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Maybe that’s enlightenment enough: to know
that there is no final resting place of the mind,

no moment of smug clarity. Perhaps wisdom ... is
realizing how small | am, and unwise, and how far
I have yet to go.

Anthony Bourdain



Abstract

Berry juice processing produces large amounts of food waste — berry press residues,
which consists of berry skins and seeds, potentially containing valuable components
and ingredients that could be used in other industries. Berry press residues could be
valorised through approaches defined by biorefinery concepts, adding additional value
and obtaining new, application-based extracts or their fractions. The aim of this thesis
was to evaluate the possibility to extract lipids and polyphenolics from berry press res-
idues and explore the application potential of these groups of substances. Lipid, includ-
ing, berry cuticular wax, compositional analysis revealed presence of large number
of lipophilic substances with various functions. The application of lipid extracts was
explored - specific fractions of lipid and wax extracts could be used as antimicrobial
agents in cosmetics or as additives in sunscreens to increase the UV-B blocking poten-
tial. Polyphenolic extraction was optimised using Response Surface Methodology to
achieve maximum extraction yields, concentrating on anthocyanins, which is the largest
polyphenolic group found in the berries. Polyphenolic extracts have been analytically
characterised showing the potential for berry press residue phytochemical extraction.
Application potential has been evaluated using in vitro cell differentiation tests, antiox-
idant capacity and anti-inflammatory properties. Moreover, the qualitative and quanti-
tative analysis of lipid and polyphenolic extracts can be used as a chemometric tool for
authenticity and place of origin testing.

Keywords: Vaccinium, berries, lipids, polyphenolics, application, valorisation,
biorefining

Anotacija

Ogu sulas parstrades procesa veidojas butiski atkritumu daudzumi - ogu spiedpa-
liekas, kas sastav no ogu mizam un séklam, un potenciali satur vértigus savienojumus,
kas varétu tikt izmantoti citas nozarés. Pielietojot biorafinésanas principus iespéjams
pieskirt pievienoto vértibu Siem atkritumproduktiem, iegtstot ekstraktus vai frakcijas
ar specifisku pielietojumu. Si promocijas darba mérkis bija izvértét lipidu un polifenolu
atgtsanas iespéjas no ogu spiedpaliekam un veikt atgtito savienojumu izmanto$anas
iespéju izpéti. Ogu lipidi, tai skaita virsmas vaski, satur daudzus lipofilus savienoju-
mus ar dazadam funkcijam. Lipidu ekstraktiem tika pieradita antimikrobiala aktivitate
un saules aizsardzibas ipasibas, atbalstot lipidu ekstraktu un to frakciju pielietojumu
kosmétika. Tika optimizéta polifenolu un antocianu ekstrakcija izmantojot Atbildes
virsmas metodi, kas Jauj iegiit maksimali augstu ekstrakcijas iznakumu. legttie, attiritie
polifenolu ekstrakti tika analitiski raksturoti un to izmantos$ana tika novértéta lieto-
jot dazadus in vitro Sinu testus. legutie rezultati par lipidu un polifenolu sastavu ogas
un to spiedpaliekas var tikt izmantoti ka riks, lai noteiktu ogu autentiskumu un izcel-
smes vietu.

Atslégas vardi: Vaccinium, ogas, lipidi, polifenoli, pielietojums, valorizacija,
biorafinésana
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Introduction

Waste as a by-product of industrial production and human consumption is one of
the major challenges today. Food production loss and waste constitutes to =~ 30 % of
the waste, leading to losses of valuable resources, but at the same time creating envi-
ronmental problems (FAO 2019). Existing food production, consumption and waste
management approaches evidently do not correspond to sustainable development
principles. The food waste and organic waste management problem becomes yet more
urgent considering the aim to abandon fossil material-based production and promote
bio-based economy - bioeconomy (EC 2018) and achieve climate neutral and resource
saving development (Green Deal 2019). However, to achieve transition to bioeconomy
much more knowledge and innovation is needed in respect to properties of materials
and production, waste management and processing. The keywords related to progress
of bioeconomy are biorefinery, valorisation and circular economy.

Berries, fruits and vegetables are amongst the most widely consumed foods and
their processing is related to a production of major streams of waste. Food waste comes
from the production of different products, such as juices, juice concentrates, canned
and dehydrated fruits and berries, jams and others (Campos et al. 2020). For example,
366 million tons of apples per year are produced and their processing to juice leaves
3-4.2 million tons of apple press residues also called pomace (FAO 2019). Berries
are becoming more and more popular and amongst them of are berries belonging to
Vaccinium species. Vaccinium berries (cranberries (Vaccinium oxycoccos L.), American
cranberries (Vaccinium macrocarpon L.), blueberries (Vaccinium corymbosum L.), bil-
berries (Vaccinium myrtillus L.), lingonberries (Vaccinium vitis-idaea L.) and bog bilber-
ries (Vaccinium uliginosum L.) are a traditional element of diet in Latvia as well as other
countries in NE Europe. Nowadays the interest about the phytochemical composition of
Vaccinium berries has significantly increased, reflecting the interest of society in natural
and healthy food and thus the interest in composition of berries and factors affect-
ing beneficial health effects has also grown (Nile and Park 2014). Wild and cultivated
Vaccinium berries are becoming commonly consumed products and thus the studies on
their composition are expanding to improve existing and develop new applications of
berries, their processing products and extracts. In this respect berry processing waste —
berry press residues — are of especial interest as they contain high amounts of bioactive
compounds with relevant chemical and nutritional value, such as lipids, polyphenolic
compounds, fibre and others and can serve as an excellent source of valuable ingredients
for food industries, health, cosmetics. From this perspective, not only the whole berry,
but their press residue studies (extraction and phytochemical analysis) are of impor-
tance and are becoming more relevant considering needs of natural product industry.
Despite significant achievements in the studies of Vaccinium berries, knowledge of their
composition, processing of their wastes, considering the concepts of circular economy
and berry waste biorefinery approaches, development of new fields of this processing
waste application is not widely explored.



Aim of the work

The aim of the thesis is to study composition of Vaccinium spp. berries, common
for NE Europe, as well as biorefining possibilities of their press residues to support
development of extract applications in bioeconomy.

Hypothesis

To achieve aims of food processing waste utilization, methods of berry press residue
valorisation and biorefinery should be elaborated, including in-depth study of obtained
functional ingredient composition and their bioactivities to identify application poten-
tial in food supplements, cosmetics and authenticity testing.

Tasks of the work

L.

Investigation of extraction, fractionation, purification and sample drying meth-
ods used for polyphenolic and lipid extracts prepared from whole berries and
berry press residues.

Optimization of environmentally friendly extraction methods of biologically
active substances from Vaccinium berries and their press residues according to
biorefinery concept.

Development of polyphenolic extraction procedure from berry press residues
using intensive extraction methods.

Characterization of the chemical composition of the studied berry polyphenolic
and lipid extracts.

Investigation of prepared extract and extract fraction biologically relevant activ-
ities to support the use of berry functional ingredients for nutraceutical and
cosmeceutical applications.

Scientific novelty

L.

5.

Development and optimization of extraction methods for polyphenolic extrac-
tion from Vaccinium spp. berries and their press residues.

Development of lipid extraction methods from Vaccinium spp. berries and their
press residues.

In-depth analytical characterization of polyphenolics and lipids obtained from
Vaccinium spp. berries and their press residues: identification and quantification
of biologically active substances.

Elaboration of berry and their press residue extract biological activity guided
fractionation methods.

Development of Vaccinium spp. berry and their extract authentication methods.

Applied significance of the study

L.

Development of food waste (berry press residues) biorefinery approach: elabo-
ration of environmentally friendly technologies for berry juice production waste
processing.

Demonstration of beneficial uses for Vaccinium berry extracts and their
fractions.

Development of berry extract application prototypes.
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Article 2: Conceptualisation 80%; Methodology 90%; Experimental work 90%; Data
analysis 100%; Writing (original draft preparation, review, editing) 90%; Visualis-
ation 100%.

Article 3: Conceptualisation 90%; Methodology 80%; Experimental work 60%; Data
analysis 100%; Writing (original draft preparation, review, editing) 90%; Visualis-
ation 100%.

Article 4: Conceptualisation 20%; Methodology 40%; Experimental work6%; Data anal-
ysis 50%; Writing (original draft preparation, review, editing) 30%; Visualisation 30%.

Article 5: Conceptualisation 90%; Methodology 100%; Experimental work 100%; Data
analysis 100%; Writing (original draft preparation, review, editing) 90%; Visualis-
ation 100%.

Article 6: Conceptualisation 20%; Methodology 50%; Experimental work 60%;
Data analysis 50%; Writing (original draft preparation, review, editing) 30%; Visual-
isation 30%.

Article 7: Conceptualisation 40%; Methodology 60%; Experimental work 70%;
Data analysis 70%; Writing (original draft preparation, review, editing) 30%; Visual-
isation 40%.

Article 8: Conceptualisation 70%; Methodology 80%; Experimental work 80%; Data
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Structure of the thesis

Due to the complexity of the studied material, each compound group of interest was
studied accordingly to a pre-determined preliminary study plan (Figure 1.1).
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Figure 1.1. Preliminary structure for the scientific publication collections on lipids, waxes

and polyphenolics of Vaccinium spp. berries.

The topics of the thesis have been divided into 5 subtopics which are represented
by several published scientific articles. Articles 1-3 concentrate on berry lipids,
4-7 berry wax, 8-12 berry polyphenolics, 13 trace elements and stable isotope contents

(Figure 1.2).

Figure 1.2. Main topics of the published scientific articles within the scope of
the dissertation.

The Results and Discussion (Section 3) has been built according to the structure
presented in Figure 1.2 where the extraction, characterisation and application of each

compound class have been highlighted.
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1. LITERATURE REVIEW

1.1. Food waste problem and biorefinery as a tool to solve it

To achieve aim of the sustainable development, one of pre-conditions is rational
use of resources, avoiding excessive formation of waste or developing technologies of
their processing. Food waste is social, economic and environmental problem as from
produced food = 30 % is lost as waste, leading to losses of valuable resources, but at
the same time creating environmental problems (FAO 2019). Also, in Latvia signif-
icant part of the produced food is lost as a waste (Tokareva and Eglite 2017), how-
ever, the losses during food production are not accounted. Existing food production,
consumption and waste management approaches thus evidently do not correspond to
sustainable development principles. The food waste and organic waste management
problem becomes yet more urgent considering aim to abandon fossil material-based
production and promote bio-based economy - bioeconomy (EC 2018), but to achieve
optimal use of biological resources circular economy concept can be used. Circular
economy is an efficient use of resources, applying green chemistry principles, leading
to development of new business models and creation of innovative employment oppor-
tunities beyond other benefits (MacArthur 2013).

The major challenge to achieve transformation of the food production and process-
ing approach is in the development of the new understanding of valuable ingredients
in food and thus in food waste. Food processing logistics internally includes the con-
cept of extraction of materials traditionally valued as food and thus only a part of
the valuable material is consumed. Traditionally as the most important ingredients of
the food are considered fats, carbohydrates and proteins, however, nowadays this con-
cept is outdated. Also, food components, such as fibres, phenolics and many others are
gaining value. Yet more, the impact of minor food components with positive impact on
the human health is recognised. Terms such as functional food (food claimed to have an
additional function related to health-promotion or disease prevention) or nutraceuticals
(a broad umbrella term that is used to describe any product derived from food sources
with extra health benefits in addition to the basic nutritional value found in foods) are
becoming a trend in the food and health industries.

A total revision of the food waste concept is needed, and this problem is relevant at
first in respect to fruit waste. Fruits are amongst the most widely consumed foods and
their yearly production reach hundreds of millions of tons, but the amount of waste
only in biggest producer countries reach 55 million tons (Wadhwa and Bakshi 2013).
A large proportion of these wastes are dumped in landfills or rivers, causing environ-
mental hazards. At the same time, fruit processing waste contains, for example, fruit
seeds (contains proteins, lipids, nucleic acids and other valuable ingredients), fruit peels
(contains polysaccharides, polyphenolics, alkaloids and others). However, to made fruit
processing industry sustainable and implement circular economy principles there is
a need: 1. to identify the valuable components of the fruit waste; 2. to develop inno-
vative technological methodologies to change the flows of waste streams and recover
valuable ingredients.
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An approach which can address the fruit waste processing challenge is biorefinery.
Biorefinery is a sustainable processing of biomass into a spectrum of bio-based prod-
ucts (food, feed, chemicals, materials) and bioenergy. Biorefinery can provide multiple
chemicals by fractioning an initial raw material (fruit and fruit waste biomass) into mul-
tiple intermediates (carbohydrates, proteins, triacylglycerols) that can be further con-
verted into value-added products (Cherubini 2017; Pratima 2013). Substances obtained
using biorefinery approach can be used directly, for example, as nutraceuticals, but also
to replace synthetic chemicals (Table 1.1.).

Table 1.1. Application possibilities of fruit waste processing products.

Source Processing Product Fie'ld (?f Reference
waste application

Blackberry Pulp Phenolics, xylitol ~ Nutraceutical =~ Davila et al. 2017

Mango Peels Phenolics, tannin  Food industry ~ Rojas et al. 2018

Grapes, apples ~ Pomace Bioethanol Fuel Cherubini 2017

Pineapple Peel, stem  Bromelain Biotechnology =~ Campos et al. 2019

Apples Peel, stem  Pectin Food industry ~ Virk and Sogi 2004

Citrus fruits Pomace B}oethanol, Fuel Taghizadeh-Alisaraei

biogas etal. 2017

Grapes Pomace Fibres Food industry ~ Deng et al. 2011

Melon Seeds Oil Food Mallek-Ayadi et al.
2018

Melon Pulp, skin  Cucumisin Dairy industry ~ Gagaoua et al. 2017

Aronia Pomace Phenolics Biomedicine Angelini et al. 2019

Fruits Waste Feed Husbandry Wadhwa and Bakshi
2013

Fruits Seeds Biodiesel Fuel Gérnas and Rudzinska
2016

Tomato Peel Lycopene Biomedicine Ho et al. 2015

Bilberries Pomace Phenolics Biomedicine Ravi et al. 2018

Traditionally fruit waste is used for production of biofuel. Fruit biomass processing
can help to replace oil with biomass as raw material for fuel and reduce the consumption
of fossil fuels. In biorefinery, almost all the types of biomass feedstocks can be converted
to different classes of biofuels (methane, biogas, bioethanol, hydrogen, biodiesel as well
as solid biofuels, for example, biochar) applying elaborated conversion technologies
(Cherubini 2017). Techno-economic and profitability analysis of food waste biorefinery
to biofuels demonstrates profitability of this approach, at first considering possibilities
to use known technologies and high requirements of the market (Cristobal et al. 2018).
At the same time from the plant biomass to produce biofuel dominantly carbohydrates
are used and more complex compounds (for example, enzymes, alkaloids and others)
during treatment process are destroyed. Also, the scale of the fuel production makes
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biofuel production from fruit wastes profitable only if significant amount of fruit wastes
is available (as it is in case of pineapple, orange, mango and similar fruit processing).

Soil pollution is a global problem which is addressed in many developing and devel-
oped countries. Common soil pollutants include toxic compounds and chemicals, heavy
metals, pathogenic fungus and bacteria (Mareddy et al. 2017). As the soil pollution has
been a persistent problem in regions with intensive agricultural practices, many effec-
tive soil remediation strategies have been successfully developed and applied. Modern
soil remediation practices enhance the overall quality of the soil by altering its structure,
microbial communities and increase the fertility, as major factors in the used practices
the environmental safety and low cost must be considered (Beesley et al. 2014; Maiti
and Ahirwal 2019). At present, food and vegetable wastes are used as soil amendments
to increase the concentration of organic matter and nutrients in the soil (Banerjee et al.
2017). Despite the benefits offered using fruit waste as soil amendments, care must be
taken, in order to preserve the natural soil characteristics. Often food and vegetable
waste are biologically unstable, they can contain microorganisms that could contam-
inate the soil and disrupt the native soil microbiome. Moreover, the pH level of fruit
wastes can be acidic, therefore it is recommended to mix the fruit and vegetable waste
with charcoal, wood ash or compost to reduce the possible impacts of low pH (Burgos
et al. 2010; Ajila et al. 2012).

Fruit and vegetable wastes contain large number of valuable compounds; however,
the processing of this material is limited due to various factors, including the transpor-
tation to the processing sites and microbial instability (Plazzotta et al. 2017). Processed
fruit wastes contain residual moisture and very often are high in carbohydrates, which
can lead to rapid microbial spoilage, rendering the potentially useful waste useless. To
overcome the issue of fruit and vegetable waste “shelf-life”, the produced waste can
be dried and ground to flour, which can then be transported more easily and used
for various purposes, for example, for use in food products, as soil amendments, for
pharmaceutical applications, additives to animal feed (Santana et al. 2017; Roberta
et al. 2014; Ferreira et al. 2015). Another investigated application of fruit and vegetable
waste flours is the absorption of heavy metals, they are porous and fibrous which can
increase the adsorption process and yield. Chemical compounds (pectins, cellulose,
lignin) found in the flour contain hydroxyl and carboxylic groups, which could bind
heavy metals, also proteins containing sulphur, phosphate, amino groups and polyphe-
nolic substances can adsorb heavy metals (Ghimire et al. 2003; Meena et al. 2005). In
case fruit and vegetable flour would be used as heavy metal sorbent, several factors
should be considered - availability of the material used, environmental factors, con-
centration of heavy metals, pH of the used material., particle size (for the purpose of
further clean-up), temperature (Pavan et al. 2006; Azouaou et al. 2008, 2010).

Evaluation of fruit waste utilization to develop new products with nutritional and
functional properties (functional foods) for human consumption are being widely
studied. Studies where fruit waste flours are used as main ingredient in healthy snack
bars, bread, cookies, show that this refined by-product has the potential to be used as
functional ingredient - the prepared food articles are rich in fibre, vitamins, minerals,
protein, polyphenolics (Ferreira et al. 2015). Artificial flavourings, colour enhancers
and other additives have been found harmful, when ingested regularly and in high
doses, therefore the interest in the utilisation of natural food additives is increasing.
Extracts prepared from agro food by products and waste are already used as healthier
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alternatives, for example, beetroot betalains, eggplant anthocyanins, tomato lycopene
(Rizk et al. 2014; Faustino et al. 2019; Gengatharan et al. 2015). The added food waste
extracts can act as flavouring, colouring agents, as oxidants, emulsifiers, firming, bulk-
ing and texturizing agents (Faustino et al. 2019). Fruit wastes contain skins and seeds
of the plants, this type of biomass has residual carbohydrates and often are highly aro-
matic, the natural flavour contained within the fruit wastes allows this material to be
used as part of juice, jams, as well as, for fermenting of alcoholic beverages (wine, beer,
cider and distillation musts) (Majerska et al. 2019; Benvenutti et al. 2019). Certain fruit
and vegetable wastes contain antioxidants in high concentrations, which can act as
preservatives for food industry, considering this, shelf-life of meat products has been
increased by addition of fruit or vegetable wastes. This approach increases the pathogen
resistance (reduces their growth), retards oxidation, increases antioxidant capacity and
nutritional value, when added to fish products, water retention has been increased and
lipid oxidation reduced (Sanchez-Alonso et al. 2007; Lorenzo et al. 2017; Fernandez-
Lépez et al. 2008).

Potential of fruit and vegetable waste use has been established as a safe and econom-
ically viable alternative to synthetic food additives. Presence of dietary fibre, enzymes,
sugars, polyphenols, minerals, oils and vitamins in this biomass indicates the possi-
ble utilisation potential in different industries (food, cosmetics, agricultural, dairy).
Noteworthy is the fact that many of the substance groups found in fruit and vegetable
wastes have proven health benefits, which is an attractive trait in production of func-
tional foods. In order to prepare functional ingredients from waste biomass it is impor-
tant to improve the drying, storage and extraction techniques used. Selective extraction
procedures should be developed to improve extraction yield and improve purity of
the final product. Circular economy approaches should also be taken into account when
developing such methodologies - local fruit and vegetable wastes, which are cultivated
or grown in the wild in specific geographical regions, should be processed close to
the origin of the biomass, therefore reducing the costs and increasing the socio-eco-
nomic benefits of biorefinery of fruit waste and by-products.

The biorefinery concept can be oriented towards recovery of added value compo-
nents with diverse application potential. The aim of the biorefinery process accordingly
to this approach is to obtain maximally full spectra of substances or groups of sub-
stances with an application potential in bioeconomy. Thus, such biorefinery concept
fully corresponds to bioeconomy concept and is aimed at the full use of substances
present in fruit biomass. The direction of total biorefinery process can start with the iso-
lation of most labile compounds (usually enzymes and other proteins), followed by
alkaloids, phenolics and lipids, and ending up with more stable compounds, such as
polysaccharides and fibres (Banarjee et al. 2017). However, this biorefinery strategy
can be considered as more or less theoretical concept, as attempt to isolate everything
most probably will not be feasible from the perspective of real production econom-
ics (Bilal et al. 2020). Still demonstration of recovery of possibly highest number of
valuable components from fruits and fruit waste is exciting demonstration of power
of biorefinery concept. Another biorefinery strategy concentrates on the isolation of
substances considering their market potential and economically most rational isola-
tion (extraction) technology. Accordingly to this concept the attention is focused on
the isolation of one or few components from a fruit/fruit waste biomass, but the waste-
of-waste is finally processed to fuel (usually bioethanol) or used as feed or composted.
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Presently this approach is the most popular one and the groups of substances of interest
with higher added value and application potential are enzymes (bromelain, cucumisin,
antifungal peptides and others) (Campos et al. 2019; Gagaoua et al. 2017; Pelegrini
et al. 2006), antioxidants (different polyphenolic compounds) (Fernandez-Ponce et al.
2012; Lorenzo et al. 2018; Angelini et al. 2019; Ravi et al. 2018), pectin (Virk and Sogi
2004; Maran et al. 2014), oils and fats for application in health care, cosmetics and as
food (Gaur et al. 2004; Mandawgade and Patravale 2008; Ho et al. 2015) essential oils
(Yu et al. 2007) and other groups of substances.

Amongst key factors affecting the development of biorefinery methods and imple-
mentation of biorefinery technologies is the impact of the process on the environment
(Bilal et al. 2020). Considering this, the recent developments consider use of environ-
mentally friendly extraction methods, for example, use of extraction with supercrit-
ical fluids (Lizcano et al. 2019; Yu et al. 2007), use of low-toxicity solvents (Xu et al.
2016; Mohtar et al. 2017), innovative biomass treatment methods (Ho et al. 2015; Ravi
et al. 2018), enzyme assisted extraction (Maier et al. 2008) and other methods.

1.2. Wild and cultivated berries in bioeconomy of Latvia

An approach to address the ecological, environmental, energy, food supply and
natural resource challenges that Europe and the world are facing is bioeconomy.
Bioeconomy is “the production of renewable biological resources and the conversion
of these resources and waste streams into value added products, such as food, feed,
bio-based products and bioenergy. Its sectors and industries have strong innovation
potential due to their use of a wide range of sciences, enabling and industrial technol-
ogies, along with local and tactic knowledge” (Innovating for Sustainable Growth -
A Bioeconomy for Europe” 2012). Innovative biological and technological research and
development of new methods can support both intensive and still sustainable produc-
tion. Use of biomass and its processing can change the industrial resource base and con-
tribute at the development of climate neutral society as well as to conserve the Earth’s
non-renewable resources. Thus, the bioeconomy offers an opportunity to reconcile eco-
nomic growth with environmentally responsible action and is one of EU strategic aims
of development (A sustainable bioeconomy for Europe 2018).

Development of bioeconomy is identified as one of the strategic targets of the sus-
tainable development of Latvia (National Strategy of Bioeconomy 2030). The National
Bioeconomy Strategy calls for a bioeconomy as a key element for smart and green
growth, that will allow to improve the management of renewable biological resources
and to open new and diversified markets in food and bio-based products. Establishing
a bioeconomy in Latvia holds a great potential as it can maintain and create economic
growth and jobs in rural, coastal and industrial areas, reduce fossil fuel dependence and
improve the economic and environmental sustainability.

The key for success of bioeconomy is to develop new biorefining technologies to
sustainably transform renewable natural resources into bio-based products, materi-
als and fuels. To achieve the aims of bioeconomy research and innovation is needed
(van Lancker et al. 2016), supporting creation of new knowledge, new products,
new technologies as well as replacing fossil material-based products with biomateri-
al-based ones.
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A prospective product for development of bioeconomy are berries (Berry Fruit...
2007). Berries are highly valued, considering their appearance, taste and nutritive prop-
erties and health benefits of their consumption. Such berries as grapes are cultivated
for thousands of years and their consumption and processing by itself is an industry,
but also berries, common in Northern regions, such as cranberries are cultivated in
significant amounts. For development of bioeconomy of Latvia of especial value are
berries belonging to Vaccinium spp. These berries include bilberries, lingonberries, bog
cranberries, bog bilberries, American cranberries, blueberries and others. These berries
are native in Latvian forests and bogs or they are cultivated successfully in local farms.
Traditionally these berries are consumed fresh or made into jams, more recently a vari-
ety of products containing Vaccinium berries are developed and sold - juices, dairy
products, cosmetic products, functional foods, food supplements and others. The pro-
cessing of fresh berries into different refined products inevitably leads to production
of fruit waste. The ability to offer a complete refinery of a particular biomass could be
solved by biorefinery approaches. Due to the potential of Vaccinium species berries,
their polyphenolic and lipid contents, local production and wide availability, these plant
species should be evaluated for their prospective biorefinery solutions in order to pro-
mote practices of bioeconomy (Figure 1.3).
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Figure 1.3. Vaccinium berry press residue utilisation potential.
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Polyphenols

Several examples exist where berry press residues (or other types of berry wastes) are
used as starting point for refining of valuable, natural substances. Consumer demand
for natural, instead of synthetic, food components is driving market for several plant-
based food additives. Various extraction methods are being tested in lab- and pilot-scale
plants in order to retrieve functional or bioactive ingredients or use berry pomace as
food ingredient. Blueberry wine pomace has been processed using ultrasound-assisted
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Table 1.2. Berry pomace used for the extraction of specific groups of compounds.

Type of waste Compound of interest Reference
Bayberry pomace Anthocyanins, flavonols Zhou et al. 2009
Chokeberry pomace Flavanoids Vauchel et al. 2015
Black currant pomace Total polyphenols, Galvan D’Alessandro et al.

anthocyanins 2014
Total polyphenols,
Blueberry pomace otal po yPhenos Paes et al. 2014
anthocyanins
Blueberry and cranberry Procyanidins Khanal et al. 2010
powder
Blueberry pomace Procyanidins Khanal et al. 2009

Chokeberry pomace

Polyphenolics, procyanidins

Mayer-Miebach et al. 2012

Cranberry, raspberry pomace

Total polyphenols, phenolic
acids

Laroze et al. 2010

Cranberry pomace Quercetin Raghavan and Richards 2007
Cranberry pomace Proanthocyanidins Roopchand et al. 2013
Cranberry pomace Procyanidins White et al. 2010a
Strawberry pomace Ellagitannins, ellagic acid Juskiewicz et al. 2015

Blueberry, blackberry pomace

Total polyphenolics

Salaheen et al. 2014

Blackcurrant, redcurrant,
chokeberry, rowanberry,

Fats, total polyphenolics, fibre

Reifiner et al. 2019

gooseberry pomace

Fibre Quiles et al. 2018
Salaheen et al. 2016

Salaheen et al. 2017

Chokeberry, black currant

Blackberry, blueberry pomace Polyphenolics

Blackberry, blueberry pomace Phenolic acids

extraction of anthocyanins, which has been demonstrated to be an efficient, economic
and environmental extraction technology, at the same time reducing amount of pro-
duced waste (He et al. 2016; Bamba et al. 2018; Hu et al. 2019). Blueberry pomace
extraction techniques are optimised using Response Surface Methodology (RSM) by
Box-Behnken experiments and the obtained extracts are turned into free-flowing pow-
ders for improved shelf-life and easier handling (Meng et al. 2014). In another study
use of blueberry pomace was investigated as potential source of fibre to be used in
baked products (value added gluten-free cookies), antioxidative properties of blueberry
pomace were also considered (Curutchet et al. 2019; Sari¢ et al. 2016). New extraction
approaches are being developed, these methods do not use toxic solvents, they are eco-
nomically feasible and fast, however, they must be tested and optimised for the specific
biomass to be used for valorisation. Bilberry pomace has been extracted using micro-
wave assisted hydro-diffusion with subsequent ultrasound and bead milling extraction
for complete valorisation of the pomace - in this process a variety of polyphenolics
and lipids were retrieved (Ravi et al. 2018). American and wild (bog) cranberries and
their extracts are known for their use in the treatment and prevention of urinary tract
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infections (Jepson and Craig 2007), more recently the use of these extracts have been
evaluated for food preservation. Cranberries are processed by the juice industry, which
leads to the production of cranberry pomace. Extracts of cranberry pomace have been
evaluated for their antimicrobial effects in minced pork, providing a safe alternative
to synthetic preservatives and additives (Gniewosz and Stobnicka 2018; Stobnicka and
Gniewosz 2018). Berry wastes are rich sources of various phytochemicals that can be
either used as is or extracted for their valuable ingredients (Table 1.2.). As some of
the berries in question are mass-produced, also the amount of waste available is con-
siderable, therefore, the feasibility and prospects of berry waste valorisation must be
considered.

1.3. Vaccinium spp. berries and their traditional uses

A natural resource found in the bogs and forests of Latvia are berries. Berries are
traditionally used as food and in ethnomedicine. In the present day the use of wild and
cultivated berries in food industry, biopharmacy, cosmetology is gaining more recog-
nition and attention due to the proven health benefits of berry consumption. There are
more than 450 species belonging to the Vaccinium species (Ericaceae family) (Abreu
et al. 2014). Natural habitat of this genus is the Northern Hemisphere, however, approxi-
mately 40 species have been found native to the Neotropics (Mexico, Argentina, Guyana)
(Lutein 2007). The most notable species of wild and cultivated berries associated with
health benefits belong to the Vaccinium spp. (Nile and Park 2014; Skrovankova et al.
2015). The most recognized members of this genus are bilberries, blueberries, lingon-
berries and cranberries (Abreu et al. 2014). Approximately 36 Vaccinium species are
used in ethnomedicine with more than 70 different claimed effects. The proposed
effects are mainly connected with the digestive system, urinary tract diseases and endo-
crine/metabolic systems. The highest number of uses per species have been recorded for
lingonberry, bilberry, and bog bilberry - the fruits of these plants (berries) are mostly
used as food and medicals, while the use of leaves is entirely for medicinal purposes.
The ethnobotanical uses of different plants are basis for establishing criteria for valid
sources of potential investigations that could be conducted to find bioactive compounds
(Abreu et al. 2014).

Vaccinium myrtillus — bilberry

Bilberry is a low-growing shrub (height 15-20 c¢cm) that can be found across
Northern Europe, North America and parts of Asia. This berry is often confused with
blueberry, they are closely related, however, the berries of bilberry are smaller, and
they have pigmented flesh. Bilberries can be found in coniferous and mixed forests
and grows well in shade covering up to 100% of the forest floor. The berries are round,
approximately 5-9 mm in diameter, they are dark purple to nearly black with whitish
(glaucous) wax layer. Bilberries are considered one of the richest sources of anthocya-
nins in human diet (500 mg per 100 g of berries) (Zoratti et al. 2016). The high level of
anthocyanins in bilberries is associated with its high antioxidative potential and other
health benefits - most commonly bilberry consumption is known for improving vision.
In Latvian traditional medicine leaves and fruits of bilberry plant are used (Rubine un
Enina 2004; Ancevska 2020). Bilberry fruits are used to lower the blood-sugar levels,
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to treat and prevent acute and chronic gastrointestinal irregularities. Bilberry extracts
have been used to stop hiccups and to treat vitamin C deficiency. Presently bilberries,
especially those originating in Northern Europe, are associated with increased health
benefits and a wide variety of blueberry containing food supplements are available. In
consumer products bilberries are widely used due to their colour enhancing properties
and mild, pleasant aroma.

Vaccinium oxycoccus — bog cranberry

Cranberries have had important roles in the traditional health and culture of indig-
enous people across Northern hemisphere (Brown et al. 2012; Abreu et al. 2014).
Indigenous people of North America have consumed berries fresh, stewed with fish,
eaten with meat, fresh or dried fruit were stored for winter in birch bark baskets under-
ground (Brown et al. 2012). Bog cranberries were used to for treatment of mild nausea.
Patches of berry plants have been considered the property of a family and passed through
generations as fruit was picked in the fall, made into jelly or dried with other fruits
(Moerman 2004). Drinks made of bog cranberries were common among the peasantry
in Scandinavia as they do not require any sugar and it was a way to save the berries for
the winter (Svanberg 2012). Also, in North of Russia wide use of bog cranberries was
common (JIe6enesa n Tkauenko 2016; Belichenko et al. 2021). In Latvia ethnomedicine
bog cranberries were used against colds (Anc¢evska 2020). Berries has been used also for
treatment of skin disorders (dermatitis, irritations and others) (Mamedov et al. 2005) and
in Northern Europe they have been considered of major importance considering diver-
sity in applications and economical potential of berry use (Pieroni and Séukand 2018).

Vaccinium macrocarpon — American cranberry

American cranberries are particularly popular due to their availability for consump-
tion. In Latvia these berries are grown in cultivated bogs. American cranberry is an
evergreen shrub with vines reaching up to 1 m in length. The berries are consumed
fresh or candied, cranberry juice, due to its food preserving abilities is used as a natu-
ral additive to other juices and products. Extracts (also juice) of American cranberry
are used as nutraceuticals in modern and traditional medicine in North America to
treat and prevent urinary tract infections (UTT’s) caused by E.coli (Shaheen and Noreen
2016). Ethnomedicine suggests the use of cranberry juice as a probiotic to avoid imbal-
ance in the gut microbiome, however the major field of use is as a rich source of vita-
mins, at first - vitamin C.

Vaccinium vitis-idaea - lingonberry

Lingonberries can be found across whole Latvia, they grow in coniferous and mixed
forests, bogs, felled forests, it is up to 25 cm high evergreen shrub with lifted, woody
branches. Lingonberry flowers are bell-shaped, white to pale pink and produced in
the early summer. The fruit is red berry with an acidic taste, ripening in early autumn.
Lingonberry leaf tea is most often used in traditional medicine to treat gout, or as a diu-
retic agent to treat kidney stones (Ancevska 2020). Berries are used as an anti-inflam-
matory agent to relieve high fever and to increase appetite (Enina 2017). Lingonberries
helped to inhibit mold growth as well as lingonberry extract (teas) strongly deterred
the growth of bacteria that commonly cause food poisoning. Currently, lingonberries
are mostly used in juices, jams and as anti-inflammatory dietary supplements.
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Vaccinium corymbosum — blueberry

Similarly, to the American cranberry, also blueberries are cultivated. This species is
native to the North America and in Latvia they are grown in raised bogs. Blueberries,
depending on the variety, are 2-4 m high bushes, they blossom in May and can give
harvest starting from end of June to late August. Due to the efforts put into the selec-
tive work to produce berries with favourable traits, the harvest yields are rather high,
compared to other cultivated berries. Berries are mostly consumed fresh or to produce
blueberry juice, which is later supplemented with bilberry juice to give the characteristic
dark purple colour. Both leaves and berries are used in the traditional medicine to treat
diarrhoea, atherosclerosis, eye diseases, diabetes (Shaheen and Noreen 2016).

Vaccinium uliginosum — bog bilberry

Bog bilberry or bog whortleberry is common in Europe, North America and Asia,
it is a deciduous shrub that most often grows on the edge of peat bogs and forests with
high humidity (rarely found in dense woodlands or shaded habitats) (Latti et al. 2010).
The bog bilberry bush is usually 70-100 cm high, the flowers bloom in May with a pleas-
ant, aromatic perfume. The flowering of these berries very often coincides with late
spring frosts, therefore the amount of harvested berries is inconsistent from year-to-
year. The leaves are oval, flowers are pendulous, urn-shaped, pale pink. The berries are
oval with white flesh and can be distinguished by their almost whitish glaucous appear-
ance (the wax layer of the berry), while the berry when touched reveals dark-blue skin
(Jacquemart, 1996). Berries ripen in late summer - early autumn. Berries of bog bilberry
have been used in the traditional medicine of Poland (Luczaj and Szymanski 2007), Japan
(Masuoka et al. 2007), China (Li et al. 2011), Canada and Finland - they are an excellent
source of vitamin C (Fediuk et al. 2002). In traditional medicine leaves and berries of
bog bilberry are used to treat cystitis, gastritis, regulate intestine functions (Abreu et al.
2014). Bog bilberry is native to Northern Hemisphere and in Latvia can be found in bogs
as it prefers acidic soils, however, they are less common than other Vaccinium species.

1.4. Chemical composition of Vaccinium berries

Consumption of berries is recommended by the dietary guidelines worldwide,
whether they are fresh, frozen or processed into various products, consumption of
berries provides the nutrients and phytochemicals for healthy diet (Bazzano 2005).
The health industry has marketed the use of various food supplements and dietary
ingredients as alternatives to fruit and berry consumption, fresh products are often
seasonal therefore the use berry extracts is increasing. The health benefits associated
with berry consumption are due to the high concentration of polyphenolics, antioxi-
dants, minerals, vitamins and fibres (Strik 2007). Small fruits contain a large variety of
phytochemicals — essential minerals, vitamins, phenolic acids, anthocyanins, flavonols,
flavones, flavanols flavanones, which have been demonstrated to have different activities
and functions within the human body (Moyer et al. 2002; Manach et al. 2004). Berries
contain around 15% soluble solids (mainly carbohydrates - fructose) (Ramadan et al.
2008). The rest of the soluble matter is phytochemicals with especially wide diversity of
polymerised (conjugated) polyphenolics with various degrees of oxidation and substi-
tution patterns including glycolysation and other substituents (Seeram 2008).
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1.4.1.Basic composition of Vaccinium berries

Functional Vaccinium berry components have received major attention, as they
determine the berry application potential. Significantly less studied is the berry com-
position from perspective of their biochemistry and nutritional value. In general,
Vaccinium spp. berries contain moderate amounts of carbohydrates, proteins and fibres
with low calorific value, therefore berries of this species are considered dietic and rec-
ommended as part of weight-loss diets (Table 1.3). Essential and other amino acids
have been studied in American cranberries (Dorofejeva et al. 2011) and concentrations
as high as 2 g/100 g (dry weight) have been found with leucine and lysine at highest
concentrations. Also, in blueberries 12-16 free amino acids were found (essential and
non-essential) with arginine at the highest concentration, however, their concentra-
tions much depends on the cultivar (Moon et al. 2013; Zhang et al. 2014; Song et al.
2014). During drying of berries, formation of furoylmethyl amino acids was noted
(Michalska et al. 2018). Protein concentration in dried cranberries can reach 2.2 g/100 g
(dry weight) (White et al. 2010a). Sequencing of several Vaccinium berries genome
also has been done: American cranberries (Polashock et al. 2014), blueberries (Die and
Rowland 2014), bilberries (Suvanto et al. 2020), lingonberries (Wang et al. 2017) indi-
cating that there is general interest in the berries of this species and the genetic material
has breeding and gene editing potential (Giinther et al. 2020).

Table 1.3. Composition of general nutritional factors in Vaccinium spp. berries.

