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ABSTRACT

Considering the global practices promoting sustainable agriculture, as well as in line
with the latest trends in the food industry responding to consumer needs, the production of
plant-based powders offers a strong potential in this context. The quality of such products is
a resultant of initial plant matrix composition subjected to multi-step processing, which in turn
can trigger formation of hazardous process contaminants. Thus, moderation of their quality in
terms of the presence of native bioactives and minimized process contaminants formation is of
great importance.

The study aimed at the benefit-risk evaluation of the processing conditions for plant-
based powders obtainment depending on the matrix composition using holistic approach
including physico-chemical and biological characterization, and to provide the
recommendations for their production. The research was structured in three main stages
designed to investigate: (I) processing-induced changes towards improved properties of plant
powder products; (II) plant-based matrix complexity vs. bioactive response and process
contaminants drivers; and (III) cross-factors influencing the biological properties of powdered
plant products.

In the first phase, a multidirectional approach was adopted to recover bioactive
components from botanical by-products into ready-to-use powders. For powdered preparations
from chokeberry pomace, the inclusion of selected carrier(s) during particular drying
techniques provided the highest retention of (poly)phenolics and the lowest hydroxymethyl-L-
furfural (HMF) content. The formation of the latest was attributed to the inulin application for
powder production. Cranberry preparations showed substantial differences in (poly)phenolics
and HMF presence and content depending on solvent used for pomace extraction, with the
indication of acidified 50% ethanol as the preferred extraction medium, while using acetone
favored the formation of this undesirable compound in powders. Suitably adjusted processing
was proved to be an effective strategy in minimizing the content of process contaminants in the
final product. Overall, the findings confirmed the feasibility of converting chokeberry and
cranberry pomace into high quality powders as well as their extraction-dependent and thermo-
modulated quality modification.

The second stage was designed to recognize the effectiveness of selected components
of different fruit matrices in shaping the bioactive potential of the powders obtained from them.
The heterogeneity of the matrix in which the bioactives were present conditioned their anti-
diabetic ability, while flavonols affected antiglycation potential of freeze-dried fruit products
according to the reaction stage. In order to explore the matrix-originated drivers that influence
the formation of process contaminants, model systems resembling simplified composition of
selected fruit juices were adopted by including major organic acid, sugar, and ascorbic acid.
Furfural (FF) was formed when drying at 90 °C, while HMF was formed even at 60 °C and
above and in considerably lower quantities under spray drying conditions. No process
contaminants were detected in lyophilized powders, proving that their formation in real matrix
depends on other components. Freeze- and spray drying ensured comparable retention of
vitamin C, and no linkage was found between this compound and process contaminants
presence. Finally, based on compositional differences between models applied and resulting FF



and HMF contents it was possible to surmised, that the organic acids may also take part in the
process contaminants formation under specific processing conditions in plant-based matrix.
Consistently, matrix complexity was presented as a critical differentiating factor determining
the properties of plant powders, which should be carefully considered when designing their
powdering technology.

The final stage included examination of biological potential of powders obtained from
plant-based matrices that were diversified in terms of cultivar (blueberry matrix) as well as its
pretreatment (beetroot matrix) and subjected to different processing conditions. The cultivar
differentiation resulted in substantial antioxidant capacity differences pointing at blueberry
powders from Bluecrop and Bluejay displaying the most desired potential. The higher
antibacterial activity against Helicobacter pylori when compared to Campylobacter jejuni was
presented for all blueberry products, however carrier application significantly weakened this
effect. Treating at relatively high temperatures during vacuum drying tended to improve the
anti-inflammatory properties of such products, depending on the cultivar used. In case of
beetroot powders, juice pretreatment reduced betalains content in final products, while inulin
was the most effective in protection of syringic acid derivatives. Products with oligofructose
and inulin exhibited stronger antioxidant capacity than those with Nutriose® and maltodextrin.
Nutriose®-added products showed selective antiproliferative activity toward leukemia cell
lines, while oligofructose-based stimulated the in vitro proliferation of cancer cells. Moreover,
oligofructose induced HMF formation, regardless processing applied. Finally, it was proven
that the specific biological response of plant-based powders was dependent on joint matrix-
processing interrelation.

Conclusively, in the study the comprehensive overview about relationship between
plant-based matrix, applied processing and resulting properties was presented. The potential of
processing to produce powders with the best possible properties has been demonstrated,
depending on the botanical material used. The complexity of the constantly changing matrix
has been identified as a major challenge in the design of high-quality powder products, as even
small variations can alter their properties. Therefore, the development of plant powders with
targeted health-related properties should be preceded by preliminary studies dedicated to the
specific material to be processed.

Keywords: plant-based matrix, probiotic fermentation, functional carriers, processing, freeze-
drying, vacuum drying, spray drying, powdering technology, powders, (poly)phenolics, process
contaminants, furfural, hydroxymethyl-L-furfural, antioxidant properties, anti-glycation
properties, anti-diabetic properties, anti-bacterial properties, anti-inflammatory properties,
chemoprotective properties
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STRESZCZENIE

Proszkowanie surowcow roslinnych o wysokim potencjale prozdrowotnym jest
odpowiedziag na aktualne wymagania konsumentdéw, ktore znajduja odzwierciedlenie
w najnowszych trendach przemystu spozywczego i jednocze$nie wpisuja si¢ w $wiatowa
polityke zrownowazonego rolnictwa. Jako$¢ sproszkowanych produktow na bazie ro$lin jest
$ciSle zwigzana ze sktadem wyjsciowym matrycy poddawanej wieloetapowemu procesowi
przetwarzania, co z kolei moze prowadzi¢ do tworzenia si¢ szkodliwych zanieczyszczen
procesowych, czyli substancji powstajacych podczas przetwarzania zywnosci. W zwiazku
z tym, moderowanie jakosci proszkow pod wzgledem obecnosci natywnych sktadnikow
bioaktywnych 1 minimalizacji powstawania zanieczyszczen procesowych ma ogromne
znaczenie dla konsumentow.

Badania miaty na celu ocen¢ pozytywnych i negatywnych aspektow zwigzanych
z warunkami przetwarzania produktéw roslinnych w zalezno$ci od sktadu matrycy przy uzyciu
wielokierunkowego podejécia obejmujacego charakterystyke fizykochemiczng i biologiczng
proszkow oraz przedstawienie zalecen dotyczacych ich produkcji. Badania zostaly podzielone
na trzy gtowne etapy dotyczace: (I) zmian wywotanych przetwarzaniem w kierunku poprawy
wiasciwosci  sproszkowanych produktéw roslinnych; (II) zlozonosci matrycy ro$linnej
a odpowiedzi bioaktywnej 1 czynnikow powodujacych powstawanie zanieczyszczen
procesowych; oraz (III) czynnikéw wplywajacych na wilasciwosci biologiczne
sproszkowanych produktow roslinnych.

W  pierwszym etapie przyjeto wielokierunkowe podejscie do odzyskiwania
bioaktywnych sktadnikoéw z ros§linnych produktéw ubocznych w postaci gotowych do uzycia
proszkow. W przypadku sproszkowanych preparatow z wyttokow aroniowych, zastosowanie
wybranych no$nikow podczas suszenia zapewnito najwyzsza retencj¢ (poli)fenoli i najnizsza
zawarto$§¢  hydroksymetylo-L-furfuralu  (HMF), ktorego powstawanie powigzano
z zastosowaniem inuliny. Z kolei, preparaty z zurawiny wykazaty znaczne r6znice w zawartos$ci
1 obecnosci (poli)fenoli i HMF w zaleznosci od rozpuszczalnika uzytego do ekstrakcji
wytlokow. Wskazano zastosowanie zakwaszonego 50% etanolu jako preferowanego medium
ekstrakcyjnego, podczas gdy uzycie acetonu sprzyjato tworzeniu si¢ HMF w proszkach.
Odpowiednio  dostosowane warunki produkcji okazaly si¢ skuteczng strategia
w minimalizowaniu zawarto$ci zanieczyszczen procesowych. Wyniki badan potwierdzity
mozliwo$¢ przetwarzania wytlokow z aronii 1 Zzurawiny w wysokiej jako$ci proszki, a takze
zalezng od ekstrakcji i modulowang termicznie modyfikacje ich jakosci.

Drugi etap mial na celu rozpoznanie skutecznos$ci wybranych sktadnikéw réznych
matryc owocowych w ksztaltowaniu potencjalu bioaktywnego uzyskanych z nich proszkow.
Heterogeniczno$¢ matrycy, w ktorej obecne byly substancje bioaktywne, warunkowata ich
zdolno$¢  przeciwcukrzycowa. Flawonole wptywaly na potencjal antyglikacyjny
liofilizowanych produktéw owocowych w zaleznos$ci od etapu reakcji. W celu zbadania
czynnikow wywodzacych si¢ z matrycy poczatkowej, ktére wplywaja na powstawanie
zanieczyszczen procesowych, wykorzystano uktady modelowe imitujace uproszczony sktad
wybranych sokéw owocowych. Udowodniono, ze furfural (FF) powstawat podczas suszenia
w temperaturze 90 °C, podczas gdy formowanie HMF nastgpowato juz w temperaturze 60 °C
1 wyzszej oraz w znacznie mniejszych iloSciach podczas suszenia rozpytowego.
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W liofilizowanych produktach nie wykryto zanieczyszczen procesowych, co dowodzi, ze ich
powstawanie w rzeczywiste]j matrycy zalezy od innych jej komponentow. Liofilizacja
1 suszenie rozpylowe zapewnity porownywalng retencje witaminy C w proszkach. W badaniu
tym nie powigzano jej obecnosci z powstawaniem zanieczyszczen procesowych. W oparciu
oréznice w skladzie migdzy zastosowanymi modelami a zawarto$cia FF i HMF, mozna
przypuszczaé, ze kwasy organiczne rOwniez mogg bra¢ udzial w powstawaniu zanieczyszczen
procesowych pod wpltywem okre§lonych warunkéw suszenia. Ztozono$¢ matrycy zostala
przedstawiona jako kluczowy czynnik réznicujacy wiasciwosci proszkéw roslinnych, ktory
nalezy doktadnie rozwazy¢ przy dobieraniu technologii ich otrzymywania.

Ostatnim etapem bylo zbadanie potencjatu biologicznego proszkow uzyskanych
z matryc roslinnych zréznicowanych pod wzgledem odmiany (matryca boréwkowa), a takze
jej wstepnej obrobki przez fermentacje (matryca buraczana) i poddanych przetwarzaniu
w roznych warunkach. Zréznicowanie odmianowe surowca generowato odmienng zdolno$é¢
przeciwutleniajaca, ze wskazaniem na proszki z boréwki amerykanskiej odmiany Bluecrop
1 Bluejay jako tych o najbardziej pozadanym potencjale. Proszki wykazywaty wyzsza zdolno$¢
przeciwbakteryjng wobec Helicobacter pylori w poréwnaniu do Campylobacter jejuni,
a zastosowanie no$nika znacznie ostabialo ten efekt. Wysokotemperaturowa obrdobka sprzyjata
poprawie wlasciwos$ci przeciwzapalnych wybranych produktéw, w zaleznosci od zastosowane;j
odmiany tych owocow. W przypadku proszkow z buraka, obrobka wstepna soku wptyneta na
mniejsza zawarto$¢ betalain w produktach koncowych, podczas gdy inulina byta najbardzie;
skuteczna w ochronie pochodnych kwasu syringowego. Produkty z oligofruktoza i inuling
wykazywaly wigkszg zdolno$§¢ przeciwutleniajagca niz te z nutriozg (Nutriose®)
i maltodekstryng. Proszki z dodatkiem nutriozy (Nutriose®) charakteryzowata selektywna
aktywnos$¢ antyproliferacyjng wobec linii komoérkowych biataczki, podczas gdy oligofruktoza
stymulowata proliferacj¢ komorek nowotworowych in vitro. No$nik ten indukowat réwniez
powstawanie HMF, niezaleznie od zastosowanego procesu przetwarzania. Udowodniono, ze
specyficzna odpowiedZ biologiczna proszkow roslinnych byla zalezna od wzajemnych
powigzan mi¢dzy matrycg a procesem przetwarzania.

Podsumowujac, w pracy przedstawiono kompleksowy przeglad zaleznos$ci migdzy
matryca roslinng, zastosowanym sposobem przetwarzania a wlasciwo$ciami proszkow.
Przedstawiono potencjal jaki oferuje odpowiednio dobrany proces przetwarzania
w moderowaniu jakosci sproszkowanych produktow roslinnych. Ziozono$¢ matrycy zostata
zidentyfikowana jako gltéwne wyzwanie w ich otrzymywaniu, poniewaz nawet niewielkie
réznice w jej sktadzie moga spowodowaé zmiang wtasciwosci produktow koncowych. Z tego
wzgledu, opracowanie proszkéw  roslinnych o ukierunkowanych  wiasciwosciach
biologicznych powinno by¢ poprzedzone badaniami wstepnymi poswigconymi konkretnej
matrycy, ktéra ma zosta¢ poddana przetwarzaniu.

Slowa kluczowe: matryca ro$linna, fermentacja probiotyczna, no$niki funkcjonalne,
przetwarzanie, liofilizacja, suszenie prozniowe, suszenie rozpytowe, technologia
proszkowania, (poli)fenole, zanieczyszczenia procesowe, furfural, hydroksymetylofurfural,
wlasciwosci przeciwutleniajace, wlasciwosci przeciwglikacyjne, wlasciwosci
przeciwcukrzycowe,  wlasciwosci  przeciwbakteryjne,  wlasciwosci  przeciwzapalne,
wlasciwos$ci chemoprotekcyjne
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1. INTRODUCTION

Numerous aspects are in favor of the production of plant-based powders, consider as
a modern food product type, including their availability throughout the year and longer shelf-
life compared to fresh raw material. Another pros are easy-to-handle form facilitating transport,
storage and versatile application (Bhandari, 2013). Manufacturing of such kind of plant-
originated additives is in line with recent European Union priorities which address among
others promotion of sustainable agriculture and circular economy (European Council, 2019). It
also follows ‘The 2030 Agenda for Sustainable Development’, namely, the good health and
well-being (goal 3) and responsible consumption and production (goal 12) (United Nations,
2015). Moreover, observing the latest trends in food science and industry, the production of
plant powders seems to meet the vast majority of them, such as the transition from animal to
plant-based foods or the management of botanical by-products by converting them into high-
quality products with improved characteristics (Raak et al., 2017; Hassoun et al., 2022).

Although plant-based powders are rich source of numerous health-promoting
constituents, they were perceived as an ultra-processed foodstuffs with a questionable
connotation (Hess et al., 2023). According to the latest deliberations, one of the main challenges
facing the processing of plant raw materials is to transform them in such a way that the final
product not only retains the best possible nutritional value and bioactive properties, but is
additionally enriched with functional constituents and thus increases its health-promoting
potential. Several factors may contribute to the improvement of the product's bioactive
properties, such as the appropriate choice of process parameters, which, if properly adjusted to
a specific plant matrix, can result even in an enhancement of the product's quality (Michalska-
Ciechanowska, Brzezowska, et al., 2021). Another approach is introducing various ingredients
into the primary plant-based matrix that would upgrade the desired characteristics already
possessed by the formulation or even impart entirely new ones.

On the other hand, although botanicals are an abundant source of beneficial bioactive
compounds their inappropriate processing may results not only in their degradation, but also
evoke undesirable alterations. Recently, trends in food science and technology are also linked
with the risk assessment of nutritional foods and analyzing the fate of certain components
including formation of process contaminants, which is of high importance from the consumer
point of view (Lin et al., 2023). So far, the effects of selected processing factors on
physicochemical properties (including the formation of unwanted substances) and, rarely,

biological potential have been extensively studied in the literature (Santhalakshmy et al., 2015;
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Michalska et al., 2016; Tontul & Topuz, 2017; Silvan, Michalska-Ciechanowska, et al., 2020).
Nevertheless, in the literature of the subject there are remain issues that have not been
sufficiently covered and the clarification of which could significantly contribute to the
development of the field. One of the examples are interactions of bioactives caused by thermal
processing and its parameters, addition of carriers, etc., seems to be difficult and sometimes
impossible to established due to the complexity of the plant-based matrix composition.
Moreover, it is not fully known how exactly the formation of Maillard reaction and
caramelisation products (MRCPs) may be controlled by appropriate selection of powdering
technology (liquid feed composition, drying parameters, handling). Finally, there is
a significant deficiency on the possibility of shaping the biological potential of such products,
resulting from the physico-chemical changes induced during the powdering process.

In line with the above, it should be cautioned that the inherent bioactive response
exhibited by the final product is directly dependent on the broadly understood food matrix,
which is subjected to specific processing conditions, and can be ambiguous with even the
slightest change in one of the variables (Capuano et al., 2018). Up to date, the focus has been
on a specific raw material subjected to a tailor-made powdering process (selective parameters).
Therefore, research findings refer only to the particular raw material used in the study.
Consequently, when any changes occur in the matrix subjected to the same processing, the
observed relationships may not be applicable anymore. For this reason, the properties should
be studied in the context of the broadly understood matrix, rather than the raw material with
differences based solely on its origin.

In light of the above, since processing may lead to both, positive (boosting the bioactive
response) and negative (degradation of selected bioactives and/or formation of process
contaminants) alterations which determine the final quality of plant-based powders, their
production should be considered in a more holistic view taking into account two key factors:

(1) plant-based matrix (including its botanical origin, cultivar, maturation stage,
consistency, microstructure, specific chemical composition and pretreatment),

(2) processing (including addition of substances facilitating drying i.a. carrier agents and
their concentration, drying technique and its parameters, further packaging and storage,

etc.) (Figure 1).

Therefore, the new concept that has emerged over the past few years is actually the opposite of
what has been followed previously (the impact of processing on the quality of the final product).

Recently, a new approach that is becoming adopted in the body of literature is to define the
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effect of the food matrix which, in response to specific processing, allows to create particular
product’s traits, although not the only possible ones (Capuano et al., 2018; Aguilera, 2019;
Shahidi & Pan, 2022; Wang et al., 2023).

Matrix composition
(including pretreatment influence)

Carrier addition,
concentration, and

type

Drying technique and
parameters

Plant-based powder

quality
e /\
Modifications of \L Creation of biological
physical attributes potential

Alterations of
chemical properties,
including formation

of process
contaminants

Figure 1. Interrelation of contributing factors and induced changes in the plant-based powders quality.

The powdering technology itself is a complex, often multi-stage process (including
initial matrix manipulation, formula design and preparation, the drying technique, and
sometimes post-processing, such as grinding, packaging, storage, etc.) that must be very
carefully tailored to suit the type of matrix. Finding the balance between the quality and
characteristics of the raw material, the conditions of production technology used, and the quality
of the powders that combines physical attributes, chemical properties, biological potential,
without or with possibly minimized content of process contaminants, is a challenge that has
been undertaken in this doctoral thesis.

The novelty of the research is based on tracking processing-induced alterations of
native and newly formed components of different botanical matrices, including
monitoring progress of Maillard reaction and caramelization, as well as assessment of

powdering technology effect on plant-based powders’ biological potential.
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2. HYPOTHESIS AND RESEARCH OBJECTIVE

The following research hypothesis was stated: by adapting the tailor-made processing

for specific botanical matrices, it is possible to shape broadly defined quality of powders

towards their functional properties and minimized process contaminants presence.

The general research objective was to make a benefit-risk evaluation of the processing

conditions for plant-based powders obtainment depending on the matrix composition using

holistic approach including physico-chemical and biological characterization, and to provide

the recommendations for their production. The specific objectives of the present investigation

were as follows:

1.

Conversion of pomace-originated (poly)phenolic preparations into soluble type products.
Recognition of processing parameters influence on the physical attributes,
(poly)phenolics profile, antioxidant capacity and hydroxymethyl-L-furfural (HMF)
presence in plant-based powders (Publication 1, Supplementary study 1).

Evaluation of matrix effect on (poly)phenolics and amino acid profile during freeze-
drying as well as scrutinizing the responsiveness of fruit powders potential in terms of
antidiabetic, antiglycation and antioxidant properties (Supplementary study 2).
Recognition of the matrix-originated drivers triggering the formation of process
contaminants under particular processing conditions by employing model systems
resembling simplified composition of selected fruit juices (Supplementary study 3).
Assessment the influence of matrix-driven differences depending on the cultivar, drying
techniques and parameters as well as carrier addition on the physico-chemical
characteristics, antimicrobial potential and anti-inflammatory properties of plant-based
powders (Supplementary study 4).

Determination the impact of matrix fermentation, drying technique and carrier agent type
on the (poly)phenolics alterations, antioxidant capacity, antiglycation potential and
antiproliferative activities toward human leukemia cell lines of plant-based powders

(Publication 2).

3. EXPERIMENTAL DESIGN

In order to recognize the relationship in the most comprehensive context, the plant-based

matrices subjected to the powdering process differed depending on the origin, cultivar,

consistency and microstructure (fraction), and chemical composition (Figure 2).

16



Factors & Qualities

Cranberry

pomace

1

i

E Chokeberry
i pomace

1
1

Matrix pretreatment - Extracting medium

30% acetone

30% acetone 50% ethanol
50% ethanol acidified
Carrier agent
Maltodextrin
Trehalose

Binary blends (1:1; w/w)
Drying technique

Freeze-drying
Vacuum drying at 60 °C

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

i Inulin
1

1

1

1

1

1

1

1

1

1

1

; Vacuum drying at 90 °C
1

Physical attributes
(Poly)phenolics profile
HMF content
Antioxidant capacity

Japanese quince
Blackcurrant

Haskap berry
Rosehip

Juice model

[
H
H
|

Whole fruit '

Juice

( \
] Pomace H
]

!
i
i

!
1

1

1

1

1

1

1

I

1

1

: .

