of-flight mass spectrometry, '"H NMR spectros-
copy and the investigation concerning antioxidant properties, using
a number of radical scavenging assays were included. According to

the best of our knowledge, there are no literature reports about the
quantitative determination of selected terpenes of above-
mentioned juices using spectrometric methods and there is a lack
of information about comparison of these matrices in respect of
their bioactivities and NMR shifts in the aromatic region. Such in-
vestigations are very important for food control of the prepared
limes juices.

2. Materials and methods
2.1. Chemicals

Analytical terpene standards: «-Pinene, Limonene, Citronellal,
Aromadendrene, Camphene, Linalool, Nerol, trans-Geraniol, p-
Pinene, Terpinen-4-ol, Myrcene, y-Terpinene, a«-Terpineol, Citral
(Sigma-Aldrich, St. Louis, MO, USA) were used to prepare standard
solutions for calibration step. Methanol (Avantor Performance
Materials Poland S.A) was used as a solvent of these solutions.
Trolox (6-hydroxy-2,5,7,8,-tetramethyl-chroman-2-carboxylic
acid); 2,2'-azobis-2-methyl-propanimidamide; FeCl3x6H,0;
Folin—Ciocalteu reagent (FCR); Tris, tris (hydroxymethy1)amino-
methane; lanthanum (III) chloride heptahydrate; CuCl, x2H,0; and
2,9-dimethyl-1,10-phenanthroline (neocuproine), 1,1-diphenyl-2-
picrylhydrazyl (DPPH), potassium persulfate, deuterated chloro-
form (CDCl3), deuterated methanol-d4 (CH30H-d4), and deuterium
oxide (D,0) were obtained from Sigma Chemical Co., St. Louis, MO,
USA. 2, 4, 6-tripyridyl-s-triazine (TPTZ) was purchased from Fluka
Chemie, Buchs, Switzerland. All reagents were of analytical grade.
Deionized and distilled water were used throughout.

2.2. Sample preparation

The objects of study were the pulps of Kaffir lime (Citrus hysteria,
Citrus hystrix) and Key lime (Citrus aurantifolia). The samples of
Kaffir lime fruits were imported from Thailand where they had
been bought on the floating market in Taling Chan, which is located
in the western part of Bangkok. Samples were transported to
Poland in sealed plastic bags in portable fridge maintained at be-
tween 10 and 15°C. Key limes were bought in local distribution
point in Poland. According to the seller's information, the country
of origin of the fruit was Brazil.

In order to prepare for analysis, the fruits were washed with tap
water and rinsed with distilled water. The fruit peel was then
separated from the pulp and then squeezed to obtain the juices
(Fig. 1). The next step was to weigh out 5.0 + 0.1 g of sample unified
composition in vials of 20 mL and then 1 mL of deionized water was
added to the sample. The vials were closed with caps with silicone
Teflon membrane. The procedure was repeated three times for each
species of lime, each time using a new fruit.

2.3. Isolation and enrichment of analytes

Solid phase microextraction was used to carry out isolation and
enrichment of analytes. The extraction was conducted using the
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
fiber with thickness of 50/30 pm and length of 2 cm (Sigma-Aldrich,
St. Louis, MO, USA). The extraction was carried out at 40°C for
35 min. After this step the thermal desorption of the analytes at
temperature of 250°C for 5min was provided. Between each
analysis fiber was desorbed at 250 °C for 5 min. Extraction step was
made using a MPS autosampler (Gerstel Co., Miilheim, Germany).

2.4. Instrumentation

Two-dimensional gas chromatograph Agilent 7980 (Agilent
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Fig. 1. A, B, C, D, Kaffir lime, Kaffir juice, Key lime, Key juice.

Technologies, Palo Alto, CA, USA) equipped with a liquid nitrogen
cooled two-stage cryogenic modulator and the dispenser, working
in spilt/splitless mode was used to carry out the analysis. Different
types of chromatography columns were chosen to provide proper
separation according to the rule of orthogonality. Table 1 shows the
column parameters. Separation of substances was done by using
the following temperature program: initial temperature of 40 °C
was held for 3.5 min, then a linear increase of temperature to 250 °C
at arate of 5 °C/min was applied. The final temperature was held for
5 min. The temperature program applied in the secondary oven was
set up with 5 °C shift. Modulation period was set up to 4s. As the
cooling medium, the liquid nitrogen was used, and hydrogen of
purity N 6.0 was utilized as a carrier gas.

The volumetric flow rate was 1 mL/min. A single run time was
43.5 min. The injector worked in splitless mode at temperature of
250 °C. Temperature of transfer line and ion source was also 250 °C.
The voltage of detector was set up at 1600V. The data were
collected over a mass range of m/z from 40 up to 500 with the
acquisition rate of 125 spectra/s.

Table 1
The parameters of chromatographic columns.

2.5. Data analysis

To identify the chemicals time of fight mass spectrometer
Pegasus 4D produced by LECO (LECO Corp., St. Joseph, MI, USA) was
used. Processing of data was done automatically using chromato-
graphic peak deconvolution algorithm implemented in the soft-
ware ChromaTOF (LECO Corp., version 4.44.0.0). Tentative
identification of analytes was made by comparing experimental
spectra with the spectra included in NIST 11 and Wiley libraries and
by comparing calculated linear temperature-programmed reten-
tion indices (LTPRIs) with literature values. LTPRI values were
calculated by performing analysis of C8—C20 n-alkanes. Positive
identification was done using analytical terpenes standards.

2.6. Determination of bioactive compounds and total antioxidant
capacities (TACs)

Polyphenols were extracted with methanol and water (concen-
tration 20 mg/mL) during 1h in a cooled ultrasonic bath. Total
polyphenols (mg gallic acid equivalents (GAE)/g DW) were

Parameters I dimension column 1 dimension column

Type: capillary capillary

Length: 30m 1.6m

Internal Diameter: 250 um 100 pm

Maximum temperature: 325°C 280°C

Trade name of stationary phase: Equity 1 (Supelco, Bellefonte, PA, USA) SGWAX (SGE Analytical Science, Austin, TX, USA)
The film thickness of the stationary phase 0.25 um 0.10 um
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determined by Folin-Ciocalteu method using spectrophotometer
(Hewlett-Packard, model 8452A, Rockvile, USA) and measuring ob-
tained absorbance after the complex reaction at wavelength of
750 nm (Singleton, Orthofer, & Lamuela-Raventos, 1999). Anthocy-
anins were determined by the measuring of absorbances of lime
extracts (1g of the defatted sample was extracted with 1 mL of
acetonitrile containing 4% acetic acid) at 510 nm and 700 nm in
buffers at pH 1.0 and 4.5, and calculated using following equation:
A= [(As10 — A 700) pH1.0-(As10 — A 700) pr4s| with a molar extinction
coefficient of cyaniding-3-glucoside of 29, 600. Results were
expressed as milligrams of cyaniding-3-glucoside equivalent per
100g dw (Cheng & Breen, 1991). Total carotenoids (xantho-
phylls+carotenes) were extracted with 100% acetone and deter-
mined spectrophotometrically at different absorbances (nm) such as
at 661.6, 644.8, and 470, respectively (Boyer, 1990). Flavonoids,
extracted with 5% NaNO,, 10% AlCl; x H,0 and 1M NaOH, were
measured at 510 nm. Total flavanols were estimated using the p-
dimethylaminocinnamaldehyde method, and the absorbance was
measured at 640nm (Feucht & Polster, 2001). The extracts of
condensed tannins (procyanidins) with 4% vanillin solution in MeOH
were measured at 500 nm. (+)Catechin served as a standard for
flavonoids, flavanols and tannins as previously was described in
details (Leontowicz et al., 2016). Total ascorbic acid was determined
by CUPRAC assay in water extract (100 mg of lyophilized sample and
5mL of water). The absorbance of the formed bis (Nc)-copper (I)
chelate was measured at 450 nm (Ozyurek, Guclu, Bektasoglu, &
Apak, 2007).

TACs were determined using the following methods:

2, 2-Azino-bis (3-ethyl-benzothiazoline-6-sulfonic acid) dia-
mmonium salt (ABTS) method. ABTS radical cation was generated
by the interaction of ABTS (7 mM/L) and K55,0g (2.45 mM/L). This
solution was diluted with methanol and the absorbance was
measured at 734 nm (Re et al., 1999).

Ferric-reducing/antioxidant power (FRAP): FRAP reagent (2.5 mL
of a 10 mmol ferric-tripiridyltriazine solution in 40 mmol HCl plus
2.5 mL of 20 mmol FeClsxH20 and 25 mL of 0.3 mol/L acetate buffer,
pH 3.6) of 900 pL was mixed with 90 pL of distilled water and 30 uL
of asparagus extract samples as the appropriate reagent blank and
absorbance was measured at 595 nm (Benzie & Strain, 1996).

1, 1-Diphenyl-2-picrylhydrazyl method (DPPH) solution (3.9 mL,
25mg/L) in methanol was mixed with the samples extracts
(0.1 mL). The reaction progress was monitored at 515 nm until the
absorbance was stable. The scavenging rate on DPPH radicals was
calculated (Brand-Williams, Cuvelier, & Berset, 1995).

Cupric reducing antioxidant capacity (CUPRAC): To the mixture
of 1mL of copper (IlI)-neocuproine and NH4Ac buffer solution,
acidified and non acidified methanol extracts of lime (or standard)
solution (X, in mL) and H>0 [(1.1-x) mL] were added to make the
final volume of 4.1 mL and the absorbance was measured at 450 nm
(Apak, Guclu, Ozyurek, & Karademir, 2004).

2.7. Sample extraction and "H NMR analysis

Fine powder freeze dried material of 70 mg of each sample was
added with either 700 puL of CD30D + D,0 (ratio 1:1) or 700 uL of
CDCl3. The suspension (in a 1.5 mL Eppendorf tube) was ultra-
sonicated at room temperature for 30 min. And then, the suspen-
sion was centrifuged at 13.000 rpm for 10 min. The supernatant
was transferred into 5mL NMR tube and analyzed for its 'H NMR.
CD3;0D + D,0 aimed to extracts polar metabolites, while CDCl;
extracted non polar metabolites. All NMR experiments were
recorded on Bruker 500 NMR spectrometer equipped with a 5-mm
PABBO BB-probe head (499.953 for 'H shifts) at 25°C. NMR data
processing was performed using MestReNova software (Abdul
Hamid et al., 2017; Drzewiecki et al., 2016).
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2.8. Statistical and classification analysis

The results of quantitative analysis were expressed as mean
value and standard deviation (SD) of three measures of concen-
trations. Differences between groups were analyzed using two-way
analysis of variance (ANOVA) followed by Duncan's new multiple
range test with o =0.05. The analysis was carried out using STA-
TISTICA 12 (StatSoft, Inc., Tulsa, Oklahoma, USA).

The peak areas obtained by GCxGC-TOF-MS analysis were used
to sample classifications. Orange Canvas Data Mining (Bioinfor-
matics Lab, University of Ljubljana, Slovenia) was used to perform
Support Vector Machine (SVM), Tree Classification (TC), Naive
Bayes (NB) and Random Forest (RF) classifications with 2-fold
cross-validation. The target class was the average over classes. All
the classifiers were taken with their optimal settings.

3. Results and discussion
3.1. Composition of volatile substances

Detected chemical compounds were grouped according to their
chemical classes (Fig. 2).

Comparing the volatile fractions of both species of fruits, it can
be observed that the most numerous groups of chemical com-
pounds presented in the volatile fraction, are terpenes. They
represent nearly 88% of all volatile substances present in the Kaffir
lime pulp, while in case of Citrus aurantifolia is about 53%. Kaffir
lime pulp is therefore contains more aromatic compounds than Key
lime. Additionally, high content of terpenes, which are considered
as bioactive chemical compounds, makes this fruit as a rich source
of prohealth constituents. In addition, 30% of difference in terpenes
content explains the different odors of both fruits. It is well proven
that the aroma of citrus fruits is composed of complex mixture of
terpenes, which are chemical compounds whose main skeleton
was formed by the combination of five-carbon isoprene units
(Sharon-Asa et al,, 2003). They are therefore the main group of
Kaffir lime compounds and have a complex of bioactive properties
such as antioxidant, antimicrobial or antiulcer effects (Al-Doghairi,
El-Nadi, Elhag, & Al-Ayedh, 2004). Based on these properties, Kaffir
limes can be classified as a superfruit, which were characterized by
pro-health properties backed up by scientific research, contained
bioactive compounds, stand out in exotic origin and taste. Alcohols,
esters are the groups of chemical compounds with the smallest
contribution in the composition of volatile fraction of Citrus Hys-
teria, which do not exceed 1%. In Citrus aurantifolia their content in
volatile fraction is about 3%. Hydrocarbons are the next group and
their percentage is more than 10%. Ketones represent 4% and al-
dehydes only 2% of the total content of the headspace of Kaffir lime.
In case of Citrus aurantifolia, the content of aldehydes is similar.
Such a distribution of all compounds is responsible for the smell of
the fruits. Characteristic, intense scent is caused by the high content
of terpenes compounds. Due to the very low content of carboxylic
acids (<1%), the aroma of Kaffir lime has some irritating odor, which
could cause some negative sensory perceptions during food con-
trol. To compare the content of selected terpenes, an analysis of
Citrus aurantifolia, a fruit very popular and widely available in
Europe, was also conducted, The object of the study was the juice of
the above-mentioned lime fruits, The content of different terpenes
for Kaffir and Key limes based on the results of Table 2 differ be-
tween them. In the volatile fraction of Kaffir lime, 119 terpenes were
detected, and in case of Key lime - 87. Only chemical compounds
with the mass spectral match factor, similarity >800 were
considered.

The volatile fractions of both species of limes with the identified
major chemical compounds are shown in Table 2. They were
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Kaffir lime

87.74

ketones
others
esters

alcohols

aldehydes
hydrocarbons

M terpenes

Key lime

identified based on comparing spectra and LTPRI with literature
data and the retention times were compared with retention time of
internal standard. As it can be seen, all of the compounds belong to
the terpenes family.

It can be observed, that the biggest differences in the content of
selected terpenes in Kaffir and Key limes occur in case of chemical
compounds such as Limonene, Citral, Terpinen-4-ol (Table 3).
Limonene concentration is almost 8 times higher in the Key lime
volatile fraction than in Kaffir lime. Extremely low content of
Limonene compound in Kaffir lime was also found in citrus fruits
(Waikedre et al., 2010). In the case of Citral, the difference in con-
centration of this compound in Kaffir lime is almost 20 mg/kg lower
than in Key lime. Higher concentration of Terpinen-4-ol was noted

Fig. 2. Distribution of volatiles by chemical classes for: A. Kaffir lime, B. Key lime.

52

ketones
others

esters
alcohols
aldehydes

B hydrocarbons

terpenes

in Kaffir lime samples and the content was almost 20 times higher.
Terpinen-4-ol is the major chemical compound of volatile fraction
of Kaffir lime. Terpinen-4-ol was selected as a major component of
Citrus hystrix essential oil (Waikedre et al., 2010). For the other
terpenes, differences in the contents are not statistically significant.
The concentrations of o-Pinene, Citronellal, Camphene, Nerol,
trans-Geraniol and P-Pinene are at similar levels in the volatile
fraction of both fruits. In addition, in both cases the amount of the
discussed analytes does not exceed 5mgfkg. Terpenes, whose
numbers in the fraction of fruits don't reach 10 ppm, are Myrcene
and y-Terpinene. The variation in the amount of the compounds
explains the significant differences in taste and aroma of both fruit
species. Among the determined terpenes, potential markers of Key
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Table 2
The major compounds identified in the volatile fraction of Kaffir and Key limes using GCxGC-TOF-MS.
No. Chemical compound RT1 [s] Average RT2 [s] Similarity Unique mass LTPRIy; LTPRIgac
1 p-Pinene 862 13 854 93 962 963
2 Sabinene 1386 23 939 93 958 959
3 Citronellal 1114 1.8 886 69 1132 1131
4 Linalool 1060 23 745 71 1082 1083
5 o-Terpineol 1294 14 810 59 1289 1289
6 B-Citronellol 1238 2.8 928 69 1211 1209
7 Citronellyl acetate 1402 1.7 916 69 1335 1337
8 o-Copaene 1757 14 937 161 1353 1354
10 o-Cubebene 1434 1.23 870 161 1345 1348
11 p-Caryophyllene 1580 17 917 93 1421 1420
12 Limonene 945 1.5 936 93 1022 1024
13 Germacrene D 1536 1.2 907 161 1486 1485
14 a-Pinene 796 13 861 93 949 950
15 Capmhene 812 13 951 91 953 956
16 Terpinen-4-ol 1170 23 864 71 1163 1060
17 u-Terpinene 930 14 939 93 1010 1008
18 Myrcene 857 1.4 808 93 994 993
19 o-Phellandrene 880 14 915 93 991 992
20 o-Thujene 1286 3.7 899 93 923 923
21 y-Terpinene 1042 17 914 93 1050 1052
22 B -Phellandrene 850 13 836 93 1031 1030
23 Citral 1250 24 885 69 1240 1241
24 Nerol 1242 3.1 923 69 1228 1231
25 Geraniol 1318 39 890 69 1233 1232
26 Aromadendrene 1720 1.8 851 91 1455 1456
RT 1 — first dimension retention time, RT 2 — second dimension retention time, LRI — Linear Retention Index calculated; LRI;; — Linear Retention Index reported in the
literature for DB 1 or equivalent stationary phase.
Table 3 refers to essential oil (Costa et al., 2014; Spadaro et al., 2012). The
Concentration of selected terpenes in the volatile fraction of Kaffir and Key limes. results of quantitative determination of these chemical compounds
No. Chemical compound R 10Q 10D Concentration+SD [mg/ in lime juices have not been done so far. A quantitative analysis of 5
citrus fruits shows that in each case Limonene is a major compo-
Kaffir lime  Key lime nent, which confirms the correctness of the research. Key lime and
; P D995 108 036 307-005 104-001 Kaffir lime were not found among the fruits which were tested and
o-Pinene . K . .07 = 0. 04 +0. . .
3 Limonene 0994 122 040 10785017 50.5+2.1 Citral content was not Qetermlned (Moufida et al., 2903).
3 Citronellal 0992 025 049 <LOQ 055001 The chromatographic peak area was used as an input data for
4 Aromadendrene 0.999 047 015 1.00+007 <LOQ chemometric analysis. Data set was preprocessed before classifi-
5 Camphene 0996 100 033 486:067 338+034 cation. Preprocess was based on center by mean and scaling using
s ;::;?Dl g‘ggg }‘g? g‘gg inL‘ééi 0.71 ;;’3 fg'(l)g standard deviation SD, Orange Canvas was used for training of four
8 trans-Geraniol 0991 153 051 <10Q 1.86+0.10 classifiers and for performance cross validation evaluation. Table 4
9  P-Pinene 0995 111 037 <LOQ 2104011 shows the confusion matrices and evaluation results for used
10  Terpinen-4-ol 0997 086 028 4479+1.09 1.96+0.06 classification models, for results obtained by chromatographic
11 Myrcene 0994 124 041 2236:095 2489+096 technique. Proportion of predicted are presented in confusion
12 y-Terpinene 0393 132 044 2501:028 1941069 matrices. All samples were correctly classified when 3 statistical
13 o-Terpineol 0.996 098 032 150+006" 0.68+002° . P y
14 Citral 0990 164 054 <LOQ 20.91 +0.60 models were used: SVM, NB and RF. CT and RF models are based on

LOQ - limit of quantitation, LOD-limit od detection, SD-standard deviation,
Mean + SD of 3 measurements, Averages in rows marked with the same letters not
differ significantly (P > 0.05), LOQ and LOD were calculated of the materiality level
o =0,05.

and Kaffir limes aroma were selected. It was chosen that 20-fold
difference in content was used as a criterion for qualifying a
chemical compound to a group of potential indicators. In the case of
Kaffir lime, Terpinen-4-ol was selected as a marker, with a content
of 44,79 mg/kg. This is a chemical compound with a characteristic
woody aroma. In the case of Key lime, Citral is an indicator with
fresh citrus scent. The presence of the two chemical compounds
mainly determines the smell of the fruits. Although Limonene's
most important ingredient in Key Lime was not chosen as a flavor
factor, because it is the most abundant chemical compound in
many citrus juices (Moufida et al., 2003). Citral was repeatedly
listed as one of the Key lime component (Cruz-Valenzuela, Tapia-
Rodriguez, Vazquez-Armenta, Silva-Espinoza, & Ayala-Zavala,
2015). The content of Citral in lime up to 5% was found and this

53

simple decision trees. SVM and NB models use more complex al-
gorithms and therefore perform better. Based on results, the su-
periority of the RF model over CT can be observed. This may be due
to the fact that CT is a single decision tree, while RF is a collection of
decision trees. Table 4 with evaluated results contains information
about area under curve (AUC), accuracy (CA), F1 score, precision
and recall (sensitivity). When values of all described parameters are
equal 1.00, the model is perfect. These results were achieved in
three cases: SVM, NB and RF. In summary, the combination of
GCxGC-TOF-MS technique with chemometric analysis may be a
useful tool for classifying lime juice in terms of botanical origin. The
most reliable results were achieved when 3 statistical models were
used (SVM, NB and RF).

3.2. Antioxidant properties of juices

The results of bioactive compounds in the juices of two lime
cultivars are presented in Table 5. In order to compare the changes
in the amount of bioactive compounds, polyphenols and antioxi-
dant capacities their values were determined in the pulp of the
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Table 4
Data obtained by using GCxGC-TOF-MS and four statistical models.