Nutrient Unit Bilberry! é:::;rei:ra;lz Blueberry? crarllsl;) egr ryt Lingonberry® bil]li:rg} ¥
Energy  kcal 51 44 57 46 53 52
Water g 84 83 85 83 82 85
}?;‘:r’;t'es g 7.1 11.6 10 9.2 11.5 11.8
Proteins g 0.7 0.4 0.7 0.4 0.8 0.6
Fat g 0.6 0.1 0.3 0.2 1.2 0.4
Fibers g 5.5 4.4 2.4 4.6 3.7 52

1Zoratti et al. 2016; 2McKay and Blumberg 2007; 3 Zorenc et al. 2016; “Brown et al. 2012; >Bujor et al.
2018; °Colak et al. 2016

Nutritional value of fruits and vegetables depends on the growth conditions in
the specific place of origin. Quality of nutrition for cultivated berries can be increased
using nutrient and micro-element rich fertilisers, specific cultivar, choice of soil, water-
ing practices and cultivation method used. Nutritional value of wild berries can differ
depending on the place of origin, as has been showed in the case of bilberries (Zoratti
etal. 2016) and the weather conditions (sunshine, precipitation, overall average temper-
ature, sun radiation). Lack of studies where the nutritional value of less commercially
important Vaccinium species have been studied, doesn't allow adequate comparison of
the variability in these general factors.
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1.4.2.Vitamins

Vitamins are a crucial component of a properly functioning human body, they help
in maintaining physiological functions of the body, they reduce inflammation and
boost the immune system. Some vitamins can also act as antioxidants and therefore
help in relieving oxidative stress which can be the cause of chronic heart diseases, dia-
betes and cancer. Berries contain high levels of vitamins C, A, E and different types
of vitamin B (Hakala et al. 2003; Skupien and Oszmianski 2004). The main vitamin
found in berries and fruits, is the vitamin C - it is a natural antioxidant with various
actions in human body, however, it must be noted that the levels of this vitamin largely
depend on the species, variety, cultivation practices, ripeness and storage (Pantelidis
et al. 2007). In cases where berries have been processed or dried the samples must be
re-evaluated after the preparation process, as vitamin C is sensitive to oxidation and
temperature degradation (Dorofejeva et al. 2011). For example, American cranberries
contain vitamin A (3 ug/100 g fresh berries), vitamin C (12.6 mg/100 g), vitamin E
(1.14 mg/100 g), lutein and zeaxanthin (86.45 pg/100 g), B-carotene (34.2 pg/100 g)
(McKay and Blumberg 2007). Bilberries are reported to contain a variety of vitamin B
types (B6 - 0.07 mg/100 g; B2 - 0.05 mg/100 g; B1 - 0.03 mg/100 g; B7 - 1.1 ug/100 g),
vitamin A (5 pg/100 g), vitamin K (12 pg/100 g), vitamin E (1.9 mg/100 g), vitamin C
(15 mg/100 g) (Zoratti et al. 2016). Although vitamins are highly regarded as an impor-
tant group of substances that are essential for human metabolism, their concentrations,
and contents in Vaccinium berries are not widely studied as the main compounds of
interest, with most potential bioactivities are polyphenolics.

1.4.3. Macro- and trace elements

Berries contain both macro- and trace elements — concentration of these substances
largely depend on the soil in which the plant has been growing as well as elemen-
tal composition of atmospheric precipitations. Main macroelements found in berries
are potassium (K), magnesium (Mg), iron (Fe), copper (Cu), phosphorus (P), calcium
(Ca), manganese (Mn), aluminium (Al) and sodium (Na). Compared to other fruits,
some berries are also known for the ability to accumulate large quantities of specific
elements, for example, iron, copper, sodium, aluminium (Chandler 1944; Rodushkin
et al. 1999). In traditional medicine the use of Vaccinium berries in cases of increased
menstrual bleeding is often mentioned, which is believed to re-new the iron reserves
in the body. In human diet different minerals are involved in physiological and bio-
chemical processes, for example, development of bones and teeth, they provide strength
for the muscles, they act as crucial cofactors for enzyme activation/inactivation and
regulate functions of hormones (Wach and Blazewicz-Wozniak 2012; Rohloff et al.
2015). Mineral composition of blueberries, cranberries and bilberries has been rela-
tively more studied, in comparison with lingonberries and bog bilberries (Vollmannova
et al. 2014; Karlsons et al. 2018; Drézdz et al. 2018). Macro- and trace element con-
centrations in Vaccinium berries might also influence environmental pollution. For
example, significantly elevated concentrations of trace elements in comparison with
the background pollution sites were found in berries sampled in vicinity of ferrochrome
and stainless-steel factories in Northern Finland (P6yki6 et al. 2005; Eeva et al. 2018).
As a result of mining and metal processing industries, high concentrations of Ag, As,
Be, Bi, Br, Cd, Hg, I, Ni, Pb, Sb, and TI were found in berries in vicinity of mining areas
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in Northern Sweden (Rodushkin et al. 1999,). Recently, the impact of wood ash appli-
cations in forests on the elemental composition in berries has been studied and risks
related to the increasing concentrations of trace elements has been found (Moilanen
et al. 2006). In several studies has been tried to estimate metal concentrations in back-
ground sites as a reference values (Shotyk et al. 2019). Another aspect on the berry
quality studies offers evaluation of element concentrations in edible products available
on the market (Tahvonen and Kumpulainen 1991). As the growth conditions as well
as metal accumulation patterns for different plant species vary, it is important to study
contamination levels in species which are of importance for human consumption, as
are all Vaccinium berries.

1.4.4.Carbohydrates

Carbohydrates are an important component of Vaccinium berries as they are core
element of complex fibers and cell walls (structural carbohydrates) as well as mono-
and disaccharides (non-structural carbohydrates) present in berry juices. However,
complex studies of carbohydrate composition of Vaccinium berries have not received
much attention and mostly it has concentrated on cranberries and bilberries, consid-
ering the amount of their production. Cranberry pomace solids have 35% insoluble
fiber (USDA-ARS, 2004) and are rich with pectins which are largely responsible for
cranberry and lingonberry sauce gelation (Salishcheva and Donya 2013). Bilberries
contain 3.0 g/100 g dietary fibres, which is = 25 % of their dry weight and they are
composed of pectin, hemicellulose and cellulose, from which hemicellulose is mostly
xyloglucan (Aura et al. 2015). Early investigations of the cell wall composition of
Vaccinium berries revealed the presence of cellulose, pectin, and hemicellulose in
berry pomace (Holmes and Rha 1978). Valuable component of Vaccinium berries are
fibres and their amount in cranberries reach 65 g/100 g (dry weight) (White et al.
2010b) and in blueberries 26 g/100 g (dry weight) (Tagliani et al. 2019). More inten-
sive utilization of fiber by-products has recently been the focus of some research
(Zheng and Shetty 1998, 2000; Park and Zhao 2006; Raghavan and Richards 2007).
The alcohol insoluble fraction of lyophilized berries is mostly protopectin (Stuckrath
et al. 1998). The soluble fiber fraction of cranberries contains monomer units mostly
of arabinose, glucose and galactose/rhamnose, with lesser amounts of xylose and man-
nose (30, 28, 21, 11, and 10% respectively) (Marlett and Vollendorf 1994). Although
whole cranberry juice, like most juices, contains very little fiber (0.1%) (Cunningham
et al. 2004), cranberry sauce contains substantial levels, =~ 1%, of these insoluble car-
bohydrates (Marlett and Vollendorf 1994). In juice of bilberries dominate fructose and
glucose (sucrose concentration was found to be very low, close to 0) at concentration =
5 g/100 mL), but also myo-inositol as well as a number of other monosaccharides has
been found (Sanz et al. 2004; Hilz et al. 2005). Glucose and fructose concentrations in
bilberry juice depends on the growth conditions and other ecological factors (Casolo
et al. 2020). Interesting data suggesting covalent interactions between complex car-
bohydrates and phenolics in cranberries (Zheng and Shetty 2000) are presented. Such
interactions may improve the potential health benefits of Vaccinium berry carbohy-
drates as well as provide functionality to products derived from them. Also polysac-
charide-protein conjugates (glycoproteins) and polysaccharide- lipid conjugates (i.e.
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glycolipids) have been reported to possess important bioactive functions (antioxidant,
immunomodulatory and anti-inflammatory activity). Soluble oligosaccharides are
present at relatively high concentrations (= 20% w/w or greater) in many cranberry
materials, and yet their possible contributions to biological activity have remained
unrecognized (Coleman and Ferreira 2020). The cranberry xyloglucans that have been
characterized to date contain a backbone of B-(1->4)-linked D-(+)-glucopyranose units
that may or may not be substituted at O-6 with a-linked d-(+)-xylopyranosyl side
chains (Coleman and Ferreira 2020). Arabinoxyloglucan oligosaccharides are present
in cranberries and may contribute to the decrease of biofilm formation by uropatho-
genic Escherichia coli (Auker et al. 2012; Sun et al. 2015; Auker et al. 2019; Coleman
and Ferreira 2020).

1.4.5.Lipids

Lipids are molecules, that are essential for plant and animal cells - lipids are
responsible for the integrity of cell walls and organelles, they form a hydrophobic bar-
rier, that protects and regulates cellular functions. Lipids can be identified as primary
metabolites, as they are essential for plant growth and development, however, some of
the lipid compounds can also be considered as secondary metabolites, as they serve
functions that help the plants to better interact with the surroundings. Definition of
lipids is largely generalised; they are biological substances with hydrophobic nature
and in many cases soluble in organic solvents (Cassim et al. 2019). Numerous lipids
contribute to cell metabolism regulation acting as signalling molecules. Lipids are
the primary form of energy storage in plants and animals. The main form of energy
storage in plants is glycerolipids, they are synthesised in the different organelles of
plant cell and stored within the seeds or cell membranes. In the endoplasmic retic-
ulum of epidermal cells, the fatty acids, instead of triacylglycerols, are transformed
(alkane/alkene biosynthesis pathway) to cutin or wax constituents (alkanes, aldehydes,
esters), which are deposited as the epicuticular wax on plant surfaces, to prevent water
loss and protect the plant from other biotic and abiotic stresses. Due to the rapid
development of analytical techniques, there are currently 45 648 unique lipid struc-
tures identified and classified (Murphy 2020). In silico databases contain more than
1 100 000 structures, belonging mostly to glycerolipids and glycerophospholipids.
The advancements in the field of metabolomics have allowed the identification of
more than 1116 lipid-related genes in human, 8500 genes, coding for 12500 proteins
have been identified in other organisms. In the recent years, due to the quantity of
novel structures, more attention has been focused on the classification of lipids, divid-
ing them in eight categories - fatty acyls, glycerolipids, glycerophospholipids, sphingo-
lipids, sterol lipids, prenol lipids, saccharolipids and polyketides (Horn and Chapman
2014). The available classification is regularly updated and improved, with addition or
modification of sub-categories (Figure 1.4). Vaccinium spp. berries and their process-
ing by-products are rich sources of lipids, they contain fatty acids, sterols, glycerolip-
ids, which have positive effects on human health as functional compounds. Although
most of the studies present on the Vaccinium berries concentrate on the analysis and
biological activity of polyphenolics, lipids remain an important component of these
berries with similar biological importance.
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Figure 1.4. Lipid classification according to LIPID-MAPS classification system
(Liebisch et al. 2020).

Fatty acids

Fatty acids are carboxylic acids consisting of an aliphatic hydrocarbon chain, which
can either be saturated or unsaturated, with a terminal carboxyl group. Fatty acids of nat-
ural origin (plants) have an even number of carbon atoms. Most commonly fatty acids
are found as a part of triglycerides; however, a small amount can also be found as free
fatty acids. There are numerous uses of fatty acid in oleo chemistry and for food appli-
cations (Ahmad 2017). In human body fatty acids not only serve a function of energy
storage, but they are also the buildings blocks of several types of tissue. Essential fatty
acids, which are not synthesized by the human body can be divided into two groups,
omega-3 and omega-6 fatty acids. Alpha-linolenic acid (ALA), eicosapentaenoic acid
(EPA) and docosahexaenoic acids (DHA) are considered to be functional foods as they
have various properties, for example, DHA is the main fatty acid found in the brain and
eyes, it is responsible for neuronal functioning (Kaur et al. 2014). Berries of Vaccinium
species are rich in a variety of omega-9, omega-3 and omega-6 unsaturated fatty acids
as well as saturated C16 and C18 fatty acids (Gustinelli et al. 2018; Hurkova et al. 2019).

Sterols and isoprenoids

Isoprenoids are polycyclic compounds which are derived from the linear hydrocar-
bon squalene, these secondary plant metabolites are distributed throughout the plant
kingdom. The C30 isoprenoids, also called triterpenoids are a subgroup of prenol lipids
with high structural diversity. In plants triterpenoids are mainly found in a free form,
however, they can also be found as conjugated esters — depending on the form present,
triterpenoids can be found in different plant organs or cellular compartments (Hill and
Connolly 2012). Triterpenoids have a variety of pharmacological activities, they display
antimicrobial, hepatoprotective, anti-inflammatory, hypolipidemic, cholesterol lower-
ing, anticarcinogenic properties and can act as anticoagulants (Patocka 2003; Petronelli
et al. 2009). Triterpenoids are present in the fruit cuticles; therefore, consumption of
fresh, non-processed foods is the main source of these phytochemicals. Berries contain
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a variety of triterpenoids, for example, alpha-amyrin, beta-amyrin, betulin, ursolic acid,
oleanolic acid (Szakiel et al. 2012).

Sterols are monohydroxy alcohols with a typical backbone, consisting of four-ring
structure. They are an essential part of every cell in eukaryotes and are responsible
for control of membrane fluidity and permeability by interacting with other biomole-
cules within the membranes (Piironen et al. 2000). Sterols are found in their free form
or as fatty acid esters. The most common sterol is cholesterol, which is a zoosterol.
Plants, most commonly, contain a mixture of beta-sitosterol, campesterol and stigmas-
terol (phytosterols). Plant sterols and their derivatives, when consumed play an impor-
tant role in the regulation of cholesterol absorption (Caballero 2005; de Jong 2003).
Bilberries, lingonberries and other Vaccinium berries contain a variety of phytosterols,
for example, sitosterol, diverse stigmasterol derivatives, lanosterol, citrostadienol and
others (Yang et al. 2003; Koponen et al. 2001). Despite the functionality of sterols and
isoprenoids in berries, there are only a few studies on these groups of compounds, con-
centrating on the most common forest berries - bilberries and lingonberries.

Wax constituents — aliphatic compounds, aldehydes, esters, alcohols

Cuticular wax layer protects the outermost plant surface, waxes cover the aerial
parts of the plant - leaves, stems and fruits. This layer, consisting of a complex mix-
ture of long-chain fatty acids and their derivates protects the plants from UV radia-
tion, water loss and pathogen attacks (Kunst et al. 2003). The main components are
the wax esters, consisting of a long-chain fatty acid and long chain alcohol, also alkanes,
ketones, secondary alcohols, aldehydes and esters, secondary metabolites such as tri-
terpenoids, sterols, and phenolic acids (Yeats and Rose 2013). These wax constituents
are primarily a significant element of defence mechanism that protects the plant, they
are highly hydrophobic and inert. Besides the secondary metabolites found in the plant
wax (although in low concentrations), the hydrocarbon constituents have low biological
activity. The most commonly used plant waxes are those extracted from carnauba wax
palm (Coernicia cerifera) and candelilla (Euphorbia cerifera). Application of plant waxes
include a variety of uses in hydrophobic coatings, varnishes, paints, candles, cosmetics.
Waxes of Vaccinium berries are still an unexplored resource (Chu et al. 2018). The com-
position of these waxes could possibly allow their use in food articles, if solvent free
extraction could be applied. Berry waxes contain triglycerides, sterols, triterpenoids and
wax esters (Chu et al. 2017).

1.4.6.Polyphenolics

Polyphenolics are regarded as one of the most abundant groups of natural phyto-
chemicals. Polyphenols consist of approximately 8000 individual substances (Leri et al.
2020) that consist starting from a single aromatic ring with one to several hydroxyl
groups up to polymeric substances with molecular mass larger than 2500 Da (Rasouli
etal. 2017). Based on the chemical structure of polyphenol aglycones they are classified
as phenolic acids, flavonoids, phenolic alcohols, stilbenes, lignans. Sources of research
being conducted on phenolic substances date back to at least the start of 19 century
(Robiquet and Boutron 1837). The early studies mainly focused on the elucidation of
the properties while structural characterisation is continuing, more and more research
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is conducted with emphasis on the biological activity of plant extracts containing
polyphenolics or individual substances (Olivares-Vicente et al. 2018).

Table 1.4. Polyphenolic classes and their main food sources
(Rasouli et al. 2017; Sharma et al. 2018).

Polyphenol class Food sources

Black and green tea, red and white wine, nuts — almonds, walnuts, apple
Flavonols . .

peel, blueberries, chocolate, broccoli, cabbage
Flavones Different grains, vegetable oils, bell pepper
Flavanones Tomatoes, citrus fruits

Black and green tea, hazelnuts, almonds, dark chocolate, blueberries,
Flavanols .

cranberries
Anthocyanins Bilberries, elderberries, black currant, red wine, pomegranate
Isoflavones Legumes

Proanthocyanidins Bark of pine, bilberry, cranberry, grape seeds, red wine, tea, peanuts

Lignans Whole bran cereals
Stilbenes Grape derived products, lingonberry, cranberry
Phenolic acids Spices, tea, berries

Phenolic compounds consist of a variety of molecules that have one or more aro-
matic ring — based on the number of phenol rings polyphenolics can be divided into
several groups. The main groups of polyphenolics are phenolic acids, stilbenes, flavo-
noids and lignans (Figure 1.5). Formation of phenolic compounds happens via the shi-
kimic acid pathway. Firstly, phenylalanine (amino acid) is formed, then the amino acid
is catalysed by phenylalanine ammonia lyase releasing ammonia and transformed to
trans-cinnamic acid which is a precursor of several phenolic acids and other phenolic
compounds. para-Coumaric acid is formed from trans-cinnamic acid and can be fur-
ther hydroxylated in positions 3" and 5’ leading to formation of sinapic, ferulic or caffeic
acids. These phenolic acids are termed phenylpropanoids. Flavanoids are formed when
the phenylpropanoid compounds are condensed with malonyl coenzyme A, which pro-
duces chalcones that cyclize under acidic conditions (Chouhan et al. 2017).

Polyphenols are plant secondary metabolites therefore they have high physiological
and morphological importance in plants. In plants polyphenols can have different roles,
they can act as attractants for pollinators (reproductive role), defence against pathogens,
contribute to plant pigmentation, antioxidants, UV-B protectants (Naczk and Shahidi
2006; Takahashi and Ohnishi 2004). These substances are almost exclusively found in
plant material, with some exceptions, where plant polyphenols are metabolised and
appear in animal organism as catabolites of dietary polyphenols (Table 1.4). Absorption
of polyphenolic substances depends on the physical and chemical properties — con-
figuration of the molecules, polarity (lipophilicity, hydrophilicity), molecular size.
Aglycones are absorbed more easily than glycosides, the absorption can happen from
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small intestine to colon, during the digestion process the hydrophilic glycosides are con-
verted into aglycones which are then absorbed (Williamson 2017). Main polyphenolic
groups found in berries are flavonols, anthocyanins, flavan-3-ols, hydroxyl benzoic
and hydroxycinnamic acids. In human diet polyphenolics are widely consumed, they
have low toxicity and the consumed food items contain a large variety of polypheno-
lics (Lavefve et al. 2020). Concentrations of polyphenolics in fruits and vegetables can
greatly differ depending on the environmental factors, for example, precipitation, expo-
sure to sun, cultivation practices, yield of the plant and biochemical factors, such as,
ripeness of the fruits, storage conditions, preparation method before the consumption
(Miglio et al. 2007; Napolitano et al. 2004).

Polyphenols

[ [ I ]

Phenolic acids Stilbenes Flavonoids Lignans
|
[ I I I I 1
Flavanols Isoflavones Anthocyanidins Flavonols Flavones Flavanones
) Genistein Cyanidin Quercitin o Eriodictyol
Catechin Daidzein Pelargonidin Kaempferol Apigenin Hesperin
Epicatechin Glycitein Delphi'ni.din My.rlce'tln Luteolin Naringenin
Malvidin Fisetin

Figure 1.5. Polyphenolic groups, their classification, and examples.

Phenolic acids

Phenolic acids can be divided into two larger subgroups- hydroxybenzoic and
hydroxycinnamic acids (Figure 1.6). The main hydroxybenzoic acids (C6-C1 structure)
found in Vaccinium berries are vanillic acid, syringic acid, gallic acid and protocatechuic
acid (Vinayagam et al. 2016). High concentration of gallic acid was found in bilberries,
while protocatechuic acid was the predominant phenolic acid in lingonberries and cran-
berries (Colak et al. 2016; Hajazimi et al. 2016). The most abundant hydroxycinnamic
acids (aromatic compounds with a three C side chain, C6-C3 structure) found in plants
are p-coumaric acid, ferulic acid and caffeic acid. Blueberries and bilberries contain
high levels of caffeic acid and derivatives, while lingonberries have low concentration
of hydroxycinnamic acids (Maatta-Riihinen et al. 2004a; Maatta-Riihinen et al. 2004b).
In plants these two subgroups of phenolic acids can be found in either free or bound
forms. The bound forms are usually linked to a variety of plant metabolites through
ester, ether or acetal bonds. Due to the variety of molecules phenolic acids can bind
to, certain phenolic acids can be found in both, polar and non-polar plant extracts
(Zadernowski et al. 2005).
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Figure 1.6. General structures of hydroxybenzoic and hydroxycinnamic acids.

Stilbenes and lignans

Stilbenes are a group of phenolics that can be found in a variety of plants. Stilbenes
are most commonly associated with plant defence mechanisms and are produced within
the plant after microbe attacks, injury or UV damage (Riviere et al. 2012). The basic
structure of stilbenes is based on the C6-C2-C6 backbone, defined by two aromatic rings
linked with ethylene bridge. Stilbenes can form structures with up to eight basic units
(octamers) linked with various substituents, for example, isopropyl, methyl, hydroxyl
or glycosyl groups. Currently approximately 400 stilbene derivatives have been identi-
fied. In human diet stilbenes are rarely present, there are only a few sources of stilbenes
in the diet — grapes and grape derived products, peanuts, and Vaccinium spp. berries
(Neveu et al. 2010). Resveratrol is the only known stilbene, to play an important role
in human health. This molecule is believed to be somewhat responsible for the positive
effects of Mediterranean diet, the properties include protection against many chronic
diseases, including cancer, neurodegenerative and cardiovascular diseases (Sirerol et al.
2016; Reinisalo et al. 2015; Vang et al. 2011). Lingonberries have been found to have
the highest concentration of resveratrol among Vaccinium berries (5884 ng/g dry ber-
ries) (Rimando et al. 2004).

Lignans are dimerised phenylpropanoids, where two aromatic rings are connected
with a four-carbon bridge. Lignans are considered as phytoestrogens, in plants they are
found as glycosides, however, after digestion in the intestine, the produced metabolites
with estrogen (equol, enterodiol) like activity. Lignans are found in flaxseeds, sesame
seeds, certain types of grains and vegetables. Certain lignans (lyoniside) can also be
found in the stems and leaves of bilberries (Szakiel et al. 2011).

Flavonoids

The largest polyphenolic group is flavonoids, with currently identified 4000 indi-
vidual flavonoids - its basic structure consists of flavan nucleus where 15 carbon atoms
are arranged in three rings named A, B and C ring (C6-C3-C6 configuration) (Panche
etal. 2016) (Figure 1.7). The aromatic rings A and B are derived from acetate/malonate
and shikimate pathways, respectively. A and B rings are connected with a heterocyclic
ring C. Various flavonoid subclasses are formed by different substitution (usually substi-
tutions occur in ring C) and oxidation level of the basic backbone structure - naturally
flavonoids occur as aglycones (basic structure) or as substitutions in the A and B rings
(oxygenation, alkylation, glycosylation, acylation, sulphonation. These substitutions to
the basic flavan nucleus result in the major flavonoid classes — flavonols, flavones, flava-
nones, isoflavones, flavanonols, flavanols and anthocyanidins. In general, flavonoids are
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Figure 1.7. General structure of flavonoids.

some of the most important antioxidants, which is due to their high red-ox potential.
Some flavonoids can act as metal chelators (Grotewold 2006; Pietta 2000).

Anthocyanins

Anthocyanins are flavonoid subgroup that provide the characteristic colour (plant
pigments) to plant tissue (roots, stems, leaves, fruits). The name anthocyanins come
from the Greek words Anthos (flower) and kyanos (blue). The colour hue of these com-
pounds ranges from red, blue, purple, to yellow and green depending on the pH level
and the structural characteristics. At low pH the anthocyanidin molecule has positive
charge (flavylium cation), by differing the pH of the environment the bonds and atoms
are relocated thus changing the colour (Li et al. 2018). The group of anthocyanins con-
sist of approximately 600 compounds and is considered to be one of the most important
groups of flavonoids (Figure 1.8). In plants anthocyanins in highest concentrations are
found in fruits and berries, for example, in bilberries, black currant, elder berries, also
in vegetables, like red cabbage, red onion, radish. Naturally anthocyanins are found in
the form of glycosides, where the unstable aglycones are stabilized by sugar or acyl moi-
ety. There are approximately 30 different aglycones (anthocyanidins) however, approxi-
mately 90% of anthocyanins are made of cyanidin, pelargonidin, delphinidin, peonidin,
petunidin, malvidin, which differ from one another in the methoxy or hydroxyl groups
located on the B ring of the molecule.

In nature the main function of anthocyanins is the attraction of insects and other
animals for pollination or seed dispersion. The localisation of anthocyanins in the upper
part of the flower petals and epidermal cells has a physiological importance in the sur-
vival of plants. Also, the anthocyanin concentration in plant tissue can increase due to
nutrient deficit, attacks of pests and pathogens, due to lowering of ambient tempera-
ture - in this context anthocyanins serve as adaptogens in order to overcome various
stresses proposed by the environment, including drought, oxidative stress and lowering
of the negative effects of UV radiation (Enaru et al. 2021).

Bilberries, black currants, elderberries, chokeberries are particularly rich in antho-
cyanins, both, the flesh and skin are strongly pigmented. Bilberry has been found to
contain 15 different anthocyanins with the main anthocyanin being cyaniding-3-0O-glu-
coside. The possible health benefits of anthocyanins have been studied in numerous
research articles — this interest is based in the fact that anthocyanins act as strong rad-
ical scavengers and have potential in treatment and prevention of cardiovascular dis-
eases, cancer, inhibition of virus proliferation and improvement of eyesight (Ockermann
et al. 2021).
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Anthocyanidins R, R, Max; NM

Pelargonidin H H 494 nm
Cyanidin OH H 506 nm
Peonidin OMe H 506 nm
Delphinidin OH OH 508 nm
Petunidin OMe OH 508 nm
Malvidin OMe OMe 510 nm

Figure 1.8. General structure of anthocyanidins.

Flavonols

Flavonols are characterised by a double bond on the C ring at the position 2-3 with
a hydroxyl group at C-3. Flavonols are of special interest due to their antioxidative prop-
erties and biological activities which reach beyond antiradical scavenging. The powerful
antioxidant effects are explained due to the additional presence of OH groups on the B
ring and the double bonds conjugated with the keto group. The main representatives of
flavonols are quercetin, kampferol, myricetin, isorhamnetin - they are typically found as
glycosides with the sugar moiety available at the C-3 position (about 300 flavonol agly-
cones have been identified) (Figure 1.9). Also other sugar residues are commonly found
in fruits and vegetables rich in flavonols, for example, galactose, rhamnose, arabinose,
xylose, glucuronic acid. The sugar moieties are most commonly present as monoglyco-
sides, however, also di- and tri-glycosides have been recorded. There are 200 quercetin
and kaempferol glycosides described, which indicates the diversity of this flavonoid sub-
group (Pietta et al. 2003). Flavonol contents can greatly differ depending on the seasonal
changes, varietal differences, and also on more local factors, for example, the shading of
the plant. The great differences that can occur within the same fruit in flavonol concen-
tration are due to the biosynthesis of flavonoids stimulated by light - the leaves and part
of peel that are in direct sunlight will have higher flavonol concentrations. Flavonols are
known for their vibrant yellow colour and therefore have been used as wool and silk
dyes since ancient times.
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Common name 5 6 7 8 2’ 3 4 5’ 6’
Fisetin H H OH H H H OH OH H
Quercetin OH H OH H H OH OH H H
Myricetin OH H OH H H OH OH OH H
Kaempferol OH H OH H H H OH H H
Isorhamnetin OH H OH H H OCH; OH H H

Figure 1.9. General structure of flavonoids with representative compounds
with their corresponding substitutions.

Flavanols

Flavanols or flavan-3-ols are a group of flavonoids that are hydroxylated at position
3 of the C ring. Catechins are the most prominent subgroup of flavanols — the members
catechin, epicatechin, epicatechin gallate are the building blocks of tannins. Flavanols
can be found as monomers, oligomers or even polymers (proanthocyanidins) (Dias
et al. 2021). The oligomers and polymers consisting of epicatechin or catechin units are
often referred to as procyanidins or condensed tannins - these molecules are respon-
sible for the bitter and astringent character found in wines and chocolate. Also other
flavanol aglycones can form oligomers, for example, gallocatechin, epicatechin-3-gal-
late, epigallocatechin-3-gallate. The polymerisation of catechins usually occurs through
the formation of B-type bonds. High amounts of flavanols can be found in seeds and
skins of vegetables and fruits, however, the intake of flavanols is limited as skins and
seeds of fruits and vegetables are most often removed during processing and before
consumption. Berries, however, are consumed whole, therefore the intake of flavanols
and other flavonoids is not disrupted. For example, cranberries contain procyanidins,
which are predominantly linked via A-type linkage, this type of structural feature is
responsible for the anti-adhesion action against uropathogenic E.coli, that cause uri-
nary tract inflammation (Dias et al. 2021). The high molecular weight, larger polymers
(10 and more catechin units) are the major proanthocyanidins found in cranberries,
the higher molecular weight is associated with better anti-microbial properties, while
the oligomers of 10 and less units have increasingly higher anti-oxidative power, with
monomers being the most active radical scavengers (Karak 2019).

1.5. Extraction of Vaccinium berries and study of berry extracts
A variety of methods have been developed for the preparation, extraction and puri-

fication of plant derived phytochemicals. The type of phytochemical extracted largely
depends on the used extraction method, solvent and the optimisation of the two.
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The most often used extraction techniques are: 1) solvent extraction; 2) pressurized
liquid extraction; 3) ultrasound-assisted extraction; 4) microwave-assisted extraction;
5) supercritical fluid extraction in various setups. The mentioned extraction methods
are often complemented with conventional liquid-liquid and liquid-solid extraction
procedures to improve selectivity and the purity of the raw extract (Altemimi et al.
2017). In the extraction of polyphenolics, as well as lipids the extraction time, solvent
composition, extraction intensity play an important role in order to prepare compound
(compound group) specific separation protocols. In the case of polyphenolics, which
are bound to the cell wall through ester or glycosidic linkage, intensive or enzyme-as-
sisted extraction methods are needed (Tiwari et al. 2013). Polyphenolics once released
from the cell-wall matrix become unstable and are prone to oxidation, therefore stabi-
lizing agents/antioxidants must be added to the extraction medium. Alcoholic solvent
systems consisting of methanol or ethanol are the most often used for extraction of
various polyphenolic groups (Shi et al. 2005). Hexane and chloroform are the preferred
solvents for extraction of lipids, however, due to the toxicity and hazards of these sol-
vents the method of supercritical CO, extraction is recently preferred and by adding
a polar or non-polar co-solvent to this extraction system it is possible to subsequently
extract lipids and polyphenolics (Lorenzo et al. 2018). Characterisation of the extracts
is done by spectrophotometry using various reaction reagents to produce specific col-
our reactions. Qualitative and quantitative analyses using chromatography with various
detectors (MS, UV, VIS and others) are becoming available and the strategies for iden-
tification on new phytochemicals are developing rapidly.

1.5.1.Extraction of polyphenolics

An important group of substances of interest in Vaccinium berries are polyphenolics.
Numerous procedures for the extraction of polyphenolics can be found using differ-
ent solvents as media and extraction methods with varying intensity. Polyphenolics
represent many groups of substances with significantly different solubility, so for their
extraction polar solvents has been used: water, lowest alcohols, acetone or their mix-
tures, however, the most popular extraction system is aqueous ethanol, as it supports
further use of extracts in food industry (Table 1.6). At the same time, different prop-
erties of polyphenolics allow to achieve aim of their group separation (fractionation)
during extraction process (Ravi et al. 2018). Polyphenolics has been extracted from
berries as well as from their pomaces and each type of berry biomass has its specif-
ics, therefore the extraction procedure should be optimised based on: 1) the type of
material used; 2) polyphenolic group of interest; 3) further use of prepared extract. In
several studies the efficiency of extraction optimisation has been demonstrated (Ravi
et al. 2018). Another factor influencing the extraction procedures from Vaccinium ber-
ries and their press residues is relatively low thermal stability of polyphenolic as well as
their oxidation risks during treatment in presence of oxygen. Considering this the usual
limits for the extraction temperature was 50-60 °C, but often to stabilise the phenolic
structures, acidification was used. As in many cases polyphenolics are bound to cell
membranes, thus, of importance are the use of intensive treatment methods (ultra-
sound assisted extraction, microwave hydro diffusion and others) as well as enzyme
treatment and the number of studied approaches during last decade has increased
(Tiwari et al. 2013; Dinkova et al. 2014; Ravi et al. 2018). Recently also green extraction
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methods - high voltage electrical discharges, pulsed electric field, and ultrasound-as-
sisted extraction, were compared in terms of extraction yield of total and individual
polyphenolic compounds, as well as the antioxidant capacity of berry extracts (Loncari¢

et al. 2020).

Table 1.6. Extraction methods and conditions of polyphenolics from Vaccinium berries
and their pomaces.

Material Extraction method Extraction media Reference
. 2 stage extraction:
1 ,
Bilberries Ultrasound ass1§ted 1. acetone, 2. acetone: Aaby et al. 2013
repeated extraction
water — 70:30
Bilberry Stlrrlng, repeated Water, 80 °C, 15 min Aaby et al. 2013
pomace extraction
Microwave hydro
Bilberry diffusion, gravity; Ethanol 10-80% ,30 min ~ Ravi et al. 2018
pomace ultrasound assisted
extraction
Bilberries Enzym.e assisted Water,.pH 3(HCI), 50°C, Dinkova et al. 2014
extraction 120 min
0,
Blueberry Ultrasound assisted, lk.cgtone., 70 % acetone, Lee and Wrolstad
omace repeated extraction citric acid, SO, 2004
P b 50-80 min, 50, 80 °C
High voltage electrical
Blueberry discharges, pulsed electric  Ethanol, methanol 50% 1% .
pomace field, ultrasound-assisted  HCI, 20-80 min Loncari¢ et al. 2020
extraction
Lingonberries Shaking Ethanol 60%, 20 min 55 °C Drézdz et al. 2017
3 0,
Bog bilberries Macerattlon, repeated Water, 70 % methanol, Colak et al. 2016
extraction 70% acetone
Cranberry Maceration Water, 50% ethanol, Roopchand et al.
pomace pH 2-5, 80 °C, 120 min 2013
hl ion,
Cranberry Sox et. extra.cuc.)n Ethanol, water, 50-80 °C, .
pressurized liquid . Tamkuté et al. 2020
pomace . 60-180 min
extraction
Cranberries Ultrasound assisted Ethanol:water:acetic acid, Tian et al. 2017

extraction, shaking

70:30:1, 20 °C, 50 min

Polyphenolics are a large group of substances, due to the complexity of the mol-
ecules and possible carbohydrate, -acyl, -phenolic etc. moieties the identification is
complex and requires advanced characterisation methods. To overcome the difficulties
in identifying specific substances, methods that estimate the ‘total’ amount of the spe-
cific group or subgroup of polyphenolics have been developed. For analysis of total
concentration of polyphenolics most widely Folin-Ciocalteu method has been used
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(Folin and Ciocalteu 1927, Siriwoharn et al. 2004), which is continuously improved
(Sanchez-Rangel et al. 2013). Also, for determination of total procyanidins (Payne et al.
2010), total anthocyanins (Lee et al. 2005), total flavonoids (Vongsak et al. 2013) rela-
tively selective methods are offered. For identification and quantification of individual
phenolics, liquid chromatography with different detection systems are used (Ignat et al.
2011, Loncari¢ et al. 2020).

1.5.2. Extraction of lipids

Extraction of lipophilic or low-polarity substances is usually performed using vari-
ous non-polar solvents like hexane, petroleum ether, chloroform. However, as lipids are
a large group of substances, also the solvents used for extraction as well as extraction
conditions vary significantly. Berry seed oils can be obtained also using cold pressing
(Parker et al. 2003). To increase the efficiency of lipid extraction heating (moderate),
sonication with ultrasound or maceration is also used (Table 1.7). The sample used
in the extraction has to be considered - the material has to be sufficiently dried and
milled, especially in the case where seed-rich samples are extracted. While the effi-
ciency of solvent extractions is comparably high, the environmental and work-safety
aspects must be considered. Chloroform, for example, is a toxic solvent and it is known
to cause mutations within human cells. As an alternative extraction using CO, in its
supercritical state is proposed (SCO,). The extraction using SCO, has similar miscibility

Table 1.7. Extraction methods of lipids from Vaccinium berries and their pomaces.

Material Extraction method Extraction media Reference
Cranberry pomace  Supercritical CO, CO,,50°C Tamkuté et al. 2020
Cranberry seeds Cold pressing - Parker et al. 2003

. . Boiling Croteau and Fagerson
American cranberry  Solvent extraction isopropanol, CHCl; 1969

. CO,, 40-60 °C, . .
Cranberry pomace  Supercritical CO, 30-50 MPa Kiithn and Temelli 2017
Cold pressin Methanol 100%
Blueberry seeds P & Methanol:H,0 Parry et al. 2005
solvent extraction
80:20
. Solvent extraction, CHCIl;/Methanol
Blueberries Bligh&Dyer method  2:1 Wang et al. 1990
> 4 o ° >
Bilberries Supercritical CO, CO, . 50 bar, 60 °C Jumaabh et al. 2015
45 min
Bilberry seeds Supercritical CO, 80 min, 40-60 °C Gustinelli et al. 2018
Supercritical fluid
Bilberry seeds il}'(lif)if)?lzr(;r‘glctibon Norflurane, 8-10 Cante et al. 2020
bar, 30-45°C ’
solvent as a co-
solvent
Lingonberries Soxhlet extraction Diethyl ether, 8 hrs  Szakiel et al. 2012
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properties as hexane, by varying the extraction parameters (temperature and pressure)
the extraction can be made more selective towards compounds/compound groups of
interest. In addition, by using HPLC pumps, various solvents can be introduced into
the SCO, extraction process allowing for simultaneous extraction of also polar com-
pounds (Table 1.7). The extracts obtained do not contain any solvents (unless a co-sol-
vent is used) as the CO, evaporates. Such system has low operational costs and low envi-
ronmental impacts as the CO, used for the extraction process is re-circulated within
a loop system.

For analysis of lipid components usually gas chromatography with different
detection systems has been used (MS, MS/MS, HRMS and others) (Cajka and Fiehn
2014; Tranchida et al. 2007) and to increase volatility of lipids, protection of polar func-
tional groups (-OH, -COOH) has been done (Topolewska et al. 2015). For lipophilic
substances with higher molecular weight in form of ethers (for example, waxes and
others) or esters (triglycerides and others), hydrolysis and/or transesterification before
analysis has been suggested (Van Wychen and Laurens 2013).

1.6. Health benefits of Vaccinium berries and their extracts

“You are what you eat” - is a well-known idiom, which reflects the understanding
of how important a healthy diet is and how it relates to overall well-being. The positive
correlation between, what is considered a healthy diet (consisting of fruits, vegetables,
fibre, meats high in unsaturated fats etc.) has been described and proven in numer-
ous studies (Berry fruit... 2007, Nile and Park 2014; Bvenura and Sivakumar 2017).
The relationship between the consumption of polyphenolic compounds and unsatu-
rated fatty acids have been well established with reduced risks for heart disease, regula-
tion of cell signalling pathways, fat transport, cholesterol synthesis antioxidative effect
and others. The low toxicity of these substances makes them safe dietary elements for
quality improvement of the food and pharmaceutical industry. Overall, the free radical
scavenging flavonoids and the foods that are rich in these secondary metabolites can
help humans to maintain healthier bodies by preventing the oxidative damage (Pappas
and Schaich 2009, Shaheen and Noreen 2016.)

1.6.1.Free radical scavenging effects

The free radical scavenging (antioxidative) activity of polyphenols, among other
biologically relevant functions, can be largely attributed to their chemical structures.
Reactive oxygen species (ROS) and other free radicals are neutralized by the hydroxyl
groups (electron or hydrogen donors) which are part of the conjugated aromatic fea-
tures of polyphenolics. Prevention of oxidative stress is crucial as the ROS can irrevers-
ibly damage DNA, lipids or enzymes (proteins) that are responsible for vital functions
in the organism. The mode of action of dietary polyphenolics is the ability to transfer
hydrogen atom or an electron to reactive oxygen, nitrogen or chlorine species (Das and
Roychoudhury 2014). The scavenging potential of polyphenolics depends on the num-
ber, degree and position of hydroxyl groups in the molecule.