! Carrier agent

1

: Maltodextrin

: No carrier Inulin

; Trehalose

1

\ Drying technique

1

; Freeze-drying

: Freeze-drying Vacuum dry@ng at 60 °C
i Vacuum drying at 90 °C
: Spray drying

r
H

Sugar-free juice products

(Poly)phenolics profile
Amino acid profile
HMF content
Antioxidant capacity
Antiglycation ability
Antidiabetic activity

Ascorbic acid content
HMF content
Furfural content

-

cv. ‘Berkley’
cv. ‘Bluejay’ i
cv. ‘Bluecrop’ i

Matrix pretreatment

Column
chromatography

Carrier agent
Inulin

Drying technique
Freeze-drying
Vacuum drying at 50 °C
Vacuum drying at 70 °C
Vacuum drying at 70 °C
Spray drying

Physical attributes
(Poly)phenolics profile
HMF content
Antioxidant capacity
Antibacterial activity

Probiotic
fermentation
(L. plantarum 299v)

Maltodextrin

Jligofructose |
Nutriose®

1
1
1
1
1
1
Freeze-drying :
Spray drying 1

1

)

Physical attributes |
(Poly)phenolics profile 1
HMF content :
Antioxidant capacity i
Antiglycation ability ;

1

Anti-inflammatory activity Chemoprotective effect
1

Figure 2. Scheme of core investigations on the quality of plant powders in the context of their physico-chemical properties and biological potential.
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4. MATERIAL AND METHODS

4.1. Research material

Since the main focus of the study was to identify the effect of processing on the changes
occurring in the matrix during the powdering of plant-based products, the material for the study
was fruit and vegetable that were heterogeneous in terms of chemical composition, especially
(poly)phenolics profile (Figure 3). Such a research plan made it possible to reveal the factors
that, regardless of the matrix interaction, cause changes of the same direction, as well as those

that, driven by the matrix interaction - cause ambiguous alterations.

Fruit/vegetable matrices: Pretreatment:
é—\_.
Formulation “~_
\ Carrier agent
POWDERS
C——

/ Drying technique: |

Processing .

Raw material

Figure 3. Schematic representation of research material preparation.

Stage I The chokeberry (4ronia melanocarpa L.) and cranberry (Vaccinium macrocarpon L.)
fruit were bought from the experimental station ‘Przybroda’ (Rokietnica near Poznan, Poland).
The pomace obtained from the fruit squeezing were extracted with 30% acetone (chokeberry
pomace) as well as 30% acetone (w/w), 50% ethanol (w/w), and acidified (pH = 2) 50% ethanol
(w/w) in the 1:4 ratio (w/v; experimentally established) (cranberry pomace). The resulting
extracts after solvent evaporation were subjected to column chromatography, and the
condensed (poly)phenolic-rich preparations were mixed with 10% (w/w) of maltodextrin (DE
9.3; PEPEES S.A, Poland), inulin GR (Beneo-Orafti, Belgium), trehalose (Hayashibara, Co.,
Okayama, Japan), and their diblends (1:1; w/w). The powders without carrier agent were
considered as controls. Prepared formulations were subjected to freeze- and vacuum drying

(60 and 90 °C) (Manuscript 1, Supplementary study 1).
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Stage II: Blackcurrant (Ribes nigrum L.), rosehip (Rosa canina L.) (Wrzesina, Poland), haskap
berry (Lonicera caerulea L.) (Bialgzyn, Poland) and Japanese quince (Chaenomeles japonica
L.) (Leokadiow, Poland) were used to prepare powders from their various fractions. Whole
fruits, juice, pomace and sugar-free juice preparations were lyophilized without the addition of

a carrier (Supplementary study 2).

Simplified fruit matrix in the form of sugar-organic acid models were prepared on the
basis of the content of dominant sugar and organic acid present in Japanese quince and
blackcurrant fruit juices that were determined according to Wojdyto et al. (2017). Moreover,
two variants of model system were prepared (with and without vitamin C) according to recipe
given in a Table 1. The ascorbic acid content was adjusted based on the measurement in fruit
juices and was performed according to PN-90/A-75101/11. To each model solution 30% of
carrier (w/w; maltodextrin, Pepees S.A., Poland; trehalose, Hayashibara Co., Japan; and inulin
GR, Beneo-Orafti, Belgium; established experimentally) was added. The compositions were
submitted to freeze-drying, vacuum drying (60 and 90 °C), and spray drying (inlet and outlet
temperatures: 180 °C and 70 °C; volume flow: 38 m3/h; feed flow: 5SmL/min) in order to obtain

model powders (Supplementary study 3).

Table 1. The composition of model system resembling Japanese quince and blackcurrant juices

without (Variant I) and with (Variant II) ascorbic acid addition.

Model system
Component
Variant I Variant IT
Japanese quince juice model
Fructose 434 g/L 434 g/L
Malic acid 33.7¢g/L 33.7¢g/L
Ascorbic acid - 0.65 g/L
Blackcurrant juice model

Fructose 67.9 g/L 67.9 g/L
Citric acid 224 g/L 224 g/L
Ascorbic acid - 1.84 g/L
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Stage III: The blueberry (Vaccinium corymbosum L.) fruits from three different cultivars
(‘Berkey', 'Blucrop', and 'Bluejay') were used for juice squeezing that was subsequently
subjected for column chromatography. Resulting sugar-free juice preparations were mixed
without (controls) or with 5% (w/w) of inulin addition and dried using freeze-, spray- (inlet and
outlet temperatures: 180 °C and 70 °C; volume flow: 35 m?/h; feed flow: 9 mL/min) and
vacuum drying (50, 70, and 90 °C) (Supplementary study 4). The beetroot (Beta vulgaris L.
cv. Opolski) was bought in a local store (Lublin, Poland). After squeezing, the juice was
pasteurized and divided into two parts; the first one was fermented with probiotic strain
Lactobacillus plantarum 299v (Sanprobi IBS, Sanum Poland) and pasteurized again, while the
pasteurized non-fermented one served as a control. Such prepared juice variants were mixed
with 20% (w/w) of maltodextrin (DE = 9.3; PEPEES S.A., Poland) and prebiotic carriers:
Nutriose® (Roquette, Lestrem, France), inulin GR and oligofructose (Beneo-Orafti, Belgium).

Prepared formulations were subjected to freeze- and spray drying (Publication 2).
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4.2. Research methodology

4.2.1. Processes applied for powders preparation

Juice and pomace obtainment:

The fruit juice preparation was performed using Thermomix (Wuppertal, Vorkwek, Germany)
for the grinding of raw material, and subsequent pulp squeezing with hydraulic press (SRSE,
Warsaw, Poland). Resulting juice was filtered and centrifuged (MPW-380R, MPW - Med.
Instruments, Warsaw, Poland) before usage (Supplementary study 2, 4), while pomace was
packed in polyethylene bags, and kept at =20 °C until analyses (Supplementary study 1, 2, 3).
For selected raw materials, pressing was preceded by an appropriately tailored enzymatic
treatment with the application of Pectinex® Ultra SP-L and Berry XXL (Novozyme A/S,
Bagswaerd, Denmark). In turn, for beetroot juice obtainment a screw press 20K-GS (Angel,
Korea) was used, and pasteurization was performed (DEST-25 696, Destiller, Poland)
(Publication 2).

Sugar-free juice/pomace extracts obtainment:

The obtainment of (poly)phenolic-dense preparations from juice (Supplementary study 2, 4)
or pomace extracts (Publication 1; Supplementary study 1) included application of column
chromatography filled with XAD-16 amberlite polymer resin (Brenntag, Poland). Resulting
eluate was subjected to evaporation using an Unipan 350P vacuum rotary evaporator (Warsaw,

Poland).

Fermentation
The fermentation of beetroot juice was carried out in a designed fermentation vessel (Gestar,

Poland), and an automatic pH control system was used to monitor the process (Publication 2).

Drying:
Freeze-drying was performed using FreeZone freeze dryer (Labconco Corp., MO, USA)
(Publication 1, 2; Supplementary study 1, 2, 3, 4) at 65 Pa for 24 h (drying chamber: —60 °C;

heating plates: +25 °C). Vacuum drying was carried out in the Vacucell 111 Eco Line vacuum

dryer (MMM Medcenter Einrichtungen GmbH, Germany) at 0.1 mbar (temperature range:
50 — 90 °C; time range: 16 — 24 h) (Publication 1; Supplementary study 1, 3, 4). Spray drying
was conducted using B290 spray dryer (Publication 2; Supplementary study 3, 4) (Buchi,
Flawil, Switzerland) at an inlet temperature of 150 - 190 °C and feed flow rate in the range of

4 — 9 mL/min in dependence of liquid feed composition and properties.
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4.2.2. Characterization of powders properties

The powders quality was assessed in terms of their physical attributes, chemical

properties as well as biological potential in vitro. Such characterization allowed for

identification main drivers responsible for majority of occurring alterations caused by

processing applied for their production.

Physical attributes

Dry matter (dm) content was done according to PN-90/A-75101/03

Water activity (aw) measurement was performed using Dew Point Water Activity Meter
4TE (AQUA LAB, Pullman, WA, USA) following the operating guidelines included with
the device

The bulk density (pv), true density (p:) and porosity () were performed and calculated as
described by Michalska & Lech (2018)

Color measurement was done by determining the L*, a* and b* coordinates with a Minolta
Chroma Meter CR-410 (Minolta Co. Ltd., Osaka, Japan) according to Michalska & Lech
(2018)

Chemical properties

Total extract content by refractometric method was performed according to PN-90/A-
75101/02

pH measurement by potentiometric method was made according to PN-90/A-75101/06
Vitamin C content determination by titration method was performed according to PN-
90/A-75101/11

Total phenolics content (TPC) assay was carried out according to Gao et al. (2000)
Betalains content was measured according to Gos$cinna et al. (2012)

Quantitative and qualitative determination of sugars (HPLC-DAD) and organic acids
(UPLC-PDA) was made according to Wojdyto et al. (2017)

Quantitative and qualitative determination of (poly)phenolic compounds by liquid
chromatography with a photodiode array coupled with a tandem quadrupole time-of-
flight mass spectrometer (UPLC-PDA-ESI-Q/TOF-MS) was analysed according to
Wojdyto et al. (2018)

Quantification of procyanidin polymers by direct phloroglucinolysis using
ultraperformance liquid chromatography (UPLC) coupled to fluorescence detection (FL)
was made according to Teleszko & Wojdyto (2015)
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Quantitative and qualitative determination of free amino acids by UPLC-PDA-Q/TOF-
MS method was done according to Turkiewicz et al. (2020)

Qualitative and quantitative determination of hydroxymethyl-L-furfural (HMF) by
UPLC-PDA method was made according to Tkacz et al. (2020)

Qualitative determination of ascorbic acid (AA), furfural (FF) and HMF by HPLC
method (Supplemenatary study 3 only) was performed accordingly: extracts of each
sample were prepared in duplicate (n = 2) by dissolving 50 mg of powder in diluent for
3 min (LLG-uni TEXER 1 homogeniser; Germany), filtered through nylon syringe filters
(pore size: 0.2 um), and stored at 5 °C before analysis (not longer than 48 h). A Shimadzu
LC-2050C system (Japan) equipped with a PDA detector and a HyperClone™ 5 um BDS
C8 130 A chromatography column (250 x 4.6 mm; USA) was used for the quantification
of AA, FF and HMF. Sequential separation was performed over 15 minutes via isocratic
elution using a mobile phase containing methanol and sodium acetate buffer with
tetrabutylammonium bromide (TBABr) (5:95; v/v). The flow rate of an injected sample
(20 pl) was 1 mL/min at a temperature of 25 °C, while the autosampler temperature was
5 °C. The stock standard solutions were dissolved using sodium acetate buffer prepared
by mixing 1 L of distilled water with 1.8 g of acetic acid, 3 g of TBABr, AA preservative:
2 g dithiothreitol, and 10% of sodium hydroxide solution pH 4.5 (diluent)/methanol; 95:5,
v/v). No methanol was used to dissolve the standards. The AA, FF and HMF were
identified at the following wavelengths: A = 264 nm, A = 276 nm and A = 284 nm,
respectively. Results were calculated using LABSolutions LC software and expressed as

pg/mg dm.

Biological activity in vitro

Antioxidant capacity was measured by:

TEAC ABTS assay according to Re et al. (1999)

FRAP assay according to Benzie & Strain (1996)
Anti-glycation activity was carried out by applying systems imitating three different
stages of glycation according to Wang et al. (2011)

Bovine Serum Albumin (BSA) — glucose/fructose model

BSA — Methylglyoxal (MGO) model

MGO — L-arginine model
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e Antidiabetic activity as the ability to inhibit digestive enzymes was performed according
to Nowicka et al. (2016) by applying:
a-Amylase inhibiting activity assay
a-Glucosidase inhibiting activity assay
e Antibacterial activity against C. jejuni, H. pylori, E. coli, S. enterica, S. aureus, and
L. monocytogenes was done according to Silvan, Gutiérrez-Docio, et al. (2020).
Respective bacterial cultures were prepared following corresponding protocols:
The C. jejuni culture was prepared according to Silvan et al. (2023)
The E. coli, S. enterica, S. aureus, and L. monocytogenes bacteria cultures were
prepared according to Silvan, Michalska-Ciechanowska, et al., (2020)
The culture of H. pylori culture was prepared according to Villalva et al. (2022)
e Anti-inflammatory activity on AGS cells (a human gastric adenocarcinoma cell-line)
infected with H. pylori performed according to Silvan et al. (2021)
e Cancer cell lines antiproliferative activity was tested on the HL-60/MX2 (ATCC®
CRL2257 ™) and J-45.01 (ATCC® CRL1990 ™) human leukemia cell lines according
to the protocol described by Brzezowska et al. (2023).

4.3. Statistical analysis and data visualization

The results of the determination of physical parameters, chemical properties and
biological activity of the powders were subjected to statistical analysis using Statistica 10 and
Statistica 13 software (Statsoft, Tulsa, OK, USA). In order to estimate the significance
(p <0.05) of differences between the averages, the results were subjected to one-way analysis
of variance (ANOVA) and the least significance test HSD Tukey was performed (Publication
1, 2; Supplementary study 1, 2, 3, 4). The Shapiro-Wilk test was applied to examine the
normality of the distribution of the variables (Publication 2). Pearson's correlation coefficient
(r) was calculated to determine the relationships between selected variables (Publication 1, 2;
Supplementary study 1, 2, 3, 4). The R statistical computing environment (R Core Team,
2016) was adopted for selected data visualization: the ‘corrplot’ package was used for
correlation matrix preparation (Publication 2; Supplementary study 2, 3) (Wei & Simko,
2021), while ‘ggplot2’ package was for polar plots creation (Publication 1, 2; Supplementary
study 2, 4) (Wickham, 2016). The Principal Component Analysis (PCA) was done using
XLSTAT Software (Publication 1; Supplementary study 1, 2, 4) (Addinsoft, 2022) integrated
with Microsoft Excel software (Microsoft Corp., Redmond, WA, USA).
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S. RESULTS

The research was structured into three main stages, aimed at identifying:

(I)  processing-induced changes toward improved characteristics of fruit powdered products
(II) plant-based matrix complexity vs. bioactive response and process contaminants drivers
(III) cross-factors affecting the biological properties of powdered plant products

The experiment designed in this manner permitted the recognition of the relationships that occur
during the conversion of the fresh form of plants into their powdered counterparts, and thus the

identification of common and divergent points depending on the type of matrix being processed.

5.1. Stage 1: Processing-induced changes toward improved characteristics of fruit

powdered products

The first stage covered issues related to physico-chemical changes (including formation
of process contaminants) induced by processing in plant matrices that vary in terms of origin,
fraction, and thus their chemical composition (Figure 4). The research, being the initial stage
of the PhD fieldwork, was at the same time a continuation of the experiments carried out in the
framework of the master's thesis. The goal then was to discern the effect of the same processing
conditions on two different matrices (chokeberry and blackcurrant juice), the results of which
have been published previously (Michalska, Wojdyto, Brzezowska et al., 2019; Michalska-
Ciechanowska, Brzezowska, Wojdylo et al., 2021). For this reason, the initial stage of PhD
research also focused on the recognition of uniform processing conditions, but for an even more
pre-transformed matrix, which was (poly)phenolic-dense pomace preparations that included

chokeberry (Publication 1) and cranberry (Supplementary study 1) pomace extracts.

Juice : Phenolic-rich pomace Phenolic-rich pomace

preparation preparation
Chokeberry

Fraction,change Plant origin change
7 : Chokeberry Cranberry
|
| ) ; Stage 1

Figure 4. Schematic representation of the differentiating criteria of the matrix used for the study - stage I.
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Fruit pomace and juice are a highly complex matrix, abundant in numerous bioactive
constituents such as organic acids and sugars, the presence of which hinders the recognition of
changes occurring under the powdering process. Consistently, their (nearly all) removal from
the matrix was crucial in order to ascertain the fate of the compounds mainly responsible for
the powders' health-promoting potential - the (poly)phenolics. Such a procedure makes it
possible to obtain a powder from a liquid form without the need to add high-molecular-weight
carrier substances, as the low-molecular-weight sugars and organic acids with a low glass
transition temperature are eliminated. Furthermore, one of the challenges undertaken in this
research (Publication 1 and Supplementary study 1) was to valorize fruit pomace, considered
a residual product that poses a problem in terms of industrial by-products management, into
a high-quality soluble type powder with a wide potential for use in the food industry.

Therefore, both studies aimed to assess the influence of freeze and vacuum drying at
60 and 90 °C as well as different carrier types (maltodextrin, inulin, trehalose and their binary
blends) presence/absence (controls — samples without encapsulant) on the changes in
(poly)phenolic profile (qualitative and quantitative), antioxidant capacity and hydroxymethyl-
L-furfural formation in chokeberry and cranberry pomace extract powders. Additionally, in the
case of cranberry pomace matrix, the different extractions were applied to evaluate the influence

of the pre-treatment on the above-mentioned properties of the powders.
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5.1.1. Publication 1: Chokeberry pomace preparation powders case study

Despite the fact that attempts have already been made to valorize chokeberry pomace
into an edible food ingredient in the form of a liquid preparation rich in anthocyanins
(Oszmianski & Krzywicki, 1993; Roda-Serrat et al. 2022), the impact of subsequent processing
on the quality of the final product was usually overlooked, especially when the conversion
included drying. For this reason, the study presented in the Publication 1 address this issue in
the context of chokeberry pomace extracts processed to powdered form (Figure 4).

For chokeberry pomace preparations powders made with an application of acetone for
the extraction, when considering the physical properties tested, PCA analysis showed that
freeze-dried samples indicated more variation, particularly in moisture content, water activity,
color and browning index, than those obtained by vacuum drying at 60 and 90 °C, for which
the bulk density was higher. Accordingly, as the high bulk density is desirable (savings in
packaging and shipping costs), the vacuum-dried powders seem to be the most attractive
products from economical and practical point of view (Barbosa-Canovas et al., 2005). When
considering the influence of the carrier on the bulk density, an interesting observation was made
in the case of trehalose, which showed an inverse trend compared to the other carriers (and their
blends added), depending on the drying techniques applied. In addition, among the encapsulants
used, trehalose resulted in products with the highest moisture content values in the case of
freeze-dried powders and the lowest in the case of vacuum-dried ones at 90 °C. Application of
inulin resulted in freeze-dried products with the lowest water activity among all the carriers
used, whereas the highest when the vacuum drying at 60 °C was applied. It is a clear illustration
of the fact that the same carrier can have different effects on physical properties of powders.
When the color of the powders was analysed, the fluctuations in L*, a*, and b* coordinates
values were due to the interplay between temperature and carrier addition; however, the
differences could be barely noticeable to a potential observer. The browning index (BI)
resulting from the measurement of color in the CIE L*a*b* system which was used to generally
describe the color changes during the browning process (Pathare et al., 2013), showed that
freeze-dried powders had the highest BI values, regardless of the type of added carrier. The
brown pigments present in the powders analysed were thought to be masked by the predominant
reddish color in vacuum-dried samples, or it can be linked to the formation of (poly)phenolics
complexes under freeze-drying (Liu et al., 2003; Michalska et al., 2016). This was in
contradiction to the results obtained by Tkacz et al. (2020), who confirmed that drying
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techniques applied to different plant matrices can cause their ambiguous responses in terms of
physical properties.

When the (poly)phenolics composition was considered, their content ranged from
3.3-22.7 g/100 g dm, and the following groups were determined with the corresponding
number of compounds identified within each of them; phenolic acids (3), anthocyanins (4), and
flavonols (8). In general, the (poly)phenolics of the powdered products obtained with the
addition of selected carriers were significantly influenced by the drying techniques. As
expected, freeze-drying resulted in the highest retention of thermolabile anthocyanins along
with phenolic acids, but the highest content of flavonols was found when vacuum drying at
90 °C was applied. This tendency has been attributed to the probable release of this group from
more polymerized structures, as previously indicated by Hamrouni-Sellami et al. (2013).
Furthermore, Sharma et al. (2015) demonstrated that heating from 80 to 120 °C increased
quercetin and its glucoside content. Therefore, it is important to note that the presence of
individual groups of (poly)phenolics can be shaped to some extent by the use of a suitably
adapted drying technique. Going into the details, despite the fact that the sum of flavonols
showed relatively high stability compared to anthocyanins and phenolic acids, the detailed
analysis revealed that the individual compounds identified within this group responded very
differently to the processing parameters applied. Therefore, no specific processing conditions
for powder production have been identified that would simultaneously provide the highest
content of each of the individual flavonols. For anthocyanins and phenolic acids, the use of
maltodextrin and trehalose during lyophilization and vacuum drying at 60 °C allowed their
highest retention in the powders, but not in the case of vacuum-dried samples at 90 °C, for
which trehalose resulted in the lowest anthocyanin content. Nevertheless, when the sum of
(poly)phenolics were referred to, the addition of maltodextrin and its mixture with trehalose
during freeze-drying and vacuum drying at 90 °C gave the most favorable results, while inulin
and its binary blends during vacuum drying at 60 °C.