Confusion matrix

. Predicted . Predicted
SVM K [ L | % cr K | L | %
= K 1.00 | 0.00 3 = K 1.00 | 0.25 3
£ L 0.00 | 1.00 3 2 L 0.00 | 0.75 3
< |z 3 3 6 <]z 2 4 6
Predicted Predicted
NB K | L | % RF K | L | %
= K 1.00 | 0.00 3 = K 1.00 | 0.00 3
£ | L [000]100]| 3 £ | L |000]|100] 3
<z 3 3 6 < | = 3 3 6
Evaluation results for classification models
Method AUC CA F1 Precision Recall
SVM 1.000 1.000 1.000 1.000 1.000
CT 0.875 0.833 0.857 0.875 0.833
NB 1.000 1.000 1.000 1.000 1.000
RF 1.000 1.000 1.000 1.000 1.000

K — Kaffir lime samples, L — Key lime samples, SVM — Support Vector Machine,
CT —Classification Tree, NB — Naive Bayes, RF — Random Forrest Classification, AUC — Area

Under Curve, CA — Accuracy, F1 — Fi score

Table 5

Bioactive substances per g dry weight (DW) in (A) water (W) and methanol (M)
extracts and (B) vitamin C, anthocyanins, chlorophylls and carotenoids of Kaffir and
Key limes juices.

compared only with a few data from cited reports such as Damian-
Reyna, Gonzalez-Hernandez, Maya-Yescas, de Jesus Cortes-
Penagos, and Del Carmen Chavez-Parga (2017). Total phenolics,
total flavonoids, and ascorbic acid contents in Mexican sweet lime

Indices Kaffir limeW  Kaffir limeM  Key limeW  Key limeM (Citrus limetta) juice were determined at two commercial maturity
Polyph,mgGAE 23.16+2.18° 1579+1.34" 11.93+7.65 12.78 +1.32> stages. The results of the above shown indices differ from the
Flavan, pgCE 91-43i3-5b4* 83.16x 5-5:1b 6444+ 5-4c3hc 5118 i5-1§° presented in this report, but the lime variety was different with
TanminomgCE 1922046 1261211 073007 oirsoss  Polyphenols (725+0.14mefl), flavonoids (4591 100 mg/L), and
ABTSuMTE,  16164+854° 75431632 5749+556° 6105765 ascorbic acid (222 + 16 mg/L). Results indicated that Mexican citric
FRAP, yMTE, ~ 28.50+2.43% 20.01+223" 1468+132° 16.20+1.65> fruits were good sources of antioxidant agents. The results were
CUPRACUMTE 12428 +543% 571315217 27.96+267° 3097 +245™ compared with Barros, Ferreira, and Genovese (2012). Four citrus
DPPH, uMTE  3329+321° 14.8331.32° 1203:1.18° 17154145 species (C. sinensis, cvs. Pera and Lima; C. latifolia Tanaka cv. Tahiti;
Indices Kaffir lime Key lime C. limettioides Tanaka cv. Sweet lime and C. reticulate, cv. Ponkan)
Vit C.mgAsc 174+0.17° 2.44+011° were characterized in relation to pulps and peels contents of
Anthoc, mgCGE/kg 63.45+5.15 4732 +411° ascorbic acid, total polyphenols and antioxidant capacities. The
Chlor a, g 468.50 +12.12° 43216+ 10.98° antioxidant capacity of citrus was correlated both to vitamin C and
Chlor b, pg 260.08+:7.65° 245.76 1. 5.32° phenolics. Aside from citrus pulps, the peels are also good sources
Chlor a-+b,mg 729.00 = 16.54% 677.92 + 12.54° S . .

Xan i Carot, pg 217.11 £ 5322 195.43 + 443° of bioactive compounds and minerals, and can be explored for their

Mean + SD (standard deviation) of 5 measurements. Averages in rows marked with
different letters differ significantly (P < 0.05).

fruits and also in the fresh prepared juices. The differences were not
significant and the decrease was about 1-2%. The polyphenols in
water extract of Kaffir lime were twice higher than in Key lime, but
in methanol extract were nearly equal. The bioactive compounds in
Kaffir lime such as polyphenols, flavanols, flavonoids, and tannins
were in water extract higher than in methanol of about 1.5 times,
The antioxidant values were in similar correlation in 4 applied
methods and the highest values showed ABTS and CUPRAC assays
in water fraction (Table 5A). It means that most of bioactive sub-
stances were in the water extract. Key lime samples showed
different picture. The amount of polyphenols, flavanols, flavonoids
and tannins were slightly higher in methanol extract than in water.
The corresponding values of antioxidants were in direct correlation
with polyphenols. Anthocyanins, chlorophylls and carotenoids
were similar in two limes, accept only the amount of vitamin C in
Key lime (Table 5B). The results presented in Table 5 can be

health promoting values in food products.

In our previous report (Arancibia-Avila et al., 2012) was shown
the influence of different time durations of thermal processing on
berries quality.

The antioxidant activity only of berries subjected to thermal
processing for 10 and 20 min did not differ from the non thermally
processed, showing high correlation between the total poly-
phenols, flavanols and the antioxidant activities (Arancibia-Avila
et al., 2012). In another report for preservation of bioactive com-
pounds long cold storage of smoothie-type ‘Hayward' kiwifruit
beverages was suggested (Park et al., 2016). Both of the treatments
as thermal and cold can be applied in the future research on the
freshly prepared kiwifruit and berries juices, but also on limes.

3.3. NMR shifts in juices

NMR spectra of two limes cultivars are shown on Fig. 3. The
assignments of 'H spectrum of limes chloroform and methanol
extracts were obtained, where only peaks of aromatic regions
appeared between 6 and 10 ppm. The spectra were similar for two
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Fig. 3. Comparison of 'H NMR spectra of limes juices in aromatic region: A1, A2, methanol extracts of Key and Kaffir limes; B1, B2, chloroform extracts of Key and Kaffir limes.

cultivars, but some slight differences were estimated. In the case of
chloroform or methanol, mostly the sugars were the main com-
pounds and the aromatic part was the minor (ppm). The mixture of
water and methanol is usually used for extraction and subsequent
NMR analysis (Fig. 3): for Key lime (Fig. 3A1: 9.17; 9.13; 7.93; 7.21;
7.15; 7.00; 6.69; 6.59; 6.45; 6.35; 6.22; 6.16; 5.91) and for Kaffir lime
(Fig. 3A2: 8.30; 8.18; 8.08; 7.94; 7.87; 7.73; 7.52; 7.37; 7.15; 7.00;
6.81; 6.72; 6.48; 6.45; 6.40; 6.22; 6.16; 6.04; 5.95; 5.91) ppm. [n two
varieties of limes the common shifts appeared at 7.93; 7.15; 7.00;
6.45; 6.16 and 5.91 ppm. All cited literature of fruits was dealing
only with aliphatic parts of juices. The aromatic range is shown in
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Balan, Nicolescu, Stavarache, Ciobanu, and Deleanu (2013). Most of
the shifts were between 6.21 and 8.07 for orange juice: 6.65; 6.91;
7.07;7.21; 7.32; 7.62; 7.72; and for grapefruit from 6.21 till 7.75 with
the middle ones at 6.62; 6.92; 7.21; 7.38; 7.63 and 7.75 ppm. With
orange and Key lime is a common shift in methanol fraction of
7.21 ppm, and for Kaffir lime at 8.08 ppm. For grapefruit juice the
shifts are 6.21; 6.62; 6.91; 7.23; 7.38; 7.63; 7.75 ppm. Key lime
showed a couple shifts common with grapefruit. In chloroform
extract the following shift numbers appeared in Key lime (Fig. 3B1:
9.61; 7.22; 7.09; 6.52; 5.36; 5.24), Kaffir lime (Fig. 3B: 8.21; 8.16;
7.60; 7.20; 7.15; 6.99; 6.95; 6.31; 6.28; 5.59; 5.36). Common shifts
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for two varieties were at 536 ppm. It is known that phenolic
compounds are poorly soluble in water, but not for lime samples
(Table 5, the amount of phenolic substances). Less peaks appeared
in chloroform than in methanol. This result is obtained on the basis
of the amount of polypenols extracted with chloroform is less than
with methanol. Previously it was described how were characterized
different kiwifruit cultivars. Using the NMR approach, it has been
possible to identify primary as well as secondary metabolites of
different fruits such as grape, orange, apple juice, mandarin, kiwi-
fruits, mango, black raspberry, melon, watermelon, blueberry, and
peaches (Abdul Hamid et al., 2017; Balan et al., 2013; Drzewiecki
et al, 2016; Sobolev et al., 2015). In NMR-based analyses, the
extraction procedure is probably the most critical step aimed to the
quantitative transfer of the metabolites from the solid matrix. Peaks
in the aromatic region indicate naringin and hesperidin, the main
flavanone glycosides in citrus fruits and from 5.10 ppm showed
glucose, sucrose, fructose, and formate (Maltese, Erkelens, van der
Kooy, Choi, & Verpoorte, 2012; Rosa et al., 2015).

4. Conclusions

In this paper a usefulness of two dimensional gas chromatog-
raphy coupled with time-of-flight mass spectrometry and NMR
shifts were proven to assess the botanical origin of Kaffir lime and
Key lime juices. Regarding to this, possible falsification of
mentioned juices can be detected. GCx GC-TOF-MS allows for better
separation of substances originating from complex matrices than in
case of using one-dimensional chromatography, because of
improved resolution, increased peak capacity and unique selec-
tivity. On the basis of obtained results potential markers of botan-
ical origin of limes were selected, namely Terpinen-4-ol for Kaffir
lime and Citral for Key lime, Presented solution can be also treated
as an alternative to other analytical techniques used for deter-
mining juice adulteration, such as HPLC or isotopic measurements,
Furthermore, antioxidant property assessment of these juices
shows that it can be a new natural source for everyday
consumption.
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4.1.2. Investigation of interactions between bioactive substances from lime juices
and human serum protein

Hypothese

o The use of two-dimensional gas chromatography with mass spectrometry
as a tool to determine the terpene profile of food samples

e Monoterpenes as bioactive substances show good binding properties to human
serum albumin

Questions

e Do studies of the antioxidant properties of selected juice markers reflect
the properties of juices?

Determining the pro-health properties of food is mainly based on the identification
of bioactive compounds and using of conventional spectrophotometric tests
for determination of the antioxidant capacity of given samples. In the case of Key
lime, there are scientific reports on the determination of the antioxidant properties
of these fruits, the determination of the content of polyphenols, as well as
the identification of secondary metabolites that contribute to their medicinal
properties [65], [66], [67]. However, there is still a lack of studies focusing
on the interactions of bioactive substances with serum proteins. Determining what
bioactive substances are contained in a given food sample, and then determining
the affinity of this chemical compound for human protein albumin, can help
understand the therapeutic use of phenols contained in food.

Key lime and Kaffir lime juices were used in the research. The first objective
of the work was to determine the content of terpenes in these juices, as well as
to identify substances characteristic of a given juice. Terpenes determination
was performed using HS-SPME-GCxGC-TOF-MS. The binding properties of selected
monoterpenes were then determined using 2D and 3D fluorescence and molecular
docking. The research results were published in the Journal of Luminescence [68].
Based on the analysis of the terpene profile, it was shown that the greatest differences
in the content of terpenes in the tested lime juices concerned limonene, citral
and terpinen-4-ol. Markers of Kaffir and Key lime juices were selected
as terpinen-4-ol and citral, respectively. The results of the antioxidant properties
of lime juices showed that Kaffir lime juice had higher bioactive properties compared
to Key lime. Results for terpinen-4-ol and citral were not proportional to Kaffir
and Key lime juice data. This is because food is a complex mixture where there are
synergistic antioxidant effects. Molecular docking studies have shown that HSA has
active sites responsible for interactions with monoterpenes. After analyzing
the results of 2D and 3D fluorescence, it was found that Kaffir lime juice showed
higher binding properties to human serum albumin. Kaffir lime juice may have an
important role in the development of healthy food in the future.
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ARTICLE INFO ABSTRACT

Keywords: To understand the therapeutic application of polyphenols extracted from Kaffir (PolKaf) and Key (PolKey) limes
Polyphenols different analytical methods were applied. Based on quantitative analysis by two dimensional gas chromato-
HSA graphy (GC x GC) and time of flight mass spectrometry (TOFMS) it can be observed that the biggest differences
g:’:;:: studies in the contents of selected terpenes of Kaffir and Key limes occur in chemical compounds such as limonene, citral

and terpinen-4-ol. Limonene concentration is almost 5 times higher in the volatile fraction of Key lime than in
Kaffir lime. In the case of citral, the difference in concentration of this compound in Kaffir is 20 pg/g lower than
in Key lime. Higher concentration of terpinen-4-ol was noted in Kaffir lime samples and the content was almost
23 times higher. Terpinen-4-ol is the major chemical compound of volatile fraction of Kaffir lime. Among the
determined terpenes, potential markers of aroma were selected: terpinen-4-ol and citral for characterization of
Kaffir and Key limes. Antioxidant assays revealed the highest bioactivity of Kaffir lime. Fluorescence studies
between the interaction of polyphenols with human serum albumin (HSA) showed relatively high binding
abilities in comparison with some antiplatelet drugs. The docking results showed that the hydrophobic residues
are responsible for the interaction with the phyto-constituents. Citral is the best scored ADMET descriptor. The
antioxidant strong affinity to HSA and synergism in bioactivity are the main indices in health application of
citrus fruits.

Lime cultivars

1. Introduction antidiabetic, antifungal, antihypertensive, anti-inflammatory, and an-
tilipidemic properties. Antioxidants moreover can protect heart, liver,
bone, and prevent urinary diseases. The secondary metabolites are al-

kaloids, carotenoids, coumarins, essential oils, flavonoids, phenolic

Juices or real pulps of some commercially grown citrus fruit
(Rutaceae), grapefruit (Citrus paradisi), lemon (Citrus limon), lime (Citrus

x aurantiifolia) and sweet orange (Citrus sinensis) were widely studied,
where the phenolics and volatiles were the main antioxidant com-
pounds found in all fruits [1,2]. Four citrus species (C. sinensis, cvs. Pera
and Lima; C. latifolia Tanaka cv. Tahiti; C. limettioides Tanaka cv. Sweet
lime and C. reticulate, cv. Ponkan) were characterized in relation to
contents of ascorbic acid, total polyphenols and antioxidant capacity of
pulps. The antioxidant capacity of citrus fruit was correlated both to
vitamin C and phenolics. Aside from citrus pulps, the peels are also
good sources of bioactive compounds and minerals, and can be ex-
plored for their health promoting values in food products [3]. There are
a number of reports including Kaffir (Citrus hystrix) and Key (Citrus
aurantifolia) limes. Citrus aurantifolia is mainly used in daily consump-
tion and in juice production, based on antibacterial, anticancer,
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acids, and triterpenoids. The other important constituents are apigenin,
hesperetin, kaempferol, limonoids, quercetin, naringenin, nobiletin,
and rutin, all of these contribute to its remedial properties [4]. The
volatiles of limes have a wide application as essential oil microparticles.
The use of prebiotic biopolymers can be a good option to add value to
encapsulated products, thus promoting health benefits [5]. A combi-
nation of bioactive compounds makes all citrus fruits a useful source of
everyday diet from a number of diseases [6-8]. As it was mentioned
above there are some reports showing the composition of different
kinds of limes [1,3,4], but it is a lack of research dealing with bioactive
compounds and their interaction with serum proteins. The interactions
between polyphenols, especially flavonoids and plasma proteins, have
attracted great interest [9-13]. Few papers, however, have focused on

.ac.il, gorin@cc.huji.ac.il (S. Gorinstein).
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the structure-affinity relationship of polyphenols and volatiles, on their
affinities for plasma proteins, especially on human serum albumin with
plant bioactive compounds [14,15] and with citrus fruits particularly
[16,17]. The aim of this study was to determine the bioactive and
aroma substances and their binding and antioxidant properties, using
GC x GC-TOFMS, 2D- and 3D-fluorescence, spectroscopic antioxidant
assays measurements and molecular docking.

2. Materials and methods
2.1. Materials

The following chemical compounds: Aromadendrene, Camphene,
Citral, Citronellal, Limonene, Linalool, Myrcene, Nerol, Terpinen-4-ol,
trans-Geraniol, a-Pinene, a-Terpineol, [(-Pinene, vy-Terpinene, were
used as standards (Sigma-Aldrich, St. Louis, MO, USA). Methanol
(Avantor Performance Materials Poland S.A) was used to prepare the
calibration solution mixtures. The mixture of n-alkanes from C8 to C20
(Sigma-Aldrich, St. Louis, MO, USA) was utilized for calculation of re-
tention indexes. During the research deionized water of high purity
from MilliQ A10 Gradient/ Elix System (Millipore, Bedford, MA, USA)
was added to samples. Trolox (6-hydroxy-2,5,7,8,-tetramethyl-
chroman-2-carboxylic acid); Folin-Ciocalteu reagent (FCR); Tris, tris
(hydroxymethy1l)aminomethane; lanthanum (III) chloride heptahy-
drate; CuCl, x2H,0; and 2,9-dimethyl-1,10-phenanthroline (neocu-
proine), 1,1-diphenyl-2-picrylhydrazyl (DPPH), were obtained from
Sigma Chemical Co., St. Louis, MO, USA. All reagents were of analytical
grade.

2.2. Sample preparation

The studies were performed on juices of two lime species: Kaffir and
Key limes. Kaffir lime (Citrus hysteria, Citrus hystrix) was bought on the
floating market in Taling Chan in Bangkok. Kaffir lime samples were
transported to Poland in travel fridge and the temperature was between
10°C and 15°C. Key lime samples (Citrus aurantifolia) were purchased in
local market in Gdansk, where they had been imported from Brazil.
During the research for each sample, three repetitions were performed.
Before analysis, the fruits were washed and rinsed with distilled water.
Next step was to squeeze the juice from the fruit. Samples were pre-
pared in the proportion of 5.0 + 0.1g of fruit pulp and 1.0mL of
deionized water. Mixtures were then transferred into 20-mL vials. All
samples were sealed with caps with 20 mm thick PTFE/silicone mem-
brane [18].

2.3. Methods

2.3.1. Two-dimensional gas chromatography (GC x GC) and time of flight
mass spectrometry (TOFMS)

HS-SPME (Headspace Solidphase Microextraction) extraction was
done by the GC x GC-TOFMS procedure. A Gerstel autosampler (MPS
autosampler, Gerstel, Miilheim, Germany) with agitator and SPME fiber
conditioning station was used to isolate and to enrich the analytes from
citrus samples. Before the extraction, the samples were kept at 40 °C for
5 min. Extraction was carried out at 40 °C for 35 min using a DVB/CAR/
PDMS SPME fiber of 50/30-um thickness and 2-cm length (Sigma-
Aldrich, St. Louis, MO, USA). After the extraction, the fiber was re-
moved from the vial and transferred to the injector of a gas chroma-
tograph for thermal desorption of the analytes at 250 °C for 5 min. The
GC x GC apparatus Agilent 7890 A (Agilent Technologies, Palo Alto, CA,
USA) equipped with liquid nitrogen-based quad-jet cryogenic mod-
ulator and an injector in split/splitless mode, coupled with Pegasus 4D
time-of-flight mass spectrometer (LECO Corp., St. Joseph, MI, USA),
were used for the analysis. Two different capillary columns were used
for the analysis. The first non-polar column was Equity-1
(30m x 0.25mm id. X 0.25um film thickness) from Supelco
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(Bellefonte, PA, USA). The second column with polar stationary phase
SolGel-Wax (2m x 0.1mm id. x 0.1um film thickness) was pur-
chased from SGE Analytical Science (Austin, TX, USA). The chromato-
graphic separation was performed using the following temperature
program for the primary oven: Initial temperature 40°C, kept for
3.5min, ramped at 5°C/min to 250 °C, and held for 5min. The sec-
ondary oven temperature was programmed from 45°C, kept for
3.5min, ramped at 5°C/min to 255°C, and held for 5.83 min. The
carrier gas was hydrogen (N6.0 class) at a constant flow rate at 1.0 mL/
min. Temperature of the MS transfer line and the MS source was 250 °C.
The modulation time was 4 s. The mass spectra data acquisition rate
was 125 spectra/s. The data were collected over a mass range of
40-400 m/z. The voltage of detector was 1600 V. Analysis of the data
obtained after the chromatographic analysis using GC x GC-TOFMS
system was done using the algorithm for peak deconvolution im-
plemented in the ChromaTOF software (LECO Corp., version 4.24).
Analytes were tentatively identified by comparison of experimental
spectra with the NIST 2011 mass spectral library. Analytes were also
identified by comparing calculated linear temperature-programmed
retention indices (LTPRIs) with literature values [18].

2.3.2. Determination of bioactive compounds and antioxidant activities

Polyphenols were extracted from lyophilized samples with water
(concentration 20 mg/mL) during 1h in a cooled ultrasonic bath. The
extracts were filtered through the Buchner funnel. These extracts were
submitted for determination of bioactive compounds. The polyphenols
were determined by Folin-Ciocalteu method with measurement at
750 nm with spectrophotometer (Hewlett-Packard, model 8452A,
Rockvile, USA). The results were expressed as mg of gallic acid
equivalents (GAE) per g DW [19].

The total antioxidant capacity (TAC) was determined by the fol-
lowing assays:

Cupric reducing antioxidant capacity (CUPRAC): To the mixture of
1 mL of copper (II)-neocuproine and NH,4Ac buffer solution, acidified
and non acidified ethanol extracts of berry (or standard) solution (x, in
mL) and H,O [(1.1 —x) mL] were added to make a final volume of
4.1 mL. The absorbance at 450 nm was recorded against a reagent blank
[20].

1, 1-Diphenyl-2-picrylhydrazyl method (DPPH) solution (3.9 mL,
25mg/L) in methanol was mixed with the samples extracts (0.1 mL).
The reaction progress was monitored at 515nm until the absorbance
was stable. The scavenging rate on DPPH radicals was calculated [21].

2.3.3. Fluorometric measurements and binding properties

Fluorometric measurements were used for the evaluation of binding
properties of citrus extracts to human serum albumin. Two dimensional
(2D-FL) and three dimensional (3D-FL) fluorescence measurements
were recorded on a model FP-6500, Jasco spectrofluorometer, serial
N261332, Japan. The concentrations of citrus extracts were ranged
from 0 to 1.5 mg/mL, and the total accumulated volume of citrus ex-
tracts was no greater than 150pL. The corresponding fluorescence
emission spectra were then recorded in the range of 300-500 nm upon
excitation at 280nm in each case. The emission wavelength was re-
corded between 200 and 795nm for three-dimensional fluorescence
spectra. All solutions for protein interaction were prepared in 0.05 mol/
L Tris-HCI buffer (pH 7.4), containing 0.1 mol/L NaCl [14,18].