Several methods exist for in vitro free radical scavenging potential evaluation - ferric
reducing antioxidant power (FRAP), 2,2 -azino-bis(3-ethylbenzothiazoline-6-sulfonic
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acid (ABTS), oxygen radical absorbance capacity (ORAC), 2,2-diphenyl-1-picrylhy-
drazyl (DPPH), however, none of these methods are relevant to physiological processes
present in the human body, as the concentrations of antioxidants in human plasma is
too low to be determined using these methods (Saint-Cricq de Gaulejac et al. 1999).
This relates to the low bioavailability of polyphenolic compounds, therefore the concen-
trations necessary for relevant and measurable effects can be hard to achieve (Brglez
Mojzer et al. 2016).

Free radical scavenging activity of Vaccinium berries has been widely studied and
the main objectives have been: 1) development of activity during vegetation period as
well as regional, interspecies differences in berries, 2) relations of individual substances
or their groups to radical scavenging properties, 3) identification of relations between
berry components, radical scavenging activity and biological/pharmacological activity
(Yan et al. 2002; Maatti-Riihinen et al. 2004b; Maatta-Riihinen et al. 2005; Giovanelli
and Buratti 2009; Caillet et al. 2011).

1.6.2.Cardiometabolic health

Consumption of polyphenolics from different sources, like coffee, tea, apples, choc-
olate have been related with reduced risks of cardiovascular diseases and type 2 dia-
betes (Hollman et al. 2010; Hooper et al. 2008; Liu et al. 2017; Shen et al. 2012). It
is believed that the mode of action for polyphenolics related to reduction of cardio-
metabolic syndromes are regulation of glucose metabolism, altering of blood pressure,
reducing inflammation, regulating of cholesterol levels in blood as well as the interac-
tion with gut microbiome (Oteiza et al. 2018; Tomas-Barberan et al. 2016; Gonzalez-
Sarrias et al. 2017). The Mediterranean diet, which consists of red wine, nuts, olive oil,
herbs and other products that are rich in polyphenolics, has been shown to be corre-
lated with reduced mortality connected to risks of cardiovascular diseases (Tresserra-
Rimbau et al. 2014). However, results of such studies and trials should be interpreted
carefully, as the consumption of fresh vegetables might have less impact on health than
the consumption of less products with animal origin and the latter could contribute
significantly to present apparent correlation with increased benefits of polyphenolics
consumption.

Regular intake of foods and products rich in flavanols and procyanidins has proven
the involvement of these molecules in reduction of cardiovascular-related outcomes
(Greenberg 2015; Larsson et al. 2016). Increased intake of flavanols has been asso-
ciated with 37% lower risk of cardiovascular diseases, 29% reduced risk of stroke
and 31% reduced risk of developing type-2 diabetes (Buitrago-Lopez et al. 2011).
Consumption of flavanols, depending on the study, can produce significant improve-
ments in lipid metabolism and insulin resistance, at the same time lowering systemic
inflammation (Lin et al. 2016).

Another group of flavonoids that have been observed to reduce risks of cardiovas-
cular diseases are anthocyanins. Anthocyanins are metabolized by the microbiome to
form metabolites with anti-inflammatory properties which can also have positive effects
on the vascular health. In a study where anthocyanin rich supplements were introduced
into the diet the lipid contents of blood and glycemic control improved for patients
with untreated diabetes (Tang et al. 2017), also reduction in blood triglycerides and low
density lipids have been observed (Liu et al. 2016).
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1.6.3. Anti-tumor activity

Berries and their extracts have been tested for anti-cancer activity in different
types of in vitro models dealing with specific tumorigenic processes (Marnett and
Dubois 2002). Epidemiological studies suggest that diets rich in fruits, vegetables
and polyphenolic rich products protect against formation of certain types of can-
cers (Vant-Veer et al. 2000). The effects of berry polyphenolics cover a large variety
of tumorigenesis mechanisms - they can induce metabolising enzymes, modulate
gene expression, modulate cell proliferation and apoptosis, interact with subcellu-
lar signalling pathways. Anthocyanins that can be found in high concentrations in
bilberry (especially cyaniding-3-glucoside and cyaniding-3-rutinoside), ellagic acid,
folic acid, beta-sitosterol, phenolic acids have been demonstrated to have anti-cancer
activity against esophageal, colon, and different types of oral cancers (Johnson and
Arjmandi 2013; Tulio et al. 2008; Boivin et al. 2007). Some groups of compounds
have been proven to possess antimutagenic activity by blocking the metabolism of
cancer cells, scavenging the free radicals and reactive oxygen species. Ellagitannins
have been extensively studied for their anticancer and antimutagenic activity, espe-
cially ellagic acid, which is also found in Vaccinium berries (Gupta et al. 2019; Surh
et al. 2000; Katsube et al. 2003). Plant extracts can contain several hundreds of bio-
active phytochemicals, which can provide either antagonistic or synergistic effects.
In the early stages of cell mutagenesis antioxidants can protect the cells, however,
the mode of action for apoptosis is unclear, the effects of a single compound can be
clear, however the effects of numerous bioactive compounds are hard to study due to
the limitations of analytical equipment (complexity of unknown molecular structures)
and costs for isolation of each of the compounds found in the plant extracts (Ceci
et al. 2018; Tate et al. 2006; Liu et al. 2002).

1.6.4. Antimicrobial activity an interaction with microbiome

Polyphenolics can have either positive or negative modulatory effect on the compo-
sition of an individual’s microbiome (Selma et al. 2009; Fogliano et al. 2011; Oteiza et al.
2018; Tomas-Barberan et al. 2016). Due to the low solubility of polyphenolic substances,
they are often metabolized in the human gut to more available forms and metabolites
with potential bioactivity (Raimondi et al. 2015; Tomas-Barberan et al. 2014). Certain
polyphenolic substances can inhibit the growth of several microorganisms that are
opportunistic pathogens or have an important role in healthy microbiome, for exam-
ple Helicobacter pylori, Staphylococcus aureus, Escherichia coli, Salmonella typhimuium,
Listeria monocytogenes as well as viruses like hepatitis C, influenza, HIV and yeasts of
Candida spp. (Duda-Chodak et al. 2015). On the other hand, certain polyphenolics
have promoting growth effects of bacteria that are beneficial for the microbiome, for
example, Lactobacillu spp., Bifidobacterium spp. (Gwiazdowska et al. 2012; Jin et al.
2012; Koutsos et al. 2017). In a study where anthocyanin rich blueberry probiotic was
supplemented for six weeks the Lactobacillus acidophilus and Bifidobacterium spp.
counts significantly increased when compared to the placebo (Vendrame et al. 2011).
The immune system is largely dependent on the health of microbiome; therefore it can
be assumed that polyphenolics have potential to maintain balanced and healthy micro-
biome which in turn can produce health benefits (Sampson et al. 2016; Ridaura et al.
2013; Masumoto et al. 2016).
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Procyanidins from cranberries (Vaccinium oxycoccus) have been used to prevent
urinary tract infections caused by the bacterium Escherichia coli attaching to the walls
of urinary tract — cranberry extracts and juice have been used in both the traditional
and modern medicine in the prevention of this type of bacterial infection (Howell et al.
2005; Kontiokari et al. 2001; Kontiokari et al. 2003). There are several modes of action
that could determine the inhibition effect of berry phenolics — destabilization and per-
meabilization of cytoplasmic and plasma membrane, inhibition of extracellular micro-
bial enzymes, changes caused to the microbial metabolism (Filiminova et al. 2018).
Growth of human pathogens can be effectively inhibited by cranberry and bilberry
extracts containing ellagitannins (Naczk and Shahidi 2004). Berry polyphenolics show
antimicrobial activity against Staphylococcus spp., Salmonella spp., Helicobacter spp., and
Bacillus spp. (Nohynek et al. 2006). Antimicrobial effects are primarily observed against
Gram-negative bacteria, while Gram-positive bacteria can be inhibited only by specific
substances (ellagitannins). Berries from genus Rubus (cloudberries and raspberries)
have the highest antimicrobial effects observed, which is mainly due to the ellagitannin
concentrations, growth of such human pathogens like Klebsiella oxytoca and Proteus
mirabilis have been effectively inhibited by ellagitannin rich fractions (Puupponen-
Pimia et al. 2001; Rauha et al. 2000; Chung et al. 1998). The effects of berry extracts on
growth of different microorganism is not studied extensively — only the effect of cran-
berry procyanidins are well-documented. As berries and their extracts contain numer-
ous polyphenolic substances, the isolation and identification of individual substances/
groups of substances could reveal new antimicrobial agents (Aly et al. 2019; Filiminova
et al. 2018; Satoh and Ishihara 2020).

1.6.5. Anti-inflammatory effects

Several studies suggest that in addition to the various health benefits provided by
the increased consumption of berries and other fruits/vegetables also anti-inflamma-
tory properties have been observed. Published results on blueberry effects indicate that
extracts of this berry can block the activation of nuclear factor kP and lower the expres-
sion of nitric oxide synthase-2, cyclooxygenase-2, IL-1P (interleukin-1pB) and TNF-a
(tumor necrosis factor-a) (Pomari et al. 2014). In another study, where the effect of
gamma radiation was studied, it was showed that the cranberry extract was effective
in increasing the superoxide dismutase (SOD), catalase and glutathione peroxidase
(GPX) activity in liver, while reducing the TNF-a (Azab et al. 2014). Overall tests to
prove anti-inflammatory effects are often criticised — very often the in vitro experiments
are done using only single enzyme and no enzyme interactions are considered, which
does not reflect the metabolism of a living organism (El-Baz et al. 2016). Even when
mice model is used the inflammation processes are only evaluated using single dose of
the testing material in high concentrations which very often shows positive effects on
the inflammation markers, however, using this approach the sub-chronic doses cannot
be determined and evaluated (Nardi et al. 2016).
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2. MATERIALS AND METHODS

2.1. Plant material

Fresh berries and press residues for polyphenolic extraction

Berries harvested by hand in the summer and autumn seasons of 2016 to 2020 were
used for the extraction of phenolic compounds. Bilberries and lingonberries were har-
vested in the forests surrounding Saulkrasti town located in the central Latvia, American
cranberries and highbush blueberries were picked at a commercial farm (Strelnieki) on
the outskirts of Jurmala City, and bog cranberries and bog bilberries were harvested in
the bogs belonging to Kemeri National Park. More detailed berry origin and harvest
times, depending on the experiments in question can be found in Articles 1-13.

Press residues were produced by freezing berries at —20 °C to improve the release
of water and juice. Berries were then gently thawed at 5 °C. Once thawed, they were
loaded into a hydraulic juice extractor (BioWin), draining all juice. Berry press cake
was frozen once again at —20 °C to prepare it for lyophilisation. Once frozen, ber-
ries were freeze-dried for 3 days in a Labconco® FreeZone benchtop freeze dryer at
-45 °C. Berry press residues used for the examination of the determined optimal
anthocyanin/polyphenol extractions were dried at 40 °C to mimic the industrial dry-
ing process. Finally, dried berries were homogenised to a fine powder using an IKA®
M20 analytical mill.

Berry press residues of blueberry and American cranberry were kindly donated by
the juice producer ‘VeryBerry’ LTD.

Berries for lipid extraction

Two species of wild berries growing in Latvia were investigated for their lipid constit-
uents: lingonberries (Vaccinium vitis—idaea L.) and bilberries (Vaccinium myrtillus L.).

Lingonberries were harvested in Varme, Latvia (56°54’25.6”N 22°15°25.2”E)
in late August 2019, and bilberries were harvested in Kudra, Latvia (56°55’10.8"N
23°32°46.0”E) in mid—-July 2019. After harvesting the berries were cleaned from leaves
and other biological material to avoid any pollution. Berries were transported to the lab-
oratory and within 5 hours post-harvest they were frozen to —20 °C. Analysis were
conducted within 4 months.

Berries for wax extraction

Nine berry species common in Northern Europe were examined for their cutic-
ular wax composition. Examined berries were- bog bilberry (Vaccinium uliginosum
L.), bilberry (Vaccinium myrtillus L.), American cranberry (Vaccinium macrocarpon),
lingonberry (Vaccinium vitis-idaea L.), black crowberry (Empetrum nigrum L.), gaulthe-
ria (Gaultheria mucronata), rowanberry (Sorbus aucuparia L.), hawthorn (Crataegus
alemanniensis) and eight varieties of blueberry (Vaccinium corymbosum L.), namely,
"Blue crop, "Blue gold, ’Chandler), ‘Chippewa, ’Duke] 'North blue) "Patriot] "Polaris.
The different blueberry varieties and American cranberries were harvested at a com-
mercial blueberry farm Z/S “Strelnieki” located on the outskirts of town Jurmala, Latvia.
Bog bilberries, bilberries, black crowberries and lingonberries were harvested from
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the forests belonging to Kemeru National Park. Rowanberries, hawthorn berries and
gaultheria berries were harvested in the vicinity of town Saulkrasti, Latvia. To avoid
contamination and possible damage to the outer layer of berries they were harvested
into glass containers using metal forceps, both were previously washed with chloroform
(299%, Sigma Aldrich, Germany). In total, approximately 700 berries of each species or
variety were harvested, all berries were harvested in the summer/autumn of 2018. After
the harvest berries were placed into a refrigerated sample box and delivered to the lab-
oratory for immediate extraction of cuticular wax.

2.2. Extraction
2.2.1.Extraction of polyphenolics

Extraction optimisation

Optimisation of extraction of polyphenolic compounds and anthocyanins from
American cranberry press residues in aqueous ethanol and methanol with TFA and
formic acid was carried out using the Response Surface Methodology (RSM) (Myers
et al. 2016). A two-factor and three-level central composite design consisting of eleven
experimental runs (three replicates at the centre point) was employed. Possible effects
of unexplained variability due to extrinsic factors in the two observed responses were
minimised by randomising the run (experiment) order. The design variables were
the concentration of ethanol/methanol (X;, v/v %) and the concentration of TFA/
formic acid (X, v/v %). The observed response variables were the total anthocyanins
(mg/100g berry material) and total polyphenols (g/100g berry material).

Ultrasound assisted extraction

Extraction from cranberry press residues was optimised using ultrasound-assisted
extraction, as specified in a previous study (Article 8). A dried/lyophilised and homoge-
nised berry or their press residue sample (0.50 g) was weighed, and 50 mL of the respec-
tive solvent mixture was added. A 100W ultrasound bath (Cole—Parmer) was used for
the experiments. After the ultrasound treatment, the samples were left shaking for 24h
in the dark and then filtered to remove fine particles. Clear, filtered extracts were stored
in dark at 4 °C.

2.2.2.Extraction of lipophilic substances

Extraction of cuticular wax

A modified method for extraction of cuticular wax was done using two extraction
solvents, chloroform and a mixture of hexane/ethyl acetate (1:1) (299%, Sigma-Aldrich,
Germany). Each species of berry was extracted three times using each of the solvent. In
total, 6 replicates per berry species were prepared. For extraction, three 100 mL beakers
were used. 50 mL of extraction solvent was poured into each beaker, which were previ-
ously cleaned with the same solvent. For each replicate a hundred berries were picked
from the harvested sample and sequentially dipped one by one into the extraction sol-
vent for 30 seconds in each of the three beakers containing the solvent. Clean metal
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forceps were used for the berry dipping. After the berry dipping, all of the contents
of the three used beakers were filtered and combined into an evaporation flask. Each
beaker was further washed twice with extraction solvent and added to the combined
extract. Samples were evaporated under reduced pressure using Rota-Vap evaporator
(Biichi, Germany). Samples were evaporated to approximately 5 mL and transferred to
clean glass tubes. The remaining solvent was evaporated in a water bath (40 °C) (Cole
Parmer, USA) under a gentle stream of nitrogen until dry. The dried berry cuticular
wax samples were stored into a freezer (-20°C) until analysis.

Extraction of berry lipids

For the extraction of berry lipids 3 kg of selected berries were freeze dried and
homogenised in a sample grinder (IKA, Germany). 120 g of homogenised berries were
weighed in 1 L bottles with a cap and mixed with 600 mL of CHCI; then placed in
an ultrasound bath for 20 min (Cole-Parmer, USA). The sonicated sample was then
filtered through a paper filter. The used filter paper with berry particles was placed
back into the extraction bottle and another 600mL of CHCI; were added. Filtration and
re-extraction in ultrasound was repeated three times. The fourth extraction was per-
formed by incubating the sample in CHCI; overnight at room temperature to increase
the extraction yield. The water in the ultrasound bath was changed every 10 min to
avoid evaporation of CHCl; and overheating.

After extraction all the extracts were filtered, combined and concentrated using
rotary evaporator (Heidolph, Germany). After evaporation the berry lipids were dried
under a stream of nitrogen (AGA, Latvia) and the dry samples were weighed and
stored at 4 °C.

Supercritical CO, extraction

Berry or berry press residue extraction using supercritical CO, was performed
with plant material that has been dried at 40 °C and milled to a powder (particle size
<1 mm). 20 g of the dried sample were weighed into the extraction vessel (volume
100 mL). Separex (France) supercritical CO, extraction unit was used for the extraction
with operating parameters set to 250 bar pressure, 50 °C temperature with a CO, flow
rate of 0.4-0.5 L/min. Co-solvent (70% ethanol) was used to aid with the sample collec-
tion from the extraction unit separator. Extraction time was 1 hour.

2.3. Purification and fractionation of extracts

Fractionation of berry lipids

Fractionation was performed using 1600 mg of berry lipids. The weighed lipid
sample (500-550 mg) was dissolved in 20 mL of hexane/chloroform mixture (1:1). To
increase the solubility sample was sonicated for 10 min. After sonication the resulting
lipid solution was mixed with 5g of KP-Sil silica gel (loading capacity >800 mg), air-
dried and packed into the samplet.

The used KP-SIL 25¢g column was conditioned with 3 column volumes (CV) hex-
ane. Elution of lipids was performed by using solvents of different polarity- 4 CV of
each solvent was used in increasing order of polarity: hexane, hexane/chloroform
(1:4 v/v), chloroform, ethyl acetate, ethyl acetate/methanol (1:1 v/v), and methanol.
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The fractionation process was repeated three times, collected fractions of respective sol-
vent were combined and concentrated using rotary evaporator and dried under a stream
of nitrogen.

2.4. Analytical characterisation of polyphenolics

Determination of total anthocyanins

The spectrophotometric pH-differential method (Lee et al. 2005) was used to
determine the total amount of anthocyanins in the prepared extracts. Two buffer solu-
tions with different pH were prepared: 0.025 M potassium chloride solution with pH
1.0 and 0.4 M sodium acetate solution with pH 4.5; pH was adjusted with concentrated
hydrochloric acid (HCI). Dilutions of the same sample were prepared using the buff-
ers, so that the Abs at 520 nm would fall within 0.1-1.4 AU and would not exceed
the 1:5 sample/buffer ratio. The diluted samples were left in dark for 20-30 minutes, and
the measurements were made within 20-40 minutes. The absorbance of each dilution
was measured at 520 nm and 700 nm against a deionised water blank using a Shimadzu
UV-1800 UV-VIS spectrophotometer. The total content of anthocyanin was calculated
using the following equation (Eq. 1):

AXMWXDF (1)
exd

where A = (A520nm - A700nm) pH 1.0 - (A520nm - A700nm) pH 4.5; MW (molecular
weight) = 449.2 g/mol for cyanidin-3-glucoside; DF = dilution factor; d = cuvette path
length in cm (1cm); € = 26 900 molar absorption coefficient, for cyanidin-3-glucoside.

The extraction yield, g anthocyanin/100 g berry dry extract, was calculated using
the following equation (Eq. 2):

Anthocyanin content (cyanidin-3-glucoside eq., g/L) =

g anthocyanin/100 g berry dry extract =

Anthocyanin content(g/L )X Volume of extract(L) @)

Weighed sample weight (g)

Determination of total polyphenols

The total polyphenols were quantified using the Folin-Ciocalteu photometric
method (Siriwoharn et al. 2004). A calibration graph using gallic acid in the range of
0.050-0.350 g/mL was prepared (R?=0.999). The standards were prepared by taking
1 mL of the respective gallic acid standard solution and mixing it with 5 mL of Folin-
Ciocalteu reagent (1:10 dilution with water) and 4 mL of 7.5% sodium carbonate solu-
tion in water. Measurements were done at 765 nm after a 20-30 minutes incubation
period at room temperature in the dark. Total polyphenols in g of gallic acid equivalents
(GAE)/100 g berry dry extract were calculated using the following equation (Eq. 3):

TPC g GAE/100 g berry dry extract =

C ofgallic acid (%)xVolume of extract (mL)

x 100 3)

Weighed sample weight (g)
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where C of gallic acid (g/mL) is calculated using the calibration curve regres-
sion equation.

Determination of anthocyanins using UPLC-PDA

Ultra-performance liquid chromatography (UPLC) identification and quanti-
fication analyses of anthocyanins were carried out using a Waters ACQUITY UPLC
system equipped with a Quaternary Solvent Manager (QSM), a Sample Manager —
Flow-through Needle (cooled to 4 °C) (SM-FTN), a column heater (CH-A) and
a photo—diode array (PDA) A detector. Data was collected using a Waters Empower
software. Analyses were carried out at 35 °C using a C18 column (Acquity UPLC BEH
C18 2.1x50 mm i.d., 1.7 um) with a column pre-filter (Frit and Nut 0.2 um, 2.1 mm).
The mobile phase consisted of aqueous 5.0% formic acid (A) and methanol/1.0% formic
acid in water (70:30 v/v) (B). The flow rate was 0.250 mL/min, and the gradient elution
was from 80% to 75% of solvent A in 15 minutes, from 75% to 60% in 7 minutes, and
from 60% to 0% in 18 minutes, followed by 10 min. of stabilisation at 80%. The total
sample run time was 40 minutes, injection volume- 2.0 pL. Identity assignment was
carried out considering the retention times. Anthocyanins were quantified using exter-
nal calibration graph prepared from anthocyanin standard mixtures (3-100 mg/L;
R? > 0.9990). The limit of detection (LOD) and limit of quantification (LOQ), respec-
tively defined as a 3:1 and 10:1 peak-to-noise ratio, were 0.75 pg/mL and 2.20 pg/mL
respectively.

2.5. Analytical characterisation of lipids

GC-MS samples of wax and lipids were prepared according to previously pub-
lished methodology (Article 1; 2). Briefly, the extracted cuticular wax of each replicate
was weighed (approximately 20 mg) into three separate GC vials, the sample was dis-
solved in 1300 pL pyridine (Sigma-Aldrich). Silylation was done using 200 pL N,O-bis
(trimethylsilyl) trifluoroacetamide, BSTFA (Sigma-Aldrich), samples were heated for
1 hour at 60 °C. Total number of replicates ran on the GC system was 18 per ana-
lysed berry species. GC-MS analysis was performed using GC-2010 plus coupled with
GC-MS QP-2010 Ultra mass detector (Shimadzu, Japan).

Extracted berry lipids, lipid fractions and waxes were weighed out (approx. 5 mg)
in a GC vial and dissolved in 1.3 mL pyridine and 0.2 mL of BSTFA was added. Sample
was then heated at 60 °C for 1 hour. The resulting sample was analysed using GC-MS
(Table 2.1).

LabSolutions 4.30 software (Shimadzu, Japan) and NIST’17 (NIST, USA) Spectral
Library was used for identification of compounds. The analyses were performed in
triplicate.

Quantification was done by preparing standard solutions of heptadecanoate
(299.0%), 1-dodecanal (298.0%), (+)-a-tocopherol (99%), 1-octadecanol (99%), and
n-tetracosane (=99.5%) (Sigma-Aldrich) in the concentration range 1.5-500 pg/mL.
Quantification was done by firstly identifying the group of compounds the analyte
belongs to and then the concentration was calculated using the respective standard.
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Table 2.1. GC-MS programme and parameters used for qualitative and quantitative
analysis of lipids and cuticular wax.

Parameter, settings Cuticular wax analysis Lipid analysis
Column Restek Rxi® - 5MS
Carrier Helium
Flow rate, mL/min 10.8 16.0
Gas pressure, kPa 70.0 77.8
Column flow, mL/min 0.71 1.18
Split ratio 1:10 1:10
Injector, °C 290 290
Injection volume, uL 1 1
Ion source, °C 230 200
Electron impact, eV 70 70
Interface, °C 290 250
200°C for 2 min > 13ozsc a(t: g(())f’(zi/rrrrllli?jlold
GC programme 250£0Cl§t7321‘i’fimm for 10 min->
310 °C at 4 °C/min hold

310 °C at 10/min hold 14 min .
for 10 min

2.6. Assessment of biological and other activities

Determination of sun protection factor (SPF)

SPF values were determined according to a previously developed method (Mansur
et al. 1986). In short, solutions at concentration 1.0 mg/mL of lipid fractions were
prepared in chloroform. Absorption of each solution was measured in the range
290-320 nm every 1.0 nm three times using Shimadzu UV-1080 UV/VIS spectropho-
tometer. Before making the measurements baseline was corrected using blank chloro-
form. SPF was calculated using mathematical equation utilizing UV spectrophotome-
try (Eq. 4):

320

SPFspectroph, =CF- Z EE(2) -1(A) - Abs(2) (4)

290

Where: EE (A) - constant, erythemal effect spectrum (Sayre et al. 1979); I (A) —solar
simulator intensity spectrum; Abs (\)- absorbance of measured sample; CF - correction
factor (= 10).

Determination of antimicrobial activity

Extracted and fractionated lipids were tested for microbiological activity using Agar
well diffusion method. Microorganisms obtained from the Microbial Strain Collection
of Latvia (MSCL) were used- Staphylococcus aureus (MSCL 334), Streptococcus pyogenes
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(MSCL 620), Staphylococcus epidermidis (MSCL 333), Escherichia coli (MSCL 332),
Proteus mirabilis (MSCL 590) and Pseudomonas aeruginosa (MSCL 331). The inoculum
of respective bacteria was prepared in sterile water with density of 0.16 at Abss,,. Miller-
Hinton agar plates were inoculated with the prepared inoculum using Drigalski spat-
ula and sterile tube, agar wells were prepared. The diameter of bed was 6 mm and
the experiment was repeated two times. For the determination of microbiological activ-
ity, the lipid solutions were prepared in dimethyl sulfoxide (DMSO) at the concentration
of 15 mg/mL. The solution was sonicated for 7 min. Before the solutions were added to
agar wells it was put in warm water to dissolve lipids and then 70 pL of solution were
added to each well. Agar plates were incubated at 37 °C, for 20 h.

In order to avoid solvent effects a control (blank) well containing DMSO solu-
tion was prepared. A solution of gentamicin (10 mg/mL) was used as positive control.
The inhibition zones were measured after 20h of incubation.

Meteorological data

Bilberry cuticular wax analysis results were correlated with weather variables in
each of the gathering locations. The closest weather stations to the bilberry collection
sites (within a 50 km radius) provided the weather variable information. The meteor-
ological information was gathered from weather stations in Oulu (Finland), Tromse
(Norway), and Riga (Latvia), by the VIT Technical Research Centre of Finland, NIBIO
and Latvian Environment, Geology and Meteorology Center respectively. The informa-
tion gathered included the following: eight weeks prior to harvest’s average temperature
(Tavg), maximum temperature (Tmax), minimum temperature (Tmin), and average
precipitation (average) in millimetres (Pavg).

Data analysis and statistics

Quantitative data of cuticular wax composition was subjected to two-way analysis
of variance (ANOVA) to evaluate the differences between the analysed berries, post-
hoc Tukeys HSD was used to distinguish significantly different groups. Principal com-
ponent analysis (PCA) on correlation matrix and hierarchical cluster analysis using
Ward’s method with standardized data was performed to evaluate relationship among
various tested berries. Statistical analysis and data visualisation was done using SAS
JMP?®, Version 13 (SAS Institute Inc., USA).
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3. RESULTS AND DISCUSSION

The following chapter will provide an overview of the main findings and pro-
posed ideas elaborated within the course of this thesis as presented in scientific articles
1-13 (list of the publications in Introduction). Due to the complexity of the studied
material, the thesis has been structured based on the compound groups of interest -
lipids, waxes, polyphenolics, major, trace elements and light stable isotopes, detailed
descriptions on the research done can be found in the sections 3.2, 3.3, 3.4 and
3.5, respectively. The research done in this thesis focuses on berry press residues (or
pomace), however, to gain a better understanding of berries and their processing wastes,
also whole, fresh berries have been investigated - this is due to the reason that berry
press residues are a rather homogenous mixture of residual berry pulp, skins and seed,
stems and sometimes also leaves, and thus, it is not possible to distinguish between, for
example, lipids of seeds or lipids of skin or lipids of the pulp. By studying whole ber-
ries and berry press residues separately it is possible to identify the parts of the berries
that could potentially contain beneficial compounds with potential application fields.
The obtained results on whole berries could be further transferred and optimised to be
used for berry press residues, for example, the seeds could be separated from the pom-
ace biomass and thus only seed lipids could be extracted, or the skins could be separated
for extraction of anthocyanins.

Figure 3.1. The relation between the themes of the published scientific articles on berry
lipids (orange), berry wax (yellow), polyphenolics (red), metals and stable isotopes (blue)
and their potential application areas (green).
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The scientific articles presented in the thesis have been separated into five groups,
each of the articles consists of introduction, where the reader is introduced to the back-
ground and the aim of the study, the used methodology is presented to the reader in
a way that the experiments could be reproduced, the obtained data and its analysis is
presented in the form of tables and graphs as well as discussion related to previous
research done by other authors and explanations how the findings of the author of this
thesis contribute to the field of phytochemical research and uses of bioeconomy based
approach to biomass utilisation. To guide the reader Figure 3.1. provides a roadmap
among the themes and specific studied potential application fields — each theme con-
sists of a series of articles concentrating on extraction of the compound group of inter-
est, the optimisation of extraction, chemical characterisation where group parameters
are determined or specific compounds of interest are identified and quantified and
finally the topicality of the obtained results is discussed in the relation to the possible
applications in the bioeconomy field.

3.1. Berry press residue biorefinery strategy

There is now an alternative to the 100% oil economy: it is bioeconomy - a renewable
agricultural resource-based production aimed at full use of biomass. Production and
development of new products from biomass are based on biorefinery concept (Motola
et al. 2018). Each constituent of the plant biomass can be processed, extracted and
functionalized in order to produce non-food and food fractions, intermediate agro-in-
dustrial products and synthons (Lange et al. 2021) as well as energy. Bioeconomy should
become a major supplier of a wide spectrum of value-added products including food
and feed, bio-based chemicals, materials, health-promoting products and bio-based
fuels thus addressing societal and consumer needs and contributing to climate change
mitigation. The upgrading of side streams and leftovers from the collection and process-
ing of biological resources is vital because it considerably increases resource efficiency,
hence minimizing the carbon footprint, while also enhancing economic sustainabil-
ity. Food waste, side-streams, and by-products from food processing can all be used
to create new, high-value bio-based products by extending the useful life of existing
resources. Using less fertilizer, pesticides, and water means less stress on the land and
environment, which means more room and better habitats for wildlife, which means
a reduction in biodiversity loss (EC 2020).

To achieve aims of bio-based economy, biorefinery plays a central role to achieve
the progress as there is a need to develop of biorefinery systems supporting highly
efficient and cost-effective processing of biomass of differing origin into bio-based
products, and successful integration into existing infrastructure and already elaborated
technologies (de Jong et al. 2012; Meyer 2017). Biorefinery is an approach when bio-
mass is sequentially fractionated to get products with higher value, than the original
biomass and/or energy, thus replacing fossil materials (Kamm and Kamm 2004). To
reduce excessive use of fossil materials a key factor is the development of bio-based
building blocks (chemicals and polymers), materials (fiber products, starch derivatives,
etc) as well as pharmaceuticals from biomass (de Jong et al. 2012) at the same time
replacing materials of fossil origin. Three major industrial domains can be concerned:
molecules, materials and energy (Figure 3.2.) and as main products of biorefinery can
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be considered biofuels (bioethanol, biodiesel, biochar, biohydrogen and others), biopol-
ymers and individual substances or groups of them (pectin, polyphenolics, proteins
and others) which can be used directly or can serve as building blocks replacing sub-
stances of fossil origin. An important aim of the development of biorefinery approaches
is reduction of greenhouse gas emissions.

Figure 3.2. Biomass waste biorefinery strategies (modified from Stegmann et al. 2020).

As Figure 3.2. demonstrates, different biorefinery strategies allows to process differ-
ing types and amounts of biomass feedstocks at the same time producing products and
energy, providing possibilities to fully replace fossil materials. The capacities to process
biomass amount and the added value of obtained products significantly differs between
different biorefinery strategies.

Biorefinery strategies are elaborated for several biomass types, but mostly for bio-
mass processed in large scales and examples are wood biomass biorefinery (Octave and
Thomas 2009), algae biomass (Balina 2020), orange press residue (Ortiz-Sanchez et al.
2021), agricultural lignocellulosic biomass (Clauser et al. 2021), and few others (Nayak
and Bhushan 2019). Carbohydrates, lignin, proteins and lipids form = 95% of plants,
while other five percents are represented by vitamins, polyphenolics, dyes, flavors, alka-
loids or other substances that are of high value, considering their direct application
potential as a result of biorefinery. On the basis of these various plant components, dif-
ferent specific biorefineries can be outlined based on carbohydrates (monosaccharides,
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polysaccharides), lignocellulosic feedstocks and lipids as main sources of molecules

(Octave and Thomas 2009). Considering the large volumes of biomass to be processed,

in many cases well elaborated biorefinery strategies are available (Du et al. 2007; Pauly

and Keegstra 2008; Chen and Dixon 2007).

A specific group of biomass waste are food wastes, as they are resulting from food
production and are rich in substances of high nutritional value as well as contain other
substances with possibly high application potential (Nayak and Bhushan 2019), for
example, berry press residues (pomaces), produced as a result of berry juice production.
So far berry, especially Vaccinium press residue biomass biorefinery strategies have not
been in depth elaborated and proposed. The specific aspects to design Vaccinium berry
press residue biorefinery strategy are:

1. Relatively small volume of biomass (Vaccinium berry press residues) prospective
for biorefinery. Most widely from Vaccinium berries for juice production are used
American cranberries and their world production in 2019 was 687 535 tons mainly
by the USA, Canada, Chile, but in Europe it was significantly smaller and in Latvia,
American cranberry production was 344 tons 2019 (World cranberry production ...
2019). Berry juice production usually is decentralized and thus also the processing
of the berry wastes (biorefinery) could be of relatively small size, smaller than any
process aimed at processing of lignocellulosic or algae biomass.

2. Market value of groups of substances or individual ones obtained as a result of biore-
finery process and their differences. The market for berry press residue process-
ing products includes polyphenolics (groups of substances, such as, anthocyanins,
procyanidins or individual substances, such as resveratrol and others). The other
highly valued group of substances prospective for isolation from berry press residues
includes lipids (waxes, fatty acids, sterols, terpenes etc.) and essential oils. The other
groups of components of berry press residues which could be obtained using biore-
finery are fibres, carbohydrates and polysaccharides, lignin do have significantly
lower market value. Also, the value of energy possibly obtained using waste-to-en-
ergy approaches of Vaccinium berry press residue processing could be significantly
lower. Thus, the biorefinery strategy should concentrate on the processing of most
valuable components as the value of the remains after isolation of polyphenolics
and lipids is significantly lower and their processing more expensive, supporting
possibilities to use of utilization technologies, such as composting or integration of
after-extraction wastes into processing technologies of other biomass streams.

3. High quality of Vaccinium berry press residues in comparison with other kinds of
food processing wastes. Quality of food wastes is one of main problems in respect to
their biorefinery as after the processing deterioration due to enzymatic hydrolysis,
microbial contamination can start very fast. Situation of Vaccinium berry press res-
idues is opposite: berries before juice production are cleaned and after juice extrac-
tion it is possible to dry the pomaces or freeze them to exclude quality deterioration.
Thus, the biologically active components remain intact.

4. Level of knowledge on berry press residue, especially Vaccinium berry composition
and possible biorefinery approaches. Despite results of recent studies on Vaccinium
berry composition and few studies dedicated to studies of Vaccinium berry press res-
idue composition, the knowledge needed to develop berry press residue biorefinery
strategy is missing. Some proposals are elaborated for cranberry pomace biorefin-
ery (Harrison et al. 2013). At first, there is no information on rational extraction

55



methods avoiding use to toxic and dangerous solvents as well as environmentally

friendly extraction methods and further optimization of extraction methods needed

to develop pilot scale or industrial production processes is not available.

The aim of the development of Vaccinium berry press residue biorefinery plan is to
increase knowledge about valuable components of these berries as well as create effi-
cient and modular biorefinery approach to gain the maximal benefit from this valuable
biomass kind (Figure 3.3.).

Figure 3.3. Vaccinium berry press residue biorefinery plan.

Vaccinium berry press residue biorefinery plan includes studies of the Vaccinium
berry (cranberries, American cranberries, lingonberries, blueberries, bilberries, bog
bilberries) and their press residue composition study, development of their extraction
methods and optimization of it as well as testing of the isolated substances, groups
of substances, to reveal their application potential and market value. The elaborated
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plan considers possibilities to realize it in a modular way (it means the realization of
several stages of biorefinery, not only the full process) to obtain press residue compo-
nents with highest application potential or interest for further industrial applications.
The next main component of the biorefinery plan is as high environmental perfor-
mance of the process as possible: 1) reduction of use of toxic chemicals replacing them
with environmentally friendly ones, 2) energy and material saving methods during
the waste processing, optimizing the material and substance flows, 3) optimization of
the processes, at first extraction processes, 4) orientation towards groups of substances
with similar properties as much as possible during the extraction process. Considering
the aim to obtain components with highest added value, the utilization of the residues
after extraction is not elaborated in details, but it can be suggested: 1) to use these res-
idues for production of fibres, 2) composting, 3) thermochemical processing in hydro-
char or biochar.

3.2. Berry and their press residue lipids

One of the main groups of substances in berries and their press residues are lipids.
The research done on berry lipids includes sample preparation, extraction, analytical
characterization and investigation of possible fields of application. Several tasks were
set to reach interdisciplinarity throughout the research conducted on lipid compounds
found in whole berries and berry press residues to investigate the possible uses in order
to promote bioeconomy based solutions (Figure 3.4.).

Figure 3.4. Berry biomass lipid research flowchart.
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3.2.1.Extraction optimization of berry lipids

Lipids are functional compounds that are essential for any living organisms, they are
considered as primary metabolites, since without lipids the functioning of an organism
would not be possible. Lipids serve a variety of biological functions and their classi-
fication is rather complex — some classification systems are based on the function of
lipids, some on the structural similarities. Another aspect in defining the compound
class is much simpler - lipids are insoluble in water, but soluble in organic solvents.
The investigation of berry lipids is based on the latter definition in combination with
the most recent and most comprehensive classification system provided by LIPID-
MAPS (Liebisch et al. 2020).

Berry lipids are a rather complex mixture of various compounds which span a wide
range of substances. Using organic solvents, also other groups of compounds can be
co-extracted, for example, carbohydrates, phenolic acids, which are not considered as
lipids per se. Interestingly, the most recent lipid classification includes the above-men-
tioned compound groups categorized as lipids (saccharolipids and polyketides) (Liebisch
et al. 2020). To understand and adjust the extraction parameters and used techniques it
is important to understand the possible sources and possible lipid types that could be
present in the material, in this case, berries.

A berry can be divided in 3 basic compartments - seeds, skin and pulp. In general,
seeds of different berries consist of lipids that are used for energy storage, fatty acids,
glycerolipids and other minor lipids. Skin consists of sterols (plant hormones, regula-
tion of development and growth, transmembrane regulation, adaptogens) and prenol
lipids (ensure various functions within the cells, act as defensive compounds against
pathogens) as well as waxes (discussed in detail in Chapter 3.3. of thesis) (a mixture
of long-chain aliphatic hydrocarbons, alkanes, esters, long-chain fatty acids, ketones,
aldehydes, primary and secondary alcohols that protect the plants from biotic and abi-
otic stress) (Bederska-Lojewsk et al. 2021). Pulp contains variety of fatty acids (various
length, up to C22), sterols, triterpenoids and other minor lipids, high concentration of
carbohydrates and polyphenolics (Tundis et al. 2021). Considering the possible com-
pound groups in berries and their parts, extraction solvents and techniques should be
selected accordingly. Since the compounds have different polarities, a variety of extrac-
tion solvents have been tested to optimize the lipid extraction based on highest yield.