Another aspect that is currently of great importance is the tracking of the possible
formation of process contaminants, which are the result of a series of reactions that take place
during the multi-stage processing of a given raw material. One of the most common indicators
used to determine the processing level of a product is hydroxymethyl-L-furfural. Surprisingly,
in chokeberry pomace extract powders its lowest content was noted for vacuum-dried samples
at 60 °C (not freeze-dried ones), while the highest - as expected — in those obtained by vacuum
drying at 90 °C. These results were supported by the literature, stating that even mild heat

treatment can cause the formation of this compound in food products (Fitzpatrick et al., 2013),
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as well as the fact that its increased formation occurs at temperatures above 80 °C in plant-
based matrix (Michalska, Wojdyto, Lysiak, & Figiel, 2017). In addition, as previously found
by Michalska-Ciechanowska, Brzezowska, et al. (2021), powders with inulin (or its binary
blends) were characterized by higher HMF content compared to other carriers used. Therefore,
its application to the fruit-based matrix combined with high-temperature treatment should be
reconsidered, as it may evoke uncontrolled formation of unwanted process contaminants such
as hydroxymethyl-L-furfural.

In conclusion, the physical properties, the (poly)phenolics content and the formation of
HMF were influenced both by the initial composition of the powdered matrix and the processing
applied. The drying technique and its parameters affected qualities of the chokeberry powders
to a greater extent than the carrier agent, however the interplay between these two factors was
noticeable. Finally, the findings presented in this publication may serve as a starting point for
further research on the development of functional foods based on fruit powders, as well as
provide crucial hints for food industry if the intention was to manage the chokeberry pomace

and to valorize it into a high-quality soluble type product with broad application potential.

Recommendation: The incorporation of a maltodextrin-trehalose blend for lyophilization and
vacuum drying at 90 °C resulted in the highest retention of (poly)phenols along with the lowest
content of hydroxymethyl-L-furfural in chokeberry pomace preparation powders. However,
achieving a high-quality, soluble type powdered product form fruit pomace requires a tailor-
made and comprehensive approach adjusted to particular plant-based matrix intended to be

processed.
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5.1.2. Supplementary study 1: Cranberry pomace preparation powders case study

A trial of recycling of bioactives from cranberry by-products into valuable products in
order to stabilize (poly)phenolics was previously made (Roopchand et al., 2013); however, the
evaluation of drying techniques and parameters influence on the (poly)phenolics’ alterations
during powdering process remained unknown. Therefore, the second study (Supplementary
study 1) focused on identifying the effects of the same processing on the same fraction (pomace
extract), but from a different raw material (cranberries) (Figure 4).

Previously, for the extraction of (poly)phenolics from berry pomace, the 30% acetone
was recommended (Oszmianski & Krzywicki, 1993). Taking into account the GRAS status of
this solvent, green solution was proposed for production of powders from cranberry pomace
preparations. To this end, the 50% ethanol (w/w) and 50% acidified ethanol (w/w) (pH = 2) was
applied for the extraction of (poly)phenolics from cranberry pomace (matrix pre-treatment) in
order to produce (poly)phenolic concentrated powders and to follow the possible changes
caused either by freeze-drying and vacuum drying at 60 and 90 °C, as well as by different carrier
types used for their production. Moreover, bearing in mind the probable formation of process

contaminants during processing, the presence of hydroxymethyl-L-furfural was monitored.

Physical properties

The moisture content (Mc) of powders ranged from 0.56% to 11.81% and was a resultant
of drying technique, carrier addition and type as well as the solvent used to obtain cranberry
pomace extracts (Table 2). Among samples analyzed, freeze-drying led to products with the
highest moisture content regardless of solvent used for pomace extraction, while vacuum drying
at 60 and 90 °C resulted in comparable values (Michalska-Ciechanowska, Hendrysiak, et al.,
2021). The exceptions were control samples after 50% ethanol extraction, for which freeze-
drying and vacuum drying at 90 °C yielded in products with relatively similar values of this
parameter. This was contrary to expectations, as generally higher temperatures during drying
reduce moisture content of powders, however in this case the interplay between matrix
composition and applied processing generated ambiguous observations. One possible
explanation could be the faster crust formation in matrix during drying, which might hinder
evaporation of water and leave it trapped in the product as observed for red pepper powder
(Caliskan Kog, 2020). In the case of freeze-dried powders, those obtained by application of
acetone showed the highest moisture content values among the solvents used, both for the

control (10.17%) and the products with carriers (8.55%, averaged value). The inclusion of
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inulin yielded powders with the lowest average Mc values for (poly)phenolic-rich samples
extracted with acetone and 50% ethanol, while the inulin-trehalose blend gave the highest,
regardless of drying technique. A different pattern was observed for products obtained from
acidified 50% ethanol extracts, for which the maltodextrin-inulin mixture resulted in the highest
and maltodextrin-trehalose in the lowest mean values of this parameter. These differences might
be connected to various carriers’ stability in a given matrix composition and under specific
processing conditions. For instance, unambiguous inulin response was observed when
subjected to changing thermal and pH conditions (Ozyurt & Otles, 2016; Li et al., 2019) which,
as a result, can lead to divergent properties of final product, including moisture content.

Water activity (aw) ranged between 0.075 and 0.481 (Table 2). Consistent with
Michalska-Ciechanowska, Hendrysiak, et al. (2021), freeze-drying resulted in the highest a.,
while vacuum drying at 90 °C in the lowest, for both control powders and those with carriers
(averaged values). When solvent type was considered, acetone yielded powders with the highest
water activity, while 50% ethanol and its acidified counterpart gave comparable results. This
may be related to the extraction of different compounds from cranberry pomace, including
various chemical structures or in diverse quantities and therefore with different water-binding
abilities (Jin et al., 2019). Taking into account carrier type, inulin was recommended for
ethanol-extracted samples toward low a,, while maltodextrin for those obtained with acetone
application. The inulin-trehalose mixture caused the highest a, values exerted by powders
obtained after acetone and acidified 50% ethanol extracted samples, while trehalose (followed
by inulin-trehalose blend) in case of those produced with 50% ethanol application, regardless
of the drying technique. Overall, obtained powders may be considered as microbiologically
stable, as the a,, did not exceed 0.6 value (Fontana, 2020).

The bulk density (pb) of cranberry pomace extract powders ranged from 0.06 to
0.85 g/cm? (Table 2). Drying techniques the most differentiated samples in terms of pb since
the lowest bulk density was reported for freeze-dried powders, while vacuum drying at 60 and
90 °C resulted in products with comparable values, for control and carrier-added samples
(Table 2) (Michalska & Lech, 2018). The differences may be due to structural particularities
caused by different drying parameters. Moreover, strong negative correlations were found
between bulk density and moisture content (r = —0.72) as well as water activity (r = —0.71).
When carriers were considered, for freeze-dried samples trehalose and inulin-trehalose blend
gave powders with higher bulk density. On the other hand, for vacuum-dried samples at 90 °C,

the same single carrier resulted in powders with the lowest values.
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Table 2. Moisture content (%), water activity (aw), bulk density (g/cm?), and color (CIE L*a*b*) of cranberry pomace preparations powders.

Physical parameters

Solvent type Drying technique Carrier type Moisture content Water activity Bulk density Color
L* a* b*
Freeze-drying 10.17 £0.95¢ 0.397 £0.039° 0.06 +0.01° 33.54+040f 3127 £0.24° 3.23+0.09¢
Acetone Vacuum drying at 60 °C 1.80 +0.85° 0.223 £ 0.004 ¢ 0.58+0.10° 20.84 £0.77% 8.62+0.12° 0.71 £0.03*
Vacuum drying at 90 °C 2.17+0.02%® 0.172+0.010% 0.72 £0.01°% 19.80+0.57% 12.14+0.12" 1.53+0.05°¢
Freeze-drying 3.44+0.73% 0.323 £0.017°¢ 0.15+0.02° 26.43 £0.74¢ 21.99+0.5149 3.49+0.11°
50% Ethanol Vacuum drying at 60 °C (i":;:ifr) 176 £0.22° 0.181 £ 0.007** 0.68 +0.04 % 18.78 £ 0.45 ® 8.86 +0.56* 1.25+0.06°
Vacuum drying at 90 °C 3.09 +0.54 0.136 +0.019 0.77 £0.00°¢ 19.90 £0.13%® 9.16+0.21° 0.81 +0.02°
Freeze-drying 4.99 +1.48" 0.288 £0.016 % 0.07 +£0.00* 31.14+091° 26.78 £ 0.05°¢ 3.16+0.10°¢
50%; Eh;ml Vacuum drying at 60 °C 276+ 0.64% 0.243 £ 0.001 0.74+0.01% 2028+ 0.08% 1420 +0.03° 2.08+0.03°
® ) Vacuum drying at 90 °C 243 +0.39%® 0.153£0.015° 0.59+0.10% 21.57+0.10¢ 9.18 +0.24* 0.74 +0.02°
Maltodextrin 8.97 £0.554% 0.353 £ 0.028 % 0.15+0.002 25.20+0.10¢ 19.77 £ 0.09" 1.88+0.01&"
Inulin 5.76 £0.29¢ 0.338 + 0.004 ™ 0.15+0.00* 32.94+£0.43F 35.14£0.05™ 2.59+0.10!
. Trehalose 6.98+£0.73 0.365 +0.014 0.43+0.01° 21.13+£0.52° 17.50 £ 0.26° 2.71 +0.021
Freeze-drying Maltodextrin-Inulin 944+150°¢ 0393 = 0.032% 0.150.01° 36.96 + 034" 32.03 £ 0.05% 145006
Maltodextrin-Trehalose 9.68 +0.45°¢ 0.427 £ 0.024" 0.13+0.01° 34.17+£0.07¢ 30.67 £ 0.201 2.09+0.02¢
Inulin-Trehalose 10.47+130°¢ 0.481 £ 0.007™ 0.18 +0.002 3327+0421 32.73+£0.36" 2.99+0.13
Maltodextrin 3.28+0.11° 0.206 + 0.003 * 0.71 +0.03°° 19.47 £0.07° 5.87+0.04° -0.41 +£0.03°
Inulin 3.26+0.14° 0.296 + 0.001 & 0.63+£0.02¢ 25.29+0.19¢ 19.80 +0.21" 1.04 +0.04 %
Acctone Vacuum drying at 60 °C Trehalhose . 3.03+0.29% 0.307 £ 0.007 &' 0.70 +0.02 ¢* 27.18 £0.29¢ 21.14+0.20¢ 1.92 +0.02M
Maltodextrin-Inulin 3.12+£0.05® 0.226 £ 0.004 0.74 +£0.00 % 23.30+0.14¢ 10.62 +0.10° -0.10+0.00°¢
Maltodextrin-Trehalose 2.89 +0.44%® 0.257 +0.002 0.68 + 0.00°° 20.99 +0.10° 10.45+0.13° 1.11+0.01¢
Inulin-Trehalose 2.84 +0.08% 0.235 + 0.005 " 0.74 £+ 0.04 % 25.41+0.32¢ 18.57+0.12¢ 1.74+0.01¢
Maltodextrin 1.37+£0.29% 0.097 £0.011° 0.64 +0.01< 21.16 £ 0.04° 13.75 £ 0.049 1.14+0.03¢
Inulin 1.03+0.12% 0.107 £0.014% 0.84+0.11¢ 23.54 +0.08°¢ 12.30 £ 0.09°¢ -0.66 +0.02°
Vacuum drying at 90 °C Trehalose 1.09£0.19® 0.152 + 0.008 "™ 045+0.11° 27.53+£0.56°¢ 18.10+0.16" 1.02 + 0.09 %
ga Maltodextrin-Inulin 1.33+0.26% 0.192 + 0.007 ¢ 0.72+0.01% 23.73+0.13¢ 16.79 £ 0.56¢ 0.93+0.10¢
Maltodextrin-Trehalose 0.99+£0.182 0.172 + 0.009 0.80 +0.01% 26.95+0.32°¢ 18.45+0.36¢ 1.09 + 0.03 %
Inulin-Trehalose 2.83+0.24% 0.215 +0.001 ¢f 0.56 +0.00" 23.50+0.11°¢ 10.96 021" -0.15+0.06°¢
Maltodextrin 6.98 £1.39¢F 0.284 +0.005° 0.12+0.00* 23.67 £0.08¢" 21.65+023¢ 1.84 £0.021
Inulin 2.73 £0.38% 0.282+0.014° 0.14 £ 0.00® 36.08 £0.07% 35.28 +£0.021 -0.43 +0.02 ¢
50% Ethanol Freeze-drying Trehalose 4.99 +1.39¢¢ 0.402 +0.014" 0.18 £0.00® 27.06+0.73 J 28.76 £ 0.251 3.22+ o.22f
Maltodextrin-Inulin 9.75+0.22° 0.346 +0.017¢ 0.15+0.00® 28.33 £ 0.741 28.38 +0.05¢ 2.35+0.17)
Maltodextrin-Trehalose 8.07+1.31¢ 0.221+0.014% 0.15+0.00% 26.26+0.217 23.24 +0.04" 1.44 +0.02"
Inulin-Trehalose 6.70 £ 0.47 % 0.290 £ 0.015° 0.18£0.01% 27.93 +0.251 28.03+0.11°F 2.76 £ 0.09%
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Table 2. (continued).

Maltodextrin 1.01 £0.13° 0.099 + 0.003 0.78 £0.05% 17.56 + 0.54 b 921+129*° 0.50+0.19"
Inulin 0.92 +0.082 0.090 + 0.005? 0.73 £0.03 % 18.80 + 0.52¢4 11.23 +0.25" -0.56 = 0.09%
Vacuum drying at 60 °C Trehalose 329+1.01%* 0.229 £ 0.000 % 0.56 +0.03< 2244 +0.57% 20.30 £ 0.06" 1.27 £0.06¢"
g Maltodextrin-Inulin 1.88 £0.40% 0.118 +0.004 0.70 £ 0.02 % 16.11+£1.67% 9.56+0.37° -0.14 £ 0.06 %
Maltodextrin-Trehalose 1.36 +0.32% 0.155 = 0.002 0.55+0.10< 14.22 +0.88* 12.93 £0.18°¢ 1.00 £ 0.05¢
50% Ethanol Inulin-Trehalose 3.70 £0.32%¢ 0.263 £ 0.000 0.85+£0.17% 17.87 + 1.08% 19.79 £ 0.23 ¢ 1.48 +£0.02"
Maltodextrin 1.48+0.10® 0.075 + 0.009 0.57+0.05 19.73 £0.02°¢ 8.42 +0.08° -0.44 +0.08 "
Inulin 1.77 £ 0.47%¢ 0.075+0.0112 0.79 £ 0.00 % 25.32+0.12M 18.93 + 1.044% -0.23 £0.06¢¢
Vacuum drying at 90 °C Trehalose 1.83£0.96% 0.161 +0.018" 0.39+£0.14"> 27.26+1.49 20.05 £ 0.24 ¢ -0.10+0.12°¢
g Maltodextrin-Inulin 0.56+0.52° 0.093 +0.012° 0.69 +0.07 % 20.99 +0.03 ¢f 9.17+0.21° -0.81+0.04°
Maltodextrin-Trehalose 1.65+0.71% 0.105+0.012° 0.60 +0.01°° 21.53 +£0.36°¢ 8.88+0.20" -0.61 +0.05%®
Inulin-Trehalose 4.47+1.73%¢ 0.187+0.016% 0.79 £0.03 % 2720+ 0207 18.29 +0.04¢ 0.37+0.04"
Maltodextrin 6.24+1.72% 0.346 £ 0.031° 0.11£0.01? 29.71 £0.13°¢ 28.26 +0.38"° 220+0.10°
Inulin 5.96+1.32°° 0.276 £ 0.007 ¢ 0.17 + 0.00® 33.77+0.16¢ 36.77 £0.031 1.99 +0.08°
) Trehalose 7.05+£0.74 ¢ 0.375+0.010° 0.29+0.01° 26.51+0.60¢ 3027 +0.26¢ 4.18+0.20"
Freeze-drying Maltodextrin-Inulin 11.81+1.07° 0.394 = 0.007 0.1840.00% 3140+ 1.15° 3424 +0.14" 27140298
Maltodextrin-Trehalose 3.29 £0.40%¢ 0.364 £0.015° 0.14 +0.00% 33.02+£0.28¢ 31.48 +0.04¢ 2.16+0.06"
Inulin-Trehalose 4.97+1.29% 0.372+0.012° 0.24 £0.00® 31.27+0.36" 3452+ 041" 3.56 +0.04"
Maltodextrin 2.54+0.17%® 0.187 + 0.006° 0.75 + 0.06 18.08 £0.29° 10.56 = 0.36° 0.55+0.03°
Inulin 1.54 +0.00° 0.216 + 0.003 0.74 £0.01 %" 21.53+0.21° 16.14 +0.434 0.12+0.03°
50% Ethanol . Trehalose 2.10 £ 0.46® 0.253 £ 0.001 % 0.63 +0.01°" 21.71+021° 15.12 £ 0.144 1.01+0.05¢
(PH=2) Vacuum drying at 60 °C Maltodextrin-Inulin 2.86+ 043 0.238 +0.002 0.62%0.125¢ 18.72 +0.77° 1334+ 1.74¢ 053014
Maltodextrin-Trehalose 3.11£0.37% 0.285 +0.002°¢ 0.69 £0.06 " 19.43+0.81° 15.89 +0.459 1.28 £0.14%
Inulin-Trehalose 2.30+0.00% 0.282 £ 0.000 ¢ 0.66 + 0.00 +* 21.04+0.77° 18.93 +0.58¢ 1.34+0.05¢
Maltodextrin 4.15+1.89% 0.124+0.016™ 0.63£0.01% 21.81+0.16° 7.55+0.09* -0.52+0.03°
Inulin 2.58+0.51%° 0.124 £0.017% 0.76 + 0.02¢f 23.46 +0.04°¢ 10.08 + 0.08"° -0.83 £0.03°
Vacuum drying at 90 °C Trehalose 3.00 £ 0.40%¢ 0.180 + 0.026 ™ 0.46+0.07°¢ 24.77+0.07°¢ 13.39+£0.06°¢ 0.17+0.01°
ga Maltodextrin-Inulin 2.23+0.28%® 0.079 +0.011* 0.79 +£0.02° 21.70 £ 0.05° 7.71+0.11* -0.78 £0.01°
Maltodextrin-Trehalose 1.33+£0.29° 0.188 +0.021° 0.57 +£0.05¢ 21.90 £ 0.06° 7.80 £0.14* -0.54+£0.02°
Inulin-Trehalose 3.31£0.11%¢ 0.234 +0.022°¢ 0.75£0.05¢ 26.37+0.10¢ 16.36 +0.05¢ 0.61+£0.01°¢
a, b, c, ... — different letters within groups: controls, carrier-added samples (acetone), carrier-added samples (50% ethanol), carrier-added samples (50% acidified ethanol) standing for different

cranberry pomace extract powders indicate significant differences (ANOVA, HSD Tukey, p < 0.05).



In almost every case, freeze-drying yielded powders with higher values of L*, a* and
b* coordinates, compared to controls and carrier-added samples after vacuum drying at 60 and
90 °C (Table 2). Acetone and acidified 50% ethanol resulted in products lighter and more
yellow than those extracted with 50% ethanol, with exception of controls in case of
b* parameter (comparable results). Regardless solvent type and drying technique, inulin led to
powders obtainment with the highest L* and a* coordinates, while maltodextrin the lowest.
Moreover, trehalose and its blends gave products with the highest b* parameter values.
Nevertheless, the discrepancies between values were within a very narrow range, and thus the

differences were visually imperceptible.

Chemical properties

Previously, attempts were made to extract (poly)phenolics from fruit by-products and
various solvents as well as additives were tested (Oszmianski & Krzywicki, 1993; White et al.,
2010b; Michalska-Ciechanowska, Hendrysiak, et al., 2021) with the emphasis on the search for
an effective food-compatible solvent. Water with different pH range (2-5) and 50% ethanol
solutions were used for extraction of (poly)phenolics from fruit pomace with water being
significantly less effective (Roopchand et al., 2013). Thus, in the study the 30% acetone
(commonly used solvent), 50% ethanol and acidified 50% ethanol (as more food-compatible
solvents) were compared for extraction of these constituents.

In order to track changes caused by drying, cranberry pomace preparations were
produced by removing ballast substances to examine the alterations of major (poly)phenolics
group without influence of other cranberry pomace components. An absorber technology was
used due to high selectivity, absorption capacity, economic feasibility and low toxicity when
compared to other separation techniques (Soto et al., 2011), excluding toxic solvents that could
cause degradation of selected bioactives. Additionally, previous study on cranberry products
elucidated that matrix composition (juice, sugar-free juice preparations) plays an important role
and significantly influences presence and content of particular (poly)phenolics in resulting
powders, and therefore their quality (Michalska et al., 2018), which should be assessed in light

of these differences.
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(Poly)phenolics determination

Controls (no carrier addition)

Consistent with White et al. (2010a) and Roopchand et al. (2013), 4 major groups of
(poly)phenolics were quantified in powders produced without carriers’ addition, i.e., flavonols
(64% of all quantified (poly)phenolics), phenolic acids (13.4%), flavan-3-ols (11.6%) and
anthocyanins (11%) (Table 3), regardless of the solvent applied and drying technique used. The
highest retention of (poly)phenolics in controls was noted when acidified 50% ethanol was
used, followed by 50% ethanol and 30% acetone, an application of which resulted in, on
average, 15% lower content of those constituents in powders (Figure 5). It was in agreement
with Klavins et al. (2022) who recommended acidified ethanol for efficient extraction of
(poly)phenolics from cranberry press residue.