2.3.4. Molecular docking

The Ligand Fit module of Discovery Studio (DS Version 2.5) package
was used for molecular docking. The X-ray crystallographic structures
of HSA, 1h9z.pdb solved at 2.5 A and complexed with ligands was re-
trieved from the protein data bank (PDB) and modified for docking
calculations [14]. The co-crystallized ligands and the water molecules
were removed from the protein structure. The H atoms were added and
side chains were fixed using the protein preparation protocol. Optimi-
zation of the atomic charges and the structure minimization was
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Fig. 1. (a) Concentrations of selected terpenes in Kaffir and Key limes juices. (b) Data obtained from GC X GC-TOF-MS analysis: A, citral mass spectrum, B, terpinen-
4-0l mass spectrum, C, 3D chromatograms for citral (selected masses: 41, 69, 84, 94), D, 3D chromatograms for terpinen-4-ol (selected masses: 43, 77, 93, 111).

performed using CHARMM force field. To gain further insight in the
interaction of Kaffir and Key lime extracts with HSA proteins, 14 active
phyto-constituents detected in lime. Among which the 6 ligands based
on the flavoring and aroma of the lime were selected for docking studies
(Fig. 1). Two dimensional structures of these phyto-constituents were
retrieved from PubChem database (https://pubchem.ncbi.nlm.nih.gov/
). The correct protonation states and partial charges were applied using
the Ligand preparation module available with DS 2.5. Further the
prepared ligands and protein structure were loaded to the docking
protocol workspace. Best 10 poses were further processed and calcu-
lated [22].
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2.3.4.1. Insilico ADMET (absorption distribution metabolism excretion and
toxicity) studies. Pharmacokinetic properties of the ligands were studied
using SwissADME [23] and Molinspiration [24]. ADMET descriptor
such as GI absorption, CYP1A2 inhibitor, PSA and MolLogP were
predicted. The program requires the input information in SDF/MOL
or SMILES file format.

2.3.5. Statistical analysis

To verify the statistical significance, means = SD of five in-
dependent measurements were calculated. One-way analysis on var-
iance (ANOVA) for statistical evaluation of results was used, following
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by Duncan's new multiple range tests to assess differences between
group's means. P values of < 0.05 were considered to be significant.

3. Results and discussion
3.1. Aroma, polyphenols and antioxidant activities in lime samples

Based on Fig. 1a, it can be observed that myrcene and y-terpinene
occur in similar amounts in both types of lime juices. However, the
remaining four selected terpenes show more significant differences in
concentrations in the tested samples. The essential oil of Citrus aur-
antifolia [25] possesses important spasmolytic properties, which are due
to their major constituents, such as limonene (58.4%), §-pinene
(15.4%), y-terpinene (8.5%), and citral (4.4%). Limonene and citral are
chemical compounds characteristic of Key lime. The concentration of
limonene in Key lime is estimated to 50.5 = 2.1 pg/g and it is higher
than in Kaffir lime. In the case of citral, the concentration of this sub-
stance is more than 30-fold higher in the volatile fraction in the Key
lime than in the Kaffir lime. Terpinen-4-ol and linalool are the main
terpenes of the Kaffir lime volatile fraction. The content of these sub-
stances was respectively more than 20- and 5-fold higher in Kaffir lime
compared to the Key lime. Above-mentioned facts can explain the
variation in flavour and aroma of tested fruit species. Among the de-
termined substances, potential indicators of Kaffir and Key limes were
selected. As a criterion for qualifying a chemical compound to a group
of potential markers was 20-fold difference in concentration. For Kaffir
lime, terpinen-4-ol which concentration was estimated at 44.8 + 1.1
ng/g, was selected as the indicator. This compound is characterized by
a woody aroma. In the case of Key lime, the substance with fresh and
citrus scent, namely citral with estimated concentration at
20.91 = 0.60 pg/g, was chosen as a marker (Fig. 1 b). The main con-
stituent of the volatile fraction of Key lime is limonene. This substance
was not selected as a potential flavor indicator, because its presence is
observed in many citrus juices.

The content of citral in lime up to 5% was found and this refers to
essential oil [25,26]. The results of phenolic acids and antioxidant ac-
tivities are presented in the Table 1. The amount of polyphenols in
water extract in Kaffir lime was as much as twice higher than in Key
lime. Citral as an indicator of Key lime was 1.5 times higher than ter-
pinen-4-ol for Kaffir lime. The antioxidant activities were in accordance
with the amount of polyphenols. There is a lack of data to compare the
present results with the refereed literature. Most recent reports are
connected with citrus essential oils from peels. Between four different
varieties of citrus species peels Citrus aurantifolia contained high
amounts of bioactive substances such as phenolics and flavonoids [27].
For estimation of antioxidant activity in peels the same methods as in
the present research were used and correlation of total phenolics in
various extracts was found [28]. Recent reports were also based on the
activity of leaves from limes [29]. As it was mentioned above, there are
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few reports dealing with antioxidants and terpenes in lime juice and
pulp. The values of bioactivity obtained in this report are in line with
the recent report [30], where was concluded that the health benefits of
citrus aurantifolia are associated with its high amounts of photochemical
and bioactive compounds such as flavonoids and phenols. The phenolic
content and antioxidant properties of the manually squeezed lemon
juice had higher total phenol content (64.5 GAE mg/L), while lime juice
had higher total flavonoid content (29.5 QE mg/L). These results were
slightly lower than the found in this research. Both juices exhibited
antioxidant activities as typified by their ferric reducing power, and
radicals (DPPH-, ABTS-, OH-, and NO-) scavenging abilities. Lime juices
showed higher antioxidant activities than lemon. The inhibition of anti-
angiotensin-1-converting enzyme (ACE) activity in vitro and in vivo
hypocholesterolemic effect of the juices could explain the use of the
juices in the management of cardiovascular diseases [31]. Comparison
of antioxidant activities of water extracts [32] of different plants
showed that Phoenix dactylifera and Citrus aurantifolia had a sig-
nificantly higher total phenol and DPPH scavenging activities than
other investigated plants. The water extracts of Phoenix dactylifera and
Citrus aurantifolia had the highest protective ability and this probably
due to its higher antioxidant activity, total phenol content, and DPPH
scavenging activity [32]. Our results are in accordance with reported in
[33], where all oils showed the effects on DPPH in the range of 17.
7-64.0%. The oils of Ichang lemon (64.0%, 172.2 mg TE/mL), Tahiti
lime (63.2%, 170.2 mg TE/mL), and Eureka lemon (61.8%, 166.2 mg
TE/mL) showed stronger radical scavengers than other citrus oils. Ci-
trus volatile components such as geraniol (87.7%, 235.9 mg TE/mL),
terpinolene (87.4%, 235.2mg TE/mL), and y-terpinene (84.7%,
227.9mg TE/mL) showed marked scavenging activities on DPPH
(p < 0.05). These numbers are in accordance with the results pre-
sented in Table 1, where terpinen-4-ol and citral showed relatively high
DPPH values. The results of antioxidant activity of citral was similar to
[34], where citral isolated from sweet orange possesses antioxidant
activity by DPPH radical scavenging activity and cytotoxic properties,
and is a potential source of active ingredients for food and pharma-
ceutical industry. Limonene, linalool and citral are common non-phe-
nolic terpenoid components of essential oils, with attributed con-
troversial antioxidant properties. Results indicate that antioxidant
behavior of limonene, linalool and citral occurs by co-oxidation with
the substrate, due to very fast self-termination and cross-termination of
the oxidative chain [35]. Individual substances such as citral and li-
monene had the minimum antioxidant activities, but the antioxidant
activities of their mixture were higher. The synergistic effects in the
antioxidant activity and stability of the main oil components were
found [36]. In another report [37] as well were discussed the simila-
rities and differences between the antioxidant activities of some es-
sential oils and their main components such as thymol, estragole,
menthol, eugenol, carvacrol, camphor and limonene. The comparison
of antioxidant values of the oils and their components shows that the

Table 1

Antioxidant and binding properties of limes and monoterpenes in water extract.
Indices Kaffir lime Key lime Terpinen-4-ol Citral
Polyphenols, mgGAE/g DW 23.65 * 2.5° 12.13 = 1.1 5.84 + 0.6°¢ 832 = 0.8"
CUPRAC, uMTE/g DW 123.45 = 10.4* 28.34 £ 2.3% 13.43 + 1.3° 19.54 = 1.8°
DPPH, pMTE/g DW 33.87 = 3.6° 17.21 + 1.6%° 8.54 + 0.8° 1223 + 1.7°
FI (peak a), A.U. 450.69 + 9.7" 488.90 + 7.7°° 520.80 + 11.6" 164.15 + 10.3°
FI (peak b), A.U. 700.71 = 12.4% 730.85 = 5.2 784.42 + 6.3° -
FI (peak c), A.U. 168.32 + 6.3 83.64 + 25" - -
Binding to HSA, peak a % 20.96 + 1.5° 19.04 = 4.6° 8.67 = 0.9° 28.79 + 2.8°
Binding to HSA, peak b % 16.74 + 1.2° 14.26 + 0.5° 7.66 + 0.7"° -

Values are means * SD of 5 measurements; Means within a row with the different superscripts are statistically different (p < 0.05; Student's ¢-test). Abbreviations:
GAE, gallic acid equivalent; CUPRAC, Cupric reducing antioxidant capacity; DPPH, 1, 1-Diphenyl-2-picrylhydrazyl method; TE, trolox equivalent; FI, fluorescence

intensity; A. U., arbitral units; per g dry weight (DW); HSA, human serum albumin; FI of HSA in water according to peak a is equal to 570.21

to 852.40 + 11.3.
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+

9.2; peak b is equal
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antioxidant properties of essential oil do not always depend on the
antioxidant activity of its main component, and that they can be
modulated by their other components. The obtained results in this study
support the conclusion that when comparing the antioxidant properties
of essential oils and their main components, the concepts of synergism,
antagonism and additivity are very relevant [34-37].

3.2. Fluorescence studies

The fluorescence properties of lime extracts and standards are
shown in Table 1 and Fig. 2. The highest binding properties were in
Kaffir lime (Table 1 and Fig. 2B, in two peaks). Lower binding prop-
erties in comparison with Kaffir were in Key lime (Table 1, Fig. 2C). The
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Fig. 2. 3D-fluorescence spectra of water
extracts of polyphenols in interaction with
HSA, A-C, HSA, Kaffir lime, Key lime; Aa,
Bb, Cc, Dd, Ee, corresponding contour
spectral images of HSA, Kaffir lime, Key
lime, Terpinen-4-ol, Citral. The values of
peaks a, b and c are given in Table 1. F,
lines from the top: 1-5, HSA in buffer (FI
980.87), HSA after interaction with
water (FI = 945.87); HSA after interac-
tion with catechin (FI = 821.00); HSA
after interaction with Key lime (811.00);
HSA after interaction with Kaffir lime (FI
= 787.55). Measurements in 2D- FL were
done in water extracts of citrus samples
with concentration 0.83 mg/mL; Catechin
was at concentration of 0.001 mM; Aem
290 nm, Aex 280 nm; HSA, human serum
albumin; FI, fluorescence intensity in A.U.
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binding properties of the polyphenols extracted from limes were rela-
tively high showing the correlation between the antioxidant and
quenching properties of polyphenols towards human serum albumin
(Table 1). Peak b mainly reveals the spectral behavior of Trp and Tyr
residues. Peak a mainly exhibits the fluorescence spectral behavior of
polypeptide back- bone structures, and its intensity relates to the sec-
ondary structure of the protein. Both fluorescence peaks of HSA had
been quenched by limes, but to different extents (Table 1). Peak c,
which was detected only after interaction of lime samples with HSA, did
not influence the quenching and remained in the same position and
with the same fluorescence intensities in two samples (Fig. 2B, C).
The results of 2D-fluorescence showed the changes in the fluores-
cence intensity (FI) according only to one peak, and the results of
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Fig. 3. (a) The docking images of the chemotypes. A. Binding ligands- citral/myrcene from the Chemotype I. B. Binding of the ligand - citral/limonene from
chemotype II. Roman numerals represent: I-citral; II-myrcene; III-limonene. (b) 2D images showing the active residues in the binding site involved in the interaction

of the ligands with the receptor protein (HSA).

binding (%) were the following: with catechin (13.21, Fig. 2F, line 3
from the top), Key lime (14.26, Fig. 2F, line 4 from the top) and Kaffir
lime (16.74, Fig. 2F, line 5 from the top).

The present results are in agreement with [38], where the effects of
three kinds of flavonoids, quercetin, rutin and baicalin, on the binding
of ticagrelor to HSA were investigated using fluorescence. According to
the data in [38] the binding properties of ticagrelor, a new antiplatelet
drug, is about 28.8%. The addition of Kaffir lime to HSA showed in-
creased binding of 37.7%, and with Key lime was slightly lower of
33.3%. As it was described above volatile and polyphenol substances
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have numerous pharmacological activities, including cardiovascular
effects, antioxidant, anti-inflammatory, antiallergic, antimicrobial, an-
tithrombotic, antiviral, antidiabetic, estrogenic and anticarcinogenic
activities. Our results of interaction of volatile substances with human
serum albumin are in line with other research reports. It was shown that
the volatiles possess antioxidant activity similar to polyphenols, then
their binding properties can be compared with polyphenols [39-41].
The present results showed that polyphenols extracted from limes
quenched HSA (Table 1) similar to the drugs shown in the cited above
reports.
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Table 2a

Flavour profile of the phyto-constituents and interaction of the ligands with HSA.

Journal of Luminescence 201 (2018) 115-122

S.No Phyto-contituents of Flavor profile Docking Fitness LOQ Binding Energy Interacting residues from HSA
lime (keal/mol)
1 Citral Lemon 240.900 1.64 -89.92 VALS576;LEU575;VAL547; ALA528;PHES07;LEU532;
PHES51
2 Nerol Floral, Fruit 236.001 1.67 -9.36 CYS90; CYS101
3 Geraniol Geranium, Lemon Peel, Passion Fruit, = 238.232 1.53 -66.26 LEU139; ALA158;
Peach, Rose LEU154; PHE157;
ILE142; TYR161
4 Myrcene Balsamic,Fruit, Geranium, Herb, Must ~ 246.248 1.24 -53.75 ALA158; ILE142;
LEU135;TYR138; PHE134;PHE165
5 Limonene Citrus, orange 213.456 1.22 -56.22 VAL576;PHES51;
LEUS532; LEU575;
PHES509;PHES07;
HIS535;LEU583; PHE502
6 Citronellal Citrus, Leaf 135.074 0.25 -64.92 LEU139; ALA158;
LEU154; PHE157;
TYR161
7 Linalool Coriander, Floral, Lavender, Lemon, 138.067 1.69 -61.94 TYR138;LEU135; LEU139:PHE157;
Rose ILE142;LEU154; TYR161;PHE134
Table 2b
ADMET properties of the compounds from lime.
S.no Phyto-contituents of lime TPSA LogPg GI absorption MolLogP > 4.15 Drug likeness (Lipinski)
1 Citral 17.07 2.35 High 3.49 —1.08
2 Nerol 20.23 2.78 High 3.33 -111
3 Geraniol 20.23 2.78 High 3.33 -111
4 Myrcene 0.00 3.43 Low 3.91 - 1.30
5 Limonene 0.00 3.37 Low 3.83 - 1.51
6 Citronellal 17.07 2.94 High 3.37 —0.98
7 Linalool 20.23 2.66 High 3.25 - 0.99

3.3. Molecular docking

Based on the flavoring profile, high concentration and LOQ the
phyto-constituents from lime were selected and the ligands were sub-
jected to docking with HSA. Citral, myrcene, linalool, nerol and trans-
Geraniol showed good dock score compared to the other monoterpenes
(Fig. 3a, b). The LOQ is also high for these compounds compared to the
other volatiles. Citral at low pH and under oxidative stress can iso-
merize from geraniol to nerol that leads to the degradation of the citrus
aroma [42]. The docking results have also shown that binding energy of
the trans-geraniol and nerol is less compared to citral. The binding
energy of citral was 1.44 times higher than for terpinen-4-ol [39]. This
is in direct correlation with the binding properties determined by
fluorescence (Table 1), because the binding of citral was 1.76 times
higher than for terpinen-4-ol. This result substantiate that isomerisation
of the citral from trans-geraniol to nerol can reduce the binding effi-
ciency. Citral and limonene are major compounds available at high
concentration in Key lime which gives the unique lemon odor and also
makes the difference from the Kaffir lime. There are three different
chemotypes reported with essential oil of lime such as Chemotype-I;
citral/myrcene, Chemotype-II; citral/limonene and Chemotype-III; li-
monene/linalool/citronellal. Chemotypes 1 and II have been vastly
studied as antitumor [43], antibacterial, antifungal [44] and anti-
depressant [45]. Citral, limonene and myrcene are the main chemical
constituents of the three chemotypes. From the Ligandfit module, 24
binding sites were predicted in HSA. Citral and myrcene from chemo-
type-I have similar dock score and binding energy. Interestingly, citral
showed interaction with amino acid residues in binding site 20 of HSA
and myrcene interacts with binding site 2 of HSA. Citral/limonene
under the chemotype II demonstrates interaction with the same amino
acids in the binding site 2 of HSA. However, in chemotype III citronellal
and linalool showed interaction with binding site 2 and limonene have
interaction with residues from binding site 20 (Table 2a). Therefore
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from the docking results substantiate that site 2 and 20 as the active
sites of HSA which is exclusively exposed with the hydrophobic re-
sidues responsible for interaction with the phyto-constituents.

3.3.1. In silico ADMET studies

In ADMET descriptors, total polar surface area (TPSA) is one of the
most widely-used descriptors for predicting membrane permeability.
The ligands myrcene and limonene the membrane permeability was
poor compared to the other flavoring compounds of lime. Citral was
detected with TPSA of 17.07. The GI absorption is used to reveal the
absorption of the drug across the intestine. Intestine has a surface rich
in microvilli and covers about 1000-fold of the stomach thus GI ab-
sorption of the drugs is efficient pharmacokinetic properties. Therefore
among the top scoring compounds (citral, limonene and myrcene) it
was observed that citral is the best scored ADMET descriptors
(Table 2(b)).

4, Conclusions

Citral, myrcene and limonene are well known as plant-derived
natural products finding their use in therapeutic applications in recent
decades. The present investigation provides an insight into the binding
properties of HSA with these pharmacologically important molecules.
Chemotype II showed similar binding characteristics, with the latter
have a stronger affinity to HSA. Both the compounds bind to site-2 with
hydrophobic residues enclosed in the binding pocket of HSA. The data
from present study can be useful in the establishment of their phar-
macokinetic profiles in the process of future health food development.
The binding properties of polyphenols from citrus fruits to HSA were
relatively high in comparison with other plants, and it was a correlation
between the binding properties and their bioactivities. This study gives
evaluation of the bioactive interaction with human physiological
system since HSA is the most important serum protein.
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4.2. Quality control of fruit juice samples

4.2.1. Development of an analytical method for authenticity assessment of fruit
juice samples

Hypothese

e Electronic nose as an effective instrument for quality control of fruit juices
e Volatile fingerprints combined with chemometric methods as solution for juices
adulteration detection

Questions

o  Which chemometric methods (unsupervised or supervised) will be more reliable?

The authenticity of fruit juice is the preservation of its basic chemical, physical,
organoleptic and nutritional properties of the fruit from which it comes [69]. Food
authenticity verification is important for both food quality and safety and has become
even more important due to globalization [69], [70]. In the process of food quality
control, large groups of samples from several dozen to even several hundred are
analyzed [69]. Therefore, methods much less time-consuming than -classical
analytical methods are sought.

The lack of cheap, easy, low-cost and non-destructive procedures to control
the quality of fruit juices is one of the main challenges of the juice industry [71].
The solution may be the use of an electronic nose, which can be used to control
the quality of food from farm to table by analyzing the fingerprints of food properties.
The combination of analyses using the electronic nose with advanced chemometric
methods can bring positive results. The use of e-noses is economical,
high-performance and low labour compared to long and complicated conventional
methods [70].

The aim of the work [72] was to combine rapid chromatographic analysis to obtain
a chromatographic fingerprint with statistical analysis methods to distinguish
between food products. The use of the same method for the analysis of various food
products, adulterated and non-adulterated, or unprocessed and processed, enables
an objective assessment of the effectiveness of the developed method, as well as
determining the possibility of its practical application. The technique of ultrafast gas
chromatography was used to obtain the chromatographic fingerprint. Itis very
important that the method of extraction of the volatile compounds does not change
their profile. The solution is to obtain a profile of volatile compounds using
the headspace technique, in which volatile substances migrate from the liquid
or solid phase to the gaseous phase, reaching an equilibrium between the phases.
During the study, an optimized HS method was used to extract volatile compounds
without modifying the food matrix. The effectiveness of the applied method was
assessed using chemometric methods. Similarities and differences between
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the analyzed samples were assessed based on the distance between the samples
in the experimental space.

In the mentioned article [72], samples of NFC (Not From Concentrate) juices,
i.e. orange juice, apple juice and mixtures of orange-apple juice, were tested.
The obtained results were published in the journal Monatshefte fiir Chemie - Chemical
Monthly [72].

A simplified diagram of the developed procedure is shown in Figure 5.

Chromatographic Chemometric
fingerprint analysis

- N =

.........

Relative abundance

Retention time

Figure 5 A simplified diagram of the methodology for assessing the authenticity
of fruit juices.

The wuse of electronic nose along with advanced chemometric methods is
an effective tool for detecting adulteration of fruit juices. Such a tool can also
be useful in assessing other parameters of fruit juices or quality control of other food
products. The electronic nose based on ultra-fast gas chromatography technology
allow to skip the sample preparation step, and the analysis time is reduced to two
minutes. This technique is characterized by a high simplicity, speed, and reliability.

In conclusion, the wuse of the electronic nose in combination
with the unsupervised - Hierarchical Cluster Analysis (HCA) method was not able
to distinguish pure orange juice samples from orange juice samples adulterated
with 1% addition of apple juice. The use of the Random Forest (RF) classification
algorithm ensured 100% success in classifying the samples, so all adulterated
samples were detected. It can be concluded that supervised chemometric methods
were more reliable for detecting adulteration of juice samples.