Table 3.1. Lipid extraction yield from various fresh berries using
Bligh-Dyer extraction method.

Berries Extraction yield, g extract/100g fresh berries
Bilberries 0.36
Lingonberries 0.57
Cloudberries 0.27
Black crowberries 0.46
Bog cranberries 0.37
Rowanberries 0.48
Blueberries 0.23
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Bligh-Dyer extraction (Bligh and Dyer 1959) has been used for the extraction of
lipids, this extraction uses a two solvent system where aqueous methanol together with
chloroform has been used in the ratio of 2:1. This allows for dehydration of the fresh
berry mass and simultaneous extraction of lipids. The hydrophilic compounds are also
partly extracted and transferred to the aqueous methanol phase, thus giving lower total
extraction yields (Table 3.1.). The other type of extraction tested was solvent extraction
where pure solvents (Table 3.2.) were used - in this case berries must be dried before-
hand, in order to avoid introduction of water into the organic phase. The highest yields
have been obtained using the solvent extraction with the ultrasound assisted extrac-
tion technique (20 minute treatment, optimized in unpublished data) as the method
of choice. As determined in Article 1 the most suitable extraction solvent, providing
the highest extraction yields, was chloroform - these results have thus been also used
further for the investigation of lipids in berries (Article 2 and 3).

Table 3.2. Lipid extraction yield from dried blueberries depending
on the used extraction solvent.

Solvent Extraction yield, g extract/100g fresh berries
Hexane 4.62
Chloroform 7.58
Petroleum ether 4.01
Ethyl acetate 5.25
Diethyl ether 4.46
Dichloromethane 4.98

Vaccinium berries have been found to contain from 6.90 g to 9.17 g of lipids/100 g
of dried berries (Table 3.3.). However, these results largely depend on the extraction
method used and the parameters applied, for example, solvent: berry mass ratio, fre-
quency and power of the ultrasound used for the extraction, total volume of extract to
be prepared and others. Further research (Article 3) indicates that larger amount of
berry biomass and larger volume of solvent are needed to extract proportional amount
of berry lipids. Another aspect, regarding the different yields presented in the different
studies (Articles 1,2,3) is the quality of the berries, in particular, the harvesting time,
ripeness of the berries, sample preparation (drying of the berries, milling).

Solvent extractions, in general, have been found to provide higher extraction yields,
than the Bligh-Dyer extraction method, however, the composition of the extracts must
be evaluated to make a definitive conclusion on the effectiveness of the extraction. Since
Bligh-Dyer method employs a 2-phase extraction approach, where aqueous methanol
is used, it is evident, that groups of substances that favor more polar medium are trans-
ferred into the methanol phase, rather than the organic, chloroform phase. These sub-
stances include carbohydrates, which in fact, are not of interest in the regard to lipids.
The extracts obtained by Bligh-Dyer extraction method could therefore be considered
to contain “purer” lipid fraction, since the yields are much lower and the extracts don't
contain any carbohydrates. However, considering the variety of lipids found in berries
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Table 3.3. Lipid extraction yield from various berries using chloroform
as extraction solvent.

Berries Extraction yield, g extract/100g fresh berries
American cranberry 9.17
Bilberry 8.37
Lingonberry 9.05
Bog cranberry 7.57
Bog bilberry 8.66
Blueberry cv. ‘Blue crop’ 6.90
Blueberry cv. ‘Blue gold’ 7.84
Blueberry cv. ‘Blue ray’ 7.10
Blueberry cv. ‘Chippewa 7.51
Blueberry cv. Duke’ 8.15
Blueberry cv. ‘North blue’ 8.18
Blueberry cv. ‘Patriot’ 7.65
Blueberry cv. ‘Polaris’ 7.46

and the wide range of polarities these compounds possess, these results should be care-
fully considered — methanol is considered a polar solvent, but nevertheless some lipids
can also dissolve in methanol. Lipids of the fatty acid and sterol groups can also be
transferred to the methanol phase, thus lowering the lipid contents in the organic phase.
Considering this, the extraction of lipids for analytical study of lipid composition is sug-
gested to be done using pure organic solvents. The appearance of typical berry extracts
obtained using solvent extraction can be seen in Figure 3.5.

Figure 3.5. Examples of lingonberry (A) and bilberry (B) press residue lipid extracts
obtained using chloroform.

Combining the solvent extraction with another type of treatment can increase
the extraction yields significantly. Among the tested methods (maceration, heating
with stirring) ultrasound assisted extraction has been proven to provide the highest
yields at constant extraction parameters. The effectiveness of the ultrasound treatment
can be attributed to the mode of action of the ultrasound - the high frequency creates
micro-bubbles that after several cycles of ultrasound fluctuations implode thus creating
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a cavitation effect, this effect allows for penetration of the solvent into the disrupted
cells and thus increases the amount of substances that are available for dissolution into
the solvent (Dzah et al. 2020). Moreover, the energy delivered to the sample slightly
warms the sample (not more than 40 °C) increasing the solubility of the lipid com-
pounds. The extraction effectiveness reached a plateau after 15-20 minutes of treatment
as determined during the method optimization process. Ultrasound assisted extraction
was determined to be the method of choice for the solvent extraction of berry lipids.

As an environmentally friendly extraction approach with potential uses in indus-
try, extraction with supercritical CO, (SCO,) was tested and evaluated based on
extraction yield (Table 3.4.). Whole, dried berry and berry press residue powders
were extracted using ethanol as a co-solvent (to ensure fluidity of the obtained extract
through the system). The obtained extracts have similar composition as those extracted
using non-polar solvents (chloroform, hexane, petroleum ether, ethyl acetate) giving
comparable extraction yields. Compared to the solvent extractions, where the solvent
can be retrieved and re-used for further extractions, SCO, extraction re-circulates
the CO, through the system and does not produce it during the runs and extraction
procedure, also the CO, evaporates from the extract leaving no harmful residues in
the extracts, whereas solvents can leave residues that have been introduced during
the manufacturing process or added as solvent stabilizers. Considering the advantages,
the development and increasing availability of SCO, extraction units, also on industrial
scale, this approach has become a viable option for extraction of lipid substances from
a variety of materials — to show the efficiency, low carbon footprint and reduced prod-
uct costs through this type of extraction.

Table 3.4. Lipid extraction yield from Vaccinium berries using supercritical carbon dioxide
as extraction solvent.

Berries Type of material Extraction yield, g/100g berries
American cranberries Whole berries 8.71
Press residues 14.48
Bilberries Whole berries 8.22
Press residues 10.53
Blueberries Whole berries 7.18
Press residues 10.45
Lingonberries Whole berries 8.87
Press residues 11.48

3.2.2.Qualitative and quantitative analysis of obtained lipid extracts

The obtained lipid extracts were analysed using GC/MS for their qualitative and
quantitative composition. The main aim of qualitative and quantitative analysis was to
identify substance present in the different berry lipid extracts based on the used mate-
rial (whole, fresh berries, berry press residues) and thus support development of new
applications for bioeconomy.
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As the first step, solvent influence on the composition and extraction efficiency of
individual substances was evaluated (Article 1). Five solvents were tested for their effi-
ciency in extraction of individual lipid compounds - hexane, petroleum ether, diethyl
ether, ethyl acetate and chloroform. 22 individual substances, that were present in all
the prepared extracts were quantified and compared based on the solvent used (Table
3.5.). The total extraction yield of the quantified substances was the highest when
diethyl ether was used, while the least effective was petroleum ether. Depending on
the substance of interest, the extraction conditions should be optimized not only on
the total yield of extraction (dry matter/g of biomass), but also on the specific substance
of interest — this is a solution for controlling the final extract composition and obtain
extracts with more specific activities, which is based on the composition.

Table 3.5. Chemical composition (ug/g of dried berries) of blueberry extracts depending
on the used extraction solvent. Values represent the means (n=3). ND - substances not
determined or lower than the LOD.

Petroleum  Diethyl Ethyl

Substance Hexane ether ether acetate Chloroform
Benzoic acid 66.0 22.8 64.7 16.9 49.0
Nonanoic acid 2.75 1.92 2.77 2.65 2.65
Butanedioic acid ND ND 402 ND ND
Dodecanoic acid 2.80 1.78 4.32 1.92 3.35
Citric acid ND ND 77.7 ND ND
Glucofuranoside 13.9 2.10 10.5 3.18 9.1
Palmitic acid 82.2 16.1 121 1.83 119
9,12-Octadecadienoic acid 75.15 5.59 320.75 718.16 223.80
9,12,15-Octadecatrienoic acid 298 10.9 819 105.18 37.24
trans-11-Octadecenoic acid 53.61 2.58 102 36.7 65.5
Octadecanoic acid 12.8 2.58 41.7 2.87 2.70
Butyl 9,12-octadecadienoate 87.4 27.1 97.5 309.95 90.98
Butyl 9,12,15-octadecatrienoate 261.20 65.93 297 38.4 323
Butyl octadecanoate 34.5 11.5 39.2 10.3 30.9
Heptacosane 13.7 8.8 8.3 1.73 6.8
Nonacosane 15.1 2.01 15.1 3.21 15.2
Octacosanal 62.53 18.2 77.6 2.42 77.7
Triacontanal 31.2 3.14 27.8 1.86 36.6
B-Sitosterol 341 132 334 52.1 321
B-Amyrin 59.8 14.5 58.0 13.5 57.9
a-Amyrin 16.4 7.13 15.0 26.9 18.2
Betulin 8.58 3.84 15.51 17.91 24.63
Total 1,539 361 2,951 1,368 1,516
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Qualitative identification of substances in the analysed Vaccinium berries range
from 33.46 to 83.82% of all the monitored signals. The unidentified substances in
the lipid extracts are believed to be complex substances with large molecular mass, for
example, triterpenes bound with fatty acids, triglycerides, and others. Since limitations
exist with the used method for identification and quantification, the obtained extracts
could be fractionated using solid phase extraction with different sorbents — some of
the substances found in the extracts are in low concentrations, and by chromatographic
analysis these signals merge with the baseline and thus appear as noise. In the analysis
of total extracts, a total of up to 120 substances were identified in bog bilberries, bog
cranberries, lingonberries, bilberries, American cranberries and different varieties of
highbush blueberries, as well as berries from other species than Vaccinium, crowberries,
cloudberries, rowanberries. The identified compounds of berry lipids were divided in
6 lipid subclasses. The lipid subclass represented in highest concentration are the fatty
acids (up to 60% of total lipids in varieties of blueberries). The main fatty acids found
in the studied berries are palmitic, linoleic and linoleaidic acids (Figure 3.6).
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Figure 3.6. Relative abundance of identified lipid compound groups
in the studied Vaccinium berries.

A group of substances often found as a part of lipid extracts are alkanes. These
compounds are a part of berry epicuticular wax and in cytoplasm of berry they are pre-
cursors for biosynthesis of other plant metabolites. The carbon chain length of alkanes
found in berries ranges from C19 to C31. As the most prominent of the alkanes in ber-
ries the C29 alkane (nonacosane) was found. Among the studied wild berries, the high-
est concentration of nonacosane was found in lingonberry (6.81 g/100 g). The wild bil-
berries and bog bilberries had low alkane concentrations, and in bilberry, only C25 and
C29 alkanes were found. The studied blueberry varieties showed a much wider alkane
content, for example, blueberry variety ‘North blue’ contained 8 different alkanes, with
the most prominent alkane being nonacosane (Table 3.6.).
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Table 3.6. Concentration and chain length of alkanes in the studied Vaccinium species
berries. Values represent g of specific alkane/100 g of extract. <LOD - concentration lower
than the limit of detection (0.2 ug/g).

C19 C23 C25 C26 C28 C29 C30 C31

Bog bilberry <LOD 0.13 038 <LOD 331 090 <LOD <LOD
Bog cranberry <LOD <LOD <LOD <LOD 1.53 149 <LOD <LOD
Lingonberry <LOD <LOD 0.13 <LOD 0.11 6.81 0.42 1.67
Bilberry <LOD <LOD 0.21 <LOD <LOD 0.34 <LOD <LOD
gjfgzj; <LOD <LOD <LOD <LOD <LOD 233 <LOD <LOD
‘Polaris’ <LOD <LOD 022 <LOD 0.25 458 <LOD 0.73
‘Patriot’ 0.33 <LOD 0.36 <LOD 0.45 8.01 <LOD 2.70
‘North blue’ 0.28 0.24 0.33 0.25 0.66 9.33 0.56 2.80
‘Duke’ 0.22 <LOD 0.20 0.20 <LOD 0.97 <LOD 0.22
‘Chippewa’ 0.19 <LOD 0.62 0.44 0.38 6.05 0.29 0.91
‘Blue ray’ 030 <LOD 027 <LOD 0.34 131 <LOD <LOD
‘Blue gold’ 0.29 <LOD 0.22 <LOD 0.15 1.03 <LOD 0.24
‘Blue crop’ 0.24 <LOD 0.24 0.21 0.25 3.18 <LOD 0.89

Triterpenes and sterols serve a protective function as well as participate in a variety
of cellular functions (Thimmappa et al. 2014; Valitova et al. 2016). Wild berries have
been found to have higher amounts of triterpenes present, while sterols were found to
be in higher concentrations in cultivated berries. In analysed berries triterpenes were
found to compose 50% of identified lipids in bog cranberry and as low as 17% of lipids
in blueberry varieties. The main triterpenoids in analysed berries were ursolic acid,
a-amyrin, B-amyrin and sterols B-sitosterol and lupeol. Additionally, also other triter-
penoids and sterols in minor concentrations have been found (Table 3.7.).

The obtained total lipid extracts of berries contain a large number of different sub-
stances from different groups of lipids and thus can have various biological effects.
To evaluate and identify the groups of compounds responsible for specific activities,
total lipid extraction was performed. Obtained bilberry and lingonberry extracts were
fractionated using different solvents or their mixtures as eluents on silicagel column.
Hexane, hexane/chloroform (1:1), chloroform, ethyl acetate, ethyl acetate/methanol
(1:1) and methanol were used as eluents. The chloroform extracts were loaded onto
the column and eluted with the abovementioned solvents. The least polar solvents hex-
ane and chloroform eluted most of the loaded extract, while the more polar ethyl acetate
and methanol eluted the remaining substances. The total recovery of the fractionation
was 97.7 and 93.1% for bilberry and lingonberry, respectively. The obtained fractions
were then analysed using GC/MS. The results indicate that some of the obtained frac-
tions contained specific groups of compounds, while some groups of compounds were
present in all the fractions (phenolic acids in lingonberries, fatty acids in bilberries)
(Article 3).
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Table 3.7. Concentration of triterpenoids and sterols in the studied Vaccinium species
berries. Values represent g of specific sterol or triterpenoid/100 g of extract. <LOD -
concentration lower than the limit of detection (0.2 pg/g).

Ursolicacid beta-sitosterol beta-Amyrin alpha-Amyrin  Lupeol

Bog bilberry 27.06 6.35 0.48 0.48 <LOD
Bog cranberry 28.23 4.61 <LOD 0.78 <LOD
Lingonberry 244 6.03 1.76 1.4 <LOD
Bilberry 12.75 4.56 1.52 <LOD <LOD
American cranberry 17.08 5.56 0.92 <LOD <LOD
‘Polaris’ 12.37 8.66 2.68 <LOD <LOD
‘Patriot’ 17.18 10.72 <LOD <LOD <LOD
‘North blue’ 10.73 11.3 3.4 0.76 2.01

‘Duke’ 12.39 9.77 2.46 <LOD <LOD
‘Chippewa’ 8.75 10.97 10.66 <LOD <LOD
‘Blue ray’ 12.87 9.96 1.34 <LOD 2.07

‘Blue gold’ 10.36 9.88 0.94 1.84 <LOD
‘Blue crop’ 4.47 9.49 <LOD <LOD <LOD

Comprehensive analysis of total lipid extracts is a crucial step in identification of
lipid extract application areas. Moreover, the fractionation allows for a clearer view on
the fields of application, since the substances or their groups responsible for specific
activities can be identified more easily - fractionation allows preparation of purer func-
tional fractions, that will have potentially higher applicable activities. Detailed chemical
analysis of the prepared lipid extracts from berries of Vaccinium and other species, as
well as their varieties, can be found in Articles 1, 2 and 3.

3.2.3.Identification of lipid extract applications

Sun protection factor of berry lipids

Berry lipids possess skin moisturizing and protective abilities, which are attributed
to the presence of unsaturated fatty acids (Ispiryan et al. 2021). The compositional anal-
ysis have revealed the presence of a variety of compound groups which can have other
possible activities and therefore it is important to evaluate lipid fraction uses as compo-
nents for cosmetic products with specific applications. Various plant extracts have high
sun protection factor (SPF) and have been used as UV filters in sunscreens, however,
berry lipids have not been evaluated in this regard (Sutar et al. 2020).

The obtained SPF values for total extracts were 3.6 and 9.4 for bilberry and lin-
gonberry, respectively. Total extract of lingonberry contained high levels of phenolic
acids and isoprenoids, which were absent in bilberry extract. In general, the SPF values
of tested fractions increase as the polarity of the used elution solvent increases and
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reaches the peak SPF values when ethyl acetate/methanol was used as eluent. The high-
est SPF values obtained were of ethyl acetate/methanol fraction, 11.6 for bilberry and
10.2 for lingonberry (Table 3.8.). Bilberry ethyl acetate/methanol fraction consist of
large amounts of fatty acids, namely the C18 unsaturated fatty acids (157 mg/g extract)
and cinnamic acid (27 mg/g), while lingonberry fraction contain 27 mg/g and 11 mg/g
of the respective compounds, both of the berry fractions also have high contents of
benzoic acid (36 and 197 mg/g). Benzoic acid, due to its high concentration in the total
lingonberry extract, is found in all of the studied fractions (up to 397 mg/g in chloro-
form fraction), while cinnamic acid was found only in the ethyl acetate/methanol frac-
tion of both, lingonberry and bilberry, which indicates the UV absorptive potential of
this phenolic acid. Indeed, cinnamic acid has been previously shown to have strong UV
absorption capacity and it is used commercially in sunscreen products (Gunia-Krzyzak
et al. 2018). Also, isoprenoids have been attributed to possess UV absorptive ability
(Ramachandran and Prasad 2008), however, this cannot be confirmed in this study,
as the MeOH fraction of lingonberry contained 45 mg/g oleanolic acid and 208 mg/g
ursolic acid, as well as the same fatty acids and benzoic acid as the ethyl acetate/metha-
nol fraction and showed much lower SPF values than the fractions containing cinnamic
acid (Table 3.8).

Table 3.8. Determined sun protection factor values (SPF) of bilberry and lingonberry
extracts and their fractions. Data represent the mean value, n=>5. Different letters next
to the analysed fraction represent significant differences according to ANOVA post-hoc
Tukey’s HSD, p<0.05.

SPE
Berry  Analysed fraction 1.0 mg/mL 2.5 mg/mL 5 mg/mL
Hexane® 3.0 7.0 144
Hexane/chloroform?® 1.3 3.1 6.2
.  Chloroform® 34 8.3 15.5
E Ethyl acetated 7.2 16.6 33.7
2 Ethyl acetate/methanol* 11.6 25.5 53.0
Methanol® 6.8 16.3 32,5
Total extract® 3.6 9.0 18.7
Hexane? 2.6 5.8 12.3
Hexane/chloroform® 4.5 10.4 18.9
g Chloroform* 8.2 19.9 40.2
go Ethyl acetate® 7.8 19.1 36.7
E Ethyl acetate/methanol® 10.2 24.0 49.0
Methanol® 3.9 10.1 17.9
Total extract® 9.4 21.6 44.0
Control (chloroform) 0.0 0.0 0.0
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The SPF values obtained show that the use of berry lipids have a potential appli-
cation in sunscreen production, thus substituting synthetic and inorganic sunscreen
constituents to natural and sustainable components with low environmental impact, at
the same time promoting bioeconomy and valorisation of food wastes.

Antimicrobial activity of berry lipid fractions

The antimicrobial activity of total berry lipid extracts and extract fractions was
tested against 6 human pathogens or opportunistic pathogens via agar-well diffusion
method. As a result, the obtained fractions exhibited antimicrobial activity against
S.aureus, S.pyogenes, S.epidermidis and E.coli, but no activity against Pmirabilis and
Paeruginosa was detected. Bilberry total extract and its fractions demonstrated high
inhibition potential when tested with S.aureus. Chloroform and ethyl acetate frac-
tion demonstrated significant antimicrobial activity, these fractions were especially
rich in {-sitosterol, containing 280 mg/g and 70 mg/g of this substance, respectively.
These fractions also showed inhibitory effect against the other Gram-positive bacteria,
S.pyogenes and S.epidermidis. S.pyogenes was inhibited by all of the tested bilberry frac-
tions, except the most non-polar, hexane fraction, where the main compound groups
were aldehydes with nonacosanal (111 mg/g) and fatty acids with oleic acid (119 mg/g)
as the main constituents. The only Gram-negative bacterium inhibited by the tested
berry lipid fractions was E. coli. Bilberry ethyl acetate/methanol and methanol fraction
showed significant inhibition and were particularly rich in phenolic acids (141 mg/g of
quininic acid in methanolic fraction) and fatty acids (249 mg/g malic acid in methanolic
fraction). The inhibition presented by the total lipid extract is similar to the prepared
fractions, which indicates there is possible synergistic effect of the berry lipids which
reduces microbial growth.

The tested lingonberry extract fractions and total extract contained high levels of
benzoic acid. Similarly to the bilberry fractions, where the Gram-negative E.coli was
inhibited possibly due to the fatty acid contents, also lingonberry extracts showed
inhibition of this bacterium. The lingonberry methanol fraction contained isopre-
noids oleanolic acid and ursolic acid, however, these fractions did not show higher
inhibition potential. Interestingly, the hexane and hexane/chloroform fractions inhib-
ited the growth of S.pyogenes — these fractions had high levels of squalene (185 mg/g),
B-sitosterol (26 mg/g) and lanosterol (24 mg/g).

The broad spectrum of compound groups found in the berry lipids make them
attractive as antibacterial agents for various applications in food preservation, medicine,
as part of nutraceuticals, cosmetics and could possibly reduce the use of conventional
antibiotics. Depending on the microorganisms that have to be controlled, berry lipids
could be added to various products to control or minimize the possibility of food spoil-
age and foodborne pathogens. Cosmetic products containing these antimicrobial and
sun protective berry lipids are a safe alternative to the conventionally used cosmetic
products - it could possibly help in avoiding allergens and the development of antibiotic
resistant skin pathogen strains. Results obtained in this study can help in elucidation
of possibly new fields of application of lipid compounds. The demand for safe, nat-
ural food and cosmetic ingredients increase as the overall population becomes more
involved and aware of the health and environmental issues proposed by the modern
industrial solutions. Berry lipids are a largely neglected group of compounds, however,
from the point of application potential they are one of the most valuable groups of
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compounds supporting health promoting value of berries. The research on the com-
position and use of natural products becomes more important, as environmentally
friendly alternatives of various conventional ingredients must be found. As the food
industry and berry processing steadily increases worldwide, berry lipids, which could
be extracted from berry press-residues, can play a significant role in new, user friendly,
innovative product development.

3.3. Berry and their press residue wax

Berry and plant waxes in general consist of a mixture of long-chain aliphatic hydro-
carbons, alkanes, esters, ethers, long-chain fatty acids, ketones, aldehydes, primary and
secondary alcohols that protect the plants from biotic and abiotic stress. The aim of
the study on berry and their press residue wax was to understand the functions of berry
cuticular wax as part of the plant’s defence system, to demonstrate possibilities of berry
wax practical application, considering wax as one of the functional components derived
from the biorefinery process (Figure 3.7).

Figure 3.7. Berry biomass wax extraction and research flowchart.
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3.3.1.Extraction of berry wax

In the thesis the main work has been done on cuticular wax layer of berries, which
consists of intracuticular wax (amorphous lipids embedded in cutin) and outermost
epicuticular wax (Jetter et al. 2008). Since it is not possible to divide the two layers
of wax present on the outer part of the berry, both of these layers must be extracted
simultaneously. To isolate the berry cuticular wax layer specifically, fresh berries must
be used. Berry press residues contain a mixture of berry parts, therefore the extraction
and determination of cuticular wax composition of such material is not possible and
therefore the compositional analysis of cuticular wax must be done using intact berries.
However, berry press residue wax can be obtained as a product using SCO, extraction,
which gives a possibility to prepare berry waxes on semi-industrial scale.

The morphology of berry wax differs depending on the crystal forming substances
that are part of the wax. Generally, two distinct phenotypical morphological groups
of waxes on the surface of plant organs can be distinguished - glaucous (bilberries,
bog bilberries, blueberries) and glossy (lingonberries, bog and American cranberries,
crowberries). However, despite the apparent similar appearance of, for example, blue-
berries, bilberries, bog bilberries, that can be seen with the naked eye, scanning elec-
tron microscopy (SEM) reveals different morphological wax structures on these berries.
Classification of plant wax morphology has been elaborated and specific structural and
chemical diversity can be determined by SEM analysis (Barthlott et al. 1998; Jeffree
2006). The chemical composition affects the morphological characteristics of the berry
surfaces thus giving the berries their specific appearance. The performed SEM analysis
together with wax extraction yields show that the berries with glaucous appearance
have higher wax density than the glossy berries. The amount of wax on bilberry and
bog bilberry was 871.1 and 921.8 pg/cm? while on lingonberry and crowberry it was
331.3 and 108.5 pg/cm? (Article 4).

Extraction of cuticular wax of different berry species was done using chloroform
as suggested earlier (Jetter et al. 2008). Examined berries were bog bilberry (Vaccinium
uliginosum L.), bilberry (Vaccinium myrtillus L.), American cranberry (Vaccinium
macrocarpon), lingonberry (Vaccinium vitis-idaea L.), black crowberry (Empetrum
nigrum L.), gaultheria (Gaultheria mucronata), rowanberry (Sorbus aucuparia L.), haw-
thorn (Crataegus alemanniensis) and eight varieties of blueberry (Vaccinium corym-
bosum L.), namely, ‘Blue crop, ‘Blue gold, ‘Chandler), ‘Chippewa, ‘Duke, ‘North blue,
‘Patriot’ and ‘Polaris. Fresh, intact berries were submerged into fresh chloroform and
then, to ensure complete washing-off of the cuticular wax layer, they were dipped
2 times more in separate flasks with pure chloroform. Such approach ensured, that
only the outermost layer of the berries was subjected to extraction, thus avoiding leach-
ing of cytoplasmic lipids into the extract. The obtained extraction yields (Table 3.9.)
suggest that the berries that have glossy, smooth cuticular wax layer (not forming wax
crystals), like lingonberry, crowberry, rowanberry and cranberries have higher cutic-
ular wax concentration than the berries that have white, textured cuticular wax layers
(crystal forming), like blueberries and bilberries. The extraction methodology was kept
constant throughout the series of wax investigation.
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Table 3.9. Studied berries, their taxonomic relation based on family and species and
the amount of wax in mg per berry. * represents the standard deviation
of the wax amount (n=3).

Studied berry Family Species Variety Wax, mg/berry
Hawthorn Rosaceae Crataegus 1.43 £0.09
Rowanberry Rosaceae Sorbus 1.48 £ 0.09
Gaultheria Ericaceae Gaultheria 0.65 + 0.02
Black Crowberry Ericaceae Empetrum 1.71 £0.11
Bog bilberry Ericaceae Vaccinium 0.95 +0.09
Bilberry Ericaceae Vaccinium 0.63 + 0.05
Lingonberry Ericaceae Vaccinium 1.89 +£0.09
American cranberry  Ericaceae Vaccinium 1.46 £0.12
Blueberry Ericaceae Vaccinium ‘Blue crop’ 0.74 £ 0.04

‘Blue gold’ 0.67 +£0.03
‘Chandler’ 0.83 +0.05
‘Chippewa’ 0.90 + 0.07
‘Duke’ 0.57 £0.02
‘North blue’ 0.65 +0.02
‘Patriot’ 0.84 £ 0.03
‘Polaris’ 0.87 +£0.03

The wax amount of bilberries was investigated throughout the fruit development
for wild-type bilberry and glossy-type (natural bilberry mutant) to investigate the wax
layer development as the berry ripens. It was found that during the ripening stages
the amount of wax on the berry surface slightly increased for both types of berries
reaching, though, no significant differences between the wild-type and glossy-type ber-
ries were detected in any of the investigated ripening stages. The wax amount per area
of berry surface also showed no significant differences among wild-type and glossy-
type, the wax density slightly increased at the later development stages, although not
significantly (Article 6).

The latitude at which the berries have been harvested is believed to have influence
on the chemical composition of the berries, including the composition and amount of
wax on the berry surface. This hypothesis was tested by gathering bilberries and extract-
ing their cuticular wax from Latvia, Norway and Finland in two consecutive summer
seasons (year 2018 and 2019). The results firstly showed that depending on the harvest
year, the wax load (mg wax/berry) can change significantly and secondly, the amount
of wax load changes depending on the latitude at which the bilberries have been har-
vested. The wax is largely responsible for the protective functions of plants, and thus it
can change depending on the abiotic environmental factors. Correlation analysis show
that the wax load has a statistically significant negative relation with meteorological data
(precipitation) two months pre-harvest - the influence of environmental parameters on
bilberry wax is further explored in Section 3.3.3 of the thesis and in Article 7.

70



SCO, extraction was done using dried, milled berry press residues and waxy, dry
material was obtained in preparative amounts. Since berry press residues contains other
berry compartments, including seeds, the extraction yields obtained have been higher
and also the wax appearance was different, due to the lack of selectivity while using
such an extraction approach. The extracts prepared using SCO, extraction had yields of
1.02% and 0.45% for lingonberry and bilberry press residues, respectively, while berry
dipping in chloroform, where the cuticular wax layer is extracted specifically, results
ranging from 0.05-0.1%, depending on the berries, were achieved. However, the extracts
prepared using SCO, contain substances that can, in fact, improve the quality and appli-
cation possibilities of the prepared wax extracts. SCO, extraction showed the possibility
to extract wax from juice industry waste, while creating a valuable ingredient that can
be used in food or cosmetic industries.

3.3.2.Qualitative and quantitative analysis of wax extracts

Berry wax constituents can be divided into nine groups of compounds - alkanes,
phytosterols, triterpenoids, alcohols, fatty acids, phenolic acids, ketones, tocopherols
and aldehydes. Depending on the berry and its cuticular wax morphology, the com-
position can differ, and the major compound groups can vary among not only species
but also cultivars of the same species (Figure 3.8A). Phenolic acids and tocopherols
were discovered to be minor constituents of berry wax; despite their relatively modest
quantities, they play a crucial part in the interaction between plants and pathogens.
According to reports, phenolic acids and tocopherols can protect against UV radiation
and support antibacterial activity, respectively (Articles 4 and 5). Triterpenoids, fatty
acids and alcohols are the three main compound classes of cuticular wax, accounting
for up to 62%, 31% and 38% of the total wax content in blueberry cultivars ‘Blue Gold,
bilberry and ‘Blue Crop, respectively. The composition and distribution of chemical
compound classes can differ depending on the place of origin and genetic background
(Articles 6 and 7).

Triterpenoids were found to be the most abundant cuticular wax constituents in
the studied berry species varying from 32 to 68% of the total amount of wax com-
pounds. In total eleven different triterpenoids were identified in varying amounts.
Ursolic acid was the most abundant triterpenoid, followed by a-amyrin, 3-amyrin,
B-sitosterol, lupeol, lanosterol and uvaol, followed by others in minor concentrations
(Figure 3.9).

Alkanes with the chain length C20-C30 have been found in the cuticular wax of
berries in the concentration range from 1.5 to 14% depending on the berry species and
cultivar (Figure 3.8). The dominant alkanes found on the surfaces of the berries have
odd-numbered chain length. The main alkanes found in the cuticular wax of the stud-
ied berries were the C29 (nonacosane) and C31 (hentriacontane) alkanes (Figure 3.9).

Saturated fatty acids contribute to 26% of total wax in bilberry and 20% in bog bil-
berry. Blueberry varieties ‘Chippewa’ and ‘Chandler’ contained 24% and 20% fatty acids
of total wax content (Figure 3.8A). Overall, the fatty acid distribution in the studied
berries was higher in the Vaccinium species blueberries and bilberries than in the rest
of the berries. Bilberry and bog bilberry present hexacosanoic acid (C26-0) as the major
fatty acid, with 7.6 and 5.2 g/ 100 g extract, respectively (Figure 3.9) (Article 5).
The appearance of the cuticular wax is largely dependent on the composition, for
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Figure 3.8. Relative amounts of identified compound classes in waxes of different
berries (A); harvested bilberries on left with visible glaucous wax layer, chloroform-dipped
bilberries on the right where the wax layer has been extracted (B); and bilberry cuticular
wax extracted using the chloroform dipping method (C).

example, bilberry wax appears as a white, fine powder after the cuticular wax extrac-
tion (Figure 3.8B).

The cuticular wax composition of bilberries in different development stages was
examined. Similarly to the results presented in Article 5, also the wild-type and glossy-
type bilberry cuticular wax consisted mainly of triterpenoids and fatty acids as major
compound classes. The glossy-type berries showed lower amounts of fatty acids and
higher amounts of triterpenoids throughout the development stages as the WT ber-
ries. For both types of berries, the later ripening stages showed increase of alkanes in
the cuticular wax (Article 6).

Triterpenoids, fatty acids, alkanes, aldehydes, ketones, and primary alcohols were
the main chemical components of bilberry fruit cuticular wax that were discovered in
all three locations studied in Article 7. Esters or secondary alcohols were not found.
Through the latitudinal gradient and harvesting seasons, bilberry cuticular wax showed
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Figure 3.9. Concentration and composition of sterols (A); alkanes (B); and fatty acids (C)
in studied berry waxes. C16-C33 in (B) represent the chain length of alkanes (number
of C atoms). C16-0-C 30-0 in (C) represent the length of fatty acids, where _; represent
the number of double bonds in the fatty acid molecule. Crowberry - black crowberry.

Cranberry - American cranberry. Letters above the bars represent significantly different
post-hoc (ANOVA, Tukey’s HSD) pairwise comparison of total concentration of measured
substances in respective berry.

variations in wax component concentrations and relative proportions. From southern
latitudes in Latvia (79.9% triterpenoids of total wax), to locations in Finland (50.7% tri-
terpenoids of total wax), to northern Norway (27.4% triterpenoids of total wax), a con-
sistent trend of decreasing the proportion of triterpenoids in berry wax was seen in
2018. From southern to northern latitudes, a concurrent trend of increasing the amount
of fatty acids and alkanes was seen. In the 2018 season, fatty acids predominate in
northern Norway, whereas triterpenoids dominated in the bilberry fruit cuticular wax
in Latvia and Finland. From the southernmost location in Latvia (42.9% triterpenoids
of total wax) to the location in Finland (29.8% triterpenoids of total wax), a similar
pattern of decreasing triterpenoid proportions was seen in the 2019 harvest season,
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along with an increase in fatty acid and alkane proportions. The same trend in triterpe-
noid and fatty acid proportions was not seen in the samples from northern Norway in
2019. Triterpenoids were the second-most prevalent compound in 2019 after fatty acids
across all locations (Article 7).

SCO, extraction from bilberry and lingonberry press residues show the possibility
to extract berry waxes by altering the extraction parameters. Since berry press resi-
dues contain seeds and skins, the extracted wax composition is significantly differ-
ent than that extracted for analytical purposes using chloroform. Berry wax extracted
with SCO, shows high contents of fatty acids — up to 83.4% and 76.9% in bilberry
and lingonberry wax, respectively. As opposed to the major fatty acid extracted using
chloroform, the SCO, extract contain high amounts of unsaturated fatty acids, rather
than saturated. The major fatty acids in SCO, extracts were linoleic and y-linolenic
acids, constituting approximately 50% of the total wax amount. The major triterpe-
noids in bilberry and lingonberry press residues were found to be lupeol and p-amyrin.
Alkanes, sterols, ketones, alcohols and other wax constituents were found only in minor
concentrations in the SCO, extracts. The high fatty acid contents are associated with
the presence of seeds in the press residues, which are rich in unsaturated fatty acids,
the unspecific selectivity of SCO, allows the retrieval of these compounds (Article 4).

Qualitative and quantitative analysis of wax extracts and their constituents suggest
that the wax composition is largely dependent on the genetic background of the ber-
ries in question, the place of origin and the extraction technique used. While extrac-
tion using chloroform (berry dipping) specifically isolates they outermost wax layer,
the SCO, extraction is more intensive, especially for berry press residues, which is
a mixture of all the berry compartments. While cuticular wax extracts isolated for use
in analytical characterization contained no unsaturated fatty acids, the presence of them
in SCO, extracts can be an advantage for incorporation in different products, especially
cosmetics. Unsaturated acids are a crucial part of human diet as well, implicating pos-
sible uses of SCO, extracts into food articles or other innovative functional foods. As
the research presented in this thesis and corresponding articles (Article 4 and 7) berries
of different origin can have higher triterpenoid or fatty acid contents depending on
the place they have been harvested. This indicates the possibility to use environmentally
friendly extraction techniques for the preparation of specific functional ingredients
either high in triterpenoids or fatty acids and thus the use of these ingredients in differ-
ent types of products. Also, other Vaccinium spp. berries and their press residues could
be extracted using the same method possibly allowing to obtain extracts high in other
functional ingredients.

3.3.3.Identification of wax extract applications

Determination of sun protection factor (SPF) of berry wax

Sun protection factor is a value that is determined for products with the ability
to block the UV-B rays which may have adverse impacts on human skin. Commonly
nanosized ZnO (more effective against UV-A) or TiO, (more effective against UV-B) in
addition to several synthetic ingredients are used as part of the commercially available
sunscreens. The ability to reflect, absorb and scatter the UV-B radiation is reason why
these substances are used in the sunscreens as they act as a physical barrier on the outer
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layer of the skin and do not allow the UV-B or UV-A radiation to come in contact
with the skin. Although metal oxides like ZnO and TiO, were once thought to be safe
physical sunscreens, it is not recommended to use them over the long term. Researchers
discovered that these metal oxides release extremely reactive free radicals and reactive
oxygen species when they are photoactivated by UV radiation. It was discovered that
these radicals were cytotoxic and genotoxic, harming DNA and skin cells. Considering
the negative effects on the environment and human health, more neutral solutions for
UV protection should be considered. One such solution could be the use of berry lipids
(Section 3.2.3.) or wax as a product of food waste biorefinery.

The obtained results on the berry wax and berry press residue wax show a dose
dependent increase of the SPF values. Chloroform extracted berry cuticular wax of bog
bilberry showed highest SPF values along the concentration gradient, reaching the SPF
value of 25.42 at 2 mg/L. This SPF value is comparable to commercially available sun-
screen products. Bilberry and lingonberry press residue wax extracted using SCO, show
higher SPF values than those extracted using chloroform. The compositional analysis
showed that the press residue wax extracts contain higher levels of unsaturated fatty
acids, which could be the reason for higher SPF values. To investigate which substances
are responsible for the UV protection ability in the wax extracts, they should be fraction-
ated into several fractions and analyzed using GC-MS for their quantitative composition.
Cinnamic acid and vitamin E, which were both present in greater amounts in bilberry
wax compared to lingonberry wax (SCO, extractions) and significant levels of which
were also discovered in bog bilberry cuticular wax, may have contributed to the high
SPF (Table 3.10.). Considering the wide variety of naturally occurring compounds that
potentially possess UV protective ability, the specific substances present in the berry
wax should be further investigated using different types of extracts as well as different
methods for the determination of UV absorption/reflection/scattering (Article 4).

Table 3.10. Berry wax SPF values at different wax concentrations extracted using
chloroform from whole berries and press residues using SCO,.

1 mg/mL 2 mg/mL
Berry cuticular wax (chloroform)
Bilberry 45+0.9 75+1.38
Lingonberry 48+1.5 12.7+0.8
Bog bilberry 148+13 25402
Berry press residue wax (SCO,)
Bilberry 7903 15.09 £ 0.12
Lingonberry 6.1+0.5 13.4+0.9

"+ represents SD of the measurements (n=3).