Drying techniques affected (poly)phenolics content in the following order: freeze-
drying < vacuum drying at 60 °C < vacuum drying at 90 °C. Freeze-drying and vacuum drying
at 60 °C resulted in products with comparable quantities of all identified (poly)phenolics when
acidified 50% ethanol was used, while vacuum drying at 90 °C turned out to be only approx.
8% less effective in terms of (poly)phenolics retention. This was in contrast to vacuum drying
of cranberry juice extracts that resulted in approx. 30% and 90% lower content of
(poly)phenolics when temperature of 60 and 90 °C was used for powders preparation in
comparison to freeze-drying (Michalska et al., 2018). This indicates that types of fruit matrix
(i.e., juice, pomace) have a significant effect on alterations of (poly)phenolics during thermal
treatment. Considering their relatively low degradation and a high operating costs of freeze-
drying being approx. 50% higher than vacuum drying (Peighambardoust et al., 2011) the latter
can be recommended for production of cranberry pomace extracts powders. The application of
acidified 50% ethanol (pH = 2) for extracts’ preparation and vacuum drying at 90 °C led to
powders obtained with a higher content of (poly)phenolics than in case of products gained by
using 30% acetone, even when freeze-drying was used. In conclusion, selection of appropriate
solvent plays a pivotal role in designing of the final quality of cranberry pomace extract
powders, and at the same time may enable to reduce costs associated with long-time drying,
especially lyophilization (Ratti, 2001).

Among four identified groups of (poly)phenolics in powders, the highest content of
flavonols (approx. 64% of all identified (poly)phenolics) was indicated. Extraction solvent
influenced their retention that was also moderated by drying technique and parameters. Among

solvent applied, 30% acetone resulted in the lowest content of flavonols in powders, regardless
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of the drying technique used (Figure 5). Application of 50% ethanol yielded the highest content
of these constituents in freeze-dried products followed by samples produced by vacuum drying
at 60 °C. In the case of acidified 50% ethanol, no significant differences in powders produced
by freeze-drying and vacuum drying at 60 °C were noted, which might indicate flavonols
stability during heating (Michalska et al., 2018). Regardless of extraction solvent, difference
between an average content of flavonols after freeze-drying and vacuum drying at 60 as well

as 90 °C was, respectively, 8% and 14%.
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Figure 5. The sum of (poly)phenolics [g/100 g dm] in cranberry pomace extract powders obtained without carrier addition (a),
as well as, with different carrier agents obtained by extraction with: (b) 30% acetone, (¢) 50% ethanol and (d) acidified 50%
ethanol. FD — freeze-drying; VD60 — vacuum drying at 60 °C; VD90 — vacuum drying at 90 °C; M — maltodextrin; I — inulin;
T — trehalose; M-I — blend composed of maltodextrin and inulin; M-T — blend composed of maltodextrin and trehalose; I-T —
blend composed of inulin and trehalose; a, b, c, ... — different letters within groups: controls, carrier-added samples (acetone),
carrier-added samples (50% ethanol), carrier-added samples (50% acidified ethanol) standing for different cranberry pomace
extract powders indicate significant differences (ANOVA, HSD Tukey, p < 0.05).
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Table 3. (Poly)phenolics content [g/100 g dm], antioxidant capacity [mmol Trolox/100 g dm] and hydroxymethyl-L-furfural (HMF) content
[ng/100 g dm] in cranberry pomace extract control powders.

. . (Poly)phenolics Antioxidant capacity Hydroxymethyl-
Solvent type Drying technique
Flavonols Flavan-3-ols Phenolic acids Anthocyanins TEAC ABTS FRAP L-furfural

Freeze-drying 9.62+0.32%¢ 3.01£0.16° 2.09 £0.06 1.66 +0.02 b 398.86+ 1.35% 264.38 £2.41 ¢ 38.63+131°
Acetone Vacuum drying at 60 °C 8.99+0.15° 2.05+0.00* 1.94+0.022 1.47+£0.01® 403.28 +18.40° 271.07+1239*¢  48.18+3.55°¢
Vacuum drying at 90 °C 9.06+0.11 2.34+0.072 1.95+0.022 1.38 £0.05° 379.98 £ 1.75% 259.68 £ 6.44 ¢ 47.13+1.56°¢

Freeze-drying 12.61 +£0.06 ¢ tr 2.43+0.014 2.28+0.01¢ 395.10 £ 18.86 % 279.84 £19.36 ¢ tr

50% EtOH  Vacuum drying at 60 °C 11.04+0.39 4 tr 2.37£0.09 < 2.01 £0.09 ¢ 375.54+£3.37% 262.60+£9.14 ¢ tr

Vacuum drying at 90 °C 10.18 £ 0.44 < tr 2.03+0.00* 1.50£0.08 371.77+18.52%® 273.18 £0.41 % tr
50% EtOH Freeze-drying 10.87 £0.41 ¢ 3.43+0.14¢ 2.32+0.06 2.11£0.07 % 363.82+4.70 % 243.68 £0.51 % 6.80+£0.352
(PH=2) Vacuum drying at 60 °C 10.84 £0.04 ¢ 3.45+0.06 ¢ 2.23+0.00 b 2.02+0.024¢ 35830+6.17° 238.69+1.54% 6.64+£0.022
Vacuum drying at 90 °C 10.11 +0.05 > 3.20+0.11% 2.09 £0.03 1.75+£0.03 ¢ 397.69 +3.07 276.12+3.18 ¢ 6.55+0.332

tr — trace amounts; a, b, c, ... — different letters within groups standing for different cranberry pomace extract powders indicate significant differences (ANOVA, HSD Tukey, p < 0.05).
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The third group of (poly)phenolics determined in cranberry extracts powders were
phenolic acids. In controls, the highest content of these constituents was noted in products
gained when 50% ethanol was used in the case of freeze-drying and vacuum drying at 60 °C
(Table 3). Application of 30% acetone caused the lowest content of phenolic acids in all
powders. Freeze-drying led to obtainment of powders with the highest content of phenolic
acids, whereas the influence of VD differed due to temperature applied for powders production.
The temperature of 90 °C caused a lower content of these components in powders for
production of which the 50% ethanol and acidified 50% ethanol was used. Interestingly,
application of 30% acetone led to powders obtained by vacuum drying with similar content of
phenolic acids, regardless of the temperature used for powders production.

Previously, cranberry procyanidins belonging to the flavan-3-ols family, were mainly
extracted by acetone at different concentrations with acidifying agents used for lowering the
pH of an extraction medium (Wallace & Giusti, 2010). It was also proved that absorber
technology, including type of resin and solvents used for desorption of components, had an
impact on the presence and content of procyanidins in products obtained (Gao et al., 2018), and
thus in their powdered form. In the study, for controls, the usage of 50% ethanol resulted in
only trace amount of flavan-3-ols in these products, whereas their content in powders produced
with application of 30% acetone and acidified 50% ethanol ranged from 2.05 up to
3.25mg/100 g dm (Table 3). This confirmed that acidification of the extraction medium
significantly improved extractability of cranberry flavan-3-ols. Klavins et al. (2022) pointed
that acidified acetone at various concentrations was the most effective solvent for procyanidins
extraction of dried cranberry press residue when compared to ethanolic solution, however,
effect of drying and its parameters was neglected. Moreover, the measurement of procyanidins
was made by a spectrophotometric method which may not be precise for accurate determination
of these constituents. In the study, it was supposed that absorber technology modified
composition of initial matrix of cranberry pomace extracts (Gao et al., 2018) which may
influence presence of flavan-3-ols in powders gained. Thus, 50% ethanol at pH = 2 can be
recommended for production of powders with improved content of flavan-3-ols. It can be
concluded that extraction solvent should be chosen on the basis of composition of the material
submitted to extraction. In the case of acidified 50% ethanol extracts, drying techniques and
parameters used led to obtainment of products with similar content of flavan-3-ols. This
indicated a thermal stability of these components extracted with 50% ethanol at pH = 2. One
possible explanation might be that different structures of compounds belonging to this group

were extracted from cranberry pomace by using specific type of solvent, and therefore with
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different thermal stability depending on the degrees of polymerization (higher polymerization
resulted in a lower heat resistance) (Qi et al., 2022).

Among (poly)phenolics groups quantified in powders, anthocyanins were present in the
smallest quantities (Table 3). Regardless of drying technique, the highest content of these
components was noted in products extracted with 50% ethanol and its acidified counterpart
(Klavins et al., 2022), that was on average 23% higher when compared to 30% acetone. Drying
techniques affected anthocyanins’ content as their presence in powders were in the following
order: freeze-drying > vacuum drying at 60 °C > vacuum drying at 90 °C. Irrespective of solvent
type used, vacuum drying at 60 and 90 °C diminished their content, by 9 and 24%, accordingly,
compared to freeze-drying. Therefore, the anthocyanins’ presence, as particularly temperature-
sensitive compounds, was noticeably moderated by parameters used during selected drying
techniques, which was especially linked to interplay between temperature and time applied

(Reque et al., 2016; Zhu et al., 2017).

Carrier-added powders

In the next part of the study, powders were produced with addition of carriers in order
to verify how the carrier type (maltodextrin, inulin and trehalose) and their binary blends
(mixes) affect (poly)phenolics stability during drying (Table 4). The addition of carriers at the
level of 10% (w/w) resulted in, on average, 3.6-times lower content of (poly)phenolics in return
for higher process efficiency (data not shown) (Michalska et al., 2018). Similar to controls,
a strong influence of solvent type was indicated as acidified 50% ethanol (pH = 2) led to
obtainment of powders with a higher content of (poly)phenolics that was 28% and 13% higher
when compared to those produced using 30% acetone and 50% ethanol, respectively (Table 4).

In general, content of all identified (poly)phenolics was more affected by drying
technique than the carrier type used (one-dimensional significance test; data not shown).
Freeze-drying led to powders with the highest content of (poly)phenolics, followed by vacuum
drying at 60 and 90 °C (decrease of, respectively, 10% and 17%). That was more linked to the
content of flavonols and flavan-3-ols, while considerably greater differences were noted for
anthocyanins - in this case the degradation was at the level of 15% (vacuum drying at 60 °C)
and 51% (vacuum drying at 90 °C) compared to freeze-dried powders. Among single carriers
applied, trehalose resulted in the highest retention of sum of identified (poly)phenolics in
powders gained, regardless of solvent used and drying technique applied. Among carrier blends
used for powders production, the inulin-trehalose binary blend led to lower content of

(poly)phenolics than maltodextrin-trehalose, regardless of extraction solvent and drying
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technique. This composition of blend (maltodextrin-trehalose) also resulted in the highest
content of total (poly)phenolics in chokeberry pomace extracts powders (Michalska-
Ciechanowska, Hendrysiak, et al., 2021).

Going into the details, addition of carriers and their blends influenced the content of
compounds that belong to different (poly)phenolic' groups. In the case of flavonols, such an
approach led to their lower content, similarly to total (poly)phenolics content, approx. 3.6-times
the content of flavonols in powders. In general, the sum of flavonols was the highest in powders
produced using pomace extracted with 50% ethanol, that was on average 9.4% and 36% higher
than in powders produced with acidified 50% ethanol and 30% acetone, respectively, regardless
carrier type. Among single carriers, trehalose preserved the flavonols to the highest extent when
compared to maltodextrin and inulin. Similar to the sum of (poly)phenolics, addition of
a maltodextrin-trehalose blend resulted in a higher content of flavonols in powders when
compared to inulin-trehalose. When drying technique was concerned, the highest content of
flavonols was noted after freeze-drying, regardless of the carrier type used, that was higher of
approx. 9% and 13% when compared to vacuum drying at 60 and 90 °C, respectively.
Difference between flavonols content during vacuum drying at 60 and 90 °C was less than 5%,
which was similar to the difference between powders produced without a carrier. This indicated
that the carriers did not play a decisive role in flavonols protection during thermal processes.

For flavan-3-ols, when the carrier-added powders were concerned, the solvent type
played the most influential role as powders prepared from acidified 50% ethanol-derived
extracts had approx. 30% more flavan-3-ols than those obtained with 30% acetone application.
As with the control, again extraction with only 50% ethanol yielded residual amounts of flavan-
3-ols identified in carrier-added powders, compared to 30% acetone and 50% acidified ethanol.
Freeze-drying gave products with the greatest amount of these constituents, while vacuum
drying at 60 and 90 °C resulted in their comparable content, which were about 12% lower than
lyophilized samples. Amongst applied carriers and its mixes, i.a., trehalose, maltodextrin and
their blend seemed to ensure the highest protection during drying, regardless of technique or
solvent type. Previously, trehalose was indicated to stabilize selected (poly)phenolics, e.g.,
anthocyanins by ensuring thermal protection during elevated-temperature treatment by forming
hydrogen bonds with them and therefore hindering the structure breakdown (Castagnini et al.,
2021). Moreover, this substance was indicated as distinctive amongst others due to its superior
ability to replace water molecules during dehydration process via hydrogen-bonding to
biomolecules (Lerbret et al., 2005) known as a ‘water replacement’ hypothesis proposed by

(Crowe et al., 1994).
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Table 4. (Poly)phenolics content [g/100 g dm], antioxidant capacity [mmol Trolox/100 g dm] and hydroxymethyl-L-furfural content [ng/100 g dm]
in cranberry pomace extract powders with carriers.

(Poly)phenolics

Antioxidant capacity

Solvent type Dryi'ng Carrier type . . . Hydroxymethyl-L-
technique Flavonols Flavan-3-ols Phenolic acids Anthocyanins TEAC ABTS FRAP furfural
Maltodextrin 2.58+0.07 ¢ 0.75 +0.03 0.56+0.01° 0.45+0.01¢ 11248 £1.34 78.74 +1.10 8.84+0.75
Inulin 2.67+0.01° 0.82+0.03 ¢ 0.58 +0.00® 0.48+0.00 ° 110.65 + 8.74 b4 77.92+£2.71 % 1031 +1.02 *¢
) Trehalose 2.61+0.09 ¢ 0.65+0.00 4 0.58 +£0.02° 0.47+0.01° 99.23 + 6.28 *¢ 68.88 +4.58 *¢ 10.12 +£1.22*¢
Freeze-drying )1 odextrindnulin~ 2.57£007%0  0.67+001 4 0.58+0.02° 0.45+0.01 ¢ 87.96+8.10° 60.86 + 6.34 ° 16,48+ 1.04¢
Maltodextrin-Trehalose ~ 2.58 +0.12 ¢f 0.67 +0.04 4 0.57+0.02° 0.46+0.01° 105.09 £ 0.58 >4 72.78 £0.91 >4 1537 +0.26 %
Inulin-Trehalose 2.64+0.00 0.68 +£0.01 ¢ 0.58+0.01"° 0.44+0.02 < 106.16 + 6.08 >4 76.09 + 1.02 ¢ 16.35+0.01°¢
Maltodextrin 1.98+0.20* 0.51+0.02° 0.47 £0.04 ® 0.32+0.04 >4 108.08 +2.29 >4 72.49 + 1.39 b4 1037+ 1.70 *¢
Inulin 2.39+0.09 *f 0.55+0.02 ® 0.53 £0.02 ® 0.39+0.01 % 108.77 £0.21 >4 7331 +1.15 %4 12.17 £0.98 4
Vacuum drying Trehalose 2.43+0.02 % 0.57 +£0.00 ® 0.55+0.01® 0.39+0.01 % 104.08 £ 2.69 4 72.87 + 6.58 4 13.19 +0.89 ©*
Acctone at 60 °C Maltodextrin-Inulin ~ 2.39£0.18* 0,63 +0.03 ** 0.55+0.04 038+ 0.03 94.54+122% 64.00 + 4.63 1178 + 0.64 4
Maltodextrin-Trehalose ~ 2.57 +0.03 ¢* 0.68 +0.02 4 0.55+0.03 ® 0.41+0.01¢ 110.97 £2.15 < 72.96 +£0.13 >4 12.92 +0.47 >
Inulin-Trehalose 2.43+0.06 > 0.64 +0.00 *° 0.56+0.01° 0.39+0.01 % 106.34 £ 0.02 4 75.63 +1.24 < 9.14+£0.27 *¢
Maltodextrin 2.09£0.03 *° 0.59 £ 0.05 *¢ 0.48 £0.02 ® 0.27+0.00"° 106.26 +0.92 >4 73.72+0.11 >4 9.53+1.09 *°
Inulin 2.30+0.14f 0.70 £ 0.07 >4 0.51+0.08® 0.27+0.04" 109.41 £ 0.62 4 78.34 +0.18 9.36+1.94 ¢
Vacuum drying Trehalose 2.45+0.05f 0.68 +0.00 4 0.55+0.01® 0.27+0.01° 106.78 £ 5.55 b4 75.14 £1.76 >4 9.30£0.11%¢
at 90 °C Maltodextrin-Inulin 221+0.08*° 0.62 +0.05 *¢ 0.51+0.01%® 0.31+0.02% 109.88 +1.07 >4 80.05 + 1.09 10.50 + 0.43 *©
Maltodextrin-Trehalose ~ 2.17 +0.08 *4 0.61 £0.01*¢ 0.51+0.02%® 0.33 £0.00 >4 118.15+3.69 ¢ 82.78 +0.02 ¢ 9.05+1.04®
Inulin-Trehalose 1.99 £ 0.26 ® 0.56+0.12%® 0.43 +0.06 0.18+0.02* 108.66 + 1.72 >4 73.92 +1.15 >4 12.62 + 1.60 *°
Maltodextrin 3.18£0.04 *¢ tr 0.64 £ 0.00 *¢ 0.57 £0.00 ¢ 107.62 £ 1.42 76.79 + 0.42 *° tr
Inulin 325+0.11%F tr 0.69 +0.03 *f 0.59+0.02 94.13+5.50° 68.99+0.72° tr
Freeze-drying Trehal.ose . 3.45+0.20 i tr 0.71 +0.03 i 0.60 £ 0.03 gh 112.07 + 2439; 79.72 + 0.65 tr
Maltodextrin-Inulin 3.45+0.07 tr 0.72 +0.02 0.62 +0.02 108.30 £ 2.00 72.40 £ 1.61 tr
Maltodextrin-Trehalose 3.68+0.01° tr 0.77+0.01° 0.66+0.01°1 11032 £2.34° 79.99 +£0.77 tr
50% Inulin-Trehalose 3.54+0.03 ¢f tr 0.73 +0.00 ¢* 0.64 +0.01 M 108.98 £ 0.14 ® 77.46 + 2.64 *¢ tr
Ethanol Maltodextrin 3.09 +0.03 *4 tr 0.67 £ 0.00 ** 0.51+0.02 ¢f 99.70 £ 12.27 ® 71.48 +£7.18 ® tr
Inulin 2.99+0.03 *° tr 0.64 = 0.00 4 0.52+0.01 % 104.43 £4.26 ® 73.97 £3.93 *¢ tr
Vacuum drying Trehalose 3.24+£0.02*f tr 0.69 = 0.00 ** 0.56 +0.00 *® 109.70 £2.49° 78.73 £ 0.42 *¢ tr
at 60 °C Maltodextrin-Inulin 3.02£0.01% tr 0.64 £ 0.00 *¢ 0.53 £0.00 ¢ 107.02 £ 1.03 @ 77.18 +5.12 *¢ tr
Maltodextrin-Trehalose ~ 3.58 £ 0.04 ¢ tr 0.74+0.01¢ 0.61 +0.02 M 107.76 + 1.48 ® 7738+ 1.25% tr
Inulin-Trehalose 3.34+0.04>F tr 0.70 = 0.00 ** 0.55+0.01 <" 108.06 + 0.15 ® 78.17 £ 1.62*° tr

41



Table 4. (continued).

Maltodextrin 2.93+0.24® tr 0.65+0.07 ** 0.48 + 0.06 ©* 103.86 + 1.63 73.41 £ 1.95 ¢ tr
Inulin 3.07 +£0.01 *¢ tr 0.65 + 0.00 ** 0.46 +0.01 >4 108.56 + 0.94 * 78.06 £ 1.79 ¢ tr
Vacuum drying Trehalose 3.44 +0.00 ¢* tr 0.71 +0.00 ** 0.43+0.01 % 11227 +0.39° 78.39 £ 0.90 *© tr
at 90 °C Maltodextrin-Inulin 2.82+0.12° tr 0.60 +0.01 ® 0.39+0.01° 107.90 + 4.13 * 75.08 £3.71 *¢ tr
Maltodextrin-Trehalose ~ 3.24 +0.33 *F tr 0.68 £0.06 *F 0.51£0.04¢F 114.10+£2.00° 82.86+1.63 ¢ tr
Inulin-Trehalose 3.11+0.01%° tr 0.60 + 0.00 ® 0.24 +0.00* 112.53 £0.32° 78.37 £ 0.65 *¢ tr
Maltodextrin 3.23+0.00 ¢ 1.04 + 0.00 ©*® 0.67 +0.00 0.61 +0.01 & 104.32 £2.36*¢ 71.83 +3.38 *4 3.96+0.16 *°
Inulin 2.89£0.05 % 0.93 £0.00 ** 0.59+£0.01"% 0.55+0.01°¢ 97.18+£0.37® 68.60 +0.37 ® 3.68 £0.03 *°
. Trehalose 3.37+£0.07 % 1.06+£0.04 0.68+0.01¢" 0.64£0.01" 112.75+0.91 F 79.30 + 0.98 < 4.09 +0.48 ¢
Freeze-drying  \/ 1odextrin-Inulin 3.44+£0.028 1.07+0.00 2 0.71+0.00" 0.66+0.00" 111.58 = 1.55 78.68 + 1.42 b 429+048°¢
Maltodextrin-Trehalose ~ 3.23 + 0.04 ©¢ 1.01 £0.02 ¢ 0.66 £ 0.01 <" 0.61 £0.01 104.24 +2.03 ¢ 68.84 +2.44 4.04+0.08 "
Inulin-Trehalose 2.99 +0.02 > 0.95+0.02 ¢ 0.62 +0.00 > 0.57 +0.01 ¢* 105.62 £ 0.57 ¢ 70.79 £ 0.62 *¢ 3.58 +£0.21°
Maltodextrin 2.64+0.02*° 0.85 +0.00 b 0.57 +0.00 *° 0.45+0.01 % 105.63 £ 1.25 *¢ 76.50 + 2.34 *4 3.89+£0.17*°
Inulin 2.95+0.02f 0.98 +0.02 ¢ 0.63 +0.00 > 0.54 +0.00 +* 103.68 + 1.36 *¢ 67.51+5.52° 3.67+0.02*°
50% Ethanol Vacuum drying Trehalose 3.14£0.02 ¢¢ 1.00 £0.01 ¢¢ 0.67£0.01 <" 0.58£0.01 <" 11130+ 1.07 ¢F 7836 +0.11 ¢ 421+0.10°¢
(pH=2) at 60 °C Maltodextrin-Inulin 2.90 +0.06 *° 0.94+0.01 "¢ 0.62+0.01%¢ 0.54+0.01 ¢* 108.29 £ 6.52 f 75.69 + 4.03 >4 3.82+0.02*°
Maltodextrin-Trehalose ~ 3.05 +0.19 ¢ 0.96 £0.04 <& 0.65+0.03 <" 0.54 £0.03 ¢¢ 111.24 +0.66 ** 73.60 £ 527 %4 3.72£0.30 *°
Inulin-Trehalose 2.69 +0.05 *4 0.87 +0.00 ®¢ 0.58 + 0.00 >4 0.48+0.01« 101.75 + 1.89 *¢ 68.53 £ 1.09 ® 3.77+0.30*°
Maltodextrin 3.08 +£0.15 ¢ 0.95+0.05 ¢ 0.65 +0.02 ¢t 0.51 +0.03 ¢* 118.65+£3.36 " 81.94+0.66 ¢ 3.87+0.05*°
Inulin 2.59+0.18 % 0.81+0.05% 0.55+0.04 0.39+0.03° 96.84 + 6.17 70.79 £2.63 *¢ 3.75+0.63*°
Vacuum drying Trehalose 3.10 +£0.20 ¢ 0.91+0.05 > 0.65 +0.03 ¢t 0.45+0.02 % 113.62 £5.10 ¢f 79.54 £ 1.04 < 2.93+0.07
at 90 °C Maltodextrin-Inulin 2.77+0.16 % 0.91 £0.04 > 0.60 £0.03 >* 0.48 £0.02 < 115.03 +£0.99 < 78.79 + 1.66 >4 3.38£0.04 *°
Maltodextrin-Trehalose ~ 2.81 + 0.24 *¢ 0.88 +0.08 > 0.60 £0.03 >* 0.48 £0.03 < 109.66 + 0.21 «F 77.99 + 1.44 >4 2.98 +0.03
Inulin-Trehalose 2.51+0.11° 0.70 £0.03 ® 0.50 +0.02 * 0.20 +0.02* 109.16 £ 0.32 F 77.69 +2.12 *4 3.92+0.33%°
tr — trace amounts; a, b, c, ... — different letters within groups: carrier-added samples (acetone), carrier-added samples (50% ethanol), carrier-added samples (50% acidified ethanol) standing for

different cranberry pomace extract powders indicate significant differences (ANOVA, HSD Tukey, p < 0.05).

