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ABSTRACT

UTILIZATION OF PISTACHIO BY-PRODUCTS FOR THE RECOVERY OF
PHENOLIC ANTIOXIDANTS

Pistachio processing accrues high amounts of by-products. Pistachio hulls, the main by-
product of pistachio processing, has yet no commercial value. The main objective of this
study was utilization of pistachio hull focusing on the recovery of the phenolic antioxidant
compounds. First, detailed analysis of phenolic constituents of the pistachio hull was
assessed using high-performance liquid chromatography coupled with diode array detector
and electrospray ionization mass spectrometry (HPLC-DAD-ESI-MS") as well as by high-
resolution mass spectrometry (HR-MS). Then, a rapid method was developed and validated
for the simultaneous extraction and quantitation of phenolic compounds from pistachio hull
after screening of various extraction parameters, and solvent systems with variable polarity
and acidity. Moreover, a method using ultra-high-performance liquid chromatography
coupled with diode array detector and evaporative light scattering detector (UHPLC-DAD-
ELSD) was developed for faster separation of pistachio hull phenolics. Optimized method
was then applied for the quantitation of pistachio hull phenolics from different varieties.
Finally, an environmentally friendly extraction process using subcritical water (SCW) was
developed for the recovery of pistachio hull phenolics. A total of 66 individual phenolic
compounds were identified in the aqueous methanolic extracts in three different classes,
namely gallotannins, flavonoids, and anacardic acids. The total amount of individual
phenolics were ranged from 61.2 to 100.7 g/kg dry matter, DM for different varieties where
anacardic acids predominated (64.6-80.4 per cent), followed by gallotannins (13.4-21.2 per
cent), and flavonol glycosides (5.7-16.3 per cent). By using SCW extraction at 110-150 °C,
extracts rich in gallic acid (22.2 g/lkg DM), penta-O-galloyl-5-D-glucose (9.77 g/kg DM),
and flavonols (4.37-5.65 g/kg DM) were obtained, while anacardic acids (up to 50.7 g/kg
DM) were retained in the extraction residue. Moreover, SCW extracts showed superior
antioxidant properties compared to those obtained for aqueous methanol extracts. In

conclusion, pistachio hulls were shown to be a rich source of bioactive phenolic compounds.
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OZET

ANTEPFISTIGI ATIKLARININ FENOLIK ANTIOKSIiDAN MADDE GERIi
KAZANIMI ACISINDAN DEGERLENDIRILMESI

Antepfistig1 liretimi atiklarindan antepfistigi yumusak kabugu ticari degeri olmayan bir
tiriindiir. Bu ¢alismanin amaci, antepfistigi kabugunu fenolik antioksidan maddelerin geri
kazanim agisindan degerlendirilmesidir. Oncelikle, antepfistigi kabugunun fenolik madde
icerigi yiiksek performansli sivi  kromatografisi-diode-array  dedektor-elektrosprey
iyonizasyon kiitle spektrometresi (HPLC-DAD-ESI-MS") ve yiiksek ¢oziinirlikli kiitle
spektrometresi (HR-MS) kullanilarak ayrintili olarak analiz edilmistir. Cesitli ¢ozgen
sistemleri ve ekstraksiyon parametreleri denendikten sonra antepfistigi kabugu
fenoliklerinin es zamanh ayrimi ve kantitatif tayini i¢in ultrasonik destekli ekstraksiyon
metodu gelistirilmistir. Ayrica, antepfistigi fenoliklerinin hizli ayrimi igin ultra-yiiksek
performansli sivi  kromatografisi-diode-array dedektor-buharlastirmali 151k sagilmast
dedektorii (UHPLC-DAD-ESLD) kullanilarak yeni bir metot gelistirilmis ve valide
edilmistir. Son olarak, antepfistig1 fenoliklerinin geri kazanimi igin ¢evre dostu subkritik su
ekstraksiyon yontemi uygulanmistir. Antepfistigi kabugu su bazli metanol 6ziitlerinde,
baslicalar1 gallotanin, flavonoit ve anakardik asit olmak tizere {izere toplam 66 adet fenolik
madde belirlenmistir. Farkli antepfistig1 varyetelerinden elde edilmis kabuklarin toplam
fenolik madde miktar1 kuru madde bazinda 61,2 ile 100,7 g/kg araliginda bulunmustur.
Antepfistigi kabugu fenolikleri ¢ogunlugu anakardik asit (64,6-80,4 yilizde) olarak iizere,
gallotanin (13,4-21,2 yiizde), ve flavonol glikozitlerlerden (5,7-16,3 yiizde) olusmaktadir.
Subkritik su ekstraksiyonu ile 110 ve 150 °C araliginda gallik asit (22,2 g/kg kuru bazda),
pentagalloglukozit (9,77 g/kg kuru bazda), ve flavonolce (4,37-5,65 g/kg kuru bazda) zengin
oziitler elde edilirken anakardik asitler ekstraksiyon kalintisinda tutulmustur. Ayrica,
subkritik su oziitlerinin antioksidan aktivitesi su bazli metanol 6ziitlerinden 6nemli miktarda
fazla bulunmustur. Sonu¢ olarak, antepfistigi kabugunun biyoaktif fenolik bilesenler

acisindan zengin oldugu tespit edilmistir.
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1. INTRODUCTION

Increased consumer awareness on nutrition and health has forced the industry to find new
natural alternatives for synthetic food ingredients providing techno-functional and health-
promoting properties [1, 2]. Agricultural and food processing by-products contain
considerable amounts of bioactive compounds such as phenolic compounds possessing
various potential biological activities such as antioxidant, and antimicrobial. They also offer
a cheap source for these bioactive compounds, especially compared to the cost of their
disposal and maintaining sustainability in the food industry [3]. However, they mostly have
no or very low commercial value. Therefore, utilization of agricultural and food processing

by-products for the recovery of bioactive compounds is an emerging research topic.

Pistachio (Pistacia vera L.) is an important commercial product with approximately one
million tons of worldwide production each year by Iran as the top producer, followed by
USA and Turkey [4]. It generates a significant amount of waste with no or low commercial
values. However, pistachio belongs to the Anacardiaceae family [5], whose members such
as mango [6-8], Brazilian pepper [9] and cashew [10] are characterized by the presence of
diverse classes of phenolic compounds including flavonol glucosides, gallotannins and
phenolic lipids. A limited number of previous studies also suggest that extracts derived from
pistachio hull, the main pistachio processing by-product, exert antioxidant [11-14],
antitumor [15], and anticancer [16] activities. However, the complete phenolic profile of
pistachio hull remained incompletely investigated which also hamper its utilization.
Therefore, the presented thesis aimed at providing a comprehensive and systematic overview
of pistachio hull phenolics including their characterization and extraction. Additionally,
sustainable utilization strategies should be investigated. Detailed aims and scope of this
thesis were given in Section 2.9 after research topics involved are first described in the

following sections (2.1-2.8).



2. THEORETICAL BACKGROUND

2.1. PISTACHIO

Pistachio (P. vera L.) is one of the oldest foods consumed. Its history dates back to as early
as 7000 BC when it was cultivated for royal families and the court in the time of Babylon
[17]. It is native to high desert regions of Iran, Afghanistan, and Central to Western Asia. It
was later distributed to Mediterranean region of Middle East and Europa by trades.
Pistachios were imported to America in the 1880s, and their cultivation was started after
1950s in California [18]. More recently, pistachio has also been cultivated in Australia [17].
Today, pistachio is produced in many different parts of world, i.e. Central Asia (China,
Afghanistan, and Pakistan), Middle East (Syria, Iran), North Africa (Morocco, Tunisia, and
Egypt), Europe (Italy, Spain, and Greece), America (USA, Mexico) and Australia [4, 19]. In
2014, 857 878 tons of pistachio kernel was produced in 826 523 ha field (Figure 2.1). Top
producers are Iran (48 per cent), followed by USA (27 per cent), and Turkey (nine per cent)
(Figure 2.2). Noteworthy, as seen in Figure 2.1, pistachio production has doubled during the
last decade due to the increased consumer interest in pistachio as a healthy snack [20].

1,000 World pistachio harvest area

=& World pistachio production

800

600

ha/tonnes (x1000)

400

200

1994 1998 2002 2006 2010 2014
Year

Figure 2.1. Amounts of world pistachio production and harvest area: Changes over years.
Data were taken from FAOstat [4].
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Figure 2.2. Pistachio production by country in 2014. Data were taken from FAOstat [4].

Pistachio belongs to the Anacardiaceae family, which also includes other commercially
important plant products such as mango (Magnifera indica L.), cashew (Anacardium
occidentale L.), Brazilian pepper (Schinus terebinthifolius Raddi), and sumac (Rhus L.). P.
vera L. is the only specie that produces edible nuts, and thus, have commercial importance
among 11 species of genus Pistacia. Other species of pistachio such as P. atlantica and P.

terebinthus are grown as rootstock or for ornamental purposes [21].

Pistachio is a dicotyledonous plant grown on a tree reaching significant production in almost
10 years. Pistachio trees are dioecious with male and female flowers borne in different trees
and pistachios are wind-pollinated [17]. Pistachio drupe is a fruit of pistachio tree consisting
of a green kernel, ared colored skin, a lignocellulosic hard shell, and green to red hull (Figure
2.3) [22].

2.2. PISTACHIO PROCESSING

Pistachios are grown in the tree as grape-like bunches. They are harvested manually or
mechanically when the fruit reaches the harvest maturity [23]. Based on the growth location
and variety, pistachios reach their full maturity at different times, generally between June

and October, when kernels start to grow, and shells harden and split-open [17].



Hull Shell Skin Kernel

Figure 2.3. Different parts of dried pistachio drupe.

Harvested fruits are either processed directly or dried and stored until they are processed.
Otherwise, when undried drupes are stored, shell staining might occur due to hull trapped
moisture which is undesirable due to cosmetic reasons, and might indicate pathogenic
infestation [18]. During drying, the moisture content of pistachio fruit is decreased from 40-
50 per cent to three-five per cent, mostly by sun-drying in the field or in steam ovens with
forced air [23].

Pistachios are mainly processed to obtain two different end-products; (i) in-shell pistachios,
or (i) pistachio kernels. Ninety percent of pistachios are processed as in-shell pistachios, and
marketed as snack food after salting and roasting. Remaining small amounts of pistachios
are processed to obtained pistachio kernels, and used as nut meat in confectionery products

such as pastries, and ice-cream to enhance their taste, color, flavor and nutritional value [23].

In-shell pistachio production briefly contains dehulling, shell splitting, and optionally
roasting steps (Figure 2.4). Kernel production requires additional steps for the removal of
shells and skins. In dehulling and skin removal steps, pistachios are optionally immersed in
water to soften hulls or skins. Then, the outer layer of pistachios is crushed in the stone
rollers, followed by separation of nuts from hull or skins using fanning mill [24]. After hull
and/or skin removal, pistachios are dried to prevent microbial deterioration in the product.
In the case of unshelling, pistachio shells are cracked manually using hammers or by

machines to separate shells [23].
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Figure 2.4. Overview of pistachio processing. Adapted from [17].

2.3. UTILIZATION POTENTIAL OF PISTACHIO BY-PRODUCTS

Pistachio processing by-products include hull, shell, and skin in variable portions depending
on the final pistachio product. Pistachio hull is the main by-product of pistachio processing

considering dehulling step is applied during the processing of all pistachios regardless of the



desired final product (Figure 2.4). Pistachio hull is a highly underutilized resource, however,
with great potential. According to the study of Bartzas et al. on life cycle assessment of
pistachio production in Greece, pistachio hulls valued as 3290 kg/ha are lost during post-
harvest handling and 80 per cent of them are dumped on a farm or illegally disposed while
only 20 per cent is used as animal feed [25]. Accordingly, using pistachio by-products
(mainly hulls) as an animal feed supplement is the main activity for their utilization in Iran,
the largest producer of pistachio [26-28]. Another possibility might be using pistachio hulls
as compost material for pistachio seedlings or other plants [11, 12]. However, using pistachio
hulls as an animal feed or compost material are limited to maximum 15 per cent of the diet
of animal [26], or 10 per cent of compost/soil ratio [30], respectively, due to the presence of
anti-nutritional phenolic compounds. Therefore, removal of the phenolic fraction is required
to increase utilization potential of pistachio hull in these fields. Besides, a great research
interest was recently given on pistachio hull phenolics aiming their use as a natural

antioxidant and functional ingredients as further discussed in Section 2.5 [11, 14, 31-34].

Pistachio hull was also offered as an adsorption material for the removal of contaminants,
i.e. cyanide, from industrial wastewater [35], or as a natural biomass resource for the

production of bio-oil [36]. However, these studies remain only as scientific research.

2.4. PHENOLIC COMPOUNDS

2.4.1. Chemistry and Sources

Phenolics are at least one phenolic ring bearing molecules with many hydroxyl groups and
various molecular attachments (Figure 2.5). They widely range from low molecular weight
(<500 Da) simple molecules such as gallic acid and flavonoids to polymeric tannins (up to
MW=300 000 Da) [37]. More than 8000 naturally occurring phenolic compounds were
identified throughout the plant kingdom [38].

The main phenolic groups are phenolic acids, polyphenolics, stilbenes, and lignans [38].
Phenolic lipids are also considered as a subgroup of phenolics in the scope of this thesis due
to their phenolic bearing structures. A more detailed classification leads separation of

phenolic compounds into various subclasses (Figure 2.6).
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Figure 2.5. Chemical structures of some selected phenolics.

Phenolic acids consist of two subgroups of hydroxybenzoic and hydroxycinnamic acids.
Hydroxybenzoic acids are molecules with Ce-C1 structures such as gallic acid (Figure 2.5),
ellagic acid, and protocatechuic acid. Hydroxybenzoic acids present in various fruits and
vegetables, for instance, in tea, berries, and grapes. Hydroxycinnamic acids are Cs-Cs
structures with a three-carbon side chain (Figure 2.5). Coffee and blueberry are a rich sources

of hydroxycinnamic acids such as ferulic, sinapic, p-coumaric and caffeic acid.

Polyphenolics are chemical compounds containing at least two aromatic rings. The most
widely distributed polyphenolic class, flavonoids possess Cs-C3-Cs skeleton, two aromatic
rings connected by a carbon bridge (Figure 2.5) [38]. Six sub-classes of flavonoids are

flavones, flavanones, isoflavones, flavanols, flavonols, and anthocyanidins. Variations occur



PLANT PHENOLICS

v v v v v
. . Lignans . Stilbenes Lo
Simple phenolics e.. Pinoresinol Polyphenolics e.g. Resveratrol Phenolic lipids
\ \
v v v Y —»  Alkylcatechols
Phenolic acids Coumarins Flavonoids Tannins
—»  Alkylphenols
Hydroxybenzoic Flavones Isoflavone Hydrolyzable Condensed .
acids e.g. Luteolin, '« e.g. Genistein tannins (non-hydrolyzable) > Alkylresorcinols
e.g. Gallic acid Apigenin Diadzein tannins
Protocatechuic acid Gallotannins idi io aci
Flavanol Anthocyanidin e.g. Galloyl e.g. Procyanidin —»  Anacardic acids
Hydroxycinnamic e.g. Catechin = e.g. Cyanidin glucoses
acids Epicatechin Pelargonidin
e e.g. Caffeic acid Flavonol A Ellagltgnnms_
Ferulic acid e.g. Quercetin avanone e.g. Punicalagin
L < e.g. Naringenin
Myricetin Hesperetin
Kaempherol P

Figure 2.6. Classification of major plant phenolics. Adapted from [38-41]




in each group due to the differences in the number and arrangement of hydroxyl groups and
with hydroxylation, methylation, glycosylation, acylation, and sulfonation of the structure
[42]. Flavones such as luteolin, apigenin are abundantly found in parsley and celery. Green
tea and grapes are rich in flavanols such as catechins while flavonols such as quercetin,
myricetin, and kaempferol are ubiquitously found in many fruits and vegetables, such as
onion, cranberry, chokeberry, and plums. Isoflavones such as daidzein and genistein are
abundant in soy-based products. Anthocyanidins are coloring components giving blue,
purple, and red color of many fruits such as black carrot, grapes, and radish. Naringenin and

hesperitin are the main flavanones present in citrus fruits [38].

Tannins are polymers of phenolic compounds formed after various degrees of esterification
and oxidative coupling of different phenolic moieties [43]. Based on the chemical structure
and biosynthetic pathway (Figure 2.7), tannins are further divided into two subclasses:
hydrolyzable tannins which are the polyesters of gallic acid with a core molecule, generally
glucose, and condensed tannins (syn. proanthocyanidins) with flavonoid basis [44]. The most
distinct property of tannins differing from other phenolic compounds is their ability to
precipitate proteins and alkaloids [40]. Due to these properties, tannins are historically used
as a tanning agent in the leather industry. Tannins were also used for the production of dyes
and inks, or as medicine in traditional folk medicine, particularly in East Asia, as they are
pharmacologically active components [45]. Tannins provide the taste of astringency, and a

sense of dryness in many food and beverages such as red wine, tea and unripe fruits [43].

Hydrolyzable tannins are polyols of phenolic acids such as gallic acid or HHDP
(hexahydroxydiphenic acid) with a core non-phenolic molecule. They can be fractionated to
their components hydrolytically in the presence of hot water or tannase, and further separated

into two classes as gallotannins and ellagitannins [40].

Gallotannins have galloyl units or their depsidic derivatives bound to a polyol sugar, mostly
glucose, or less commonly organic acids such as quinic or shikimic acids [40]. Pentagalloyl
glucose, one of the simplest gallotannin with five galloyl unit ester bonded to glucose, serves
as a template for the formation of higher molecular weight tannins up to 12 galloyl groups
[43]. Gallotannins are restricted to a small number of plant families including

Anacardiaceae, and therefore, their presence is relatively rare in dietary sources [43].
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However, they are the main source of commercial tannic acid used as a clarification agent

in beer and fruit juice production [46].

Ellagitannins are formed by the oxidative linkage of two galloyl residues within the
pentagalloyl glucose structure to form HHDP moiety. Characteristically, hydrolysis of
HHDP moiety yields free hexahydroxydiphenolic acid, which is then transformed to ellagic
acid spontaneously [43]. Furthermore, ellagitannins can form C-C and C-O linkages between
different HHDP residues, and therefore, form highly polymerized structures [47].
Ellagitannins are more widespread in plant family such as pomegranates, walnut, and berries

[48]. Punicalagin, present in pomegranate, is an example for ellagitannins (Figure 2.5).

Condensed tannins are oligomeric or polymeric proanthocyanidins with flavonol units linked
with the inter-flavonoid bond. They are non-hydrolysable due to the C-C coupling of
flavonol subunits [40]. However, in alcoholic solutions of strong minerals acids, condensed
tannins can be broken down to their corresponding anthocyanins [43]. Condensed tannins
are called procyanidin when catechin and epicatechin monomers are coupled, while
prodelphinidin is a polymer of gallocatechin and epigallocatechin [37]. Condensed tannins
are naturally present in cocoa beans, red wine, fruits, nuts, chocolate, and legumes [49].

Lignans are dimers of two phenylpropane units. The main dietary source is linseed

containing secoisolariciresinol [50].

Stilbenes consist of two phenyl moieties connected by a two-carbon methylene bridge.

Resveratrol, the main representative of this group, present in grape, wine, berries [38].

Phenolic lipids are amphiphilic molecules composed of a single phenolic ring attached with
an alkyl side-chain [41]. They are hardly soluble in water [51]. They are subdivided into four
classes, namely alkylphenols, alkyl catechols, alkylresorcinols, and anacardic acids where
the latest two classes of compounds are a part of human diet due to their presence in some
grains and fruits. Alkylresorcinols, in other terms resorcinol lipids, are an important
component of various plants such as mango, rye, wheat [52]. They are present as a mixture
of homologs possessing side chains of 13 to 27 carbons with varying degrees of saturation
[41]. Anacardic acids are differentiated from alkylresorcinols by the addition of a carboxylic
acid group to the phenol ring. Anacardic acids occur only in free form and present in few

plants such as Anacardiaceae family and Ginkgo biloba [53]. Alkycatechols such as cardol
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and cardanol are oxidation products of anacardic acids. Cashew nutshell is the main source

of anacardic acids, alkyl catechols (cardol, cardanol), and alkylphenols [54].

2.4.2. Biosynthesis

Biosynthesis of phenolic compounds in plants relies on shikimate and polyketide (acetate)
pathways with precursors originating from carbohydrate metabolism (Figure 2.7) [55].
Cinnamic acid derivatives are synthesized by shikimate pathway and derived from
phenylalanine and/or tyrosine. Various different flavonoids are further synthesised from

cinnamic acid after inclusion of malonic acid [38].

Carbohydrates
Shikimic acid Acetic acid
| N
i Phenylalanine Malonic acid
Gallic acid .

| | | Fatty acids

Cinnamic acid .

Glucogallin | Salycylic acid
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/\

. - . Chalcone
Gallotannins Ellagitannins

Flavanones

Isoflavones — \ .
/ \ Anthocyanidins
Flavones Proanthocyanidins

Flavanols  Flavonols

Figure 2.7. A brief overview of biosynthesis pathways for the gallotannins, flavonoids, and
phenolic lipids [38, 47, 55, 56].

Gallic acid is directly synthesized by the desaturation of shikimic acid or oxidation of
cinnamic acids. For the biosynthesis of gallotannins, gallic acid is first esterified to

glucogallin, which is the first intermediate in the gallotannin synthesis, utilizing UDP-
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glucose. Glucogallin (monogalloyl glucose) is further galloylated in a strictly position-
specific manner up to pentagalloyl glucose [47]. Complex gallotannins with higher
galloylation degree than pentagalloyl glucose are synthesized by the addition of galloyl units

from glucogallin to pentagalloyl glucose with meta-depside bonds [44].

Distinctly, phenolic lipids are biosynthesized via the polyketide pathway. In anacardic acid
biosynthesis, alkyl chains are derived from fatty acids while salicylic acid moiety is
synthesized through polyketide pathway from malonic acid [56].

2.4.3. Antioxidant and Health Properties

Antioxidants are substances that significantly delay, or inhibit oxidation of a substrate [57].
Many plant-derived compounds such as phenolics exert antioxidant properties by
scavenging reactive oxygen and nitrogen species (ROS/RNS) before they attach biological
matrix, or by preventing the formation of ROS/RNS by, for instance, reducing hydrogen
peroxide, capturing metal ions, or inhibiting specific enzymes responsible from free radical
generation [59]. Therefore, phenolic antioxidants are important as they promote health by
decreasing oxidative stress in living tissues, and prevent or decrease the incidence of
oxidative stress-related diseases [58]. Numerous epidemiological studies suggested that diet
containing fruits and vegetables rich in phenolic compounds are related to the reduced risk
of many cancers [59]. Phenolic antioxidants are also important for food processing as they
are suggested to be a natural alternative to the currently used synthetic antioxidants for food
preservation, or for the production of functional foods exerting specific health benefits

related to phenolic compounds [59, 60].

2.5. PISTACHIO HULL AS A SOURCE OF PHENOLIC ANTIOXIDANTS

2.5.1. Phenolic Composition of Pistachio Hull

Phenolic composition of pistachio hull was demonstrated to include various phenolic
components including flavonoids, flavonols, and tannins as determined by

spectrophotometric based assays [12—14, 31, 61, 62]. Total phenolic content of pistachio hull
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was estimated between 0.01 and 43 mg GAE (Gallic acid equivalents) /g [54, 55] while total
flavonoid, tannin and flavonol contents were reported as 0.688 mg QE (Quercetin
equivalents) /g [11], 5-34 mg TAE (Tannic acid equivalents) /g [13], and 0.071 CatE
(Catechin equivalents) /g [11], respectively. Individual phenolic compounds present in
pistachio hull were shown to include various phenolic acids such as gallic, protocatechuic,
hydroxybenzoic, p-coumaric, and vanillic acids, and flavonoids (quercetin glycosides,
isorhamnetin glycosides, naringenin, eriodictyol, and catechin) [11, 12, 32]. However, recent
studies suggested that pistachio hull contains a wider range of phenolic compounds including
differently galloylated gallic acid derivatives, namely gallotannins, flavonols, and anacardic
acids [22]. For instance, gallotannin content of pistachio hulls was recently investigated in
detail in the scope of this thesis (Sections 3-4) [22, 63]. In these studies, various gallic acid
esters of glucose, shikimic and quinic acids were shown to constitute 11-21 g/kg of pistachio
hull. Although anacardic acid composition of pistachio hull was determined using GC and
NMR more than three decades ago [64], this class of compounds did not get much attention
until recently they were investigated again [22, 31, 63]. It was showed that anacardic acids
are an important component of pistachio hull (39.5-73.8 mg/kg dry matter, DM), and
constitute more than 65 per cent pistachio hull phenolics extracted with aqueous methanol
[63].

2.5.2. Antioxidant and Health Effects of Pistachio Hull Extracts

A number of studies suggested that pistachio hull extracts are effective antioxidants that
might be a natural alternative to commonly used synthetic ones such as BHA, BHT, and
TBHQ [11, 14, 31-34]. For instance, aqueous pistachio hull extracts were shown to inhibit
76.5 per cent of DPPH radicals, while only 70.7 per cent and 55.9 per cent inhibition were
observed when using TBHQ and BHT, respectively [14]. Moreover, methanol- and water-
based pistachio hull extracts retarded lipid oxidation in soybean oil-based model system in
a similar level to that achieved when BHA and BHT were used [13]. In another study,
aqueous pistachio hull extracts were shown to be effective to inhibit linoleic acid oxidation
and the formation of volatile organic compounds, and conjugated diene hydroperoxides in
p-carotene-linoleic acid model system [14]. Recently, antioxidant activity of pistachio hull
extracts was tested in real food systems [33, 34]. The quality of chicken burgers was
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improved in terms of cooking properties and lipid peroxidation levels when they were treated
with pistachio hull extracts [34]. In another study, oxidative stability was improved in fish

fillets obtained from fishes fed by pistachio hull supplemented diet [33].