68



GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

Monatshefte fiir Chemie - Chemical Monthly (2018) 149:1615-1621
https://doi.org/10.1007/s00706-018-2233-8

ORIGINAL PAPER

@ CrossMark

Novel analytical method for detection of orange juice adulteration
based on ultra-fast gas chromatography

Anna Rozanska' - Tomasz Dymerski' - Jacek Namiesnik'

Received: 28 February 2018/ Accepted: 19 May 2018 /Published online: 9 August 2018

© The Author(s) 2018

Abstract

The food authenticity assessment is an increasingly important issue in food quality and safety. The application of an
electronic nose based on ultra-fast gas chromatography technique enables rapid analysis of the volatile compounds from
food samples. Due to the fact that this technique provides chemical profiling of natural products, it can be a powerful tool
for authentication in combination with chemometrics. In this article, a methodology for classification of Not From
Concentrate (NFC) juices was presented. During research samples of 100% orange juice, 100% apple juice, as well as
mixtures of these juices with known percentage of base juices were tested. Classification of juice samples was carried out
using unsupervised and supervised statistical methods. As chemometric methods, Hierarchical Cluster Analysis, Classi-
fication Tree, Naive Bayes, Neural Network, and Random Forest classifiers were used. The ultra-fast GC technique coupled
with supervised statistical methods allowed to distinguish juice samples containing only 1.0% of impurities. The developed
methodology is a promising analytical tool to ensure the authenticity and good quality of juices.
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Introduction

A juice manufacturing is one of the major branches which
can be distinguished in the food industry. Due to the fact
that the production of the fruit is seasonal, the fruit juice
manufacturing allows us to consume them during the
whole year. The most commonly consumed one is orange
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Gdansk University of Technology, Narutowicza 11/12,
80-233 Gdansk, Poland

juice [1]. Its production accounts for nearly 85% of total
citrus juice consumption [2].

Food quality assessment is increasingly important in the
food industry. There are many types of fruit juice adul-
terations. The main one is dilution with water, which
reduces the content of soluble solids, such as sugars or
organic acids [3] or fragrance extracts and colourants [4].
Moreover, very popular type of fruit juice sophistication is
the addition of cheaper fruit juices [3]. Orange juices are
most often adulterated with the addition of mandarin [5, 6],
tangerine [7], lemon [8], or grapefruit [9] juices.

In recent years, the interest in the healthy and balanced
diet is growing. The consumption of orange juice allows
not only to supply nutrients, but it can also have a positive
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effect on the human organism. Wabner et al. proved that
orange juice improved blood lipid profiles in subjects with
moderate hypercholesterolemia [10]. Furthermore, orange
juice intake with the high-fat, high-carbohydrate meal
prevented meal-induced oxidative and inflammatory stress,
and moreover, it prevents the expression of plasma endo-
toxin and Toll-like receptors [11]. The consumption of this
type of fruit juice is beneficial in the control of calcareous
and uric acid nephrolithiasis [12].

One of the healthiest juices is raw, and naturally, cloudy
Not From Concentrate (NFC) juice, due to their composi-
tion, is most similar to the composition of fruits from
which they are obtained. According to the European Fruit
Juice Association, over the past 5 years, the demand for
NFC juices has increased. Across Europe, the increase was
of about 14.0%. Moreover, in Poland, consumption of NFC
juices increased nearly tenfold [13]. Such an intense
increase in the demand for juices can cause a decrease in
the product quality. According to experts, orange juice in
Poland can be diluted by the addition of apple juice, which
is cheaper and more easily accessible.

There are many reference methods to assess the quality
of juices. Among them, chemical, physical, and microbi-
ological methods can be mentioned. Orange juice is a
widespread subject of research regarding the analysis of the
aroma profile and monitoring of processes occurring in
fruit juices [14, 15]. Samples of these juices are also
classified into NFC, From Concentrate (FC), and pasteur-
ized juices using chromatographic techniques [16-18] and
e-nose devices [19, 20]. For detecting adulterations of
orange juices, the most effective are methods in which
spectrometry and chromatographic techniques are involved
[21, 22]. However, these procedures are time-consuming,
labour-intensive, or expensive. For this reason, new solu-
tions that allow for a rapid assessment of the quality of fruit
juices are sought. Devices enable rapid analysis are called
electronic noses [23, 24]. The electronic nose is a device
which makes possible to detect and distinguish complex
mixtures of fragrances. The advantage of this equipment
guarantees low time consumption and low costs of single
analysis, the omission of sample preparation step and the
possibility of in situ measurement. The applications of
e-nose to analyze aroma of food products are shown in a
number of reports [25-30]. An electronic nose is a useful
tool for classification fruit juice samples [31-33].

There is a lack of literature reports about the research of
adulteration of orange juice by apple juice addition. This
also includes electronic nose investigations. Therefore, the
aim of this study was to develop a methodology for rapid
evaluation of the authenticity of orange juices. For this
purpose, the aroma profiles of orange juice, apple juice,
and mixtures of both juices were compared by the use of
e-nose based on ultra-fast gas chromatography. Moreover,
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e-nose analyses were combined with chemometric meth-
ods. Provided investigations can be supplementary to other
control methods used for fruit-juice quality assessment.

Results and discussion

During the process of food quality control, from several dozens
to several hundred samples need to be analyzed. For this reason,
much less time-consuming methods are sought. In this work,
the ultra-fast gas chromatography technique was used. Duration
of the measurement was less than 2 min. Regarding that fact,
chromatographic separation may be insufficient. This is par-
ticularly problematic when samples with a very complex matrix
composition are subjected to testing. In the research, a holistic
approach was used. This approach uses the fingerprint method,
i.e., the entire chromatograms of the samples are compared
using statistical data analysis.

Figure 1 shows the fingerprints obtained for samples of
100.0% orange juice (0.0) and a mixture of 50.0% orange

10°%4 MXT-5

Response

0.0
— 50.0

Time/s

MXT-1701

Response

1[)1 T T T T
40 60

Time/s

Fig. 1 Chromatographic fingerprints for 100% orange juice (0.0) and
a mixture of 50.0% orange juice and 50.0% apple juice (50.0)
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juice and 50.0% apple juice (50.0) for both chromato-
graphic columns (MXT-5 and MXT-1701). The finger-
prints show the differences in the composition of the
headspace of unadulterated orange juice and orange juice
with the addition of apple juice. As it can be seen in Fig. 1,
the signals corresponding to the chemical compounds
detected in the samples of the juice mixture (50.0) are
much more intense compared to the samples of orange
juice (0.0). Furthermore, as a result of the addition of
cheaper juice, it can be observed more signals in the fin-
gerprint. Peaks detected in adulterated juice may be char-
acteristic of apple juice. Identification of these chemical
compounds is very important due to the fact that these
compounds may be potential markers of adulteration of
orange juice with apple juice. Moreover, the determination
of these markers in volatile fraction allows designating the
quality of orange juice.

After chromatographic measurements, chemometric
analyses were performed. The chromatographic peak areas
corresponding to detected chemical compounds were used
as an input data. All tested samples were compared based
on the similarities and differences in the composition of the
volatile fraction. During data processing with a large
number of variables, there is a high probability of “voodoo
correlation” [34]. As a general rule, to avoid this type of
accidental correlation, the number of measurements should
be fivefold greater than the number of variables. In the
presented studies, over 120 chemical compounds (vari-
ables) were detected during each analysis. However, car-
rying out over 600 analyses is not easy to realize.
Therefore, instead of increasing the number of measure-
ments, it was decided to reduce the number of variables to
10.

Table 1 shows selected ten chemical compounds on the
basis of the analysis of variance ANOVA. These com-

pounds showed the greatest relative changes in

concentration during testing and, therefore, had the greatest
impact on the result of statistical analysis. It should be
noted that these compounds are not necessarily those that
have the highest concentrations in the volatile fraction of
the sample, but these are the compounds for which the
respective chromatographic peak areas show the greatest
deviations depending on the percentage of apple juice.
These compounds can be considered as potential indicators
of the quality of orange juice. The Kovats retention indexes
for both chromatographic columns (KI—MXT-5, KII—
MXT-1701) were given for each potential quality markers
of orange juice. In Table 1, aroma descriptors, which can
be caused by the presence of selected chemical substances,
are also listed. The six pre-selected chemical compounds
listed in Table 1 (2-methylbutanol, ethyl butyrate, butyl
acetate, 2-hexenal, 3-hexenol, and propan-2-one) are
volatile organic compounds (VOCs) that have been iden-
tified in the volatile fraction of apples by Vrhovsek et al.
and Mattheis et al. [35, 36]. The main chemical compounds
affecting the aromas of these fruits are esters, mainly ethyl
butyrate and butyl acetate, as well as alcohols, among
others 2-methylbutanol and six-carbon compounds, such as
2-hexenol, which have been identified in various apple
varieties: Redchief, Granny, or Golden [37, 38]. However,
different varieties of apples are characterized by different
compositions of their volatile fractions. For example, pro-
pan-2-one is the substance, which was detected only in the
headspace of the Bisbee Delicious apple samples [35].
During the research, Hierarchical Cluster Analysis
(HCA) was used as a chemometric model. HCA is a
method that allows sorting data and binding them into
natural groups based on their similarity [39]. At the
beginning of the agglomeration procedure, each analyzed
object is located in a separate cluster. Next, the number of
clusters decreases in every step until the moment when all
input data will belong to one cluster [40]. To group objects

Table 1 Selected compounds identified as potential orange juice quality markers

No. Chemical compound Kovats index Aroma descriptors Molar mass
MXT-5 MXT-1701
1 Propenal 450 566 Apple, fruity, sweet 56
2 2-Hexenal 854 956 Apple, cherry, fruity, green, strawberry 98
3 Butyl acetate 810 879 Banana, fruity, green, pear, pineapple, sweet 116
4 3-Hexenol 852 960 Fresh, green, leafy 100
5 Ethyl butyrate 799 864 Banana, fruity, pineapple, strawberry, sweet 116
6 2-Butanol 594 699 Alcoholic, winey 74
7 2-Methylbutanol 740 852 Fruity 88
8 m-Xylene 870 922 Plastic 106
9 Propan-2-one 478 586 Fruity 58
10 Methyl acetate 489 596 Blackcurrant, fruity 74
@ Springer
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into clusters, it is necessary to define the numerical value of
the similarity between objects. Usually, the Euclidean
distance is used for this purpose [41]. However, in the
presented research, the Ward method was used. This
method is characterized by the fact that analysis of vari-
ance ANOVA is used to assess the distance between
clusters [40, 42]. The application of this method allows
obtaining the best results if the clusters are of equal size
[41].

The purpose of the statistical analysis was a verification
whether, using the proposed analytical procedure, it is
possible to classify samples of unadulterated orange juice
and samples of adulterated juice. Figure 2 shows the results
of HCA. The composition of the aroma for 100.0% apple
Jjuice samples (marked as 100.0) forming a single cluster—
C6. Subsequently, separated clusters (C5, C4, and C3) were
obtained for samples of mixtures of orange and apple juice
containing, respectively, 50.0, 30.0, and 10.0% of apple
juice (marks as 50.0, 30.0, and 10.0). This means that the
composition of the volatiles for these samples is statisti-
cally different and distinguishing them is not a problem.
However, for data for samples containing from 1.0 to 5.0%
of apple juice and samples of 100% orange juice (0.0), the
distinction is difficult. The data create two clusters: one for
the samples marked as 1.0 and 0.0 (C1) and the other for
the samples marked as 3.0 and 5.0 (C2). This means that if
the juice samples contain only 1% apple juice, this has a
slight effect on the composition of the orange juice volatile
fraction and these samples are classified as unadulterated
samples. Whereas, samples marked as 3.0 and 5.0 are
classified as samples of adulterated juice, but their aromas
are so similar that it is difficult to distinguish them from
each other.

Figure 3 shows the average of chromatographic peak
areas for individual six clusters corresponding to the
chemical compounds, as listed in Table 1. In the case of the
first four clusters, six of ten selected substances were

[ cs (100.0) 7380
[]css0.0)
[ c4 (30.0)
[Je3qo0)
[Clcz2(50,30
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8
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-
2
o
+8.0
e R =,

Fig. 2 Classification of orange juices according to the percentage of
apple juice content using HCA method
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detected, namely: 2-hexenal, butyl acetate, 3-hexenol, ethyl
butyrate, propan-2-one, and methyl acetate. The four
remaining chemicals were below the limit of detection. In
the samples assigned to the first cluster (C1), the chro-
matographic peak areas did not exceed the value of 200.
For objects from the second, third, and fourth clusters (C2,
C3, and C4), the peak areas reached maximum values of
approximately 800, 1800, and 5000, respectively. There-
fore, it can be observed that along with the increase in the
apple juice content, the chromatographic peak areas also
increased. On this basis, it can be concluded that these
substances are characteristic of the volatile fraction of
apples. In the samples classified to C5, an additional
compound was detected which was 2-butanol, and the peak
areas achieved value almost 9000. In the volatile fraction
of the juices from the sixth cluster (C6), as many as nine of
ten selected substances were detected. In these samples, the
presence of 2-methylbutanol and m-xylene can be
observed. 2-Methylbutanol is the alcohol identified in
many apple varieties [36]. In contrast, m-xylene was
detected in the headspace of apple bearing twig with leaves
by Vallat et al. [38]. The presence of this compound may
be caused by air pollution deposited on the surface of the
fruit or residues of pesticides [43]. However, on the basis
of the obtained results, it can be concluded that their
concentration in the headspace of apple juice samples is
small, as they were detected only in samples of 100% apple
juice. In summary, the use of electronic nose in combina-
tion with the HCA method allowed the grouping of objects
up to six clusters. However, it was impossible to distin-
guish samples of 100% orange juice (marked as 0.0) from
samples adulterated with a 1% addition of apple juice (1.0).

To determine the quality of juice samples with greater
precision, supervised statistical methods are used. Data
obtained using the Heracles II apparatus were analyzed
using several supervised algorithms to determine the use of
which the more reliable results will be obtained. The
effectiveness of these algorithms was evaluated using
tenfold cross validation, and the results are given in
Table 2.

The most reliable results were obtained for the Random
Forest (RF) classification algorithm. It can be observed that
the results of the evaluation of this algorithm regarding
accuracy, precision, and sensitivity are 1.0. These results
provide 100% effectiveness in predicting the Random
Forest algorithm.

Random Forest is a kind of forecasting tools. This
algorithm is a combination of decision trees [44]. Using
this method, a very precise classification of the tested
samples can be obtained. In addition, they are characterized
by high accuracy, resistance to noise, simplicity, and speed
of action [45]. These properties make Random Forest a
useful tool for classifying objects even with a huge number
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Fig. 3 Histograms depicting the mean values with a standard deviation of chromatographic peak areas for selected chemical compounds
(numbers correspond to Table 1) belonging to the six clusters, as illustrated in Fig. 2

Table 2 Cross validation of supervised algorithms used for classifi-
cation of data from the analysis of fruit juice samples

Method AUC CA Precision Recall
RF 1.000 1.000 1.000 1.000
NB 0.943 0.675 1.000 0.200
NN 0.857 0.762 0.667 0.200
CT 0.950 0.938 1.000 0.900

RF random forrest classification, NB naive bayes, NN neutral net-
work, CT classification tree, AUC area under curve, CA accuracy,
precision, recall (sensitivity)

of features. Based on the information obtained, it was
decided to use this algorithm for further research.

The Random Forest method was trained using 67%
randomly selected data to avoid error. The remaining data

were used to test the chosen method. To present the pre-
diction results for the selected supervised algorithm,
Table 3 contains information about the sample confusion
matrix for the Random Forest classifier. This matrix
compares the percentage values of the proportions of real
samples that were well classified. While sampling data for
classification, 100% correct classification based on the
degree of adulteration of orange juice has been repeatedly
obtained.

Conclusion
The use of e-nose based on ultra-fast gas chromatography

equipped with unsupervised and supervised chemometric
methods is an effective tool for authentication fruit juice

Table 3 Confusion matrices of

fruit juice samples classification Actual Predicted

using RF; scores are given as a 0.0 1.0 3.0 50 10.0 30.0 50.0 1000 X

proportion of predicted
0.0 100% 0% 0% 0% 0% 0% 0% 0% 5
1.0 0% 100% 0% 0% 0% 0% 0% 0% 4
3.0 0% 0% 100 % 0% 0% 0% 0% 0% 2
5.0 0% 0% 0% 100% 0% 0% 0% 0% 3
10.0 0% 0% 0% 0% 100% 0% 0% 0% 5
30.0 0% 0% 0% 0% 0% 100 % 0% 0% 1
50.0 0% 0% 0% 0% 0% 0% 100% 0% 2
100.0 0% 0% 0% 0% 0% 0% 0% 100% 4
z 5 4 2 3 5 1 2 4 26
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samples. This technique allows to omit sample preparation
step and provides a low time-consuming single analysis.
Based on the obtained results, it can be concluded that
using HCA methods allowed to classify orange juice
samples for unadulterated and adulterated with apple juice.
Unfortunately, samples of orange juice containing 1.0% of
apple juice were assigned to the group of unadulterated
samples. More reliable results were achieved through the
use of supervised statistical methods. The combination of
e-nose measurements with Random Forest classifier made
it possible to distinguish between particular orange juice
samples based on the added volume of apple juice. The
obtained results are the basis for further investigations. In
the near future, the focus should be placed on the devel-
oped methodology, in which samples of fruit nectars and
juices from concentrate will be considered. They are one of
the most falsified ones.

Experimental
Sample preparation

Fruit juices were obtained at local distribution centres in
Gdansk. Samples were NFC juices, i.e., orange juice, apple
juice, and mixtures of orange and apple juice (1/3/5/10/30/
50% v/v addition of apple juice). The juice mixtures were
prepared immediately after their purchase. A sample of
5.0 £ 0.1 g of each fruit juice was poured into 20 cm®
glass vials that were then sealed with a cap with a silicone—
PTFE membrane. Samples were stored for 24 h at 4 °C.
For each type of samples, the analyses were performed in
ten replicates.

Instrumentation

The measurements were performed using an ultra-fast gas
chromatograph Heracles II (Alpha MOS, Toulouse, France)
equipped with a split/splitless injector and two flame ion-
ization detectors (UFIDs). The two parallel linked capillary
chromatographic columns used for separation were non-
polar MXT-5 (diphenyl dimethylpolysiloxane, 10 m x
0.18 mm x 0.40 pm) and medium-polar MXT-1701
(cyanopropylphenyl polysiloxane, 10 m x 0.18 mm x
0.40 um). Before the headspace analysis, samples have
been incubated in 40 °C by 120 s and with agitation speed
500 rpm. The samples were injected by the HS 100
autosampler (Gerstel, Miilheim, Germany) with a 5.0 em’
syringe and the injection volume was 2.5 cm®. The tem-
perature of the injector and the detector were, respectively,
at 200 and 270 °C. Hydrogen was used as carrier gas and its
flow was kept constant at 250 mm?/s. The column tem-
perature programming started at 40 °C, held for 5 s, and

@ Springer

raised at a rate of 4 °C/s to 270 °C, maintained for the 30 s.
The AlphaSoft 12.4 software was used to process the data.
The aroma descriptors were obtained through the use of
data collected from the AroChemBase.

Data processing

Data from the e-nose measurements were exported and
further processed using statistical methods. The chemo-
metric analysis was performed using the Orange Canvas
Data Mining v. 3.3.9 software (Bioinformatics Lab,
University of Ljubljana, Slovenia). To normalise the fea-
tures, they were centred by mean and scaled by the stan-
dard deviation. Ten chemical compounds were then
selected based on one-way analysis of variance (ANOV A).
The chromatographic peak areas corresponding to the
selected chemical compounds were used as input data for
hierarchical cluster analysis (HCA). Ward’s linkage
method was applied. Clusters were created after cutting the
dendrogram at a value corresponding to 3.0% of the
maximum distance. In this way, six clusters were formed.
The supervised statistical methods Random Forest (RF),
Naive Bayes (NB), Neural Network (NN), and Classifica-
tion Tree (CT) were also used. RF method was chosen as a
classifier based on the results of stratified tenfold cross
validation. All the classifiers were taken with their optimal
settings.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creative
commons.org/licenses/by/4.0/), which permits unrestricted use, dis-
tribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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4.2.2, Development of an analytical methodology for determination of biogenic
amines in fruit juice samples

Hypothese

e Salting-out assisted liquid-liquid extraction (SALLME) with in-situ derivatization
as an effective procedure of microextraction of biogenic amines from food
samples

e Box-Behnken Design (BBD) as a useful tool to optimize the BAs microextraction
from food samples

o SALLME-GC-MS as an effective methodology for the biogenic amines
determination in fruit juice samples

Questions

e Determination of biogenic amines (BAs) in juice samples - will SALLME-GC-MS
be a useful tool in routine analysis and quality control?
e Can the developed methodology be applied to other food products?

Biogenic amines (BAs) can be present in fresh fruit and vegetables
and in unfermented beverages such as juices, as polyamines are ubiquitous
compounds in plants, and their content increases during fruit ripening [73]. A low
concentration of BAs in consumed fruit juices is not dangerous for human health.
However, the high content of BAs in consumed products can cause toxic effects
such as vomiting, nausea, headache, diarrhoea, palpitations or respiratory failure
[74]. The high content of BAs in fruit drinks may be caused by the undesirable activity
of microorganisms [75]. For this reason, determination of BAs content can be a tool
to determine food quality and safety [76]. However, the number of scientific reports
on determining BAs in fruit juices is still limited. For this reason, it is important
to search for new methodologies for determining these analytes, especially those
that will be characterized by high throughput, easy sample preparation step
and the green nature of the method.

Prior to the development of the methodology for the determination of BAs in fruit
juices, a review of the literature was carried out. In this way, information was
collected on the analytical methodologies used for the determination of BAs in fruit
juices, and more specifically on the preparation of samples, the method
of derivatization and extraction of analytes, and the techniques used for their
detection, as well as the validation parameters of the developed solutions.
The information collected are summarized in Table 3.

The detection and determination of BAs in fruit juice samples can be problematic
due to the complex composition of the sample matrix, the presence of other
interfering substances, the low concentration of analytes, and the polar nature
of BAs. It has been observed that in over 80% of cases, the determination of BAs
in fruit juices uses the liquid chromatography technique, which is characterized
by a time-consuming extraction process, a long separation time, and a large
amount of generated liquid waste (Table 3). It is very important to choose the optimal
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procedure for the derivatization and extraction of analytes that will meet
the principles of green analytical chemistry. During the research, it was decided
to use alkyl chloroformates, because the process with their use is cheap and less
time-consuming compared to other derivatizing reagents. Alkyl chloroformates are
also reactive in the aqueous environment, which facilitates their use in the analysis
of beverage samples.
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Table 3 Information on analytical methodologies developed for biogenic amines determination in fruit juice samples.