Authenticity testing using quantitative berry wax data

Principal Components Analysis (PCA), a type of multivariate analysis, is frequently
used to depict complex analytical data and make it easier to find similarities and differ-
ences across investigated clusters or groups of variables. This instrument was utilized
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Figure 3.10. Principal components analysis (PCA) using cuticular wax quantitative
analysis of tested berry species and varieties. (A) PCA scores and loadings of different
compound groups found in the tested berry species. (B) Fatty acid composition in
the tested blueberry varieties. Ellipses represent 95% confidence intervals.

to detect the chemicals responsible for inter- and intra-species variability and to dis-
tinguish differences in the wax compositions of the analysed berry samples. The PCA
plots and loading plots demonstrate that differences in the concentration of chemicals
from various groups can account for the observed differences. Figure 3.10A demon-
strates the strong correlation between certain chemical groups and the clustering of
blueberries, including fatty acids, triterpenoids, and esters. The clustering of berries
like rowanberry, black crowberry, and gaultheria is related to the contents of unknown
compounds and alkane contents, as seen on the other side of the graph. The data on
blueberry varieties can be divided into discrete groups when plotted independently
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(95% confidence ellipses do not overlap) (Figure 3.10A). Figure 3.10B shows that each
of the analysed blueberry varieties has a unique composition of fatty acids as part of
their cuticular wax, in contrast to the clustering of the various species, which shows that
rowanberry, gaultheria, cranberries, and hawthorn cannot be distinguished based on
their fatty acid contents. This suggests that the fatty acids and the variations in them in
blueberry cuticular wax can be used as chemometric tools to distinguish between dif-
ferent varieties. However, these results should be carefully interpreted because the envi-
ronmental factors that determine the composition of cuticular wax are highly variable
from harvest to harvest.

As demonstrated in Article 5 the compositional analysis of berry wax can be suc-
cessfully used to distinguish between different berry species and even cultivars of
the same species. Considering the popularity of berries and berry-based products in
the market, adulteration of products becomes increasingly worrying. Northern bilber-
ries, which are regarded as having high potential of health benefits are often substituted
with cheaper blueberry, black currant or other dark-colored berry powders in products.
Also, bilberry oils are added to a variety of cosmetic products, and since this is a rel-
atively expensive ingredient, it is often substituted with other oils, that are cheaper.
The use of methods demonstrated in Article 5 shows the possibility to effectively use
chemical analysis to successfully establish the authenticity of berry wax. Routine use of
such methods would require creation of a chemical database, that would be regularly
updated with berry samples depending on the region of origin and season of harvest
(year of harvest).

Climate conditions affect berry wax composition and content

Triterpenoids, fatty acids, alkanes, aldehydes, ketones, and primary alcohols were
the main chemical components that were discovered in bilberry wax sampled in
Norway, Latvia and Finland (Figure 3.11), however, esters or secondary alcohols were
not found. Through the latitudinal gradient and between years, bilberry cuticular wax
showed variations in wax component concentrations and relative proportions. From
southern latitudes in Latvia (79.9% triterpenoids of total wax), to locations in Finland
(50.7% triterpenoids of total wax), to northern Norway (27.4% triterpenoids of total
wax), a consistent trend of decreasing the proportion of triterpenoids in berry wax was
seen in 2018. From southern to northern latitudes, a concurrent trend of increasing
the amount of fatty acids and alkanes was seen. In the 2018 season, fatty acids predom-
inate in northern Norway, whereas triterpenoids dominated in the bilberry fruit cutic-
ular wax in Latvia and Finland. From the southernmost location in Latvia (42.9% tri-
terpenoids of total wax) to the location in Finland (29.8% triterpenoids of total wax),
a similar pattern of decreasing triterpenoid proportions was seen in the 2019 growing
season, along with an increase in fatty acid and alkane proportions. The same trend
in triterpenoid and fatty acid proportions, though, was not seen in the samples from
northern Norway in 2019. Triterpenoids were the second-most prevalent compound in
2019 after fatty acids across all locations (Article 7).
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Figure 3.11. Cuticular wax profile of bilberries gathered in Norway, Finland and Latvia in
the summer season of 2018.

The variance in cuticular wax composition of berries from different latitudes was
examined using redundancy analysis (RDA). The research found a distinct differ-
ence between the bilberries that were gathered in 2018 from three different places.
Redundancy analysis showed that the triterpenoid and fatty acid content of the cuticu-
lar wax were negatively correlated. Triterpenoid concentration showed a relation with
the maximum and average temperatures in 2018. Fatty acids exhibited a negative rela-
tion with the average and maximum temperatures in 2018. In 2018, there was a sub-
stantial negative association between average and maximum temperatures and concen-
trations of alkanes, ketones, and aldehydes as well. According to the RDA, temperature
has a favourable impact on the triterpenoid concentration of cuticular wax as well as its
composition (Figure 3.12). To determine the significant environmental variables and
temporal periods that may have influenced the bilberry fruit cuticular wax composition,
a stepwise linear regression analysis was carried out. The investigation revealed that
the climate conditions had a significant impact on the variation in triterpenoid compo-
sition (R? = 88%). From the start of the summer season, there was a positive correlation
between the fraction of triterpenoids and both maximum and average temperature.

Observed results in the seasons of 2018 and 2019 show variability of berry wax
composition, depending on geographical (location) and climatic conditions. However,
to obtain decisive conclusions it could be suggested to continue sampling and analysis
of cuticular wax along a latitudinal gradient to better understand the effects of weather
variables on the contents and composition of berry wax (Article 7). Such analysis could
support the possibility to produce berry derived products with specific composition
based on their place of origin and thus the compositional characteristics. Moreover,
the shown climatic condition and composition relations indicated plant adaptation
based on the weather variability and thus would be of importance to understand climate
change impacts at molecular level on cultivated and wild plants.

Studies of berry and their press residue waxes support development knowledge
on plant protective mechanisms against stress, composition variability depending
on geographical and climatic factors. In-depth study of berry wax composition and
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Figure 3.12. Redundancy analysis showing the relation between compounds found in
berry wax and weather variables in different latitudinal locations in the summer of 2018.

demonstration of environmentally friendly extraction possibilities support application
possibilities and processing of juice production wastes.

3.4. Berry and their press residue polyphenolics

Polyphenolics in berries comprise a large group of secondary metabolites.
Polyphenolics are present in the berry skin and pulp and also in the seeds. The main
group of polyphenolics in berries (especially the highly pigmented berries) is anthocya-
nins. This part of thesis concentrates on the extraction and its optimization of polyphe-
nolics, especially anthocyanins, characterization of the extracts and possible application
fields of the extraction/purification techniques and extract properties (Figure 3.13).
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Figure 3.13. Berry biomass polyphenolic extraction research flowchart

3.4.1.Extraction optimization of berry polyphenolics

Determination of possible extraction solvent composition

Valorisation of food industry wastes (berry press residues) is a promising source of
natural antioxidants — polyphenolics. The composition of polyphenols in plant material
depends on plant species and their distribution in different tissues. Large amounts of
polyphenols are bound in berry seeds and skin, which makes the release of these com-
pounds difficult. The extraction conditions provided for one plant cannot be directly
used for the extraction of polyphenolics from another plant due to the specific locali-
sation of polyphenolics in various species. Therefore, an extraction method specifically
for Vaccinium berry press residues has been optimized (Articles 8, 9).

Information on extraction solvents that have been used for extraction of polyphe-
nolics from other types of material were gathered and tested on berry press residues
to identify the extractant that provided highest polyphenolic and anthocyanin yields
(Articles 8, 9). The highest extraction yields (48.38 g /100 g berries) were obtained
using methanol and 1% HCI (v/v). This extraction also gave the highest amount of
total anthocyanins (0.451 g /100 g berries) and polyphenols (4.8 g 100 /g berries)
(Table 3.11.). However, the stability of anthocyanin molecules must be considered when
using this system. The easy use and low costs of ethanol and the high polyphenolic
yield obtained from the use of this solvent (3.43 g /100 g berries) support the selection
of lower alcohols (ethanol, methanol) for further optimisation of extraction (solvent
composition).
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Table 3.11. Comparison of different solvent mixtures used for the extraction of
polyphenolic compounds/anthocyanins. Uncertainty represents standard deviation. All
solvents were used as v/v%. Different letters next to the values represent a significant

difference in the results (p < 0.05, Student’s t-test)

. Dry residue, Carbohydrates, Anthocyanins, Polyphenolics,
Extraction solvent #/100 g ¢/100 g #/100 g /100 g
. .
?;i‘(’)“;;ﬂe 49:5%, 372150 7.8£03  0228+0006° 3.84+0.12°
. 0
Acetone 50% 343 +1.4° 122+04>  0.151 £0.004> 2.70 + 0.08¢
Acetone 75% 36.0 + 1.5° 18.5+0.7*  0.156 +0.004> 2.69 + 0.08°
Methanol 60%, acetone 30%  37.4 + 1.6° 16.7£0.6*  0.184+0.005° 2.34 +0.07°
Methanol 99%, HC1 1% 484 +2.0 179 +0.6*  0.451+0.011* 4.80 +0.14
Water, HCI 1% 16.9 +0.72 14.8 0.5 0.098 +0.002¢ 0.89 + 0.034
Ethanol 70%, HC1 1% 392+ 1.6° 169+ 0.5  0.204+0.005> 3.43 +0.09°
Methanol 99.9%, TFA 0.1% 41.1 +1.6° 125+0.4>  0.223+0.005°> 2.80 +0.07¢
Ethanol 99.9%, TFA 0.1% 379+ 1.5° 12.1+£0.3>  0.170 £0.004>  1.61 + 0.04¢
Methanol 95%, ]
forertniin:cic’;ssﬁ; 397416  131+03"  0.695+0017° 4.84+0.12°
(]
Methanol 99%, TFA 1% 38.8 + 1.6° 15.5+0.4%  0.205+0.005> 3.61 + 0.09"

To increase the anthocyanin stability in the final extract and the overall extractability
of polyphenolics and anthocyanins, the extraction solvent is usually supplemented with
acid, to lower the pH and thus increase the solubility and stability of anthocyanins. To
identify the most optimal acid for the extraction of anthocyanin and phenolics, a series
of ultrasound-assisted extractions were performed, where the solvent (96% ethanol)
was mixed with various acids (at 1%, v/v). Obtained results indicate that the addition
of HCl significantly increased the amount of extracted polyphenolics (non-anthocya-
nin polyphenolics) while TFA supported extraction of anthocyanins more effectively.
While both of these additives could be used in analytical work, their use in pilot-scale
applications could be limited due to the corrosiveness and difficulty of removal after

extraction (Figure 3.14).
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Figure 3.14. Comparison of total polyphenolic (TPC) and total anthocyanin (ACNS)
extraction efficiency using various acids at the concentration of 1% with 96% ethanol
(v/v). Error bars represent 95% confidence interval. Asterisk (*) represents a significant
difference in the results (ANOVA, Tukey’s HSD).

Selection of polyphenolic extraction method and its optimisation

Selection of an appropriate extraction method can significantly increase the amount
of extracted polyphenolics and anthocyanins. To determine the method most appro-
priate for extraction of berry press residues and whole berries a series of extractions
were done using different extraction methods, while using constant extraction solvent
parameters (96% ethanol, 0.5% TFA).

The highest extraction yields were obtained using ultrasound assisted extraction,
where all of the measured parameters gave the highest results. The lowest yield was
achieved when using supercritical CO, extraction - this method has been used for
extraction of polyphenolics in other studies, however, it is more appropriate for extrac-
tion of more hydrophobic substances. The effectiveness of ultrasound assisted extrac-
tion lays in the fundamental principle of this method - during the sonication process
the cell walls are disrupted, thus allowing the extraction solvent to penetrate within
the cell and release the cell contents into the surrounding medium. The simplicity and
ease of use puts the ultrasound assisted extraction as a promising method of choice for
lab-scale as well as industrial-scale applications (Table 3.12.).

Ultrasound assisted extraction provides the highest yields when extracting types
of berry biomass. As one of the main parameters in ultrasound-assisted extraction
the treatment duration was identified. To optimize the treatment duration a series of
experiments were conducted using different concentrations of ethanol with 5% formic
acid as additive. Kinetic study revealed that for both measured parameters (polyphe-
nolics, anthocyanins) the optimal ultrasound treatment duration was 15 minutes,
after which the amount of extracted polyphenolics did not increase significantly
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Table 3.12. Comparison of different extraction methods. All extractions were done with
96% ethanol and 0.5% TFA, v/v. Uncertainty represents standard deviation. Different letters
next to the result represent significant difference in the results (p < 0.05, Student’s t-test).

Extraction method Dlg; lrggt;er, Carl;(/)ilggrgates, Antfgl/(ic());;lzins, Pol;};l;;g(;lics,
Microwave 21.0 £ 0.92 8.8 +0.4° 0.054 + 0,001° 1.09 + 0.04
Soxhlet 239+ 1.8 83+0.3° 0.065 + 0,0022 1.21 £ 0.05
100W ultrasound 34.1 +1.4° 11.5+0.5° 0.135 + 0,003" 1.59 + 0.07°
360W ultrasound 34.5+1.4° 122 +0.5° 0.147 + 0,004° 1.68 +0.07°
Shaking (24h) 33.0 £ 1.4¢ 11.8 +0.54 0.098 + 0,002¢ 1.12 £ 0.06°
Supercritical CO, 3.41 +0.19¢ 0.050 + 0.010¢ ND 0.050 +0.0104

ND - not detected or the concentration was lower than the LOD.

(Figure 3.15, 3.16). Additionally, the performed kinetics experiments demonstrated
that 40% and 70% ethanol extracted more polyphenolics than 96% ethanol, indicating
the optimal ethanol concentration for extraction of berry polyphenolics is in the range
of 40-70%.
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Figure 3.15. Total extracted polyphenolics from cranberry press residues depending on
the duration of ultrasound treatment. Three different ethanol (%) concentrations were
used with 5% formic acid (v/v). Error bars represent 95% confidence interval.

83



0.200

0.150

0.100

)\

ACNS, g/100g press residues

0.050
0 5 10 15 20 25 30 35 40 45

Ultrasound treatment, min
40 —m—T0 96

Figure 3.16. Total extracted anthocyanins from cranberry press residues depending on
the duration of ultrasound treatment. Three different ethanol (%) concentrations were
used with 5% formic acid (v/v). Error bars represent 95% confidence interval.

Further increasing of extraction yield can be achieved through optimisation of
solvent-biomass ratio. The goal of this experiment was to decrease the amount of
used solvent while reaching the maximum saturation of polyphenolics in the extract.
In the experiments where ethanol was used, no significant difference could be seen
between the different solid/solvent ratios. However, in the extractions where meth-
anol was used, the optimal solid/solvent ratio was between 1:90 and 1:120, as these
experiments resulted in significantly higher amounts of extracted anthocyanins (0.174 g
and 0.169 g /100 g berries) and total polyphenols (2.34 g and 2.29 g /100 g berries)
(Figure 3.17). Considerations must be made when using methanol over ethanol as
the extraction solvent — while methanol is a more suitable solvent for use in lab-scale
experiments, it should be avoided in industrial-scale applications due to its toxicity and
limitations of use in the industry.
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Figure 3.17. Effect of the solvent/solid ratio on the extraction of total polyphenol (TPC)
and total anthocyanin (ACNS) using ethanol (EtOH) and methanol (MeOH) with
5% formic acid (v/v). Error bars represent 95% confidence interval. Asterisk (*) represents
a significant difference in the results (p < 0.05, Student’s t-test).
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Optimisation of solvent composition for polyphenolic extraction
using RSM approach

Despite the fact that the extraction of total polyphenols has been widely studied,
the concentrations and compositions of extraction solvents used are still disparate.
There is no consensus on the optimum extraction parameters, especially for extraction
at industrial or semi industrial scales. Statistical optimisation considers the interac-
tion between different variables and its effect on the observed response. The Response
Surface Methodology (RSM) developed by Box and Wilson in 1951 uses statistical
and mathematical techniques to optimise the process and identify the most signifi-
cant interactions. As previously determined the main parameter in berry extraction is
the extractant composition - the used solvent and the used additive (acidifying agent).
Due to the diverse nature of polyphenolics, the extraction of these compounds cannot
be generalised and methods of extraction must be developed for each specific group
of polyphenolics found in the plant material used. The effect of ethanol or methanol
together with formic acid or TFA on the extraction efficiency of total polyphenolics and
anthocyanins was investigated using the RSM approach.

Ethanol and methanol both showed a similar trend when used together with
TFA. The response increased with an increased concentration of TFA. The same was
observed with methanol and formic acid, although they yielded the highest response
when the concentration of formic acid had decreased. Aqueous ethanol (40-70%) and
aqueous methanol (60-80%) are more appropriate for the extraction of total polyphe-
nols than more concentrated solvents. The same approach was used to determine
the optimal solvent mixtures for the extraction of anthocyanins. The models gener-
ated for ethanol/TFA and methanol/TFA showed that the higher the concentration of
the solvent used, the more anthocyanins were extracted. The optimal concentration of
ethanol for a maximum response together with formic acid was found to be 40-70%,
while for methanol it was 40-60% (Table 3.13.).

The two responses examined (total anthocyanins and total polyphenols) were
expected to have a strong correlation; however, the RSM approach revealed that
the extraction conditions favoured by anthocyanins are not the same as those favoured
by the total polyphenols. Maximisation of the extracted anthocyanins lead to a decrease
of the total extracted polyphenols and vice versa. To maximise the total extracted

anthocyanins and polyphenols, the extraction solvent optimal for both was chosen
(Table 3.13).

Table 3.13. Solvent composition optimized using RSM approach.

Optimal conditions Measured response Solvent, v/v% Acid, v/v%
Anthocyanins Methanol, 97.3 TFA, 0.3
Ethanol, 40 TFA, 1
Polyphenols Methanol, 40 TFA, 1
Ethanol, 90 TFA, 0.9
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Optimisation of enzyme-ultrasound assisted extraction of polyphenolics
using RSM approach

To facilitate the objective of bioactive compound release from berry press residues,
the cell walls must rupture. Pectolytic enzymes could be used to degrade the structural
polysaccharides of the berry skin cell walls, thus releasing the contents of the cells into
the extraction medium. The physical characteristics of berry skins allows the use of
pectolytic enzymes for the disruption of cells; however, the effects of enzymatic hydrol-
ysis could be further improved using ultrasound. Effects of enzyme and ultrasonic
treatments were evaluated and optimised using the RSM approach in order to increase
the release of polyphenolic compounds (especially anthocyanins). Enzyme-ultrasound
treatment was done on whole blueberries and lingonberries, the aim of these experi-
ments was to elevate the radical scavenging activity of the prepared juice by increasing
total contents of polyphenolics, anthocyanins and reduce the amount of juice produc-
tion leftovers — berry press residues.

Variables to be optimised were firstly identified by performing experiments where
a single factor was changed at a time. Preliminary range of extraction variables were
identified - incubation temperature, length of the ultrasound treatment, amount of
added ethanol before ultrasonication, pH, enzymatic incubation time. The identified
extraction parameters were further optimised using RSM. In order to examine the com-
bined effects of the previously chosen extraction variables using RSM, a central com-
posite design of 56 runs with 4 centre points was performed randomly. The observed
response variables were total polyphenolic and total anthocyanin contents (Figure 3.18).

The obtained results were used to calculate the optimal condition parameters based
on the maximum extraction yields of polyphenolics and anthocyanins. Analysis on
the calculated central composite design values were done to maximise the desirability
of the response parameters. Similarly, to conventional solvent extraction, also enzyme
assisted extraction has specific extraction condition for both of the measure variables
(Table 3.14.). The minimal values obtained provided 166 mg anthocyanins/100 g, while
the conditions of maximised desirability provided 1103 mg/100 g blueberry press
residues. Anthocyanin yield at unoptimized conditions is only 15% of what could
be obtained at the optimised conditions. The duration of ultrasound treatment after
the incubation with enzymes increased the extraction yield of anthocyanins - enzyme
treatment liquifies the berry skins and the cavitation caused by the ultrasound waves fur-
ther breaks down the cells, thus releasing the cell contents into the extraction medium.
Stability of anthocyanins depends on the pH of the medium, therefore the lower the pH
used for the extraction, the higher the anthocyanin yield. While anthocyanins provide
colour to the juice, which is an important factor for consumer attraction, they also
have antiradical activity. Other groups of polyphenolics have even greater ability of
free-radical scavenging, therefore optimisation of blueberry press residue extraction
using enzyme and ultrasound treatment could provide products that have not only bet-
ter visual appearance, but also increased health benefits. Compared to the optimal con-
ditions of anthocyanin extraction, polyphenolic extraction requires longer ultrasound
treatment and incubation time - this indicates that the polyphenolics are bound and
incorporated into the cell membranes, as more cell degradation is necessary. The fre-
quency of ultrasound used can also have significant influence on the enzyme activity -
low sonication frequency can possibly increase activity of pectinase and other enzymes
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Figure 3.18. Three-dimensional response surface graphs showing the effects of
the duration of ultrasound treatment (X;), ethanol addition (X)), incubation temperature
(X3), pH (X,) and incubation time (X5) on the total anthocyanin extraction yield from
blueberry press residues. (A) effects of X;X3, (B) X,Xs, (C) X;3X5 and (D) X,X;.

that can disintegrate cell membranes thus releasing polyphenolic compounds (Bhat
et al. 2011; Nguyen et al. 2013). Low frequencies of ultrasound (20-40 kHz) generate
large cavitation bubbles which ensure more violent cellular degradation, thus increas-
ing solvent penetration and extraction rate (Dzah et al. 2020). The optimal extraction
duration was identified to be at the maximum (30 min) of prepared model, indicating
that the true optimum is outside of the optimisation range - to decrease the extraction
time and increase extraction yield, the use of ultrasound at different frequencies should
be tested. Polyphenolic yield at minimal conditions is 19% of what could be obtained
at the optimised conditions. Similarly, to anthocyanin extraction, also polyphenolics
favour lower, more acidic extraction medium.
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Table 3.14. Optimised extraction conditions of polyphenolics and anthocyanins
from blueberry press residue using enzyme and ultrasound treatment.

Variable Optimal value, polyphenolics ~ Optimal value, anthocyanins
Ultrasound treatment, min 30 22
Ethanol addition, % 50 50
Incubation T, °C 21 21
pH 2 2
Incubation time, h 13.3 4
Desirability 0.992 0.989

3.4.2.Qualitative and quantitative analysis of obtained

polyphenolic extracts

Vaccinium berry press residue extract composition

Polyphenolic extraction yields from the investigated berries ranged from 2.44 g/100 g

press residues up to 3.33 g/100 g from American cranberries and bilberries, respec-
tively. American cranberries are large berries compared to other investigated Vaccinium
berries, they have bright red skin and white, porous pulp, bilberries on the other
hand are dark blue, purple and have highly pigmented skin and pulp. Coincidentally,
the total polyphenol yields from press residues, as well as the anthocyanin contents in
the extracts are higher in the dark coloured berries, blueberries, bilberries. The results
presented in Table 3.15. show that each of the berries could be used to obtain specific
groups of polyphenolics, for example, total procyanidins (bog cranberry) or anthocy-
anins (blueberries, bilberries) and possibly other groups of polyphenolics, as indicated
by the total polyphenol contents in the prepared press residue extracts.

Table 3.15. Composition of Vaccinium berry press residue extracts.

POlyyiEi:*nOl polypT}(::llols** proc;rl;l(;lt;:liins** Anthocyanins™
American cranberry 2.44+0.14 479+22 0.43 +£0.02 3.13+0.14
Bilberry 3.33+£0.18 36.5+1.6 4.62+0.21 13.3+0.6
Bog cranberry 3.05+0.17 48.54 +2.18 8.61 £0.39 5.95+0.27
Blueberry 321+£0.18 56.0+2.5 1.91 +£0.09 348+1.6
Lingonberry 2.63 £0.15 52.5+2.4 2.04 £0.09 1.59 + 0.07

" - g/100 g press residues; ** - g/100 g press residue extract. Data represents means + SD, n=3.

Anthocyanin composition of Vaccinium berry press residue extracts

Individual anthocyanin contents in the investigated berry press residues have been

determined. In total 15 different anthocyanins have been found, 6 of which are typical for
the red coloured berries (lingonberries, and both species of cranberries). The anthocyanin
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contents, as well as polyphenolic contents generally, depend on the quality of the berry
press residues. Press residues must be kept frozen in airtight containers or bags to avoid
oxidation of these substances. After a while the degradation of anthocyanins becomes
apparent - the press residues start browning, which indicates the breakdown of anthocy-
anins. Some of the anthocyanins are more stable than others, for example, anthocyanins
found in red coloured berries, are more prone to degradation. Anthocyanin profiles of
each of the berries can also be used as a chemometric tool for authenticity testing, since
the anthocyanin profiles of each berry are characteristic (Table 3.16.; Article 9).

Table 3.16. Summarized UPLC and LC-TOF qualitative and quantitative data of found
anthocyanins in the studied Vaccinium berries.

Amount (mg/g press residues)?

Anthocyanins Bilberry Blueberries Bog . Amerlca'n Lingonberry
cranberries cranberries

Delphinidin-3-O- 314 +3.1 7.6 £0.6 ND ND ND
galactoside
Delphinidin-3-O- 39.7+£3.2 1.83 £ 0.17 ND ND ND
glucoside
Cyanidin-3-O- 26.5+2.3 1.56 £ 0.13 9.8+1.0 1.73+0.17 193+ 1.9
galactoside
Delphinidin-3-O- 26.3+2.6 6.5+0.5 ND ND ND
arabinoside
Cyanidin-3-O- 492+42 086+0.81 0.71+0.06 0.060+0.010 1.65+0.15
glucoside
Petunidin-3-O- ND ND ND
galactoside
Cyanidin-3-O- 28.7+2.3 1.15+ 0.09 9.1+09 3.07 £0.31 5.44 £ 0.45
arabinoside
Petunidin-3-O- 9.0+£0.7 6.5%0.6 ND ND ND
glucoside
Peonidin-3-0O- 2.73+028 0.24+0.02 124+1.2 3.04 +£0.21 0.33+0.04
galactoside
Petunidin-3-O- 8.55+0.76 5504 ND ND ND
arabinoside
Peonidin-3-O- 204+19 1.58 £0.29 3.28 +£0.30 0.36 + 0.04 0.86 = 0.07
glucoside
Malvidin-3-O- ND ND ND
galactoside
Peonidin-3-0O- 9.9+0.9 25.8+25 8.18+0.70 2.31+0.23 0.31 £0.03
arabinoside
Malvinidin-3-O- 26.2+2.4 53x0.5 ND ND ND
glucoside
Malvidin-3-O- 6.4+ 0.6 19.6 + 1.1 ND ND ND
arabinoside

3 Data are expressed as mean values + standard deviation (n=3), ND - not detected.
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Polyphenolic composition of berry press residue extracts

Individual polyphenols belonging to a variety of polyphenolic groups were deter-
mined using ORBITRAP- HRMS. Substances found were identified by comparing
the found m/z to the calculated exact mass of potential candidates. Certain substances
were confirmed using authentic standards, when available (Table 3.17.; Article 10). In
total 216 signals were identified as belonging to polyphenolic substances in addition
to more than 850 unidentified signals detected in the press residue extracts. The high
number, diversity and lack of authentic standards limit the identification of polyphe-
nolic compounds in such complex extracts, despite the opportunities, precision and
resolution of the used high resolution mass spectrometry methods.

Table 3.17. Substances identified in the Vaccinium berry pomace extracts (ug/g of
polyphenolic extract). Standard error of quantification data <5%. Values represent
the means (n = 3). ND - not detected, concentration was lower than limit
of quantification (5 ug/g).

Compound Lingonberry craﬁggrry g‘?rfl?ecri; Bilberry  Blueberry
4-hydroxybenzoic acid 556 116 95 80 76
Protocatechuic acid 2287 1151 374 3376 2967
p-Coumaric acid 1374 313 272 182 26
Gallic acid 23 33 105 585 770
Caffeic acid 747 352 103 293 240
Ferulic acid 2352 303 33 105 454
Syringic acid 21 30 23 193 1534
Resveratrol ND 31 73 38 50
Naringenin 73 27 14 10 16
Kaempferol 90 76 34 11 66
Cyanidin ND 94 ND ND 13
(+)-Catechin 14038 4368 123 53 ND
(-)-Epicatechin 3980 1632 242 1092 ND
Ellagic acid 884 345 235 207 169
Quercetin 559 893 1208 184 977
Delphinidin 1382 3408 170 1079 574
Taxifolin 1758 2285 5608 6184 1500
Myricetin 2448 2641 815 3889 3388
Malvidin 79 124 323 229 10186
Chlorogenic acid 902 10833 166 2269 145
Quercetin-3-glycoside 1020 4382 216 913 528
Procyanidin A2 22414 1893 5474 301 101
Procyanidin B2 5638 2898 48 3163 ND
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Rutin 451 368 ND ND 286

Caffeic acid hexoside 45 51 32 45 55
Coumaric acid hexoside 130 129 89 119 144
gii’é‘ggeer°1'3'o'ethyl' 61 73 45 69 78
Quercetin-malonyl- hexoside 53 63 31 56 68
eganconide 7 @ 2w M e
Scopoletin 39 31 30 39 44
Kaempferol acetylrhamnoside 79 87 55 80 92
Hosloppin 77 94 46 78 93

Enzyme treatment degrades certain anthocyanins

The structural polysaccharides that make up the plant cells can be degraded using
pectolytic enzymes to aid the release of the cell contents into the surrounding medium.
Pectolytic enzymes could be used to degrade the structural polysaccharides of the berry
skin cell wall, thus releasing the contents of the cells (secondary metabolites — polyphe-
nolics) into the extraction medium. The physical characteristics of berry skins allows
the use of pectolytic enzymes for the disruption of cells, since the one of the main
structural polysaccharides are cellulose, hemicellulose and pectin (Hilz et al. 2006).
Anthocyanin stability after the enzyme/ultrasound treatment was evaluated using
UPLC-PDA analysis (Article 12). In total 19 and 8 individual anthocyanins were iden-
tified in the juice samples in blueberry and lingonberry, respectively. Analysis of indi-
vidual anthocyanins revealed that some of the present anthocyanins degrade due to
certain enzymes (cellulases, pectinases and mixtures of the two with certain side-activ-
ities, Article 12). Cyanidin galactoside in lingonberry was found in both control sam-
ples, ultrasound treatment did not influence the anthocyanin contents, however, treat-
ment with Enzyme 1, 2 and 5 significantly reduced the concentration of this specific
anthocyanin. Enzyme 3 and 4 showed similar anthocyanin profiles as the untreated and
ultrasound treated control samples, which indicates that these enzymes do not degrade
anthocyanins, also the total anthocyanin concentrations are comparable to the con-
trol samples (Figure 3.19A). Blueberry anthocyanins, depending on the used enzyme,
showed similar pattern of anthocyanin degradation — Enzymes 3 and 4 showed compa-
rable profiles as those of control samples, while Enzymes 1,2 and 5 showed degradation
of certain anthocyanins. Significant decrease of malvidin galactoside was observed after
the enzyme treatment (Figure 3.19B). In lingonberries, as one of the main anthocyanins
petundin-3-O-glucoside was identified. Relative amounts of certain anthocyanins sig-
nificantly decreased (75% to 8% in lingonberry) as well as total amount of anthocyanins
(non-treated juice 1353 mg/L; treated juice 278 mg/L) (Article 12).
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Figure 3.19. Differences in the relative concentration of main anthocyanins in (A)
lingonberry and (B) blueberry juice after the enzyme and ultrasound treatment using
the optimised juice extraction parameters. Error bars represent standard deviation.
Connecting letters next to the Total amount of anthocyanins (mg/L) represent significant
differences between the sample measurements (ANOVA, Tukeys HSD test, n=3, a=0.05).

3.4.3.|dentification of polyphenolic extract applications

Optimised extraction of whole berries and berry press residues

The quantities and compositions of the extraction solvents to obtain polypheno-
lics still vary, despite the fact that the extraction of total polyphenols has been exten-
sively investigated. The best extraction parameters are not universally agreed upon,
particularly for extraction at industrial or semi-industrial scale. Statistical optimization
takes into account how many factors interact and how that impacts the observed result.
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The RSM optimizes the process and identifies the most important interactions using
statistical and mathematical methods. The objective of this set of experiments was to
identify the solvent compositions utilized to extract polyphenols from American cran-
berry press residues using RSM and to evaluate the preferred polyphenol/anthocyanin
extraction conditions also for other Vaccinium berries and their press residues. To test
the robustness of the optimized extraction conditions Vaccinium berries common in
Northern Europe as part of the verification experiments were used. In the trials dried
berry press residues were used, and entire, dried berries that had not been processed
to increase the scope of the verification of the selected optimal extraction parameters.
This method provided information on the polyphenolic content of both types of sam-
ples, allowing to determine whether whole berries or berry press residues have a higher
potential for usage as functional ingredients and the creation of polyphenolic concen-
trates. Blueberry, American cranberry, and bog cranberry press residues all had a signif-
icantly more total polyphenolics than unprocessed, whole berries (Article 9).

The performed validation experiments showed that the optimal conditions for
anthocyanin extraction gave significantly higher extraction yields compared to the con-
trol conditions (least favourable solvent composition, as determined by RSM). Press
residues of several berries, like blueberries, bog cranberries, American cranberries, and
lingonberries (Figure 3.20), were shown to possess more anthocyanins (w/w%) than

Figure 3.20. Yields of polyphenols and anthocyanins under optimal and control extraction
conditions from lingonberries and their press residues using different solvents, EtOH
(ethanol) and MeOH (methanol). * represents significant difference between the whole
berries and press residues, " represents significant difference between control and optimal
conditions, all measurements were done in triplicate (a=0.05, p < 0.05).
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the whole berries do. This discrepancy can be attributed to the anthocyanins’ particular
distribution throughout the fruit. For instance, the dark, blue-skinned blueberry has
a white or greenish pulp and almost little anthocyanins. In contrast, bilberries have
anthocyanins throughout the entire berry (skin and flesh).

The aforementioned findings put the selected extraction parameters into context
for use with diverse berries and sample types, both for preparative extraction of berry
polyphenols and analytical work. Berry press residues were found to have higher lev-
els of anthocyanins and total polyphenols (w/w%) than whole berries. Blueberry and
American cranberry press residues, which are a waste product of juice processing, were
shown to contain more polyphenols (particularly anthocyanins) per mass unit than
whole berries. This establishes the press residues as a raw material for the extraction of
beneficial antioxidants (Article 9).

Hypoglycaemic and hepatoprotective properties of berry press residue extracts

Investigated berry (bilberries, blueberries, bog and American cranberries, lingon-
berries) press residue extracts were tested to compare their antioxidant, hypoglycae-
mic and hepatoprotective properties. According to the results, bog cranberry extracts
had the highest total antioxidant capacity (TAC), followed by extracts from bilberries,
lingonberries, American cranberries, and blueberries. Cranberry and American cran-
berry extracts both have the same DPPH-scavenging abilities as ascorbic acid (control).
Cranberry extracts outperformed other extracts in terms of their ability to scavenge free
radicals. The bilberry pomace extract was shown to have the highest superoxide dismu-
tase activity (SOD), but the cranberry extract had two times lower activity.

By boosting cell viability, all extracts demonstrated considerable concentration-de-
pendent protective efficacy against tert-butyl hydroperoxide (tBH) induced cytotox-
icity. Up to 0.25 mg of cranberry extract/mL exhibited improved cell viability and
100% protection. Additionally, lingonberry extract shown notable defence. All five
extracts demonstrated notable HepG2 cell survival rates at 0.25 mg/mL. The best per-
formance came from cranberry extract. Although each extract’s antioxidant impact var-
ied slightly, all five berry pomace extracts had hepatoprotective qualities.

All five berry pomace extracts had an inhibitory effect on the activities of amylase
and glucosidase, with glucosidase activity being more effectively inhibited. Bilberry, bog
cranberry, American cranberry, and lingonberry all had similar IC50 inhibitory values
for alpha-glucosidase activity, with values ranging from 7.0 ug/mL to 16 pg/mL. Alpha-
glucosidase activity was less strongly influenced by blueberry extract (IC50: 35 ug/mL).
The extract potencies required to block alpha-glucosidase activity were substantially
lower than those needed to block -amylase activity. The IC50 values varied between
340 and 550 pug/mL. Alpha-glucosidase activity was more efficiently suppressed by
the positive reference drug acarbose in our studies than alpha-amylase. It should be
emphasized that compared to acarbose (control), all berry pomace extracts demon-
strated substantially higher suppression of both enzyme activity.

Opverall, the findings of this study show that Vaccinium berry pomace extracts are
effective at inhibiting the actions of enzymes involved in carbohydrate digestion. They
also highlight the extracts’ strong antioxidant capacity in preventing tBH-induced
oxidative damage to hepatic cells at non-toxic concentrations. The presence of active
polyphenols and their synergistic effects may be responsible for the extracts’ hepato-
protective and hypoglycemic characteristics. Our findings promote additional research
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into the development of standardized formulations for the use in the prevention of
chronic conditions linked to oxidative stress and the usage of berry pomace extracts
(Article 10).

Inhibition of NF-kB pathway and COX-2 activity of berry press residue extracts

Anti-inflammatory properties of berry press residue extracts (bilberries, blueberries,
bog and American cranberries, lingonberries) were tested using bacterial lipopolysac-
charide (LPS)-stimulated monocytic THP-1 cells in combination with cyclooxygen-
ase-2 (COX-2) inhibition assay.

A fluorometric enzyme inhibition experiments were used to determine the inhib-
itory impact of bilberry, blueberry, American cranberry, bog cranberry, and lingon-
berry pomace extracts on COX-2. On COX-2, all extracts had concentration-depend-
ent inhibitory effects. More than 50% inhibition was present at 1 mg/mL, which was
higher or equivalent to the control. At 0.2 mg/mL, only blueberry extract showed
50% COX-2 inhibition. At all examined concentrations examined, the bilberry extract’s
inhibitory impact was less than 30%.

When the cytotoxicity of berry press residue extracts was investigated, it was dis-
covered that at concentrations of 1 mg/mL and below, the extracts did not signifi-
cantly affect the viability of THP-1 cells. NF-B nuclear translocation caused by LPS
was reduced by bilberry, blueberry, American cranberry, and bog cranberry extracts
to the same extent as basal NF-kB nuclear translocation in unstimulated THP-1 cells.
Unexpectedly, even at the lowest concentration (0.04 mg/mL), blueberry pomace
extract exhibited inhibitory effects. The findings demonstrated that THP-1 cells acti-
vated by LPS released pro-inflammatory cytokines such as MMP-9, TNF-alpha, IL-beta,
IL-8, and IL-23. A high enough quantity of cytokine release was produced after 1 hour
of LPS treatment for conventional ELISA detection. This method can be used to show
that Vaccinium spp. berry pomace extracts have an anti-inflammatory activity. An LPS-
stimulated THP-1 cell inflammation model revealed that bilberry, highbush blueberry,
American cranberry, bog cranberry, and lingonberry berry press residue extracts had
anti-inflammatory effects as evidenced by the inhibition of NF-B nuclear translo-
cation and the reduced expression of pro-inflammatory cytokines. Pomace extracts
from Vaccinium spp. also reduced the enzyme activity of COX-2. In order to prevent
non-communicable diseases brought on by inflammation, Vaccinium spp. berry pom-
ace extracts may be a helpful source of bioactive components for healthy nutrition
(Article 11).