Pistachio hull derived products have already been used in Iranian traditional culture for
medicinal purposes [65, 66]. The potential use of pistachio hull extracts for improving health
status was also supported by a limited number of scientific literature where pistachio hull
extracts showed radical scavenging activity against highly reactive superoxide anions [11],
inhibit formation of reactive nitrogen and oxygen species in macrophage model system [31],
and reduce lipid peroxidation levels in erythrocyte membranes and human peripheral blood
lymphocytes [11]. Furthermore, aqueous pistachio hull extracts were shown to reduce liver
cancer cell viability, and induce apoptosis by regulating apoptosis-related genes [67].

Pistachio hull was recently suggested to be a good therapeutic alternative for such diseases
where available drug therapies are based on inhibition of specific enzymes; for instance,
acetylcholinesterase, tyrosinase, and a-amylase in Alzheimer’s disease, diabetes mellitus,

and skin disorders, respectively [32].

In conclusion, pistachio hull extracts were shown to exert various biological activities,

however mostly attributed to their phenolic composition.

2.5.3. Antioxidant and Health Effects of Pistachio Hull Phenolics

2.5.3.1. Gallic acid and gallotannins

Scientific research on the biological activity of gallic acid has a long history dates back to
90s when bioactivity of green tea was attributed to the galloylated catechin [68]. Since then,
various biologically relevant activities were evidenced for gallic acid such as anti-
inflammatory, antimutagenic, antiallergenic, antimicrobial, anticancer, antitumor,
hepatoprotective, and neuroprotective activities [68—71]. The most pronounced biological
activity of gallic acid is related to its radical scavenging activity corresponding to its
molecular structure consisting of an aromatic ring and three available hydroxyl groups for

hydrogen or electron donations [72]. Therefore, the presence of galloylated units in a
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phenolic compound leads to the improved antioxidant activities compared to their
nongalloylated parent molecules [68]. Accordingly, gallotannins with several galloyl groups
are suggested to be 15-30 times more effective antioxidants than smaller phenolics, and
Trolox, due to the increased number of hydroxyl groups in gallotannin molecule [73-76].
However, improvements on the level of antioxidant activity depend on the number and
position of galloyl groups in a gallotannin molecule and restricted to a certain molecule size
due to increase in hydrophobicity and steric hindrance in high molecular sizes [76].
Pentagalloyl glucose, a molecule with five galloyl groups attached to a glucose core, is one
of the most studied gallotannin in the scientific literature for its health-promoting properties
due to its less complex structure compared to higher gallotannins, and availability [77]. In
these studies, pentagalloyl glucose was reported to reduce intracellular oxidative stress
induced by carcinogens, and exhibited anticancer effect in vitro and in vivo against various
cancer types such as prostate [78], lung [79], breast [80], and liver [81] by inhibiting the
growth and/or invasion of cancer cells. Some of the other biological activities attributed to
pentagalloyl glucose are anti-inflammatory [82], anti-allergy [83], anti-convulsion [84], anti-
kidney stone formation, antivirus, antibacterial, radioprotective activities [76]. Researchers
on the bioactivity of other gallotannins are rather limited due to their limited availability in
pure form, and difficulties of tannin analysis [77, 85]. For instance, tannic acid, a
commercially available gallotannin, is a mixture of differently polymerized gallotannins and
its composition is poorly defined. However, numerous epidemiological studies suggested
that consumption of fruits and vegetables containing hydrolyzable tannins is correlated with
improved health status [37, 86]. Moreover, the interaction between gallotannins and proteins
was claimed to be the reason of the therapeutical potential of certain herbal medicines [73].
Therefore, tannins are suggested for the treatment of diabetes [87] or Alzheimer’s disease
[88, 89] due to their ability to inhibit enzymes having the main function in respective disease,
namely a-glucosidase and cholinesterase, respectively. Apart from their promising
biological potential, gallotannins are also considered as anti-nutritional factors as they
reduce protein bioavailability, and might exert toxic activities at high levels [90]. Therefore,

their safety is under consideration for their use as a pharmaceutical product.
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2.5.3.2. Flavonoids

Flavonoids are the main focus of polyphenolic research due to their prevalence in fruits and
vegetables, and thus, being an integral part of human diet. As in the case of “French paradox”
or Mediterranean diet, various health-related benefits were attributed to the diet rich in
flavonoids containing fruits and vegetables [38, 39, 50].

Flavonoids are strong antioxidant molecules due to their capacity to donate hydrogen atom
or electron, and their low redox potential (0.23<En<0.75 V) compared to that of highly active
free radicals having high redox potential (1.0-2.13 V) [91]. In addition, flavonoids
effectively chelate metal ions which are potential enhancers for the formation of reactive
oxygen species, and inhibitors of enzymes responsible for the formation of superoxide
anions [92].

Flavonol derivatives such as quercetin, myricetin and kaempferol, one of the most abundant
sub-class of flavonoids, have attracted great attention due to the number of reported
biological activities, including antioxidant, antimicrobial, anti-inflammatory, antiobesity,
neuroprotective activities, and even the prevention of cardiovascular disease, diabetes,

chronically high cholesterol levels, and some kinds of cancers [38, 93-96].

Quercetin is one of the most potent antioxidants due to its flavonoid based structure
containing an o-dihydroxy structure in the B ring, two, three-double bond in the C ring, and
hydroxyl groups at three and five positions in the A ring (Figure 2.8) [93]. With these
structural features, quercetin can provide hydrogen or electron to reduce free radical, and
later, stabilize itself by molecular resonance and electron delocalization within the aromatic
structure [93]. Therefore, glucose addition to one of the hydroxyl groups was shown to
reduce radical scavenging properties of quercetin [96]. However, galloyl group addition such
as isoquercetin gallate was shown to increase radical scavenging activity compared to that

of quercetin aglycone [96].

Among all flavonoids, anthocyanins are probably the most attractive group due to their

coloring properties ranging from blue to red [97].
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Figure 2.8. Quercetin structure.

2.5.3.3. Anacardic acids

Anacardic acids are biologically active amphiphilic molecules with alkyl side chain attached
to a gallic acid moiety. Their main biological activities are related to their ability to inhibit
prooxidant enzymes and chelate metal ions to prevent generation of reactive oxygen species,
however, without showing radical scavenging activity [98]. Anacardic acids were reported
to be efficient lipoxygenase inhibitors [99, 100], and therefore, prevent lipoxygenase
associated low-density lipoprotein oxidation in the human body [100], and lipid oxidation in
food systems such as egg yolk [101]. They are also suggested to be used as pharmaceutical
agents due to their strong antioxidant, anticancer and anti-inflammatory activities [15, 41,
102, 103].

Due to their amphiphilic structure containing both hydrophilic phenolic acid moiety and
hydrophobic alkyl side chain, anacardic acids are able to interact with biological membranes
and can be incorporated into phospholipid bilayers in living cells to form stable monolayer
membranes [41, 55]. The presence of alkyl side chain and ability to close enzyme active site
by these hydrophobic tails is considered as the main reason for enzyme inhibitory activities
of anacardic acids [99]. Therefore, alky side chain was suggested to have an important
function for the biological activity of anacardic acids [98, 100]. However, apart from their
biological activities, anacardic acids are suspected to induce allergenic and sensitizing
reactions in human skin after contact [102], and they are believed to be the main cause of

cashew allergy [104].
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2.6. EXTRACTION OF PHENOLIC COMPOUNDS

2.6.1. Extraction Parameters

Complete extraction is a critical step for accurate analysis of phenolic compounds present in
a plant material. Optimum conditions for the extraction of phenolic compounds may vary
depending on the plant matrix and type of phenolic to be extracted and should be
reconsidered for each unique plant material [105, 106]. Some of the several factors affecting
extraction efficiency are the solvent type, extraction time, extraction temperate, sample-to-

solvent ratio, and a number of repeated extractions [106].

The choice of extraction solvent is the first parameter to be considered. Several solvent
systems with a range of polarity were proposed before for the extraction of different phenolic
compounds, e.g. anacardic acids, gallotannins, and flavonoids, separately, from several
sources such as mango [107-109], cashew nut [54], cashew nut-shell liquid [110], and apple
[111]. In these studies, flavonoids, and gallotannins are generally extracted with polar
solvents such as water or more commonly aqueous solutions of alcohols such as methanol
and ethanol, or acetone [112, 113]. On the other hand, nonpolar solvents such as ethyl acetate
[64], diethyl ether [114], or petroleum ether [115] were used for the extraction of anacardic
acids due to their amphiphilic nature with a nonpolar lipophilic side chain, thus their higher
solubility in nonpolar solvents. Other solvents such as dichloromethane [108, 116], acetone,
methanol and ethyl acetate [117] were also purposed for the extraction of anacardic acid
analogue molecules, alkylresorcinols. Diethyl ether and ethyl acetate are commonly used
organic solvents for liquid-liquid separation and purification of phenolic acids, flavonoid
aglycones, and glycosides from acidified aqueous crude extracts [118]. Therefore, selecting
the appropriate combination of extraction solvent aiming exhaustive and quantitative
recovery of phenolic compounds from plant matrices, i.e. pistachio hull containing a diverse
type of phenolic compounds such as hydrophilic gallic acid derivatives to hydrophobic

anacardic acids might be a challenge and should be investigated in detail.

Solvent acidity is another factor as generally small amounts of acids are added to increase
extraction yields by disrupting plant matrix [106] as well as to diminish extraction of
nonpolar compounds [119]. Solvent acidity also affects the stability of phenolic compounds
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as they are relatively more stable at acidic conditions while alkaline conditions cause rapid
degradation [106, 120]. Acidic conditions can also suppress some other physicochemical
changes, for instance, methanolysis of gallotannins dominated in methanolic neutral
conditions which cause the formation of their degradation products and methyl
gallate/digallate [121, 122]. Mineral acids such as HCI in low concentrations (0.1-one per
cent) or more preferably organic acids such as formic acid and acetic acid in the
concentration range of one-to-five per cent are commonly used agents for solvent

acidification for phenolic extraction [106].

Extraction temperature is one of the important factors largely affecting extraction efficiency.
Increased extraction temperatures generally promote solubility of analytes and mass transfer
rates while the rate of degradation and oxidation reactions might increase [57]. Therefore,
optimum temperature range should be determined to obtain maximum extraction yields for
the targeted analytes. When the target is free phenolic compounds, extraction temperatures
between 20 and 50 °C are commonly used, because higher temperatures might cause
degradation of phenolics, especially heat labile ones such as anthocyanins [106]. However,
temperature related degradation of some phenolic compounds, such as gallotannins, might
be desirable. For instance, hydrolysis of higher molecular weight gallotannins of witch hazel
(Hamamelis virginiana L.), a tannin-rich medicinal plant, at 100 °C for 120 min was shown
to produce extracts richer in gallic acid, and penta-O-galloyl-5-D-glucose compared to those
obtained in non-heat-treated extracts [123]. Temperature-related degradation of gallotannins
might also facilitate their analysis. Current methodologies for tannin analysis are mostly
based on unspecific colorimetric assays as their structural diversity limits their separation by
chromatographic methods [124]. Hydrolysis of higher gallotannins containing more than
five galloyl units to yield penta-O-galloyl-f-D-glucose and methyl gallate during Soxhlet
methanol extraction was proposed as an alternative for the quantification of mango kernels
gallotannins to enable standardization of extracts [125, 126]. Temperature might also
facilitate the release bound phenolics such as ferulic acid, and caffeic acid from matrix
components, such as lignin [127]. Moreover, recent studies show that temperature related
degradation of phenolic compounds might lead to the formation of phenolic/non-phenolic
compounds having higher antioxidant activity [128]. Therefore, modification of phenolic
composition by adjusting temperature might provide formation of novel extracts with higher
biological activity.
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Extraction efficiency is also influenced by the extraction time which affects solubilization
of phenolics. However, longer times might lead to degradation of phenolics. Therefore
extraction time and its combination with extraction temperature are critical and should be
adjusted to give maximum extraction yields without leading oxidation or degradation of
target analytes [57].

The sample-to-solvent ratio is directly related to the extraction yields. Yields increased with
increasing sample-to-solvent ratio. Commonly, ratios of 10 to 50 are used. Higher solvent
ratios may lead sample dilution and require longer evaporation times while a lower ratio may

limit extraction due to saturation of solvent [106].

Extraction efficiency is also influenced by the repeated extraction procedure. Repeated
extraction cycles are also preferred due to the minimization of oxidation and degradation of
phenolics due to exposure to long extraction times and temperatures [106].

In conclusion, each parameter described above should be considered for the development of

an extraction method giving optimum extraction yields.

2.6.2. Extraction Techniques

Conversion of by-products to high-value-added ingredients requires at first an extraction
step of the target compounds from the plant matrix with a suitable technique [3].
Conventional solvent extraction technologies such as stirring, shaking, soaking, and
maceration generally require long processing times using toxic organic solvents and suffer
from low efficiency and lack of selectivity. Even sometimes harsh acidic or basic treatments
may need to be applied to increase process efficiency and exhaustively recover both free and
bound phenolic compounds [129]. At the end, expended toxic solvents, and toxic solvent-
contaminated spent residues further contribute to the disposal problem. Similarly, recent
studies regarding the pistachio hull phenolics focused on solvent based conventional
extraction, e.g. aqueous methanol, due to its high yields [11, 31, 63]. Thus, there is still need
for new and rapid extraction techniques to maximize phenolic yields and selectivity with
little environmental effect. A number of novel extraction methods have been proposed for
the extraction of target compounds from various matrices, including ultrasound-assisted

extraction, sub/supercritical fluid extraction, microwave extraction etc.



21

2.6.2.1. Ultrasound-assisted extraction

Ultrasound-assisted extraction is a promising novel extraction technique that is considered
as green and economically viable technology due to the requirements of less solvent and
extraction time compared to those required for conventional methods [130]. Thereby,
research for ultrasound application in food applications increased in terms of food

processing, preservation or extraction [131].

Ultrasound-assisted extraction is a process where ultrasound waves having a frequency
between audible (>20 kHz) and microwave (<10 MHz) range are used at either low (<one
W/cm?) or high (10-1000 W/cm?) intensity range [130]. High-intensity sonication is
employed for the ultrasound-assisted extraction of plants while low-intensity sonication
finds application as a non-destructive analytical technique in, for instance, process quality
control [130]. Acoustic cavitation, which refers to bubble formation, growth, and their rapid
collapse during the propagation of ultrasound waves in a liquid medium is the main driving
force in ultrasound-assisted extraction [131, 132]. Rapid formation and collapse of bubbles
in a liquid medium by high-intensity ultrasound waves create local high temperature (up to
5000 K) and pressure (up to 1000 MPa) points, where intense matrix disruption occurs, and
increased diffusion rates obtained by macro-turbulence and micro-mixing forces [130, 131].
At the end, enhanced extraction yields with minimal effect on the quality of end product
were accomplished using ultrasound-assisted extraction, a relatively fast and easy to use a
method which requires relatively low investment cost compared to other novel extraction
methods [130].

Focusing on the extraction of phenolic compounds, ultrasound-assisted extraction has
already been investigated for the extraction of phenolic and antioxidant compounds from
various sources such as mango peel [8], black carrot [133], pomegranate peel [134], grape
seeds [135], citrus peel [136], apple pomace [137], wheat bran [138], where enhanced
analyte release, and thus, better extraction yields were obtained compared to conventional
extraction methods. For instance, higher amount of alkylresorcinols (426 mg/kg) were
obtained from rye bran after ultrasound-assisted extraction in 45 s while it was only 382
mg/kg after stirring for one h [8]. In another study, higher phenolic yields (14.8 per cent)
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were obtained from pomegranate peels using ultrasound-assisted extraction in a shorter time

(six min) compared to that obtained by stirring method (12 per cent) for 60 min [134].

Different ultrasound applications are distinguished, namely direct application of ultrasound
using probe-type ultrasonic equipment, or indirect application by submerging in an
ultrasound bath [131]. Bath type ultrasonic devices are commonly used for indirect
ultrasound application since they are cheap and largely available. However, nowadays,
probe-type ultrasonic equipments are preferred for extraction purposes as they are powerful,
effective through the small surfaces, and provide better reproducibility compared to bath-
type ultrasonic devices [133]. Combined processes such as ultrasounds assisted Soxhlet
extraction, ultrasound-assisted Clevenger distillation, or coupling ultrasound with
microwave and supercritical fluid extraction are also possible [135]. Although using
ultrasound-assisted extraction for analytical purposes is very common as a sample

preparation step prior to phenolic analysis, it is also of great interest to industry [131, 136].

2.6.2.2. Subcritical water extraction

Subcritical water (SCW), also called hot pressurized, superheated or pressurized low polarity
water, extraction is an emerging environmentally-friendly separation technique that uses just
water, a non-toxic and readily available solvent, in its subcritical state to extracts compounds
with various polarities from mid-polar to nonpolar. Water is considered to be in its subcritical
state above its boiling point (100 °C) and below its supercritical state (374 °C) under

sufficient pressure to maintain it in a liquid state (Figure 2.9).

Although water is a highly polar solvent with an elevated dielectric constant (¢e=80) at room
temperature, its dielectric constant decreases dramatically under subcritical conditions (e.g.
€=30 at 220 °C) due to the weakening of hydrogen bonding, and reaches values similar to
those of organic solvents, for instance, to €=33 at room temperature for methanol [141].
Besides, the polarity and solvent power of SCW can be adjusted by changing temperature to
extract selectively polar, mid-polar or nonpolar molecules due to the dependence of its
dielectric constant to the temperature applied [142]. Moreover, decreased viscosity and
surface tension of SCW enable better penetration to the plant matrix, and thus increased
diffusion and mass transfer rates can be achieved [143].
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Figure 2.9. Phase diagram of water. Adapted from [139, 140].

Beyond its extraction properties, SCW also exhibits hydrolytic properties due to its increased
ionic product, and support to release bound components, and break down bigger molecules
to smaller ones [144, 145]. For instance, hydrolytic degradation of procyanidins under SCW
conditions was shown from for red grape skin [146], and winery by-products extracted [147]
to produce gallic acid. Owing to these properties and advantages, SCW extraction has
already been used for the extraction of various bioactive compounds from natural materials
[148, 149], such as flax shives [150, 151], rice bran [152, 153], and rice stem [154], canola
meal [155] winery waste [156-158], grape seed [147], grape skin [146, 159], citrus pomace
[160], apple pomace [161], pomegranate seed [162], mango peel [163], and potato peel
[127]. Subcritical water extraction has been also applied to aromatic plants with high
antioxidant activity such as oregano [164], rosemary [165], wild thyme, tarragon [166] and
regional herbal plants that have medicinal properties such as Taiwan yams [167], kaffir lime
[168], bitter melon [169] and Terminalia chebula Retz [170]. In those studies, variable
results were obtained depending on the nature of plant matrix and extraction parameters

applied, generally equivalent or higher extraction yields obtained compared to conventional
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extraction methods. For instance, in a study where onion waste were extracted between 100
and 170 °C, 8-fold higher quercetin yields were obtained in 15 min SCW extraction
compared to those obtained by conventional solvent-based extractions methods in two h
[171]. In another study, SCW extraction of black tea, celery, and ginseng leaf at 170 °C gave
1.8- to 23.6-fold higher flavonol yields, namely quercetin, kaempferol, and myricetin,
compared to stirring based solvent extraction [172]. However, SCW extraction of thermally
liable compounds such as anthocyanins might only be possible at lower SCW temperatures,
between 50 to 100 °C [157, 159]. In contrast to flavonoids, highly nonpolar components
such as anacardic acids are hardly extracted using SCW [51]. Therefore, they can be
separated from other mid-polar phenolic compounds using SCW extraction although
anacardic acids and polyphenolic compounds are extracted together when solvents such as
methanol and ethanol are used. Therefore, subcritical water extraction is a promising method
for the selective recovery of phenolic compounds from plant materials. However, SCW
extraction is still its early stages and large units are very rare [173].

2.7. ANALYSIS OF PHENOLIC COMPOUNDS

Analytical approaches for qualitative and quantitative determination of phenolic compounds
can be broadly classified as spectrophotometric and chromatographic methods.
Spectrophotometric methods are generally based on the measurement of color change upon
reduction of a probe molecule. For instance, the most commonly used Folin-Ciocalteu
reagent based total phenolic content assay is based on the blue color formation after
reduction of a probe mixture of phosphomolybdate and phosphotungstate, giving specific
absorption at 760 nm [174]. Some of the other spectrophotometric methods available for the
analysis of different types of phenolic compounds are vanillin assay for flavonols, butanol-
HCI assay for proanthocyanins, aluminium chloride based assay for total flavonoids, and
rhodine assay for tannins [106]. In general, spectrophotometric assays provide simple and
fast tool for screening of different types phenolic compounds. Their major limitation is being
unspecific to phenolic compounds, but also reacting with other molecules such as ascorbic

acid and aromatic amines [174, 175].

Chromatographic methods are more specific and sensitive tools providing information on

individual phenolic compounds. High-performance liquid chromatography (HPLC) is the
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most commonly used chromatographic method for the analysis of phenolic compound
although gas chromatography (GC) analysis is also possible for some phenolic compounds

after a derivatization step [176].

A typical HPLC system includes a pumping system, injector, column, and a detector. A
mobile phase, a mixture of water, acetonitrile or methanol, is pressurized and pumped from
a reservoir into the column, typically packed with a granular material based on silica having
2-50 micrometer pores, and then, to the detector. A sample dissolved in a liquid medium is
injected into the flowing mobile phase, and its components are then separated in the column

into peaks and produce a signal in the detector [176].

One of the most critical parts of HPLC analysis is the detection system. Absorbance-based
detectors such as UV/Vis, PDA (photodiode array), and DAD (diode-array detector) are the
most frequently used detector systems for the analysis of phenolic compounds due to their
specific absorption properties at different wavelengths between 190 and 520 nm [177]. The
principle of absorbance detectors is based on the measurement of the amount of absorbed
light at a specific wavelength after the sample is irradiated with light in a flow cell. These
types of detectors provide high sensitivity for the light absorbing analytes, broad linear
range, ease of use, and compatibility with various solvents with isocratic or gradient elutions
[106].

As an alternative detection system, evaporative light scattering (ELS) detectors are
introduced for the analysis of a wider range of chemical compounds without a need for a
chromophore base such that required for UV/Vis detection. Therefore, ELS detector systems
have been increasingly used for the determination of sugars, fatty acids, steroids and
saponins [178-180], especially in pharmaceutical and drug industry [181]. ELS detection
consist of three stages: (i) nebulization where effluent coming from a liquid chromatography
is atomized by the addition of a gas which is usually air or nitrogen, (ii) evaporation where
solvent is evaporated in a so-called drift chamber, and (iii) detection with a light source
where the amount of scattered light by the analyte molecule is measured [182]. Non-linear
response behavior independent from compound concentration, no spectral data produced to
identify certain peaks, its destructive nature that prevents coupling with mass detectors, and
its lower precision compare to UV detectors are the disadvantages of ELS detectors [177].
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An HPLC system equipped with UV/Vis and/or ELS detector only provides a tentative
identification of an analyte based on the comparison of its retention time and UV/Vis
properties with those of standard compounds. Since more than 8000 different phenolic
compounds are available in plant kingdom [38], differentiation of similar phenolic structures
might be challenging due to their similar/identical properties. For such cases, mass analysis
using HPLC connected with a mass spectrometry (MS) provides more information about the

structure, and thus, the identity of an analyte.

An MS detector consists of: (i) an ion source where solvent removal and analyte ionization
occurs, (ii) an analyzer where charged molecules are separated and sorted based on their
mass-to-charge ratio (m/z) using electromagnetic field, and (iii) a detector that measures m/z
values and produces total ion chromatogram as an output [176]. Atmospheric-pressure
electrospray ionization (ESI) is commonly used ion source for phenolic analysis. Other types
of ionization sources such as atmospheric-pressure chemical ionization (APCI), and matrix-
laser-assisted laser desorption and ionization (MALDI) are also available for the hardly
ionize analytes. Different types of analyzers such as quadrupole, ion trap, time-of-flight
(TOF), Fourier transform analyzer, and the magnetic sector can be used. In ion trap MS,
analyte ions are collected for a period of time, and specific ions are selected based on their
m/z values. Finally, m/z value of analyte is measured in detector part giving values in
resolution range from one Da to 0.0004 Da depending on the sensitivity of equipment. High-
resolution mass spectroscopy (HR-MS) is a highly sensitive mass analysis tool based on the
determination of exact molecular masses up to 0.0004 Da resolutions. By using a precisely
defined electromagnetic field in HR-MS, mono-isotopic masses with respective percentages
of naturally occurring elemental isotopes are determined to provide a possible chemical

formula of an analyte [183].

2.8. ANALYSIS OF ANTIOXIDANTS

Many methods are available for the analysis of antioxidant activity/capacity of a plant
material, food or human plasma based on different antioxidant mechanisms and targeted
molecules [184-186]. The most commonly used ones for the determination of antioxidant

capacity of phenolic compounds are non-enzymatic radical scavenging antioxidant capacity
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assays which further divided into hydrogen atom transfer (HAT) and electron transfer (ET)
based assays [184-186].

HAT based assays measure the capability of an antioxidant molecule to donate a hydrogen
molecule to reduce a free radical. HAT-based assays generally include competitive reaction
between antioxidant molecules and a probe such as oxygen radical absorbance capacity
(ORAC), total radical-trapping antioxidant parameter (TRAP), and crocin bleaching assays.
On the other hand, ET-based assays are generally noncompetitive and measure the capacity
of an antioxidant to reduce an oxidant probe by exchanging an electron. Ferric ion reducing
antioxidant power (FRAP), ABTS, and DPPH are examples for ET-based assays. However,
this classification is not absolute as DPPH and ABTS assays are also considered as mixed
mode ET/HAT based assays [184, 185].

ET-based antioxidant capacity assays are mostly based on the color formation/reduction
upon reaction of an antioxidant molecule and a synthetic free radical [184]. For instance, in
DPPH assay, purple color of DPPH radical fades in the presence of an antioxidant molecule,

and the color change is monitored spectrophotometrically at the absorbance of 517 nm [187].

2.9. AIMS AND SCOPE OF THE STUDY

The main objective of this thesis is the utilization of pistachio hull focusing on the recovery
of the phenolic antioxidant compounds using sustainable technologies. The specific

objectives of this Ph.D. thesis are below:

(1) To characterize of phenolic composition of pistachio hull.