Juice tvpe Number Sample Extraction Extracting Derivatizing Determination LODs LOQs Recovery Ref
yP of BAs preparation type agent agent technique [ug/L] [ng/L] [%] :
protein 92.35 -
apple 8 precipitation, LLE PCA DNS-Cl HPLC-UV 50-100 150- 310 10'7 01 [77]
centrifugation )
apple, black currant, . .
. centrifugation, 56 -
c;lie;g,p}g;spg{;unllt, 5 filtration - - - IC-CMD 1630 190 - 3270 98 - 100 [59]
apple, black currant, ) ) )
lychee, mango, 5 dilution LLE HCl DNS-CI HPLC-UV T DT Spn 58]
orange, pineapple ) ) )
apple, grape, lychee, pregirgittigon 0.06 - 0.21 - 95.2 -
marzicgaoralrelge, 7 centrifugation, SALLE NaHCOs ANIT HPLC-UV 571 16.95 105.2 [78]
pineapp filtration
apple, orange, peach, centrifugation, ) ) 1.00 - 3.33 - 41.0 -
pear, pineapple K filtration LLE AOT DNS-Cl HPLC-FLD 28.86 76.23 106.4 [79]
apricot, peach, pear 11 Cenéfg‘;tgiitrllon’ LLE HCIO4 DNS-Cl HPLC-FLD  2-112  6-373 ?gf ’ (80]
protein
grape 8 precipitation, LLE Toluene DNS-C1 HPLC-UV n.d. n.d. n.d. [81]
centrifugation
grape 7 ditution, - - OPA-NAC HPLC-FLD n.d. 250 I 82
grape 22 centrifugation DLLME Toluene IBCF GC-MS 1 10 92-112 [S7]
grape 8 centrifugation LLE DCM HFBA GC-MS 10 n.d. 74 - 120 [83]
3.82 - 12.70 -
orange - uSPE ACN DNS-Cl HPLC-UV 31.30 104.00 71.5-95.0 [84]
orange 7 centtilugation, qpp HCl DNS-Cl HPLC-UV O 007-0.19 63.2-99.4 [85]
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The optimum pH for acylation reaction and carbamates formation is pH>10.
Fruit juices are acidic, so sodium hydroxide solution was added during
the sample preparation process to increase the pH to basic. After adjusting
the pH, a derivatizing reagent, and triethylamine (TEA) were added
to the sample. TEA was added in case to remove the by-product, i.e. hydrogen
chloride, from the reaction mixture. The scheme of the acylation reaction
is shown in Figure 6.

0 O N
Rom = Ao x:l“v/ —hH"HJ\D/\ + “‘VngV/
R

Fig. 6 Scheme of amine acylation reaction using ethyl chloroformate.

The aim of the research was to develop a simple, fast (salting-out assisted
liquid-liquid microextraction) SALLME procedure for the extraction of BAs
that would comply with the principles of green analytical chemistry. Another
goal was to create an analytical method using GC-MS to identify and quantify
the extracted analytes. Optimization of the extraction procedure was performed
using the Design of Experiment (DoE) using the Box-Behnken Design plan.
The influence of three independent variables was examined, namely the volume
of the sample, the volume of the NaOH solution and the volume
of the derivatizing agent, i.e. ethyl chloroformate (ECF). Validation parameters
of the GC-MS method were also defined namely LOD, LOQ, recovery,
repeatability, and matrix effect. The greenness of the proposed methodology was
also assessed using two analytical tools developed by employees of the Gdansk
University of Technology: GAPI [86] and AGREE [87]. The methodology prepared
in this way was used to test various fruit juices purchased from local grocery
stores. To our knowledge, this was the first study to focus on the use of SALLME
with in-situ derivatization followed by the determination of biogenic amines in
juice samples using GC-MS. The obtained results were published in Food
Chemistry [88].

A simplified diagram of the developed methodology is shown in Figure 7.
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Fig. 7 Scheme of the SALLME-GC-MS procedure for the determination of biogenic amines
in fruit juice samples.

In presented article [88], a new analytical method for the determination
of biogenic amines in fruit juices was developed. Using the Box-Behnken Design
allows us to determine the optimal conditions for microextraction of biogenic
amines in the liquid-liquid system assisted by salting-out (SALLME). It has been
shown that the developed method offers the potential for the determination of
a large number of biogenic amines, combining selectivity, high resolution
and fast analysis time with good validation parameters. SALLME has also been
proven to be a simple technique in which small amounts of reagents
and solvents are used in the extraction, which reduces the negative
environmental impact of this analytical step. The obtained results confirmed
the usefulness of the SALLME-GC-MS method for the determination of biogenic
amines in trace amounts in fruit juice samples. The total content of BAs in all
juice samples was relatively low (<1 mg/L), which indicated their good quality.
Therefore, it has been proven that the proposed methodology can be a useful
tool for juice quality control. The proposed solution was then used to analyze
biogenic amines in wine samples [89], which confirms the possibility of using
the developed methodology to assess the quality of other food products.
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Salting-out assisted liquid-liquid microextraction (SALLME) was integrated with the derivatization procedure to
establish a one-step sample pre-treatment approach for rapid analysis of 14 biogenic amines (BAs) in fruit juices.
The methodology consists of salting-out of analytes, derivatization with ethyl chloroformate (ECF), extraction
with ethyl acetate (EtAc), and the analysis of the derivatized BAs using gas chromatography-mass spectrometry
(GC-MS). Optimization of the SALLME parameters, including the amount of sample, NaOH, and ECF was carried
out through a Box-Behnken response surface design. The developed method exhibits satisfactory limits of de-

tection (from 1.5 to 8.1 pg/L) and quantification (from 5.0 to 26.7 pg/L), and average recoveries between 84%
and 108%. The developed procedure was used for BAs determination in juices of different berries with the
highest determined concentrations found for cadaverine, putrescine, tryptamine, and tyramine. Both GAPI and
AGREE tools were used to assess the green character of the SALLME-GC-MS procedure.

1. Introduction

Biogenic amines (BAs) are nitrogenous organic bases formed in food
as a result of the activity of microorganisms capable of decarboxylating
amino acids (Wojcik, Lukasiewicz, & Puppel, 2021). BAs are commonly
found in food products, especially those subjected to fermentation pro-
cesses (beer, wine), long maturation (cheese), rich in protein (meat,
fish), but also fresh fruits and vegetables (Wojcik et al., 2021). Con-
sumption of BAs inlow concentrations is not dangerous to the con-
sumers’ health. However, consumed in excess, they can cause several
toxic effects such as nausea, vomiting, diarrhoea, headache, respiratory
failure, and palpitations (Doeun, Davaatseren, & Chung, 2017). In the
case of non-fermented beverages, such as e.g. juices, a high BAs content
may indicate undesirable activity of microorganisms (Vinci & Madda-
loni, 2020). Therefore, BAs concentration can be a useful indicator of
food quality and safety (Ruiz-Capillas & Herrero, 2019).

Biogenic amines determinations are commonly performed using ion
chromatography (Jastrzebska, Piasta, & Sziyk, 2015), liquid chroma-
tography (Eliassen, Reistad, Risoen, & Ronning, 2002; Saaid, Saad,
Hashim, Mohamed Ali, & Saleh, 2009), and gas chromatography

* Corresponding authors.

(Cunha, Faria, & Fernandes, 2011; Fernandes & Ferreira, 2000) coupled
with various detectors. When developing new analytical methods for the
determination of BAs in food, several problems should be bore in mind,
namely the low concentration of analytes, the presence of many inter-
fering substances, the complex matrix composition, and the polar nature
of BAs. To obtain satisfactory results, the procedure of extraction and -
derivatization of analytes should be properly selected (Piotka-Wasylka,
Morrison, Biziuk, & Namiesnik, 2015).

The most commonly used reagent to derivatize BAs from fruit juice
samples is dansyl chloride, since it forms very stable derivatives and can
react with both primary and secondary amines (Basheer et al., 2011).
The products of such derivatization are then analysed using high-
performance liquid chromatography coupled with spectrophotometric
or fluorometric detection. Other frequently used BAs derivatizing agents
are o-phtaldialdehyde (Vieira, Theodoro, & Gloria, 2007), 1-naphthyli-
sothiocyanate (Jain, Gupta, & Verma, 2015), heptafluorobutyric acid
(Fernandes & Ferreira, 2000), and isobutyl chloroformate (Cunha et al.,
2011). Alkyl chloroformates are extremely useful in determining BAs
using GC-MS because the derivatization step avoids the low sensitivity
and the tailing of the peaks due to the high polarity of the amines (Zaikin
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& Halket, 2003). Moreover, the derivatization process with alkyl
chloroformates is inexpensive and less time-consuming compared to
derivatization with dansyl chloride. Alkyl chloroformates are reactive in
an aqueous medium facilitating their use in the analysis of beverages
samples.

The next critical step in the analytical process is the extraction of the
analytes. To isolate BAs prior to chromatographic analysis, conventional
liquid-liquid extraction (LLE) is most often used (Kelly, Blaise, & Lar-
roque, 2010; Preti, Antonelli, Bernacchia, & Vinci, 2015). However, it is
characterized by high consumption of hazardous reagents and solvents.
To reduce the consumption of chemicals, as well as the produced wastes,
other techniques such as dispersive liquid-liquid microextraction
(DLLME) (Cunha et al., 2011) and micro-solid phase extraction (pSPE)
(Tameem, Saad, Makahleh, Salhin, & Saleh, 2010) have been proposed
in the literature.

However, multi-step extraction and subsequent derivatization of
analytes can result in loss of analytes and increase the measurement
uncertainty. The solution could be a simple and fast salting-out assisted
liquid-liquid extraction (SALLE) with simultaneous derivatization.
The salting-out effect consists of adding an electrolyte to an aqueous
solution to change the ionic strength of the mixture, which favours the
extraction of the analytes into the organic phase (Tsochatzis, Lopes,
Gika, Dalsgaard, & Theodoridis, 2021). SALLE has been used for the
extraction of BAs from samples of cheese (Ramos, Brandao, & Rodri-
gues, 2020), meat, fish (Francisco et al., 2020), and wines (Ramos,
Valente, & Rodrigues, 2014).

This study was aimed at developing a simple, fast, and green SALLME
procedure for the extraction of BAs from fruit juices, followed by the use
of GC-MS for identification and quantification. The optimization of the
method was carried out using the Design of Experiment (DoE) instead of
the commonly used one-time-factor procedure. The three major pa-
rameters influencing SALLME were analysed using Box-Behnken Design
to determine the optimal extraction conditions. Then, accuracy and
precision of the developed method were estimated and validated. The
method’s greenness was assessed using two analytical tools: GAPI
(Plotka-Wasylka, 2018) and AGREE (Pena-Pereira, Wojnowski, &
Tobiszewski, 2020). Finally, various fruit juices from local grocery stores
were analysed to demonstrate the applicability of the developed meth-
odology for the determination of BAs in food products. To the best of our
knowledge, this is the first work focused on the application of in situ
derivatization coupled with SALLME for the determination of biogenic
amines in fruit samples by GC-MS. The procedure is characterized by
good validation and separation parameters, and also conforms with
many criteria of Green Analytical Chemistry.

2. Materials and methods
2.1. Reagents, chemicals and standards

All the BAs, such as methylamine hydrochloride (MET, 98.0%),
dimethylamine hydrochloride (DIMET, 99.0%), ethylamine hydrochlo-
ride (ET, 98.0%), diethylamine hydrochloride (DIET, 99.0%), propyl-
amine (PROP, 98.0%), butylamine (BUT, 99.5%), isopentylamine (IPA,
98.0%), hexylamine (HEX, 99.0%), 2-phenylethylamine hydrochloride
(2PEA, 98.0%), putrescine (PUT, 97.5%), cadaverine (CAD, 96.5%),
histamine (HIS, 96.5%), tyramine (TYR, 96.5%) and tryptamine (TRYP,
97.5%) were purchased from Merck (Merck Life Science Sp.z.o.o,
Poznan, Poland). Aniline (IS, 99.5%), ethyl chloroformate (ECF, 99.5%)
and triethylamine (TEA, 99.5%) which were used as internal standard,
derivatizating agent and catalyst respectively were also from Merck Life
Science Sp.z.0.0 (Merck, Poznan, Poland). Ultrapure water for aqueous
solutions and glassware washing was prepared using HLP5 Hydrolab
(Wislina, Poland). For the salting-out assisted liquid-liquid micro-
extraction procedure, sodium chloride (NaCl, ACS grade, POCH, Gli-
wice, Poland), sodium hydroxide (NaOH, ACS grade, POCH, Gliwice,
Poland) together with ethyl acetate (EtAc, 99.9%, VWR International,
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2.2, Samples and preparation procedure

The nonfiltered berry juice samples used in this work were
commercially available in local supermarkets and were of different
types: bilberry juice (BI), blackcurrant juice (BL), blueberry juice (BU),
chokeberry juice (CH), elderberry juice (EL), honeyberry juice (HO) and
raspberry juice (RA). Juice samples of the same type were purchased
from several producers. All samples were stored at refrigerator tem-
perature and were protected from light.

All samples were derivatized according to SALLME protocol. In a 2
mL Eppendorf tube, 32.5 mg of sodium chloride and 65 pL of fruit juice
(enriched with 1.3 L of IS at a concentration of 50 ug/mL) were mixed.
Afterwards, ECF derivatization combined with simultaneous liquid-
-liquid extraction (LLE) was carried out at room temperature. More in
detail, 11 pL of NaOH solution (1.0 mol/L) were added to the sample to
obtain the pH appropriate for carbamate formation, followed by the
addition of 1.2 pL of the derivatizing reagent (ECF) and 1.2 uL of TEA.
The solution was mixed with 260 ul of EtAc and then vortexed for 1 min
at 2500 rpm. Then, the mixtures in the Eppendorf tubes were centri-
fuged for 2 min at 3500 rpm. Finally, an aliquot of the upper organic
phase was collected and analysed by GC-MS. Each sample was prepared
in five replicates. A schematic representation of the derivatization
and extraction process is presented in Fig. 1.

2.3. Instrumentation

All analyses were carried out on a GC-MS instrument (Agilent
Technologies, Santa Clara, CA, USA) consisting of an Agilent 7890A gas
chromatograph coupled to an Agilent 5975C single quadrupole mass
spectrometer detector. A fused silica capillary column (0.3 m x 0.25
mm, Phenomenex, Torrance, CA, USA) was used as a guard column
connected to a ZB-5MS capillary column (0.3 m x 0.25 mm x 0.25 pm,
Zebron, Phenomenex, Torrance, CA). Helium (99.999% pure, Air Lig-
uide, Krakéw, Poland) was used as a carrier gas with a flow rate of 1.0
mL/min. 2 pL of the extracts were transferred into an injector which was
operated in splitless mode at 240 °C. For the chromatographic separa-
tion, the GC oven temperature program was as follows: initial temper-
ature 55 °C, held for 4 min, then increased to 280 °C at 50 °C/min and
held for 7.5 min. All targeted compounds were separated within 16 min.
The total time needed for analysis per sample was 20 min: 1.0 min for
reagents preparing, 1.0 min for derivatization and extraction step, 2.0
min for centrifugation and 16.0 min for the chromatographic run. The
MS was performed in EI mode (70 eV). The transfer line, ion source and
detector temperatures were 300 °C, 230 °C and 150 °C, respectively.
Synchronous scan/selected ion monitoring (SIM) mode was used for the
collection of both types of data in each run (solvent delay: 4.5 min). The
scan m/z range was set to 30-500 amu. In the SIM mode, one quantifi-
cation and two qualifier ions were monitored for quantification pur-
poses. Data were acquired using MSD ChemStation, Ver. E.02.00.493
software from Agilent Technologies. For the preparation step Vortex
(MX-S, (Chemland, Stargard, Poland) and mini-centrifuge (FVL-2400 N
Combi-Spin, Biosan, Jézefow, Poland) were utilized.

2.4. Box-Behnken design

The optimization of biogenic amines extraction was performed using
the response surface methodology (RSM) (Minitab 17, LLC, State Col-
lege, Pennsylvania, USA). The design of experiment (DoE), namely the
Box-Behnken design, was used to evaluate the optimal level and inter-
action effects of the three independent factors affecting the content of
the BAs. The three experimental factors and factor levels were selected
by preliminary studies based on the results of single-factor tests (data
not shown). Factors in question were sample volume [Sample], the
volume of NaOH solution (1 mol/L) [NaOH] and the volume of
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32.5 mg NaCl 1.2 uL ECF

1.2 pL TEA

60 s, 2500 rpm

120 s, 3500 rpm

Fig. 1. Scheme of SALLME protocol for BAs analysis in juice samples.

derivatizing reagent [ECF]. A total of 18 experiments (3-level design
including runs in the full three-level factorial and 6 centre points to
estimate the experimental error) were carried out. During randomized
runs order the juice samples enriched with BAs mix at 10 pug/mL were
analysed. The response value was depicted by the total sum of the s-
tandardized peak areas for BAs. To interpret the effects of these inde-
pendent variables on BAs extraction efficiency, three-dimensional
response surface plots were constructed. RSM was implemented to op-
timize the extraction process. The regression coefficients of linear,
quadratic, and interaction involved in the model and their effects were
tested statistically by one-way analysis of variance (ANOVA) at prob-
ability levels (p < 0.05). Graphical and numerical analyses were used
to optimize the processing conditions based on the model desirability
features.

2.5. Quality assurance (QA)

The optimized method was evaluated using the following validation
parameters: linearity, precision, sensitivity and accuracy according to
quality assurance protocol. Linearity was examined by application of 10
different concentrations. Limits of detection (LODs) and limits of
quantification (LOQs) were calculated to estimate the sensitivity of the
methodology. Both LODs and LOQs were calculated from spiked sam-
ples (n = 5) and the minimum detectable analyte amount with a signal-
to-noise ratio of 3 and 10, respectively, was established. The intra-day
(RSD,) and inter-day (RSDg) precision were determined by the appli-
cation of five replicates of juice samples spiked at two levels (0.25
and 2.5 mg/L). In addition to validation parameters, recovery rates were
estimated using theratio of the peak areas of the spiked samples
of known concentration of biogenic amines to those of spiked ethyl ac-
etate solution (n = 5).

2.6. Data analysis

Chromatographic data were processed using MZmine 2 (Pluskal,
Castillo, Villar-Briones, & Oresic, 2010). The concentration values of the
BAs determined in fruit juice samples were used as input data for
multivariate statistical data analysis using a dedicated Python toolkit
Orange v.3.20. Initial data processing involved standardization. Stan-
dardized values were taken as input to the cluster analysis and principal
component analysis. Based on its results the heat map, loadings plot and
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linear projection for the three principal components were obtained.
3. Results and discussion
3.1. Analytical method development

3.1.1. Optimization of SALLME and derivatization protocol

The main parameters affecting the efficiency of SALLME are sample
volume, type and volume of extractant, duration of extraction, process
temperature, and type and amount of added salt (Jain et al., 2015;
Ramos et al., 2014). In the proposed procedure, the extraction and
derivatization processes were carried out simultaneously which signif-
icantly shortens the sample preparation step, but also introduces addi-
tional factors that can affect the efficiency of the extraction. Proper
selection of the type and volume of the derivatizing agent as well as
ensuring that the solution is basic, not only facilitates the extraction but
also enables the formation of the products of the derivatization (Husek
& Simek, 2006; Munir & Badri, 2020).

In SALLME, the salting-out effect is used to facilitate the separation
of water-miscible organic solvents by adding electrolytes to the solution,
which changes the ionic strength and increases extraction efficiency
(Francisco al.,, 2020; Tsochatzis, Lopes, Gika, Dalsgaard,
& Theodoridis, 2021). The main factor responsible for the efficiency of
phase separation in SALLME procedures is the type of salt anion (Ramos
et al., 2020). Another important aspect that needs to be taken under
consideration is the fact that the amount of added salt must be sufficient
for clear separation of the two phases, but its amount should be as small
as possible to avoid adsorption of the analytes on the salt crystals sur-
face. (Tsochatzis et al., 2021). For this reason, the NaCl amount corre-
sponding to 10% w/v of the reaction mixture was chosen. Another
crucial factor is the type and volume of the extractant. Ethyl acetate was
chosen as the extraction solvent because of its green nature and the fact
that it is immiscible both with water and juice samples (Manca et al.,
2017; Sénchez, Santos, Sapp6, Pavén, & Cordero, 2014). The aim was to
develop an extraction procedure performed on a micro-scale, therefore it
was decided that the total volume during extraction should not exceed 1
mL. Assuming a suitable solvent to sample ratio of 4:1 (Fabio et al.,
2020), 200 to 600 uL of EtAc was used.

In the case of BAs determination using GC-MS, derivatization
is carried out in order to change the nature of the analytes, improve the
shapes of the chromatographic peaks, increase the sensitivity and

et
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selectivity of the technique, and improve the quality of the mass spectra.
The derivatization process was performed using different alkyl chlor-
oformates, namely methyl chloroformate (MCF), ethyl chloroformate
(ECF), propyl chloroformate (PCF), and isobutyl chloroformate (IBCF).
The derivatization agent was chosen based on the results obtained
during GC-MS analysis of four BAs, selected according to their chemical
structure and derivatized with the above-mentioned chloroformates
(Fig. 2).

The results for the BAs derivatized with ECF were characterized with
the lowest SD, and for PUT and TRYP, the peak areas were the largest,
therefore it was selected as a derivatization reagent for further stages of
the research. The pH of the sample isa parameter that should be
controlled before the derivatization process as it affects the time

Food Chemistry 384 (2022) 132557

3.1.2. Response surface methodology for SALLME and derivatization
protocols

The RSM was used to evaluate the maximum efficiency of BAs
extraction from food samples. The extraction yield is expressed as the
standardized sum of the peak areas. The influence of three independent
variables was investigated, namely the sample volume (50-150 pL), the
NaOH solution volume (volume corresponding to 5.0-35.0% of the
sample volume), and the volume of the derivatizing agent, i.e. ECF
(volume corresponding to 0.5-2.5% of the sample volume). The codes
and levels of the standardized variables along with the experiment
design are listed in Table S1.