Enzyme-ultrasound treatment produces blueberry and lingonberry juice
with better properties

The optimised method was further tested to evaluate the application potential
of enzyme and ultrasound treatment to prepare blueberry or lingonberry juice with
increased antioxidant activity and more vibrant colour. The obtained results provide an
optional method of berry press residue valorisation to produce higher quality juice or
extract bioactive compounds from berry biomass. Control sample 1 was a non-treated
sample, while control sample 2 was a sample treated with ultrasound. Obtained results
show that the juice yield of both berries increased when ultrasound treatment was
used, however, it was not significant. When an enzyme was used in combination with
the ultrasound treatment, significantly higher juice yields were obtained (Table 3.18.).
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Also, the dry matter of the juice increased when a combination of treatments was used,
indicating release of soluble compounds into the juice. Total polyphenolics and anti-
radical activity increased based on the used enzyme (Table 3.18.). Larger increase, com-
pared to control, was observed in lingonberry juice (up to 22%). This increase could be
attributed to the lower pH of the juice for lingonberry (pH 3.03) than for the blueberry
(pH 4.12), as it was previously concluded, that lower pH increases the activity of enzyme
used as well as the stability of polyphenolic compounds. In a study where the activ-
ity of different enzymes was evaluated, it was concluded that lower pH (2-3) and
lower incubation temperature significantly increases enzyme activity (Reynolds et al.
2018). Enzyme 1 showed the best results for juice production from blueberries, while
enzyme 5 was more effective for processing of lingonberries (Table 3.18.). Another
aspect of juice production is the visual appearance of the juice - by using the combi-
nation of the two treatments it was possible to obtain clarified, vibrant, aromatic juice.
Non-treated lingonberry juice was a viscous slurry, which is difficult to press and filter,
however, enzyme treatment solves these issues. To possibly increase the juice and TPC
yields from blueberries, more acidic juice (for example lingonberry) could be added to
the enzyme-treated biomass, in order to lower the pH. The high concentration of ben-
zoic and other organic acids (Visti et al. 2003) in lingonberry juice lowers the pH which
in turn increasing the enzyme activity, simultaneously working as natural preservatives
of the juice (Article 12).

Table 3.18. Application of combined enzyme and ultrasound treatment for juice
production from lingonberries and blueberries to obtain total polyphenolics (TPC) with
high antioxidant activity (DPPH).

Juice, mL/ Juice dry
Sample > matter, TPC, g/L DPPH, g TE/ L
100 g berries

/100 mL
Control 1 76 12.77 0.96* 0.68
Control 2 78 13.10 L.o1® 0.97°
Enzyme 1 85 14.00 1.14¢ 1.20¢
Blueberry Enzyme 2 88 14.03 1.06° 1.09¢
Enzyme 3 83 13.60 1.03% 0.95b
Enzyme 4 80 13.85 0.992 0.90°
Enzyme 5 83 14.33 L11¢ 1.10°
Control 1 56 13.06 3.40° 1.342
Control 2 64 13.29 3.34b 1.36°
Enzyme 1 86 14.11 3.79b¢ 1.42°
Lingonberry ~Enzyme 2 82 14.01 4.09¢ 1.39*
Enzyme 3 79 14.03 3.43b 1.44°
Enzyme 4 80 14.11 4.00° 1.53¢
Enzyme 5 80 14.83 4.364 1.66°

Connecting letters next to the TPC and DPPH values represent significant differences between
the measurements (ANOVA, Tukeys HSD test, n=3, a=0.05).
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3.5. Analysis of stable isotope ratios and trace elements as
a tool for authenticity testing and traceability

The consumption of berries from the Vaccinium spp., including cultivated highbush
blueberries (Vaccinium corymbosum L.) and wild bilberries (Vaccinium myrtillus L.), has
been steadily rising over time. Studies on the composition of these berries are there-
fore particularly important in light of their widespread usage in ethnomedicine, for
the production of juice and jam, as functional foods, and in preparations of extracts
with prospective use in the pharmaceutical and cosmetics sectors. With increasing con-
sumption, issues such as adulteration can arise. As berries are being a niche product,
especially in the case of wild, Northern berries, product authenticity becomes an issue
of concern. The purpose of this study was to characterize the elemental and isotopic
composition as well as variation in the concentration of elements in bilberries collected
from various locations in Northern Europe as well as in commercially available blue-
berry samples from around the globe (Figure 3.21.). Additionally, methods to ensure
the quality and authenticity of these berries have proposed. Inductively coupled plasma
with optical emission spectrometry (ICPOES) was utilized to analyse the elemental
composition of berries, and isotope ratio mass spectrometry (IRMS) was employed to
determine the light element isotope ratio values. The findings showed that the levels of
macro- and microelements in bilberries could be used to distinguish the place of origin.
The relevance of IRMS technique for authenticity testing is suggested by the large dis-
crepancies in isotope ratios between blueberries from different origins. IRMS analysis
of blueberries revealed significant differences in isotope ratios based on the place of
origin, indicating the possibility to use this analytical method for authenticity testing.

Figure 3.21. Light stable element isotope (8'3C, 8'°N, §'80) ratio values
in blueberries from different countries.
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The results obtained on the elemental composition of different blueberry cultivars
gathered in the same field showed that the elemental composition is largely dependent
on the variety of the blueberry, rather than the elemental composition of the soil. Since
blueberries are grown all over the world, it was interesting to compare the elemen-
tal makeup of samples that were available for purchase. Between 2018 and 2020, in
samples from nine different countries their elemental composition were examined;
a total of 24 elements were analysed. The most significant quantities of K, Ca, Mg, Fe,
P, S, and Mn were monitored in all examined samples. Variation among the samples
was seen; for instance, the K concentration in berries from South America or North
Africa was twice as high as that in samples from North Europe, where agriculture
often takes place on peat soils with little mineral content. Trace element levels in
commercially available cultivated berry samples were found to be low, but comparable
with elemental composition reported in other studies. The larger dispersion of element
concentration levels in blueberries indicates the possibility to use the elemental data
for authenticity studies, however, reference values should be established first in order
to tie the analysis results to certain geographical locations or geochemical conditions
(Article 13).

Elemental composition and stable isotope ratios can be used as a tool for bilberry
traceability

The bilberries were gathered across Latvia as well as in Norway, Lithuania and
Finland. Bilberries in Latvia were compared to see local (within 64 000km?) changes
in elemental composition. Found elevated element concentrations indicate local or
regional environmental pollution sites. For instance, elevated elemental concentra-
tions in the Western part of Latvia indicate the presence of industrial pollution from
cement production or metallurgical factories. Another major factor influencing the ele-
mental composition of wild bilberries are the local geochemical differences of soils.
The obtained results showed that the elemental variability in wild bilberries reflect
a specific pattern for the territory of Latvia. Considering the geochemical conditions
found in Latvia, and the general homogeneity of the soil composition, these results
indicate that the elemental concentration could be used as an authenticity tool to dis-
tinguish between different regions (Table 3.19.).

Comparison of the elemental composition of bilberries sampled from the selected
natural forest stands in the Baltic Sea region countries (Latvia, Lithuania and Finland)
and Norway demonstrates larger variability than the nationwide sampling in Latvia
(Table 3.19.). Among the studied berries from the different countries, major elements
Na, Mg, B, S, B and Ba, as well as trace elements Cr and Se, were found in the highest
concentrations in Norway, whereas Ni and Co were found in the lowest concentrations.
Berries gathered in Finland had the lowest concentration of S, Fe, Zn and As, while
the concentration of Co showed values twice as high compared to berries from other
countries. Berries sampled in Lithuania had twice as high concentrations of V and Pb
than in the other countries, indicating possible anthropogenic pollution near the sam-
pling sites. The obtained results indicate geochemical specificities of element composi-
tion in berries from different regions in the Baltic Sea region and Norway. Considering
the significant effect of origin on the composition of blueberries and bilberries, it is of
importance to develop authentication methods for berry origins and the detection of
potential adulteration.
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Table 3.19. Concentrations (mg/kg) of elements in bilberry samples
from Northern Europe.

Element Latvia Lithuania Finland Norway
Ca** 971£32 1020+46 113472 1161+56
K 5662+66 5755115 5083+72 5339+54
Mg 436134 439+43 471+14 532428
Na*** 15+4 9+3 9+3 42+2
prx 868+14 1021£12 1074+18 123415
Sexx 791£18 741+26 617+21 815+21
Al 27.8+6.8 20.7+3,2 15.947.1 16.8+1.8
B 4.5+0.4 4.8+0.7 5.2+0.5 6.3+0.3
Ba*** 9.71+0.08 10.16+0.09 10.34+0.07 12.73+0.08
Cu** 4.2+0.4 5.4+0.3 3.6+0.3 3.4+0.4
Fer** 16.5+2.3 83+3 10.9+2.8 18.1+2.9
Mn*** 32.7+1.1 243%12 155+21 217+18
Spee* 12.7+4.7 39.6+5.9 26.7+3.2 20.9+3.9
Srex* 1.14+0.40 2.36x0.6 2.7+0.3 2.14+0.48
Zn*** 6.5+0.4 7.8+0.4 5.5+0.5 7.6£0.3
As* 0.12+0.01 0.160+0.010 0.03+0.01 0.12+0.02
Cd** 0.049+0.002 0.033+0.002 0.021+0.006 0.033+0.004
Co*** 0.070+0.02 0.067+0.03 0.102+0.03 0.049+0.02
Cree* 0.213+0.008 0.177+0.008 0.149+0.007 0.297+0.009
Mo*** 0.073+0.002 0.091+0.002 0.281+0.002 0.096+0.002
Ni+** 0.428+0.019 0.455+0.015 0.322+0.013 0.089+0.016
Pb*** 0.147+0.012 0.46%0.02 0.213+0.016 0.247+0.037
Sex** 0.43+0.03 0.35+0.02 0.646+0.025 0.619+0.023
Ve 0.067+0.014 0.16+0.02 0.050+0.018 0.071+0.014

A nonparametric multiple test (Kruskal-Wallis) was applied with p values: ns not significant;
*0.05; **0.01; ***0.001. “+” indicates SD of the measurements (n=9).

The use of elemental composition analyses, as well as light stable element isotope
(13C, N, '80) ratio analyses, which have been previously used for the successful deter-
mination of authenticity and origin of wine and grapes, goji and other berries, could
be suggested as a prospective approach for blueberries and bilberries as well. The data
obtained from major and trace element and stable light isotope ratio analysis in bilber-
ries, collected from Finland, Latvia, Lithuania and Norway, were analysed with PCA
to visualise possible differences found between the regions of berry harvest (Figure
3.22.). PCA showed that each separate country produces a cluster based on the elemen-
tal and stable isotope ratio values - the neighbouring countries Latvia and Lithuania
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Figure 3.22. Principal components analysis of elemental and light stable isotope ratio
contents in bilberries from the Baltic Sea region and Norway (n=9). Ellipses represent
95% confidence intervals.

showed slightly overlapping clusters, this is due to the similarity of soil composition.
A total of 24 elements were analysed, which in combination with light stable isotope
ratios allowed to differentiate between bilberries grown in countries of the Baltic Sea
region and Norway. The demonstrated use of these methods could be utilised as an
authenticity testing tool of berry origin (Article 13).

3.6. Prospects for development of food biomass processing
biorefinery

This study resulted in elaboration of possible valorisation approaches for processing
of Vaccinium berry press residues to obtain high added value products as defined by
the Biomass Value Pyramid (Stegmann et al. 2020), as well as in characterization of
obtained products with bioactive potential. However, obtained results can be transferred
and expanded for other types of biomasses and the development can be continued to
advance solutions of circular economy in the context of bioeconomy.

This study, besides the obtained results, demonstrates the relevance and potential
to expand the direction presented within the PhD thesis framework beyond the dis-
cussed solutions and results. Main reasons and motivation include need for further
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development of biorefinery concepts of biomass processing side streams and poten-
tial to demonstrate circular economy solutions to advance bioeconomy: possibilities
to use waste streams from one production as a source for other products, as well as
intent to develop environmentally friendly, zero waste processing of biomass. Potential
and capacity to develop further biorefinery solutions is supported also by intensive
development of similar studies elsewhere, pointing at significance of continuation of
efforts at development of biorefinery approaches and demonstration of their versatility
in 4 outlined directions.

Direction 1. Upscaling

This study demonstrated capacity of Vaccinium pomace biorefinery strategy to
obtain added value products. Thus, of a definite interest for many industrial appli-
cations would be upscaling of elaborated approaches to pilot and industrial scale.
Upscaling of berry pomace biorefinery approaches is directly connected to Latvia’s
Smart Specialization Strategy which promotes bioeconomy based practices and is sup-
ported by plans to develop/increase fruit and berry cultivation, creation of new job
positions in agricultural sector, orientating towards products of high added value. So
far industrial scale processing of polyphenolics and lipids from berry pomaces has been
elaborated to treat grape processing wastes (Farias-Campomanes et al. 2013; Cravotto
et al. 2018; Gémez-Branddn et al. 2019) as well as cranberry juice production wastes
(Harrison et al. 2013; Ross et al. 2017). An essential element of the upscaling phase is
techno-economic analysis of production. Thus, the same principles, considering results
of extraction optimisation, solvent selection and selection of other parameters could
be applied also on Vaccinium berry press residues, supporting use of intensive and
environmentally friendly extraction methods providing possibilities to obtain expected
extracts with a high yield. Upscaling could be done using berry pomace processing
modular approach: concentrating on one group of substances (extracts), for example,
oils, polyphenolics, procyanidins or other groups of extracts. However, in this case una-
voidably significant volumes of secondary wastes will be generated. This should be
considered at the development of chemical processing technologies. Thus, elaborating
Vaccinium berry pomace processing strategies, environmental considerations should
be made and preference should be given to integrated processes for the comprehensive
utilization of pomace by the production of multiple value-added products and evalu-
ation of production economic feasibility at a commercial scale moving towards zero
waste technologies. Feasibility of such approach has been convincingly demonstrates by
Jin (2020) and Sirohi et al. (2020) on example of grape pomace processing technology.
Considering results obtained within this study, elaborated approaches in these studies,
there are excellent prospects to develop these methods accordingly to the needs and
production capacities for Vaccinium berry press residue processing technologies.

Direction 2. Biorefinery

Biorefinery of biomass processing side streams is one of the hot topics of research
attracting researchers from many fields, resulting in new theoretical concepts, based
mostly with new applications (Stegman et al. 2020). The work presented in this PhD
thesis is contributing to the development of biorefinery and proposing new solutions
for Vaccinium berry press residue processing. At the same time there are several highly
prospective directions of research illustrating prospects to develop biorefinery strategies
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as well as methods used, as it has been shown on other biomass examples. At first
new extraction methods could be applied and known ones studied, to reach industrial
application aims and major direction of efforts are oriented towards wider implemen-
tation of green processing methods. An evident actuality is orientation towards zero
waste biorefining extraction approaches (Kitryté et al. 2020), addressing use of green
solvents (Dienaite et al. 2021) and expanding use of supercritical, pressurized, enzyme
assisted extraction methods (Mackela et al. 2015). One of major tasks of developments
of extraction is to achieve separation of different substance groups already during
extraction stage (Vigano et al. 2017; Tamkute et al. 2020) also applying modelling tools
(Santana et al. 2019). These few examples of ongoing research and directions with most
promising potential to achieve progress, demonstrates possibilities to further advance
biorefinery methods and develop new products with lower impact on the environment.

Direction 3. Fibres

By mass a significant component of Vaccinium berry press residues are their fibres
composing 50-70 % of pomace mass (Hotchkiss et al. 2021; Jagelaviciute et al. 2022) -
skins, seeds, fragments of cell structure etc. Vaccinium berry fibres are composed of pol-
ysaccharides and oligosaccharides of pectin, lignin, cellulose, hemicellulose, and inulin.
Attached to the fibre polysaccharides valuable compounds like polyphenolics, procyan-
idins, proteins and small amounts of lipids are bound (Hussain et al. 2022). Depending
on solubility fibres are described as soluble and insoluble. Vaccinium berry fibre poly-
saccharides are composed on xyloglucan, arabinoxylan, mannan and other units and
thus do not contribute to energy production processes in human body (Hotchkiss et al.
2021). Presence of fibres in human diets is highly significant as they have major pos-
itive impacts on human health, such as reduction of risks of cardiovascular diseases
(coronary heart disease, stroke, hypertension), gastrointestinal disorders, obesity and
other diseases (Hussain et al. 2022). Considering this, Vaccinium berry pomace is highly
promising product for food industries and this application possibility has a strong posi-
tion accordingly to Biomass Value Pyramid concept. The potential of Vaccinium berry
fibre has been demonstrated on several examples, using them as additives to sweet bak-
ery products, cookies (Quiles et al. 2018), functional foods (Perez et al. 2018), extruded
cereal-based food (Rohm et al. 2015) and other applications. Considering the fibre
composition, as their source fibre itself after drying of pomaces and milling, as well
as pomace residues after extraction of lipids and polyphenolics can be used. In the lat-
ter case insoluble fibres will dominate. The potential to use depleted fibre has been
demonstrated using fibre obtained as pectin rich fraction after wine making (Feng et al.
2019) as well as enzymatically modified cranberry pomace (Jagelaviciute et al. 2022). As
an important element of elaboration of research planning and development of properly
functioning technology, market analysis, material flow cost accounting, carbon foot-
print calculation as well as life cycle cost analysis are of importance, but as demonstrate
by Rohm et al. (2015), use of berry pomace fibre is highly promising, thus motivating
to apply this approach also on Vaccinium berry press residues and residues after their
extraction in the biorefinery process primary phases.

Direction 4. Zero-waste

As the final step to develop zero waste (Vaccinium berry press residue full utiliza-
tion) biorefinery approach complete treatment of residues after biomass processing
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must be developed. Technically, considering costs, the simplest approach is composting
of residues after extraction, as it has been demonstrated on example of composting of
grape pomaces (Salgado et al. 2019). However, Vaccinium berry pomaces and residues
after their extraction can be acidic, thus the value of obtained compost is low (Cox and
Lopes 2008) and composting is a climate positive process which releases greenhouse
gasses. Considering the low calorific value and limited possibilities to use berry pomace
after extraction as most prospective waste-to-energy approaches can be considered.

Figure 3.23. Hydrochar prepared from cranberry press residues at different pH. Acidic
conditions (pH 2) (A), neutral conditions (pH 7) (B) and alkaline conditions (pH 11) (C).

Two methods could be applied, as already suggested for multiple biomass residue
types (Gonzalez-Vazquez et al. 2018; Duman et al. 2018; Jin et al. 2021): 1) processing
of waste after ethanol extraction to obtain syngas, biogas or biohydrogen by the use of
gasification or fermentation; 2) pyrolysis to obtain biochar. Both of these technologies
can be applied also on Vaccinium berry press residues or their residues after biorefinery
steps, however as criteria for method selection volumes of wastes to be processed should
be considered. Gasification suggests the use of continuous process and rational use of
produced biogas and thus gasification technologies are in favour for large-scale, year-
round biomass waste processing. For small and medium scale complete processing of
press residues and their processing residues as relevant and promising seems to be ther-
mal treatment of unusable wastes accordingly to 2 approaches (Pala et al. 2014; Akarsu
et al. 2019): 1) hydrothermal carbonization of wet biomass at temperatures 180-240 °C
to obtain hydrochar and artificial humic substances (Figure 3.23.); 2) use of pyrolysis
to produce the biochar at temperatures up to 800 °C. Potential of both methods for
processing of biomass wastes, including cranberry pomace has been demonstrated and
this direction of research deserves to be expanded (Klavins et al. 2021; Ansone-Bertina
et al. 2022). Both hydrochar and biochar can find application as soil amendments and
components of substrates with long life-time, thus making the waste carbonization
methods as carbon neutral or even carbon negative, when all of the processing steps
are implemented within the scopes of bioeconomy (Yrjald et al. 2022). Concluding,
there is a great potential for Vaccinium berry press residue processing as zero waste
technology, returning spent biomass wastes to their cultivation areas or at least partly
covering needs in energy used for their processing.
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Conclusions

1. A precondition, to reach the aims of bioeconomy, is elaboration of biomass (accord-
ingly to circular bioeconomy concept preferably using biomass waste) processing
approaches (strategy), considering the composition, application possibilities of
obtained substances and materials and market needs. Thus, in-depth analysis of
biomass composition determines the direction of biorefinery approach develop-
ment and identification of position in biorefinery value pyramid as well as support
elaboration of processing methods as a key factor affecting the success of biomass
biorefinery possibilities.

2. Berry lipids are from the point of application potential one of the most valuable
groups of compounds supporting health promoting value of berries and can play
a significant role in new, user friendly, innovative product development. Study of
Vaccinium berries, their press residues and their berry lipid extraction possibili-
ties reveal major dependence of extraction yields and extract composition based on
the used extraction solvent, preferable use of intensive extraction methods primarily
using environmentally friendly extraction solvents. The proposed extract fractiona-
tion approach demonstrates potential to obtain lipid groups with functionally appli-
cable composition, thus widening lipid extract processing possibilities. The broad
spectrum of compound groups found in the berry lipids make them attractive as
antibacterial agents for various applications in food preservation, preventive aids, as
part of nutraceuticals, cosmetics and could possibly reduce the use of conventional
antibiotics. The sun protection factor values obtained show that the use of berry
lipids have a potential application in sunscreen production, thus substituting syn-
thetic and inorganic sunscreen constituents to natural and sustainable components.

3. Study of epicuticular and bulk waxes of studied berries and their press residues
resulted in identification of major components of wax pool and supported devel-
opment knowledge on wax as a significant element of plant protective mechanisms
against stress. Wax composition analysis using different methods revealed epicuticu-
lar wax morphology, component variability depending on geographical and climatic
factors, indicating potential plant reactions on climate change impacts. In-depth
study of berry wax composition and demonstration of environmentally friendly
extraction possibilities supporting application possibilities of wax derived from
berry juice production waste.

4. In-depth study of Vaccinium berry and their press residue polyphenolics demon-
strated versatility and uniqueness of their pool in comparison with other plants
and significance for development of functional ingredients or products for appli-
cation. Optimisation of polyphenolic group extraction compositions, application of
Response Surface Methodology as well as enzymatically assisted extraction provided
possibility to obtain specific polyphenolic groups with high yield using environmen-
tally friendly extraction systems, further fractionation resulted in identification of
new polyphenolics previously not described as part of Vaccinium berries that have
high biological (pharmacological) activity as demonstrated by their radical scaveng-
ing capacity, anti-inflammatory, hepatoprotective, hypoglycemic and other activities.

5. Analysis of berry elemental composition, determination of light, stable isotope
ratios, as well as analysis of berry and their press residue lipid and polyphenolic
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compositions support possibilities to identify their origin — achieving authentication
and traceability tasks.

Complete, zero-waste strategy could be elaborated by using the proposed biorefinery
approaches in addition to plausible biomass conversion procedures, that have been
successfully demonstrated and used for other types of high-volume food industry
wastes. Specific groups of compounds could be retrieved from the food wastes and
the spent biomass could further be transformed into energy or the carbon held in
the specific biomass could be sequestered and used in agriculture to achieve climate
neutrality or even negativity, thus elaborating circularity principles.
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Anotacija

Ogu sulas parstrades procesa veidojas butiski atkritumu daudzumi - ogu spiedpa-
liekas, kas sastav no ogu mizam un séklam un potenciali satur vértigus savienojumus,
kas varétu tikt izmantoti citas nozarés. Izmantojot biorafinésanas principus, iespéjams
pieskirt pievienoto vértibu $iem atkritumproduktiem, iegtistot ekstraktus vai frakcijas
ar specifisku pielietojumu. Sa promocijas darba mérkis bija izvértét lipidu un polifenolu
atgtsanas iespéjas no ogu spiedpaliekam un veikt atgato savienojumu izmanto$anas
iespéju izpéti. Ogu lipidi, tostarp virsmas vaski, satur daudzus lipofilus savienojumus
ar dazadam funkcijam. Lipidu ekstraktiem tika pieradita antimikrobiala aktivitate
un saules aizsardzibas ipasibas, atbalstot lipidu ekstraktu un to frakciju pielietojumu
kosmeétika. Tika optimizéta polifenolu un antocianu ekstrakcija, izmantojot atbildes
virsmas metodi, kas lauj iegait maksimali augstu ekstrakcijas iznakumu. legttie attiritie
polifenolu ekstrakti tika analitiski raksturoti, un to izmanto$ana tika noveértéta, lietojot
dazadus in vitro $anu testus. Rezultati par lipidu un polifenolu sastavu ogas un to spied-
paliekas var tikt izmantoti ka riks, lai noteiktu ogu autentiskumu un izcelsmes vietu.

Atsleégas vardi: Vaccinium ogas, lipidi, polifenoli, pielietojums, valorizacija,
biorafinésana.
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Satsinajumi

ACN - antocianidini, kopéjais antocianidinu daudzums

BSTFA - N,O-bis(trimetilsilil)trifluoracetamids

DPPH - 2,2-difenil-1-pikrilhidrazils

GC-MS - gazes-skidruma hromatografija — masas spektrometrija

HPLC-PDA - augstas iz$kirtspéjas $kidrumu hromatografija ar fotodioZu
matricas detektoru

ICPOES - induktivi saistitas plazmas optiskas emisijas spektrometrija
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PCA - galveno komponentu analize

RSM - atbildes virsmas metodologija
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levads

Atkritumi ka rapnieciskas razo$anas un cilvéku patérina blakusprodukts ir viena no
lielakajam musdienu problémam. Partikas razo$anas zudumi un atkritumi veido apme-
ram 30 % no visiem atkritumiem, kas ir vértigu resursu zudums, vienlaikus radot ari
vides problémas (FAO 2019). Esos$as partikas razo$anas, patérina un atkritumu apsaim-
nieko$anas pieejas acimredzami neatbilst ilgtspéjigas attistibas principiem. Partikas
atkritumu un organisko atkritumu apsaimnieko$anas probléma klist vél aktualaka,
nemot véra mérki atteikties no fosilajiem materialiem un tajos balstitas razo$anas un
veicinat uz biologiskiem resursiem balstitu ekonomiku — bioekonomiku (EK 2018),
panakot klimatneitralu un resursus tauposu attistibu (Green Deal 2019). Tomer, lai
istenotu pareju uz bioekonomiku, ir nepiecieSams daudz vairak zinasanu un inovaciju
attieciba uz materialu ipasibam un razo$anu, atkritumu apsaimnieko$anu un parstradi.
Atslégas vardi, kas saistiti ar bioekonomikas progresu, ir biorafiné$ana, valorizacija un
aprites ekonomika.

Ogas, augli un darzeni ir vieni no visplasak patérétajiem partikas produktiem, un to
parstrade ir saistita ar lielu atkritumu plasmu rasanos. Partikas atkritumi rodas, razo-
jot dazadus produktus, pieméram, sulas, sulu koncentratus, konservétus un dehidrétus
auglus un ogas, ievarijumus un citus (Campos et al. 2020). Pieméram, pasaulé gada tiek
sarazoti 366 miljoni tonnu abolu, un, tos parstradajot sula, paliek 3-4,2 miljoni tonnu
abolu spiedpalieku, ko sauc ari par izspaidam (FAO 2019).

Arvien popularakas klast ogas, un to vida ir ari Vaccinium gints ogas (dzérvenes
(Vaccinium oxycoccos L.), lielogu dzérvenes (Vaccinium macrocarpon L.), krammel-
lenes (Vaccinium corymbosum L.), meza mellenes (Vaccinium myrtillus L.), brakle-
nes (Vaccinium vitis-idaea L.) un zilenes (Vaccinium uliginosum L.), kas ir tradicio-
nala uztura sastavdala Latvija, ka ari citas Ziemeleiropas valstis. Misdienas interese
par Vaccinium gints ogu fitokimisko sastavu ir ievérojami palielinajusies, atspogulojot
sabiedribas interesi par dabisku un veseligu partiku, lidz ar to pieaugusi ari interese
par ogu sastavu un labveéligo ietekmi, veselibu ietekméjosiem faktoriem (Nile and Park
2014). Savvalas un kultivétas Vaccinium ogas klast par plasi izplatitiem patérina produk-
tiem, tapéc to sastava pétijumi paplasinas, lai uzlabotu eso$o un attistitu jaunu ogu, to
parstrades produktu un ekstraktu pielietojumu. Ogu spiedpaliekas satur lielu daudzumu
bioaktivo savienojumu ar atbilsto$u kimisko sastavu un uzturveértibu. Ogas satur lipidus,
polifenolus, $kiedrvielas un citas vielas un var kalpot ka lielisks vértigu sastavdalu avots
partikas rapniecibai, veselibai, kosmétikai. No $a viedokla ne tikai veselas ogu, bet ari
to spiedpalieku pétijumi (ekstrakcija un fitokimiska analize) ir svarigi un klast arvien
aktualaki, nemot véra dabiskas produkcijas pieprasijumu un vajadzibu péc ripniecibas
izejvielam. Vienlaikus jaatzimé, ka, neraugoties uz Vaccinium gints ogu izpétes aktuali-
tati, izpratne par ogu, to spiedpalieku sastavu un to izmanto$anas potencialu ir nepie-
tiekama un nenodro$ina biorafiné$anas metozu izstradi un praktisku pielietojumu, lai
sekmétu aprites bioekonomikas attistibu.

Promocijas darba mérkis

Promocijas darba meérkis ir pétit Ziemeleiropa sastopamo Vaccinium gints ogu
sastavu, to parstrades atkritumproduktu (ogu spiedpalieku) biorafiné$anas risinaju-
mus, lai sekmétu ogu sastava eso$o savienojumu izmantos$anas iespéjas bioekonomika.
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Hipotéze

Partikas razosanas atkritumprodukti (ogu spiedpaliekas) satur dazadas biologiski
aktivu vielu grupas, kuras var izdalit, izmantojot videi draudzigas parstrades (biorafi-
nésanas) metodes, lai iegitu to funkcionalos komponentus ar izmantosanas potencialu
partikas razo$ana, kosmeétika, vienlaikus nodro$inot ogu izcelsmes autentiskuma pie-
radisanas iespéjas.

Promocijas darba uzdevumi

1. Ekstrakcijas, frakcionésanas, attiriSanas un paraugu zavésanas metozu izpéte,
kas izmantojamas veselu ogu un ogu spiedpalieku polifenolu un lipidu ekstraktu
iegtiSanai.

2. Videi draudzigu biologiski aktivo vielu ekstrakcijas metozu optimizacija no
Vaccinium gints ogam un to spiedpaliekam saskana ar biorafiné$anas principiem.

3. Polifenolu ekstrakcijas metozu izstrade no ogu spiedpaliekam, izmantojot inten-
sivas ekstrakcijas metodes.

4. Pétito ogu polifenolu un lipidu ekstraktu sastava izpéte.

5. Vaccinium gints ogu un to spiedpalieku biologiskas, farmakologiskas un citu
aktivitasu izpéte, lai identificétu potencialas pielietosanas jomas.

Promocijas darba zinatniska novitate

1. Ekstrakcijas metozu izstrade un optimizacija polifenolu ekstrakcijai no
Vaccinium gints ogam un to spiedpaliekam.

2. Lipidu ekstrakcijas metozu izstrade no Vaccinium gints ogam un to
spiedpaliekam.

3. Vaccinium gints ogu un to spiedpalieku polifenolu un lipidu sastava izpéte: jaunu
to sastava ietilpstosu savienojumu identifikacija un kvantifikacija.

4. Ogu un to spiedpalieku ekstraktvielu frakcioné$anas metozu izstrade, vadoties
péc to sastava eso$o savienojumu biologiskas aktivitates.

5. Vaccinium gints ogu un to ekstraktu autentiskuma noteik§anas metozu izstrade.

Pétijuma lietiSka nozime
1. Partikas razo$anas atkritumu veida (ogu spiedpaliekas péc sulas ieguves) biora-
finé$anas pieejas izstrade: videi draudzigu ekstrakcijas metoZu izstrade.

2. Vaccinium gints ogu ekstraktvielu izmanto$anas potenciala pieradisana.
3. Ogu ekstraktvielu pielietojuma prototipu izveide.

Rezultatu aprobacija

Promocijas darba rezultati publicéti 13 zinatniskajos rakstos (h = 8, 189 citati;
01.02.2023. Scopus), kopuma promocijas darba autoram ir 25 zinatniskas publikacijas.
Darba rezultati ir prezentéti 18 starptautiska un vietéja méroga konferencés.

Ar promocijas darbu saistitas zinatniskas publikacijas

Saja saraksta ieklautie raksti ir izmantoti promocijas darba sagatavosana. Raksti ir
numuréti atbilstosi to témai (1. attéls) un péc paradisanas rezultatu sadala, turpmak tek-
sta uz tiem atsaucas ka uz 1., 2., 3. utt. publikaciju. Saja darba ieklautie raksti ir indek-
séti SCOPUS un Web of Science datubazés un pieder pie attiecigo izdevumu Q1 un
Q2 kvartilém. Pilnus rakstus var atrast, skenéjot QR kodus disertacijas beigu sadala
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“Pielikumi - rakstu kratuve” vai péc to attiecigajiem DOI, kas atrodami taja pasa sadala,
ka ari iepriek$ minétajas zinatniskajas datubazés.
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Intelektuala ipasuma aizsardziba

14.01.2020. pieskirts patents (Nr. 15504) izgudrojumam “Panémiens polifenolu iegii-
Sanai un attirisanai’.

Autora ieguldijums disertacijas izstradé

Linards Klavins$ ir veicis dazadu $aja darba pétamo ogu paraugu ievaksanas planu
sagatavosanu, paraugu vaksanu no paraugu pemsanas vietam visa Latvija, ka ari
izveidojis paraugu vaks$anas tiklu citas valstis (Norvégija, Zviedrija, Somija, Lietuva),
paraugu sagatavos$anu ekstrakcijai un analizei, ka ari pats veicis dazadas analizes. Autors
ir izstradajis pétijumu planus, ieskaitot veikto eksperimentu eksperimentalo planojumu,
paraugu analitisko raksturosanu, iegato datu statistisko analizi, datu vizualizacijas
un aprakstu.

Darba struktiira

Promocijas darbs ir sadalits 5 apakstémas, kuras ir atspogulotas vairakos publicéta-
jos zinatniskajos rakstos. 1.-3. publikacija ir aplikoti ogu lipidi, 4.-7. publikacija - ogu
vaski, 8.-12. publikacija - ogu polifenoli, 13. publikacija - mikroelementi un stabilo
izotopu saturs (1. attéls).
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1. attéls. Disertacija publicéto zinatnisko rakstu galvenas témas. Publicéto zinatnisko
rakstu tému par ogu lipidiem (oranza krasa), ogu vasku (dzeltena krasa), polifenoliem
(sarkana krasa), metaliem un stabiliem izotopiem (zila krasa) un to potencialajam
pielietoanas jomam (zala krasa) saistiba.
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1. LITERATURAS APSKATS

1.1. Partikas atkritumu probléma un biorafinésana ka riks tas
risinasanai

Lai sasniegtu ilgtspéjigas attistibas mérkus, viens no prieksnoteikumiem ir racionala
resursu izmantosana, izvairoties no parmeérigas atkritumu veido$anas vai attistot to par-
strades tehnologijas. Aprites ekonomika ir efektiva resursu izmantosana, piemérojot vidi
saudzéjosus principus, kas papildus citiem ieguvumiem noved pie jaunu uznémeéjdarbi-
bas modelu attistibas un inovativu nodarbinatibas iespéju radisanas (MacArthur 2013).
Galvenais izaicinajums, lai panaktu partikas razo$anas un parstrades pieejas parveidi,
ir jaunas izpratnes attistiS$ana par vértigam partikas sastavdalam. Ir pilniba japarskata
partikas atkritumu koncepcija, un $i probléma ir ipasi aktuala attieciba uz auglu un
ogu parstrades atkritumiem. Augli ir viens no visplasak patérétajiem partikas produk-
tiem, to gada produkcija ir simtiem miljonu tonnu, atkritumu daudzums tikai lielakajas
razotajvalstis sasniedz desmitiem miljonu tonnu (Wadhwa un Bakshi 2013). Liela dala
$o atkritumu tiek apglabata atkritumu poligonos, radot apdraudéjumu videi. Taja pasa
laika auglu parstrades atkritumi ir materials, kas ir bagatigs ar dazada veida vielam,
pieméram, auglu séklas satur olbaltumvielas, lipidus, nukleinskabes un citas vértigas
sastavdalas, auglu mizas - polisaharidus, fenolus, alkaloidus un citas vielas.

Auglu atkritumu parstrades problému var risinat, izmantojot biorafinésanu.
Biorafiné$ana ir ilgtspéjiga biomasas parstrade biologisko produktu (partikas, bari-
bas, kimisko vielu, materialu) un bioenergijas razo$ana. BiorafinéSana var nodrosi-
nat vairaku kimisko vielu atga$anu, frakcionéjot sakotnéjo izejvielu (auglu un auglu
atkritumu biomasu) vairakos starpproduktos (oglhidratos, olbaltumvielas, taukos
un ellas), ko var talak parvérst produktos ar augstu pievienoto vértibu (Cherubini
2017, Pratima 2013).

Tiek plasi pétita auglu atkritumu izmantos$ana, lai izstradatu jaunus produktus ar
funkcionalam ipasibam (funkcionala partika), kas paredzéti lietosanai partika vai citas
nozarés. Ir konstatéts, ka auglu un darzenu atkritumu izmanto$anas potencials ir drosa
un ekonomiski izdeviga alternativa sintétiskajam partikas piedevam. Biorafinésanas
koncepciju var orientét uz pievienotas vértibas komponentu generaciju ar daudzveidigu
pielietojuma potencialu. Atbilsto$i $ai pieejai biorafinésanas procesa mérkis ir iegut
maksimali pilnu to vielu vai vielu grupu spektru, kuram ir pielietojuma potencials bio-
ekonomika. Iespéjami lielaka skaita vértigu komponentu atgi$ana no augliem un auglu
atkritumiem ir pieradijums biorafinésanas koncepcijas efektivitatei. Viens no galvena-
jiem faktoriem, kas ietekmé biorafinésanas metozu izstradi un biorafiné$anas tehnolo-
giju ievie$anu, ir razoSanas procesa ietekmes uz vidi mazinasana.

Savvalas un kultivétas ogas Latvijas bioekonomika

Ekologiskas, vides, energétikas, partikas apgades un dabas resursu problémas, ar
kuram saskaras Eiropa un pasaule, var risinat, izmantojot bioekonomikas principus.
Bioekonomika ir “atjaunojamo biologisko resursu razo$ana un $o resursu un atkri-
tumu plasmu parvér§ana produktos ar pievienoto vértibu” (EK 2018). Bioekonomika
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ir noteikta ka viens no Latvijas ilgtspéjigas attistibas stratégiskajiem meérkiem
(Bioekonomikas nacionala stratégija 2030). Bioekonomikas izveidei un ievie$anai
Latvija ir liels potencials, jo ta var saglabat un radit ekonomisko izaugsmi un darba vie-
tas lauku, piekrastes un rapniecibas teritorijas, samazinat atkaribu no fosila kurinama
un uzlabot ekonomisko un vides ilgtspéju. Bioekonomikas panakumu atsléga ir jaunu
biorafiné$anas tehnologiju izstrade, lai ilgtspéjigi parveidotu atjaunojamos dabas resur-
sus biologiskos produktos, materialos un degviela (2. attéls).

2. attéls. Vaccinium ogu spiedpalieku izmanto$anas potencials.

Vaccinium gints ogas un to tradicionala izmantoSana

Latvijas purvos un mezos pladi sastopams dabas resurss ir ogas. Ogas tradicionali
izmanto partika un etnomedicina. Masdienas savvalas un kultivéto ogu izmanto$ana
partikas ripnieciba, biofarmacija, kosmétika gust arvien lielaku atpazistamibu un
uzmanibu, jo ir pieradits ogu lietosanas labveéligais efekts uz cilvéku veselibu. Ir vairak
neka 450 sugu, kas pieder pie Vaccinium gints sugam (Ericaceae dzimta) (Abreu et al.
2014). Sis gints dabiskais areals ir Ziemelu puslode, tomér apméram 40 sugam ir kon-
statéta dzimta vide tropu un subtropu regionu valstis (Meksika, Argentina, Gajana)
(Lutein 2007). Daudzas savvalas un kultivéto ogu sugas, kas saistitas ar labvéligu ietekmi
uz veselibu, pieder pie Vaccinium gints (Nile and Park 2014; Skrovankova et al. 2015).
Zinamakie $1s gints parstavji ir mellenes, krimmellenes, briklenes un dzérvenes (Abreu
et al. 2014). Etnomedicina tiek izmantotas 36 Vaccinium gints sugas ar vairak neka
70 dazadiem pieraditiem izmanto$anas efektiem. So ogu patéring var labvéligi ietekmét
gremosanas sistému, vielmainu, novérst urincelu slimibas. Plasi tiek izmantotas bruk-
lenes, mellenes un zilenes - $o augu auglus (ogas) izmanto lielakoties partika un tautas
medicina, savukart lapas - tikai mediciniskiem mérkiem. Dazadu augu etnobotaniskie
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lietojumi ir pamats, lai noteiktu kritérijus perspektiviem potencialo pétijumu virzie-
niem, kurus varétu veikt, lai atrastu bioaktivos savienojumus (Abreu et al. 2014).