(i)  To develop a methodology for the extraction, and quantitation of pistachio hull

phenolics.

(iti)  To recover phenolic and antioxidant compounds from pistachio hull using

subcritical water technology.
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The thesis is divided into six sections. Introduction (Section 1) is followed by a brief
theoretical background as given in Section 2. Phenolic composition of pistachio hull
investigated using HPLC-DAD-ESI (HR)-MS" presented in Section 3. In Section 4, a
quantitative methodology for extraction and analysis of pistachio hull phenolics were
presented. Subcritical water extraction as a novel extraction technique is proposed to recover
pistachio hull phenolics in Section 5. Each chapter has its own material and methods, results
and discussion, and conclusion subsections. A conclusion resides after these five sections

including general conclusions and suggestions for possible future work.

The presented Ph.D. thesis extended the current knowledge on the phenolic composition of
pistachio (P. vera L.) hull (exo- and meso-carp) and relevant extraction techniques for the

recovery of pistachio hull phenolics as each section was studied in depth for the first time.
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3. IDENTIFICATION OF PHENOLIC COMPOUNDS IN RED AND
GREEN PISTACHIO HULLS BY HPLC-DAD-ESI-(HR)-MS"!

3.1. INTRODUCTION

Pistachio (P. vera L.) seeds are an important commercial crop, whose annual production has
doubled during the past decade to reach a worldwide production of approximately one
million tons in 2013. Top producing countries are Iran followed by the USA and Turkey [4].
Although the fruit of the pistachio tree is botanically considered a drupe, pistachio seeds are
often regarded as “nuts”, being most commonly consumed as roasted and salted snack food.
In addition, a certain amount of pistachio seeds is used as a food ingredient, e.g., in pastry,
ice-cream, chocolate, confectionery production, and mortadella. Pistachio drupes consist of
an edible seed characterized by light-green cotyledons (kernels), a mauvish seed coat (testa)
covered by a creamy lignified shell (endocarp), and a green to yellow-red colored outer hull
(exo- and mesocarp) depending on the degree of ripeness [18]. According to their final use,
they are processed to separate the non-lignified hull for snack pistachios or the entire hull,
shell and seed coat to obtain the isolated kernels [24, 188]. In both cases, significant amounts
of waste accrue having no or low commercial value, which need to be disposed at the
processor’s expense. Therefore, valorization of pistachio by-products is of great interest, so
far being hampered by missing identification of valuable target compounds which merit
utilization. Extracts of pistachio outer hull, the main by-product of pistachio processing, have
been shown to exert antioxidant [11-14], antimicrobial [14, 115, 189], antimutagenic [14]
and cytoprotective [12] as well as potential antitumor [15] and anticancer activities [16].
Despite such potent bioactivities, the phytochemicals in the pistachio hull remain to be

comprehensively characterized.

'Reproduced with permission from Ersan, S., Giiglii Ustiindag, O., Carle, R., Schweiggert, R. M.,
Identification of phenolic compounds in red and green pistachio (Pistacia vera L.) hulls (exo- and
mesocarp) by HPLC-DAD-ESI-(HR)-MS". Journal of Agricultural and Food Chemistry, 2016, 64,
5334-5344. Copyright 2016, American Chemical Society.



30

Only a limited number of previous studies has aimed at elucidating the phenolic profiles of
pistachio hulls (either ripe exocarp or green exo- and mesocarp), suggesting phenolic acids
(gallic, protocatechuic, hydroxybenzoic, p-coumaric, and vanillic acids) and flavonoids
(quercetin glycosides, isorhamnetin glycosides, naringenin, eriodictyol, and catechin)
represent the main phenolic constituents, as only being identified by HPLC-DAD-FLD or
HPLC-DAD-MS [11, 12], together with (13:0)-, (13:1)-, (15:0)-, (15:1)-, and (17:1)-
anacardic acids [64]. Only a limited number of previous studies has aimed at elucidating the
phenolic profiles of pistachio hulls (either ripe exocarp or green exo- and mesocarp),
suggesting phenolic acids (gallic, protocatechuic, hydroxybenzoic, p-coumaric, and vanillic
acids) and flavonoids (quercetin glycosides, isorhamnetin glycosides, naringenin,
eriodictyol, and catechin) represent the main phenolic constituents, as only being identified
by HPLC-DAD-FLD or HPLC-DAD-MS [11, 12], together with (13:0)-, (13:1)-, (15:0)-,
(15:1)-, and (17:1)-anacardic acids [64]. Since pistachio belongs to the Anacardiaceae, a
wide array of phenolic compounds is to be expected in pistachio hull [5]. For instance,
flavonol glycosides, gallotannins, and specific phenolic lipids have been reported in other
members of the Anacardiaceae such as mango (Mangifera indica L.) [6-8], Brazilian pepper
(Schinus terebinthifolius Raddi) [9], and cashew (Anacardium occidentale L.) [10]. Thus,
we sought to provide a comprehensive analysis of the phenolic constituents present in
pistachio hull using highly sensitive tools such as HR-MS", particularly, aiming at the further

utilization of pistachio hull as a source of potent phenolic bioactives.

Pistachio drupes are harvested at different maturity stages based on their desired properties
and final use. A high portion of pistachio drupes are harvested red colored at full maturity,
and preferentially used for the production of snack food, because their fully developed taste
and high shell splitting ratio are important quality traits. However, green drupes, i.e. early-
harvested drupes, are desired to produce intensely green colored kernels for pastry and
confectionery industry of high market value. Thus, both green and red pistachio hulls, either
in fresh or dried form depending on agricultural practices of the country, can be obtained in
high amounts as by-products of pistachio processing. Particularly, dried pistachio hulls
accrue in large amounts from numerous processors, because drying allows the off-season
processing of the otherwise highly perishable pistachio drupes. Hitherto, no attention has
been given to their compositional differences, and a lack of unambiguous sample
descriptions in previous studies often hampers their comparative consideration [11-14].
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Therefore, in this study, we additionally sought to compare the phenolic profiles of red and

green pistachio hull as a further reference for their utilization as a phenolic source.

For the above-mentioned purposes, dried red and green hulls were obtained from a
commercial pistachio processor to be extracted with aqueous methanol yielding phenolic-
rich samples. Subsequently, these were screened for bioactive phenolic compounds by
HPLC-DAD-ESI-MS" and HPLC-HR-MS.

3.2. MATERIALS AND METHODS

3.2.1. Reagents

Gallic acid, protocatechuic acid, penta-O-galloyl-S-D-glucose, and (15:0)-anacardic acid
were obtained from Sigma—Aldrich Chemie (Steinheim, Germany). f-Glucogallin (1-O-
galloyl S-D-glucopyranose) was from PhytoLab (Vestenbergsgreuth, Germany), quercetin
3-O-glucuronide, quercetin 3-O-glucoside, quercetin 3-O-galactoside, myricetin 3-O-
galactoside and cyanidin 3-O-p-D-galactopyranoside were from Extrasynthése (Genay
Cedex, France). HPLC grade methanol from VWR (Darmstadt, Germany), analytical grade
formic acid from Merck (Darmstadt, Germany), and deionized water were used throughout

the study.

3.2.2. Samples and Sample Preparation

Dried red and green pistachio drupes cv. ‘Uzun’ (Figure 3.1) were obtained from a pistachio
processor (Gaziantep, Turkey). Both red and green pistachio drupes were harvested between
August and September in 2013 in Gaziantep region of Turkey, traditionally sun-dried to
decrease their moisture contents to 4.6 per cent = 0.2 per cent as determined according to
AOAC Official Method 934.01 [190] and stored for a year by the producer as usual in
Turkey. Commonly, the moisture content of pistachio drupes during commercial storage was
reported to range from 40-50 per cent in fresh form to three-five per cent in dried form [191].
Average air temperatures were between 3.4 °C and 28.6 °C for this region during the year

the drupes were stored with a relative humidity of 29.0-78.9 per cent [192].
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Figure 3.1. Photograph of dried (a) green and (b) red P. vera L. drupes. Background was
cut off without further manipulation. Note that the green color has been lost upon drying

and storage due to its instability.

Pistachio drupes were sampled in triplicate (each 500.0 g). Hulls and seeds were separated
manually and weighted. Proportions of hulls and seeds of the whole pistachio drupe were
approx. 20.5 per cent and 37.4 per cent on dry weight basis, respectively. Pistachio hulls
were subsequently ground using an A1l laboratory mill (IKA, Staufen, Germany). Ground

samples were stored at -20 °C until analyses.

3.2.3. Extraction of Phenolics

Ground red and green pistachio hulls (1.00 g) were combined with five mL of acidified (0.1
per cent HCI, v/v) aqueous methanol (80 per cent, v/v) and subjected to probe sonication at
70 per cent amplitude for 30 s. After centrifugation (1233 x g, three min), the supernatant
was collected and the solid residues were re-extracted four times as described above. The
combined methanolic extracts were evaporated to dryness in vacuo at 30 °C. Then, the dried
extract was dissolved in one mL of 50 per cent aqueous methanol containing one per cent
(v/v) formic acid and membrane-filtered (0.45 pum, regenerated cellulose) into amber vials

prior to HPLC analyses.
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3.2.4. HPLC-DAD-ESI-MS" Analyses

An 1100 series HPLC system with G1322A degasser, a G1312A pump module, a G1313A
autosampler, a G1316A column thermostat and a G1315A diode array detector (Agilent,
Waldbronn, Germany) was equipped with a 250 mm X 4.6 mm 1i.d., five um particle size,
100 A pore size Kinetex C1s core-shell reversed-phase column fitted with 4.6 mm x two mm
i.d. SecurityGuard Ultra Cig guard column both from Phenomenex (Aschaffenburg,
Germany). Mobile phases were water for eluent A and methanol for eluent B both containing
one per cent (v/v) formic acid. Chromatographic separation was achieved at 35 °C column
temperature, one mL/min flow rate, and using the following gradient profile: isocratic at two
per cent B for 10 min, from two-37 per cent B in 27 min, isocratic at 37 per cent B for five
min, from 37-40 per cent B in 18 min, from 40-60 per cent B in 10 min, from 60-100 per
cent B in 20 min, isocratic at 100 per cent B for 14 min, from 100-two per cent B in one min
followed by isocratic conditioning at two per cent B for sevn min prior to the next run. Total

run time was 112 min and injection volume was five pL.

For multi-stage mass spectrometry, the above described LC system was interfaced with an
Esquire 3000+ ion-trap mass spectrometer (Bruker Daltonics, Bremen, Germany), which
had been fitted with an ESI source operated in positive ion mode for anthocyanins and
negative ion mode for all other analyses. lon scan rate was in the range of m/z 100-2000 at a
scan speed of m/z 13,000/s. Nitrogen was used both as drying and nebulizing gas at a flow
rate of 11 mL/min and at a pressure of 60 psi, respectively. Nebulizer temperature was 365
°C. The potential on the capillary was set at £2287 V for both negative and positive ion
modes. Helium at a pressure of 4 x 10 mbar was used for collision induced dissociation
(CID) at a fragmentation amplitude of 1.2 V. lon chromatograms were analyzed using

Esquire Control software.

3.2.5. HPLC-ESI-HR-MS Analyses

HPLC-HR-MS analyses were performed using micrOTOF-Q mass spectrometer (Bruker
Daltonics, Bremen, Germany) coupled to an Agilent 1200 series HPLC system operated
according to the above mentioned parameters. HR-MS was operated in negative ESI mode

with +2200 V capillary voltages. lon scan rate was in the range of m/z 250-3000 at a scan
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speed of m/z 12,900/s (at m/z 996.8). Nitrogen was used both as nebulizing and drying gas
at a pressure of 3.0 bar and a flow rate of eight L/min, respectively. Drying gas was heated
to 300 °C. Instrument calibration was carried out according to the manufacturer’s
instructions using sodium formate. DataAnalysis 3.4 software was used to generate

molecular formulas based on accurate mass measurements.
3.3. RESULTS AND DISCUSSION

3.3.1. Analysis of Phenolic Compounds by HPLC-DAD-ESI-MS" and HPLC-ESI-HR-
MS

A total of 66 phenolic compounds was detected in pistachio hull extracts, representative
structures are presented in Figure 3.2. Monitoring was performed at different wavelengths
as shown in Figure 3.3. All analytical data obtained for the examined compounds are listed
in Table 3.1, including their retention times, UV absorption maxima, ESI-MS" fragmentation
pattern, and the respective high-resolution mass-to-charge (m/z) signals. The identification
of the examined 66 compounds led to their allocation into three structurally related groups,

i.e., gallotannins, flavonoids, and anacardic acids.

OH
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Figure 3.2. Representative structures of phenolic compounds detected at high signal

intensity in aqueous methanolic extracts of P. vera L. hulls.
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Figure 3.3. HPLC separation of phenolic compounds from (a) red and (b) green P. vera L.

hulls at 280 nm. (c) Chromatogram of phenolic compounds from red hull monitored at

different wavelengths. Peak assignments are shown in Table 3.1.



Table 3.1. HPLC retention times, UV/Vis spectra, and MS data of pistachio (P. vera L.) hull phenolics

Ret. HPLC-UV/Vis HR-ESI(-)-MS ]
Peak . . ’ Molecular HPLC-ESI-MS" experiment
Time! Compound identity abs. max [M-H]
no. ) formula m/z
(min) (nm) m/z exp. (theo.)
[331]: 169(100), 271(56), 193(31), 211(31), 183(25),
1-O-galloyl s-D-glucopyranose 274 331.0684 Ci3H16010
1 6.0 ) 315(10)
(B-Glucogallin) 2 (331.0671)
[331—169]:125(100)
2 6.8 Gallic acid ? 272 na? na [169]: 125(100)
o o 276 296.0788 na [296]:169(100), 125(15), 195(5), 107(5), 171(2)
3 10.0 Gallic acid derivative (1)
(296.0789) [296—169]:125(100)
o 343.0689
4 11.2 Galloyl quinic acid 275 C14H16010 [343]: 191(100), 169(17), 125(12)
(343.0671)
5 134 Protocatechuic acid ? 259 na na [153]: 109(100)
) 274 493.1195 Ci9H26015 | [493]: 313(100), 169(39), 283(29), 331(10) [493—313]:
6 145 Galloyl dihexose (1)
(493.1194) 283(100), 169(44), 223(43), 135(39), 241(15)
) 274 493.1209 C19H26015 [493]: 271(100), 313(25), 211(20), 331(20), 169(7)
7 16.5 Galloyl dihexose (2)
(493.1194) [493—271]: 211(100), 125(4)
) 274 493.1205 C19H26015 [493]: 313(100)
8 17.2 Galloyl dihexose (3)
(493.1199) [493—313]: 169(100), 125(92), 189(30), 242(18)
- 274 325.0571 C14H1409 [325]: 169(100), 125(22), 139(9), 193(8) [325—169]:
9 18.0 Galloyl shikimic acid (1)
(325.0565) 125(100)
S 274 325.0568 C14H1409 [325]: 169(100), 125(15), 281(7), 111(4), 173(3)
10 19.6 Galloyl shikimic acid (2)
(325.0565) [325—169]: 124(100), 125(28)
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Table 3.1. HPLC retention times, UV/Vis spectra, and MS data of pistachio (P. vera L.) hull phenolics (Continued)

Ret. HPLC-UV/Vis HR-ESI(-)-MS ]
Peak . ) ¢ Molecular HPLC-ESI-MS" experiment
time Compound identity abs. max [M-H]
no. ) formula m/z
(min) (nm) m/z exp. (theo.)
o o 276 na [571]: 285(100), 169(7)
11 20.2 Gallic acid derivative (2) na
[571—285]: 133(100), 169(49), 170(10)
o 274 325.0576 C14H1409 [325]: 169(100), 125(15), 137(3), 173(3) [325—169]:
12 20.8 Galloyl shikimic acid (3)
(325.0565) 125(100)
o 280 321.0261 C14H1009 [321]: 169(100)
13 211 Digallic acid (1)
(321.0252) [321—169]: 125(100)
483]: 331(100), 271[(16), 169(15
) 280 483.0805 C20H20014 1483] (100) [16) (19
14 215 Digalloyl hexose (1) [483—331]: 169(100), 313(60), 271(51), 193(25),
(483.0780)
123(15), 241(12)
272 na na [183]: 168(100), 124(10)
15 22.3 Methyl gallate
[183—168]: 124(100)
] 288 483.0794 CaoH20014 | [483]: 331(100), 169(27), 332(17), 271(11) [483—331]:
16 23.8 Digalloyl hexose (2)
(483.0780) 169(100), 241(53), 125(15)
L I 274 509.0972 Ci5H26019 [509]: 267(100), 429(11)
17 25.0 Gallic acid derivative (3)
(509.0996) [509—267]: 139(100)
- - 274 423.0931 CioH20011 | [423]: 313(100), 169(70), 125(36), 211(24) [423—313]:
18 26.0 Gallic acid derivative (4)
(423.0933) 169(100), 313(39), 295(17)
) o 274 495.0776 C21H20014 [495]: 343(100), 191(29), 344(16), 271(4) 169(3)
19 26.4 Digalloyl quinic acid
(495.0780) [495—343]: 191(100)

LE



Table 3.1. HPLC retention times, UV/Vis spectra, and MS data of pistachio (P. vera L.) hull phenolics (Continued)

Ret. HPLC-UV/Vis HR-ESI(-)-MS ]
Peak ] ) ; Molecular HPLC-ESI-MS" experiment
time Compound identity abs. max [M-H]
no. formula m/z
(min) (nm) m/z exp. (theo.)
o 321.0246
20 27.3 Digallic acid (2) 275 C14H1009 [321]: 169(100), 125(16)
(321.0252)
403]: 169(100), 151(55), 313(37), 125(36), 271(21),
o o 268 403.1254 Ci7H24011 1403] (100) 59 57 (30) )
21 28.1 Gallic acid derivative (5) 211(18), 179(15)
(403.1246)
[403—169]: 124(100), 125(34), 107(34)
22 o o 274 467.1197 C21H24012 [467]: 313(100), 169(17), 295(7)
29.5 Gallic acid derivative (6)
(467.1195) [467—313]: 169(100), 153(10), 191(5)
] S 275 477.0688 C21H18013 [477]: 325(100), 169(47), 326(33)
23 30.6 Digalloyl shikimic acid (1)
(477.0675) [477—325]: 169(100)
. e 276 477.0703 C21H18013 [477]: 325(100), 169(47)
24 31.0 Digalloyl shikimic acid (2)
(477.0675) [477—325]: 169(100), 125(11), 281(10)
- 31.6 Cyanidin 3-0-8-D- 278, 517 na na 4[449]: 287(100)
galactopyranoside 2 [449—287]: 137(100)
o 278 319.0133 C14HsO09 [319]: 239(100), 139(15), 240(14)
26 33.2 Luteic acid
(319.0096) [319—239]: 139(100), 124(12)
27 33.7 Cyanidin pentoside 520 na na 4[419]: 287(100)
) o 273 647.0873 C28H24018 [647]: 495(100), 343(22), 191(2)
28 33.8 Trigalloyl quinic acid
(647.0890) [647—495]: 343(100), 191(46)
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Table 3.1. HPLC retention times, UV/Vis spectra, and MS data of pistachio (P. vera L.) hull phenolics (Continued)

Ret. HPLC-UV/Vis HR-ESI(-)-MS .
Peak ) ) i Molecular HPLC-ESI-MS" experiment
time Compound identity abs. max [M-H]
no. ) formula m/z
(min) (nm) m/z exp. (theo.)
523]: 209(100), 371(45), 505(30), 313(19), 169(14),
S o 276 523.1455 C24H28013 23] (100) 49 50 ) (4
29 34.5 Quinic acid derivative (1) 191(14)
(523.1157)
[523—209]: 191(100), 165(21), 151(18), 123(2)
o . 270, 354 631.0934 Ca2sH24017 [631]: 479(100), 317(10)
30 35.3 Myricetin galloyl hexoside
(631.0941) [631—479]: 316(100), 317(69), 325(15), 271(11)
[787]: 617(100)
278 787.1010 C34H25022
31 35.8 Tetragalloyl hexose (787.0999) [787—617]: 465(100), 589(55), 221(41), 277(34),
' 449(30), 600(26), 296(20), 235(18), 466(12)
S 274 473.0373 C21H14013 [473]: 321(100), 169(25)
32 36.7 Trigallic acid
(473.0362) [473—321]: 169(100), 125(6)
o ] 357, 252 493.0640 C21H15014 [493]: 317(100), 299(4), 151(3), 137(2) [493—317]:
33 36.9 Myricetin hexuronide
(493.0624) 227(100), 151(23), 137(18)
o ) 359, 252 479.0848 CaiH20013 | [479]: 317(100), 271(20), 179(19), 287(15) [479—317]:
34 37.1 Myricetin 3-O-galactoside
(479.0831) 215(100), 271(99), 164(24), 270(22), 287(22), 242(17)
[479]: 316(100), 317(57), 271(12)
o ) 357, 252 479.0884 C21H20013
35 374 Myricetin hexoside [479—316]: 271(100), 179(40), 317(35), 180(29),
(479.0831)
255(26), 137(23)
) 274 335.0414 C15H1209 [335]: 183(100), 253(5)
36 37.9 Methyl-digallate
(335.0409) [335—183]: 168(100)
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Table 3.1. HPLC retention times, UV/Vis spectra, and MS data of pistachio (P. vera L.) hull phenolics (Continued)

Ret. HPLC-UV/Vis HR-ESI(-)-MS .
Peak . . ’ Molecular HPLC-ESI-MS" experiment
time Compound identity abs. max [M-H]
no. ) formula m/z
(min) (nm) m/z exp. (theo.)
[939]: 769(100), 617(18), 787(12)
280 939.1130 Cu1H32026 [939—769]: 617(100), 387(43), 601(40), 465(28),
37 38.3 Penta-O-galloyl-s-D glucose 2
(939.1109) 323(21), 259(19), 403(19), 725(17), 245(12), 573(12),
386(11)
[615]: 463(100), 301(32)
) . 257, 354 615.1031 CogH24015
38 38.9 Quercetin galloyl hexoside (1) [615—463]: 301(100), 179(8), 229(7), 253(6), 272(6),
(615.0992)
151(2)
263, 353 1091.1423 CgH36030 [1091]: 939(100), 769(16)
39 40.6 Hexagalloyl hexose
(1091.1213) [1091—939]: 769(100), 770(13), 617(10)
) ) 252, 352 463.0922 C21H20012 [463]: 301(100), 179(8)
40 41.0 Quercetin 3-O-galactoside 2
(463.0882) [463—3017]: 151(100), 229(58), 271(43), 343(30)
[477]: 301(100), 179(7), 151(2)
) ) 255, 355 477.0715 C21H15013
41 41.2 Quercetin 3-O-glucuronide 2 (477.0675) [477—301]: 179(100), 152(20), 180(11), 121(8), 256(7),
' 273(6), 229(6)
[463]: 301(100)
) ) 260, 355 463.0915 C21H20012
42 41.6 Quercetin 3-O-glucoside 2 (463.0877) [463—301]: 179(100), 271(52), 152(39), 272(32),
' 255(31), 151(27), 203(21)
] . 254, 358 615.1031 C28H24016 [615]: 301(100), 313(15), 315(8), 273(6), 463(3)
43 42.1 Quercetin galloyl hexoside (2)
(615.0986) [615—301]: 179(100), 151(99)

ov



Table 3.1. HPLC retention times, UV/Vis spectra, and MS data of pistachio (P. vera L.) hull phenolics (Continued)

Ret. HPLC-UV/Vis HR-ESI(-)-MS ]
Peak ] ) y Molecular HPLC-ESI-MS" experiment
time Compound identity abs. max [M-H]
no. ) formula m/z
(min) (nm) m/z exp. (theo.)
o o 279 347.0409 C16H1209 [347]: 267(100), 139(5), 249(4), 269(4), 124(2)
44 42.7 Gallic acid derivative (7)
(347.0406) [347—267]: 139(100), 249(28), 83(16), 140(10), 205(8)
45 ) ) 276, 358 615.1098 C28H24016 [615]: 301(100), 179(5), 463(3)
42.9 Quercetin galloyl hexoside (3)
(615.0986) [615—301]: 151(100), 170(32), 107(21), 179(20)
46 ] 274,355 599.1075 CogH24015 [599]: 463(100), 301(36)
43.3 Quercetin galloyl deoxyhexose
(599.1037) [599—463]: 301(100), 255(7)
] ] 254, 355 433.0810 CooH18011 [433]: 301(100), 255(6), 242(4), 193(4) [433—301]:
47 43.7 Quercetin pentoside
(433.0771) 271(100), 179(42), 151(41), 255(11), 243(9)
275, 357 na [629]: 327(100), 459(15), 477(15), 328(11) [629—327]:
48 44.1 Unknown (1) na
113(100), 169(49), 283(40), 175(38), 170(37), 177(35)
) 272, 350 447.0963 C21H20011 [447]: 285(100), 255(28), 327(19)
49 45.0 Kaempferol hexoside
(447.0927) [447—285]: 255(100), 223(6), 256(5)
) ) 276, 352 629.0852 CasH22017 [629]: 477(100), 301(26)
50 454 Quercetin galloyl hexuronide
(629.0779) [629—477]: 301(100), 323(5), 175(3)
] ] 277, 352 585.0910 C27H22015 [585]: 301(100)
51 46.3 Quercetin galloyl pentoside
(585.0881) [585—301]: 151(100), 179(45), 165(44), 121(9)
447]: 285(100), 284(92), 255(63), 163(18), 151(17
] 270, 350 447.0952 Co1H20011 1471 (100) ®2) (©3) (18) an
52 46.9 Kaempferol hexoside (447.0027) [447—285]: 255(100), 197(13), 240(10), 198(8), 213(7),

227(6), 169(5)
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Table 3.1. HPLC retention times, UV/Vis spectra, and MS data of pistachio (P. vera L.) hull phenolics (Continued)

Ret. HPLC-UV/Vis HR-ESI(-)-MS .
Peak ] ) i Molecular HPLC-ESI-MS" experiment
time Compound identity abs. max [M-H]
no. ) formula m/z
(min) (nm) m/z exp. (theo.)
[417]: 284(100), 255(37)
) 270, 350 417.0907 C20H18010
53 48.9 Kaempferol pentoside [417—284]: 255(100), 160(5), 165(4), 227(4), 195(3),
(417.0822)
151(3)
359]: 315(100), 341(43), 161(21), 315(17), 107(13),
o 238, 310 359.2521 Co3H3603 1359 (100) 43) ) @) 13)
54 88.4 (16:1)-Anacardic acid 343(13), 317(11)
(359.2586)
[359—315]: 108(100)
o 238, 310 315.1968 Ca20H2803 [315]: 271(100), 107(6)
55 88.5 (13:2)-Anacardic acid
(315.1966) [315—271]: 107(100)
o 238, 308 291.1960 CigH2503 [291]: 247(100)
56 88.9 (11:0)-Anacardic acid
(291.1966) [291—247]: 106(100)
o 238, 310 341.2112 C2H3003 [341]: 297(100)
57 89.1 (15:3)-Anacardic acid
(341.2122) [341—297]:149(100)
o 246, 310 317.2115 C20H3003 [317]: 273(100)
58 89.6 (13:1)-Anacardic acid
(317.2117) [317—273]: 107(100)
o 248, 312 319.2289 C20H3203 [319]: 275(100)
59 90.7 (13:0)-Anacardic acid
(319.2279) [319—275]: 106(100)
o 240, 310 345.2429 C22H3403 [345]: 301(100), 119(4)
60 91.0 (15:1)-Anacardic acid
(345.2434) [345—301]: 119(100)

v



Table 3.1. HPLC retention times, UV/Vis spectra, and MS data of pistachio (P. vera L.) hull phenolics (Continued)

Ret. HPLC-UV/Vis HR-ESI(-)-MS .
Peak ) ) y Molecular HPLC-ESI-MS" experiment
time Compound identity abs. max [M-H]
no. ) formula m/z
(min) (nm) m/z exp. (theo.)
260 455.3510 C30H4g03 [455]: 418(100)
61 91.2 Unknown (2)
(455.3405) [455—418]: 434(100), 395(66), 375(60), 399(15)
o 238, 310 371.2599 C24H3603 [371]: 327(100)
62 91.4 (17:2)-Anacardic acid
(371.2592) [371—-327]: 327(100), 119(18), 107(10)
o 347.2623 [347]: 303(100)
63 92.0 (15:0)-Anacardic acid 2 242,311 C22H3603
(347.2592) [373—303]: 106(100)
o 248, 312 373.2743 Co4H303 [373]: 329(100)
64 92.2 (17:1)-Anacardic acid
(373.2743) [373—329]: 106(100)
260 373.2748 Co4H303 [373]: 329(100)
65 92.4 Unknown (3)
(373.2748) [373—329]: 119(100)
o 238, 312 375.2951 C24H14003 [375]: 331(100)
66 93.1 (17:0)-Anacardic acid
(375.2977) [375—331]: 106(100)

IRet. time: retention time
2Verified by reference standards

3 na: not available
4 Positive ionization mode was used for the identification of anthocyanins.