A polynomial model for estimating the BAs content in terms of
sample volume, NaOH content, and ECF content is shown in Eq. (1):

BAs = — 1.266 4 0.00806[Sample] + 0.07552[NaOH| + 1.332|ECF] — 0.000039[Sample|> — 0.001473[NaOH)>—0.2460([ECF|* + 0.000006|Sample|+[NaOH]

—0.001562[Sample] «[ECF] — 0.01172[NaOH]+[ECF]

of the reaction. Moreover, in the case of reaction with chloroformates,
amines must be in the deprotonated form before the derivatization step
(Husek & Simek, 2006; Qiu et al., 2007; Zaikin & Halket, 2003). To this
end, optimized amounts of NaOH solution (1 mol/L) were added to the
samples to improve the efficiency and shorten the time of derivatization
with ECF. The optimum pH of the acylation reaction and the formation
of carbamates is pH >10 (Husek & Simek, 2006; Husek, 1998). Fruit
juices are acidic, therefore during the sample preparation process,
an optimized volume of NaOH solution (1 mol/L) was added to increase
the pH to basic. After adjusting the pH, an optimized volume of ECF was
added to the sample. Both parameters, volume of NaOH and ECF were
selected for optimization using DoE (Section 3.1.2). TEA was added
to the samples to remove the by-product of derivatization, i.e. hydrogen
chloride, from the reaction mixture (Husek & Simek, 2006).

x10°
2.5

2.0

1.5

Peak areas

1

o

0.

wv

0.0

MC

BUT HEX PUT

The results of ANOVA and model coefficients are listed in Table S2.
The F-value (45.53) and the associated p-value (p < 0.001) indicated
that the regression model was significant. The F-value (0.69) for lack of
fit was negligible (LoF > 0.05) and therefore the validity of the model
was confirmed. High values of R? (0.981), pred-R2 (0.959), and adj-R2
(0.891) indicated the high predictive ability of the model. The low
correlation variance (CV) value indicated that the experiments were
characterized by a high degree of reliability and precision. Based on the
analysis of the p-values of each component of the model, it was possible
to conclude that two linear coefficients ([Sample] and [ECF]), three
square coefficients ([Sample]z, [NaOH]?, [ECF]?), and two two-way
interaction coefficients ([Sample]-[ECF] and [NaOH]-[ECF]) were sig-
nificant and indicative of a pattern of interactions between the studied

variables.

TRYP

F mECF mPCF mIBCF

Fig. 2. Influence of the derivatization reagent on the resulting peak areas of selected biogenic amines; MCF — methyl chloroformate, ECF - ethyl chloroformate, PCF -

propyl chloroformate, IBCF — isobutyl chloroformate.
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Fig. 3. Response surface plots of Box-Behnken DoE. The x and y-axis represent the variables, namely sample volume, NaOH content and ECF content while the z is

the standardized sum of BAs peak areas.

The application of the Box-Behnken design resulted in three response
surface plots for BAs extrction, which are graphical representations of
the regression equation (Fig. 3). With the use of these plots, it is possible
to visualize the relationship between the responses and the exper-
imental parameter levels of variables, and the type of interaction be-
tween them.

In Fig. 3 it can be seen that all three optimized parameters have a
large impact on the efficiency of BAs extraction. Extraction efficiency
was inversely proportional to the sample volume. The sum of the BAs
peak areas increased with increasing NaOH content up to approx. 20%,
and then extraction efficiency decreased. There is an inconsistency in
the literature about the most appropriate concentration of derivatizing
reagents for BAs, as it depends on the type of sample and the solvent
(Husek, 1998; Ramos et al., 2020). Theoretically, the higher the der-
ivatization reagent amount, the more effective the derivatization pro-
cess. However, excessive volume of alkyl chloroformate can result in the
formation of by-products that interfere with BAs derivatives determi-
nation and can also shorten the life of the chromatographic system
(Munir & Badri, 2020; Zaikin & Halket, 2003). This is why it is impor-
tant to optimize the volume of the ECF so that the derivatization can be
performed efficiently whilst keeping the derivatizing agent volume as
low as possible. This is consistent with the obtained results (Fig. 3),
where the yield was directly proportional to the ECF content until
reaching thevalue of 2%, beyond which point the efficiency

of the process decreased. Based on the obtained results, it was found that
the optimal values of the three continuous variables of the BAs extrac-
tion and derivatization procedure from juice samples are: 65 pL of the
sample, 17% NaOH, and 2.0% ECF. The four experiments were con-
ducted using optimal values and the obtained normalized sum of peak
areas for BAs was 1041 + 0014, which was comparable to the predicted
value of 1037 calculated by the model.

3.1.3. Optimization of GC-MS conditions

Gas chromatography method parameters, namely temperature pro-
gramme, injector temperature, and carrier gas flow, among others, were
selected to obtain satisfactory separation and signals for all analysed
BAs. Additionally, the goal was to obtain a high-throughput method.
The chromatographic run took 16 min. The mass spectrometric condi-
tions were also optimized to ensure the best parameters for BAs analysis.
Peak identification was performed by comparing the retention times and
MS spectral information with the information obtained from the anal-
ysis of standard solutions. It is worth noting that not all BAs bind to a
single molecule of ECF. Based on the obtained results, it can be observed
that monoamines bind to only one ECF molecule, while polyamines bind
to one or two ECF molecules. This information, along with retention
times and characteristic fragments obtained, can be found in Table S3.
The molecular ion peaks were observed in the mass spectra of all ana-
lytes. The m/z 102 fragment appears in the mass spectra of most of the

Table 1
Analytical figures of merit for the developed SALLME-GC-MS methodology.
Analyte  Concentration range Concentration level Inter-day (%RSD) LOD LOQ ME (n=15) (c=
L. 0.25 mg/L.
0.25 mg/L 2.5 mg/L (ng/L) (ug/L) mg/L)

0.05to 1 1to 10 Intra-day (%  Recovery Intra-day (%  Recovery

mg/L mg/L RSD) (%) RSD) (%)

Linearity (R%) Day Day Day

1 2 3

MET 0.9956 0.9965 3.3 91 3.5 95 4.4 4.4 4.6 2.3 7.6 93 (4.1)
DIMET 0.9978 0.9985 6.2 93 6.8 97 6.5 6.4 6.7 5.4 17.8 95 (5.0
ET 0.9968 0.9977 4.1 96 3.3 99 4.8 4.9 4.7 2.3 7.6 96 (9.8)
DIET 0.9948 0.9956 10.4 99 10.9 100 11.3 115 11.6 1.9 6.3 101 (9.3)
PROP 0.9987 0.9991 23 84 2.6 91 25 2.5 2.7 4.2 13.9 83 (6.9)
BUT 0.9979 0.9989 4.7 101 4.9 99 4.3 4.5 4.6 2.8 9.2 95 (7.1)
IPA 0.9983 0.9987 31 92 3.6 96 3.4 3.1 3.3 53 17.5 96 (8.3)
HEX 0.9987 0.9992 6.0 97 5.9 102 6.3 6.6 6.4 27 8.9 93 (5.4)
2PEA 0.9986 0.9990 4.3 99 5.0 98 4.2 4.4 45 6.4 21.1 94 (7.2)
PUT 0.9980 0.9991 4.1 101 4.9 102 4.4 4.7 4.6 8.1 26.7 98 (3.9)
CAD 0.9985 0.9993 29 85 3.6 89 3.1 3.0 3.3 1.5 5.0 82 (4.1)
HIS 0.9989 0.9993 3.4 95 4.1 97 3.7 3.3 3.7 29 9.6 91 (3.7)
TYR 0.9989 0.9988 4.7 96 4.9 98 5.0 4.7 4.9 21 6.9 94 (9.1)
TRYP 0.9952 0.9975 10.1 106 11.3 108 10.6 9.9 10.8 31 10.2 99 (11.1)

MET —methylamine; DIMET - dimethylamine; ET- ethylamine; DIET - diethylamine; PROP - propylamine; BUT - butylamine; IPA- isopentylamine; HEX — hexylamine;
2PEA - 2-phenylethylamine; PUT - putrescine; CAD - cadaverine; HIS - histamine; TYR - tyramine; TRYP - tryptamine; ME — matrix effect.
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analysed amines. This fragment can be related to the common presence
of the CH3CH20C(O)NHCH; group in the molecular structures of these
compounds, i.e. (N-methyl)-ethyl carbamate group (Reddy, Chary,
Pavankumar, & Prabhakar, 2016).

3.2. Method validation

The matrix effect (ME) is one of the main challenges when devel-
oping new analytical methods. For this reason, the ME of the optimized
method was evaluated using the procedure described by Matuszewski
et al. (Matuszewski, Constanzer, & Chavez-Eng, 2003). The ME was
tested at a concentration level of 0.25 mg/L, and calculated by com-
paring the mean peak area of the analyte standards in the EtAc solution
(A, n = 5) with the mean peak area of an analyte spiked postextraction
(B, n = 5). The following Equation was used:

ME[%] = g- 100%

The MEs, shown in Table 1, were ranged from 82% and 101%. In
general, ME has no impact on the qualitative and quantitative results
of this method and can be omitted. Additionally, it was proven that it is
justified to use an internal standard (IS) for calibration.

The method’s linearity and sensitivity were assessed for fourteen BAs
by calibration with standard solutions in the presence of IS. Ten EtAc
solutions containing all tested BAs in two separate concentration ranges:
from 0.05 to 1 mg/L and from 1 to 10 mg/L, respectively, were subjected
to the developed procedure. Least squares linear regression was used to
calculate the equations of the calibration curves and the determination
coefficients (R?). Detailed information for each analyte is provided in
Table 1. The linearity was excellent for all analytes with determination
coefficients from 0.9948 to 0.9989 (for the first range) and from 0.9956
to 0.9993 (for the second range). The LODs ranged from 1.5 to 8.1 ug/L
and the LOQs ranged from 26.7 to 49.5 pg/L. LOD and LOQ were the
lowest for CAD and the highest for PUT.

The intra-day precision (RSD;) was estimated based on the results of
analysis of five replicates of juice samples fortified at two concentration
levels (0.25 and 2.5 mg/L) on the same day. The inter-day precision
(RSDp) was determined by analysis of samples from three different days
over three weeks. RSD, ranged from 2.3 to 10.4% (for 0.25 mg/L) and
from 2.6 to 11.3% (for 2.5 mg/L), while RSDg ranged from 2.5 to 11.6%
(Table 1). The stability of the analytes in the juice matrix led to sa-
tisfactory precision.

The accuracy of the method was determined by a recovery test, i.e. a
comparison of the unenriched sample with the samples enriched with
analytes at two concentration levels (0.25 and 2.5 mg/L) with five
replicates. The recovery rates are listed in Table 1. The average recovery
values ranged from 84 to 106% (for 0.25 mg/L) and from 89 to 102%
(for 2.5 mg/L). These results indicate that the developed procedure of
BAs determination in fruit juices samples was characterized by high
accuracy.

3.3. Greenness evaluation

The developed analytical procedure for the determination of BAs in
fruit juice samples was subsequently assessed in terms of ‘greenness’
using two different metrics, namely the Green Analytical Procedure
Index (GAPI) (Piotka-Wasylka, 2018) and the Analytical Greenness
Calculator (AGREE) (Pena-Pereira et al., 2020). To evaluate its envi-
ronmental impact, the developed approach was juxtaposed with five
other methods for BAs determination chosen from the literature. Two
different analytical methodologies based on GC-MS were selected
for the comparison: method denoted M2 in which the analysis pro-
ceeded with multi-stage LLE and isobutyl chloroformate derivatization
(Cunha et al., 2011) and M3 in which sample preparation consists of ion-
pair extraction and heptafluorobutyric anhydride derivatization (Fer-
nandes & Ferreira, 2000). Three liquid chromatography-based
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methodologies were also included in the greenness evaluation, since LC
is seen as the gold standard for BAs determination. In selected methods
involved different sample preparation techniques: micro-solid phase
extraction (p-SPE) and dansyl chloride derivatization in M4 (Basheer
et al., 2011), conventional LLE also with dansyl chloride derivatization
in M5 (Preti, Bernacchia, & Vinci, 2016), and SALLE combined with 1-
naphthylisothiocyanate derivatization performed prior to the determi-
nation in M6 (Jain et al., 2015).

Based on the obtained results for the greenness assessment (Fig. S1),
SALLME-GC-MS method developed in this work is the greenest.
Compared to other methods, its main advantage is a very short time of
the derivatization and extraction step (only 4 min), while in other
methodologies it ranges from 25 min (Cunha et al., 2011) to 90 min
(Preti et al., 2016). To reduce the negative impact on the environment,
the throughput of the methodology was also increased by reducing the
analysis time (16 min) and increasing the number of analysed BAs
during a single analysis (14 amines). In addition, the entire extraction
procedure was miniaturized, so that only 65 pL of the sample is needed
for the analysis, and the amount of waste was reduced to approx. 370 uL
per analysis. Therefore, the adoption of the proposed method for the
analysis of BAs in analytical laboratories would result in reducing health
hazards and environmental impact.

3.4. Real samples analysis

The developed analytical method was used to determine BAs in
selected nonfiltered berry juices characterized by a high content of
bioactive substances (Table S4). PUT and CAD were detected in each
sample which was to be expected since they are typically found in plant-
based products (Ordonez & Callejon, 2020). PUT was reported to be the
predominant amine in most fruit juice samples (Eliassen et al., 2002).
DIMET and DIET were detected only ina few samples. The ranges
of each biogenic amine content in berry juices are shown in Fig. 4A.
The most abundant amines in fruit juices were TYR with an average
concentration of 197 + 70 pg/L, TRYP (129 + 88 pg/L), PUT (91 + 49
pg/L), and CAD (46 + 27 pg/L). The mean concentrations of the
remaining BAs ranged from 8.0 ug/L for DIET to approx. 25 pg/L for
2PEA. Jastrzgbska et al. alsonoted that the most abundant amines
in the samples of non-filtered juices were TYR, PUT, and CAD, and their
concentration depended on the type of juice (Jastrzebska et al., 2015).
Additionally, Saaid et. al. observed that in tropical fruit juices the most
abundant amines were TRYP and HIS, while in blackcurrant juice the -
most abundant amines were PUT, HIS, and spermidine (Saaid et al.,
2009). Low levels of PUT in juices may also suggest that overripe fruit
were not used in their production (Jastrz¢bska et al., 2015). The level
of TYR can fluctuate during storage even at refrigerator temperatures
and a high content of this amine may indicate that a long time has
elapsed between the production of the juice and its purchase (Saaid
et al., 2009),

The total BAs content depending on the type of juice is shown in
Fig. 4B. Based on these results, it can be observed that the samples of
honeyberry, blueberry, elderberry, and blackcurrant juices were char-
acterized by a relatively small variation in BAs concentrations.
On the other hand, the BAs concentration in raspberry, chokeberry, and
bilberry juices had high variability. This may be caused by the fact that
the amount of BAs, apart from the storage conditions of food products,
also depends on the content of amino acids, the processes applied
to the food products, or the production technology used (Ordonez &
Callejon, 2020). However, in each tested juice, the total amount of BAs
was relatively low (<1 mg/L).

Large variability was observed in the profiles (shown in Fig. 5) of BAs
in fruit juices, and even within the same type of juices from different
producers. Therefore, a chemometric analysis was performed to check
the relationship between each biogenic amine and the berry juices. As
shown in Fig. 5, some variables were not relevant for discrimination
between juices, while others, e.g. DIMET, PROP, BUT, and CAD, were
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characteristic fora specific class of samples. Hierarchical clustering
of the set of variables revealed that the variables form 2 clusters at h =
0.33. The first cluster contained low-concentration BAs and TYR, while
the second cluster was comprised of PUT, CAD, HIS, IPA, and 2PEA.
The chemometric approach (e.g. PCA shown in Figs. 52 and S3)
confirmed several observations made after preliminary analysis of the
GC-MS results. Bilberry juice samples were characterized by a relatively
high concentration of DIMET, PROP, ET, MET, and BUT. Based on
concentrations of these BAs it was possible to distinguish bilberry juice
from other juice types. Relatively high concentrations of 2PEA, TRYP,
PUT, and CAD, together with moderately high concentrations of MET
and BUT, was typical for chokeberry juice samples. Furthermore, the
presence of both 2PEA and IPA at moderately high concentrations was
specific for raspberry juice samples. The remaining juice samples have
similar BAs profiles. It can be concluded that BAs profiles were charac-
teristic for several juices types and it was possible to distinguished
bilberry, chokeberry and raspberry samples from the other berry juices.

4, Conclusions

A new analytical method was developed and fully validated for the
simultaneous determination of biogenic amines in fruits juices. The
developed method offers the potential of the determination of a high
number of compounds (14), combining selectivity, high-resolution ca-
pacity and fast analysis time (only 16 min) of GC-MS with the advan-
tages of simple, rapid and reliable extraction procedures. SALLME is a
straightforward technique in which small amounts of reagents and sol-
vents are utilized for each extraction. The developed method is inex-
pensive, reduces the usage of hazardous organic solvents compared to
previous approaches, and it is environmentally friendly, which was
assessed using two greenness metrics for analytical procedures: GAPI
and AGREE. The method has been fully validated and displays satis-
factory linearity (R2 > 0.9948), low LODs (1.5-8.1 pg/L), low LOQs
(5.0-26.72 pg/L), excellent accuracy (84-108%), good repeatability
(2.6-11.3%) and reproducibility (2.5-11.6%). The obtained results
confirmed that the SALLME-GC-MS method was suitable for the deter-
mination of BAs at trace levels (ug/L) in liquid food samples. The
developed method can be a useful tool for monitoring food quality and
ensuring food safety in terms of biogenic amines content.
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Table 53 MS parameters for GC-MS analysis of BAs and IS derivatized (quantification ions in bold).

BAs Derivatized amine stucture lons tr (min)
,T o 58 (100) 43 (58) 75 (48) 103 (33) 74 (31)

MET "J“]Ofo ~ 30 (28) 45 (22) 44 (18) 59 (13) 76 (8) >-14
oY 72 (100) 44 (84) 89 (72) 88 (71) 117 (56)

DIMET T 43 (41) 58 (37) 42 (34) 73 (13) 45 (12) 526

e _,|°L . 30 (100) 102 (96) 88 (84) 44 (79) 72 (75) 5 66
- L o 117 (36) 43 (27) 74 (26) 89 (23) 45 (21) :

i - 130 (100) 58 (95) 145 (45) 72 (34) 116 (30)

DIET ‘ o 100 (29) 86 (27) 44 (26) 30 (22) 42 (14) o4

N J1 . 102 (100) 30 (55) 131 (20) 43 (20) 58 (11)
PROP R 86 (10) 41 (10) 103 (7) 45 (5) 44 (5) 628

1 102 (100) 30 (53) 145 (13) 57 (13) 41 (12)
BUT NN 103 (9) 116 (8) 74 (8) 58 (8) 44 (7) 676

| 102 (100) 30 (45) 90 (33) 103 (20) 43 (16)

IPA ~YY 74 (13) 41 (13) 70 (13) 55 (8) 44 (7) 7o
o ﬁ 102 (100) 30 (33) 144 (12) 90 (11) 43 (11)
HEX b 103 (10) 41 (10) 173 (9) 74 (8) 58 (6) 7.45
s . .‘ o 165 (100) 93 (74) 106 (61) 65 (19) 92 (16) 781
[’\\_/ﬂ T 120 (13) 119 (13) 166 (12) 66 (12) 77 (12) :
7\ i 102 (100) 91 (59) 104 (46) 30 (36) 193 (23)
2PEA o/ e 105 (22) 65 (17) 103 (13) 164 (10) 77 (10) 8.17
PUT o o E ﬁ 102 (100) 142 (54) 30 (50) 70 (30) 56 (25) 877
E j oo 98 (20) 141 (19) 129 (19) 74 (18) 43 (17) )
o, E . I o 102 (100) 30 (48) 56 (26) 84 (21) 156 (19)
CAD - \g’ R \IGT - 43 (17) 116 (16) 74 (15) 128 (15) 41 (13) 9.01
s O 81 (100) 166 (75) 154 (51) 82 (36) 94 (23) 0.3
o 153 (21) 109 (11) 30 (10) 54 (9) 167 (8) )
[}
M 120 (100) 107 (95) 102 (32) 148 (19) 30 (19)
YR H:'C_'j:,-*“‘/\?' o 192 (18) 135 (18) 108 (15) 121 (15) 77 (14) 954
TRYP 130 (100) 143 (38) 232 (20) 131 (12) 144 (7) 0.05

77 (6) 103 (6) 186 (6) 102 (4) 129 (4)

]

MET — methylamine; DIMET — dimethylamine; ET- ethylamine; DIET - diethylamine; PROP — propylamine;
BUT — butylamine; IPA- jsopentylamine; HEX — hexylamine; IS — internal standard (Aniline); 2PEA — 2-phenylethylamine;
PUT — putrescine; CAD — cadaverine; HIS — histamine; TYR — tyramine; TRYP — tryptamine
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Fig. 51 Results of green index evaluation of analytical methodologies for BAs determination in fruit juice samples; A - GAPI,
B —AGREE

94



aunweldAn — gayl ‘eulwelhl — ya| ‘suiwelsiy — glH ‘suuaaeped — qy) ‘supsannd — 1 nd BuiwejAyisjAusyd-z — y3ide
‘oulwejAxay - xJH COSUILEAIUSESST -yd) euiweiiing - Ing  ‘eulweddord - doyd  SUIGERAGISTE - 1310 teuiweiAyle o137 teulweAylawip - [JNIQ
‘auiwejAyaw — [N ‘@a1nf Auaqdses — wy ‘eainl AusgAauoy — oH ‘eainl Auiaquaple — 13 ‘eainl Auagayoya — H) ‘aainl Ausgeniq — ng ‘eainl Juenayoe|q — 1g ‘@anl Auaqq — |9