1.2. Vaccinium ogu Kimiskais sastavs

Ogu (1. tabula) lieto$ana uztura ir ieteikta uztura vadlinijas visa pasaulé. Neatkarigi
no ta, vai tas ir svaigas, saldétas vai parstradatas dazados produktos, ogu lietosana
uztura nodrosina uzturvielas un fitokimiskas vielas veseligam uzturam (Bazzano 2005).
Veselibas nozare ir piedavajusi tirgt dazadus uztura bagatinatajus un uztura sastavdalas
ka alternativu auglu un ogu patérinam, svaigi produkti biezi vien ir sezonali, tapéc aiz-
vien vairak tiek izmantoti ogu ekstrakti. Ogu lieto$anas prieksrocibas veselibas uzlabo-
$anai ir saistitas ar augstu polifenolu, antioksidantu, mineralvielu, vitaminu un $kiedr-
vielu koncentraciju (Strik 2007).

1. tabula. Vaccinium gints ogu visparéjais sastavs.

_ _ . Lielogu _ Purva
Baribas Meérv- Meza 0g Kriam- _ _ 5 . 6
vielas ieniba  mellenes! dzer-2 mellenes? dzer-4 Bruklenes®  Zilenes
venes venes

Energija kcal 51 44 57 46 53 52
Mitrums g 84 83 85 83 82 85
Oglhidréti g 7,1 11,6 10 9,2 11,5 11,8
Olbaltum- g 0,7 0,4 0,7 0,4 0,8 0,6
vielas

Tauki g 0,6 0,1 0,3 0,2 1,2 0,4
Skiedr- g 55 44 2,4 46 37 52
vielas

! Zoratti et al. 2016;2 McKay un Blumberg 2007;*> Zorenc et al. 2016;* Brown et al. 2012;> Bujor
et al. 2018;® Colak et al. 2016.

Lipidi ir molekulas, kas ir butiskas augu un dzivnieku $anam. Lipidi ir atbildigi
par $inu sieninu un organoidu integritati, tie veido hidrofobu barjeru, kas aizsarga un
regulé $unu funkcijas. Lipidus var definét ka primaros metabolitus, jo tie ir butiski augu
augsanai un attistibai, tomér dazus lipidu savienojumus var uzskatit ari par sekundara-
jiem metabolitiem, jo tie pilda funkcijas, kas palidz augiem mijiedarboties ar apkartéjo
vidi. Vaccinium gints ogas un to parstrades blakusprodukti ir bagati lipidu avoti, tie
satur taukskabes, sterolus, glicerolipidus, kuriem ka funkcionaliem savienojumiem ir
pozitiva ietekme uz cilvéka veselibu. Lai gan lielaka dala pétijumu par Vaccinium ogam
koncentréjas uz polifenolu analizi un biologisko aktivitati, lipidi joprojam ir svariga $o
ogu sastavdala ar lidzigu biologisko nozimibu.

Polifenoli tiek uzskatiti par vienu no visbagatigakajam dabisko fitokimisko vielu
grupam, un tie ir plasi sastopami ogas. Polifenolu grupu parstav aptuveni 8000 savieno-
jumi (Leri et al. 2020), kas sastav no viena aromatiska gredzena ar vienu vai vairakam
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hidroksilgrupam, lidz pat polimériem savienojumiem ar molekulmasu, lielaku par
2500 Da (Rasouli et al. 2017). Galvenas polifenolu grupas ir fenolskabes, stilbéni, fla-
vonoidi un lignani.

1.3. Vaccinium gints ogu ekstrakcija un ogu ekstraktu izpéte

Augu izcelsmes fitokimisko vielu sagatavo$anai, ekstrakcijai un attiri$anai ir izstra-
datas dazadas metodes. Ekstrahéjamo vielu veids liela méra ir atkarigs no izmantotas
ekstrakcijas metodes, skidinataja un to optimizacijas. Visbiezak izmantotas ekstrakcijas
metodes ir: 1) ekstrakcija ar $kidinataju; 2) ekstrakcija ar $kidinataju paaugstinata spie-
dien3; 3) ekstrakcija ar ultraskanu; 4) ekstrakcija ar mikrovilpu palidzibu; 5) ekstrakcija
ar superkritisko $kidrumu dazadas konfiguracijas. Sis ekstrakcijas metodes bieZi vien
papildina ar parastajam $kidruma-skidruma un $kidruma-cietvielu ekstrakcijas meto-
dém, lai uzlabotu selektivitati un neapstradata (pirméja) ekstrakta tiribu (Altemimi
et al. 2017). Polifenolu, ka ari lipidu ekstrakcija liela nozime ir ekstrakcijas ilgumam,
$kidinataja sastavam, ekstrakcijas intensitatei, lai sagatavotu savienojumam (savieno-
jumu grupai) specifiskas atdalianas metodes. Dazadu polifenolu grupu ekstrakcijai
visbiezak izmanto spirta $kidinataju sistémas, kas sastav no metanola vai etanola (Shi et
al. 2005). Heksans un hloroforms ir ieteicamie $kidinataji lipidu ekstrakcijai, tomér $o
$kidinataju toksiskuma un bistamibas dél pédéja laika prieksroka tiek dota ekstrakcijai
ar CO, superkritiska stavokli, un, pievienojot $ai ekstrakcijas sistémai polaru vai nepo-
laru lidzgkidinataju, ir iespéjams ekstrahét dazadas polaritates savienojumus (Lorenzo
et al. 2018). Ekstraktu raksturo$ana tiek veikta, izmantojot spektrofotometriju, dazadus
reagentus, iegistot specifiskas krasu reakcijas atkariba no ekstrakta esoso vielu satura.
Kvalitativas un kvantitativas analizes, izmantojot hromatografiju ar dazadiem detekto-
riem (MS, UV, VIS u. c.), klast pieejamas, un strauji attistas jaunu, bioaktivu dabas vielu
identifikacijas stratégijas.

1.4. Vaccinium gints ogu un to ekstraktu ietekme uz veselibu

“Tu esi tas, ko tu éd” - ta ir labi zinama idioma, kas atspogulo izpratni par to, cik
svarigs ir veseligs uzturs un ka tas ir saistits ar visparéjo labsajatu. Pastav pozitiva kore-
lacija starp to, kas tiek uzskatits par veseligu uzturu (ko veido augli, darzeni, $kiedrvie-
las, gala ar augstu nepiesatinato tauku saturu u. c.) un veselibu uzlabojosu savienojumu
koncentraciju $ajos produktos (Berry fruit... 2007, Nile and Park 2014; Bvenura and
Sivakumar 2017). Ir labi pieradita saikne starp polifenolu savienojumu un nepiesatinato
taukskabju patérinu un samazinatu sirds slimibu risku, $anu signalizacijas celu regu-
laciju, tauku transportu, holesterina sintézes gaitu. So vielu zemais toksiskums padara
tas par dro$iem uztura elementiem, ar ko uzlabot partikas un farmacijas rapniecibas
kvalitati. Kopuma brivos radikalus saistosie flavonoidi un partika, kas bagatiga ar $iem
sekundarajiem metabolitiem, var palidzét cilvékiem uzturét veselibu, novérsot oksida-
tivos bojajumus (Pappas un Schaich 2009, Shaheen un Noreen 2016).
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2. MATERIALI UN METODES

Izmantotie materiali un metodes ir detalizéti aprakstitas 1.-13. publikacija.

2.1. Augu materials

Polifenolu savienojumu ekstrakcijai tika izmantotas 2016.-2020. gada vasaras un
rudens sezona ar rokam ievaktas ogas. Mellenes un bruklenes tika ievaktas Latvijas
centralaja dala eso$as Saulkrastu pilsétas apkartnes mezos, lielogu dzérvenes un krim-
mellenes - Jarmalas pilsétas nomalé eso$aja komercsaimnieciba (Z/S Strélnieki), purva
dzérvenes un zilenes — Kemeru nacionalajam parkam piedero$ajos purvos. Sikaka infor-
macija par ogu izcelsmi un razas novaksanas laiku atkariba no attiecigajiem eksperi-
mentiem atrodama 1.-13. publikacija.

Polifenolu ekstrakcijas optimizacija

Polifenolu savienojumu un antocianu ekstrakcijas optimizacija tika veikta, izman-
tojot lielogu dzérvenu spiedpaliekas. Atbildes virsmas optimizacija (RSM) tika izman-
tots etanols un metanols ar trifluoretikskabes un skudrskabes piedevam (Myers et al.
2016). Tika izmantots divu faktoru un tris limenu centralais saliktais plans, kas sasta-
véja no vienpadsmit eksperimentiem (tris atkartojumi centralaja punkta). Optimizacijas
mainigie bija etanola/metanola koncentracija (v/v %) un TFA/skudrskabes koncentra-
cija (v/v %). Novérotie atbildes mainigie lielumi bija kopéjais antocianu daudzums
(mg/100 g ogu materiala) un kopéjais polifenolu daudzums (g/100 g ogu materiala).

Ekstrakciju no dzérvenu spiedpaliekam tika optimizéta, izmantojot ekstrakciju ar
ultraskanas palidzibu, ka noradits iepriekséja pétijjuma (8. publikacija). Izzavétu/liofil-
izétu un homogenizétu ogu vai to spiedpalieku paraugu (0,50 g) nosvéra un pievienoja
50 mL attieciga skidinataja maisijuma. Eksperimentos izmantoja 100 W ultraskanas
vannu (Cole-Parmer). Péc apstrades ar ultraskanu paraugus 24 stundas kratija tumsa un
péc tam filtréja, lai atdalitu smalkas dalinas. Tiros, filtrétos ekstraktus uzglabaja tumsa
4 °C temperatira.

Lipofilo vielu ekstrakcija

Kutikulara vaska ekstrakcijai tika izmantota modificéta metode, izmantojot divus
ekstrakcijas $kidinatajus — hloroformu un heksana/etilacetata maisijumu (1:1) (= 99%,
Sigma-Aldrich, Vacija). Katra ogu suga tika ekstrahéta tris reizes, izmantojot katru $ki-
dinataju. Kopuma katrai ogu sugai tika sagatavoti 6 atkartojumi. Ekstrakcijai izman-
toja tris 100 mL mérglazes. Katra mérglazeé iepildija 50 mL ekstrakcijas $kidinataja.
Katram atkartojumam no ievakta parauga izvéléjas simts ogas un secigi citu péc citas
iemeérca ekstrakcijas $kidinataja uz 30 sekundém katra no trijam mérglazém, kuras bija
$kidinatajs. Ogu mércésanai izmantoja tiras metala pincetes. Péc ogu mércésanas visu
triju mérglazu saturu filtréja un apvienoja iztvaicé$anas kolba. Katru mérglazi divas
reizes mazgaja ar ekstrakcijas $kidinataju un pievienoja kombinétajam ekstraktam.
Paraugus ietvaicéja pazeminata spiediena, izmantojot Rota-Vap ietvaicétaju (Biichi,
Vacija). Paraugus ietvaicéja lidz apméram 5 mL un parnesa tiras stikla mégenés.
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Atliku$o $kidinataju ietvaicéja idens vanna (40 °C) (Cole Parmer, ASV) zem maigas
slapekla plasmas.

Lai ekstrahétu ogu lipidus, 3 kg ogu tika kaltétas un homogenizétas paraugu smal-
cinataja (IKA, Vacija). 120 g homogenizéto ogu nosvéra 1 litra pudelés ar vacinu un
sajauca ar 600 mL CHCI;, péc tam uz 20 minGtém ievietoja ultraskanas vanna (Cole-
Parmer, ASV). Ar ultraskanu apstradato paraugu filtréja caur papira filtru. Izmantoto
filtrpapiru ar ogu dalinam ievietoja atpakal] ekstrakcijas pudelé un pievienoja vél 600 mL
CHCl,. Filtrésanu un atkartotu ekstrakciju ar ultraskanu atkartoja tris reizes. Ceturto
ekstrakciju veica, inkubéjot paraugu CHCI; uz nakti istabas temperatiira, lai palielinatu
ekstrakcijas iznakumu.

Péc ekstrakcijas visus ekstraktus filtréja, apvienoja un koncentréja, izmantojot rota-
cijas iztvaicétaju (Heidolph, Vacija). Péc iztvaicé$anas ogu lipidus Zavéja slapekla plasma
(AGA, Latvija), sausos paraugus nosvéra un uzglabaja 4 °C temperatara.

Ogu vai ogu spiedpalieku ekstrakciju, izmantojot superkritisko CO,, veica ar augu
materialu, kas bija izzavéts 40 °C temperatiira un samalts pulveri (dalinu izmérs <
1 mm). Ekstrakcijas trauka (tilpums 100 mL) iesvéra 20 g izzavéta parauga. Ekstrakcijai
izmantoja Separex (Francija) superkritiskas CO, ekstrakcijas iekartu, kuras darba para-
metri bija 250 baru spiediens, 50 °C temperatara ar CO, plasmas atrumu 0,4-0,5 L/
min. Tika izmantots lidz§kidinatajs (70 % etanols). Ekstrakcijas ilgums bija 1 stunda.

- =x

Ekstraktu attiriSana un frakcionéSana

Frakcioné$anai tika izmantoti 1600 mg ogu lipidu. Nosvérto lipidu paraugu izski-
dinaja heksana/hloroforma maisijuma. Lipidu elué$anu veica pieaugosa eluenta polari-
tates seciba: heksans, heksans/hloroforms (1:4 v/v), hloroforms, etilacetats, etilacetats/
metanols (1:1 v/v) un metanols. Frakcioné$anas procesu atkartoja tris reizes, savaktas
attieciga skidinataja frakcijas apvienoja un koncentréja, izmantojot rotacijas ietvaicétaju,
un zavéja slapekla plasma.

2.2. Polifenolu analitiska raksturoSana

Antocianu koncentracija tika noteikta, mérot katra parauga atskaidijuma absorbciju
pie 520 nm un 700 nm, salidzinot ar demineralizéta tidens paraugu. Mérijumi tika
veikti, izmantojot Shimadzu UV-1800 UV-VIS spektrofotometru. Tika sagatavoti divi
buferskidumi ar at$kirigu pH, un paraugus 20-30 minates atstaja tumsa, mérijumus
veica 20-40 minasu laika.

Kopéjo polifenolu daudzumu noteica, izmantojot Foléna-Ciokalteu kolorimetrisko
metodi (Siriwoharn et al. 2004). Tika sagatavota standarta likne, izmantojot galluskabi
0-0,350 g/mL robezas (R* = 0,999). Mérijumui tika veikti765 nm péc 20-30 minasu
inkubacijas perioda istabas temperatara tumsa. Antocianu identifikaciju un kvantitativo
noteik$anu veica, izmantojot Waters ACQUITY UPLC sistému, kas aprikota ar skidi-
nataju kontroles sisttmu (QSM), paraugu parvalditaju — caurplades adatu (SM-FTN) -
un fotodiozu bloka (PDA) A detektoru. Mobila faze sastavéja no 5,0 % skudrskabes un
metanola $kiduma tdeni (70:30 v/v).
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2.3. Lipidu analitiska raksturosana

Vasku un lipidu paraugi tika analizéti, izmantojot GC-MS, paraugi tika sagatavoti
saskana ar ieprieks$ publicéto metodiku (1. un 2. publikacija). Kopéjais atkartojumu
skaits, kas tika veikti ar GC sistému, bija 18 katrai analizétajai ogu sugai. Analizém
tika izmantots GC-2010 gazu hromatografs, savienots ar GC-MS QP-2010 Ultra masas
detektoru (Shimadzu, Japana). Izmantojama kolonna bija Restek Rxi®-5MS ar darba
temperatiras diapazonu no 40 lidz 350 °C. Ekstrahétos ogu lipidus un lipidu frakei-
jas nosvéra (apméram 5 mg) GC flakona un iz$kidinaja 1,3 mL piridina, pievienojot
0,2 mL BSTFA. Péc tam paraugu 1 h karséja 60 °C temperatira. Iegtito paraugu anali-
z&ja, izmantojot GC-MS. Kvantitativo noteik§anu veica, vispirms identificéjot, pie kuras
savienojumu grupas pieder analizéjama viela, un péc tam aprékinaja koncentraciju,
izmantojot attiecigo standartu.

2.4, Ekstraktu izmantoSanas iespé&ju novértéjums

Saules aizsardzibas faktora (SPF) vértibas tika noteiktas saskana ar ieprieks izstra-
datu metodi (Mansur et al. 1986). Lipidu frakciju $kidumi tika sagatavoti hloroforma
koncentracija 1,0 mg/mL. Katra $kiduma absorbciju mérija 290-320 nm diapazona ik
péc 10 nm tris reizes, izmantojot Shimadzu UV-1080 UV/VIS spektrofotometru. Pirms
meérijumu veik$anas bazes liniju korigéja, salidzinot ar kiveté iepilditu hloroformu.

Ekstrahéto un frakcionéto lipidu iedarbiba tika parbaudita uz dazadu veidu mik-
roorganismiem, izmantojot agara bedri$u difazijas metodi. Tika izmantoti mikroorga-
nismi, kas iegtiti no Latvijas Mikroorganismu kultaru kolekcijas. Millera-Hintona agara
plates inokuléja ar sagatavoto inokulatu. Lipidu $kidumi tika sagatavoti DMSO 15 mg/
mL koncentracija.

Datu analize un statistika

Kvantitativie kutikulara vaska sastava dati tika paklauti divvirzienu dispersijas
analizei (ANOVA), lai noveértétu atskiribas starp analizétajam ogam, péc tam tika
izmantota Tukeys HSD, lai atskirtu batiski atskirigas grupas. Lai novértétu saistibu starp
dazadam testétajam ogam, tika veikta galveno komponentu analize (PCA), korelacijas
matricas un hierarhiska klasteru analize, izmantojot Vorda (angliski — Ward’s) metodi ar
standartizétiem datiem. Statistiska analize un datu vizualizacija tika veikta, izmantojot
SAS JMPe, 13. versiju (SAS Institute Inc., ASV).
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3. REZULTATI UN DISKUSIJA

3.1. Ogu spiedpalieku biorafinésanas stratégija

Mausdienu, fosilo resursu izmanto$ana bazétajai ekonomikai pastav alternativa -
bioekonomika - uz atjaunojamiem resursiem balstita razo$ana, kuras mérkis ir pil-
niga biomasas izmanto$ana. Jaunu produktu razo$ana un izstrade no biomasas balstas
biorafinésanas koncepcija (Motola et al. 2018). Katru augu biomasas sastavdalu var
parstradat, ekstrahét un funkcionalizét, lai razotu nepartikas un partikas produktus,
starpproduktus tautsaimniecibai (Lange et al. 2021), ka ari energiju. Biologisko resursu
ieguves un parstrades blakus plasmu un atlikumu parstrade ir Joti svariga, ta ievérojami
palielina resursu izmanto$anas efektivitati, tadéjadi samazinot oglekla pédas nospie-
dumu, vienlaikus uzlabojot ekonomisko ilgtspéju (EK 2020).

3. attéls. Biomasas atkritumu biorafiné$anas stratégijas.

Lai sasniegtu uz biologiskiem resursiem balstitas ekonomikas meérkus, galvena loma
ir biorafinésanas sistémai, kas atbalsta loti efektivu un rentablu dazadas izcelsmes bio-
masas parstradi izmantojamos produktos, ka ari sekmigu integraciju esosaja infrastruk-
tara un jau izstradatajas tehnologijas (de Jong et al. 2012, Meyer 2017). Biorafinésana
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ir pieeja, kad biomasa tiek secigi frakcionéta, lai iegtu produktus ar augstaku veértibu
neka sakotnéja biomasa un/vai energiju, tadéjadi aizstajot fosilos materialus (Kamm un
Kamm 2004). Var izdalit tris galvenas biomasas parstrades jomas, kuras nodrosina vielu,
materialu un energijas iegsanu (3. attéls). Par galvenajiem biorafiné$anas produktiem
uzskata biodegvielas (bioetanolu, biodizeldegvielu, bioogli, biotidenradi, metanu un
citus), biopolimérus un atsevi$kas vielas vai to grupas (pektinus, fenolus, proteinus un
citus), ko var izmantot tiesi vai kas var kalpot ka buvbloki, aizstajot fosilas izcelsmes
vielas. Svarigs mérkis biorafiné$anas metozu attistiba ir siltumnicefekta gazu emisiju
samazina$ana.

Ka redzams 3. attéla, dazadas biorafinésanas stratégijas lauj parstradat dazadu veidu
un daudzuma biomasas izejvielas, vienlaikus razojot produktus un energiju, ka ari
nodro$ina iespéjas pilniba aizstat fosilos materialus. Dazadas biorafiné$anas stratégi-
jas butiski at$kiras biomasas daudzuma parstrades iespéjas un iegato produktu pievie-
nota veértiba.

Biorafinésanas stratégijas ir izstradatas vairakiem biomasas veidiem, bet lielakoties
biomasai, kas tiek parstradata lielos apjomos, un ka piemeéri minami koksnes biomasas
biorafinésana (Octave un Thomas, 2009), algu biomasa (Balina, 2020), apelsinu spied-
paliekas (Ortiz-Sanchez et al., 2021), lauksaimniecibas lignocelulozes biomasa (Clauser
et al., 2021) un citas (Nayak un Bhushan, 2019). Oglhidrati, lignins, olbaltumvielas un
lipidi veido apmeéram 95 % no augu sastava paréjie pieci procenti ir vitamini, polifenoli,
krasvielas, aromatvielas, alkaloidi vai citas vielas, kuram ir augsta vértiba, nemot véra
to tiesas izmanto$anas potencialu biorafinésanas rezultata. Dazadam augu sastavdalam
var iezimét specifiskas biorafiné$anas iespéjas, kuru pamata ir oglhidrati (monosaharidi,
polisaharidi), lignoceluloze un lipidi ka galvenie izmantojamu molekulu avoti (Octave
and Thomas 2009). Nemot véra parstradajamas biomasas lielos apjomus, daudzos
gadijumos ir pieejamas labi izstradatas biorafiné$anas stratégijas (Pauly un Keegstra
2008, Chen un Dixon 2007).

Ipasa biomasas atkritumu grupa ir partikas atkritumi, jo tie rodas partikas produktu
parstrades procesa un ir bagatigi ar vielam, kam ir augsta uzturvértiba un kas ari satur
citas vielas ar, iespéjams, augstu izmanto$anas potencialu (Nayak and Bhushan 2019),
pieméram, ogu sulas razo$anas rezultata radusas ogu spiedpaliekas (izspiednes). Lidz
$im ogu, ipasi Vaccinium gints ogu, spiedpalieku biomasas biorafinésanas stratégijas nav
padzilinati izstradatas un izmantotas. Vaccinium gints ogu spiedpalieku biorafinésanas
stratégijas izstrades ipasi aspekti ir:

1. Salidzinosi neliels biomasas (Vaccinium ogu spiedpalieku) apjoms, kas ir perspek-
tivs biorafinésanai. Sulas razo$anai no Vaccinium ogam visplasak tiek izmantotas
lielogu dzérvenes. 2019. gada pasaulé, galvenokart ASV, Kanada un Cilé, saraZots
687 535 tonnu lielogu dzérvenu, Eiropa - ievérojami mazak. Latvija 2019. gada sara-
zots 344 tonnu lielogu dzérvenu (World cranberry production ... 2019). Ogu sulas
razo$ana parasti ir decentralizéta, tadéjadi arl ogu atkritumu parstrades apjoms (bio-
rafiné$ana) varétu but salidzinosi neliels, mazaks neka jebkur$ process, kas vérsts,
pieméram, uz lignocelulozes vai algu biomasas parstradi.

2. Biorafiné$anas procesa rezultata iegtito vielu grupu vai atsevisku vielu tirgus ir atka-
rigs no izmanto$anas iespéjam. Ogu spiedpalieku parstrades produktu izmanto$anas
perspektivas nosaka to sastava ietilpstosas vielas ar augstu biologisko un farmakolo-
gisko aktivitati, pieméram, polifenoli (vielu grupas, pieméram, antocianini, procian-
idini) vai atseviskas vielas, pieméram, resveratrols. Cita izmanto$anai nozimiga vielu
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4. attéls. Vaccinium ogu spiedpalieku biorafinésanas plans.

grupa, ko iespé&jams izolét no ogu spiedpaliekam, ir lipidi (vaski, taukskabes, sterini,
terpéni u. c.) un éteriskas ellas. Tadéjadi biorafinésanas stratégijai butu jakoncen-
tréjas uz vértigako komponentu parstradi, jo péc polifenolu un lipidu izdalisanas
atlikumu vértiba ir ievérojami zemaka un to parstrade dargaka, atbalstot iespéjas
izmantot utilizacijas tehnologijas, pieméram, kompostésanu vai péc ekstrakcijas
radusos atkritumu integré$anu citu biomasas plasmu parstrades tehnologijas.

3. Vaccinium ogu spiedpalieku kvalitate salidzindjuma ar citiem partikas parstrades
atkritumiem ir augsta, jo tas satur vairak bioaktivu savienojumu. Partikas atkritumu
kvalitate ir viena no galvenajam problémam saistiba ar to biorafinésanu, jo péc par-
strades fermentativas hidrolizes rezultata loti atri var sakties to degradacija, veidoties
piesarnojums ar mikroorganismiem. Vaccinium ogu spiedpalieku parstrades cikla
ogas pirms sulas razo$anas tiek attiritas, un péc sulas iegtiSanas tas ir iespéjams iz7a-
vét vai sasaldét, lai novérstu kvalitates pasliktinasanos. Tadéjadi biologiski aktivas
sastavdalas paliek neskartas.
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4. Zinasanu limenis par ogu spiedpalieku, ipasi Vaccinium ogu, sastavu un iespéjamam
biorafiné$anas pieejam ir nepilnigs. Neraugoties uz nesenu pétijumu rezultatiem
par Vaccinium ogu sastavu un nedaudzajiem pétijumiem, kas saistiti ar Vaccinium
ogu spiedpalieku sastava izpéti, trukst zinasanu, kas nepiecieSamas, lai izstradatu
ogu spiedpalieku biorafinésanas stratégiju. Ir izstradati dazi priekslikumi dzérvenu
spiedpalieku biorafiné$anai (Harrison et al. 2013). Batisks eso$o pétjjumu trikums
ir toksisku un bistamu $kidinataju izmanto$ana ogu parstradé. Lidz ar to ir svarigi
attistit videi draudzigas ekstrakcijas metodes, ka ari optimizét ekstrakcijas meto-
des, kas nepiecie$ams izméginajuma méroga vai ripnieciskas razo$anas procesu
izstradei.

Vaccinium ogu spiedpalieku biorafiné$anas plana izstrades mérkis ir paplasinat
zina$anas par $o ogu vértigajam sastavdalam, ka ari izveidot efektivu un modularu bio-
rafiné$anas pieeju, lai giitu maksimalu labumu no $a vértiga biomasas veida (4. attéls).

3.2. Ogu un to spiedpalieku liptdi

Viena no galvenajam vielu grupam ogas un to spiedpaliekas ir lipidi. Pétijjumi par
ogu lipidiem ietver paraugu sagatavos$anu, ekstrakciju, analitisko raksturojumu un
iespéjamo pielietojuma jomu izpéti. Tika izvirziti vairaki uzdevumi veselu ogu un to
spiedpalieku lipidu starpdisciplinarai izpétei, lai attistitu izmanto$anas risinajumus,
tadéjadi veicinot bioekonomikas attistibu.

3.2.1.0gu lipidu ekstrakcijas optimizacija

Lipidi ir funkcionali savienojumi, kas ir batiski jebkuram dzivajam organismam.
Lipidus uzskata par primarajiem metabolitiem, jo bez tiem organisma darbiba nebitu
iespéjama. Lipidi pilda dazadas biologiskas funkcijas, un to klasifikacija ir sarezgita —
dazas klasifikacijas sistémas ir balstitas uz lipidu funkcijam, citas - uz strukturalajam
lidzibam. Cits aspekts savienojumu klases definésana ir daudz vienkar$aks - lipidi
neskist adeni, bet $kist organiskajos skidinatajos. Ogu lipidu izpéte ir balstita uz pédéjo
minéto definiciju apvienojuma ar jaunako un visaptverosako klasifikacijas sistému, ko
piedava LIPID-MAPS (Liebisch et al. 2020).

Ogas nosaciti veido 3 galvenie komponenti - séklas, miza un mikstums. Kopuma
dazadu ogu séklas sastav no lipidiem, kas tiek izmantoti energijas uzkrasanai: taukska-
bém, glicerolipidiem un lipidiem, kuri piedalas $tinas funkcionésanas regulacija. Mizas
sastav no steroliem (augu hormoni, attistibas un augsanas regulésana, transmembranu
caurlaidibas regulé$ana, adaptogéni) un prenollipidiem (nodros$ina dazadas funkcijas
$tnas, darbojas ka aizsargkomponenti pret patogéniem), ka ari vaskiem (sikak apli-
koti promocijas darba 3.3. nodala) (garas kédes alifatisko ogladenrazu, alkanu, esteru,
garas kédes taukskabju, ketonu, aldehidu, primaro un sekundaro spirtu maisijums,
kas aizsarga augus no biotiska un abiotiska stresa) (Bederska-Lojewsk et al. 2021).
Mikstuma ir ir dazadas taukskabes (dazada garuma, lidz C22), sterini, triterpenoidi un
citi mazak nozimigi lipidi, augsta oglhidratu un polifenolu koncentracija (Tundis et al.
2021). Nemot véra iespéjamas savienojumu grupas ogas un to dalas, attiecigi jaizvélas
ekstrakcijas $kidinataji un metodes. Ta ka savienojumiem ir atskiriga polaritate, tika
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parbauditi dazadi ekstrakcijas $kidinataji, lai optimizétu lipidu ekstrakciju, kas nodro-
$ina augstako iznakumu.

Ir konstatéts, ka Vaccinium ogas ir no 6,90 g lidz 9,17 g lipidu/100 g zavétu ogu
(2. tabula). Tomér $ie rezultati liela méra ir atkarigi no izmantotas ekstrakcijas metodes
un parametriem, pieméram, $kidinataja un ogu masas attieciba, ekstrakcijai lietotas
ultraskanas jaudas, ekstrakcijas temperatiras, gatavojama ekstrakta kopéja tilpuma un
citiem faktoriem. Turpmaki pétijumi (3. publikacija) liecina: lai iegiitu preparativus ogu
lipidu daudzumus, nepieciesams lielaks ogu biomasas daudzums un lielaks $kidinataja
tilpums. Vel viens aspekts, kas attiecas uz dazados pétijumos (1., 2. un 3. publikacija)
noraditajiem at$kirigajiem ieguvumiem, ir ogu kvalitate, jo ipasi ogu novaksanas laiks,
ogu gataviba, paraugu sagatavo$ana (ogu zavésana, mal$ana).

2. tabula. Lipidu ekstrakcijas iznakums no dazadam ogam, ka ekstrakcijas skidinataju
izmantojot hloroformu.

Ogas Ekstrakcijas iznakums, g ekstrakta/100 g svaigu ogu
Lielogu dzérvenes 9,17
Meza mellenes 8,37
Bruklenes 9,05
Purva dzérvenes 7,57
Zilenes 8,66
Krammellenes ‘Blue crop’ 6,90
Krammellenes ‘Blue gold’ 7,84
Krammellenes ‘Blue ray’ 7,10
Krammellenes ‘Chippewa’ 7,51
Krammellenes ‘Duke’ 8,15
Krammellenes ‘North blue’ 8,18
Krammellenes ‘Patriot’ 7,65
Krammellenes ‘Polaris’ 7,46

Ka videi draudziga ekstrakcijas metode ar potencialu pielietojumu rapnieciba tika
parbaudita un novértéta ekstrakcija, izmantojot CO, superkritiska stavoli (SCO,),
pamatojoties uz ekstrakcijas iznakumu (3. tabula). Tika ekstrahétas veselas izzavétas
ogas un maltas ogu spiedpaliekas, izmantojot etanolu ka lidzskidinataju (lai nodro-
$inatu ieguta ekstrakta plasmu sistéma). legttajiem ekstraktiem ir lidzigs sastavs ka
ekstraktiem, kas iegiti, izmantojot nepolaros $kidinatajus (hloroformu, heksanu, pet-
roléteri, etilacetatu), nodrosinot salidzinamu ekstrakcijas iznakumu. Salidzinajuma ar
ekstrakciju ar $kidinatajiem, kur $kidinataju var atgtit un atkartoti izmantot turpmakai
ekstrakcijai, SCO, ekstrakcijas laika CO, atkartoti cirkulé caur sistému, turklat CO, izt-
vaiko no ekstrakta, neatstajot ekstraktos kaitigas atliekas. Nemot véra §is prieksrocibas,
SCO, ekstrakcijas iekartu attistibu un pieaugos$o pieejamibu ari ripnieciska méroga, §1
pieeja ir kluvusi par dzivotspéjigu variantu lipidu ekstrakcijai no dazadiem materialiem,
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kuru raksturo pieradita efektivitate, zemas oglekla dioksida emisijas un samazinatas
produktu izmaksas, izmantojot $§ada veida ekstrakciju.

3. tabula. Lipidu ekstrakcijas iznakums no Vaccinium ogam, ka ekstrakcijas
s$kidinataju izmantojot oglekla dioksidu superkritiska stavokli.

Ekstrakcijas iznakums, g/100

Ogas Materiala veids
gogu

Veselas ogas 8,71
Lielogu dzérvenes

Spiedpaliekas 14,48

Veselas ogas 822
Meza mellenes

Spiedpaliekas 10,53

Veselas ogas 7,18
Krammellenes

Spiedpaliekas 10,45

Veselas ogas 8,87
Bruklenes

Spiedpaliekas 11,48

3.2.2.legiito lipidu ekstraktu kvalitativa un kvantitativa analize

Iegutie lipidu ekstrakti tika analizéti, izmantojot GC/MS, lai noteiktu to kvalita-
tivo un kvantitativo sastavu. Kvalitativas un kvantitativas analizes galvenais mérkis bija
noteikt dazadu ogu lipidu ekstraktos eso$as vielas, pamatojoties uz izmantoto materialu
(veselas, svaigas ogas, ogu spiedpaliekas), un tadéjadi atbalstit jaunu bioekonomikas
lietojumu izstradi.

Tika novértéta skidinataja ietekme uz atsevi$ku vielu sastavu un ekstrakcijas efek-
tivitati (1. publikacija). Tika kvantitativi noteiktas un salidzinatas 22 atseviskas vielas,
kas bija sastopamas visos sagatavotajos ekstraktos, pamatojoties uz izmantoto skidina-
taju. Kvantitativi noteikto vielu kopéjais ekstrakcijas iznakums bija vislielakais, ja tika
izmantots dietiléteris, vismazak efektivs bija petroléteris.

Identificétie ogu lipidu savienojumi tika iedaliti 6 lipidu apaksklasés. Lipidu apaks-
klase, kas tika atrasta augstakaja koncentracija, ir taukskabes (lidz 60 % no kopéja lipidu
daudzuma krimmellenu $kirnés). Galvenas taukskabes, kas konstatétas pétitajas ogas,
ir palmitinskabe, linolskabe un linolénskabe (5. attéls).

Vielu grupa, kas bieZi sastopama lipidu ekstraktu sastava, ir alkani. Sie savienojumi
ir ogu epikutikulara vaska sastavdala, un ogu citoplazma tie ir augu metabolitu biosin-
tézes prekursori. Alkanu oglekla kédes garums ogas ir no C19 lidz C31. Ka nozimigakais
no alkaniem ogas tika konstatéts C29 alkans (nonakozans). No pétitajam savvalas ogam
vislielaka nonakozana koncentracija tika konstatéta briklenés (6,81 g/100 g). Savvalas
melleném un zileném tika novérota zema alkanu koncentracija, mellenés tika kon-
statéti tikai C25 un C29 alkani. Pétitajos krammellenu $kirnés alkanu saturs bija daudz
plasaks, pieméram, mellenu $kirné ‘North blue’ tika atrasti 8 dazadi alkani, no kuriem
augstakaja koncentracija bija nonakozans.

Lipidu ekstraktu kopéja daudzuma vispusiga analize ir batisks solis, lai noteiktu
lipidu ekstraktu izmanto$anas jomas. Turklat frakcioné$ana lauj gat skaidraku
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5. attéls. Identificéto lipidu savienojumu grupu relativais daudzums pétitajas
Vaccinium ogas.

prieksstatu par pielietojuma jomam, jo vieglak var identificét vielas vai to grupas,
kas atbildigas par konkrétam aktivitatém, frakcionésana lauj sagatavot tirakas frak-
cijas, kuram bius lielaks pielietojuma potencials. Siki izstradatu lipidu ekstraktu no
Vaccinium un citu sugu ogam, ka ari to $kirpu sikaka kimiska analize atrodama 1.,
2. un 3. publikacija.

3.2.3.Lipidu ekstraktu pielietojuma identifikacija

Ogu lipidu saules aizsardzibas faktors

Dazadiem augu ekstraktiem ir izteiktas spéjas aizkavét Saules starojumu (saules
aizsardzibas faktors; SPF), un tie tiek izmantoti ka UV filtri saules aizsarglidzeklos,
tomér ogu lipidu izmanto$ana $adiem mérkiem lidz $§im nav izvértéta (Sutar et al. 2020).
Iegutas SPF vértibas kopéjiem ekstraktiem bija 3,6 un 9,4 attiecigi melleném un brakle-
ném. Bruklenu kopéjais ekstrakts saturéja lielu daudzumu fenolskabju un izoprenoidu,
kuru nebija mellenu ekstrakta. Kopuma parbaudito frakciju SPF vértibas palielinas,
palielinoties izmantota elué$anas $kidinataja polaritatei, un sasniedz maksimalas SPF
vértibas, kad ka eluentu izmanto etilacetatu/metanolu. Visaugstakas SPF vértibas tika
iegitas etilacetata/metanola frakcijai: 11,6 — melleném, 10,2 — britkleném. Mellenu
eilacetata/metanola frakcija satur lielu daudzumu taukskabju, proti, C18 nepiesatinato
taukskabju (157 mg/g ekstrakta), un kané]skabes (27 mg/g), bruklenu frakcija satur
27 mg/g un 11 mg/g attiecigo savienojumu, abas ogu frakcijas ir ari liels benzoskabes
saturs (36 un 197 mg/g). legitas SPF veértibas liecina, ka ogu lipidi ir potenciali izmanto-
jami saules aizsarglidzeklu razo$ana, tadéjadi aizstajot sintétiskas un neorganiskas saules
aizsarglidzeklu sastavdalas ar dabiskam un ilgtspéjigam sastavdalam ar mazu ietekmi uz
vidi, vienlaikus veicinot bioekonomiku un partikas atkritumu valorizaciju.
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Ogu lipidu frakciju antimikrobiala aktivitate

Kopéjo ogu lipidu ekstraktu un ekstraktu frakciju antimikrobiala aktivitate tika
parbaudita pret se$iem cilvéku patogéniem vai oportanistiskiem patogéniem, izman-
tojot agara iedobes diftizijas metodi. legutas frakcijas uzradija antimikrobialu aktivitati
pret S.aureus, S.pyogenes, S.epidermidis un E.coli, bet netika konstatéta aktivitate pret
Pmirabilis un Paeruginosa. Mellenu kopéjais ekstrakts un ta frakcijas uzradija augstu
inhibicijas potencialu, testéjot ar S.aureus. Hloroforma un etilacetata frakcija uzradija
ievérojamu antimikrobialo aktivitati, §is frakcijas bija ipasi bagatigas ar p-sitosterolu.
Sim frakcijam bija inhib&josa iedarbiba pret citam grampozitivajam baktérijam
S.pyogenes un S.epidermidis. S.pyogenes inhibéja visas parbauditas mellenu frakcijas.
Kopéja lipidu ekstrakta inhibicija ir lidziga sagatavoto frakciju inhibicijai, kas norada
uz iespéjamu ogu lipidu sinergisku iedarbibu, kura samazina mikrobu aug$anu. Ta ka
partikas ripnieciba un ogu parstrade pasaulé pastavigi pieaug, ogu lipidiem, ko varétu
iegt no ogu spiedpaliekam, var bat nozimiga loma jaunu, lietotdjam draudzigu, ino-
vativu produktu izstrade.