SAll compounds were detected in both red and green pistachio hulls, except for the anthocyanins, 25 and 27, which were only found in red hulls.

1997
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3.3.1.1. Gallotannins

Gallotannins represent a subgroup of hydrolyzable tannins, more specifically being esters of
at least one gallic acid molecule with polyols such as sugars, shikimic acids or quinic acids
[40]. While gallic acid, 2, was tentatively identified by comparing the obtained retention
time, UV absorption and mass spectra to those of an authentic standard, a total of 30 related
gallic acid derivatives and gallotannins was identified in pistachio hull extracts, mainly based
on the formation of characteristic product ions at m/z 169 ([gallic acid-H]") and 125 ([gallic
acid-CO2-H]") as well as due to the specific neutral loss of a dehydrated galloyl moiety (152
Da). The identification was corroborated by their UV absorption spectra and high-resolution
MS data.

3.3.1.1.1. Galloyl hexoses

Compound one with a parent ion [M-H] at m/z 331 revealed a daughter ion [M-H-162]" at
m/z 169 upon CID fragmentation, indicating the loss of a hexose moiety. It was identified as
1-O-galloyl p-D-glucopyranose (f-glucogallin) after comparing its retention time, UV
absorption and mass spectra with those of an authentic standard. Glucogallin has already
been reported in many plants including other members of Anacardiaceae, such as Brazilian
pepper [9] and mango [193], and is considered a primary metabolite and galloyl donor for
gallotannin biosynthesis [194, 195].

The parent ion [M-H]™ at m/z 493 of compound eight formed daughter ions [M-H-162] at
m/z 313 and [M-H-162-162] at m/z 169. In agreement with its UV and high-resolution MS
data, compound eight was tentatively identified as a galloyl dihexose. Similar galloyl
dihexoses have been previously found in plant parts of other Anacardiaceae, namely in
sumac (Rhus coriaria L.) [196]. Compounds six and seven exhibited both UV absorption
spectra and high-resolution mass signals identical to those of compound eight (Table 3.1).
However, their different fragmentation patterns indicated that they might represent distinct
isomers of galloyl dihexoses as reported previously [197]. For instance, while predominant
CID daughter ions [M-H-180] at m/z 313 and [M-H-324]" at m/z 169 were observed for
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compounds six and eight, those of compound seven were observed at m/z 271 ([M-H-162-
60]), at m/z 211 ([M-H-162-120]") and at m/z 313 ([M-H-180]") (Table 3.1) [193].

Two further minor compounds, 14 and 16, were tentatively assigned as digalloyl hexoses
(m/z 483) due to loss of a dehydrated galloyl (152 Da) and a hexose (162 Da) moiety,
ultimately yielding gallic acid (m/z 169) as daughter ion. The loss of dehydrated galloyl units
(152 Da) may indicate depsidically linked gallic acids due to previously reported a

predominance of galloyl fission in these types of linkages [112].

The pseudo-molecular ions [M-H] of three compounds, 31, 37 and 39, exhibited sequential
losses of galloyl moieties (152 Da) from their parent ions at m/z 787, 939 and 1091,
respectively. These compounds were tentatively identified as tetra- , penta- , and hexagalloyl
hexose, respectively, based on their retention order, UV absorption maxima, high resolution
MS data, and MS" fragmentation pattern as compared with the literature [107,198]. The
identity of compound 37 was further confirmed as penta-O-galloyl-f-D-glucose after
comparing its analytical data with that of the corresponding authentic standard. Hexagalloyl
hexose, 39, was the gallotannin having the highest degree of galloylation that was detected
as a separate peak, although several unresolved peaks eluting after 40 min (Figure 3.3) may
be attributed to the presence of higher degrees of galloylated tannins. The chromatographic
separation of such highly galloylated gallotannins was previously shown to be most intricate
due to the increased number of possible gallotannin isomers with the increase in the number
of galloyl units [124]. In agreement, our extracted ion chromatograms containing the
respective traces of penta-, hexa-, hepta-, octa-, and nonagalloyl tannins are shown in Figure
3.4 to illustrate the increasing complexity of these compounds and their related mass signals.
In addition, characteristic doubly charged pseudo-molecular ions [M-2H]** and
corresponding fragment ions [M-n x 152-2H]*" with (n = 1-4) were observed in the region
of highly galloylated gallotannins [9,199].

3.3.1.1.2. Galloyl quinic acids

By analogy to differently galloylated hexoses, quinic acid was found to be galloylated to
different degrees. Compounds 4, 19, and 28 were tentatively identified as mono-, di- and
trigalloyl quinic acids due to sequential losses of galloyl moieties (152 Da) from their parent

ions at m/z 343, 495 and 647, respectively, and the formation of a final product ion at m/z
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191 (deprotonated quinic acid) [200, 201]. HR-MS measured exact molecular masses were
also in good agreement with calculated masses of the respective galloyl quinic acids,

corroborating their identification (Table 3.1).

a)
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Figure 3.4. Extracted ion chromatograms indicating the putative presence of (a) penta- (m/z
939), (b) hexa- (m/z 1091), (c) hepta- (m/z 1243), (d) octa- (m/z 1395), and (e) nona- (m/z
1547) galloyl hexoses.

An additional quinic acid derivative (compound 29) was also tentatively identified due to
the formation of a putative product ion at m/z 191 (deprotonated quinic acid) upon CID
experiments. Compounds with different degrees of galloyl quinic acids were also reported
in Pistacia lentiscus L. [200], Myrtus communis L. [202], green tea (Camellia sinensis L.),

and tara (Caesalpinia spinosa (Molina) Kuntze) [201].
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3.3.1.1.3. Galloyl shikimic acids

Three compounds, 9, 10 and 12, with identical UV absorption spectra, identical high-
resolution MS data, and identical pseudo-molecular ions [M-H]  at m/z 325 were
characterized by the loss of 156 Da, yielding a daughter ion at m/z 169. In agreement with
our analytical data, these compounds were identified as monogalloyl shikimic acids. Two
compounds, 23 and 24, with pseudo-molecular ions [M-H] at m/z 477 produced daughter
ions at m/z 325 due to the neutral loss [M-H-152] of a putative galloyl moiety. Further
fragmentation of m/z 325 vyielded spectra similar to the above mentioned monogalloyl
shikimic acids, 9, 10, and 12. In agreement with their chemical formula (Table 3.1),
compounds 23 and 24 were tentatively identified as the isomers of digalloyl shikimic acids.
Despite their uncommon presence in plants, differently galloylated shikimic acids were
previously reported in other plants [203-206], including Brazilian pepper from the
Anacardiaceae [9]. As shikimic acid has been reported as a precursor of gallate synthesis
[207], galloylated shikimic acids may represent intermediates for the biosynthesis of higher

molecular weight gallotannins.

The presence of gallotannins has previously been reported in other Anacardiaceae such as
mango [107], and sumac [196]. However, this is the first detailed report on pistachio hull
gallotannins. Behgar et al.[208] previously reported the total “tannin content” of pistachio
hull as determined by an unspecific protein precipitation based radial diffusion assay.

Two peaks, 13 and 20, exhibited parent ions [M-H]™ at m/z 321. Their CID fragmentations
resulted in product ions at m/z 169 and 125 characteristic of gallic acid. Thus, these
compounds were tentatively identified as digallic acids, although their differences on
linkages between the two galloyl moieties remain unknown despite their slightly different
UV absorption maxima (Table 3.1). The pseudo-molecular ion [M-H] of compound 32 at
m/z 473 tentatively indicated the presence of a trigallic acid due to sequential loss of two
galloyl moieties, yielding product ions specific for gallic acid. We were unable to provide
evidence that these three compounds, 13, 20, and 32, represented depsides, although
depsidically linked gallic acids were previously found in tanoak acorns (Notholithocarpus
densiflorus (Hook. & Arn. ) Manos, Cannon & S. H. Oh) [197], and Anacardiaceae such as
sumac [196], mango peel [198] as well as in Rhus chinensis Mill. leaves, a traditional
Chinese herb [209].
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Compound 15 exhibited a parent ion [M-H] at m/z 183 with a corresponding demethylated
product ion [M-H-15]" at m/z 168, thus being tentatively assigned as methyl gallate in
agreement with previous reports [198]. Similarly, compound 36 with a parent ion at m/z 335
was identified as methyl digallate due to loss of a digalloyl moiety during CID. In addition,
a product ion [M-H-152] at m/z 183 (methyl gallate) was observed in the MS" spectra.
Noteworthy, methyl gallate, 15, and methyl digallate, 36, may represent potential artefacts,
resulting from methanolysis of depsidically linked gallotannins in the course of extraction
and analysis [112, 201]. In agreement, an increase in both peak area and height of compound
15 and 36 was observed upon re-analysis of methanolic extracts kept at room temperature
for 24 h (data not shown).

Compound 26 produced a parent ion [M-H] at m/z 319 and its HR-MS measured exact
molecular mass revealed a good fit to luteic acid, a digallic acid with an additional C-C bond
between its benzene rings (Table 3.1). Although compound 17, 26 and 44 had common MS"
product ions at m/z 139, which may indicate the formation methyl pyrogallol fragments upon
CID, the identities of compounds 17 and 44 yet remain unknown. Luteic acid, a molecule
present in the structure of myrobalanitannin, has been reported in the fruits of Terminalia

chebula Renz. as an intermediate of ellagic acid biosynthesis [210].

Five compounds, 3, 11, 18, 21, and 22, were tentatively identified as gallic acid derivatives
due to the formation of a deprotonated gallic acid at m/z 169 as MS" daughter ion, although
their further characterization remains pending. The yet unidentified gallic acid derivative,
compound 3, may contain nitrogen due to its even-numbered mass-to-charge ratio at m/z 296
(Table 3.1).

3.3.1.2. Flavonoids

3.3.1.2.1. Flavonols

A total of 17 flavonols was tentatively identified in red pistachio hull extracts, including
quercetin, myricetin, and kaempferol derivatives. Quercetin derivatives, 38, 40-43, 45-47,
50 and 51, were the major flavonol constituents of the hulls under investigation, according
to their highly characteristic UV absorption maxima at ca. 350 nm, common fragment ions

at m/z 301 (deprotonated quercetin), and a characteristic fragment of the quercetin aglycone
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at m/z 179. The major quercetin derivatives, quercetin 3-O-galactoside, 40, quercetin 3-O-
glucuronide, 41, and quercetin 3-O-glucoside, 42, were identified by comparing their
retention times, UV absorption and MS data to those of authentic standards (Figure 3). In
addition to quercetin hexosides, a quercetin pentoside, 47, was tentatively identified.
Moreover, several types of galloylated quercetin glycosides were tentatively identified
according to their analytical data shown in Table 3.1, such as quercetin galloyl hexosides,
38, 43, and 45, quercetin galloyl deoxyhexose, 46, quercetin galloyl hexuronide, 50, and

quercetin galloyl pentoside, 51.

Four myricetin derivatives, 30, 33-35, were tentatively assigned based on their characteristic
fragment ion at m/z 317 (myricetin aglycone) and their characteristic secondary fragments
at m/z 299 and 271. Compound 33 was tentatively identified as myricetin hexuronide due to
its parent ion [M-H] at m/z 493 and the derived, previously reported [112] predominant
daughter ion at m/z 317, indicating the loss of an uronic acid moiety in agreement with its
high-resolution MS data. Compounds 34 and 35 were tentatively identified as myricetin
hexosides based on the analytical data presented in Table 3.1. Compound 34 was further
identified as myricetin 3-O-galactoside after comparison of its analytical data with that of an
authentic standard. The parent ion [M-H] of compound 30 at m/z 631 was characterized by
the sequential loss of 162 Da (hexose) and 152 Da (galloyl moiety), thus being identified as
myricetin galloyl hexoside in agreement with its high-resolution MS data. Moreover, three
kaempferol derivatives, namely two hexosides and one pentoside, 49, 52 and 53, were
identified in trace amounts. HR-ESI-MS accurate mass measurements were in agreement

with all proposed flavonols (Table 3.1).

Flavonols of pistachio hull have been recently investigated using HPLC-DAD [11].
According to this study, quercetin rutinoside represented the major flavonol accompanied
by lower amounts of quercetin, quercetin galactoside, quercetin glucoside, and kaempferol
and isorhamnetin glycosides. The presence of these flavonol derivatives was confirmed by
our study, except for quercetin rutinoside and isorhamnetin derivatives which were not
detected in our samples. In further contrast, in our samples, quercetin galactoside, quercetin
glucuronide and quercetin glucoside were the major flavonols accompanied by low amounts

of myricetin and kaempferol derivatives (Table 3.1).
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3.3.1.2.1. Anthocyanins

Compound 26 was the main peak observed in the chromatogram recorded at 520 nm (Figure
3), whose parent ion [M]* at m/z 449 exhibited a characteristic daughter ion [M-162]* at m/z
287, the cyanidin aglycone. After comparing its retention time, UV/Vis absorption and mass
spectra with those of an authentic standard, compound 25 was tentatively identified as
cyanidin 3-O-$-D-galactopyranoside. Minor amounts of a putative cyanidin pentoside, 27,
were also tentatively identified based on the formation of a cyanidin aglycone at m/z 287
after the loss of a pentose (132 Da) upon CID fragmentation. The presence of cyanidin 3-O-
galactoside in P. vera seed coat (named as “skin” in the study) [211, 212] and cyanidin 3-O-
glucoside in leaves of P. lentiscus [200] has previously been reported. However, this is the
first report on the occurrence and identification of cyanidin derivatives in red pistachio hull,
although a previous study reported total anthocyanin contents of pistachio hulls as
determined spectrophotometrically [61]. Interestingly, 7-O-methylated anthocyanins have
not been observed in our study, although their presence in mango [213], cashew apple [214],
Brazilian pepper [9], and sumac [196] has been proposed to be a chemotaxonomic marker
of the Anacardiaceae. Noteworthy, our samples underwent drying and storage prior to
analyses, and thus, further studies on freshly collected pistachio fruits should be done. On
the other hand, it is worth mentioning that P. vera has occasionally been classified in its own
family Pistaciaceae rather than in the Anacardiaceae, which may be supported by the

aforementioned lack of 7-O-methylated anthocyanins.

3.3.1.3. Anacardic acids

A total of 11 anacardic acids 54-60, 62-64, 66, with different lengths of alkyl chains (C13,
C15 and C17) and saturation degrees (fully saturated or mono-, di-, or tri-unsaturated) were
identified in pistachio hull extracts (Table 3.1). They eluted late at 88-94 min (Figure 3.3)
due to their lipophilic alk(en)yl side chain. In the following, the compounds are named
according to the length of their side chain and the number of double bonds in the side chain
(Figure 3.2). All of them produced similar UV absorption spectra with maximum absorbance
at 250 and 311 nm. Their CID mass spectra had a product ion [M-44] in common, indicating

a COz loss from the phenolic carboxyl group. Furthermore, characteristic product ions at m/z
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106 or m/z 107 have been reported to occur due to the elimination of the phenol group, while
product ions at m/z 119 and 149 were described to result from fragmentation at the allyl
position of unsaturated anacardic acids [215, 216]. Compound 63 was assigned as (15:0)-
anacardic acid after comparing its retention time, UV absorption and mass spectra including
the characteristic loss of CO2 (44 Da), and the product ion at m/z 106 with those of an
authentic standard. The identification of further anacardic acids was based on UV and mass
spectra including accurate mass measurements and the corresponding molecular formulas
that were consistent with previously published data of Jerz et al. [215] As shown in Figure
3.3, the most abundant representatives were (13:0)-, 59, (13:1)-, 58, (15:0)-, 63, (15:1)-, 60,
and (17:1)-anacardic acids, 64, being in agreement with an earlier study on phenolic acids
of P. vera [64]. Their elution occurred later with increasing chain length and decreasing
degree of saturation as previously shown [215]. Based on the oxidative degradation of these
major compounds, Yalpani and Tyman [64] determined the localization of the double bond
of the unsaturated (13:1)-, (15:1)-, and (17:1)-anacardic acids to be at the eight position of
the alkyl chain for monounsaturated anacardic acids from green pistachio hull (hamed as
“outer green shell” in their study). We assume that this allocation of the double bonds may
also be valid for our results. Besides confirming these major compounds, our study is the
first report of the occurrence of six minor anacardic acids, namely (16:1)-, (13:2)-, (11:0)-,
(15:3)-, (17:2)-, and (17:0)-anacardic acids. In contrast to pistachio kernels [216], cardanols,
decarboxylated derivatives of anacardic acids, were not detected in pistachio hulls.
Interestingly, anacardic acids are currently considered to be chemotaxonomic markers of the
Anacardiaceae [5], consistently occurring in cashew nuts and shells [215], as well as in
mango [108]. These findings might be of interest for the above mentioned discussion on the

assignment of the genus Pistacia.

3.3.1.4. Minor compound

Compound five with a parent ion [M-H]" at m/z 153 was tentatively identified as
protocatechuic acid after comparison of its analytical data with those of an authentic

standard. Protocatechuic acid has been reported in pistachio hull before [11, 12].
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3.3.2. Comparison of Red and Green Hulls

When red and green type pistachio hulls were compared (Figure 3.3), virtually identical
phenolic profiles were observed, except for the anthocyanins that only occurred in red hulls.
These findings indicate that green and red pistachio hulls may be utilized without separation
as a source of phenolic compounds. However, further research on the quantity and
contribution of each class of phenolic compounds to the biological activity of red and green
pistachio hull extracts should be performed to determine technologically optimal recovery

strategies for phenolics from different types of pistachio hulls.

3.4. CONCLUSION

In conclusion, the complex phenolic profiles of dried red and green P. vera hulls were
characterized in this study to provide basic knowledge for their future utilization. Apart from
anthocyanins that are characteristic of red hulls, phenolic constituents of pistachio hulls may
largely be grouped in three major phenolic classes: gallotannins, flavonoids and anacardic
acids. The identity of the gallotannins of pistachio hull was elucidated for the first time,
revealing the presence of galloyl hexoses with up to nine galloyl units, and galloyl quinic
and shikimic acids with up to three galloyl units. Pistachio hulls also contained glycosides
of flavonoids such as quercetin glycosides and a cyanidin 3-O-f-D-galactopyranoside.
Furthermore, anacardic acids, a distinct class of polar phenolic lipids, were identified and
may be useful as chemotaxonomic markers. In brief, a wide range of phenolic compounds
was present in pistachio hulls, ranging from simple (gallic acid) to very complex ones
(gallotannins) and from polar/mid-polar (gallotannins and flavonoids) to amphiphilic
(anacardic acids) ones. Thus, pistachio hull represents an interesting source for the
production of multifunctional phenolic extracts. Further research on the extraction and
isolation of these compounds and the determination of their relation with attributed

biological functions should be encouraged.
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4. DETERMINATION OF PISTACHIO HULL PHENOLICS BY HPLC-
DAD AND UHPLC-PDA-ELSD AFTER ULTRASOUND-ASSISTED
EXTRACTION 2

4.1. INTRODUCTION

Pistachio (P. vera L.) hull (exo- and mesocarp) is the main by-product of pistachio
processing as it constitutes a high percentage (21 per cent) of dry pistachio drupe [22].
Several utilization strategies for pistachio hull have been previously explored, such feed
supplement [217], raw material for biofuel or biogas production [55, 56], adsorbent for
removal of toxic contaminants (e.g. cyanide) from wastewater [35], and as an ingredient of
gelled food products [219]. However, to date, the hulls still accrue in enormous amounts and
are considered as waste without any commercial value. Recently, pistachio hull has gained
attention as a source of phenolic constituents with antioxidant and antimicrobial bioactivity
[11, 13, 14]. Consequently, the hulls and particularly the phenolics derived thereof might be
used in the food and nutraceutical industry as a natural alternative to synthetic antioxidants
[14] or functional and nutraceutical ingredients with cytoprotective [11, 220] and anti-
inflammatory activities [31]. Pistachio hulls were previously shown to contain a large
diversity of phenolic compounds, including gallotannins, flavonoids, and anacardic acids.
Among these, gallic acid, monogalloyl glucose, pentagalloyl glucose, quercetin galactoside,
quercetin glucoside, and anacardic acids represent the most abundant constituents [22].
When using common technical extraction solvents such as methanol, ethanol, and acetone,
most of these phenolic constituents are inevitably extracted together in variable yields

depending on the solubility of compounds in the solvent system of choice [105].

2 Reprinted from Journal of Food Composition and Analysis, 62, Ersan, S.; Giiclii Ustiindag, O.; Carle,
R.; Schweiggert, R. M., Determination of pistachio (Pistacia vera L.) hull (exo- and mesocarp)
phenolics by HPLC-DAD-ESI/MS" and UHPLC-DAD-ELSD after ultrasound-assisted extraction, 103-
114, Copyright 2017, with permission from Elsevier.
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Thus, in past studies, an often poorly characterized mixture of phenolics has been used and
might have been responsible for the widely differing and partly controversial reports on the
biological activities attributed to so-called crude pistachio hull extracts.To date, most of the
available analytical methods are based on the separate extraction and/or analysis of each of
the individual phenolic groups, e.g. gallotannins [107], flavonoids [6], anacardic acids [31],
or alkylresorcinols [108]. Analytical methods for quantitation of all different phenolic
classes present in pistachio hulls, from the very hydrophilic gallic acids to the amphiphilic
anacardic acids, are urgently needed to allow a better interpretation of the biological activity
of pistachio hull extracts. The complex composition has been shown to require long HPLC
gradient times (112 min) achieving acceptable separations [22]. Therefore, UHPLC with
sub-two pm columns might be a suitable technique to enable high sample throughputs with

short chromatographic run times at equal or even enhanced peak resolutions [221].

Therefore, in continuation of our previous comprehensive study on the identification of
pistachio hull phenolics [22], the first aim of the present work was to develop a simultaneous
and quantitative extraction procedure for the determination of gallotannins, flavonoids and
anacardic acids from pistachio hull. First, exhaustive extraction conditions were targeted
using different extraction solvents, sample/solvent ratios, and repetitive extraction cycles.
Second, two alternative analytical methods, namely HPLC-DAD-MS" and UHPLC-PDA-
ELSD, were presented, and compared in terms of their separation and detection capabilities,
and their detection and quantitation limits. Finally, the optimized extraction procedure was
combined with the presented highly peak resolving HPLC-DAD method, validated, and
applied to four different pistachio hull samples from three different varieties.

4.2. MATERIALS AND METHODS

4.2.1. Chemicals

Gallic acid monohydrate (=98 per cent), protocatechuic acid (=97 per cent), penta-O-galloyl-
S-D-glucose (=96 per cent), and (15:0)-anacardic acid (=97 per cent) were from Sigma—
Aldrich Chemie (Steinheim, Germany), g-glucogallin (1-O-galloyl-5-D-glucopyranose)
(=94 per cent) from PhytoLab (Vestenbergsgreuth, Germany), quercetin 3-O-glucuronide

(=95 per cent), quercetin 3-O-glucoside (=99 per cent), quercetin 3-O-galactoside (=98 per
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cent), myricetin 3-O-galactoside (=99 per cent) and cyanidin 3-O-f-D-galactopyranoside
(=97 per cent) from Extrasynthése (Genay Cedex, France). HPLC grade methanol was
purchased from VWR (Darmstadt, Germany). Analytical or higher grades of hexane, diethyl
ether, dichloromethane, ethyl acetate, acetone, and ethanol, acetic acid, and hydrochloric
acid (HCI, 37 per cent) were from Merck (Darmstadt, Germany). Deionized water was used

throughout the study.