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

A

A2

S'SFECOV LVPF76TT ao= 9T0FSSTT  OB'OFPP'PE  BE'OFVOEET ET'0FLT6T ao= SEOOFTTITO 0T°0+CETT STOFTLLT aon= aon= aoi= ao= €vH
L8°0FTE0BT  [B°0FPP'L9 ao= aon= E£P'0FL9°8T 8E'0FLELE 0Z'0¥00°SE aon= BLOOFLPT'B ao> PEOOFLEL'ET aon= aon= aon= ao> vy
L'TFLLTE L'TFT99T aon= aon= L¥'0¥55799 0E'0F0L'LE SF0'0FF96'8T £90°0F6VT'8 ¥Z'0¥8T'CT aor= aon= aon= 0r0"0¥T86°L aon= aor= TvH
v6'0F5L09¢C ao= L'TF9EET aon- 6C0F8Y'TC £E'0795°97 aor= PIO¥9E’ET 6y 0FSY LT 6COFIOTT 0T 0+Cs'9T aon= aon= aon= aor= ZOH
LT'0F¥6l'86T 1908 aoi= aon= v9'0¥66'LL L8°0FE9°99 aon= aol= Le00+C80'8 aor= SS0'0F966'ET aon= aon= qaon= ao1= TOH
E'PFY9CE ao= 8'EF0LET aon= £5°0FE6'EE 9TFSBL aon= TrO'0FSEE'8 6Z0'0FESOTT aor= ao= aon= SC0°0¥5T9°L aoi= ao= 13
9'IF6LEE TEFSPET 69°0+C9'V6 aon- STOFTLCC SE0FerLY aor= ao= &Z00FC0TL £80°0FC6ETT aon= aon= aon= aon= aor= 113
T'8F7 LSS 6°L¥6°0TC aoi= SE'OFIETEE TIF6'v0T 0'E+¥T°901 LT0FSTIT aol= aon= 0E0+ES0E EE'0FBTCL vE0FEY’L  O0ED'0¥CSLOT qaon= ov0'0+065'6 €HD
L'5F0°T9L CTeFFLET ao= STOF8E'ET ' 1+1'66 T'S¥6'0EC 09°0%¢0'CE TT0+P9°0T aon= TFOF69°EE S6'0FVELT 68'0F8%'9 SEQOFITVI'TT aoi= EV0'0FEET'E ZHD
T8'0FBTTLT  9L°0F0TTP ao= aon= S8°0F67'6C TIFTY9 GT'0FFY'1T aon= 160°0¥960°9 PEOFEF' LT TTOFSY9T aon= BT'0F6ETT aon= 8r'0¥8Y'8 THD
EFFL0LL 65°0+VE 1Y aon= 9E' 0¥ ST S'T+¢'95 S'TFE'T0T aot= ao= 550°0¥506'6 vCO+8E'6T 9E'0+0E'9T aot= 11°0+9€'8 aot aon= ng
€'CFL8SY ao> 6'TFC'85C aon= GT0F0T'LE €90FTT9L aon= BIO'0FL0E'G aon= TT0+T9°SGT TLOFLTPE aon= 9T’ 0F0¥'6 6Z'0¥55°0T 090°0%290°8 €14
S'TFS'ITY aon= ¥IF00LT TE0F0ECT  LL0FP8'TH T'TF¥0'SST aon= aon= TrO"0FTF0'8 aor= 8E'0FLEFT aon= aon= aon= aor= ral:]
JASTAS Y ao= ETFEPLL aon- 0TH0LE £8'07E5LE aor= 990°0+¢CL 0T 8C0¥59°ST aor= VEOFSSTT aon= aon= aon= aor= 114
T9FEEL9 ao= £'5F1°S0€ 0CT0¥8L°LT  EB'0FVBLL ETHETT aon= BS00+BLO°LT aon= SFPO+09°LE T OF8LCY TE0FLFTT  TBO0FCLLLT TEQFBTCE SYO'0+9¥8°01 zlg
S'TFTWIY TP'0F95'€C  06'0FE9'FST aon= £5'0FSE'0¢E ST'OFTIT'SS aon= TTOF6E'TT aon= TFOFLE'LE 98'0F9T 1 £8°0¥9%'9  v6O'0¥S09'ST  ST'0FBT'EC  TRO'OFLLSTT T4
NS dAYL AL SIH avd 1nd vid-Z X3H vdl 1ng doyd 13ia 13 TEET

[1/81] uopesjusduoa saujwe sjuadolg

SW-29-FTTYS Buisn saoinf unif ui pa32a1ap syg pa123jas fo (1/61) suonpnijuaiuol ¢§ 3jqot

95



GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

N <, OBILBERRY
Ax¢ © BLACKCURRANT
O
'U:)o @ BLUEBERRY
3

@ CHOKEBERRY

‘ @ELDERBERRY
. @ HONEYBERRY

@ RASPBERRY

PC1-44.8%

Q

A @)

Fig. 52 Linear projection for principal component analysis of the BAs concentrations in berry fruit juice samples
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4.2.3. Development of an ultrafast analytical method for determination
of furans in fruit juice samples

Hypothese

e Ultrafast gas chromatograph as an effective tool for determination
of furans in food samples

Questions

e Determination of furans in juice samples - whether there were differences
in the concentration of furans in home-made and store-bought juices?

Furan and alkylfurans are oxidized, lipophilic heterocyclic compounds
characterized by high volatility. They are present in many food products that
are subjected to heat treatment, mainly in coffee, fried and baked products,
cereal products, or in jars and canned products [27], [90].

Furan in food products is of concern as it is classified as a human pathogen
by the National Toxicology Program [28] and also classified as "possibly
carcinogenic to humans" by International Agency for Research on Cancer (IARC)
[90]. Due to the toxicity of furan and alkylfurans, the European Food Safety
Authority (EFSA), recommended collecting data on the occurrence
and determination of furan and alkylfurans in food [91]. The main focus should
be on the development of new methodologies for the determination
and quantification of furan, 2-methylfuran, 3-methylfuran, 2,5-dimethylfuran,
2-ethylfuran and 2-pentyfuran in various food matrices. It is particularly
important that the developed methodologies could be useful in the industry and
food quality control, so they must be characterized by high throughput,
simplicity and short analysis time.

Table 4 summarizes information on analytical methodologies
for the determination of furans in fruit juices, presented in the literature.
The information collected in Table 4 concerned the type of samples, the number
of analyzed analytes, the technique used for determination and its parameters
(LOD, LOQ, or analysis time).
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Table 4 Information on analytical methodologies developed for furans
determination in fruit juice samples.

Juice type Number of samplin Determination ::\r:le s(:: LODs LOQs Recovery Ref
P furans pling technique [mi‘:ﬂ [ng/mL] [ng/mL] [%] )
apple 3 SHS GC-MS 21 1 nd. 99-102 [92]
apple grape
HS- 90.0 -
raspberry, 7 SPME GC-MS 33 n.d 5.0 106.3 [93]
orange
apple,
grape, 1 SHS GC-MS 25 0.2 0.6 n.d. [94]
orange
apple, HS- ) 0.042 - 0.14- 90.2 -
orange 3 spmg ~ JCFID 22 0230 o076 1101 29
black 3 DHS GC-MS 69 nd nd nd  [55]
currant
blueberry, 7 SHS GC-MS 43 <05 <1 803- [9q
grape 107.2
pineapple, 1 SHS GC-MS 30 0.37 1 n.d [97]
watermelon
HS- GCxGC-
grape 13 SPME  HRTOF-MS 105 n.d n.d n.d [98]
mango, HS-
orange 3 SPME GC-MS 24 n.d n.d n.d. [99]
orange, HS- B 0.002 - 0.006 - 84.94 -
tomato 10 SPME GC-MS/MS 16 1.071 3.571 117.24 [100]
HS-
orange 1 SPME GC-MS 15 0.079 0.26 104.79 [101]
pomegranate 7 SHS GC-MS 48 n.d n.d n.d [54]

n.d. - no data

Determination of furan and its derivatives in food is a challenge due
to the high volatility and low concentration of analytes in a complex matrix.
The most commonly used technique for the detection and determination
of furans is gas chromatography (both one-dimensional and two-dimensional)
coupled with mass spectrometry. However, different ways of furans sampling
can be distinguished: dynamic headspace (DHS) or static headspace (SHS).
More often the SHS technique is used, where the analytes are taken directly
from the headspace or when the analytes are extracted using solid-phase
microextraction fibres (HS-SPME). For both techniques, special attention should
be paid to optimizing the process of extracting analytes from the samples. Very
important parameters are sample type, sample volume and headspace volume,
sample equilibration time and temperature, or salt addition. SPME is
characterized by good selectivity, high simplicity and speed of the extraction
step, and no need to use solvents. Unfortunately, the use of SPME is also
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associated with low reproducibility or extraction efficiency [95]. For this reason,
in this research, the focus was on the development of a methodology that would
enable direct headspace sampling without the isolation and enrichment
of analytes.

The aim of the work was to develop a simple, fast, high-throughput
and ecological methodology useful for the detection and determination of furan
and alkylfurans in food samples. An ultrafast gas chromatograph with a flame
ionization detector was used during the research. The developed method was
validated and its greenness and blueness were assessed using two tools: AGREE
[87] and BAGI [102] respectively. Homemade berry juices and berry juices
purchased from grocery stores were analyzed. The following work is a response
to the EFSA recommendation on obtaining data on the content of alkylfurans
in food samples. The obtained results are described in the preprint submitted
for evaluation.

A simplified scheme of the developed methodology is shown in Figure 8.

Fig. 8 Scheme of the HS-GC-FID procedure for the determination of furans in fruit juice
samples.
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In described research, a new analytical method for the determination
of furans in fruit juices was developed. The extraction step of analytes
from headspace was optimised using the one-factor-at-a-time method. It has
been proven that the developed method offers the potential for the determination
of furan and five alkylfurans, combining simplicity with very fast analysis time
with good validation parameters. The proposed method was characterized
by good greenness assessment. The obtained results confirmed the usefulness
of the HS-GC-FID method for the determination of furans in trace amounts
in fruit juice samples. In the most of samples, furans were not detectable,
which indicated their good quality. The concentration of furans in home-made
juices was higher than in the bought-juices, which can indicate that canning
jars with juices at home generate more furans than industrial low-temperature
pasteurization. Ultrafast gas chromatograph can be a useful tool for furans
determination in food quality control.
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A new, fast, simple, practical and environmental-friendly HS-UFGC-FID

approach for furan and six alkylfurans determination in fruit juice samples

Anna RiZariska®, Tomasz Dymerski, Zaneta Polkowska®

Gdonsk University of Technology, Faculty of Chemistry, Department of Analyticel Chemistry
11/12 Gabriela Narutowiczo Street, 80-233 Gdarisk, Poland

Corresponding authors: anna.roranska@pg.edu.pl; ranpoiko@pg.edu.pl
Abstract

A simple, rapid, sensitive and robust gas chromatographic method was developed for
the simultaneous determination of seven furans in fruit juice samples. The target analytes werne
transferred directly from the headspace of incubated samples without amy preparation step.
The developed method exhibits satisfactory limits of detection (from 1.0 to 2.4 pg/L) and limits
of quantification (from 3.1to 7.3 pg/L), and average recoveries between 286% and 107%. The developed
procedure was used for furan and alkylfurans determination in the juices of different berries. During
research, two types of juices were tested, namely store-bought and homemade juices. It should be
noted that homemade elderberry juice contained the highest level of furans. The HS-UFGC-FID

procedure was assessed for green and blue characters using AGREE and BADI indexes.

Keywords: furon, olkylfurons, UFGC-FID, electronic nose, quality control, fruit juices, greenness

evoluation, blueness evaluation

1. Introduction

Furan and alkylfurans, which are oxidized, lipophilic heterocyclic compounds with high
volatility, are commonly found in various food itemns that undergo heat processing. They are particularly
prevalent in coffee, fried and baked goods, cereal products, as well as in preserved foods stored in jars
and cans [1,2].

Furan found in food products raises concern due to its classification as a human pathogen
by the National Toxicology Program [3], as well as its designation as "possibly carcinogenic to humans®
by the International Agency for Research on Cancer (LARC) [1]. Furam has garnered global attention due
toits carcinogenic and toxic properties, as demonstrated by numerous invitro and in vivo experimental

studies [4].
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29 The generation of furans occurs through the interaction of amino acids and reducing sugars,
30 leading to the formation of Maillard reaction products, as well as through the oxidation of lipids,
31 polyunsaturated fatty acids or triglycerides, carotenoids, and ascorbic acid [1,2]. Among them,
32 polyunsaturated lipids (such as linolenic and linoleic acid) and ascorbic acid were considered
33 as the most effective precursors [4]. In the case of fruit juices, furan and alkylfurans may be formed
34 during processes that extend the shelf-life of these products, i.e. temperature processes (heating,
35 pasteurization) and even sterilization using ionizing radiation or UV light [5,6]. Additionally, furans may
36 form during juice storage, especially for long periods in impermeable packaging and at higher
37 temperatures. Research indicates that furan was detectable in pasteurized fruit juices [such as orange
38 and mango) after a short storage period, ranging from a few weeks up to 32 weeks, despite being
38 undetectable immediately after pasteurization [7].

40 In response to the potential toxicity of furan and alkylfurans, the European Food Safety
41  Authority (EFSA) has advised the gathering of data regarding the occurrence and detection of these
42 substances in food. The primary emphasis should be on devising novel methodologies to detect
43 and measure furan, 2-methylfuran, 3-methylfuran, 2,5-dimethylfuran, 2-ethylfuran, and 2-pentylfuran
44 in diverse food matrices [B]. These methodologies must prove beneficial in industrial settings and food
45 guality control, necessitating attributes such as high throughput, simplicity, and swift analysis times.
46 Detecting furan and its derivatives in food presents a challenge because of their high volatility
47 and low concentration within a complex matrix. Gas chromatography, both one-dimensional [5,5-13]
48 and two-dimensional [14], coupled with mass spectrometry, stands out as the most frequently
49 employed technigue for their detection and determination. Different detectors such as flame ionization
S0 detectors as not comman [6]. However, various methods of sampling furans can be identified, including
51 dynamic headspace {DHS) [11] or static headspace [SHS). The SHS technigque is more commonly wtilized,
52 where analytes are either directly extracted from the headspace [5,9,12,13,15] or extracted using solid-
53 phase microextraction fibres (HSSPME) [6,7,10,14,16,17]). For both technigues, optimizing
54 the extraction process is crucial, with key parameters including sample type, sample volume,
55 headspace volume, sample equilibration time and temperature, and salt addition. SPME offers good
56 selectivity, simplicity, and speed in the extraction step, eliminating the need for solvents. However,
57 its use may result in low reproducibility or extraction efficiency. Hence, this research focuses
S8 on developing a methodology for direct headspace sampling without the isclation and enrichment
59 of analytes.

60 The objective of the study was to create an uncomplicated, rapid, efficient,
61 and environmentally friendly method for detecting and quantifying furan and alkylfurans in food
62 samples. The research utilized an ultrafast gas chromatograph (UFGC) with a flame ionization detector

63 (FID). The developed method underwent validation, and its environmental impact and practical use

2
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were evaluated using two tools: AGREE and BAGI, respectively. Homemade berry juices and
commercially available berry juices were subjected to analysis. This study responds to EFSA's

recommendation to gather data on alkyifuran content in food samples.

2. Materials and methods

2.1. Reagents B standards

Furan (F, 99.0%), as well as most of the alkylfurans used, such as 2-methylfuran (2MF, 99.0%),
2-pthylfuran [2EF, 99.0%), 2, 5-dimethylfuran (25DMF, 99.9%), 2, 3-dimethylfuran (23DMF, 99.9%),
and 2-pentylfuran (2PF, 98.0%) were purchased from Merck (Merck Life Science Sp.ro.o., Poznar,
Poland). 3-methylfuran [3MF, 97.5%) and methanol (MeOH, 99.9%) were purchased from Avantor
Performance Materials (formerly VWR International, Gdarsk, Poland). Ultrapure water for aqueous
solutions was prepared wsing HLPS Hydrolab (Wislina, Poland).

Furans and alkylfurans are highly volatile substances, therefore special attention should be paid
to eliminate the possibility of losses of analytes during the preparation stage, which may result in a lack
of accuracy of the method. Stock solutions of furan and alkylfurans were prepared at a concentration
of 1000 mg/L in methanol (MeOH). Stock solutions were stored in a freezer. Various working selutions
were prepared from the stock solutions by diluting them with ultrapure water. Prepared solutions were

stored in the refrigerator and/or on ice until use.

2.2. Samples

Two types of berry juices were used for research: store-bought and homemade. The first type
were samples of unfiltered berry juice that were commaercially available in local supermarkets and were
of different types: black currant juice (BC), bilberry juice (Bl), blueberry juice (BL), chokeberry juice
{CH]), elderberry juice {EL), honeyberry juice (HO) and black mulberry juice (MUL). The second type
were berry juices prepared at home and pasteurized at about 90°C for 15 minutes. The homemade
juices were of different types: black currant juice {BC HM), blueberry juice (BL HM), and elderberry
juice [EL HM). All samples were stored at refrigerator temperatune and protected from light. A quantity
of 5.0+ 0.1 g of each fruit juice was transferred into 20 mL glass vials, which were subsequently sealed

with a cap featuring a silicone—PTFE membrane. Each sample was tested in six replicates.

2.3. Instrumentation

All analyses were conducted using an ultra-fast gas chromatograph, Heracles || (Alpha MOS,
Toulouse, France), featuring a split/splitless injector and two flame ionization detectors (pFIDs). Two

capillary chromatographic columns were employed for analyte separation, including a non-polar MXT-

3
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5 column [diphenyl dimethylpolysiloxane, 10 m x 0.18 mm x 0.40 pm) and a medium-polar MXT-1701
column {cyanopropylphenyl polysiloxane, 10 m x 0.18 mm x 0.40 pm), which were parallel-linked.
Before analysis, samples were incubated in an HS 100 autosampler [Gerstel, Mihlheim, Germany)
at 50°C for 5 minutes with an agitation speed of 500 rpm. The injector and detector temperatures were
set at 200°C and 270°C, respectively. Hydrogen served as the carrier gas, maintained at a constant flow
rate of 250 mm3/s. Column temperature programming was initiated at 35°C, held for 70 seconds, raised
at a rate of 10°C/s to 270°C, and maintained for 56 seconds. Data processing was performed using
Alphasoft 12.4 software.

2.4. Method validation

The optimized method underwent assessment based on the following validation parameters:
linearity, precision, sensitivity, and accuracy, per the guality assurance protocol. Linearity was assessed
by utilizing six distinct concentrations. Limits of detection (LODs) and limits of quantification [LOCs)
were determined to gauge the sensitivity of the methodology. Both Limits of Detection (LODs)
and Limits of Quantification (LOQs) were computed from spiked samples (n = 5), establishing
the minimum detectable analyte amount with signal-to-noise ratios of 3 and 10, respectively. Precision
was evaluated by employing five replicates of juice samples spiked at 1.0 mg/L. Additionally, recovery
rates were estimated by comparing the peak areas of spiked samples of known furans concentration

to those of spiked water solutions {n = 5).

2.5. Statistical analysis

The peak areas during optimization and concentration values of the furans determined in fruit
juice samples were used as input data for statistical data amalysis. Analysis of variance, followed
by Duncan’s multiple comparison tests (p < 0.05) was carried out using XLSTAT (v.2014, Addinsoft, Paris,

France).

3. Results and discussion

3.1. Optimization of sampling and GC-FID conditions

To opbmize the analyte sampling procedure, the influence of incubation temperature,
incubation time and injection volume on the efficiency of furan and alkylfurans determination was
examined.

The concentration of substances in the headspace is intricately linked to the sample incubation
temperature. Elevated incubation temperatures correspond to increased sensitivity; however,
excessively high temperatures may compromise resolution. Moreover, excessively high incubation

4
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temperatures can lead to higher water concentrations, potentially adversely impacting analysis
repeatability. During research, three incubation temperatures (40, 50, and 60°C) were examined,
with results depicted in Figure 1A. The optimal incubation temperature for furan, 2-methylfuran,
and 3-methylfuran was determined to be 50°C, with a slight decrease in concentration observed
at B0°C. The increase in temperature aids in the transfer of analytes from the liguid phase
to the headspace, thereby reducing the partiion coefficient. In contrast, for the remaining alkylfurans
{2EF, 2,5-DMF, 2,3-DMF, and 2PF), the concentration showed a direct correlation with the incubation
temperature, with 60°C identified as the optimal incubation temperature. Literature suggests that high
incubation temperatures may lead to additional formation of analytes, such as furan or alkylfurans,
incertain food products during headspace sampling and their owerestimation [1]. Therefore,
considering the efficiency losses in primarily detecting furan at &60°C and the potential formation
of alkylfurans at this temperature, 50°C as incubation temperature was chosen for subseguent
analyses. This decision is consistent with findings reported by other researchers [10,17].

Desorption of a volatile substance from the sample to the headspace is not instantaneous
and depends on various substance and sample properties such as polarity, volatility, matrix
composition, interfering substances, pH, and state of matter, selecting an appropriate incubation time
was crucial. The objective was to identify an incubation time while the tested substances reached
sufficient concentration in the headspace, against minimizing this time to expedite analysis. During
research, the concentration of analytes in the headspace was assessed after 1, 3, 5, 15, and 30 minutes
of incubation, results shown in Fig. 1B. It was observed that furan and alkylfurans reached the highest
concentration after 5 minutes of incubation. The decline in peak area for the tested substances beyond
5 minutes of incubation could be attributed to competition between analytes in the headspace and the
matrix [3,6]. Thus, for the next analysis, 5 minutes of incubation was chosen.

The peak area, which is related to the sensitivity of the method, is related to injection volume.
During studies, three injection volumes [1 mL, 2.5 mL and 5 mL) were tested. The volume of 2.5 mL

was chosen as an optimal injection volume.
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Figure 1 Influence of the sampling and gas chromatograph conditions on the resulting peak areas of selected furans
(F = furan, ZMF — 2-methylfuron, 3MF - 3-methylfuran, 2EF — 2-ethyffuran, 250MF - 2, 5-dimethylfuran, 230MF - 2,3-
dimethylfuran, 2PF — 2-pentylfuran); A — incubotion temperature; B — incubotion time; C— trap temperature
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156 Gas chromatography method parameters, namely temperature programme, trap temperature,
157  and split flow ratio, among others, were selected to obtain satisfactory separation and signals for all
158  analysed furans. Additionally, the goal was to obtain a high-throughput method. The chromatographic
159  run took only 2.5 min. An example chromatogram obtained for a mixture of standards, a sample
160 of mulberry juice and a sample of mulberry juice spiking with the mixture of standards is shown
161  inFigure 2.

eak et Chromatogram of mixed standard solution (concentration 50 pg/L)
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163 Figure 2 Chromatogram of mulberry juice and standard mixtures. (A) o mixture of standords with o concentrotion of 50 ppb
164 (H20 as o solvent), (B) mulberry juice os a control sample, (C) muiberry juice with the oddition of o mixture of standords with
165 a final concentration of 50 ppb (F — furan, 2MF — 2-methyffuron, 3MF — 3-methylfuran, 2EF — 2-ethyffuran, 25DMF — 2,5-
166 dimethylfuran, 23DMF — 2,3-dimethylfuron, 2PF — 2-pentylfuron)
167 The trap is used to concentrate volatile compounds and transfer these compounds very quickly

168  tothe column. Lowering the trap temperature may increase the concentration of volatile compounds,
169  butit may also increase the efficiency of capturing low-volatile compounds (including water), and water
170 condensation may negatively affect the sensitivity of the method for very volatile compounds as well
171  as the repeatability of analyses. Results for different trap temperatures (20, 40 and 60°C) are depicted
172  in Fig. 1C. In the case of furan, the most optimal trap temperature was 20°C, but for the tested
173 alkylfurans the optimal trap temperature was 40°C. However, these results did not differ statistically
174  significantly. For this reason, 40°C was selected as the temperature of the sorption trap for subsequent
175  analyses.
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176 Various split flow ratios of the stream transferred to two chrematographic columns were
177  examined. As the split flow increases, the mass of the substance injected into the columns decreases,
178  resulting in narrawer peaks for low-valatility chemicals. This can patentially lead to decreased efficiency
179  in detecting and determining highly volatile compounds. Among the tested split flow were 1, 3, 5, 10
180  and 25 mL/min. A split flow ratio of 5 mi/min was chosen as the optimal value, and this parameter was

181  employed in subseguent tests.