3.3. Ogu un to spiedpalieku vaski

Ogu un augu vaski kopuma sastav no garas kédes alifatisko ogludenrazu, alkanu,
esteru, éteru, garas kédes taukskabju, ketonu, aldehidu, primaro un sekundaro spirtu
maisijuma, kas aizsarga augus no biotiska un abiotiska stresa. Ogu un to spiedpalieku
vaska pétijumu mérkis bija izprast ogu kutikulara vaska funkcijas ka augu aizsardzibas
sistémas sastavdalu, paradit ogu vaska praktiska pielietojuma iespéjas, nemot véra vasku
ka vienu no funkcionalajiem komponentiem, kas iegiits biorafinésanas procesa.

3.3.1.0gu vaska ekstrakcija

Promocijas darba tika pétits ogu kutikulara vaska slanis, kas sastav no intrakutiku-
lara vaska (amorfie lipidi, kas iestradati kutina) un aréja epikutikulara vaska (Jetter et
al. 2008). Ta ka nav iespéjams atdalit abus vaska slanus, kas atrodas ogu aréja dala, abi
$ie slani jaiegtist vienlaikus. Lai izolétu tie$i ogu kutikulara vaska slani, jaizmanto svai-
gas ogas. Ogu spiedpaliekas satur ogu dalu maisijumu, tapéc $ada materiala kutikulara
vaska sastava iegiiSana un noteikSana nav iespéjama. Tomér ogu spiedpalieku vasku
var iegat ka produktu, izmantojot SCO, ekstrakciju, kas dod iespéju iegit ogu vaskus
ripnieciska méroga.

Dazadu ogu sugu kutikulara vaska ekstrakcija tika veikta, izmantojot hloroformu,
ka ieteikts ieprieks (Jetter et al. 2008). Tika pétitas $adas ogas: zilenes (Vaccinium uligi-
nosum L.), meZza mellenes (Vaccinium myrtillus L.), lielogu dzérvenes (Vaccinium mac-
rocarpon), bruklenes (Vaccinium vitis-idaea L.), melnas vistenes (Empetrum nigrum L.),
goltjéras (Gaultheria mucronata), piladzi (Sorbus aucuparia L.), vilkabele (Crataegus
alemanniensis) un astonas krammellenu (Vaccinium corymbosum L.) $kirnes, proti,
‘Blue crop, ‘Blue gold, ‘Chandler, ‘Chippewa, ‘Duke, ‘North blue, ‘Patriot’ un ‘Polaris.
Iegutie ekstrakcijas rezultati (4. tabula) liecina, ka ogas, kuram ir glancéts, gluds kuti-
kulara vaska slanis (neveidojas vaska kristali), pieméram, brtklenés, purva dzérvenés
un lielogu dzérvenés, ir lielaka kutikulara vaska koncentracija neka ogas, kuram ir
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matéts, strukturéts kutikulara vaska slanis (veidojas kristali), pieméram, mellenés un
krammellenés.

4. tabula. Pétitas ogas, to taksonomiska saistiba péc dzimtas, sugas un vaska daudzuma uz
vienas ogas. * ir vaska daudzuma standartnovirze (n = 3).

Pétitas ogas Dzimta Suga Skirne Vasks, mg/oga
Vilkabele Rosaceae Crataegus 1,43 £ 0,09
Piladzis Rosaceae Sorbus 1,48 + 0,09
Goltjéra Ericaceae Gaultheria 0,65 + 0,02
Melna vistene Ericaceae Empetrum 1,71 £ 0,11
Zilene Ericaceae Vaccinium 0,95 + 0,09
Meza mellene Ericaceae Vaccinium 0,63 £ 0,05
Bruklene Ericaceae Vaccinium 1,89 +0,09
Lielogu dzérvene Ericaceae Vaccinium 1,46 £ 0,12
Krammellenes Ericaceae Vaccinium ‘Blue crop’ 0,74 +£ 0,04

‘Blue gold’ 0,67 + 0,03
‘Chandler’ 0,83 + 0,05
‘Chippewa’ 0,90 + 0,07
‘Duke’ 0,57 £ 0,02
‘North blue’ 0,65 + 0,02
‘Patriot’ 0,84 +£ 0,03
‘Polaris’ 0,87 + 0,03

Tiek uzskatits, ka geografiska izcelsme, respektivi, vieta, kura ogas ievaktas, ietekmé
ogu kimisko sastavu, tostarp vaska sastavu un daudzumu uz ogu virsmas. Si hipotéze
tika parbaudita, vacot mellenes un ekstrahéjot to kutikularo vasku no ogam Latvija,
Norvégija un Somija divas secigas vasaras sezonas (2018. un 2019. gada). legutie rezul-
tati paradija, ka, pirmkart, atkariba no razas gada var buatiski mainities vaska blivums uz
ogas virsmas (mg vaska uz ogu), otrkart, vaska daudzums mainas atkariba no platuma
gradiem, kuros mellenes ievaktas (7. publikacija).

SCO, ekstrakciju veica, izmantojot izzavétas samaltas ogu spiedpaliekas, un prepa-
rativos daudzumos tika ieguts vaskains, sauss materials. Ta ka ogu spiedpaliekas satur
citus ogu komponentus, tostarp séklas, iegutie ekstrakcijas daudzumi bija lielaki, un ari
vasks bija atskirigs, jo, izmantojot $adu ekstrakcijas metodi, nav iespéjams nodrosinat
selektivitati. Ekstrakti, kas tika sagatavoti, izmantojot SCO, ekstrakciju, saturéja 1,02 %
un 0,45 % vasku attiecigi britklenu un mellenu spiedpaliekas. SCO, ekstrakcija paradija
iespéju ieglt vasku no sulas razo$anas atkritumiem to perspektivai izmanto$anai parti-
kas vai kosmétikas riipnieciba.
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3.3.2.Vaska ekstraktu kvalitativa un kvantitativa analize

Ogu vaski satur devinas savienojumu grupas — alkanus, fitosterolus, triterpenoidus,
spirtus, taukskabes, fenolskabes, ketonus, tokoferolus un aldehidus. Atkariba no ogas
sugas un tas kutikulara vaska morfologijas sastavs var atskirties, un galvenas savieno-
jumu grupas var atSkirties ne tikai starp sugam, bet ari starp vienas sugas $kirném
(6. attéls). Fenolskabes un tokoferoli tika atklati ka maznozimigas ogu vaska sastavdalas;
neraugoties uz to salidzino$i nelielo daudzumu, tiem ir batiska nozime augu un pato-
génu mijiedarbiba. Saskana ar citam publikacijam fenolskabes un tokoferoli var attiecigi
aizsargat pret UV starojumu un veicinat antibakterialo aktivitati (4. un 5. publikacija).
Triterpenoidi, taukskabes un spirti ir tris galvenas kutikulara vaska savienojumu klases,
kas veido attiecigi lidz 62 %, 31 % un 38 % no kopéja vaska satura dazadas krammellenu
$kirnés. Kimisko savienojumu klasu sastavs un sadalijums var atskirties atkariba no
izcelsmes vietas un genétiska fona (6. un 7. publikacija).

Tika pétits mellenu kutikulara vaska sastavs dazadas to attistibas stadijas. Lidzigi
5. publikacija sniegtajiem rezultatiem ari savvalas tipa un lidzena vaska parklajuma

6. attéls. Noteikto savienojumu grupu relativais daudzums dazadu ogu vaskos (A); pa
kreisi - novaktas meZa mellenes ar redzamu matétu vaska slani, pa labi - ar hloroformu
ekstrahétas mellenes, kuram vaska slanis ir ekstrahéts (B); meza mellenu kutikularais
vasks, kas ekstrahéts, izmantojot mércésanas metodi ar hloroformu (C).
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mellenu kutikularo vasku ka galvenas savienojumu klases veidoja galvenokart triter-
penoidi un taukskabes. Ogas ar lidzenu vaska parklajumu bija mazaks taukskabju dau-
dzums un lielaks triterpenoidu daudzums visos attistibas posmos neka savvalas tipa
ogas. Abos ogu tipos vélakajos nogatavos$anas posmos kutikularaja vaska palielinajas
alkanu daudzums (6. publikacija).

SCO, ekstrakcija no mellenu un braklenu spiedpaliekam liecina par iespéjam
ekstrahét ogu vaskus, mainot ekstrakcijas parametrus. SCO, ekstraktos galvenas tauk-
skabes bija linolskabe un y-linolénskabe, kas veidoja aptuveni 50 % no kopéja vasku
daudzuma (4. publikacija).

Vaska ekstraktu un to sastavdalu kvalitativa un kvantitativa analize liecina, ka vaska
sastavs liela méra ir atkarigs no attiecigo ogu genétiskas izcelsmes, izcelsmes vietas un
izmantotas ekstrakcijas metodes. Ekstrakcija, izmantojot hloroformu (ogu mércésana),
ipasi izolé aréjo vaska slani, savukart SCO, ekstrakcija ir intensivaka, jo ipasi attieciba
uz ogu spiedpaliekam, kas ir visu ogu nodalijumu maisijums.

3.3.3.Vaska ekstraktu pielietojuma identifikacija

Ogu vasku saules aizsardzibas faktora (SPF) noteikSana

Saules aizsardzibas faktors ir vértiba, ko nosaka produktiem, kuri spéj blokét UV-B
starus, kas var nelabveéligi ietekmét cilvéka adu. Komerciali pieejamos saules aizsargli-
dzeklos papildus vairakam sintétiskam sastavdalam parasti izmanto nanoizmeéra ZnO
(efektivak aizsarga pret UV-A starojumu) vai TiO, (efektivak aizsarga pret UV-B staro-
jumu). Nemot véra negativo ietekmi uz vidi un cilvéku veselibu, buitu jaapsver videi un
cilvéka veselibai draudzigi UV aizsardzibas risinajumi. Viens no $adiem risinajumiem
varétu but ogu lipidu (3.2.3. sadala) vai vaska ka partikas atkritumu biorafinésanas pro-
dukta izmanto$ana.

Tegutie rezultati attieciba uz ogu vasku un ogu spiedpalieku vasku liecina par SPF
vértibu palielina$anos atkariba no devas (5. tabula). Mellenu un briklenu spiedpalieku
vasks, kas ekstrahéts, izmantojot SCO,, uzrada augstakas SPF vértibas neka tie vaski,
kas ekstrahéti, izmantojot hloroformu. Sastava analize paradija, ka spiedpalieku vaska
ekstrakti satur lielaku daudzumu nepiesatinato taukskabju, kas varétu noteikt augstaku
SPF vértibu (4. publikacija).

5. tabula. Ogu vaska SPF vértibas dazadam vaska koncentracijam, kas iegtitas, izmantojot
hloroformu, un no veselam ogam un spiedpaliekam, izmantojot SCO,.

1 mg/mL 2 mg/mL
Ogu vasks (hloroforma ekstrakts)
Meza mellenes 4,5+0,9 7,5+ 1,8
Bruklenes 48+ 1,5 12,7 £ 0,8
Zilenes 14,8+ 1,3 25,4+0,2
Ogu spiedpalieku ekstrakts (SCO,)
Meza mellenes 7,9+0,3 15,09 £ 0,12
Bruklenes 6,1 £ 0,5 13,4+£0,9

"+ ir mérijumu SD (n = 3).
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Autentiskuma parbaude, izmantojot kvantitativus ogu vaska sastava datus

Galveno komponentu analizes (PCA) diagrammas parada, ka novérotas atskiribas
ogu vasku sastava var izskaidrot ar at$kiribam dazadu grupu kimisko vielu koncentra-
cija. Datus par kraimmellenu $kirném var iedalit atseviskas grupas, ja tos attélo, grupéjot
péc taukskabju sastava. Katrai analizétajai krammellenu $kirnei ir unikals taukskabju
sastavs. Tas liecina, ka taukskabes un to variacijas mellenu kutikularaja vaska var izman-
tot ka instrumentu dazadu $kirpu atkir§anai. Ka paradits 5. publikacija, ogu vaska
sastava analizi var veiksmigi izmantot, lai atskirtu dazadas ogu sugas un pat vienas
sugas dazadas $kirnes.

Klimata apstakli ietekmé ogu vaska sastavu un saturu

Triterpenoidi, taukskabes, alkani, aldehidi, ketoni un pirméjie spirti bija galvenie
savienojumi, kas tika atklati meza mellenu vaska, kuru paraugi tika ievakti Norvégija,
Latvija un Somija (7. attéls). Geografiski atskirigajas paraugu ievaksanas vietas un daza-
dos gados mellenu kutikularaja vaska bija vérojamas vaska komponentu koncentracijas
un relativo proporciju atskiribas. Sakot no dienvidu platuma gradiem Latvija (79,9 %
triterpenoidu no kopéja vaska daudzuma) lidz vietam Somija (50,7 % triterpenoidu
no kopéja vaska daudzuma) un beidzot ar ziemelu Norvégiju (27,4 % triterpenoidu
no kopéja vaska daudzuma), 2018. gada bija vérojama konsekventa triterpenoidu ipat-
svara samazinasanas tendence ogu vaska. No dienvidu lidz zieme]u platuma gradiem
bija vérojama tendence vienlaikus palielinaties taukskabju un alkanu daudzumam
(7. publikacija). Atskiribas dazadu platuma gradu ogu kutikulara vaska sastava tika
pétitas, izmantojot RDA analizi, kas parada saistibu starp daudzfaktorialiem datiem.
RDA atklaja negativu korelaciju starp triterpenoidu un taukskabju saturu kutikularaja
vaska. Triterpenoidu koncentracija koreléja ar maksimalo un vidéjo temperatiru, bet
taukskabju saturs uzradija negativu korelaciju ar vidéjo un maksimalo temperataru.

7. attéls. RDA, kas parada saistibu starp ogu vaska konstatétajiem savienojumiem un
laikapstak]u raksturlielumiem dazadas ogu ievaksanas vietas 2018. gada vasara.
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Pétijumi par ogu un to spiedpalieku vaskiem papildina zina$anas par augu aizsar-
dzibas mehanismiem pret stresu, to sastava mainigumu atkariba no geografiskajiem un
klimatiskajiem faktoriem.

3.4. Ogu un to spiedpalieku polifenoli

Ogu polifenoli veido lielu sekundaro metabolitu grupu. Polifenoli ir gan ogu mizina
un mikstuma, gan séklas. Galvena polifenolu grupa ogas (jo ipasi intensivi krasainas
ogas) ir antociani. Si disertacijas dala ir veltita polifenolu, ipasi antocianu, ekstrakci-
jai un tas optimizacijai, ekstraktu raksturosanai un iespéjamam ekstrakcijas/attirisanas
metozu un ekstraktu ipasibu izmanto$anas jomam.

3.4.1.0gu polifenolu ekstrakcijas optimizacija

Ekstrakcijas Skidinataja iespéjama sastava noteikSana

Partikas rapniecibas atkritumu (ogu spiedpalieku) utilizacija ir daudzsoloss dabisko
antioksidantu - polifenolu - avots. Polifenolu sastavs augu materiala ir atkarigs no augu
sugas un to izplatibas dazados audos. Lieli polifenolu daudzumi ir saistiti ogu séklas un
miza, kas apgritina $o savienojumu izdali$anu. Ekstrakcijas nosacijumus, kas paredzéti
vienam augam, nevar tie$i izmantot polifenolu ekstrakcijai no cita auga, jo dazadas
sugas polifenoli ir specifiski lokalizéti. Tapéc ir optimizéta ekstrakcijas metode, kas ipasi
paredzéta Vaccinium ogu spiedpaliekam (8. un 9. publikacija).

Tika apkopota informacija par ekstrakcijas $kidinatajiem, kas izmantoti polife-
nolu ekstrakcijai no cita veida materialiem, un tie tika testéti uz ogu spiedpaliekam, lai
noteiktu ekstrakcijas $kidinataju, kas nodrosina vislielako polifenolu un antocianinu
ieguvi (8. un 9. publikacija). Vislielakais ekstrakcijas iznakums (48,38 g/100 g ogu)
tika iegiits, izmantojot metanolu un 1 % HCI (v/v). Si ekstrakcija nodrosinaja ari lielako
kopéjo antocianu (0,451 g/100 g ogu) un polifenolu (4,8 g/100 g ogu) iznakumu. Tomer,
izmantojot $o sistému, janem véra antocianu molekulu stabilitate. Etanola vienkarsa
izmanto$ana un zemas izmaksas, ka ari augstais polifenolu iznakums, kas iegits, izman-
tojot $o skidinataju (3,43 g/100 g ogu), pamato zemako spirtu (etanola, metanola) izvéli
turpmakai ekstrakcijas apstak]u optimizacijai.

Polifenolu ekstrakcijas metodes izvéle un optimizacija

Izvéloties piemérotu ekstrakcijas metodi, var ievérojami palielinat ekstrahéto poli-
fenolu un antocianu daudzumu. Lai noteiktu metodi, kas ir vispiemérotaka ogu spied-
palieku un veselu ogu ekstrakcijai, tika veikta virkne ekstrakciju, izmantojot dazadas
ekstrakcijas metodes, vienlaikus izmantojot nemainigus ekstrakcijas $kidinataja para-
metrus (96 % etanolu, 0,5 % TFA).

Optimalais ekstrakcijas iznakums tika iegits, izmantojot ekstrakciju ar ultraskanas
palidzibu, kad visi noteiktie parametri deva augstakos rezultatus. Viszemakais izna-
kums tika iegats, izmantojot superkritisko CO, ekstrakciju; $1 metode ir izmantota
polifenolu ekstrakcijai citos pétijumos, tomér ta ir piemérotaka hidrofobu savienojumu
ekstrakcijai.
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§I,a'dindtdja sastava optimizacija polifenolu ekstrakcijai, izmantojot RSM pieeju

Neraugoties uz to, ka kopéjo polifenolu ekstrakcija ir plasi pétita, izmantoto ekstrak-
cijas $kidinataju koncentracija un sastavs joprojam atskiras dazados pétijumos. Nav
vienpratibas par optimaliem ekstrakcijas parametriem, jo Ipasi rapnieciska vai daléji
ripnieciska méroga ekstrakcijai. Statistiska optimizacija nem véra mijiedarbibu starp
dazadiem mainigajiem un tas ietekmi uz novéroto reakciju. Izmantojot RSM metodi,
tika pétita etanola vai metanola un skudrskabes vai TFA ietekme uz kopéjo polifenolu
un antocianu ekstrakcijas efektivitati. Tika sagaidits, ka abiem pétitajiem ekstrakcijas
efektivitates raditajiem (kopéjam antocianu un kopéjam polifenolu daudzumam) bus
ciesa korelacija, tomér RSM metode atklaja, ka antocianiem labvéligakie ekstrakcijas
apstakli nav tadi pasi ka kopéjam polifenolu daudzumam. Maksimali ekstrahéjot anto-
cianus, samazinas kopéjais ekstrahéto polifenolu daudzums un otradi.

Polifenolu ekstrakcijas optimizacija, izmantojot RSM pieeju un enzimatisko hidrolizi
un apstradi ar ultraskanu

Lai veicinatu biologiski aktivo savienojumu izdaliSanos no ogu spiedpaliekam,
$tnapvalki ir jasagrauj. Lai noarditu ogu mizinu $tnapvalku strukturalos polisaharidus,
tadeéjadi ekstrakcijas vidé atbrivojot $tnu saturu, var izmantot pektolitiskos enzimus.
Ogu mizinu fizikalas ipasibas lauj $inu sagrau$anai izmantot pektolitiskos enzimus;
tomér enzimu hidrolizes iedarbibu varétu uzlabot vél vairak, izmantojot ultraskanu.
Enzimu un ultraskanas iedarbiba tika novértéta un optimizéta, izmantojot RSM pieeju
(8. attéls), lai veicinatu polifenolu savienojumu (ipasi antocianu) izdali$anos. legutie
rezultati tika izmantoti, lai aprékinatu optimalos apstaklu parametrus, pamatojoties uz
maksimalo polifenolu un antocianinu ekstrakcijas iznakumu.
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8. attéls. Trisdimensiju atbildes virsmas diagrammas, kuras paradita ultraskanas apstrades
ilguma (X;), etanola pievienosanas (X, ), inkubacijas temperatiras (X; ), pH (X, ) un
inkubacijas ilguma (X5 ) ietekme uz kopéjo antocianu ekstrakcijas iznakumu no mellenu
spiedpaliekam. (A) X; X;, (B) X, X5, (C) X3 X5 un (D) X, X; ietekme.

3.4.2.legiito polifenolu ekstraktu kvalitativa un kvantitativa analize

Vaccinium ogu spiedpalieku ekstrakta sastavs

Polifenolu ekstrakcijas iznakums pétitajas ogas svarstijas no 2,44 g/100 g spiedpa-
lieku lidz 3,33 g/100 g attiecigi no lielogu dzérveném un meza melleném. Rezultati,
kas paraditi 6. tabula, liecina, ka no katras ogas var iegut specifiskas polifenolu grupas,
pieméram, kopéjos procianidinus (purva dzérvenes) vai antocianinus (meza mellenes,
krammellenes) un, iespéjams, ari citas polifenolu grupas, par ko liecina kopéjais poli-
fenolu saturs sagatavotajos spiedpalieku ekstraktos.
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6. tabula. Vaccinium ogu spiedpalieku ekstraktu sastavs.

Polifenoli* poIl(i(;frfj)i l?** Procianidini** Antociani**
Lielogu dzérvenes 2,44 + 0,14 479+22 0,43 + 0,02 3,13+ 0,14
Meza mellenes 3,33+0,18 36,5+ 1,6 4,62 +0,21 13,3+ 0,6
Purva dzérvenes 3,05 +0,17 48,54 + 2,18 8,61 +£0,39 5,95 + 0,27
Krammellenes 3,21+0,18 56,0 £ 2,5 1,91 + 0,09 348+ 1,6
Bruklenes 2,63 +0,15 52,5+2,4 2,04 £ 0,09 1,59 + 0,07

" - g/100 g spiedpalieku; ** - g/100 g spiedpalieku ekstrakta. Dati ir vidéjie + SD, n = 3.

Vaccinium ogu spiedpalieku ekstraktu polifenolu un antocianu sastavs

Tika noteikts atsevisku antocianu saturs pétitajas ogu spiedpaliekas. Kopuma tika
konstatéti 15 dazadi antociani, no kuriem 6 ir raksturigi sarkanas krasas ogam (bruak-
leném un abam dzérvenu sugam). Antocianu saturs, ka ari polifenolu saturs kopuma
ir atkarigs no ogu spiedpalieku kvalitates. Lai izvairitos no $o vielu oksidésanas, spied-
paliekas jauzglaba saldétas hermétiskos traukos vai maisinos. Péc kada laika antocianu
noardi$anas klast acimredzama - spiedpaliekas sak branét, kas norada uz antocianu
noardi$anos. Dazi antociani ir stabilaki par citiem, pieméram, sarkanas krasas ogas
eso$ie antociani ir vairak paklauti noardi$anas procesam. Katras ogas antocianu profilus
var izmantot ari ka instrumentu autentiskuma parbaudei, jo katrai ogai ir raksturigi
antocianu profili (7. tabula; 9. publikacija).

Atseviskus polifenolus, kas pieder pie dazadam polifenolu grupam, noteica, izmanto-
jot ORBITRAP-HRMS. Atrastas vielas identificéja, salidzinot atrasto m/z ar aprékinato
potencialo kandidatu precizo masu. Dazas vielas apstiprinaja, izmantojot autentiskus
standartus, ja tadi bija pieejami (10. publikacija). Kopuma tika identificéti 216 signali,
kas piederéja pie polifenoliem, papildus vairak neka 850 neidentificétiem signaliem,
kas tika konstatéti spiedpalieku ekstraktos. Lielais skaits, daudzveidiba un autentisku
standartu trikums ierobezo polifenolu savienojumu identifikaciju $ados sarezgitos
ekstraktos, neraugoties uz izmantoto augstas izskirtspéjas masspektrometrijas metozu
iespéjam, precizitati un izskirtspéju.
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7. tabula. Apkopotie UPLC un LC-TOF kvalitativie un kvantitativie dati par atrastajiem

antocianiem pétitajas Vaccinium ogas.

Antocians Daudzums (mg/g spiedpalieku)®
Meza Kriammellenes lf““a L}e]ogu Bruklenes
mellenes dzérvenes dzeérvenes
Delfinidina-3-0- 5, 11 306 762+ 064 ND ND ND
galaktozids
Delfinidina-3-0- 5570 30 1834017 ND ND ND
glikozids
Clanidina-3-0- (o) 08 1562013 981£006 173£017 1930 £ 1,89
galaktozids
Delfinidina-3-0- ¢ 7 )55 6474053 ND ND ND
arabinozids
ianidina-3-O- +
Clanidina-3-0- 510 4oy 0862081 o1 006 006001  1,65+0,15
glikozids ND
Petumdl_na—?)—O— ND ND
galaktozids
Clanidina-3-0- 0 o0 )34 1154009  914+089 307031 544 + 045
arabinoside
Petunidina-3-0- ¢ oo 71 650+ 0,60 ND ND ND
glikozids
Peonidina-3-0- -1\ 56 0244002 12414121 3,04+021 033 +004
galaktozids
Petunidina-3-0- ¢ oo\ 76 5544044 ND ND ND
arabinozids
idina-3-0O- +

Peonidina-3-O- ) 1y 19p  DP8E029 500 030 0364004 086007
glikozids ND
Malvidina-3-O- ND ND
galaktozids
Peonidina-3-O- 9,93 +0,86  2582+245  818+0,70 2314023 0,31+ 0,03
arabinozids
Malvidina-3-O-  26,20+2,38 5,34 + 0,49 ND ND ND
glikozids
Malvidina-3-O-  6,39+0,62 19,61 + 1,14 ND ND ND
arabinozids

2 Dati izteikti ka vidéjas vértibas + standartnovirze (n = 3), ND - nav konstatéts.
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3.4.3. Polifenolu ekstraktu pielietojuma identifikacija

Optimizéta veselu ogu un spiedpalieku ekstrakcija

Lai parliecinatos par optimizéto ekstrakcijas apstaklu izmanto$anas pielietojumu
citam Vaccinium ogam, tas tika ekstrahétas. izmantojot optimizétos ekstrakcijas apstak-
lus. Lai palielinatu izvéléto optimalo ekstrakcijas parametru parbaudes apjomu, izmégi-
najumos izmantoja kaltétas ogu spiedpaliekas un veselas kaltétas ogas, kas nav apstra-
datas. ST metode sniedza informaciju par polifenolu saturu abu veidu paraugos, laujot
noteikt, vai veselam ogam vai ogu spiedpaliekam ir lielaks potencials izmantosanai
funkcionalu sastavdalu un polifenolu koncentratu iegtisanai. Mellenu, lielogu dzérvenu
un purva dzérvenu spiedpaliekas bija ievérojami vairak polifenolu neka neapstradatas
veselas ogas (9. publikacija).

Veiktie validacijas eksperimenti paradija, ka optimalie antocianu ekstrakcijas
apstakli deva ievérojami lielaku ekstrakcijas iznakumu salidzinadjuma ar kontroles
apstakliem (vismazak labveéligs $kidinataja sastavs, ka noteikts ar RSM).

Ogu spiedpaliekas ir vairak antocianu (w/w%) neka veselas ogas. So atikiribu var
izskaidrot ar antocianu esamibu visa augli, nevis tikai mizina. Pieméram, krammel-
leném ar tumsi zilu mizu ir balts vai zalgans mikstums un lidz ar to neliels kopéjo
antocianu daudzums. Turpreti meza mellenés antociani ir visa oga (miza un mikstuma)
(9. publikacija).

Ogu spiedpalieku ekstraktu hipoglikémiskds un hepatoprotektivas ipasibas

Tika parbauditas mellenu, krammellenu, purva un lielogu dzérvenu, briuklenu
spiedpalieku ekstraktu antioksidativas, hipoglikémiskas un hepatoprotektivas ipasibas.
Visaugstaka kopéja spéja saistit brivos radikalus bija purva dzérvenu ekstraktiem, kam
sekoja mellenu, bruklenu, lielogu dzérvenu un krammellenu ekstrakti. Dzérvenu un
lielogu dzérvenu ekstraktiem bija tadas pasas DPPH saistiSanas spéjas ka askorbin-
skabei, dzérvenu ekstraktiem bija vislielaka spéja saistit brivos radikalus. Meza mel-
lenu ekstraktam bija vislielaka superoksida dismutazes aktivitate, dzérvenu ekstraktam
ta bija divas reizes mazaka. Visi ekstrakti uzradija no koncentracijas atkarigu aizsar-
gajosu iedarbibu pret tercbutilhidroperoksida izraisitu citotoksicitati un ievérojamus
HepG2 $unu izdzivosanas raditajus 0,25 mg/mL koncentracija, visaugstaka aktivitate
bija dzérvenu ekstraktam. Visiem pieciem ogu spiedpalieku ekstraktiem bija inhibé&josa
ietekme uz amilazes un glikozidazes aktivitati, turklat glikozidazes aktivitate tika inhi-
béta efektivak. legutie rezultati liecina, ka Vaccinium ogu izspaidu ekstraktiem piemit
spéciga antioksidanta spéja un tie inhibé oglhidratu transformacija gremosanas sistéma
iesaistitos enzimus, tos var potenciali izmantot ar oksidativo stresu saistitu hronisku
slimibu profilaksé (10. publikacija).

Ogu spiedpalieku ekstraktu izraisita NF-kB cela un COX-2 aktivitates inhibicija

Tika pétitas ogu spiedpalieku ekstraktu pretiekaisuma ipasibas, izmantojot uz $§tinam
balstitu testu. Ekstraktiem piemita spéja inhibét enzimu ciklooksigenazi-2 (COX-2) un
samazinat proiekaisuma citokininu izdaliSanos monocitiskajas THP-1 $unas, kas stimu-
létas ar baktériju lipopolisaharidu (LPS). Rezultati paradija, ka visiem ekstraktiem bija
no koncentracijas atkariga COX-2 inhibéjo$a iedarbiba ar vairak neka 50 % inhibiciju,
ja to koncentracija bija 1 mg/mL. Viszemaka inhibg&josa iedarbiba tika atrasta meza
mellenu ekstraktam, savukart krammellenu ekstrakts nodrosinaja visaugstako inhibiciju
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zemaka testéta koncentracija. Ekstrakti butiski neietekmeéja THP-1 $inu dzivotspéju,
ja to koncentracija bija 1 mg/mL vai mazaka. Ekstrakti ari samazinaja transkripcijas
faktora NF-kB kodola translokaciju, kas ir iesaistits iekaisuma veido$anas procesa, un
mazinaja proiekaisuma citokininu ekspresiju LPS stimulétas THP-1 $iinas. Sie secina-
jumi liecina, ka Vaccinium gints ogu spiedpalieku ekstraktiem piemit pretiekaisuma
iedarbiba un tie var bat noderigs bioaktivo komponentu avots veseligam uzturam
(11. publikacija).

Enzimus apstradajot ar ultraskanu, var iegit mellepu un briklenu sulu
ar labakam ipasibam

Pétijuma tika parbaudita fermentu un ultraskanas izmantos$ana, lai iegatu kram-
mellenu un briklenu sulu ar paaugstinatu antioksidantu aktivitati un izteiktaku krasu.
Rezultati paradija, ka, apstradajot ar ultraskanu, palielinajas abu ogu sulas iznakums,
bet ietekme bija nozimigaka, ja tika izmantots ari enzims. Kombinétaja apstradé palieli-
najas sulas sausnas saturs, kas norada uz $kisto$o savienojumu izdali$anos. Ari kopéjais
polifenolu saturs un antioksidativa aktivitate palielinajas, apstradajot ar enzimu, lie-
laks pieaugums bija vérojams briklenu sula. Kombinétaja apstradé uzlabojas ari sulas
vizualais izskats, ta bija dzidra un aromatiska. Enzimatiska apstrade palidzéja ari atri-
sinat problémas ar bruklenu sulas viskozitati un filtréjamibu. Ar enzimiem apstradatai
mellenu biomasai pievienojot skabaku sulu, pieméram, braklenu sulu, varétu palielinat
sulas un kopéjo polifenolu savienojumu daudzumu, jo enzimu aktivitate ir augstaka
zema pH gadijjuma(12. publikacija).

3.5. Stabilo izotopu un mikroelementu saturs ka autentiskuma
un izsekojamtbas riks

Vaccinium gints ogu, tostarp kultivéto krammellenu (Vaccinium corymbosum L.) un
savvalas mellenu (Vaccinium myrtillus L.), patérins laika gaita ir pastavigi palielinajies.
Tapéc $o ogu sastava pétijumi ir Ipasi svarigi, nemot véra to plaso izmantosanu etno-
medicina, sulu un ievarijumu razo$ana, ka funkcionalo partikas produktu, tostarp eks-
traktu. pagatavo$ana, kurus varétu izmantot farmacijas un kosmétikas nozaré. Pieaugot
patérinam, var rasties produktu viltojumi un nezinamas izcelsmes produkti. Sa pétijuma
merkis bija raksturot elementu (izmantojot ICPOES) un vieglo stabilo izotopu sastavu
(IRMS), ka ari elementu koncentracijas atskiribas meza mellenés, kas ievaktas dazadas
Ziemeleiropas vietas, un komerciali pieejamos krimmellenu paraugos no visas pasaules
(9. attéls). Iegutie rezultati liecina, ka péc makroelementu un mikroelementu satura
mellenés var noteikt to izcelsmes vietu.

Rezultati, kas iegtti par dazadu krammellenu $kirnu elementu sastavu, kuras
ievaktas viena un taja pasa lauka, liecina, ka elementu sastavs liela méra ir atkarigs no
mellenu $kirnes, nevis no augsnes elementsastava. Tika konstatéts, ka mikroelementu
limenis komerciali pieejamos ogu paraugos ir zems. Lielaka elementu koncentracijas
limenu izkliedétiba mellenés norada uz iespéju izmantot elementsastava analizes datus
autentiskuma pétijumos, tomér vispirms btitu janosaka atsauces vértibas, lai analizu
rezultatus piesaistitu konkrétam geografiskam vietam vai geomorfologiskajiem apstak-
liem (13. publikacija).
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9. attéls. Vieglo stabilo elementu (8'3C, §'°N, §'%0) izotopu attiecibas vértibas
krammellenés no dazadam valstim.

Elementu sastavu un stabilo izotopu attiecibas var izmantot ka instrumentu
meZa mellepu izsekojamibai

Meza mellenes tika ievaktas visa Latvija, ka ari Norvégija, Lietuva un Somija. Latvija
savaktas mellenes tika salidzinatas, lai novérotu vietéjas (64 000 km? robezas) elementu
sastava izmainas. Konstatétas paaugstinatas elementu koncentracijas noradija uz vie-
téjam vai regionalam vides piesarnojuma vietam. Nemot véra Latvija konstatétos geo-
kimiskos apstaklus un visparéjo augsnes sastava viendabigumu, $ie rezultati liecina,
ka elementu koncentraciju varétu izmantot ka autentiskuma noteik$anas lidzekli, lai
atskirtu ogas, kas augusas dazados regionos.

Dati, kas ieguti, veicot metalu un vieglo, stabilo izotopu analizi Somija, Latvija,
Lietuva un Norvégija ievaktajas mellenés, tika analizéti, izmantojot PCA, lai vizualizétu
iespéjamas atskiribas starp ogu novaksanas regioniem. PCA paradija, ka katra atseviska
valsti veidojas klasteris, pamatojoties uz elementu un stabilo izotopu attiecibu kopumu.
Tika analizéti 24 elementi, kas kombinacija ar vieglo, stabilo izotopu attiecibam Java
atSkirt Baltijas jaras regiona valstis un Norvégija augusas meza mellenes, lidz ar to ele-
mentsastava un izotopu sastava analizi var izmantot ka ogu izcelsmes autentiskuma
parbaudes lidzekli (13. publikacija).
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cinajumi

Priek$nosacijums bioekonomikas mérku sasnieg$anai ir biomasas (atbilstosi aprites
bioekonomikas koncepcijai vélams, izmantojot biomasas atkritumus) parstrades pie-
eju (stratégijas) izstrade, nemot véra iegtito vielu un materialu sastavu, pielieto$anas
iespéjas un tirgus vajadzibas. Tadéjadi biomasas sastava padzilinata analize nosaka
biorafinésanas pieejas attistibas virzienu un vietu biorafiné$anas vértibu piramida,
ka ari atbalsta parstrades metozu izstradi ka galveno faktoru, kas ietekmé biomasas
biorafinésanas panakumus.

Ogu lipidi ir potenciali viena no vértigakajam ogas eso$ajam, veselibu veicino$o
savienojumu grupam, un tiem var biit nozimiga loma jaunu, lietotajam draudzigu,
inovativu produktu izstradé. Vaccinium ogu, to spiedpalieku un ogu lipidu ekstrak-
cijas iespéju pétijumi atklaj, ka ekstrakcijas iznakums un ekstrakta sastavs ir loti
atkarigs no izmantota ekstrakcijas $kidinataja, un ir vélams izmantot intensivas eks-
trakcijas metodes, galvenokart videi draudzigus ekstrakcijas $kidinatajus. Izstradata
ekstrakta frakcionésanas metode liecina par potencialu iegat lipidu grupas ar funk-
cionali izmantojamu sastavu, tadéjadi paplasinot lipidu ekstrakta izmanto$anas
iespéjas. Plasais ogu lipidos konstatéto savienojumu grupu spektrs padara tos pievil-
cigus ka antibakterialus lidzeklus dazadiem pielietojumiem partikas produktu kon-
servésana, profilaktiskos paliglidzeklos, ka dalu no uztura bagatinatajiem, kosme-
tika, un, iespéjams, tie varétu samazinat tradicionalo antibiotiku lieto$anu. legutas
saules aizsardzibas faktora vértibas liecina, ka ogu lipidu izmanto$anai ir potencials
saules aizsarglidzeklu razo$ana, tadéjadi aizstajot sintétiskas un neorganiskas saules
aizsarglidzeklu sastavdalas ar dabiskam un ilgtspéjigam sastavdalam.

Ogu epikutularo, virsmas vasku un to spiedpalieku izpéte lava identificét galvenos
ogu vasku komponentus un papildinaja iegatas zinasanas par vasku ka nozimigu
augu aizsargmehanismu elementu pret stresu. Vaska sastava analize, izmantojot
dazadas metodes, atklaja epikutikulara vaska morfologiju, komponentu mainibu
atkariba no geografiskajiem un klimatiskajiem faktoriem, noradot uz potencialo
augu reakciju uz klimata parmainu ietekmi. Padzilinata ogu vaska sastava izpéte un
videi draudzigas ekstrakcijas iespéju demonstrésana, atbalstot no ogu sulas razo-
$anas atkritumiem iegtita vaska izmanto$anas iespéjas, iezimé vasku pielietojuma
potencialu.

Padzilinata Vaccinium ogu un to spiedpalieku polifenolu izpéte paradija to daudzpu-
sibu un unikalitati salidzinajuma ar citiem augiem, ka ari nozimi funkcionalo sastav-
dalu vai produktu izstradé. Polifenolu ekstrakcijas optimizacija, izmantojot atbildes
virsmas metodologiju (Response Surface Methodology), ka ari enzimatiskas hidroli-
zes izmanto$ana ekstrakcijai pavéra iespéjas iegut specifiskas polifenolu grupas ar
augstu iznakumu, izmantojot videi draudzigas ekstrakcijas sistémas. Turpmaka frak-
cionésanas gaita tika pirmo reizi identificéti polifenoli, kas ieprieks nebija konstatéti
Vaccinium ogu sastava un kam piemit augsta biologiska (farmakologiska) aktivitate,
par ko liecina to brivo radikalu saistiSanas spéja, pretiekaisuma, hepatoprotektiva,
hipoglikémiska un citas aktivitates.

Ogu elementu sastava analize, vieglo, stabilo elementu izotopu attiecibas noteiksana,
ka ari ogu un to spiedpalieku lipidu un polifenolu sastava analize palidz identificét
to izcelsmi, tadéjadi nodros$inot autentiskuma un izsekojamibas uzdevumus.



6. Pilnigu bezatkritumu stratégiju varétu izstradat, izmantojot ierosinatas biorafiné-
$anas pieejas papildus citam biomasas konversijas procedaram, kas ir veiksmigi
demonstrétas un izmantotas cita veida lielapjoma partikas ripniecibas atkritu-
miem. No partikas atkritumiem varétu iegit ipasas savienojumu grupas, un izlietoto
biomasu varétu parveidot energija vai biomasa eso$o oglekli parvérst biooglé un
izmantot lauksaimnieciba, lai panaktu klimata neitralitati, tadéjadi istenojot aprites
ekonomikas principus.
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