4.2.2. Sample and Sample Preparation

Four types of dried pistachio drupes were from the cultivars ‘Uzun’ (red and green), ‘Siirt’
and ‘Ohadi’, representing commercially used varieties for pistachio production in Turkey.
All samples were harvested in 2013 and obtained from a local pistachio processor
(Gaziantep, Turkey). Pistachios from cv. ‘Uzun’ are available for processing in the two
different maturation stages (i) early harvested, i.e., green drupes, and (ii) fully mature, i.e.,
red drupes, depending on the purpose of use as described before [22]. In contrast, cultivars
‘Siirt’ and ‘Ohadi’ pistachios are only harvested and processed in fully mature form. Their
growth, processing and storage conditions to yield drupes with a moisture content of three-
to-five per cent have been reported previously [22]. Moisture contents of the drupes, as
determined with an infrared moisture analyzer MA 40 (Sartorius, Gottingen, Germany),
were 4.6 per cent, 4.3 per cent, 4.8 per cent and 5.0 per cent for cv. ‘Uzun’ red, Uzun’ green,
‘Ohadi’ and ‘Siirt’, respectively. The average drupe weight was determined by weighing
three replicates of 100 drupes randomly sampled from 1000 g of pistachio drupes, being ca.
0.99, 0.98, 1.00, and 1.27 g/drupe containing 0.20, 0.15, 0.18, 0.19 g dry hull/drupe of cv.
‘Uzun’ red, Uzun’ green, ‘Ohadi’ and ‘Siirt’, respectively. Pistachio hulls were separated
manually, finely ground using an A1l laboratory mill (IKA, Staufen, Germany), and stored
at -20 °C until analyses. Hulls from cv. ‘Uzun’ red pistachio were used throughout method

development and validation.
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4.2.3. Phenolic Extraction

4.2.3.1. Ultrasound-assisted extraction of phenolic compounds

4.2.3.1.1. Optimization of extraction conditions

A detailed description of the extraction protocol is found below in the following section.
Following this basic procedure, the effect of extraction solvent polarity and acidity, the
number of repeated extractions, various sample-to-solvent ratios, and the inclusion of a pre-
extractive water soaking step on the extraction yields of phenolic compounds was examined
aiming at a simultaneous and exhaustive extraction of phenolic compounds from pistachio

hull matrix.

The studied extraction solvents were hexane, diethyl ether, dichloromethane, ethyl acetate,
acetone, methanol, and ethanol as well as aqueous solutions of methanol (methanol/water,
80/20 and 50/50, v/v), ethanol (ethanol/water, 80/20, v/v), acetone (acetone/water, 80/20,
v/v), and pure water. The sample-to-solvent ratio was varied from one-to-five to one-to-20
(w/v). Furthermore, the methanol- and water-based solvents were acidified to yield the
following  extraction solvents  methanol/water/formic  acid  (80/19/1, viviv),
methanol/water/formic acid (80/15/5, v/v/v), methanol/water/acetic acid (80/19/1, v/viv),
methanol/water/HCI (80/19.9/0.1, v/viv). After selecting the highest-yielding extraction
solvent (methanol/water/formic acid (80/19/1, v/v/v) based on five-fold repeated extractions,
the effect of repeated extractions was examined by collecting and analyzing each fraction
separately. The yields (peak areas) obtained for each compound after each extraction cycle
were summed up, set to 100 per cent, and then compared to the previous extraction cycles
in a cumulative manner. The influence of sample soaking on the extraction yields was tested
by adding one mL of water to the sample prior to extraction and soaking for five min. Results
were evaluated based on the extraction yields of four selected representative major
compounds present in high amounts, i.e., gallic acid, penta-O-galloyl-$-D-glucose, quercetin
3-0O-galactoside/glucuronide, and (17:1)-anacardic acid, on HPLC-DAD peak area basis.
Quercetin 3-O-galactoside and quercetin 3-O-glucuronide were determined together due to

insufficient peak resolution.
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4.2.3.1.2. Extraction procedure

Ground pistachio hulls (250 mg or 1000 mg) were combined with five mL of extraction
solvent and probe sonicated (MS73 microtip, Sonopuls UW 3100, Bandelin Electronics,
Berlin, Germany) for 30 s at 70 per cent amplitude while cooling the sample in an ice bath.
After centrifugation (Labofuge 200; Heraeus, Hanau, Germany) at 3000 rpm (1233 x g) for
three min, the supernatant was collected, and the solid residues were re-extracted up to four
times as described above. Extracts were combined and evaporated to dryness in vacuo at 30
°C. Dried extracts were re-dissolved in pure methanol containing one per cent formic acid
(v/v), using the same volume that has been used for the extraction in total, except for those
samples that had been extracted with aqueous solvents, where dried extracts were made up
with 80 per cent (v/v) aqueous methanol containing one per cent formic acid (v/v). The re-
dissolved extracts were membrane-filtered through regenerated cellulose filters (0.45 pm

pore size, Macherey-Nagel, Diiren, Germany) into amber glass vials prior to HPLC analysis.

4.2.3.2. Conventional stirring-based solvent extraction

For comparison to ultrasound-assisted extraction, ground pistachio hull (250 mg) was
combined with five mL of extraction solvent allowing the most exhaustive extraction, i.e.
methanol/water/formic acid (80/19/1, v/vlv), at a sample-to-solvent ratio of 1/20 (w/v).
Subsequently, the headspace of the extraction flask was flushed with nitrogen to prevent
oxidation, and extraction was conducted under continuous magnetic stirring (ca. 600 rpm)
for 30 min. After centrifugation at 3000 rpm (1233 x g) for three min, the supernatant was
collected and the solid residue was re-extracted two more times as described above. The
combined supernatants were membrane-filtered through regenerated cellulose filters (0.45
um pore size, Macherey-Nagel, Diiren, Germany) into amber glass vials prior to HPLC

analysis.
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4.2.4. Chromatographic Determinations

4.2.4.1. HPLC-DAD-ESI/MS" analysis

The phenolic analysis was carried out using an HPLC-DAD-ESI/MS" system as previously
described [22] using a Kinetex Cig core-shell reversed-phase column (250 mm X 4.6 mm
I.d., five um particle size, Phenomenex, Aschaffenburg, Germany) with a SecurityGuard
Ultra C1g guard column (4.6 mm x two mm i.d.) of the same material. In brief, water was
used as eluent A and methanol as eluent B, both containing one per cent (v/v) formic acid.
The gradient was as follows: isocratic at two per cent B for 10 min, from two-to-37 per cent
B in 27 min, isocratic at 37 per cent B for five min, from 37 to 40 per cent B in 18 min, from
40 to 60 per cent B in 10 min, from 60 to 100 per cent B in 20 min, isocratic at 100 per cent
for 14 min, from 100 to two per cent B in one min, and isocratic at two per cent B for seven
min. Total run time was 112 min at a flow rate of one mL/min. The column temperature was
35 °C. Injection volume was three uLL. UV/Vis absorption spectra were recorded in the range
of 200-600 nm. Specific monitoring was performed at 280 nm (gallotannins), at 310 nm

(anacardic acids), at 350 nm (flavonols), and 520 nm (anthocyanins).

4.2.4.2. UHPLC-DAD-ELSD analysis

An Acquity UPLC H-class system (Waters, Milford, MA, USA) including serially connected
el DAD and ELS detector was used. The column used was an Acquity UPLC BEH
(ethylene-bridged-hybrid) C1g (150 mm x 2.1 mm i.d., 1.7 um particle size, Waters, Milford,
MA, USA) with an Acquity UPLC BEH Cis VanGuard precolumn (five mm x 2.1 mm i.d.,
1.7 um particle size). The column was operated at 35 °C. The same binary solvent system as
described for HPLC was used. UHPLC gradient program was as follows: isocratic at two
per cent B for one min, from two-to-37 per cent B in 7 min, from 37 to 40 per cent B in 5.2
min, from 40 to 100 per cent B in 4.8 min, isocratic at 100 per cent for six min, from 100 to
two per cent B in one min, and isocratic at two per cent B for five min. Total run time was
30 min at flow rate of 0.3 mL/min. Injection volume was 0.5 pL. UV/Vis spectra were

collected in the range of 210-700 nm. For ELS detection, nebulizer gas (nitrogen) pressure
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and drift temperature were set at 40 psi and 100 °C, respectively, while detector gain was set
at 200.

4.2.4.3. Compound identification and quantitation

Compound identification was accomplished by comparing retention times, UV and mass
spectra of the detected peaks with those of standard compounds. When authentic standards
were unavailable, identification was based on the comparison of HPLC-DAD-MS" data,
peak elution orders and peak distribution with those of our previous study [22] as described
in Section 3.3.

Quantitative analyses in UV/Vis based detection systems were accomplished using linear
calibration curves generated with authentic standards of gallic acid, protocatechuic acid,
penta-O-galloyl-4-D-glucose, quercetin 3-0O-galactoside, cyanidin 3-0-p-D-
galactopyranoside, and (15:0)-anacardic acid. Stock solutions of authentic standards (one
mg/mL) were prepared in pure methanol, except cyanidin 3-O-/-D-galactopyranoside, which
was prepared in methanol/HCI (99.9/0.1, v/v). Up to seven dilutions were made using
methanol/water/formic acid (80/19/1, v/v/v) in the respective concentration range (Table
4.1). Three independent external calibration curves were prepared for each compound. When
authentic standards were unavailable, structurally related substances, i.e., gallic acid for
gallic acid derivatives, quercetin 3-O-galactoside for flavonols, and (15:0)-anacardic acid
for other anacardic acids, were used for quantitation, including molecular-weight-correction
factors obtained separately for each compound by dividing the molecular weight of the
compound of interest by that of the respective authentic standard compound. Total phenolic
contents represented the sum of gallotannins, flavonoids, anacardic acids and protocatechuic

acid.

For quantitation by ELS detection, the same authentic standards as described for UV/Vis
analyses were used. However, a linear relationship between analyte concentration and the

signal response had to be established by logarithmic conversion of both parameters.

Peak resolution (R,) was calculated using the following equation,
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118 % (¢ — ty)

B (W0.5,1 + Wo.s,z)

(4.1)

N

where t; and t, are retention times of respective peak maxima, and wy 5 ; and wy 5 , are peak
widths at half height [222].

4.2.5. Method Validation

The extraction procedure and the HPLC method were validated in terms of calibration
linearity, limit of detection (LOD), limit of quantitation (LOQ), extraction recovery, and

intra- and inter-day repeatability.

Calibration linearity was expressed based on the coefficient of determination (R?) after linear
regression analysis. Following ICH guidelines [223], LOD and LOQ were calculated using
the standard deviation of the y-intercept (o) and the slope of regression lines (S) based on
three independent replicates of calibration curves for UV/Vis detection using the following

formula.

3.3X0o

= 4.2

LOD S (4.2)
10 x

LOQ = 5 g 4.3)

In the case of ELS detection, LOD and LOQ values were estimated using signal-to-noise

ratios of three-to-one and ten-to-one, respectively.

Extraction recovery was determined by adding authentic standards at an expected high and
low level (Table 4.2) to ground hull prior to extraction. Briefly, a methanolic solution
containing the calculated amount of standard compound was transferred to an extraction tube
and the solvent was evaporated under a gentle nitrogen stream. Subsequently, the pistachio
hull sample was weighed into the extraction tube and the extractions were performed

according to the procedure described above (Section 4.2.3.1).



Table 4.1. Linear concentration range, detection parameters, retention times, the slope of calibration curves, limit of detection (LOD) and limit
of quantitation (LOQ) of reference standards as determined by HPLC and UHPLC.

Retention time LOD LOQ
Conc. range ] ] Slope*!
Peak Analyte (mg/L) Detection (min) (ng on column) (ng on column)
mg
no. HPLC UHPLC
HPLC | UHPLC ) HPLC | UHPLC | HPLC | UHPLC
(mAU*min*L*mg?) | (mV*s*L*mg)

o UV/Vis

2 Gallic acid 5.7-180.9 6.7 3.2 9.3 4.1 3.0 17.6 9.0 53.4
(280 nm)
o UV/Vis

5 Protocatechuic acid 1.6-50.0 12.9 5.5 11.3 5.8 2.3 0.80 6.8 2.4
(260 nm)
Cyanidin 3-O-4-D- UV/Vis

24 ) 0.7-23.2 31.3 8.6 7.1 3.8 0.6 25 1.8 75
galactopyranoside (520 nm)
Penta-O-galloyl-$-D- UV/Vis

34 5.8-185.8 38.0 104 5.1 4.6 4.9 4.3 14.7 13.1
glucose (280 nm)
Quercetin 3-O- UV/Vis

36 ) 3.1-100 409 12.1 5.5 3.4 2.2 53 6.8 16.1
galactoside (350 nm)
UV/Vis

(15:0)-Anacardic 15.6-500 92.0 221 1.4 0.7 11.4 10.8 34.4 32.6
56 ) (310 nm)

acid
62.5-500 ELS? - 22.1 - 0.8 - 15.6 - 62.5

1 Means of three independent replicates of standard curve.
2 ELS: evaporative light scattering.

19



Table 4.2. Recovery and repeatability of the developed ultrasound-assisted extraction and subsequent HPLC-DAD analysis.

Peak Concentration spiked Repeatability (CV per cent)!
Analyte Recovery (per cent)
no. (mg/L) Intra-day (n=6)? | Inter-day (n=4)3

24.1 98.4+2.38

2 Gallic acid <5.4 54
2.4 99.9+5.6
o 4.0 98.0+2.5

5 Protocatechuic acid <5.6 4.1
Cyanidin 3-O-4-D- 3.1 99.5+3.6

24 ) <3.8 3.6
galactopyranoside 0.3 96.3+5.1
24.8 95.0+1.5

34 Penta-O-galloyl-f-D-glucose <10.1 12.4
_ ) 33.3 98.7+1.2

36 Quercetin 3-O-galactoside <3.9 0.4
3.3 98.8+6.6
106 101 +£8.0

56 (15:0)-Anacardic acid <3.7 2.9
10.6 98.7+4.6

Results were expressed as mean + standard deviation of three independent replicates.
L CV: coefficients of variation.

2 Six determinations on one day.
3 Six determinations each on four days within one month (n=four days)

29
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Intra-day repeatability was assessed by six independent repeated determinations within one
day, while inter-day repeatability was obtained from six determinations each on four
different days within a month. Additionally, the stability of the phenolic compounds present
in the extracts obtained after extraction was studied during storage at room temperature for
24 and 48 hours, and at low-temperature conditions (-20 °C and -80 °C) for 7 months with

three independent replicates.

4.2.6. Statistical Analysis

All determinations were performed in triplicate and all data were expressed as a mean +
standard deviation. Significant differences of means (P < 0.05) were determined using
analysis of variance (ANOVA) and Tukey’s test for different independent samples using
Minitab® 17.3.1 (State College, PA, USA).

4.3. RESULTS AND DISCUSSION

4.3.1. Simultaneous Extraction of Pistachio Hull Phenolics

4.3.1.1. Selection of extraction solvent

According to our previous study [22], the main phenolic compounds to be expected in
pistachio hulls exhibit a wide range of polarity, ranging from highly water-soluble
gallotannins and flavonoid glycosides to the less polar anacardic acids. In accordance with
our earlier report, a selection of extraction solvents with widely different polarities was
chosen for the screening as described above (Section 4.2.3.1) to compare the extractability

of free phenolics from pistachio hulls.

As shown in Figure 4.1, apolar solvents including hexane, diethyl ether, ethyl acetate, and
acetone were effective to selectively extract anacardic acids. Dichloromethane and ethanol
allowed to additionally recover low amounts of gallic acid and quercetin 3-O-
galactoside/glucuronide. Methanol, acetone/water (80/20, v/v), ethanol/water (80/20, v/v),
and methanol/water (80/20, v/v) significantly increased the extracted amounts of gallic acid,

quercetin 3-O-galactoside/glucuronide, and penta-O-galloyl-5-D-glucose (P < 0.05).
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However, the yield of (17:1)-anacardic acid was similar to that of the aforementioned
nonpolar solvents only when using methanol/water (80/20, v/v) or pure methanol (P > 0.05).
With further increases in solvent polarity, e.g., by using methanol/water (50/50, v/v) or pure
water, a substantial decrease in the yield of (17:1)-anacardic acid was observed (P < 0.05),

presumably, due to the limited solubility of anacardic acids in aqueous solutions [224].

Compounds: a) b)
@ Gallic acid
1000, OPenta-O-galloyl-S-D-glucose 1000+
OQuercetin 3-0-galactoside/glucuronide
m(17:1)-Anacardic acid

800 4

Peak Area
Peak Area

Figure 4.1. Extraction yields of major phenolic compounds from pistachio hulls of cv.
‘Uzun’ red (sample-to-solvent ratio of 1/20, w/v) using extraction solvents of different
polarity (a) and acidity (b). Different letters indicate significant differences of means
between the yielded peak areas of the corresponding compounds (P < 0.05). Values

expressed as the mean + standard deviation derived from triplicate (n = 3) analyses.

The highest extraction yields of quercetin 3-O-galactoside/glucuronide were observed when
using aqueous solutions of acetone (80/20, v/v) and methanol (80/20 and 50/50, v/v),
followed by ethanol/water (80/20, v/v), pure methanol and water (P < 0.05). Gallic acid and

penta-O-galloyl-f-D-glucose were best extracted with methanol/water (50/50, v/v), followed
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by methanol/water (80/20, v/v) (P < 0.05). Allowing high yields of all detected phenolic

compounds, methanol/water (80/20, v/v) was selected for further optimization.

4.3.1.2. Effect of solvent acidification

Based on the findings of Section 4.3.1.1, a series of acidified methanol/water mixtures,
namely methanol/water/formic acid (80/19/1, v/v/v), methanol/water/formic acid (80/15/5,
v/Iviv), methanol/water/acetic acid (80/19/1, v/v/v), and methanol/water/HCI (80/19.9/0.1,
v/Iviv), was compared to the non-acidified mixture (80/20, v/v) in terms of extraction yields
(Figure 4.2). Extraction yields of gallic acid, quercetin 3-O-galactoside/glucuronide, and
(17:1)-anacardic acid remained unchanged by acid addition as compared to non-acidified
methanol/water (80/20, v/v) (P < 0.05). However, extraction yield of penta-O-galloyl-5-D-
glucose was significantly higher in non-acidified methanol/water (80/20, v/v) extracts (pH
6.4), which might be attributed to the spontaneous hydrolysis of highly galloylated
gallotannins in the aqueous methanolic environment around pH six to form methyl
gallate/digallate and penta-O-galloyl-5-D-glucose [225, 226]. In agreement, the occurrence
of trace amounts of artifacts (i.e., methyl gallate/digallate) was observed in sample
chromatograms of non-acidified extracts. Therefore, although extraction yields in penta-O-
galloyl-p-D-glucose  were  slightly  lower, the slightly acidified mixture
methanol/water/formic acid (80/19/1, v/v/v) was selected for the extraction of pistachio hull
phenolics. Thereby, a further separation-enhancing acidification step of the injection solvent

prior to HPLC analyses was redundant.

4.3.1.3. Number of extraction cycles and sample-to-solvent ratios

Using the selected solvent mixture methanol/water/formic acid (80/19/1, v/viv), the
necessity of up to five repetitive extraction cycles was evaluated at sample-to-solvent ratios
of one-to-five and one-to-20 (w/v). As shown in Figure 4.2, extraction yields of >95 per cent
were achieved after three extraction cycles for gallic acid, penta-O-galloyl-f-D-glucose,
quercetin 3-O-galactoside/glucuronide and (17:1)-anacardic acid when the sample-to-
solvent ratio of one-to-20 (w/v) was applied. For comparison, at a sample-to-solvent ratio of

one-to-five (w/v), cumulative yields reached only to >76 per cent and >90 per cent after three
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and four extraction cycles, respectively (data not shown). Thus, three extraction cycles at a
sample-to-solvent ratio of one-to-20 (w/v) were found to be sufficient for an exhaustive and

rapid extraction.

4.3.1.4. Effect of soaking step

Soaking the ground pistachio hull sample with water prior to the solvent extraction was
tested because sample hydration and softening of plant material have been previously
reported to be required for the analyses of dried samples of legumes and cereals [227, 228].
In our study, sample soaking resulted in insignificant differences in gallic acid, penta-O-
galloyl-s-D-glucose, and quercetin 3-O-galactoside/glucuronide yields (P > 0.05) as
compared to those obtained with a non-soaked sample. However, (17:1)-anacardic acid yield
was significantly lower than without soaking (430 + 20 versus 660 = 8.0 AU * min,

respectively, P < 0.05). Thus, sample soaking was omitted from the final extraction protocol.

Extractions: m] 02 O3 m4 @5
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Gallic acid Penta-O-galloyl- Quercetin (17:1)-Anacardic
p-D-glucose  3-O-galactoside/ acid
glucuronide

Figure 4.2. The influence of the number of repetitive extraction cycles on the extraction
yields of major phenolic compounds from pistachio hulls of cv. ‘Uzun’ red (sample-to-
solvent ratio of 1/20, w/v) using methanol/water/formic acid (80/19/1, v/v/v) as an
extraction solvent. Values expressed as the mean + standard deviation derived from

triplicate (n = 3) analyses.
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4.3.1.5. Optimized ultrasound-assisted extraction procedure

In brief summary, the optimized extraction method was based on the three-fold repeated
extraction of ground pistachio hulls with methanol/water/formic acid (80/19/1, v/v/v) at a
sample-to-solvent ratio of 1/20 (w/v) under probe-sonication. The developed procedure
allows the simultaneous extraction of gallic acid, gallotannins, flavonoid glycosides and
anacardic acids, making previously reported sequential extractions with solvents of different

polarity unnecessary.

4.3.2. Comparison of Ultrasound-Assisted and Conventional Extraction Methods

Conventional extraction procedures are often based on stirring for relatively long times
(from 30 min to several hours), thereby increasing the risk of analyte degradation [105].
However, stirring-based extractions are still in common use, since they are simple to apply,
without requiring specialized equipment, and often easy to scale-up [57]. When comparing
the ultrasound-assisted extraction method presented in this study with a conventional stirred
extraction, the differences in extraction yields of gallic acid, penta-O-galloyl-5-D-glucose,
quercetin 3-O-galactoside/glucuronide and (17:1)-anacardic acid were insignificant after
three cycles of stirring extraction as compared to three cycles of ultrasound-assisted
extraction (data not shown). Nevertheless, ultrasound-assisted extraction is still 20-fold
faster (three x 30 s = 1.5 min total extraction time) than even one sole repetition of the stirring

extraction (30 min).

4.3.3. Comparison of HPLC with UHPLC Separation and of UV- with ELSD Detection
of Phenolic Compounds from Pistachio Hull

Chromatographic separations of pistachio hull phenolics on a core-shell C1g column (five
um particle size) under HPLC conditions and on a porous ethylene-bridged hybrid Cis

column (1.7 um particle size) under UHPLC conditions are shown in Figure 4.3.

The developed UHPLC method presented in the current study (30 min) was 3.7 times faster
than the HPLC method (in 112 min), consuming 92 per cent less solvent. Nevertheless,

separation efficiency in terms of the number of major peaks and peak profiles was highly
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similar on both the core-shell particle HPLC column and the sub-2-um porous particle
UHPLC column with the following slight differences. Peak 34, one of the main peaks (for
peak identification, see below and Table 4.3 and 4.4), was separated from minor peak 31 in
the UHPLC system with Rs = 1.28, while it was co-eluted in the HPLC system with peak 35
(Rs = 0.62). However, UHPLC resolutions were observed to be inferior for peaks 53 and 54
(Rs = 0.97), and peak 56 and 57 (Rs = 1.2) as compared to HPLC conditions, where the

resolution of the mentioned peaks was greater than 1.5.

Although smaller column particle sizes in UHPLC have often been associated with improved
peak resolutions [229], core-shell columns with larger particle sizes have also been shown
to allow comparable or sometimes even better peak resolutions [133, 230] without the high
cost, the high maintenance requirements, and the often longer offline times of UHPLC
systems. In conclusion, both HPLC and UHPLC methods appeared to be suitable for the
separation of pistachio hull phenolics under consideration of their above-mentioned

strengths and weaknesses.

The developed UHPLC method presented in the current study (30 min) was 3.7 times faster
than the HPLC method (in 112 min), consuming 92 per cent less solvent. Nevertheless,
separation efficiency in terms of the number of major peaks and peak profiles was highly
similar on both the core-shell particle HPLC column and the sub-2-um porous particle
UHPLC column with the following slight differences. Peak 34, one of the main peaks (for
peak identification, see below and Table 4.3 and 4.4), was separated from minor peak 31 in
the UHPLC system with Rs = 1.28, while it was co-eluted in the HPLC system with peak 35
(Rs = 0.62). However, UHPLC resolutions were observed to be inferior for peaks 53 and 54
(Rs = 0.97), and peak 56 and 57 (Rs = 1.2) as compared to HPLC conditions, where the
resolution of the mentioned peaks was greater than 1.5. Although smaller column particle
sizes in UHPLC have often been associated with improved peak resolutions [229], core-shell
columns with larger particle sizes have also been shown to allow comparable or sometimes
even better peak resolutions [133, 230] without the high cost, the high maintenance
requirements, and the often longer offline times of UHPLC systems. In conclusion, both
HPLC and UHPLC methods appeared to be suitable for the separation of pistachio hull

phenolics under consideration of their above-mentioned strengths and weaknesses.

Identification of 58 different phenolics as listed in Table 4.3 was achieved in HPLC

chromatograms by comparing their retention times, UV and mass spectra with those of
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standard compounds and our previous study [22] where a detailed description of peak

identification was provided.