42



Similar to controls, solvent type had the strongest influence on extraction of phenolic
acids. Application of 30% acetone resulted in the lowest content of these compounds, regardless
of the type of carrier used for drying, while 50% ethanol and its acidified counterpart gave
products with, on average, 27% and 16% higher content, respectively. The drying technique
had a slight effect on phenolic acid sum, since compared to freeze-drying, vacuum drying at
60 and 90 °C only resulted in a 6 and 11% reduction in their content, respectively. Previously,
Szwajgier et al. (2014) pointed out that depending on fruit type and its processing, the content
of phenolic acids could decrease, as well as remain unchanged or even increase. In addition,
composition of matrix in which the individual phenolic acids occur was singled out as one of
the key factors. Recognizing the impact of carrier type, the most preferable levels of phenolic
acids were found when trehalose and maltodextrin-trehalose mixture were used for powders
production. However, taking into account powders obtained by a given drying technique,
freeze-dried products were characterized by a comparable content of phenolic acids
(7% difference between the lowest and highest content depending on the carrier used), while in
the case of vacuum drying at 60 and 90 °C, the difference was 14 and 25%, respectively.

In comparison to controls, the average sum of anthocyanins in powders produced with
10% carrier addition was 3.8-times lower. Compared to lyophilizates, products after vacuum
drying at 60 and 90 °C retained 16 and 34% less of these constituents, respectively, despite the
inclusion of protective substances. Intriguingly, despite the contrasting levels of these
compounds in control powders and those with a carrier, the percentage difference in the
decrease in anthocyanin content caused by high drying temperature, is markedly smaller in
products where no protective substance - a carrier - was used (9 and 24% lower content,
respectively, for vacuum-dried samples at 60 and 90 °C compared to freeze-dried ones). Such
phenomenon may be linked with other protective mechanisms which could take place in such
a (poly)phenolic-dense matrix under thermal processing, as copigmentation of anthocyanins by
other compounds (Gengdag et al., 2022). In general, among single carriers, maltodextrin
addition resulted in lowest content of anthocyanins when compared to trehalose which led to
powders with the highest amount of these constituents (Castagnini et al., 2021). Among
diblends the average content of anthocyanins was the lowest when inulin-trehalose mix was

applied, while maltodextrin-trehalose blend turned out to ensure the greatest protection for this

group.
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Antioxidant capacity

The antioxidant capacity of extract powders ranged between 88 to 403 and between
61 to 280 mmol Trolox/100 g dm for TEAC ABTS and FRAP measurements, respectively
(Table 3 and Table 4). Despite the discrepancies in results mainly reflected in lower antioxidant
capacity values measured by FRAP method compared to TEAC ABTS assay, which can be
attributed to the different reaction mechanisms underlying the principle of the employed

methods (Pérez-Burillo et al., 2019), a very similar pattern was observed among the samples.

Controls

For control powders, acidified 50% ethanol extraction resulted in the lowest average
values of antioxidant capacity measured by both assays, while the highest were noted for those
obtained with acetone pomace extraction in case of TEAC ABTS measurement and by 50%
ethanol for FRAP method, regardless of drying technique. Independently of solvent type, the
vacuum drying at 60 °C led to powders with the lowest antioxidant properties, while
interestingly, lyophilization and vacuum drying at 90 °C yielded products with relatively higher
average values. However, it needs to be noted that differences between discussed results are not
substantive, and all control samples exerted antioxidant potential on a comparable level. In
general, control powders exerted the highest values, while carrier addition caused
approximately 70% lower antioxidant capacity. One reason for this is lower ratio of preparation
in the drying solution (preparation to carrier agent proportion was 90% : 10%) compared to the
control samples where the preparation was 100%. Another possible explanation is the high
ability of encapsulating materials to protect bioactives (strong (poly)phenolics-wall material
interaction) resulting in a lower response in the in vitro tests, compared to unencapsulated

samples (Radiinz et al., 2019).

Carrier-added powders

For carrier-added products, solvent type did not affect the antioxidative effect exhibited
by these powders to the same extent as in case of (poly)phenolics content or HMF formation
(described below), and therefore differences between recorded average values were barely
noticeable. Taking into account drying technique, the strongest antioxidant capacity was
observed for vacuum drying at 90 °C, while freeze-drying and vacuum drying at 60 °C gave
comparable quality powders, regardless of solvent type. This in turn may be connected to

formation of other Maillard reaction and/or caramelization products such as melanoidins which
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exhibit varying antioxidant potential (Feumba Dibanda et al., 2020). Despite emerging
statistically significant differences between the powders with carrier addition, there are no clear
distinctions or recurring patterns depending on the specific type of carrier/binary mixture.
However, taking into account TEAC ABTS results, it is worth noting that all samples exhibited
considerably higher antioxidant potential compared to cranberry juice powders with 15%
maltodextrin addition (1.21 - 5.15 mmol Trolox/100 g dm) or sugar-free juice extract powders
without carrier agent (71.86 - 188.83 mmol Trolox/100 g dm) obtained by analogous drying
methods (Michalska et al., 2018). Therefore, it can be concluded that sustainable pomace
extract powders obtained both, with and without addition of an encapsulating substance,
constitute a high-value additive with potentially functional properties, which may be used for

improving the quality of the foodstuff.

HMF determination

The presence of hydroxymethyl-L-furfural was confirmed in powders gained after
extraction of cranberry pomace in 30% acetone and acidified 50% ethanol, regardless of drying
technique. In carrier-free powders, the HMF content was 6.7-times higher in 30% acetone
extracts’ products when compared to those produced after usage of acidified 50% ethanol
(Table 3). This was in line with the finding of Bicker et al. (2003) who indicated that water and
acetone mixture promote the rearrangement of carbohydrates to furanoid form influencing
formation of HMF. Only a trace amount of HMF was detected in 50% ethanolic extract
powders. Thus, the solvent applied for cranberry pomace extraction played a key role in
moderation of chemical composition of powders produced. Drying had an influence on HMF
content in powders. Similar to Michalska-Ciechanowska, Brzezowska, et al. (2021) and
Michalska-Ciechanowska, Hendrysiak, et al. (2021) the formation of HMF was confirmed in
freeze-dried fruit-based products. Herein, the usage of 30% acetone for powders production by
freeze-drying resulted in products with 23.4% lower content of this process contaminant than
vacuum drying, regardless of temperature applied. The difference between vacuum drying at
60 and 90 °C was not statistically significant. In the case of acidified 50% ethanol extracts,
drying technique did not differentiate powders in terms of HMF content. It can therefore be
speculated that due to increased stability of anthocyanins caused by acidic environment during
their extraction from the pomace, there was no such significant deglycosylation at later stages,
including drying, resulting in the detachment of sugar residues, which might constitute substrate

for HMF formation (Ertan et al., 2019).
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The average HMF content in products gained with carriers was approx. 4-times and 2-times
lower in, respectively, powders obtained after 30% acetone and acidified 50% ethanol cranberry
pomace extraction (Table 4). Thus, carrier application diminished the HMF formation in
products gained. Among carriers used, the highest content of this compound was noted for
powders with maltodextrin-inulin blend while application of maltodextrin exclusively resulted
in the lowest average HMF content, regardless of the extraction solvent or drying method. In
terms of drying technique, the highest average HMF content was found for freeze-dried
powders, while vacuum drying at 60 and 90 °C reduced it by about 8 and 20%, respectively.
This phenomenon may be attributed to longer time of dehydration during lyophilization (24 h)
compared to vacuum drying at 60 °C (22 h) and vacuum drying at 90 °C (16 h), despite the
temperature difference (Fitzpatrick et al., 2013).

Chemometric analysis

The Principal Component Analysis (PCA) was carried out to distinguish relation between
(poly)phenolics content, including the flavan-3-ols, flavonols, phenolic acids anthocyanins,
antioxidant properties (TEAC ABTS and FRAP) and the content of HMF in powders
considering different solvent used for cranberry pomace extraction and drying techniques. For
control samples (no carrier addition), two principal components (PC) that explained 81.56% of
the total variance were chosen (Figure 6). The PCA biplot showed that control powders can be
grouped into: (1) products made with application of acidified 50% ethanol and dried by freeze-
drying and vacuum drying at 60 °C, (2) powders produced from 50% ethanolic extracts and
dried by freeze-drying and vacuum drying at 60 °C and (3) the rest of powders gained. It can
be concluded that powders belong to the first group are similar in the content of identified
(poly)phenolics, whereas the second group can be characterized in similar content of flavonols
and phenolic acids. Application of vacuum drying at 90 °C, in the case of 50% ethanol and its
acidified counterpart, influence the powders properties that was closed to those produced with

acetone.
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Figure 6. Principal Components Analysis (PCA) biplot that indicates principal components (PC) scores of cranberry extracts
(M- 30% acetone, ® — 50% ethanol, A — acidified 50% ethanol) powders gained by freeze- and vacuum drying. FD — freeze-
drying, VD60 — vacuum drying at 60 °C, VD90 — vacuum drying at 90 °C.

Figure 7a, 7b and 7¢ showed how the type of carrier and drying techniques differentiate
the cranberry pomace extracts powders. In the case of powders produced from 30% acetone
extract (Figure 7a), the drying techniques significantly moderated the composition of powders
pointing that products gained after freeze-drying and vacuum drying at 60 °C, except sample
obtained after vacuum drying at 60 °C with inulin addition, were more similar to each other
than powders obtained after vacuum drying at 90 °C. This confirmed that when the addition of
carriers is considered, the powders can be similar in terms of (poly)phenolics after freeze-drying
and vacuum drying at 60 °C that is linked to the type of carrier used for drying.

In the case of 50% ethanol cranberry pomace extracts (Figure 7b), drying techniques
did not differentiate powders so clearly as in the case of acetone. Samples gained after freeze-
drying, except those produced with addition of maltodextrin and inulin, were more similar in
terms of (poly)phenolics and antioxidant capacity to powders gained after vacuum drying at
60 °C with trehalose addition as single carrier and its blend with inulin and maltodextrin and to
products obtained after vacuum drying at 90 °C with trehalose and maltodextrin-trehalose
blend. Vacuum drying at 60 and 90 °C produced powders with similar properties when inulin

and maltodextrin (or their blends) were used.
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Figure 7. Principal Components Analysis (PCA) biplot that shows principal components (PC) scores of cranberry (a) 30%
acetone, (b) 50% ethanol, and (¢) 50% acidified ethanol extracts powders gained after freeze- and vacuum drying with addition
of carriers. FD — freeze-drying, VD60 — vacuum drying at 60 °C, VD90 — vacuum drying at 90 °C; M — maltodextrin, I — inulin,
T — trehalose, M-I — blend composed of maltodextrin and inulin, M-T — blend composed of maltodextrin and trehalose, I-T —
blend composed of inulin and trehalose

Acidification of 50% ethanol moderate powders properties that was additionally
affected by drying techniques and carrier type (Figure 7¢). Changes in chemical composition
caused by solvent type resulted in differences between powders quality mainly reflected in
procyanidin and HMF content compared to non-acidified counterpart. Vacuum drying at 90 °C
resulted in the lowest retention of (poly)phenolics, but at the same time the lowest content of
HMF, while being the highest in samples after freeze-drying with maltodextrin and its blend

with trehalose.
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Summary

Novel approach of (poly)phenolics stabilization via extraction from cranberry pomace
coupled with application of carriers and conversion by drying into powders, was proposed and
successfully implemented. The most desired physical parameters were reported for vacuum-
dried products, while freeze-drying yielded powders with the highest Mc and a, values, and at
the same time the lowest bulk density. In terms of chemical characteristic, acidified 50% ethanol
was proven to be the most effective extracting solvent for cranberry pomace resulting in the
highest content of (poly)phenolics in powders, while 30% acetone resulted in products with
their lowest amount, and significantly higher hydroxymethyl-L-furfural content. Non-acidified
50% ethanol yielded powders without HMF presence, however along with only trace amounts
of flavan-3-ols. The carrier application diminished HMF formation even down to 74% with
regard to carrier-free samples. Compared to lyophilization, vacuum drying caused a decrease
in (poly)phenolics content, however, these differences were not so distinctive when the
antioxidant properties of powders were evaluated. Amongst carriers tested, the highest sum of
(poly)phenolic groups was recorded for trehalose (among single carriers) and maltodextrin-
trehalose (among blends). Compared to control samples, carrier addition reduced antioxidant
capacity down to 70%. Overall, the feasibility of managing cranberry pomace into high-quality

soluble powders that might serve as potentially functional food additives, was confirmed.

Recommendation: Acidified 50% ethanol should be considered for the extraction of cranberry
pomace, as the highest retention of (poly)phenols and the lowest content of hydroxymethyl-L-
furfural were observed for cranberry pomace extract powders when this solvent was used.
Acetone can no longer be classified as an efficient extraction medium for this plant matrix. The
addition of a carrier can be recommended when the minimization of HMF content is of high
importance. It can be suggested that with appropriate optimization strategies, the proposed
approach has promising prospects for application to the management of other types of wastes

from the fruit and vegetable industry.
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5.2. Stage 11: Plant-based matrix complexity vs. bioactive response and process

contaminants drivers

One of the challenges in understanding the mechanisms responsible for the bioactive
properties exhibited by fruit powders is the cultivar and different content of the constituents
present in the matrix. The chemical composition and structural arrangement of the food matrix
determine different chemical reactivity of the components present in food products, and
consequently may trigger various health-promoting properties (Capuano et al.,, 2018).
Unfortunately, only few papers focus on powdered forms of fruit and there are scarce scientific
reports devoted to comparison of such products obtained from fruit parts, namely whole fruit,
pomace, juice, and sugar-free juice products, considered as different matrices. The recognition
of different fruit parts properties with diverse content of selected bioactives may aid in the
design of new foods or nutraceuticals in an easy-to-handle powder form.

Therefore, the second stage of the study was designed to recognize the effectiveness of
selected components of different fruit matrices (origin and fractional differentiation) in shaping
the bioactive potential of the powders obtained (Supplementary study 2). Moreover, in order
to explore the matrix-originated drivers that influence the formation of process contaminants,
model systems resembling simplified composition of selected fruit juices were used

(Supplementary study 3) (Figure 8).

# g ” s v

Whole fruit Juice Pomace Phenolic-rich juice
preparation

Different s s . . Japanese quince and
Mat lificat
fruit origin atrixstmpfification blackcurrat juice models

Matrix fractionation Model systems

Stage I1

Figure 8. Schematic representation of the differentiating criteria of the matrix used for the study - stage II.

Juice models systems
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5.2.1. Supplementary study 2: Matrix diversification and fractionation

Obtaining fine fruit-based powders requires extensive knowledge about the
physicochemical and structural properties of raw material, as well as the influence of processing
(drying technique and parameters) on the possibility to produce such products (Michalska-
Ciechanowska, Brzezowska, et al., 2021). In the Supplementary study 2, freeze-drying was
chosen for powder preparation since due to the presence of components with a relatively low
glass transition temperature, i.e., sugars and organic acids, it was the only way to produce
powders from liquids without carrier addition. Freeze-drying ensured the retention of bioactives
with the exclusion of the effect of a relatively high-temperature, which may cause changes in
their activity. The intentional exclusion of carrier application during powder obtaining
eliminated any interference caused by interactions between the carrier and bioactive compounds
that may take place during processing (Michalska-Ciechanowska, Brzezowska, et al., 2021).
The emphasis was on the type and content of the selected bioactives present in various fruit
matrices, which presumably act differently depending on the composition of the surrounding
matrix. Capuano et al. (2018) suggested that the chemical reactivity of particular bioactives,
which induce specific potential functional properties, may differ depending on the presence of
other compounds in the matrix. Previously, numerous studies ascribed specific biological
properties of products to individual constituents, while the effect of the entire matrix in which
these compounds are present and may interact with each other was neglected. Therefore, present
study aimed to verify if depending on matrix composition of fruit-based products, effectiveness
of (poly)phenolics and amino acids is heterogeneous in terms of biological properties, including

antidiabetic, antiglycation and antioxidant activities of freeze-dried fruit powders.

(Poly)phenolics

For Japanese quince, among the 4 identified (poly)phenolic groups, the dominant were
flavan-3-ols (monomers and dimers) followed by polymeric procyanidins, flavonols, and
phenolic acids that consisted on average of 49%, 46%, 4% and 1% of all identified compounds,
regardless of the fraction used (Turkiewicz et al., 2021). A significantly higher content of all
(poly)phenolics was indicated for sugar-free juice products, was, on average, 14 times higher
when compared to other parts (Figure 9). Among fruit, juice, and pomace products, the latest
one had the highest content of polymeric procyanidins, while juice powders had the highest

content of phenolic acids, flavonols, and flavan-3-ols. Compared to rosehip, haskap berry, and
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blackcurrant, sugar-free juice product from Japanese quince had the highest content of flavan-

3-ols, polymeric procyanidins, and flavonols (Figure 10).
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Figure 9. The content of (a) flavan-3-ols, (b) polymeric procyanidins, (c) flavonols, (d) phenolic acids, and (e) anthocyanins
in freeze-dried powders gained from different parts of the Japanese quince, rosehip, blackcurrant and haskap berry [g/100 g
dm]. SFJP — Sugar-free juice product; J — Juice, P — Pomace; F — Fruit

In rosehip powders, polymeric procyanidins consisted of more than 70% of the
identified (poly)phenolics, regardless of the fruit fraction (Figure 9). Previously,
(poly)phenolic characterization of rosehip fruit extract was done and flavonols were found to
predominate, however, procyanidins were not analyzed in that study (Kerasioti et al., 2019).
Herein, the procyanidins content was, on average, 1.6 times higher in juice and sugar-free juice

product as well as 3.9 times higher for fruit and pomace compared to flavan-3-ols (Figure 9).
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This indicates a higher content of flavan-3-ols in powdered juice and its sugar-free juice
product. The phenolic acids content was less than 1% of all (poly)phenolics. Flavonols were

only detected in fruit powders among rosehip products.
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Figure 10. The two-dimensional Principal Component Analysis (PCA) biplots present PC scores of powders from (a) all fruit
fractions (SFJP, J, P, F), and (b) J, P and F fractions only, which are displayed as a yellow (JQ) / orange (RH) / purple (BC) /
blue (HB) color mark point, as well as loadings of explanatory variables (vectors). The length of the vectors reflects the variance
of the variables, whereas inter-vector angles indicate correlations between them (e.g., small inter-vector angle signifies strong
positive correlation). POLY — sum of (poly)phenolics; JQ — Japanese quince; RH — Rosehip; BC — Blackcurrant; HB — Haskap
berry; SFJP — Sugar-free juice product; J — Juice; P — Pomace; F — Fruit; TEAC ABTS — Trolox Equivalent Antioxidant
Capacity by ABTS; FRAP — Ferric Reducing Antioxidant Potential
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For blackcurrant and haskap berry, five major groups of (poly)phenolics were
quantified: anthocyanins, flavonols, flavan-3-ols (monomers and dimers), procyanidins, and
phenolic acids. In blackcurrant powders, the dominant group was anthocyanins (on average,
approximately 52% of all identified (poly)phenolics) which was also found previously for
blackcurrant juice powders with carrier additives, followed by procyanidins (approximately
39%) (Michalska et al., 2019). Flavonols and flavan-3-ols consisted, on average, of 4% each,
followed by phenolic acids whose content was below 0.9%, regardless of fraction. The
anthocyanin content was dominant in juice and sugar-free preparations powders that was
1.9 times higher compared to fruit and pomace. A similar relation was observed for phenolic
acids, flavonols and flavan-3-ols. For the haskap berry, fruit fractionation resulted in significant
differences in the percentage share of the identified (poly)phenolics. In whole fruits and juice
powders (Figure 9), the highest percentage share of flavan-3-ols was indicated (approximately
48% of all quantified (poly)phenolics) followed by anthocyanins (24%), phenolic acids (15%),
flavonols (8%) and procyanidins (5%). A similar trend was presented for Lonicera caerulea L.
products by Oszmianski et al. (2016). In pomace and sugar-free juice product quantities of
groups were in the following order: anthocyanins > flavan-3-ols (monomers and dimers) >
procyanidins > phenolic acids > flavonols. Furthermore, among all analyzed fruits and their
fractions’ powders, the highest content of phenolic acids was indicated for the products of
haskap berries (Figure 9 and 10).