182 3.2, Method validation

183 The sensitivity and linearity of the method were evaluated for furan and six alkylfurans using
184  an external calibration method. The developed procedure was applied to six solutions containing all
185  the furans tested within a range from 0.05% to 5 mg/L. Least squares linear regression was utilized
186  tocompute the equations of the calibration curves and determination coefficients (RY) for both
187  chromategraphic columns. Extensive infermation concerning each analyte is listed in Table 1.
188  The linearity exhibited satisfactory results for all studied analytes, with determination coefficients
189  ranging from 0.5808 to 0.9905 (for the MTX-5) and from 0.9813 to 0.9908 (for the MTX-1701). The LODs
1890  fell within the range of 1.0 to 2.4 pg/L, while the LOQs spanned from 3.1 to 7.3 pg/L. LODs and LOCQs
191  were the lowest for furan and 2-pentylfuran and the highest for 2-ethylfuran and 2, 5-dimethylfuran.
192  Precision was determined by analyzing five replicates of juice samples fortified at a concentration of
193 1 mg/L. The Relative Standard Deviation [RSD] ranged from 4.5 to 5.6% (for MTX-5) and from 4.3
194  to9.9% (for MTX-1701). The stability of the analytes in the juice matrix resulted in acceptable precision.
195  The method's accuracy was assessed through a recovery test, involving the comparison of unenriched
196  samples with samples enriched with analytes at a concentration of 1 mg/L using five replicates.
197  The recovery rates are detailed in Table 1. Average recovery values ranged from 89 to 103% (for MTX-
198  5)and from 86 to 107% (for MTX-1701). These results suggest that the devised method for determining

199  furans in fruit juice samples exhibited a high level of accuracy.

200
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Toble 1 Analytical figures of merit far the developed UFGC-FID methedology for furan and akykfurans determination.

Column MTX-5
Analyte Concentration range 0.05 to 5 mg/L Concentration 1 mg/L
Precision
ta(s) Linearity (R*)  LOD (ug/l)  LOC (pgfL) Recovery (%)
(36RSD)
FUR 17.6 0.9857 11 3.4 4.5 B9
2MF 239 0.9844 18 5.3 6.3 85
IMF 305 0.9829 12 36 6.7 97
2EF 52.7 0.9903 22 6.7 6.8 o8
25DMF 539 0.9905 20 5.9 59 102
230MF 55.5 0.9901 21 b.4 5.7 103
2PF 7RSS 0.9808 11 33 9.6 89
Column MTX-1701
Analyte Concentration range 0.05 to 5 mg/L Concentration 1 mg/L
Precision
ta(s) Linearity (R*)  LOD (ug/l)  LOG (pgfL) Recovery (%)
[36RSD)

FUR 19.6 0.9813 14 4.1 6.3 26
2MF 320 0.9836 20 5.9 59 93
3MF 4.8 0.9817 1.7 52 4.5 54
2EF 54.1 0.9908 18 57 4.7 S8
250MF 54.8 0.9907 2.4 7.3 4.3 106
23DMF 56.8 0.9901 21 6.4 6.6 107
2PF 775 0.9900 10 31 99 97

FUR — furan; ZMF — 2-methylfuran; 3MF — 3-methylfuran; 2ET- 2-ethylfuran; 2508 F — 2,5-dimethylfuran; 230MF - 2,3-
dirmethylfuran; 2PF — 2-pentylfuran; s —second; ty — retention tme

3.3. Greenness and bluenness evaluation

Following the tenets of green analytical chemistry, the emphasis in developing novel analytical
methods should be on their environmental sustainability and human safety. Moreowver, practical
aspects of the method, such as considerations regarding time and cost efficiency, as well as ease of use,
should also be considered. The newly developed analytical method for quantifying furan
and alkylfurans in fruit juices wnderwent evaluation for its environmental friendliness using
the Analytical Greenness Calculator {AGREE) [18] and for its practicality using the Blue applicability
grade index (BAGI) [19]. To gauge the environmental impact and assess the practicality of incorporating

the proposed methodology into routine analyses, it was compared with five other methods
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for determining furans in fruit juice samples sourced from existing literature. Five gas chromatography-
based analytical methods were chosen for comparison, as GC is considered the benchmark in furan
determination. These selected methodologies varied in injection technigue and detector type
employed for analyte determination. For instance, Shen et al. utilized a static headspace injection mode
following a 15-minute sample incubation [12]. The remaining four methods were based on solid-phase
microextraction (SPME). Among these, the commonly utilized fber for analysis was
the carboxene/polydimethylsiloxane (CAR/PDMS) fiber, with incubation and extraction times of 10
[1&], 20 [17] and 30 minutes [&], respectively. In contrast, Frank et al. devised a methodology using
polydimethylsiloxane/divinylbenzene (PDMS/DVE) fiber, with a 20-minute extraction time [B].
For the quantification of furan and alkylfurans, gas chromatography was coupled with two types
of detectors. While Frank et al. employed a flame ionization detector [FID) [B], most commonly, GC was
coupled with mass spectrometry, either a conventional mass spectrometer [10,12,17] or a tandem
mass spectrometer (MS/MS) [16].

Based on the findings from the ecological (Fig. 3) and practicality evaluation (Fig. 4),
the HS-UFGC-FID method developed in this study emerges as the most environmentally friendly
and offers the highest level of functionality. Its key advantages, compared to alternative methods,
lie in the reduction of sample preparation and analysis time. With a sample incubation time of just
5 minutes and the elimination of the analyte extraction step, this method streamlines the analytical
process significantly. In contrast, other methodologies typically require incubation and extraction times
ranging from 10 to 30 minutes. This simplification of the analytical procedure results in a shortened
analysis time of anly 2.5 minutes, compared to the 14 to 43 minutes required by other procedures.
Moreaver, this method allows to determine seven substances in a single analysis, while minimizing
waste generation. Consequently, this approach enhances methodology throughput, improving both,

time and cost effectiveness, while also reducing negative environmental impacts and health risks.

10
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237
238 Figure 3 Results of green index evaluation of analytical methodotogies for furans determination in fruit juice samples using
239 AGREE tool; M1 — this work, M2 [6], M3 [10], M4 [16], M5 [17], M6 [12)
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241 Figure 4 Results of blue index evaluation of analytical methodologies for furans determination in fruilt juice samples using
242 BAGI tool; M1 — this work, M2 [6), M3 [10), M4 [16). M5 [17] M6 [12)
11
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3.4. Fruit juice samples

The study examined the furan and selected alkylfurans content in berry fruit juices available

commercially and those made at home. The findings from the analyzed samples are outlined in Table 2.

Table 2 Concentrotions (ug/L) of furan and selected atkplfvnens detected in fruit jwices using UFGC-FID.

Furan and alkylfurans concentration [pgsL]

FUR 2MF IMF 2EF 250MF 23DMF 2PF
BC =LOD <L0D <=L0OD =LOD <=L0OD =L0D =L0D
Bl 7.7x21 =L0D <=LOD =LOD <=LOD =L0D =L0D
BL 4.8+05 <LOD <LOD <LOD <LOD <L0D <L0D
CH =LOD <L0D <=L0OD =LOD <=L0OD =L0D =L0D
EL 12.14 £ 063 <LOD <LOD <LOD <LOD <LOD <LOD
HO <LOD <L0D <LOD <LOD <LOD <LOD <LOD
MuL LoD =L0D <=LOD =LOD <=LOD =L0D =L0D
BC HM <LOD <LOD <LOD <LOD <LOD <L0D <L0D
BL HM 732 +0.44 <LOD <LOD <LOD <LOD =LOD <L0D
EL HM 349+159 9.7+2.4 <LOD <LOD <LOD <L0D 3585+0.31

FUR — furan; ZMF — 2-methyliuran; 3MF — 3-methylfuran; 2ET- 2-ethylfuran; 2508 F — 2 5-dimethylfuran; 230MF — 2,3-
dirmethyliuran; 2PF - 2-pentyturan;BC - black currant juice; BI - bilberry juice; BL - blugberry juice; CH — chokeberry juice; EL
— elderberry juice: HD — honeyberry juice; MUL — mulberry juice; BC HM — black currant hamemade juice: BL HM — blueberry
homemade juice; EL HM — eldarberry hamemade juice

According to Table 2, furan was identified in five juice types (BIL, BL, EL, BL HM, EL HM)
at concentrations varying from 4.3 to 37.5 pgfL, while 2-methylfuran and 2-pentylfuran were
exclusively detected in homemade elderberry juice samples with concentration from 7.5 to 13.2 pg/L
and from 3.4 to 4.3 pg/L, respectively. Levels of alkylfurans other than those mentioned above, namely
IMF, 2EF, 250MF, and 230MF, were below the limit of detection in the examined samples. The results
concerning the guantified chemical compounds are depicted in Figure 4A.

The concentration of furan in berry juices was similar to that found in commercially available
orange juice samples, which varied from 0.59 to 27.39 pg/L [17]. The presence of furan in fruit juices
can arise from the oxidative and hydrolytic processes of ascorbic acid during heat processing [3,4].
Research om mice and rats has confirmed that 2-methylfuran can lead to liver damage,
alterations in the bronchi and lungs, and histological changes [2]. Hence, it is crucial to choose a juice
pasteurization method that reduces the concentration of this substance in the final products. Indeed,
the occurrence of 2-pentylfuran and 2-ethylfuran in heat-treated foods primarily stems from lipid
depradation, as outlined by Kettlitz et al. [2]. The generation of these compounds arises
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265  from the oxidation of o, B-unsaturated aldehydes, originating from lipids at high temperatures,
266  as highlighted by Kim et al. [17].

267 The overall furan content, depending on the juice type, is depicted in Fig. 4B. From these
268 findings, it is evident that blueberry and bilberry juice samples exhibited relatively minor fluctuations
268  in furan concentrations. Howewver, there was considerable variability in the furan levels among
270  elderberry juices. This might be attributed to factors such as amino acid content, vitamin C content,
271  food processing methods, or production technology, in addition to the juice pasteurization conditions,
272  assugpested by Batool et al. and Kettlitz et al. [2,4]. Nevertheless, the tetal furan content in each juice
273 tested remained relatively low, not surpassing 0.06 mg/L.

274 Furthermore, a comparison was made between the furans content in  purchased
275  and homemade juices [Fig. 4C). The analysis revealed that homemade juices exhibited higher
276 levels of both individual furan and the total sum of furans. In purchased juices, the total sum of furans
277 averaged 8.2 + 3.4 pg/L, whereas in homemade juices, it averaged 27.9 £ 21.6 yg/L. Commercial juice
278  production typically involves exposure to lower temperatures for shorter durations, potentially
279  reducing the formation of furan and alkylfurans.
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281 Figure 5 Furones concentrations in frud juices; A — box plots for furan, 2-methylfuran and 2-pentyifuren, B- box plots
282 Jor different juice types (bilberry juice, blueberry juice and elderberry jwicel, C— bax plots for store-bought ond homemode
283 BefTy juices
284
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4. Conclusions

A nowvel anmalytical method has been developed and comprehensively validated
for the concurrent assessment of furan and alkylfurans in fruit juices. This method presemts
the capability to guantify a significant number of compounds (7], merging selectivity, and short analysis
time (merely 2.5 minutes) of UFGC-FID with the benefits of an uncomplicated, swift, and dependable
sampling technigue. The devised approach is cost-effective, devoid of solvents, efficient in time, rapid,
and sturdy. Additionally, it is eco-friendly and convenient, as evaluated through the AGREE and BAGI
metrics for analytical procedures, assessing environmental and practical aspects. The method has
undergone comprehensive validation and demaonstrates favourable linearity (R* = 0.9808), with low
Limits of Detection (1.0-2.4 pg/L), low Limits of Quantification (3.1-7.3 pg/L), excellent accuracy
[86-107%), and reliable repeatability (4.3-9.9%). The results obtained validate the applicability
of the UFGC-FID method for detecting furans at very low concentrations (pg/L) in liquid food samples.
This developed approach serves as an effective tool for monitoring food guality and guaranteeing food
safety regarding furans content. Comparing store-bought and homemade berry  juices,
the concentration of furans in homemade juices was higher than in the store-bought juices, which can
indicate that canning jars with juices at home generate more furans than industrial low-temperature

pasteurization.
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5. Conclusions

This doctoral dissertation focused on the development of new analytical
methodologies for characterizing and the quality assessment of fruit juices.
These methodologies were used to determine terpenes in lime juice samples,
as well as to determine biogenic amines, furan and alkylfurans in berry juices
samples.

The main achievements and novelty aspects of the dissertation include:

e development of a methodology for the determination of monoterpenes
in the volatile fraction of juice samples using two-dimensional gas
chromatography;

e development of an analytical approach for detecting adulteration of juices
using an e-nose;

o development of salting-out assisted liquid-liquid microextraction coupled
with gas chromatography and mass spectrometry for quantitative
analysis of biogenic amines in fruit juice samples;

e development of a methodology for the determination of furan
and alkylfurans in the volatile fraction of juice samples as a response
tothe EFSA recommendation regarding the collection of data
on the content of furans in food products;

e new analytical methods have been developed in accordance
with the requirements of Green Analytical Chemistry.

The above aspects show a broad approach to the selected topic. In addition,
the research results have been published in journals devoted to analytical
chemistry (Monatshefte fur Chemie), food science (Food Control, Food Chemistry),
or chemistry (Journal of Luminescence). This demonstrates the wide thematic
scope of research that had to be carried out in order to achieve the research
goals.

The combination of high chromatographic resolution and analyte separation
efficiency using GCxGC together with high acquisition frequencies obtained
by TOFMS enabled the accurate characterization of the volatile fraction of lime
juices. Determination of terpenes allowed to select markers of the tested juices.
These markers were then characterized for their bioactive properties. Kaffir lime
juice showed a strong binding to human serum albumin. Due to its woody
aroma and taste derived from terpinen-4-ol, consuming this juice can be
problematic. However, it can be used as an addition to other types of beverages
to increase their health-promoting properties.

An electronic nose was used to detect adulterations of orange juice.
This methodology is characterized by the lack of sample preparation step,
is very fast (measurement takes less than 2 minutes) and simple.
The combination of ultrafast gas chromatography with chemometric methods
made it possible to detect all samples adulterated by the addition of other fruit
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juice. The proposed approach may be used in the future to detect other
adulterations of fruit juices.

The methodology for the determination of biogenic amines (SALLME-GC-MS)
and the methodology for the determination of furan and alkylfurans
(HS-UFGC-FID) were characterized by good validation parameters (LOD, LOQ,
linearity, recovery). These methodologies were fast, simple and characterized
by a good greenness assessment, which encourages their use in industry.

The research results supplemented the knowledge about fruit juices,
in particular the content of terpenes, biogenic amines and furans in these
matrices. This topic is significant for the quality control of juices, as well as
extremely important for the health and safety of consumers. The proposed
quality control methodologies can be implemented in the food industry
to replace conventional time- and labour-intensive procedures.
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7. Research achievements
7.1. JCR-listed publications

Table 3 Individual contributions to co-authored publications.

Publications 1 2 3 4 5 6 7 8
Collections of samples + NA - - + - - +
Samples analysis + NA + + + + + +
Concept of work + + + + + + + +
Statistical analysis + NA + + + + o+ +
Interpretation of results + + + + + + + +
Results description + + + % + + o+ +
Preparation of tables and figures + + + + + o+ +
Manuscript writing + + + ot + + o+ +
Publications 9 10 11 12 13 14 15 16
Collections of samples + NA - - NA - -
Samples analysis + NA + + + NA + *
Concept of work + + + + - + -
Statistical analysis + NA + + + NA = -
Interpretation of results + * + + + + + +
Results description + + + o+t + +
Preparation of tables and figures + + o+ £ + -
Manuscript writing + + + + + + + -

where:

NA not applicable

* partial contribution to the action
+ full participation in action

— no involvement in the action

Citation based on the Scopus, accessed on February 25th, 2024.
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J. Namiesnik, Thermal degradation assessment of canola and olive oil using
ultra-fast gas chromatography coupled with chemometrics, Monatsh. Chem. 148
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ZIF: 72.834, Zcitations: 296 (274 without self-citations), h-index: 9
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7.2. Chapters and articles in non-JCR listed journals

[1] T. Majchrzak, K. Kalinowska, M. Lubinska-Szczygel, A. Roézafiska,
T. Dymerski, W. Wardencki, J. Namiesnik, Recent Applications of 1D GC-MS
and 2D GC-MS in Foodomics Studies, Comprehensive Foodomics, Elsevier
2021, 10.1016/B978-0-08-100596-5.22773-X.

[2] M. Rutkowska, J. Plotka-Wasylka, M. Lubinska-Szczygel, A. Rézanska,
J. Mozejko-Ciesielska, J. Namiesnik, Ptasie piora jako biomonitory
do uzyskiwania informacji o stanie srodowiska, Analityka: Nauka i Praktyka 2
(2019) 26.

[3] M. Lubinska-Szczygel, A. Réozanska, T. Dymerski, J. Namiesnik, Study of the
effect of the hybridisation process on the content of terpenes in oroblanco fruit
(Citrus paradisixCitrus grandis), Proceedings of the 14th International Students
Conferennce Modern Analytical Chemistry (2018) 236.

[4] A. Rézanska, M. Lubinska-Szczyget, T. Dymerski, J. Namies$nik,
Classification of adulterated raspberry juice using ultra-fast gas
chromatography, Proceedings of the 14th International Students Conferennce
Modern Analytical Chemistry (2018) 253.

[5] A. Rozanska, J. Namiesnik, Overall color parameter as a parameter
determining the level of oxidation of olive oil, World Scientific News 75 (2017) 81.

[6] J. Myszka, M. Lubinska-Szczyget, A. Rézafiska, J. Namiesnik, Analysis
of volatile fraction selected hybrid fruits using chromatographic techniques,
World Scientific News 75 (2017) 33.

[7] P. Michalczuk, J. Myszka, M. Lubinska-Szczygel, A. Rézafiska,
J. Namiesnik, Fast GC as a useful tool for authenticity assessment of kiwifruit,
World Scientific News 75 (2017) 6.

[8] A. Rézafiska, J. Gromadzka, T. Dymerski, J. Namie$nik, Ocena wplywu
dodatku oliwy 2z oliwek na degradacje termiczna rafinowanego oleju
rzepakowego, Analityka: Nauka i Praktyka 2 (2017) 8.

[9] H. Jakobezyk, A. Rézanska, T. Dymerski, J. Namiesnik, Characteristics
of Cucumis metuliferus, Actinidia deliciosa and Musa paradisica fragrance
profiles using a comprehensive two-dimensional gas chromatography with time-
of-flight mass spectrometric detection (GCxGC-TOF MS), Proceedings
of the 13th International Students Conferennce Modern Analytical Chemistry
(2017) 195.
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[10] A. Rézanska, T. Dymerski, J. Namies$nik, Detection of apple in orange juice
using ultra-fast gas chromatography, Proceedings of the 13th International
Students Conference Modern Analytical Chemistry (2017) 239.

[11] D. Sienska, M. Lubinska-Szczygel, A. Rézanska, T. Dymerski,
J. Namiesnik, Analysis of volatile fraction of hybrid fruit pulp using Proton
Transfer Reaction - Time-Of-Flight Mass Spectrometry, Proceedings of the 13th
International Students Conference Modern Analytical Chemistry (2017) 244.

[12] T. Majchrzak, A. Rézaniska, W. Wojnowski, T. Dymerski, J. Namiesnik,
The impact of addition of olive oil on thermal degradation of refined rapeseed
oil, Proceedings of the 12th International Students Conference Modern Analytical
Chemistry (2016) 113.

7.3. Scientific conferences

Conference presentations:
e 10 authored,
e 16 co-authored.

7.4. Academic internships

e September 2019 — March 2020: Food Science Laboratory, Department
of Chemical, Biological, Pharmaceutical and Environmental Sciences,
University of Messina, Supervisor: prof. Luigi Mondello;

e July 2019: School of Pharmacy, Hebrew University of Jerusalem,
Supervisor: prof. Shela Gorinstein,;

e April 2019: School of Pharmacy, Hebrew University of Jerusalem,
Supervisor: prof. Shela Gorinstein.
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7.5. Grants participation

e 2021: NCN OPUS 19, 2020/37/B/ST4/02886, 2021-2025, Disposable
baby diapers: monitoring selected toxic compounds through the use
of new analytical methods;

e 2019-2021: NCN PRELUDIUM 16, 2018/31/N/NZ9/03255, 2019-2021,
Determination of the methabolic pathway of selected terpenes in citrus
fruits using the PTR-TOFMS technique;

e 2019-2021: NCN PRELUDIUM 16, 2018/31/N/NZ9/02404, 2019-2021,
The novel solution for real-time monitoring of secondary products
of vegetable oil oxidation emitted during deep frying;

e 2019-2020: AGER, AGER2-Rif2016-0169, 2016-2020, Valorizzazione dei
prodotti italiani derivanti dall’oliva attraverso tecniche analitiche
innovative;

e 2016-2020: NCN MAESTRO 6, 2014/14/ST4/00640, 2015-2021,
“Antioxidant Power Series as a tool rational design and assessment
of health promoting properties of functional food based on antioxidant
phytochemicals.

7.6. Scholarships

e 2017-2022: The National Centre for Research and Development
Scholarship for Interdisciplinary, International PhD Studies
(the PO WER 3.2 program);

e 2017-2020: Ministry of Science and Higher Education Scholarship
for best PhD Students;

e 2016-2020: Gdansk University of Technology Rector’s Scholarship
for best PhD Students.

7.7. Certificates
e Certificate - Bioacademy I module: Introduction to industrial
Biotechnology;

e Certificate - Bioacademy II module: USP bioprocess — introduction
to biopharmaceutical industrial;

e Certificate - Bioacademy II module: DSP bioprocess — introduction
to biopharmaceutical industrial;

e Certificates of Internal Auditor:
e Environmental Management System [SO 14001:2015;
e Quality Management System ISO 9001:2015;
e Health and Safety Management System OHSAS 18001:2007;
e Laboratory Management System ISO 17025:2005.

136