Peak identification in UHPLC chromatograms was carried out by the aid of authentic
reference compounds which allowed the identification of g-glucogallin (1), gallic acid (2),
protocatechuic acid (5), cyanidin 3-O-p-D-galactopyranoside (24), myricetin 3-O-
galactoside (32), penta-O-galloyl-5-D-glucose (34), quercetin 3-O-galactoside (36),
quercetin 3-O-glucuronide (37) and quercetin 3-O-glucoside (38), and (15:0)-anacardic acid
(56).

Since UHPLC-MS signals were unavailable to us, a comparison of UV spectra, relative peak
heights, and elution orders of peaks of the HPLC-DAD-MS" analyses with those of the
UHPLC-DAD system was used for tentative identification of other peaks when authentic
standards were unavailable. Flavonols (peak 28, 31-33, 35-38, 42, 43, 46), and anacardic
acids (peak 52-58) having characteristic UV/Vis absorption around 350 nm and 310 nm,
respectively, were identified in the UHPLC chromatogram by following the above-
mentioned approach. In total, based on the above-mentioned tentative peak identifications,
our UHPLC system allowed sufficient peak separation and resolution to quantitate all major
and most minor phenolics, accounting to more than 90 per cent (w/w) of the total HPLC-

quantifiable pistachio hull phenolics based on the results given in Table 4.4.

Besides comparing separation efficiencies, the signals obtained by the UV/Vis detection
systems used were compared with those of the ELS detection in UHPLC system.
Interestingly, ELSD was limited to the detection of only five major anacardic acids (peaks
52-54, 56, 57) among all phenolics present in pistachio hull extracts (Figure 4.3), where
(13:0)-anacardic acid produced the highest ELSD response. Thus, the use of ELSD for
guantitation of anacardic acids appears to be inferior to that of UV detection, particularly, as
the later one exhibited lower LOD and LOQ values than those obtained by ELS detection
(Table 4.1 and Section 4.3.4).
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Figure 4.3. HPLC and UHPLC separation of methanol/water/formic acid (80/19/1, v/viv)

extract of cv. ‘Uzun’ red pistachio hull. Peak assignments are shown in Table 4.4. Peaks

marked with an asterisk (*) displayed UV/Vis absorption maxima between 272 and 278

nm, supporting their cross-identification as gallic acid derivatives by comparison to HPLC-
DAD-MS" data (see Table 4.3).



Table 4.3. Retention times and HPLC-DAD-ESI-MS" data of pistachio hull phenolics

Peak Retention time (min) | UV/Vis abs max (nm)
Compound HPLC-ESI(-)-MS" m/z (per cent base peak)
no. HPLC UHPLC HPLC UHPLC
331]: 169(100), 271(27), 170(15), 125(10
1 B-Glucogallin 6.0 2.9 274 278 [331] (100) @7 (15) (10
[331—169]:125(100)
2 Gallic acid * 6.8 3.2 272 271 [169]: 125(100)
3 Gallic acid derivative (1) 10.0 na 276 na [296]: 169(100)
4 Galloyl quinic acid 11.2 4.1 275 274 [343]: 191(100), 169(6)
5 Protocatechuic acid * 13.4 5.5 259 265 [153]: 109(100)
] [493]: 313(100), 283(49), 169(46), 331 (32), 433 (28)
6 Galloyl dihexose (1) 14.5 na 274 na
[493—313]: 283(100), 152(84), 223(80), 113(52)
) [493]: 271(100), 211(20), 313(14), 331(10), 169(7)
7 Galloyl dihexose (2) 16.5 na 274 na
[493—271]: 169(100), 211(12)
) [493]: 313(100), 364(38), 464(21)
8 Galloyl dihexose (3) 17.2 na 274 na
[493—313]: 169(100), 125(43), 177(37), 224(37)
S [325]: 169(100), 151(58), 125(51)
9 Galloy! shikimic acid (1) 18.0 na 274 na
[325—169]: 125(100)
S [325]: 169(100), 281(31), 301(17), 125(14), 155(10)
10 Galloyl shikimic acid (2) 19.6 na 274 na
[325—169]: 125(100)
11 Gallic acid derivative (2) 20.2 na 276 na [571]: 285(100), 169 (10)
S [325]: 169(100), 233(39), 252(18), 125(13)
12 Galloyl shikimic acid (3) 20.8 na 274 na
[325—169]: 125(100)
13 Digallic acid (1) 21.1 na 280 na [321]: 169(100)

T.



Table 4.3. Retention times and HPLC-DAD-ESI-MS" data of pistachio hull phenolics (Continued)

Peak Retention time (min) | UV/Vis abs max (nm)
Compound HPLC-ESI(-)-MS" m/z (per cent base peak)
no. HPLC UHPLC HPLC UHPLC
14 Digalloyl hexose (1) 21.5 na 280 na [483]: 331(100), 271(16), 169(15)
Methyl gallate 2 22.3 na 272 na [183]: 168(100), 124 (15)
15 Digalloyl hexose (2) 23.8 na 288 na [483]: 331(100), 446(17), 313(13), 425(11), 241(11)
16 Gallic acid derivative (3) 25.0 na 274 na [509]: 267(100), 430(15), 241(10), 357(10)
17 Gallic acid derivative (4) 26.0 [423]: 313(100), 169(73), 125 (26), 241(11), 272(10)
. L [495]: 343(100), 191(81), 344(41)
18 Digalloyl quinic acid 26.4 na 274 na
[495—343]: 191(100)
o [321]: 169(100), 125(16)
19 Digallic acid (2) 27.3 na 275 na
[321—169]: 125(100)
20 Gallic acid derivative (5) 28.1 na 268 na [403]: 169(100), 151 (40), 313 (15)
21 Gallic acid derivative (6) 29.1 na 268 na [467]: 313(100), 169(59)
22 Digalloyl shikimic acid (1) 30.6 na 275 na [477]: 325(100), 169 (22)
23 Digalloy! shikimic acid (2) 31.0 na 276 na [477]: 325(100), 169 (7)
o ] [449]: 287(100) 3
24 | Cyanidin 3-O-8-D-galactopyranoside * 31.6 8.6 278,517 | 276,515 °3
[449—287]: 137(100)
25 Luteic acid 33.2 na 278 na [319]: 239 (100), 340 (15), 139 (15)
26 Trigalloyl quinic acid 33.8 na 273 na [647]: 495 (100), 343 (24), 496 (12)
27 Quinic acid derivative (1) 345 na 276 na [523]: 209 (100), 505 (64), 371 (54), 169 (21), 313 (18)
o . [631]: 479 (100), 316 (13)
28 Myricetin galloyl hexoside 35.3 9.8 270, 354 270, 350

[631—479]: 316 (100)

¢l



Table 4.3. Retention times and HPLC-DAD-ESI-MS" data of pistachio hull phenolics (Continued)

Peak Retention time (min) | UV/Vis abs max (nm)
Compound HPLC-ESI(-)-MS" m/z (per cent base peak)
no. HPLC UHPLC HPLC UHPLC
[787]: 617 (100)
29 Tetragalloyl hexose 35.8 na 278 na
[787—617]: 465 (100)
30 Trigallic acid 36.7 na 274 na [473]: 321 (100), 169 (8)
o ) [493]: 317 (100), 229 (13), 151 (10)
31 Myricetin hexuronide 36.9 10.5 252, 357 256, 367
[493—317]: 179 (100)
o ] [479]: 317 (100), 214 (14), 287 (10)
32 Myricetin 3-O-galactoside * 37.1 10.6 252,359 | 269, 356
[479—317]: 271 (100), 287 (80), 242 (50)
o . [479]: 317 (100), 316 (76), 169 (43), 179 (36)
33 Myricetin hexoside 374 10.7 252,357 | 268,355
[479—317]: 271 (100), 151 (38)
Methyl digallate 2 37.9 na 274 na [335]: 183 (100)
[939]: 769 (100), 617 (18), 787 (12)
34 Penta-O-galloyl-8-D glucose * 38.3 10.4 280 279
[939—769]: 618 (100), 602 (37)
) ] [615]: 463 (100), 301 (45), 362 (13)
35 Quercetin galloyl hexoside (1) 38.9 10.9 257, 354 266, 353
[615—463]: 300 (100), 301 (36)
) ) [463]: 301 (100), 239 (27)
36 Quercetin 3-O-galactoside * 41.0 121 252, 352
[463—301]: 151 (100), 271 (50), 255 (25), 179 (24)
265, 355 4
) ] [477]: 301 (100), 273 (9)
37 Quercetin 3-O-glucuronide * 41.2 12.1 255, 355
[477—301]: 179 (100)
) ) [463]: 301 (100)
38 Quercetin 3-O-glucoside * 41.6 12.3 260, 355 266, 356

[463—301]: 179 (100), 271 (67), 151 (64)

€L



Table 4.3. Retention times and HPLC-DAD-ESI-MS" data of pistachio hull phenolics (Continued)

Peak Retention time (min) | UV/Vis abs max (nm)
Compound HPLC-ESI(-)-MS" m/z (per cent base peak)
no. HPLC UHPLC HPLC UHPLC
: ) [615]: 301 (100)
39 Quercetin galloyl hexoside (2) 42.1 na 254, 358 na
[615—301]: 179 (100), 169 (85), 229 (78)
40 Quercetin galloyl hexoside (3) 42.9 na 276, 358 na [615]: 301 (100), 463 (10)
41 Quercetin galloyl deoxyhexose na 274, 355 na [599]: 463 (100)
) ) [433]: 301 (100), 271 (26)
42 Quercetin pentoside 43.7 13.1 254, 355 268, 346
[433—301]: 271 (100), 255 (20)
) [447]: 285 (100), 255 (79), 284 (78), 151 (25)
43 Kaempferol hexoside (1) 45.0 13.7 272, 350 na
[447—285]: 255 (100)
44 Quercetin galloyl hexuronide 45.4 276, 352 [629]: 477 (100), 301 (26), 478 (25), 595 (13), 592 (12)
45 Quercetin galloyl pentoside 46.3 na 277, 352 na [585]: 301 (100)
) [447]: 285 (100), 256 (29), 404 (16)
46 Kaempferol hexoside (2) 46.9 145 270, 350 na
[447—285]: 255 (100)
47 Kaempferol pentoside 48.9 na 270, 350 na [417]: 284 (100)
48 (16:1)- Anacardic acid 88.4 na 310 na [359]: 315 (100), 161 (32), 293 (11), 107 (10)
49 (13:2)- Anacardic acid 88.5 na 310 na [315]: 271 (100), 107 (26), 272 (18), 269 (10)
50 (11:0)- Anacardic acid 88.9 na 308 na [291]: 247 (100)
51 (15:3)-Anacardic acid 89.1 na 310 na [341]: 297 (100)
o [317]: 273 (100)
52 (13:1)-Anacardic acid 89.6 21.0 310 310
[317—273]: 107 (100)

17



Table 4.3. Retention times and HPLC-DAD-ESI-MS" data of pistachio hull phenolics (Continued)

Peak Retention time (min) | UV/Vis abs max (nm)
Compound HPLC-ESI(-)-MS" m/z (per cent base peak)
no. HPLC UHPLC HPLC UHPLC
53 (13:0)-Anacardic acid 90.7 21.4 312 310 [319]: 275 (100)
54 (15:1)-Anacardic acid 91.0 215 310 310 [345]: 301 (100)
55 (17:2)-Anacardic acid 91.4 21.6 310 na [371]: 327 (100)
56 (15:0)-Anacardic acid? 92.0 22.0 311 310 [347]: 303 (100)
57 (17:1)-Anacardic acid 92.2 22.0 312 311 [373]: 329 (100)
58 (17:0)-Anacardic acid 93.1 22.7 312 na [375]: 331 (100)

na: not available.

! Verified by reference standards.

2 Not presentin s

3 Positive ionization mode was used for the identification of anthocyanins.
4 UV/Vis abs. max (nm) for peak 36 and 37

ample chromatogram.

7
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4.3.4. Method Validation

All calibration curves constructed showed good signal linearity (R? > 0.99) in the studied
concentration ranges given in Table 4.1. Regarding the HPLC method, LOD and LOQ values
ranged from 0.6 and 1.8 ng on column for cyanidin 3-O-f-D-galactopyranoside, respectively,
to 11.4 and 34.4 ng on column for (15:0)-anacardic acid, respectively. These values are
comparable to those of previous analytical reports of Gras et al. [133] (LOD: 0.35-1.20 and
LOQ: 1.05-3.63 ng on column for cyanidin xyloside galactoside and cyanidin 3-O-glucoside,
respectively), and Ziegler et al. [117] (LOD < 20.41 and LOQ < 61.85 ng on column for
alkylphenols). Moreover, our developed method exhibited lower LOD (0.0008 mg/mL) and
LOQ (0.003 mg/mL) values for quercetin 3-O-galactoside than those reported by Plazoni¢
et al. [231] as 0.002 mg/mL and 0.005 mg/mL, respectively.

Regarding the above described UHPLC-DAD system, LOD and LOQ values were similar
or higher than those obtained by HPLC, except for protocatechuic acid which presented
lower LOD and LOQ under UHPLC conditions (Table 4.1). When comparing ELS with UV
detection, LOD and LOQ values of (15:0)-anacardic acid for ELS detector were substantially
higher than those obtained with both UV-based detectors.

Recovery rates ranged between 95.0 and 101 per cent for gallic acid, protocatechuic acid,
penta-O-galloyl-j-D-glucose, quercetin 3-0-galactoside, cyanidin 3-O-f-D-
galactopyranoside and (15:0)-anacardic acid, irrespective of the added amount of reference
compounds (Table 4.2). Intra-day and inter-day repeatabilities of the method showed CV
(coefficients of variation) values of 3.7-5.6 and 0.4-5.4 per cent, respectively, for all
compounds, except for penta-O-galloyl-p-D-glucose (10.1-12.4 per cent). Stability of
extracts during analysis (for 24 and 48 h) was further examined to exclude negative effects
of long HPLC analysis time on the repeatabilities. The analyzed extracts were stable for up
to 48 hours at room temperatures. The deviations from the initially measured values analyzed
and expressed as CVs (per cent) ranged from 0.3 to 6.6 per cent for all compounds present
in extracts stored at room temperature in HPLC vials, still remaining within the range of
overall repeatabilities. Moreover, extracts (HPLC vials) can be stored at low temperatures
(-20 °C and -80 °C) up to 7 months with CVs (per cent) ranging between 0.3 and 5.1 per

cent for all compounds compared to freshly prepared extracts.



Table 4.4. Quantitation of individual phenolic compounds from different pistachio hull samples as determined by HPLC-DAD-MS".

Peak no.

Compound

Concentration (g/kg DM) !

‘Uzun’ green ‘Uzun’ red ‘Siirt’ ‘Ohadi’
Gallotannins

1 S-Glucogallin 4.32 +0.53bc 4.76 £ 0.23b 3.91+0.12¢ 5.89+0.28a
2 Gallic acid 4.68 £0.07a 1.66 +0.08d 2.08 £ 0.06¢ 3.99 +0.06b
3 Gallic acid derivative (1) 1.53 £0.04¢ 0.20+£0.01a tr 0.93+£0.01b
4 Galloyl quinic acid 1.87 £ 0.06a 2.09+0.12b 0.46 £0.05d 1.33 £0.06¢
9 Galloyl shikimic acid (1) 0.36 £0.01a tr tr 0.18+0.01b
10 Galloyl shikimic acid (2) 0.97 +£0.04d 0.46 £ 0.03a 0.57+0.02¢ 0.83+0.02b
11 Gallic acid derivative (2) nd nd 0.13£0.01 nd

12 Galloyl shikimic acid (3) 0.75+0.03b 0.42 £ 0.06a 0.34+£0.01b 0.81 £0.02a
14 Digalloyl hexose (1) 0.21 +£0.08¢c tr 0.44 + 0.04a 0.33 £ 0.06ab
15 Digalloyl hexose (2) nd nd nd 0.06 £ 0.02
17 Gallic acid derivative (4) tr tr tr 0.25+0.03
18 Digalloyl quinic acid tr 0.56+0.01a tr 0.29+0.03b
19 Digallic acid (2) 1.01 + 0.06¢ 0.74+0.01b 1.04 + 0.05ab 1.14+0.05a
20 Gallic acid derivative (5) 0.05+0.02b nd nd 0.16 £ 0.05a
34 Penta-O-galloyl-S-D-glucose 5.01+0.15a 1.30 +0.08d 2.38+0.10¢ 430+ 0.02b

Flavonoids

24 Cyanidin 3-O-f-D-galactopyranoside - 0.31+0.02b nd 0.54+0.01a
31 Myricetin hexuronide 0.27+0.01b 0.19+0.01c 0.35+0.02a 0.33+0.01a
32 Myricetin 3-O-galactoside 0.25+0.01c 0.19+0.02d 0.39+0.01a 0.29+0.01b

LL



Table 4.4. Quantitation of individual phenolic compounds from different pistachio hull samples as determined by HPLC-DAD-MS"
(Continued)

Concentration (g/kg DM)?

Peak no. Compound
‘Uzun’ green ‘Uzun’ red ‘Siirt’ ‘Ohady’
33 Myricetin hexoside 0.35+0.01a 0.23 +0.02b 0.21+0.01b 0.37+0.01a
35 Quercetin galloyl hexoside (1) 1.15+£0.12b 0.69 £ 0.04¢ 2.20+£0.10a 2.41+£0.05a
36, 37 Quercetin 3-O-galactoside/ glucuronide 1.96 £0.10¢c 2.22+0.14b 0.25+0.02d 3.18 £ 0.06a
38 Quercetin 3-O-glucoside 1.00 £ 0.05¢ 0.95 +£0.05¢ 4.20=+0.16a 1.45+£0.03b
39 Quercetin galloyl hexoside (2) 0.34 £0.02¢ 0.34 £0.02¢ 1.56 £ 0.06a 0.54 £0.02b
42 Quercetin pentoside 0.25+0.01b 0.21 £0.05b 0.23+£0.01b 0.36 £ 0.00a
43 Kaempferol hexoside (1) nd nd 0.35+0.01a 0.19 £ 0.00b
46 Kaempferol hexoside (2) tr tr 0.23+0.01a 0.18 £0.00b
Anacardic acids

52 (13:1)-Anacardic acid 9.83 £0.38b 12.2+0.34a 2.97 £0.08¢c 9.30+0.12b
53 (13:0)-Anacardic acid 20.08 £0.30a 19.2 +£0.74a 13.35+0.12b 19.6 £0.29a
54 (15:1)-Anacardic acid 5.01+0.13b 4.08 +0.19¢ 12.34 £ 0.24a 4.11+0.14c
55 (17:2)-Anacardic acid 0.90+0.10a 0.81+0.08a 0.42 +0.03b 0.86+0.14a
56 (15:0)-Anacardic acid 8.50+0.03a 8.02+0.35b 2.09 +0.03¢c 8.42 + 0.06ab
57 (17:1)-Anacardic acid 26.1 £ 0.09b 28.7+1.18a 8.11 +£0.08¢ 26.7+0.28b
58 (17:0)-Anacardic acid 0.59 + 0.04b 0.76 £ 0.10a 0.26+0.03¢c 0.57 £ 0.04b
5 Protocatechuic acid 0.36 = 0.05b 0.34+0.02b 0.36+0.02b 0.87+0.07a
20.6 £ 0.63a 12.3 +0.53b 11.3+0.26b 20.5+0.40a

Total gallotannins

(21.2 per cent) 2

(13.4 per cent) 2

(18.5 per cent) 2

(20.3 per cent) 2

8.



(Continued)

Table 4.4. Quantitation of individual phenolic compounds from different pistachio hull samples as determined by HPLC-DAD-MS"

Peak Concentration (g/kg DM)?
Compound
no. ‘Uzun’ green ‘Uzun’ red “Siirt’ ‘Ohadi’
. 5.56 £ 0.30b 5.33+0.27b 9.97+0.37a 9.83+0.12a
Total flavonoids

(5.7 per cent) 2 (5.8 per cent) 2 (16.3 per cent) 2 (9.8 per cent) 2

. ] 71.0 £ 0.68ab 73.8+2.95a 39.6 +£0.34¢ 69.5 +0.53b

Total anacardic acids

(72.8 per cent) 2 (80.4 per cent) 2 (64.6 per cent) 2 (69.0 per cent) 2

Total of quantified phenolics 2 97.5+1.17a 91.8+3.19b 61.2+0.45¢ 100 +0.48a

Values expressed as the mean + standard deviation derived from triplicate (n = 3) analyses.

Significant differences between the contents within cultivars are indicated by different letters (P < 0.05) within the row.

tr: traces, > LOD (limit of detection), < LOQ (limit of quantitation).

nd: not detected, < LOD: below the limit of detection for UV; MS analyses allowed the verification of compound presence.

LOD and LOQ values were given in Table 4.1.

! Moisture contents used for the calculation of dry matter (DM) content were 7.6 = 0.3 per cent w/w (cv. ‘Uzun’ green), 6.5 + 0.2 per cent (cv. ‘Uzun’ red), 7.1 + 0.4 per cent
(cv. ‘Ohadi’) and 8.2 = 0.3 per cent (cv. Siirt’).

2 Percentages of total phenolics (per cent m/m).

3 Total phenolic contents represented the sum of gallotannins, flavonoids, anacardic acids and protocatechuic acid.

6.
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4.3.5. Quantitation of Phenolic Constituents in Pistachio Hull Varieties

The above described, validated HPLC method was applied for the quantitation of phenolic
compounds from pistachio hulls of three different varieties (cv. ‘Uzun’, ‘Siirt’, ‘Ohadi’), of
which one variety (cv. ‘Uzun’) was available in two different (green and red) maturity stages

(total of four different samples).

The qualitative composition of phenolic compounds from all the studied varieties and
maturation stages was widely similar, while their concentrations in the hulls showed
substantial variation as outlined in Table 4.4. Total phenolic content ranged from 61.2 + 0.45
in cv. ‘Siirt’ to 100 + 0.48 g/kg DM in cv. ‘Ohadi’ green, mainly comprising compounds of
the phenolic classes gallotannins, flavonoids and anacardic acids. For instance, the
gallotannin content of hulls ranged from 11.3 = 0.26 to 20.6 £+ 0.63 g/kg DM. Gallotannin
levels were higher in the hull of ‘Uzun’ green (20.6 + 0.63 g/kg DM) than in those of cv.
‘Uzun’ red (12.3 + 0.53 g/kg DM), whereas other phenolic classes were present at similar
levels (P > 0.05). The higher levels of gallotannins present in green drupes may indicate that
the accumulation of gallotannins, specifically gallic acid, and penta-O-galloyl-5-D-glucose,
might represent a defense mechanism in the initial stage of fruit maturity to protect pistachio
drupes from insects as explained by Haslam [232]. The major contributors of gallotannins
were f-glucogallin, gallic acid, and penta-O-galloyl-5-D-glucose, accompanied by
comparably lower amounts of other galloyl derivatives such as esters of gallic acid with
hexoses, and shikimic or quinic acids. Penta-O-galloyl-4-D-glucose and other gallic acid
derivatives such as galloyl quinic acid and shikimic acids were quantitated for the first time
in the current study, although their presence was reported before [31] and confirmed by HR-
MS [22]. Based on our results, pistachio hull represents a good source of gallic acid (1.66-
4.68 g/kg DM) and penta-O-galloyl-5-D-glucose (1.30-5.01 g/kg DM) as compared to other
known gallic acid sources such as grape seed (0.1- 1.0 g/kg DM) [233], green tea (av. 0.052
o/kg DM) [234], pomegranate peel (0.030 g/kg DM) [235], and penta-O-galloyl-4-D-glucose
obtained by methanolysis of tannic acid (1.5 g/kg) [236].

Total flavonoid contents of pistachio hulls ranged between 5.56 = 0.30 and 9.83 = 0.12 g/kg
DM (Table 4.4), constituting only a small portion (5.7-16.3 per cent) of the total phenolics.
Flavonols such as quercetin 3-O-galactoside/glucuronide (0.25-3.18 g/kg DM), quercetin 3-
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O-glucoside (0.95-4.20 g/kg DM), and quercetin galloyl hexoside (total of peak 35 and 39:
1.03-3.76 g/kg DM) were major contributors to pistachio hull flavonols. Flavonoid levels
remained unaffected when comparing the two maturity levels of cv. ‘Uzun’ (red and green)
(P > 0.05), except for the presence of cyanidin 3-O-$-D-galactopyranoside in the red one.
Cyanidin 3-O-f-D-galactopyranoside was the only anthocyanin present and quantified in the
hulls obtained from ‘Uzun’ red and ‘Ohadi’ drupes (0.31-0.54 g/kg DM). Similar flavonol
profiles in fresh pistachio hull from an unknown variety of USA were reported in the study
of Grace et al. [31]. Considering its flavonoid content (5.56-9.83 g/kg DM), pistachio hull
might be considered as a good source, especially for quercetin glycosides, compared to other
flavonol sources such as mango peel (0.27-3.80 g/kg DM) [6], onion (2.11-6.84 g/kg DM)
[237], apple pomace (5.4-9.5 g/kg DM) [238], and different berry types (0.06-7.9 g/kg DM)
[239].

Anacardic acids consistently constituted more than ca. 65 per cent of identified phenolics in
all varieties and ranging from 39.6 to 73.8 g/kg DM (Table 4.4), where major anacardic acids
were (13:1)-anacardic acid, (13:0)-anacardic acid, (15:1)-anacardic acid, (15:0)-anacardic
acid, and (17:1)-anacardic acid. In agreement with Yalpani and Tyman [64], the relative
homologue composition was characterized by 6-7 per cent of (15:1)-, 11-12 per cent of
(15:0)-, 13-17 per cent of (13:1)-, 26-28 per cent of (13:0)-, and 37-39 per cent of (17:1)-
anacardic acids, except for cv. ‘Siirt’, where its anacardic acid content was only half of the
other pistachio varieties with (13:0)-, (15:1)- and (17:1)-anacardic acids being the main
constituents. Concentrations of (13:0)-, and (17:1)-anacardic acids were highest, making
pistachio hulls a source of both saturated and unsaturated anacardic acids with different chain
lengths. Grace et al. [31] reported lower anacardic acid contents (32.0 + 3.20 g/kg DM) than
those found in our study. This might be attributed to the optimized procedure in our study
ensuring their exhaustive recovery by means of the highly efficient ultrasound-assisted
extraction method. However, pistachio hull may only be a secondary source for anacardic
acid recovery (39.6-73.8 g/kg DM) compared to cashew, an exceptionally rich source of
anacardic acids (215 and 354 g/kg in fruit and cashew nut shell liquid (CNSL), respectively)
[54]. Nevertheless, its content is still considerably high compared to other sources of
anacardic homologue alkylresorcinols such as mango peel (0.43-0.59 g/kg DM), rye grain
(0.8-1.2 g/lkg DM) [8], and different wheat species (0.65-0.74 g/kg DM) [52]. Moreover,
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pistachio hull offers a unique mixture of anacardic acids with different chain lengths between

C-13 to C-17 compared to cashew, which mainly contains C-15 chain-anacardic acids [54].