The two-dimensional biplot (Figure 10a) grouped powders produced from different
types and fractions of fruits by (poly)phenolics and antioxidant capacity: (1) sugar-free juice
product from Japanese quince were particularly rich in flavan-3-ols, polymeric procyanidins
and flavonols, (2) haskap berry and blackcurrant sugar-free juice product that have the highest
content of anthocyanins and phenolic acids, and (3) other fruit-based products, excluding sugar-
free juice product (Figure 10a). To estimate the grouping with the exclusion of sugar-free juice
product, the PCA analysis was also performed for fruit, juice and pomace powders from four
types of fruits (Figure 10b). The score plot of PC1 versus PC2 explained 85.14% (PC1 =57%
and PC2 = 28.14%) of all variations in the experimental data set. Based on that, 3 groups of
powders were distinguished: (1) haskap berry fruit, juice, and pomace, which are particularly
rich in (poly)phenolics, (2) rosehip fruit and juice, Japanese quince fruit, which are
characterized by high content of polymeric procyanidins, and (3) blackcurrant fruit, juice,
pomace, and rosehip and Japanese quince pomace, indicating that these samples were different

from others in terms of their chemical composition.
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Amino acids

Previously, the amino acid profile was presented for fresh fruits of Japanese quince
cultivars and rosehip (Turkiewicz, Wojdyto, Tkacz, Lech, et al., 2020; Ikhsanov et al., 2021).
Here, for the first time the determination of these compounds was carried out in different parts
of the fruit and 21 amino acids were identified and quantified (Table 5). Their content
calculated as the sum of individual compounds, ranged from 135 to 1368 mg/100 g dm, for
Japanese quince fruit and sugar-free juice product, respectively. Mandrioli et al. (2013) pointed
that any processing, hence also mild heat treatment such as freeze-drying, can alter profile and
content of amino acids, e.g., by protein and peptide hydrolysis or formation of sugar-amino acid
adducts (Amadori compounds). Therefore, it is of great importance to scrutinize the amino acid
profile of dehydrated fruit products and their fractions, which may differ from their fresh
counterparts. Among the parts of the fruit, the lowest amino acid content (excluding Japanese
quince products) was observed for the pomace powders for each type of fruit, indicating an
influence of processing on their content in freeze-dried powders.

Amino acids can be divided in terms of their nutritional value as essential (13 — 685
mg/100 g dm) and non-essential (121 — 1278 mg/100 g dm) (Table 5). The powders obtained
from sugar-free juice product had the highest ratio of essential to non-essential amino acids,
whose shares decreased in the following order in products from: rosehip (65%) > Japanese
quince (50%) > blackcurrant (46%) > haskap berry (26%). Within a particular raw material,
one predominant amino acid cannot be distinguished in the powders of each fruit fraction. It
may be linked to the structure of the amino acid side chain, which defines its affinity for water
as well as the water-ethanol mixture, and thus its presence in each fruit fraction used for powder

preparation (Bowden et al., 2018).
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Table 5. Content of amino acids in freeze-dried fruit powders [mg/100 g dm].

Ami Japanese quince Rosehip Blackcurrant Haskap berry

mino

acid SFJP Juice Pomace Fruit SFJP Juice Pomace Fruit SFJP Juice Pomace Fruit SFJP Juice Pomace Fruit

Essential amino acids
Thr 5.54+0.08 0.54+0.02° 3.60+0.17° 3.74+0.08° 6.91+0.19¢ 2022+0.70" 4.99+0.07 "% 1476 +0.41° 8.89+0.19°¢ 22.06+0.61" 5.87+0.16 18.23+0.63 ¢ 4.84+0.20" 18.74+£0.26 ¢ 13.95+£0.20° 20.49+£0.57"
Lys 39.00+£0.55" | 7.290+£025%¢ | 7.03+0.34" 4.58:£0.10" 17.82+049¢ 8.74+030 * 5.88+0.08 ™ 4.910.14 ™ 53.08 % 1117 6.96+0.19 ™ 248+0.07° 6374022 49.13£2.02° 11.29+0.16" 6.94+0.10 ™ 9.66+0.27 ¢
Met 484.28+6.78 " 1.09 +0.04° 27.20+1.30¢ 12,66+ 0.26 2.59+0.07° 0.39+0.01° 229+0.03° 6.12+£0.17% 50.20 +1.05°¢ 0.87+0.02° 0.62+0.02° 1.66 +0.06 * 16.5+0.68 ¢ 0.77£0.01° 0.38+£0.01° 0.68+0.02°
Val 27.68+0.39 0.44+0.02° 7.28+035° 5.40+0.11° 2.28+0.06° 23.25+0.80 % 5.80+0.08 ° 21.36+0.59¢ 67.07+1.40" 22.01+0.61¢ 7.14+£0.20° 20.94+0.72¢ 43.58+1.80¢ 23.08 £0.32 % 16.24+023° 25.07+0.70
Ile 11.65+0.161 1.10+0.04 ® 1.76 +0.08 0.96+0.02 1.30+0.04 10.58 £0.36" 3.28+0.05°¢ 14.46 +0.40 1.88+0.04° 13.81+0.38/ 429+0.12¢ 11.11+0.38" 325+0.13° 5.27+0.07° 9.26+0.13 ¢ 6.67+0.18
Leu 12.06+0.17 ¢ 0.92+0.03° 2.07+0.10° 0.86+0.02° 3.59+0.10°¢ 13.91+0.48" 3.51+0.05°¢ 5.90+0.16 ¢ 9.09+0.19°¢ 6.16+0.17¢ 448+0.12°¢ 429+0.15°¢ 15.06 £0.62 1496 £0.211 20.40 £ 0.29 10.59+0.29 F
Phe 30.03+0.42¢ 0.80 +0.03 * 255+0.12%® 1.63+0.03° 106.89 £2.96 " 16.59+0.57 5.30+0.07 ¢ 8.38+0.23 %4 127.52+2.67" 6.39+0.18 ¢ 3.40+0.09 ® 4.81+0.17% 11274 £4.64" 11.48+0.16% 19.38£0.27 "1 9.83+0.27%
Trp 74.42+1.04° 156+ 0.05 237+0.11° 1.40+0.03° 315.22+8.74" 3537+122% 17.50 £0.25 b 25.00 +0.69 < 252.17+527¢ 1137+032% 3.75+0.10° 10.86 +0.37 37.55+1.55°¢ 2.92+0.04° 6.58+0.09° 6.74+0.19°
Sum 684.66+9.59 " 13.75+0.47 * 53.85+2.58" 31.23+£0.65% EBEDE 1266 129.05 +4.45 ¢ 48.55+0.68 ° 100.88 +2.80 ¢ 569'905 0 89.65+2.49 ¢ 32.03 £0.89 ® 7829 +2.70 ¢ AR 1LEY 88.50 + 1.24 ¢ 93.13+1.30°¢ 89.72+£2.49 ¢
Non-essential amino acids

Asn 2.12+0.03 % 1.55+0.05° 17.07+0.82¢ 2.66 % 0.06 3.44+0.10% 154.93 £5.34°¢ 2499+035°¢ 7476 +2.07° 13.04 027 7.62+021% 1.88+0.05 630022 30.07+1.24° 5.65+0.08 6.47 +0.09 6.82+0.19
Arg 0.91+0.01* 0.51+0.02° 334+0.16 % 1.37+0.03 % 558 +0.15¢ 4758 +1.641 13.46+0.19° 1529+042° 9.41+020° 5.14+0.14 % 3.24+0.09 ™ 2.80+0.10 3311+ 136" 10.99+0.15° 25.49£0.36" 19.47+0.54 ¢
Ser 15.49 £0.22% 3.11+0.11° 15.89+0.76 ™ 6.71+0.14° 5.07+0.14° 25.89+£0.89 ¢ 8.57+0.12% 17.83 £0.49 < 1.45+0.03° 8537+237° 19.66 +0.55 * 95.27+3.29¢ 2474 +1.02¢ 204.92+2.87" 59.12+0.83° 234.56 % 6.50 ¢
Gln 15.03+0.21 % 7.61+£0.26° 8.38+0.40° 13.45+0.28° 6.97+0.19° 56.24 +1.94 10.77+0.15° 34.25+£0.95" 5437+1.14¢ 202.74+5.62¢ | 4503+125% 158.46+5477 | 24.02+099® | 48517+6.79" 12570+ 1.76 575.27+15.951
Gly 2.42+0.03% 0.99 +0.03 * 16.45+0.791 528+0.111% 6.41+0.18 " 19.41 £0.67 % 891+0.121 6.84+0.19" 3.91+0.08 % 7.56+021" 472+0.13 ¢ 6.70+023" 1.28 +£0.05 % 7.04+0.10" 24.40 +0.34" 3.33+0.09
Asp 13.04+0.18 % 5.71+020° 15525 +7.421 48.95+1.02° 19.39 + 0.54 bed 81.08+2.80" 21.77+0.30 “%© 48991367 16.37 £0.34 30.70 +0.85 ¢ 11.20+0.31 % 4528 +1.56 " 11091 £4.571 63.09+0.88 ¢ 26.92 +0.38 % 44.45+£1.23°
Glu 14.83+0.21° 492+0.17° 3.82+0.182 22.61+£047°¢ 13.18£0.37° 351141219 11.62+0.16° 58.63+1.63F 19.52+0.41°¢ 50.78 £ 1.41°¢ 20.32+0.56 ¢ 67.67+2.33 ¢ 6.21+0.26° 87.13+£1.22°1 34.73+£0.49 ¢ 75.89+£2.10"
Ala 12.87+0.18"° 0.00 % 0.00 * 30.19+1.44 4 21.08+0.44°¢ 16.97 £0.47 4778 £1.65°¢ 15.99 £0.22 % 15.44 +£0.43 b 3.91+0.08° 127.57 +3.54 ¢ 36.45+1.01¢ 121.81+4.20¢8 11.02+0.45° 80.89+1.13° 4379 £0.61° 82.47+229F

GABA 9.60+0.13 0.00 % 0.00 * 15.07+0.72°¢ 33.02+0.69 % 9.79+0.27 % 68.49+236" 28.52+0.40¢ 18.05+0.50 ¢ 1.58+0.03 12543 +3.48" 38.73+1.07° 144.54 £4.991 115.06 +4.74 ¢ 160.19 +2.24 60.37+0.85° 158.09 £ 4.387
Pro 144.63 £2.03 1 8.67+0.30° 332+0.16° 7.96+0.17 % 5.76+0.16 ® 34.13+1.18¢ 1024 +0.14 ¢ 9.64+027°¢ 37.03+0.77" 16.87+0.47 ¢ 5.49+0.15%® 16.74 +0.58 8.08 +0.33 > 20480411 14.01+£0.20¢ 332240928
Orm 367.45+5.151 72.40+2.50° 3330+ 1.59 29.91+0.63 % 152.04+£4.22¢ 4829+1.67¢ 38.84+0.54 37.86+ 1.05 %4 390.89 +8.177 20.24 +0.56 14.55+0.40° 12241+4.22° 3349+ 13.79" | 22.65+0.32% | 3823+0.54%¢ 33.7240.94 4
Tyr 57.87+0.811 1438 +0.50 & 16.04+0.77" 1556 £0.33 " 1.27+0.04° 1.92+0.07 3.80 % 0.05 >4 3.96+0.11% 5493+ 115" 14.25+0.40 & 4.64+0.134¢ 12190421 13.58 £0.56 3.36 4 0.05 >4 7.65+0.11°¢ 2.29+0.06
Hcys 26.71+0.37¢ 130+ 0.04° 0.97+0.05 6.37+0.13% 0.00 +0.00 * 1.25+0.04° 4.62+0.06 ™ 1.59+0.04° 50.29+1.05°¢ 236+0.07 1.36+0.04° 226+0.08 11230 £4.63 8.99+0.13 ¢ 3.66+0.05 8.79+0.24°¢
Sum 682954956 | PLITEAI 510100 1506¢ | 2149144400 | 24587+6820 | SP2O0FZLA6 1 ogy 11angst | 3a3a3wgsie | SSOTLEINT | 696641932 1y 0, 5g5n | 80244%227.68 | 825.2833.99 1116693'25,,* 47054+ 6599 | 1278.37+3545"
um of . .

S AA 1367.60£19.151 | 13492465 | 305 06 17.84c | 2461415040 | T0240F1948 | TSLIAEDSOL | g, G0l 35y | 4440151231 122566‘;1.,* 7862822180 | y3935 46640 | 880.73%3038 12273‘3; 12157%25}.* 563.67+7.89¢ | 1368.10£37.94°

SFJP — Sugar-free juice product; Thr — Threonine; Lys — Lysine; Met — Methionine; Val — Valine; Ile — Isoleucine; Leu — Leucine; Phe — Phenylalanine; Trp — Tryptophan; Asn — Asparagine; Arg — Arginine; Ser
— Serine; Gln — Glutamine; Gly —Glycine; Asp — Aspartic acid; Glu — Glutamic acid; Ala — Alanine; GABA — y-Aminobutyric acid; Pro — Proline; Orn — Ornithine; Tyr — Tyrosine; Heys — Homocysteine; AA —
Amino acids; a, b, c, ... — different letters within groups standing for different fruit fractions i.e., Sugar-free juice products, Juice, Pomace, Fruit indicate significant differences (ANOVA, HSD Tukey, p > 0.05).
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For berry powders (blackcurrant and haskap berry), sugar-free juice product had the
highest ornithine content, while glycine predominated in other fruit fractions. The fact that
glycine did not prevail in sugar-free juice product as well, may be due to their obtainment
procedure from juice. Glycine, as the smallest amino acid, can be easily removed from the
absorption resin bed with water, which is used to leach out sugars and other ballast substances.
Kammerer et al. (2010) noted the effect of amino acids (and sugars) on binding of
(poly)phenolics, and thus their recovery, which was reduced in most cases. This may indicate
a possible interaction of amino acids (including glycine), resulting in a decrease in their content
in the final fraction of sugar-free juice product. For Japanese quince juice powders, compared
to other factions, no alanine and y-aminobutyric acid (GABA) were found, which was not
observed for other fruit types. It may indicate their presence mainly in the solid parts of this
fruit and a trace amount in the juice, which are concentrated only after process of obtaining
(poly)phenolic preparation and can be determined in this powder. Sugar-free juice product
powders were the most abundant in methionine and ornithine, juice powders in ornithine, while
pomace and fruit powders in aspartic acid (Table 5). On the contrary, Turkiewicz, Wojdyto,
Tkacz, Lech, et al. (2020) found asparagine to be the predominant amino acid in fresh fruits of
Japanese quince and aspartic acid as the second in terms of content. These differences may be
attributed to intervarietal differences in composition, harvest time, degree of maturity, and/or
processing-induced changes, as asparagine and aspartic acid share a common metabolic
pathway. The same pattern can be seen for rosehip whole fruit powders, which contained
glutamic acid as the predominant amino acid, while for fresh fruits, Ikhsanov et al. (2021) found
glutamine as a prevailing one. This suggests that freeze-drying may evoke some alterations
which eventually led to changes in amino acid profile. To date, transformation of asparagine
and glutamine into aspartic and glutamic acid by acid hydrolysis and with the participation of
enzymes, that is, asparaginase and glutaminase, has been reported in the literature (Orabi et al.,
2019). There are no reports that discuss drying-induced transformations of this type. For the
rest of rosehip fractions’ powders, the predominant amino acids in the powders were asparagine
in juice, ornithine in pomace, and tryptophan in sugar-free juice product. The latter product
seems very attractive due to its abundant content of essential amino acids, tryptophan, which
was recognized by Kumar et al. (2019) as one of the most deficient in food plants.
Homocysteine was not found in sugar-free juice product; however, its content in samples from
other rosehip fractions was one of the lowest, among other amino acids.

For a deeper recognition of the presence and content of essential and non-essential

amino acids in each matrix of fruit-based products, the PCA analysis was performed
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(Figure 11). PC1 and PC2 were chosen, which explained 56.83% of the total variance. The
sugar-free juice product of haskap berry, blackcurrant and Japanese quince significantly
differed in terms of amino acids analyzed from the rest of the powders. In these products, 5 out
of 8 identified essential amino acids were recorded at higher concentrations than in other fruit
fractions. However, the freeze-dried fruit and juice powders of haskap berry and blackcurrant
were similar in terms of y-aminobutyric acid, serine, glutamine, threonine, glutamic acid and
alanine content. This points to that fruit processing, i.e., juicing and further modification of the
matrix (preparation of sugar-free juice product), result in significant changes in the amino acid

profile and content in the powders.
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Figure 11. The two-dimensional Principal Component Analysis biplot presents PC scores of powders from all fruit fractions
(SFIP, J, P, F) displayed as a yellow (JQ) / orange (RH) / purple (BC) / blue (HB) color mark point, as well as loadings of
explanatory variables (vectors). The length of the vectors reflects the variance of the variables, whereas inter-vector angles
indicate correlations between them (e.g., small inter-vector angle signifies strong positive correlation). JQ — Japanese quince;
RH — Rosehip; BC — Blackcurrant; HB — Haskap berry; SFJP — Sugar-free juice product; J — Juice; P — Pomace; F — Fruit;
Essential amino acids (marked in red): Thr — Threonine; Lys — Lysine; Met — Methionine; Val — Valine; Ile — Isoleucine; Leu
— Leucine; Phe — Phenylalanine; Trp — Tryptophan; Non-essential amino acids (marked in black): Asn — Asparagine; Arg —
Arginine; Ser — Serine; Gln — Glutamine; Gly — Glycine; Asp — Aspartic acid; Glu — Glutamic acid; Ala — Alanine; GABA —
y-Aminobutyric acid; Pro — Proline; Orn — Ornithine; Tyr — Tyrosine; Hcys — Homocysteine; AA - Sum of amino acids
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Antioxidant capacity

Sugar-free juice product powders exhibited the highest antioxidant capacity values
measured by the TEAC ABTS and FRAP assays, while pomace powders, excluding samples
obtained from haskap berry, were the lowest (Table 6). This may be due to the high content of
anthocyanins that are consider as strong antioxidants, being mainly distributed in the skins of
haskap berry fruits, thus in the pomace fraction (Fujita et al., 2020). This was confirmed by
a strong positive correlation between the TEAC ABTS and FRAP values and the content of this
group of (poly)phenolics when checked only for haskap berry products (Figure 16).
Concerning the powders of each raw material, a strong relationship was observed between
antioxidant capacity and each (poly)phenolic group (r > 0.9), with the exception of flavonols
in rosehip products due to their trace amount (Table 6).

The amino acid content was correlated with the antioxidant properties of the selected
powders. For Japanese quince products, the positive correlation was almost linear (» = 0.98),
while no dependence was reported for haskap berry powders (Figure 13 and 16). The amino
acid content present in the specific fraction of the haskap berry powders was significantly higher
for the juice, pomace, and whole-fruit fractions than for the Japanese quince products, while
that of the sugar-free juice product powders was on a similar level. This suggests that not the
content but the specific profile of amino acids determine the ability for scavenging selected free
radicals of powders tested. For the first time, a strong correlation was found between ornithine
content and antioxidant capacity measured by TEAC ABTS and FRAP methods (» = 0.93) for
all samples. A similar observation was made in the case of the lysine and phenylalanine content,
while, on the contrary, alanine showed a moderate negative correlation (Figure 12). It was
proven that the antioxidant activity of specific amino acids depends on the properties of their
side chains and that amino acids with (poly)phenolic groups exhibit greater antioxidant ability

than others (Matsui et al., 2018).
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Table 6. Antioxidant, antidiabetic and antiglycation properties of freeze-dried fruit powders.