4.4. CONCLUSION

Simultaneous and quantitative extraction of gallotannins, flavonoids and anacardic acids
from pistachio hull has been achieved using methanol/water/formic acid (80/19/1, v/v/v) for
ultrasound-assisted extraction. For analyte quantitation, UHPLC-DAD-ELSD and HPLC-
DAD separation and detection were comparatively validated. The validated HPLC method
was applied to the determination of 58 different phenolics compounds from four different
pistachio hull samples. Anacardic acids represented the most abundant phenolics in pistachio
hulls, making them an alternative source to cashew products. Moreover, as compared to
onion, grape seed, mango, apple, and several berries, pistachio hulls were shown to represent
a rich source of potentially bioactive phenolics such as gallic acid, penta-O-galloyl-4-D-
glucose, and quercetin glycosides. Thus, this by-product accruing in high amounts from
pistachio processing, represents a yet underutilized source of phenolic compounds, being

available at low cost in large quantities.
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5. SUBCRITICAL WATER EXTRACTION OF PHENOLIC AND
ANTIOXIDANT CONSTITUENTS FROM PISTACHIO HULL 3

5.1. INTRODUCTION

The world market for phenolic compounds was estimated to exceed 700 million USD in
2015 [1]. Further growth is expected due to consumer preference of natural antioxidants
being associated with various potential health benefits attributed to phenolic compounds
such as a possible delay of the onset or even the prevention of cardiovascular disease,
diabetes, chronically high cholesterol levels, and some kinds of cancers [2]. Residues arising
from agricultural and food processing are of particular interest, as they are rich and cheap
sources for the recovery of such valuable compounds. Otherwise, they need to be disposed
at the expense of the food processors, who are increasingly aiming at improving sustainable
production and complete exploitation of the raw materials of their processes. Pistachio (P.
vera L.) hull (exo- and mesocarp) is the main by-product of pistachio processing. It has been
shown to be a rich source of phenolic compounds, namely gallic acid, gallotannins such as
galloyl glucose, and penta-O-galloyl-f-D-glucose, flavonoids such as quercetin and
myricetin glycosides, and anacardic acids [22, 63]. Various biological activities including
antioxidant, anticancer, anti-inflammatory, and antimicrobial have been assumed for gallic
acid [240], penta-O-galloyl-f-D-glucose [77], various gallotannins [126], flavonols [95], and
anacardic acids [241]. Pistachio hull extracts have previously been associated with similar
biological activities, presumably being related to the contained phenolic compounds [14,
31]. Therefore, pistachio hulls represent a promising source to produce novel value-added
phenolic extracts for their utilization in various fields such as food, pharmaceutical,
cosmetic, and chemical industries. Commonly, the extraction of phenolic compounds is
performed with organic solvents, and supercritical fluids [242]. The extraction with SCW is

an environmentally friendly but much less explored alternative separation technique using

3 Submitted for publication to a journal as “Ersan, S.; Giiglii Ustiindag, O.; Carle, R.; Schweiggert, R.
M. Subcritical water extraction of phenolic and antioxidant constituents from pistachio (Pistacia vera
L.) hull.”
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water at its subcritical state for the recovery of phenolic-rich extracts. Thereby, water is
heated above its boiling point (100 °C) without reaching its supercritical state (374 °C) under
pressure sufficient to maintain its liquid state. Under such extreme conditions, SCW
possesses solvent properties highly suitable for the extraction of phenolic compounds, e.g.,
the dielectric constant is decreased and its polarity is similar to that of organic solvents [141].
Beyond that, SCW is also exhibiting hydrolytic properties due to its increased ionization
constant leading to higher concentrations of OH™ and H* ions, thus often resulting in the
liberation of bound components, the break-down of bigger molecules, and the de novo-
formation of compounds having increased biological and antioxidant capacities [128]. Due
to the aforementioned properties, research on SCW extraction has been intensified in recent
years for the extraction of phenolic and antioxidant compounds from diverse agricultural and
food by-products such as onion waste [171], rice bran [243], and grape [146]. However,
SCW extraction has not been yet applied to the pistachio hull-like plant non-lignified
matrixes containing large amounts and diverse class of phenolic compounds. Particularly,
the extraction of gallotannins from pistachio hull, e.g., galloyl glycosides, galloyl
quinic/shikimic acids, penta-O-galloyl-$-D-glucose, might be feasible by SCW extraction as
previously exemplified by the hot water extraction of gallotannin-rich witch hazel (H.
virginiana L.) at 100 °C [123].

Hence, the objective of the present work was to evaluate the potential of SCW extraction for
the recovery pistachio hull phenolic and antioxidant compounds as a “green” alternative to
solvent-based extraction methods. The effect of SCW temperature should be investigated
between 110 and 190 °C aiming at optimization of polyphenol yields. Temperature-related
qualitative and quantitative changes in phenolic composition and formation of degradation
products should be investigated both in the extracts and extraction residues using a
previously validated HPLC-DAD-ESI/MS" method [22, 63]. In addition, antioxidant
capacities of the extracts obtained were to be determined. Furthermore, the present study
aimed at comparing the efficiency of SCW extraction to that of an ultrasound-assisted

process using aqueous methanol as a solvent.



85

5.2. MATERIALS AND METHODS

5.2.1. Chemicals

Gallic acid monohydrate (purity >98 per cent), protocatechuic acid (purity >97 per cent),
penta-O-galloyl-4-D-glucose (purity >96 per cent), (15:0)-anacardic acid (purity >97 per
cent), HMF (5-hydroxymethyl furfural) (purity >98 per cent), Trolox ((%)-6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid) (purity 97 per cent), ABTS (2,2"-Azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) (purity >98 per cent), potassium
persulfate (ACS grade, purity >99 per cent), DPPH (2,2-diphenyl-1-picrylhydrazyl), TPTZ
(2,4,6-Tris(2-pyridyl)-s-triazine) (purity >99 per cent), acetic acid (analytical grade), HCI
(37 per cent, analytical grade), FeClz*6H>0 (ACS reagent) were from Sigma-Aldrich (St.
Louis, MO, USA). -Glucogallin (1-O-galloyl-f-D-glucopyranose) (purity >94 per cent) was
from PhytoLab (Vestenbergsgreuth, Germany), and quercetin 3-O-glucuronide (purity >95
per cent), quercetin 3-O-glucoside (purity >99 per cent), quercetin 3-O-galactoside (purity
>98 per cent), myricetin 3-O-galactoside (purity >99 per cent), and cyanidin 3-O-$-D-
galactopyranoside (purity >97 per cent) were from Extrasynthése (Genay, France). HPLC
grade methanol was from VWR (Darmstadt, Germany). Deionized water was used

throughout the study.

5.2.2. Sample and Sample Preparation

Dried red pistachio drupes cv. ‘Uzun’ were obtained from a commercial pistachio processor
(Gaziantep, Turkey) as detailed in our previous studies [22, 63]. Pistachio hulls were
separated manually and ground using an A1l laboratory mill (IKA, Staufen, Germany).
Ground pistachio hulls were sieved (Octagon D200, Endecotts, London, UK), and only the
fraction having particle sizes between 0.5 pm and one mm was used for all experiments as
described below, because usage of finer fractions rapidly led to clogging of the below-

mentioned two pum frit.
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5.2.3. Subcritical Water (SCW) Extraction

5.2.3.1. Extraction system

Subcritical water extraction (SCW) was performed using the extraction system shown in
Figure 5.1. A high pressure pump (P, Dionex Ultimate ISO 3100SD, Thermo Scientific,
Sunnyvale, CA, USA) was used to pump water from the water reservoir (R1) to the heating
coil (HC) and, subsequently, to an extraction column made of 20 cm x 1.09 cm I. D. (1.27
cm O. D.) stainless steel tubing (Sandvik Materials Technology, Sandviken, Sweden). The
length of the heating coil was three m to ensure the desired water temperature (110-190 °C)
at its outlet. Thermocouples (T1-T2, TK 102S, Kimo Instruments, Bordeaux, France) were
used to monitor water temperature entering and leaving the column. The extraction column
containing the powdered sample was fitted with two pm pore size stainless steel frits
(Chromotek Apple Valley, MN, USA) at both ends. Heating coil and the column were placed
in a temperature controlled oven (Venticell 111, MMM Medcenter Einrichtungen, Munich,
Germany). The eluate from the column was cooled to room temperature using the subsequent
cooling coil (CC, three m). A back pressure regulator (BPR, IDEX Health and Science, Oak
Harbor, WA, USA) allowed to precisely pressurize the system, while pressure gauge (PG,
Ham-Let, Newburgh, IN, USA) enabled monitoring of the extraction pressure. Heating and
cooling coils, as well as all the processing lines, were made of 0.26 cm I.D. stainless steel

tubing (Sandvik Materials Technology, Sandviken, Sweden).

5.2.3.2. Extraction procedure

Ground pistachio hull (2.0) corresponding to a bed depth of five cm was placed into the
extraction column. After connecting the column to the processing lines, water (ca. 50 mL)
was pumped to the system until the pressure of 6.9 MPa (1000 psi) was reached.
Subsequently, flow was stopped and oven temperature was set to the desired value (110-190
°C). After reaching the final temperature, water flow at four mL/min was turned on, and
extracts (120 mL) were collected after discarding the first 11 mL of the eluate, representing
the initial dead volume of the pipeline after the extraction column. All extracts and the solid

extraction residues were freeze-dried and stored at -20 °C until analyses. Extraction yields
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were determined gravimetrically after freeze-drying and expressed as per cent w/w on DM
basis. In addition to physical cleaning of the column, the extraction system was flushed with

70 per cent (v/v) aqueous methanol and water between each run.

HC c

[ I

Figure 5.1. Schematic diagram of subcritical water extraction system. R1: Water reservoir,
P: Pump, HC: Heating coil, T1-T2: Thermocouples, C: Extraction column, CC: Cooling
coil, PG: Pressure gauge, BPR: Back pressure regulator, R2: Reservoir for the extract; H:

Heating oven.

5.2.4. Ultrasound-Assisted Solvent Extraction

Ground pistachio hull (250) and freeze-dried SCW extraction residues (50), respectively,
were extracted with a ternary mixture of methanol/water/formic acid (80/19/1, v/v/v) under

ultrasonic probe-sonication as described previously [63].

5.2.5. Analytical Procedures

5.2.5.1. Spectrophotometric analyses

Antioxidant capacities were determined using three different in vitro assays, i.e., the DPPH
radical scavenging [187], the ABTS radical scavenging [244], and the FRAP (Ferric
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reducing antioxidant power) assays [245] using a microplate reader (Powerwave XS, Biotek
Instruments, Winooski, VT, USA) as described previously in detail [246]. An aliquot of
freeze-dried extract (10) was dissolved in two mL of methanol/water (80/20, v/v) and
centrifuged (Labofuge 200; Heraeus, Hanau, Germany) at 3,000 rpm (1233 g) for three min.
Supernatants were collected and used for the determination of antioxidant capacities.
Absorbance readings were done immediately after 10 s of blending, and every five minutes
over 120 min for ABTS assay, and over 300 min for both FRAP and DPPH assays to monitor
reaction kinetics. Absorbance values obtained after the reaction had reached steady state
were used for calculations. Up to seven different concentrations of each extract and Trolox
standards were tested to probe the linear range of responses by plotting absorbance versus
concentration. Results were expressed as mmol Trolox equivalent (TE) per g DM of sample
after dividing slope of the absorbance-versus-concentration curve obtained with the sample

by that of the respective curve obtained with the Trolox standard compound.

5.2.5.2. HPLC-DAD-ESI/MS" analyses

HPLC-DAD-ESI/MS" analyses of phenolic compounds were performed according to a
previously described, validated procedure [63]. Prior to HPLC separation, an aliquot of
freeze-dried extract (20 mg) was dissolved in one mL of a ternary mixture of
methanol/water/formic acid (80/19/1, v/v/v) and filtered through regenerated cellulose
membrane filters (0.45 um pore size; Macherey-Nagel, Diiren, Germany) into amber HPLC

vials. Results were expressed as g per kg DM of sample.

5.2.6. Statistical Analysis

Data were expressed as a mean + standard deviation of three technological repetitions.
Analysis of variance (ANOVA) followed by Tukey’s test for multiple comparisons (P <
0.05) was used to determine significant differences between means, using Minitab© 17.3.1

(State College, PA, USA).
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5.3. RESULTS AND DISCUSSION

5.3.1. Extraction Yields

Subcritical water extraction of dried ground pistachio hulls by the column extraction process
(Figure 5.1) resulted in extraction yields ranging from 59.1 per cent (w/w, DM) to 70.9 per
cent (w/w, DM) (Table 5.1).

Table 5.1. Extraction yields and the amount of remaining residue after extraction.

) _ Fraction of the extract Extraction
Extraction yield ! ) )
soluble in agueous residue
Extract (per cent w/w,
methanol 3 (per cent wiw,
DM ?2)
(per cent w/w, DM) DM)
SCW110 59.1 £0.8b 69.6 £ 4.5¢ 37.4+£1.5b
SCW130 59.3+1.0b 66.2 +£2.8c 31.7+0.7¢c
SCW150 70.9 £ 3.2a 71.2+2.4c¢ 27.2+1.3d
SCW170 67.1 +3.4a 74.7 £ 4.7bc 23.5+0.7¢
SCW190 65.3 £4.4ab 82.4+2.4b 21.4+0.5¢
Aqueous methanol 59.5+2.9b 945+ 6.4a 45.0+1.2a

Results were expressed as mean + standard deviation of three independent technological replicates.
Abbreviations: SCW110-190: Subcritical water extracts obtained by extracting at temperatures from 110 to
190°C. Significant differences between the contents of different samples are indicated by different letters
(P < 0.05) within a column.

1Yields were calculated after freeze-drying of extracts.

2 Moisture contents used for the calculation of dry matter (DM) content was 6.5 + 0.2 per cent.

3 Results were calculated after dissolving freeze-dried extracts in methanol/water/formic acid (80/19/1, v/viv)
at a concentration of 10 mg/mL.

The maximum vyield (70.9 per cent) was observed following extraction at 150 °C, although
differences to extraction at 170 °C (67.1 per cent) and 190 °C (65.3 per cent) were
insignificant. Extraction yields at 110 and 130 °C were significantly lower (59.1-59.3 per
cent). The amount of extraction residue consecutively decreased from 37.4 per cent when
extracted at 110 °C to only 21.4 per cent at 190 °C (Table 5.1). Exceeding 150 °C resulted
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in a significant drop in the amount of extraction residue from 27.2 per cent to 21.4-23.5 per
cent (at 170-190 °C), while the extraction yield remained widely unchanged, thus suggesting
the formation of volatile decomposition products. For comparison, pistachio hulls were
extracted with acidified aqueous methanol under ultrasonic probe-sonication [63]. The
extraction yield was 59.5 per cent w/w (DM), i.e., similar to SCW extraction at 110-130 °C,
but lower than SCW extraction at 150-190 °C. Kilic et al. [32] previously reported yields of
36.1 per cent w/w methanolic pistachio hull extracts, while Grace et al. [31] obtained yields

of ca. 31 per cent w/w DM of aqueous methanol extracts from defatted pistachio hulls.

The high extraction yields of agueous methanol extracts obtained in our study might indicate
a comparably high solubilization efficiency of the components of pistachio hull. Other plant
sources previously extracted with SCW and their respective maximum yields are outer scale
of onion, 17 per cent w/w at 165 °C [171], mango leaves, 24-36 per cent w/w at 100 °C
[247], seabuckthorn (Hippophae rhamnoides L.) leaves, 49 per cent w/w at 200 °C [248],
and ellagitannin-rich pomegranate peel, 43.3 per cent w/w at 40 °C [249]. Higher SCW
extraction yields compared to that of aqueous methanol extracts might be due to the
enhanced solubility of analytes and other matrix components [250]. For instance, water
soluble components such as complex carbohydrates being insoluble in alcohols might be
extracted under SCW conditions [251]. In agreement, the weight fraction of the SCW
extracts soluble in aqueous methanol ranged between 66.2 per cent and 82.4 per cent, i.e.,
being less than total SCW extraction yields obtained after freeze-drying (Table 5.1).
Moreover, thermal decomposition of yet unknown plant matrix constituents might have also

contributed to the high SCW vyields in our study.

5.3.2. Composition of Phenolic Compounds in the SCW Extracts

Qualitative and quantitative changes in the phenolic composition of SCW extracts depending
on the extraction temperature between 110 and 190 °C were monitored by HPLC-DAD-
ESI/MS" (Figure 5.2). For comparison, an aqueous methanolic extract was produced by a
previously reported ultrasound-assisted extraction procedure. In this extract, a total of 49
compounds was identified (Table 5.2), which was in agreement with our previous studies
[22, 63].
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Figure 5.2. Chromatographic separation of SCW extracts at 280 nm. Peak assignments are
shown in Table 4.2. Abbreviations: SCW110-190: Subcritical water extracts obtained

between 110 and 190°C. Chemical structures of some representative phenolic compounds

present in pistachio hull extracts are provided above.

Total yields of extracted phenolic compounds as determined by HPLC-DAD ranged from

22.2 t0 39.5 g/kg DM. By trend, extraction yields in phenolic compounds increased when

the extraction temperature was raised from 110 to 150 °C. However, when increasing from

170 to 190 °C, a significant decline from 39.3 to 22.2 g/kg DM was observed. Noteworthy,

the total extraction yields of phenolic compounds obtained from SCW extracts (22.2-39.5

o/kg DM) were substantially lower than those from the agueous methanol extract (81.8 g/kg

DM), although being mostly attributed to a substantially lower yield in total anacardic acids
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in the SCW extracts. Yields in total flavonol and total gallotannins were significantly higher
in the SCW extracts than in the aqueous methanol extract as described in detail in the

following sections.

5.3.2.1. Gallic acid and its derivatives

A total of 24 different gallic acid derivatives was determined in SCW extracts of pistachio
hull (Table 5.2). Their total amounts ranged from 20.4 g/kg DM at 190 °C to 33.1 g/lkg DM
at 170 °C, constituting a high proportion (74-92 per cent) of total phenolics present in SCW
extracts. SCW extraction temperature had a significant effect on gallotannin yields. For
instance, a 1.4-fold increase of the total gallotannin level was observed when raising the
extraction temperature from 110 to 170 °C (P < 0.05). However, a further temperature
increase to 190 °C resulted in a significant decline of gallotannin levels to its lowest value

(20.4 g/kg DM) in the studied temperature range.

In the extracts produced with repeated extractions using agueous methanol, total gallotannin
levels were 10.6 g/kg DM, being significantly lower than those of all SCW extracts. As
aqueous methanol extraction is assumed to be widely exhaustive for the studied gallotannins
[63], our findings suggest that a substantial amount of the gallotannins in the SCW extracts
has been liberated from the matrix upon exposure to the high temperature, e.g., by hydrolysis
of high molecular weight gallotannins or by hydrolytic liberation of matrix-bound

gallotannins.

In agreement with our hypothesized hydrolytic gallotannin degradation, SCW extracts
contained gallic acid as the main phenolic component (6.31-22.2 g/kg DM), while the
aqueous methanol extract was characterized by specific gallotannins such as f-glucogallin
(4.39 g/kg DM) and galloyl quinic acid (1.76 g/kg DM) occurring at higher levels than gallic
acid (1.68 g/kg DM) in the aqueous methanol extract. Furthermore, an increase in SCW
extraction temperature resulted in significantly increased yields of gallic acid, gradually
increasing by four-to-six g/kg per 20 °C from 6.31 g/kg DM at 110 °C to 22.2 g/kg DM at
170 °C. At 190 °C, gallic acid content significantly decreased to 16.4 g/kg DM, but still
remained at significantly higher levels compared to those obtained by aqueous methanol
extraction (Table 5.2). Since gallic acid was exhaustively recovered from pistachio hull in

our probe sonication-based aqueous methanol extraction [63], we assume that enhanced
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liberation of gallotannins might have increased gallic acid levels observed after SCW
extraction, while a heat-dependent degradation of gallotannins might have decreased their
yield. In a previous study, heating of gallic acid was shown to produce pyrogallol by
decarboxylation as a primary degradation product based on thermogravimetric analyses
[243]. In agreement, pyrogallol was found at 190 °C in our study (Table 5.2).

Besides gallic acid, penta-O-galloyl-f-D-glucose, constituting the second most prevailed
phenolic component of SCW extracts, was similarly found at higher levels when extraction
temperature was raised from 110 to 130 °C, reaching a plateau at 9.70-9.77 g/kg DM when
extracting at 130-150 °C (Table 5.2). When raising temperature from 150 to 170 °C, their
content dropped from 9.77 to 5.24 g/kg DM. At 190 °C, penta-O-galloyl-f-D-glucose was
undetectable in our study, indicating its complete thermal degradation.

In agreement with our observations about gallic acid and penta-O-galloyl-f-D-glucose, f-
glucogallin, was best extracted at 110 °C, however, being completely absent above 150 °C.
When compared to other gallotannins, g-glucogallin displayed a lower stability during SCW
extraction than galloyl quinic acids, galloyl shikimic acids, and penta-O-galloyl-$-D-
glucose. SCW extracts also contained various gallic acid esters such as galloyl quinic acids
(1, 7-8, 21), galloyl shikimic acids (12, 13), or digallic acid (16, 22), and luteic acid (25)
extracted at significantly higher concentrations (total 3.9-7.7 g/kg DM) than by aqueous
methanol extraction (3.4 g/kg DM), remaining stable at variable extent between 110 and 170
°C without showing a clear-cut temperature-dependent degradation pattern. Small amounts
of other galloyl hexoses such as tetragalloyl hexose (29), digalloyl hexoses (19) were also
obtained (total 0.78 g/kg DM), however, being rapidly degraded at temperatures exceeding
110 °C. Tetragalloyl glucose (26) might have been formed by the cleavage of one galloyl
unit from pentagalloyl glucose as a potential degradation product. Consequently, tetragalloyl
glucose was only found in the SCW extracts, while methanol extracts were devoid of it
(Table 5.2).



Table 5.2. Contents of individual compounds from different SCW extracts of pistachio hull samples as determined by HPLC-DAD-ESI/MS".