Antioxidant capacity

Antidiabetic activity

Inhibition of

Inhibition of

BSA-fructose

Antiglycation activity

BSA-glucose

BSA-MGO model

BSA - L-arginine

Fruit type Fraction TEAC ABTS FRAP a-alr}y.lase a-glucps.idase model system model system system model system
activity activity
[mmol Trolox/100 g dm] ICso [mg/mL] [% inhibition]
SFJP 430.72 +£20.09 f 299.18+7.49¢ 0.73+£0.27" 1.07 £0.58" 94.33+0.16 86.85+0.57¢ 90.69 +0.05! 92.28 £0.601
Juice 22.54 +0.46 23.16 + 1.48 ab¢ 6.97+0.10¢ 6.01 £0.11 ¢ 92.47+0.02h 77.42+£0.22 % 58.89+1.261 65.83+032h
Japanese quince

Pomace 16.34+0.132 12.90 £0.21 @ 11.15+£0.14%  11.08 +£0.39 < 89.42 +0.08 ¢ 74.13 +£0.04 4 40.45+0.73 ¢ 42.87+0.20¢

Fruit 33.86 £ 0.60 2 26.60 +0.28 b 463+034F 1450+ 1.49% 91.88 +£0.06 ¢ 78.54 +1.65 f 5297+1.15¢" 55.12+0.19°¢

SFJP 308.31+3.66¢ 245.12 £ 8.60 © 2.57+0.24¢ 1.37+£0.07 & 93.83+0.111 80.23 £0.15¢ 73.75+0.69 84.00+£0.56
Roschip Juice 47.20+£0.49° 48.60+1.20¢ 8.60+£0.09¢ 1421+1.54% 86.58 +0.00® 60.55+1.14° 48.50 £ 1.65 55.60 +0.59 <f
Pomace 12.81+0.542 10.40+0.03 2 9.50+£0.61¢ 11.32+0.13« 86.66 £ 0.06 ® 68.30+0.31° 27.82+£0.302 28.84+£2.02%

Fruit 37.63+£2.46%® 3334+£1.52¢ 12.74+£0.28°%  3.92+0.22 fh 86.80 +0.02 b¢ 64.78 £0.29 b 36.17 +£0.36 < 37.35+£2.09°

SFJP 373.51+10.89 ¢ 289.22+9.45¢ <0.05" 0.74+0.01" 93.14+0.121 80.89 £0.14 <f 83.16 £ 0.63 91.63+£0.651

Blackeurrant Juice 23.21+0.50 % 19.25 £ 0.43 ab¢ <0.05" 5.75+0.15¢ 87.12+0.09 © 66.73 £0.67 > 41.88+£321¢% 38.94 +£0.82 «
Pomace 1435+0.952 11.72£0.18 @ <0.05" 8.99 +0.54 4 85.39+0.242 63.41+£022% 29.20 +£2.33 % 24.84+£1.902

Fruit 17.59+0.36 2 1532+£0.57 % 554+033¢  16.66+1.48° 86.94 +0.10 b 66.05+£0.15"b° 34.34+£0.90 > 30.02+0.17°

SFJP 273.27+13.08 ¢ 269.10+1.36 F 1.09+£023" 0.29 +£0.14" 94.99+£0.06! 88.63+0.48 ¢ 89.07 £0.04! 93.92+0.031

Haskap berry Juice 23.47+0.16 % 22.53 +£0.85 ab¢ 8.79+£0.60¢  535+0.15°% 91.38+0.19f 81.20+0.49 5777+ 1.91h 62.75+0.28 ¢
Pomace 22,92 +£0.88 % 21.64 +0.24 ¢ 577022  31.54+3.23° 90.81 +0.06 © 79.65 £ 0.34 < 45.63+2.57° 54.05+1.17¢

Fruit 25.91+0.40 @ 25.3 £0.00 2 6.46+0.284%  557+0.18 °f 90.82+0.11°¢ 79.69 +£2.84 ¢t 54.74 +£0.36 N 59.31+0.64 f

SFJP — Sugar-free juice products; TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric Reducing Antioxidant Potential; BSA — Bovine Serum Albumin; MGO —
Methylglyoxal; ICso — Sample concentration for 50% reduction of enzyme activity; a, b, c, ... — different letters within groups standing for different fruit fractions i.e., Sugar-free juice products, Juice,
Pomace, Fruit indicate significant differences (ANOVA, HSD Tukey, p > 0.05)
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o-Amylase and a-glucosidase inhibiting activity

The ability of the powders to inhibit a-amylase and a-glucosidase activities, varied
depending on the type and fraction of the fruit. The ICso values of the powders for inhibiting
a- amylase activity ranged from < 0.05 to 12.5 mg/mL, and were the strongest for blackcurrant
pomace powder, juice, and sugar-free juice product, while the rosehip fruit powder exhibited
the weakest (Table 6). No recurring pattern was observed in terms of creation of a-amylase
inhibition potential by type of fraction, as was observed in the case of a-glucosidase inhibiting
activity for blackcurrant and Japanese quince products (described below). Previously
Turkiewicz et al. (2021) examined a-amylase activity inhibition in Japanese quince
(poly)phenolic products, however, in the current study a comparison of antidiabetic activity of
different fruit fractions was made for the first time. Sugar-free juice product powders had the
strongest o-amylase and a-glucosidase activity inhibition, which could be ascribed to the
highest content of (poly)phenolics (Figure 9). A possible mechanism of action may be
connected with a complex formation between (poly)phenolics and enzymes by means of non-
covalent interactions such as van der Waals forces or hydrogen bonding (Papoutsis et al., 2021).
When a-glucosidase inhibiting activity was examined both, the strongest and the weakest
ability was noted for the haskap berry products, attributed to sugar-free juice product and
pomace powders with ICso values of 0.29 mg/mL and 31.54 mg/mL, respectively, while juice
and whole fruit powders showed ability at a comparable level of 5 mg/mL. In blackcurrant and
Japanese quince products, a-glucosidase inhibition ability decreased in the following order:
sugar-free juice product > juice > pomace > whole fruit. However, for rosehip powders, the
reverse trend was observed, with the exception of sugar-free juice product.

All blackcurrant products exhibited a stronger ability to inhibit a-amylase than
a- glucosidase. Three out of four powders showed the strongest inhibitory effect against
a- amylase (ICso < 0.05 mg/mL), while for fruit this ability was weaker. On the contrary to
a- glucosidase (» > 0.72 in the case of each (poly)phenolic group, and » = 0.63 for polymeric
procyanidins), no significant correlation was found between a-amylase inhibiting activity and
each specific group of (poly)phenolics in blackcurrant powders (Figure 15). This could be
attributed to the complex and synergistic effects of other compounds present in blackcurrant
powders, including, among others, water-soluble fiber (mainly pectins), some vitamins or
minerals, as well as sugars and organic acids that can be expected to be present in the extracts
analyzed. For instance, Xu et al. (2018) found that hypoglycemic activities can also come from

basic components, i.e., polysaccharides. A divergent relationship was observed for haskap berry
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products with respect to their ability to inhibit a-amylase activity, where each (poly)phenolic
group appears to have a relatively significant effect (» > 0.73), with a strong correlation for
procyanidins ( = 0.99) and anthocyanins ( = 0.92) (Figure 16). These powders showed
a stronger ability to inhibit a-glucosidase, with the exception of pomace products, for which
a- glucosidase inhibiting activity was over five times weaker than a-amylase inhibiting activity.
It was previously shown that anthocyanin-rich bilberry extract exhibited a-amylase and
a- glucosidase inhibiting activities by changing the structure of the enzyme, thereby reducing
its stability (Jietal., 2021). These two groups did not show such a strong effect on a-glucosidase
inhibiting activity (» = 0.12 for procyanidins; » = 0.48 for anthocyanins) for haskap berry
products (Figure 16). One likely reason may be the selectivity of action of individual
(poly)phenolic compounds in a given model system applied to mimic particular antiglication
stage. Zhu et al. (2020) pointed out that flavonols exhibit selective inhibition performance
against enzymes depending on their origin. Different (poly)phenolic profiles depending on the
fruit raw material used, which also takes into account differences in the structure of individual
compounds, including anthocyanins and procyanidins, may result in contrasting mechanisms
of action on a particular enzyme (Papoutsis et al., 2021). A slightly different relationship was
found from that of the berry products for the Japanese quince. Powders obtained from this
whole-fruit fraction exerted approximately three times greater a-amylase than a-glucosidase
inhibiting activity, while for powders from other fractions ability to inhibit both enzymes was
similar. Strong links were demonstrated between each specific (poly)phenolic group and both
activities tested (Figure 13). It may be assumed that the matrix of this pome fruit was much
more conducive to interactions between compounds and both enzymes compared to the
matrices of the discussed berry fruit. Diez-Sénchez et al. (2021) showed that the bioaccessibility
of blackcurrant (poly)phenolics from pomace was better than from (poly)phenolics pomace
preparations depending on the type of matrix used (model systems: water; wheat starch; olive
oil; whey protein; all ingredients). A single-nutrient-based matrix favored bioaccessibility
compared to an all-nutrient matrix, with the greatest effect found for protein-based matrix
composition. It was indicated that the matrix interacted with (poly)phenolics and thus
determined their ability to undergo subsequent reactions. For rosehip products, sugar-free juice
product and whole-fruit powders showed higher a-glucosidase inhibiting potential. However,
for the juice and pomace powders, the effect was the opposite. Stronger relationships were
found between the identified (poly)phenolic groups and a-amylase than o-glucosidase
inhibiting activity, excluding flavonols, for which no correlation was found (Figure 14) that

could be due to their trace amounts in the samples (Figure 9c).
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All (poly)phenolic groups found in blackcurrant products were responsible for
a- glucosidase inhibiting activity, comparably. Anthocyanins and procyanidins found in haskap
berry powders were strongly correlated with a-amylase inhibiting activity, while phenolic acids
affected more intensely the ability to inhibit a-glucosidase. In contrast, for rosehip powders,
phenolic acids, flavan-3-ols, and procyanidins have a strong effect on inhibiting a-amylase
activity. Finally, Japanese quince products were found to be comparatively effective in
suppressing both a-amylase and a-glucosidase activities. Nowicka et al. (2016) proved that for
Prunus products a-amylase inhibiting activity was affected by the anthocyanins and flavonols
content, while the ability to inhibit a-glucosidase activity was created by flavan-3-ols. However,
taking into account observed differences between effects of specific (poly)phenolic groups on
the enzymatic activity tested, it should be emphasized that the composition of the matrix is
crucial. Therefore, when creating fruit products with programmed antidiabetic potential, their
(poly)phenolic-hypoglycemic property relationship should be considered in broader context,
including full matrix composition.

No significant correlation was found between the two antidiabetic activities tested
(Figure 12), indicating dependence on different constituents. Differences in demonstrated
properties between powders may also be due to the complexity of the process used for their
preparation, as the proportions and profile of constituents present in the matrix that exhibit
favorable activities can be changed (Papoutsis et al., 2021). For example, obtaining whole-fruit
powder involved merely fruit freeze-drying and grinding into powder, while preparation of the
(poly)phenolic-rich extract product from juice included a number of steps, each of which carried
further modification of the composition and thus the resulting properties.

The probable antidiabetic effect of fruit powders can also be ascribed to some specific
amino acids (Table 5). Poovitha & Parani (2016) reported satisfactory in vitro a-amylase and
a-glucosidase inhibition effects for bitter melon protein extract. Although no specific
mechanism of action was proposed, the proteolytic activity of the extract toward these two
enzymes was excluded. Despite the fact that plant-based proteins and peptides are abundantly
described in the literature as molecules with significant antidiabetic potential unfortunately,
there is little data on the hypoglycemic effect of individual amino acids, especially when it
comes to dried fruit products (Patil et al., 2020). In general, considering all types of fruits and
their fractions, no significant correlations were found between the sum of amino acids and the
activities tested, but when considering each amino acid separately, the definitely distinctive
among others was the negative correlation between glycine and a-glucosidase inhibiting

activity (» = —0.77) (Figure 12). The accelerating effect of glycine on xylanase activity has
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previously been reported; however, this is the first time such an effect of this amino acid has
been reported on a-glucosidase activity (Deguchi & Koumoto, 2011). Due to the different
content of individual amino acids in powders from selected fruits, it would be misleading to
assign a noted relationship to each matrix. Therefore, to fully comprehend the influence of the
fruit raw material matrix on the effects of individual amino acids on enzyme activity, it is
necessary to consider them on the basis of fruit-specific raw material. Consistently, in the case
of haskap berry, a high negative correlation was reported between ability to inhibit
a- glucosidase activity and glycine content, although it was not the predominant amino acid
(Figure 16). Similar observation was made for rosehip products (Figure 14). For Japanese
quince powders, negative correlation was noted for glycine and a-amylase inhibiting activity
(r=—0.75) (Figure 13), while for blackcurrant products no significant relationship was found
between this amino acid content and the two antidiabetic activities tested (Figure 15). Some
amino acids such as lysine, phenylalanine, or tryptophan were also found to show positive
correlations with a-amylase/a-glucosidase or both inhibiting activities, depending on the fruit
raw material (Figure 13-16). Ambiguous effects of selected amino acids, e.g., arginine, proline,
tyrosine, on antidiabetic properties have also been observed. This strongly suggests selectivity

of the action of a given amino acid on the enzymes tested depending on the fruit matrix.

Antiglycation properties

The powders analyzed were able to inhibit the formation of advanced glycation end
products (AGEs) at a level greater than 60% for the BSA-glucose model and greater than 85%
for the BSA-fructose model (Table 6). The strongest ability exerted sugar-free juice product
powders and in the BSA-glucose system, these products obtained from haskap berry and
Japanese quince proved to be stronger antiglycation agents than aminoguanidine (10 mM)
applied as positive control, while, in the BSA-fructose system, only powders of whole fruit,
juice and pomace fractions prepared from blackcurrant and rosehip raw material appeared to be
weaker than aminoguanidine. Previously, greater antiglycation ability was found for three
individual flavonoids (luteolin, quercetin, rutin) among ten tested, when compared to
aminoguanidine (Wu & Yen, 2005). Considering that tested matrices are a powder-concentrated
source of various (poly)phenolics and also other components such as polysaccharides which
may exhibit strong antiglycation activity, their amplified antiglycation effect may be due to

their joint actions (Xu et al., 2016). This confirmed that for the multicomponent matrix,
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biological effects should be linked to composition and interactions between different
components rather than to the action of individual compounds.

The second model system used (BSA-MGO) due to the negligence of sugar conversion
to carbonyls, aimed to evaluate the middle step of the glycation reaction (Wang et al., 2011).
The strongest ability to inhibit AGEs was reported for sugar-free juice products (74 — 91%),
while pomace powders exhibited the lowest values (28 — 46%) (Table 6). A parallel trend was
observed for the MGO-L-arginine model, which evaluates the specific reaction between MGO
and the guanidinium group of arginine (Wang et al., 2011). A strong positive correlation was
found between the results obtained from the BSA-MGO and MGO-L-arginine systems and the
flavonol content (Figure 12). Previously, it was found that myricetin was efficient in trapping
MGO and producing mono- and di-MGO adducts under in vitro and mono-MGO adducts under
in vivo conditions (Zhang et al., 2020). It can be assumed that this group of (poly)phenolics is
mainly responsible for the antiglycation capacity of the powders tested. When amino acid
composition was concerned, for the same model systems high positive dependencies were
found for lysine (» = 0.87 and 0.83, respectively) and ornithine (» = 0.84 and 0.79, respectively)
(Figure 12). Although for lysine its propensity to participate in the glycation reaction has been
confirmed, little is known so far about ornithine in this regard (Jia et al., 2022). Zhu & Yaylayan
(2017) proved that the main product of arginine degradation is ornithine. It can be speculated
that, since arginine is one of the most prone amino acids to glycation, the product of its
transformation, ornithine, may exhibit a similar behavior.

Strong positive correlations were found between the BSA-MGO and MGO-L-arginine
systems and the antioxidant capacity measured by TEAC ABTS and FRAP assays (» > 0.84)
(Figure 12). This is consistent with the previous statement that free radicals acting as reactive
intermediates may contribute to AGEs formation (Jia et al., 2022). Thus, the scavenging ability

of powders against free radicals may also drive their antiglycation ability.
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Figure 12. Correlogram depicts the strength and direction of a linear association between two variables (i.e.,
antioxidant/antidiabetic/antiglycation activity, identified (poly)phenolic groups, amino acids) in freeze-dried fruit powders
(whole data set). Positive and negative correlations are indicated in purple and orange, accordingly, while the circle dimension
and color intensity correspond proportionally to the correlation coefficients’ values. Significant correlation coefficients are
displayed as large circles representing a strong linear relation, and small circles indicate the smallest correlation coefficients
considered insignificant. TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric Reducing
Antioxidant Potential; Alpha-amylase — inhibition of a-amylase activity; Alpha-glucosidase — inhibition of a-glucosidase
activity; BSA — Bovine Serum Albumin; MGO — Methylglyoxal; Asn — Asparagine; Arg — Arginine; Ser — Serine; Gln —
Glutamine; Gly — Glycine; Asp — Aspartic acid; Glu — Glutamic acid; Thr — Threonine; Ala — Alanine; GABA —
v- Aminobutyric acid; Pro — Proline; Orn — Ornithine; Lys — Lysine; Tyr — Tyrosine; Met — Methionine; Val — Valine; Hcys
— Homocysteine; Ile — Isoleucine; Leu — Leucine; Phe — Phenylalanine; Trp — Tryptophan; AA — Sum of amino acids
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Figure 13. Correlogram depicts the strength and direction of a linear association between two variables (i.e.,
antioxidant/antidiabetic/antiglycation activity, identified (poly)phenolic groups, amino acids) in freeze-dried fruit powders
(Japanese quince samples data set). Positive and negative correlations are indicated in purple and orange, accordingly, while
the circle dimension and color intensity correspond proportionally to the correlation coefficients’ values. Significant correlation
coefficients are displayed as large circles representing a strong linear relation, and small circles indicate the smallest correlation
coefficients considered insignificant. TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric
Reducing Antioxidant Potential; Alpha-amylase — inhibition of a-amylase activity; Alpha-glucosidase — inhibition of
a- glucosidase activity; BSA — Bovine Serum Albumin; MGO — Methylglyoxal; Asn — Asparagine; Arg — Arginine; Ser —
Serine; Gln — Glutamine; Gly — Glycine; Asp — Aspartic acid; Glu — Glutamic acid; Thr — Threonine; Ala — Alanine; GABA —
v- Aminobutyric acid; Pro — Proline; Orn — Ornithine; Lys — Lysine; Tyr — Tyrosine; Met — Methionine; Val — Valine; Heys —
Homocysteine; Ile — Isoleucine; Leu — Leucine; Phe — Phenylalanine; Trp — Tryptophan; AA — Sum of amino acids
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Figure 14. Correlogram depicts the strength and direction of a linear association between two variables (i.e.,
antioxidant/antidiabetic/antiglycation activity, identified (poly)phenolic groups, amino acids) in freeze-dried fruit powders
(rosehip samples data set). Positive and negative correlations are indicated in purple and orange, accordingly, while the circle
dimension and color intensity correspond proportionally to the correlation coefficients’ values. Significant correlation
coefficients are displayed as large circles representing a strong linear relation, and small circles indicate the smallest correlation
coefficients considered insignificant. TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric
Reducing Antioxidant Potential; Alpha-amylase — inhibition of a-amylase activity; Alpha-glucosidase — inhibition of
a- glucosidase activity; BSA — Bovine Serum Albumin; MGO — Methylglyoxal; Asn — Asparagine; Arg — Arginine; Ser —
Serine; Gln — Glutamine; Gly — Glycine; Asp — Aspartic acid; Glu — Glutamic acid; Thr — Threonine; Ala — Alanine; GABA —

y-Aminobutyric acid; Pro — Proline; Orn — Ornithine; Lys — Lysine; Tyr — Tyrosine; Met — Methionine; Val —

Valine; Heys —

Homocysteine; Ile — Isoleucine; Leu — Leucine; Phe — Phenylalanine; Trp — Tryptophan; AA — Sum of amino acids
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Figure 15. Correlogram depicts the strength and direction of a linear association between two variables (i.e.,
antioxidant/antidiabetic/antiglycation activity, identified (poly)phenolic groups, amino acids) in freeze-dried fruit powders
(blackcurrant samples data set). Positive and negative correlations are indicated in purple and orange, accordingly, while the
circle dimension and color intensity correspond proportionally to the correlation coefficients’ values. Significant correlation
coefficients are displayed as large circles representing a strong linear relation, and small circles indicate the smallest correlation
coefficients considered insignificant. TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric
Reducing Antioxidant Potential; Alpha-amylase — inhibition of a-amylase activity; Alpha-glucosidase — inhibition of
a- glucosidase activity; BSA — Bovine Serum Albumin; MGO — Methylglyoxal; Asn — Asparagine; Arg — Arginine; Ser —
Serine; Gln — Glutamine; Gly — Glycine; Asp — Aspartic acid; Glu — Glutamic acid; Thr — Threonine; Ala — Alanine; GABA —
y-Aminobutyric acid; Pro — Proline; Orn — Ornithine; Lys — Lysine; Tyr — Tyrosine; Met — Methionine; Val — Valine; Hcys —
Homocysteine; Ile — Isoleucine; Leu — Leucine; Phe — Phenylalanine; Trp — Tryptophan; AA — Sum of amino acids
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Figure 16. Correlogram depicts the strength and direction of a linear association between two variables (i.e.,
antioxidant/antidiabetic/antiglycation activity, identified (poly)phenolic groups, amino acids) in freeze-dried fruit powders
(haskap berry samples data set). Positive and negative correlations are indicated in purple and orange, accordingly, while the
circle dimension and color intensity correspond proportionally to the correlation coefficients’ values. Significant correlation
coefficients are displayed as large circles representing a strong linear relation, and small circles indicate the smallest correlation
coefficients considered insignificant. TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric
Reducing Antioxidant Potential; Alpha-amylase — inhibition of a-amylase activity; Alpha-glucosidase — inhibition of
a- glucosidase activity; BSA — Bovine Serum Albumin; MGO — Methylglyoxal; Asn — Asparagine; Arg — Arginine; Ser —
Serine; Gln — Glutamine; Gly — Glycine; Asp — Aspartic acid; Glu — Glutamic acid; Thr — Threonine; Ala — Alanine; GABA —
y-Aminobutyric acid; Pro — Proline; Orn — Ornithine; Lys — Lysine; Tyr — Tyrosine; Met — Methionine; Val — Valine; Hcys —
Homocysteine; Ile — Isoleucine; Leu — Leucine; Phe — Phenylalanine; Trp — Tryptophan; AA — Sum of amino acids
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Summary

The contribution of the amino acid profile to the antioxidant capacity was demonstrated,
with a strong indication of ornithine. Sugar-free juice products exhibited the strongest
antiglycation properties, regardless of the type of fruit, which was linked to (poly)phenolics.
Similar observation was made for the antidiabetic effect against a-glucosidase activity, while
in case of a-amylase, additionally juice and pomace powders from blackcurrant exerted
comparable ability. The differences in matrix composition between fruits tested were found to
be responsible for the ambiguous behavior of the same (poly)phenolic groups towards
a- amylase and a-glucosidase activity. A strong negative relationship was noted between the
glycine content and a-glucosidase inhibiting activity. Flavonols played major role in inhibitory
capacity against the formation of MGO- and L-arginine-induced advanced glycation end
products. Strong positive correlations between antiglycation properties measured in BSA-MGO
and MGO-L-arginine models and lysine and ornithine were explained by their susceptibility to
glycation and thus promote the generation of AGEs, which in turn can potentially be inhibited
by (poly)phenolics present in the same extract. The scavenging activity of the freeze-dried fruit

powders against free radicals created their ability to inhibit the formation of AGEs in vitro.