Peak Ret. Concentration (g/kg DM?)
time Compound identity

no (min) SCW110 SCW130 SCW150 SCW170 SCW190 Aqueous methanol
1 4.8 Galloyl quinic acid (1) nd nd nd 0.67+0.15b 1.16 +0.17a nd

2 55 Pyrogallol nd nd nd nd 0.20 + 0,03 nd

3 6.0 S-Glucogallin 3.98 +0.36a 2.02+0.25b nd nd nd 439+0.0la
4 6.8 Gallic acid 6.31+0.61d 10.2 £0.70¢c 16.1+1.26b | 22.2 +£1.79a 16.4+1.27b 1.68 £ 0.04¢
5 10.0 Gallic acid derivative (1) 0.39+£0.02a 0.44+0.03a nd nd nd tr

6 10.7 Hydroxymethylfurfural nd nd 0.04 £0.02c | 0.30+0.09b 1.28+0.21a nd

7 11.2 Galloyl quinic acid (2) 2.22 +0.04a 2.14+0.10a 2.18+0.17a | 1.63+0.14b 1.49+0.12b 1.76 £0.04b
8 12.8 Galloyl quinic acid (3) nd nd 0.22+£0.02c | 0.58+0.14b 0.86 +£0.08a nd

9 13.4 Protocatechuic acid 0.33+0.02a 0.30+0.00ab | 0.37+0.04a | 0.30 +0.05ab nd 0.24 +£0.02b
10 145 Galloyl dihexose (1) nd nd nd nd nd nd

11 17.2 Galloyl dihexose (2) nd nd nd nd nd nd

12 18.0 Galloyl shikimic acid (1) 0.37+0.03a 0.41+£0.04a | 0.35+£0.02a | 0.24+0.02b nd 0.05+0.01c
13 19.6 Galloy! shikimic acid (2) 0.71+£0.02a 0.63 +0.03a 0.63+0.05a | 0.29+0.06¢ nd 0.45+0.01b
14 20.2 Gallic acid derivative (2) tr nd nd nd nd nd

15 20.8 Galloy! shikimic acid (3) 0.62+£0.02ab | 0.58+0.03ab | 0.79+0.06a | 0.78+0.08a 0.43 £0.37ab 0.31+0.01b
16 21.1 Digallic acid (1) 0.47+0.07a 0.27 + 0.05b nd nd nd nd

17 22.0 Procyanidin dimer ng ng nq nq nq nq
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Table 5.2. Contents of individual compounds from different SCW extracts of pistachio hull samples as determined by HPLC-DAD-ESI/MS"

(Continued)

Peak Ret. Concentration (g/kg DM?)
time Compound identity

no (min) SCW110 SCW130 SCW150 SCW170 SCW190 Aqgueous methanol
18 22.3 Methyl gallate ng nq ng nq nq ng

19 23.8 Digalloyl hexose 0.28+£0.01a tr nd nd nd nd

20 26.0 Gallic acid derivative (3) 0.21 £0.03a nd nd nd nd tr

21 26.4 Digalloyl quinic acid 0.48 £0.12a tr nd nd nd nd

22 27.3 Digallic acid (2) 2.41+0.24a 1.56 £ 0.19b nd nd nd 0.88£0.01c¢
23 29.5 Gallic acid derivative (4) tr nd nd nd nd nd

24 31.6 Cyanidin 3-O-$-D-galactopyranoside | 0.05 + 0.04b 0.06 £0.01b tr nd nd 0.21 £0.02a
25 334 Luteic acid 0.43 £ 0.06a 045+0.01b | 0.35+0.05a | 0.29+0.07a nd nd

26 34.2 Tetragalloyl hexose 0.97+£0.11 1.53 £0.07 1.81+£0.26 0.59 £0.17 nd nd

27 34.5 Quinic acid derivative 0.54+£0.15a 0.51+0.08a | 0.66+0.05a | 0.68+0.14a nd 0.20+0.10b
28 35.3 Myricetin galloyl hexoside tr nd nd nd nd nd

29 35.8 Tetragalloyl hexose 0.50+0.09 tr nd nd nd nd

30 36.9 Myricetin hexuronide 0.20 £ 0.02a 0.20+£0.01a 0.21+£0.02a | 0.13+0.01b nd tr

31 37.1 Myricetin 3-O-galactoside 0.17+0.02a 0.16+0.0lab | 0.16+0.02ab | 0.13+0.01b nd tr

32 374 Myricetin hexoside 0.22 £0.02a 0.21 +£0.01a 0.22+£0.02a | 0.18£0.01ab nd 0.17+0.01b
33 38.3 Penta-O-galloyl-$-D glucose 5.34 £ 0.49b 9.70+1.07a | 9.77+1.66a | 5.24+1.08b nd 0.92+0.07¢c

G6



Table 5.2. Contents of individual compounds from different SCW extracts of pistachio hull samples as determined by HPLC-DAD-ESI/MS"

(Continued)

Peak Ret. Concentration (g/kg DM?)
time Compound identity
no (min) SCW110 SCW130 SCW150 SCW170 SCW190 Aqgueous methanol
34 38.9 Quercetin galloyl hexoside (1) 0.69 £ 0.07a 0.62 £0.05ab | 0.62 +0.04ab | 0.55+ 0.04bc 0.27 £0.02¢c 0.50 £ 0.02d
35,36 | 41.0 Quercetin 3-0- 2054023 | 1.79+0.12ab | 1.75+0.17ab | 1.26+0.15¢c | 0.22+0.03d? 1.47 + 0.09bc
galactoside/glucuronide
37 41.6 Quercetin 3-O-glucoside 0.94+0.11a 0.84 £0.05ab | 0.84 +0.07ab | 0.70 = 0.06bc 0.22 +£0.02d 0.64 +£0.03c
38 42.1 Quercetin galloyl hexoside (2) 0.34 +£0.04a 0.27+0.02ab | 0.24+0.05b | 0.12+0.02¢ nd 0.23+0.01b
39 42.9 Quercetin galloyl hexoside (3) 0.12+0.02a 0.10+0.01a tr tr nd nd
40 43.7 Quercetin pentoside 0.19 £ 0.02a 0.17+0.0la | 0.15+0.02a | 0.08 =0.04b nd 0.16 £0.02a
41 45.0 Kaempferol hexoside 0.11 £0.02a 0.10£0.01a | 0.08+0.01a tr nd nd
42 46.9 Kaempferol hexoside 0.12+0.02a 0.10+0.00a | 0.09+0.01a tr nd nd
43 89.5 Unknown nd nd nd nd nd nd
44 89.6 (13:1)-Anacardic acid 0.91+0.30cd | 098+0.10cd | 1.42+0.17bc | 1.77£0.21b 0.70 £ 0.04d 11.6 £ 0.39a
45 90.7 (13:0)-Anacardic acid 0.59+0.37b 0.58 +£0.06b 0.84+£0.10b | 1.01 £0.15b 0.43+0.01b 17.9 £0.59a
46 91.0 (15:1)-Anacardic acid tr tr tr tr nd 3.84+0.13
47 91.4 (17:2)-Anacardic acid nd nd nd nd nd 0.70 £ 0.04
48 92.0 (15:0)-Anacardic acid tr tr tr tr tr 7.16 +0.24
49 92.2 (17:1)-Anacardic acid tr tr tr tr tr 25.5+0.85
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Table 5.2. Contents of individual compounds from different SCW extracts of pistachio hull samples as determined by HPLC-DAD-ESI/MS"

(Continued)

Peak Ret. Concentration (g/kg DMY)
time Compound identity
no (min) SCW110 SCW130 SCW150 SCW170 SCW190 Aqgueous methanol
50 93.1 (17:0)-Anacardic acid nd nd nd nd nd 0.73 £0.04
Total gallotannins 245+1.59%c | 30.0+1.65ab | 32.5+3.47a | 33.1+191a 20.4+1.07c 10.6 £ 0.00d
Total flavonols 5.65+0.50a 457+031b | 437+043b | 3.15+0.33¢ 0.70 £0.07d 3.38+0.18¢
Total anacardic acids 1.50 £ 0.66b 1.56£0.15b | 2.27+0.27b | 2.77+0.36b 1.13+£0.04b 67.5+2.20a
Total phenolics 33.0+£1.22¢ 36.4+193bc | 39.5+3.93b | 39.3+2.01b 222 +1.12d 81.8+2.18a

Results were expressed as mean + standard deviation of three independent of technological replicates. Abbreviations: SCW110-190: Subcritical water extracts obtained by
extracting at temperatures from 110 to 190°C. Phenolic compounds which are not present in SCW extracts and detected below LOD in aqueous methanol extracts were
excluded from the list. tr: traces, >LOD (limit of detection), <LOQ (limit of quantitation); nd: not detected, <LOD: below the limit of detection for UV; MS analyses allowed
the verification of compound presence based on a previously published study [63]; ng: not quantified. Significant differences between the contents of different samples are
indicated by different letters (P < 0.05) within a column.

! Moisture contents used for the calculation of dry matter (DM) content was 6.5 + 0.2 per cent.

2 Only quercetin galactoside was detected.

L6
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The above-mentioned interference of liberation and degradation of gallotannins might also
partly explain the high variability of gallotannin yields described for SCW extractions in the
literature. For instance, gallic acid yields were reported for the SCW extraction of black tea
(0.67-5.5 g/kg DM at 100-200 °C) [252], defatted rice bran (0.25-1.7 g/kg DM at 125-175
°C), [243], and winery by-products (2.0 g/ kg DM at 50-150 °C) [147]. As compared to
literature yields (0.25-5.5 g/kg), the SCW extracts of pistachio hull in our study still yielded
by far the highest amounts of gallic acids (22.2 g’kg DM at 170 °C).

In agreement with the above-mentioned observations, release of gallic acid and penta-O-
galloyl-s-D-glucose were observed upon heat extraction of witch hazel (H. virginiana L.), a
tannin-rich medicinal plant, in an aqueous medium at 100 °C for 120 min [123]. Such a
hydrolytic effect of SCW was also observed previously for red grape skin extracted between
110 and 160 °C [146], and winery by-products extracted at 150 °C [147], presumably
liberating gallic acid upon hydrolysis of galloylated tannins (procyanidins) by cleavage of

gallate esters.

5.3.2.2. Flavonoids

As shown in Table 5.2, flavonoids of the extracts mainly contained quercetin hexosides,
pentosides, glucuronides, and galloylated hexosides. Minor amounts of other flavonols such
as myricetin glycosides, hexuronides and galloyl hexosides as well as kaempferol hexosides
were also found. In addition, as previously reported, one anthocyanin (cyanidin 3-O-5-D-

galactopyranoside) was also detected [22, 63].

Highest total flavonol content of SCW extracts was obtained at 110-150 °C (4.37-5.65 g/kg
DM), subsequently decreasing with an increase in temperature to 170 and 190 °C (P < 0.05).
Presumably, this decline was due to their thermal degradation as reported earlier for SCW
extraction performed in this temperature range [172]. For instance, the levels of quercetin 3-
O-galactoside/glucuronide and quercetin 3-O-glucoside, representing the main flavonols of
SCW extracts, were 1.75-2.05 and 0.84-0.94 g/kg DM, respectively, at 110-150 °C,
decreasing to only ca. 0.2 g/lkg DM when extracting at 190 °C. Similarly, quercetin galloyl
hexoside contents (34, 38-39) were between 1.15 and 0.86 g/kg DM at 110-150 °C, declining
to 0.27 g/kg DM at 190 °C. Based on our findings, quercetin glycosides might be considered
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rather stable during SCW extraction until 130 and 150 °C, at least when using our column-

based extraction system.

The aqueous methanolic extract contained significantly lower levels of total flavonols (3.38
g/kg DM) than that of SCW extracts obtained between 110 and 150 °C (4.4-5.7 g/kg DM),
indicating SCW extraction to be more effective for the liberation of flavonols from pistachio
hull matrix compared to aqueous methanol extraction. Compared to those of the aqueous
methanol extract, a 1.3- to 1.6-fold increase in the yield of total flavonols and individual
components such as quercetin 3-O-galactoside/glucuronide, quercetin 3-O-glucoside,
quercetin galloyl hexosides (34, 38) was obtained. Moreover, an apparent liberation of small
amounts of quercetin/myricetin galloyl hexoside (28, 39), myricetin and kaempferol
hexosides (41-42) was observed in SCW extracts, while they were only present in at

concentrations < LOD (limit of detection) in the aqueous methanol extracts.

In a previous study on onion waste, flavonol (quercetin and quercetin-4’-glucoside) yields
were 4-fold increased when raising temperature from 100 °C to 170 °C in SCW extraction.
Values comparable to those of methanolic extractions were only achieved at 170 °C in SCW
extraction [171]. In contrast, in another study, flavonol yields obtained by SCW extraction
at 170 °C were 1.8- to 23.6-fold higher than those obtained by ethanol- or methanol-based
extraction for the recovery of specific flavonols, namely quercetin, kaempferol, and
myricetin, from black tea, celery, and ginseng leaf [172]. These results might indicate that
the nature of the sample matrix might exert a great influence on the achievable flavonol
yields. In our study, pistachio hull flavonols, mainly quercetin 3-O-galactoside/glucuronide,
quercetin 3-O-glucoside, myricetin galactosides, only remained stable up to 150 °C in our
SCW extraction system. Nevertheless, flavonol yields obtained in our SCW system at 110-
150 °C (4.37-5.65 g/kg DM) were higher than those of the aqueous methanol extracts (3.38
g/kg DM), showing the suitability of our system for flavonol extraction.

Cyanidin 3-O-$-D-galactopyranoside was also detected when extracting at 110 and 130 °C
SCW (ca. 0.05 g/kg DM). However, the levels obtained by SCW extraction were
significantly lower than those obtained by aqueous methanol extractions (0.21 g/kg DM),
possibly due to the expectedly poor thermal stability of anthocyanins at elevated

temperatures [146].
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5.3.2.3. Anacardic acids

As previously described [63], pistachio hulls contain significant amounts of anacardic acids
(Figure 5.2) which are biologically active [41] but also sensitizing and possible allergenic
substances [102]. When using aqueous methanol for control extraction, large amounts (67.5
g/kg DM) of total anacardic acids were found in the extract (Table 5.2). Substantially lower
amounts of anacardic acids, mainly (13:1)- and (13:0)-anacardic acids, were extracted with
SCW (1.13 to 2.77 g/kg DM). Extraction yields were enhanced at higher temperatures,
reaching a maximum for the unsaturated representative at 170 °C (1.8 g/kg DM, Table 5.2).
Low anacardic acid yields in SCW extracts might be attributed to their limited solubility due
to their hydrophobicity and degradation at high extraction temperatures due to their thermal
lability [51]. In order to understand the fate of anacardic acids under SCW conditions, we
further analyzed the extraction residues for their phenolic contents by the ultrasound-assisted
aqueous methanol extraction. While all other phenolics were exhaustively diminished, the
anacardic acids were retained at high levels in the extraction residues (Table 5.3). For
instance, total anacardic acid content in the residues amounted to 50.7 g/kg DM at 110 °C,
while it was only 1.50 g/kg DM in the SCW extract, but 81.8 g/kg DM in the aqueous
methanol extract (Table 5.2). These findings demonstrate that 75.1 per cent of total anacardic
acids were retained in the extraction residues, 2.2 per cent were extracted by SCW, and 22.7
per cent were degraded during SCW at 110 °C (15.3 g/kg DM, Table 5.2 and 5.3). When
increasing SCW temperature to 130-190 °C, their levels in the extraction residues decreased,
while their content in the SCW extract did not increase to the same extent. Thus, we assume
that, at 130-190 °C, a temperature-dependent degradation of the anacardic acids did occur
(Table 5.3).

5.3.2.4. Other components

Degradation at high temperatures was also evident from the overall reduction of the number
of peaks in the HPLC chromatogram when temperature was increased (Figure 5.2).
However, some compounds newly appeared upon SCW extraction (Table 5.2). For instance,
a procyanidin dimer was tentatively identified, indicating the thermal degradation of matrix-

components of larger molecular weights.



Table 5.3. Phenolic compounds in the aqueous methanolic extract of SCW extraction residues as determined by HPLC-DAD ESI/MS".

No Ret. -time Compound identity Concentration (g/kg DM 1)
(min) Res-SCW110 Res-SCW130 Res-SCW150 Res-SCW170 Res-SCW190

43 89.5 Unknown 2 nd 0.6+0.1 24+0.2 nd nd

44 89.6 (13:1)-Anacardic acid 126 +4.2a 8.8 +£0.7ab 5.3 +0.4bc 1.8+0.2cd 0.4+0.1d

45 90.7 (13:0)-Anacardic acid 15.1+0.6a 13.3+£0.5b 7.5+0.5¢ 2.7+0.2d 0.6 +0.1e

46 91.0 (15:1)-Anacardic acid 3.1+0.3a 29+0.1a 1.6+0.1b 0.6 +0.1c tr

47 91.4 (17:2)-Anacardic acid tr tr tr tr nd

48 92.0 (15:0)-Anacardic acid 38+19ab 45+0.1a 2.3+0.2bc 08+00¢c tr

49 92.2 (17:1)-Anacardic acid 16.1+3.5a 16.3+0.3a 8.4+ 0.6b 3.0+0.2¢ 0.8+0.2¢c

50 93.1 (17:0)-Anacardic acid tr tr nd nd nd
Total anacardic acids 50.7 £ 0.9a 45.7+1.2b 25.1+1.8¢ 9.1+0.5d 7.8+ 0.4¢

Results were expressed as mean + standard deviation of three independent technological replicates.

Abbreviations: Res-SCW110-190: Subcritical water extraction residues obtained after extraction at temperatures from 110 to 190°C.

tr: traces, >LOD (limit of detection), <LOQ (limit of quantitation); nd: not detected, <LOD: below the limit of detection for UV; MS analyses allowed the verification of

compound presence based on a previously published study [63].

All other compounds identified in the extracts (Table 5.2) were found <LOD.
Significant differences between the contents of different samples are indicated by different letters (P < 0.05) within a column.
! Moisture contents used for the calculation of dry matter (DM) content was 6.5 & 0.2 per cent.

2 Compound with Amax (nm): 273, 279(sh) did not provide useful MS signal.

T0T
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Most importantly, the formation of 5-hydroxymethylfurfural (HMF) was observed when
heating at least to 150 °C (0.04 g/kg DM), reaching its highest levels at 190 °C (1.28 g/kg
DM), possibly due to thermo-oxidation or Maillard reactions occurring at high temperatures
[128]. Considering maximum non-toxic HMF intake levels (80-100 mg/kg per day)
previously recommended based on animal studies [253], SCW extracts obtained at high
temperatures (150-190 °C) should be considered carefully for their contribution to the total

HMF level of a final product when being intended to be used as a food additive.

5.3.3. Antioxidant Capacity of the Extracts

As the antioxidant capacity has been generally related to the biological activity of phenolic
compounds, antioxidant capacities of SCW extracts were tested using three different
commonly used in vitro antioxidant capacity assays, namely, the DPPH free radical
scavenging assay, the ABTS radical scavenging assay, and the ferric reducing antioxidant
power (FRAP) to reflect different potential antioxidant mechanisms of pistachio hull

extracts.

Antioxidant capacities of SCW extracts ranged from 0.68 to 1.2 mmol TE/g DM and were
largely consistent among all antioxidant capacity assays (Table 5.4). When extracts were
obtained at 110 and 130 °C, antioxidant capacities of SCW extracts were in the same range,
while a pronounced increase was observed when applying 170 °C or 190 °C for all assays
(P < 0.05). Similarly, increased antioxidant capacities after applying high extraction
temperatures were observed in previous studies on the SCW extraction of coffee silverskin
[254], and pomegranate seed residues [249]. The authors of these studies have attributed the
increased antioxidant capacities to the higher extraction efficiencies and heat-related
formation of new antioxidant compounds via Maillard reaction, caramelization, and thermo-
oxidation reactions at elevated temperatures, being related to the complex nature of plant

extracts as previously discussed in the context of SCW extraction by Plaza et al. [128].

Agueous methanol extracts exhibited the lowest antioxidant capacity (0.47-0.51 mmol TE/g
DM) as compared to those of the obtained SCW extracts (P < 0.05). Based on our findings,
pistachio hull might be considered as a promising antioxidant source (0.47-1.20 mmol TE/g
DM) coming closed to other known antioxidant-rich sources such as green tea (FRAP:
0.386-1.14 mmol TE/ g DM) [255], grape (DPPH: 6.91 mmol TE/100 g DM) [256], and
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pistachio nut and skin (ABTS: 0.015 and 2.19 mmol TE/ g FW, respectively) [211]. Our

results further indicate that SCW extraction may be instrumental in obtaining pistachio hull

extracts of high antioxidant capacity.

Table 5.4. Antioxidant capacity of pistachio hull extracts

Extract Antioxidant capacity (mmol TE/g DM?)
ABTS DPPH FRAP
SCW110 0.79 £0.03c¢ 0.68 +£0.03c 0.72 +£0.03cd
SCW130 0.72 £0.08¢ 0.68 £ 0.00¢ 0.68 +£0.03d
SCW150 0.89 + 0.07bc 0.78 £ 0.02b 0.80 £ 0.06¢
SCW170 0.98 = 0.08b 0.77 £0.02b 1.04 = 0.03b
SCW190 1.18 £0.08a 0.84 + 0.00a 1.20 £ 0.04a
Aqueous methanol 0.47 £0.02d 0.51+0.01d 0.49+0.0le

Values were expressed as means + standard deviation of three independent technological replicates.
Abbreviations: SCW110-190: Subcritical water extracts obtained between 110 and 190°C.

Significant differences between the contents of different samples are indicated by different letters (P < 0.05)
within a column.

! Moisture contents used for the calculation of dry matter (DM) content was 6.5 + 0.2 per cent.

5.4. CONCLUSION

A semi-continuous, column-based extraction process using subcritical water (SCW) was
developed and tested with regard to the extraction of phenolic compounds, namely,
gallotannins, flavonols and anacardic acids, from pistachio hull. Using water as a “green
solvent”, our SCW extraction process allowed the recovery of extracts with gallotannin and
flavonol levels being superior to those obtained by aqueous methanol-based extraction.
Moreover, sensitizing and possible allergenic anacardic acids were excluded from SCW
extracts while they were extracted together with gallotannin and flavonols when using
aqueous methanol-based extraction. Furthermore, our findings show that the composition of
phenolic compounds contained in SCW extracts of pistachio hull can be substantially
modulated simply by varying the extraction temperature (110-190 °C). Higher temperatures

enhanced the release of higher amounts of gallic acid and penta-O-galloyl-$-D-glucose from
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the pistachio hull matrix, although being limited due to the thermal instability of the
corresponding compounds at temperatures above 170 °C. The obtained SCW extracts
exhibited a comparably high antioxidant activity. The high efficiency of SCW for the
recovery of phenolic-rich extracts with high antioxidant capacities shows that this “green”
and comparably environmentally friendly technology represents a promising alternative to
the organic solvent-based extraction methods for the recovery of polyphenols from food

processing by-products like pistachio hull.
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6. CONCLUDING REMARKS

Pistachio hull accrues in large amounts as the main by-product of pistachio processing.
Hitherto, it has to be disposed at the expense of the pistachio processor due to its current lack
of commercial value. The lack of comprehensive reports on pistachio hull and the missing
identification of its phenolic constituents hamper its valorization as a source of bioactive
phenolics. Therefore, first, a comprehensive report about phenolic constituents in aqueous
methanolic extracts of pistachio hull was presented in Section 3 to provide a basis for future
studies on pistachio hull phenolics. Detailed HPLC-PDA-ESI-(HR)-MS" data for a total of
66 phenolic compounds in red pistachio hull are presented. Several (a total of 31) phenolic
compounds including differently galloylated hydrolyzable tannins, anthocyanins, and minor
anacardic acids were identified for the first time. Furthermore, differences on red and green
pistachio hulls were examined, since both are different by-products coming from different
pistachio processing streams. For the first time, their composition in phenolic compounds
was compared. Since it is currently debated if the genus Pistacia belongs to the
Anacardiaceae or not, this results might be helpful for future chemotaxonomic

considerations.

Based on the qualitative analysis done in Section 3, pistachio hull phenolics ranged from the
very hydrophilic gallic acid derivatives to the amphiphilic anacardic acids, making their
quantitative analytical determination a substantial challenge. Moreover, their partitioning
between different solvent systems is of interest to allow a better interpretation of the
biological activity of its extracts. Section 4 contains a comprehensive report about the
simultaneous extraction and quantitation of phenolic constituents of pistachio hull. A rapid
and simultaneous extraction method was presented for pistachio hull phenolics after
screening of various extraction parameters and solvent systems with variable polarity and
acidity to obtain in-depth insights into the extractability of free phenolics from pistachio
hulls. Subsequently, two alternative post-extractive analytical methods, HPLC-DAD-ESI-
MS" and UHPLC-DAD-ELSD were presented and compared. Later, developed quantitation
method was validated and its applicability was tested in four different pistachio hull samples
from three different varieties. The phenolic composition of the hulls ranged between six and
10 per cent (w/w) and containing potentially bioactive phenolics such as gallic acid, penta-

O-galloyl-g-D-glucose, quercetin glycosides, and anacardic acids. Extraction and
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quantitation methodologies presented in this section are expected to be useful for future
studies on pistachio hull phenolics such as comparison of different varieties, production

years, or agricultural practices.

In Section 5, as an alternative to current poorly sustainable extraction processes requiring
the use of organic solvents, subcritical water (SCW) extraction technology was evaluated,
aiming at the production of value-added extracts rich in phenolic and antioxidant
constituents from pistachio hull. SCW extracts were prepared at temperatures ranging from
110 to 190 °C. The extracts and the extraction residues were analyzed in detail using HPLC-
DAD-ESI-MS" for their composition of phenolic compounds as well as possible degradation
products. Additionally, the antioxidant capacities of extracts were determined using three in
vitro assays. Furthermore, the efficiency of SCW extraction was compared to that of aqueous
methanol based ultrasound-assisted extraction developed in Section 4. SCW extracts were
up to 3.0-, 13.2- and 10.6-fold richer in total gallotannins, gallic acid, and penta-O-galloyl-
S-D-glucose contents, respectively, than those obtained by aqueous methanol extraction. In
addition, the SCW extracts were depleted in anacardic acids, being widely retained in the
SCW extraction residue, particularly, at lower temperatures. Thus, the proposed SCW
process allows the selective extraction of gallotannin/flavonoids, and their separation from
sensitizing and possible allergenic anacardic acids. However, SCW extraction should be
further evaluated in terms of other process parameters such as flow rate and extraction time
to have a better understanding of underlying extraction mechanisms. Moreover, evaluation
of scaling-up options and feasibility of SCW extraction for the recovery of phenolic and
antioxidant-rich extracts from pistachio hull should be evaluated before real-life application
of this technology. Although SCW extraction units are currently very rare due to their high
investment and operational costs in relation to the process requirements of high pressure and
temperature, advancements in SCW is only limited by the advancements in technology that

moves forward each day.

In summary, this thesis represents a detailed analytical report on the identification and
quantitation of phenolic constituents of P. vera L. hull extracts, providing information for
future studies on the utilization of pistachio hull phenolics. Moreover, the first assessment
of SCW extraction of phenolics and antioxidants from pistachio hull were accomplished,
creating a solid basis for future studies on not only the utilization of pistachio hull, but also

of other plant matrices rich in gallotannins, flavonoids, and anacardic acids. Although the
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initial objective of this thesis was exploring potential utilization of pistachio hull as a source
of phenolic antioxidants (Section 2.9), the scope of this thesis remained limited with
characterization and extraction studies due to the diversity and structural complexity of
pistachio hull phenolics, and challenges on their analysis. Noteworthy, extraction is only one
of the intermediate stages on the path of utilization of food and agricultural by-products as
previously stated by Galanakis in detail [257]. As a next step, further studies are expected
on purification, fractionation and/or isolation of pistachio hull phenolics together with
investigations on their biological activities aiming final product formulations with intended
biological activities. Based on the overview of the potential biological activity of pistachio
hull phenolics given in the theoretical background part of this thesis (Section 2), they may
find application, for instance, as a food preservative with antioxidant and antimicrobial
activities, or can be used as pharmaceutical, or nutraceutical agent due to their health-
promoting properties. However, despite the promising scientific results on pistachio hull
phenolics, utilization potential of pistachio hull is still limited by the fact that they have no
traditional use for human consumption. Therefore, current use of pistachio hull or extracts
derived thereof for food applications is restricted to the assessment of their safety for human

use.

Another limitation for the utilization of pistachio hull might be its seasonable production not
being concentrated in one location and processing unit. For instance, for the specific case of
Turkey, 80 000 tons of pistachio kernel production in 2014 can be estimated to produce
43850 tons of pistachio hull as a by-product [4, 22], however, distributed over a wide
geographical region in southeast part of Turkey with many small processing units
technologically differing. Therefore, characteristics, quantity and geographical distribution
of pistachio by-products (mainly hull) should be investigated prior to establishing a

processing unit for their utilization.

Finally, current trends in utilization of waste/by-products are directed towards to the next-
generation biorefineries that are capable of producing multiple value-added products to
increase feasibility and economic viability of this kind of processing units. Therefore,
pistachio hull should be further evaluated in this concept to explore its full potential.
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