Recommendation: The study provided insights about the components' influence on selected
pro-health properties of freeze-dried powders depending on the fruit matrix origin and fraction
that allowed preliminary to recognize the occurring tendencies. However, to fully comprehend
the mechanisms that drive these dependencies, further research should include model fruit
composition systems to specify the individual constituents responsible for the possible

properties exerted by the resulting powders considering as a complex matrix.
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5.2.2. Supplementary study 3: Fruit juice model systems

Given the importance of food safety, the formation of process contaminants is a critical
issue that is often overlooked in the case of powdered plant-based products. Since the botanicals
constitute a highly complex matrices, trapping the source of the transformations leading to the
formation of these unwanted compounds poses a challenge. Although limited by their partial
representation of the real food matrix, model systems make it possible to identify certain
interrelationships, which are often fundamental for reactions to occur and which are almost
impossible to directly identify in the complex real matrix. Therefore, the Supplementary
study 3 aimed at the recognition of the matrix-originated drivers triggering the formation of
process contaminants under particular processing conditions by employing model systems
resembling simplified composition of selected fruit juices.

Processing may induce formation of Maillard reaction and caramelization products in
plant-based merchandises (Del Castillo et al., 1999; Sanz et al., 2000; Wellner et al., 2011). In
the literature, some attempts have been made to recognize the key compounds and mechanisms
responsible for their occurrence (Kavousi et al., 2015; Aktag & Gokmen, 2021), however still
little is known about their formation in the plant-based matrices (Aktag & Gokmen, 2020).
Moreover, to date, most of the studies that aimed at tracking the transformations leading to the
formation of process contaminants have involved models consisting of major sugars and amino
acids, as they are the main substrates in those aforementioned reactions (Agcam, 2022),
especially in dairy or cereal products. Fruit juices, in turn, are relatively complex systems rich
in numerous constituents such as prevailing sugars and organic acids, as well as vitamins,
minerals, antioxidants, etc. in which the medium is much more conducive to interactions
between the components of the matrix (Rodriguez-Roque et al., 2015) compared to solid or
semi-solid formulations. Therefore, in the study, models resembling the Japanese quince and
blackcurrant juices were composed of dominant sugar and organic acid. Since the powders, are
the target food matrix, such prepared fruit-juice based mediums were mixed with selected
carrier agents and subsequently dehydrated using different drying techniques in presence or
absence of ascorbic acid (important factor for the formation of these process contaminants)
(Kurata & Sakurai, 1967; Michalska, Wojdyto, Lysiak, & Figiel, 2017). The models developed
in this way served as a simplified matrix for the powders, allowing the possible formation of
hydroxymethyl-L-furfural and furfural to be tracked with inclusion of carrier effect. The
powders obtained from model systems of Japanese quince and blackcurrant juices were studied

in terms of ascorbic acid, furfural, and hydroxymethyl-L-furfural content (Table 7).
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Table 7. The ascorbic acid, furfural and hydroxymethyl-L-furfural in powders obtained from Japanese quince and blackcurrant juices.

Japanese quince juice model powders Blackcurrant juice model powders
Dryin; . Ascorbic acid Furfural Hydroxymethyl-L- Ascorbic acid Furfural Hydroxymethyl-L-
Model type tecll;i]liq%le Carrier agent content content f{lrfur;’l cont}ént content content f)l/ll'flll'i}lll cont)ént
[ng/mg dm]
Maltodextrin ND ND ND ND ND ND
Freeze-drying Inulin ND ND ND ND ND ND
Trehalose ND ND ND ND ND ND
. Maltodextrin ND ND 0.24 +0.00 2 ND ND 0.25+0.00 @
Vacut“ég frcymg Inulin ND ND 0.92+0.01°¢ ND ND 0.76 +0.02 ¢
No vitamin C 2 Trehalose ND ND 0.22 +0.00 2 ND ND 0.39+0.00°
. Maltodextrin ND 0.41+0.01¢ 9.48+0.02F ND 0.37+0.01° 10.03 +£0.14 ¢
Vacﬂu;?, drcy e Tnulin ND 0.35+0.01°¢ 19.38 + 0.4 1 ND 0.25+0.01° 14.07+0.21 £
2 Trehalose ND 0.15+0.022 596+0.28°¢ ND 0.46 £ 0.00 © 11.86+0.06
Maltodextrin ND ND 0.04+£0.00? ND ND ND
Spray drying Inulin ND ND 0.05+£0.00* ND ND 0.07 +£0.00 2
Trehalose ND ND 0.04 £ 0.00 * ND ND 0.07 +0.00 @
Maltodextrin 1.11+£0.03 & ND ND 3.47+0.04 b ND ND
Freeze-drying Inulin 1.10 £ 0.00 &t ND ND 3.32£0.04 ND ND
Trehalose 1.14+£0.01" ND ND 3.51+£0.01°¢ ND ND
. Maltodextrin 0.98 £0.01 ¢ ND 0.17+0.012 3.34+0.04 b ND 0.21 £0.01 2
Vacut“ég frcymg Inulin 0.16+0.02° ND 0.65 +0.01 b¢ ND ND 1.05+0.02 ¢
No vitamin C a Trehalose 0.84+0.01 ¢ ND 0.19+0.012 3.39+0.05 b ND 0.29 +0.00 @
. Maltodextrin 0.36 £0.00 © 0.41+£0.00 ¢ 10.35+£0.118 2.70£0.05* 0.38+0.02° 9.82+0.114¢
Vacut“;?) frcymg Inulin 0.06 +0.02 0.2140.03° 13.40 +0.03 ND 0.43 +0.04 ¢ 14.08 £0.28 ¢
a Trehalose 0.14+0.01° 0.13+0.01% 5.23+0.324 2.55+£0.02* 0.36+0.00° 10.75+£0.10 ¢
Maltodextrin 1.06+0.01° ND 0.05+£0.00* 3.47+0.03 ND ND
Spray drying Inulin 1.08+£0.02 & ND 0.08 £0.00* 3.33+0.03 b ND 0.17 +£0.00 2
Trehalose 1.07+0.00 2 ND 0.03 £0.00* 3.10+ 043" ND 0.05+0.01%

ND — not detected; a, b, c, ... - different letters within the column indicated statistical differences (p < 0.05; HSD Tukey test).
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In the case of Japanese quince model, the analysis of ascorbic acid confirmed its
presence in all model powders to which this compound was added before drying (Table 7). The
type of carrier had no influence on the retention of ascorbic acid in the case of freeze- and spray
drying. Vacuum drying at 60 °C and 90 °C led to its degradation that was strongly dependent
of the carrier type used. In both cases, addition of inulin resulted in the lowest retention of this
constituent during drying. It has previously been noted that inulin can be hydrolyzed under
acidic conditions, resulting in decomposition into short chain oligofructose units, fructose
monomers and to a lesser extent glucose monomers (Jackson et al., 2022), which constitute
substrates for selected process contaminants formation.

In the study, the formation of hydroxymethyl-L-furfural was confirmed only in

vacuum dried samples. This proved that fructose and malic acid (presence or absence of
ascorbic acid) did not solely play a part in HMF formation during freeze-drying of plant-based
products (Fitzpatrick et al., 2013; Brzezowska et al., 2023). Application of vacuum drying
resulted in the formation of HMF that was the highest in the case of vacuum drying at 90 °C
(Table 7). Interestingly, carrier type had a strong impact on its formation as inulin added
powders had the highest content of HMF that was almost 3.5 times higher for VD at 60 °C and
2.7 times higher for VD at 90 °C when compared to average value for maltodextrin and
trehalose, respectively. Surprisingly, in this model system, no effect of ascorbic acid addition
was noted in terms of HMF formation. Another analyzed compound in model powders was
furfural. Its presence was confirmed only in products gained after vacuum drying at 90 °C. In
this case, formation of furfural was in the following order: maltodextrin> inulin> trehalose. As
the ascorbic acid degradation is a one path for furfural formation (Agcam, 2022) it was expected
to observe such relationship in the models tested. However, as with HMF, ascorbic acid has not
been shown to affect furfural formation. Therefore, it can be surmised, that vitamin C can
trigger formation of these process contaminants in the presence of other components of fruit
matrix, as it was shown in the case of cranberry product for which HMF formation was
accelerated by the chlorogenic acid (Michalska et al., 2018).

In the case of blackcurrant juice model powders the freeze-drying, vacuum drying at
60 °C and spray drying techniques applied had a little influence on the ascorbic acid content
when maltodextrin and trehalose was used for model powders production. It should be
highlighted that usage of inulin for vacuum drying at 60 °C and 90 °C led to the degradation of

this compound, while maltodextrin and trehalose ensured comparable protection during drying.

75



Similarly to Japanese quince model juice the presence of HMF was confirmed only in
vacuum dried samples, being the highest when vacuum drying at 90 °C was used. Previously,
Michalska, Wojdylo, Lysiak, Lech, et al. (2017) observed that for the blackcurrant pomace
powders HMF formation increased slowly above 60 °C, while its rapid formation was noted
when the temperature 80 °C and higher was applied. Moreover, also in this model, when inulin
was present, the highest HMF was generated after vacuum drying. On the contrary to Nayaka
et al. (2022) which proved that the ascorbic acid degradation contributed to hydroxymethyl-L-
furfural formation in the guava fruit leather, no differences in HMF content were noted in
samples with or without ascorbic acid addition.

For blackcurrant juice model powders the furfural presence was noted only after vacuum
drying at 90 °C. No strict relationship could be established as, for example, powders with
maltodextrin contained comparable levels of furfural regardless of the presence of ascorbic
acid, whereas products with inulin contained significantly higher levels of this process
contaminant when vitamin C was added. Interestingly, the highest value of FF content was
reported for vacuum-dried powders at 90 °C with the addition of trehalose without ascorbic
acid. Previously, as trehalose was claimed to be a non-reducing sugar incapable of Maillard
reaction or caramelization, its contribution to process contaminants formation was excluded
(Swiader et al., 2022). For this reason, further model research is required in order to test the
behavior of this carrier agent under specific processing conditions.

Interestingly, comparing the process contaminants content in both models of selected
fruit juices, it was observed, that despite the compositional differences, the furfural content was
similar in powders from both models, but the HMF content was significantly higher in products
made from the Japanese quince model juice. As the proportions of both glucose and ascorbic
acid (and therefore the two most likely factors for HMF formation) were higher in the
blackcurrant juice model, the only difference was in the origin of the organic acids.
Unfortunately, there are no scientific reports that could confirm these relationships observed in
the real matrix of fruit juices powders, therefore their continuation is of great importance to

provide a key point for their formation.

Recommendation: Although no clear link has been found between ascorbic acid content and
the formation of process contaminants, its influence should be taken into account, especially in
complex plant matrices. Careful consideration should be given to the organic acid type present
in the plant matrix being processed in terms of the possible excessive formation of

hydroxymethyl-L-furfural.
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5.3. Stage I11: Cross-factors affecting the biological properties of powdered plant products

The final stage of the research (Figure 17) was devoted to the biological potential of the
plant powders since currently, more and more stress is being placed on this aspect that dictates
actual impact on human health and well-being. However, to date, little is known about the
effects of the various processing steps on changes in the biological properties of plant-based
powders during their production. Previously, attempts have been made to determine the impact
of different processing conditions on the biological properties, including antibacterial and anti-
inflammatory activities (Silvan, Michalska-Ciechanowska, et al., 2020). Nevertheless, the
difficulties associated with the complexity of the plant matrix that undergoes drying,
additionally magnified by plant origin, variability between cultivars within a given species, as
well as specific chemical composition depending on fraction used make it impossible to develop

a single, unified method of producing powders while maintaining their highest possible quality.

/ "

Phenolic-rich juice
preparation : Juice

Blueberry ;

Juice pretreatment
(fermentation)

Cultivar differentiation

Stage 111

Figure 17. Schematic representation of the differentiating criteria of the matrix used for the study - stage III.
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5.3.1. Supplementary study 4: Blueberry juice preparation powders case study

As the food matrix design was found to be a key factor in shaping the effectiveness of
the antimicrobial agents in different foodstuff (Wang et al., 2023), the Supplementary study
4 adapted this concept however, from the different perspective. Following the recent trends
connected with green solutions for food preservation (Delshadi et al., 2021; Batiha et al., 2021)
the present research shed a new light on that issue from the plant-based powders’ point of view
and stated that depending on the processing applied for (poly)phenolic-rich preparations (which
may serve as an antimicrobial agents) it is possible to moderate their physico-chemical and thus
biological properties of blueberry extract powders towards their improved functionality.

Therefore, the objective of the study was to evaluate how blueberry juice extract
obtained from different cultivars, processed by freeze, vacuum and spray drying with or without
inulin, can modify the physical attributes, (poly)phenolics composition, antioxidant capacity,

antibacterial activity and anti-inflammatory properties in gastric cells.

Physical properties

The moisture content (Mc) of the blueberry extract powders ranged from 0.8 to 7.3%
(Table 8). Drying technique differentiates the Mc to the highest extent. Samples after freeze-
drying had approximately 2-times higher Mc compared to average values obtained using the
other drying techniques, regardless of carrier addition (Silvan, Michalska-Ciechanowska, et al.,
2020). Water activity (aw) linked to the microbiological and chemical stability of food powders
was the highest for products obtained by freeze-drying of cultivar ‘Berkley’ with and without
inulin addition (Table 8). Similar to Mc, the drying technique had a stronger influence on a,,
than carrier addition. Powders from ‘Berkley’ had the highest a,, when compared to the
‘Bluejay’ and ‘Bluecrop’ cultivars, regardless of carrier addition or the drying technique used.
The inulin application resulted in powders with water activity reduced by approx. 33%, 14%
and 8%, for ‘Berkley’, ‘Bluecrop’ and ‘Bluejay’ powders, respectively, compared to those

without the carrier. No correlation between moisture content and water activity was observed.

78



Table 8. Moisture content (%), water activity (a.), bulk density (g/cm?), true density (g/cm?), porosity (%) and color (CIE L*a*b*) (n = 2; average
+ standard deviation) of three cultivars of blueberry extract powders from different dried treatments with or without a carrier.

Cultivar Drying technique Moisture content Water activity Bulk density True density Porosity L* a* b*
No carrier

FD 524+1.16%" 0.210 + 0.007 * 0.163 £ 0.003 ® 1.13£0.02® 85.47+0.22 31.36 + 0.05 10.43+£0.01 M 0.71 +0.02 ™

VD50 3.15+£0.23F 0.111+0.007* 0.663 +£0.030 * 1.27+£0.01 ¢f 47.26 +0.50 > 30.06+£032? 3.87 +0.24 ¢ 0.71 +0.02 ™

Bluejay VD70 223 +0.77 *¢ 0.130 +0.007 ® 0.706 + 0.024 1 1.33+£0.01 " 46.61 £0.29 ® 30.47 + 0.00 >4 3.24£0.09® 0.65+0.01 &
VD90 1.59+0.07 *° 0.205 + 0.007 ¥ 0.499 £ 0.016 1.34 +0.01 ** 62.38 £0.321 30.45 + 0.04 >4 224+0.01° 0.84+0.00 ¢

SD 2.94+0.19*f 0.448 + 0.007 P 0.280 +0.015 % 1.17 +£0.02 b 75.89 £0.40™ 30.09 £ 0.10 * 14.83 £0.05™ 1.62+0.02%

FD 7.05+£0.97 ¢ 0.469 + 0.007 P 0.117 £ 0.003 1.54+0.04" 9235+0.19° 33.15+0.01 7 17.31 £0.06 ™ 1.26+0.014

VD50 3.80+£0.11%F 0.146 + 0.006 >4 0.690 + 0.034 1.35+£0.02 &* 48.42 +0.54 <* 31.86+0.17 <" 5.98+0.58 ¢F 0.18 £ 0.05 «
Berkley VD70 2.02+0.71 %9 0.169 + 0.006 ¢ 0.377 +0.011% 1.30 £ 0.02 <" 70.87 £ 0.45 ¢ 31.56 +0.15 4 434+0.18 ¢ 0.23+0.01 ¢
VD90 2.54+£1.26% 0.258 £ 0.006™ 0.391+0.012¢ 1.37 +0.02 & 71.29+0.34 31.13+0.10*" 4.88+0.15°¢ 0.50+0.01

SD 3.99 +1.92 % 0.359 + 0.007 ° 0.204 + 0.006 >4 1.14+0.02° 82.01 £0.33° 32.58 £0.10 ¢ 20.08 = 0.05 P 2.15+0.00"

FD 7.33+027" 0.265+0.007 '™ 0.204 + 0.004 >4 1.39£0.02 "% 85.27+0.26 ™ 30.90 + 0.72 *¢ 11.96+0.87 1 0.61 +0.05 &

VD50 3.19£0.62*F 0.166 + 0.007 «f 0.682 + 0.027 * 1.39£0.02 "% 50.63+0.52 30.13+0.07 *¢ 5.31+£0.49c° 0.64 + 0.06 &

Bluecrop VD70 2.83+£0.30% 0.158 £ 0.007 > 0.627 +0.023 1 1.37 £0.02 &* 53.98+049" 30.74 + 0.48 *© 4.25+0.74 >4 0.47+0.09 &
VD90 2.20£0.08 0.261 +0.007 '™ 0.593 £0.0211 1.38 £0.01 "* 56.62+0.351 31.52+0.14 4 3.54 +0.47 *° 0.39+0.02 ¢

SD 5.39 +0.58 °* 0.270 £ 0.007 ™ 0.262 £0.010 ¢* 1.23+£0.03 ¢* 78.53 £0.55" 30.75 £ 0.02 ¢ 16.64 £0.25 ™ 1.95+0.04"

5% inulin

FD 3.38+£0.99 *F 0.171 £ 0.000 ¢" 0.174 £ 0.006 ® 1.34£0.02 ™ 86.88 +0.19 9 33.20+0.07 % 1429 +0.204 -0.12 +0.05

VD50 435+0.14 " 0.193 £ 0.006 H 0.739 £ 0.034 1 1.41£0.02% 47.18+0.59%  30.88+0.02%*° 7.60 £0.00 0.12 +0.02 ¢4

Bluejay VD70 2.78 +£0.29 *° 0.194 £ 0.006 0.769 £ 0.027 ! 1.41+0.027% 4519+0.56*  31.48+0.18%¢ 8.62+0.31 0.30 £ 0.054f
VD90 0.79 +035° 0.213 + 0.000 * 0.693 £ 0.024 1.39 £0.02 " 49.87+0.51°8  31.36+028°® 7.59+0.70 & 0.26 +0.01

SD 3.86+£0.09 *& 0.249 + 0.006 '™ 0.298 + 0.008 1.19 £ 0.02 >4 7480+ 031"™  31.64+0.07%¢ 17.33£0.45™ 1.11£0.047

FD 7.07+£1.68¢ 0.326 + 0.008 " 0.142 £ 0.004 ® 1.32+£0.04 5 89.12+0.33 " 35.14+0.41" 19.05+0.53 0.72 +0.03 ™

VD50 4.01+£0.18% 0.142 £ 0.008 ™ 0.731£0.024 1 1.41£0.01F% 4796 +034%  34.03+0.03 12.46 £0.18 % -0.12+0.032

Berkley VD70 2.42+0.15% 0.101 £ 0.008 * 0.672+0.021 * 1.39£0.01 " 5122+049 % 32.19+0.16 - 791+1.21¢ 0.26 + 0.08 *
VD90 1.01 £0.66 0.177 £ 0.008 0.689 + 0.023 1.38£0.01 &* 49.52+0.40%  33.09+0.86"* 8.66+0.42¢ 0.26 +0.02 °*

SD 420+ 1.59 % 0.199 + 0.008 ™ 0.272 £ 0.008 ©* 1.06 +0.022 74.15+£0.40 37.02+033™ 23.91+0.279 1.08 +£0.144

FD 6.10+0.40 0.174 + 0.006 ¢ 0.193 £ 0.006 ** 1.29+0.03 ¢ 84.96+£0.29 P 34.24 £ 0.08 1 19.04 +0.11 P -0.25+0.02°

VD50 4.99 +0.96 ¢ 0.195 £ 0.006 0.671+0.027 * 1.50+0.02" 55.00+£0.59" 3070 +£0.72 % 7.04+£0.92 ¢ 0.11+0.01«

Bluecrop VD70 2.19£0.41% 0.164 £ 0.006 ©* 0.628 +0.025 1 1.39£0.01 " 5436+0.33" 30.63+£0.15%° 4.97 +0.04 >4 0.14+0.01 <
VD90 2.18+£0.41%° 0.195 £ 0.008 & 0.676 + 0.023 * 1.40+0.01 % 5132+047¢%  31.60+0.20% 6.84 +0.37 ¢ 0.09+0.11"%

SD 2.54+0.62% 0.237 + 0.006 *7 0.273+£0.010 ¢ 1.13+£0.02® 75.54+035™  3264+0.10" 19.36 £ 0.00° 1.24+0.054

FD - freeze-drying; VD - vacuum drying at 50 °C (VD50), 70 °C (VD70), 90 °C (VD90); SD - spray drying; a, b, c, ... - different letters within the column indicated statistical differences (p < 0.05;

HSD Tukey test).
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Bulk density (pb) ranged from 0.12 to 0.77 g/cm? (Table 8). The drying techniques had
the greatest impact on pb, regardless of carrier addition and blueberry cultivar, with freeze- and
spray drying resulting in the lowest values, which were, respectively, 2 and 4 times lower than
for powders after vacuum drying. This is attributable to the structural differences in the powders
caused by drying (Michalska & Lech, 2018) as well as Mc and a. (r = —0.6). For powders
obtained from ‘Berkley’ by vacuum drying at 70 and 90 °C, the addition of inulin resulted in
an almost 1.8-fold increase in pb, compared to the control sample. This relationship was not
observed for the other cultivars. It may be due to differences in chemical composition between
cultivars and thus different transformations of specific constituents and their interactions with
inulin that may occur during vacuum drying under the aforementioned temperature conditions
(Lietal., 2019).

As for true density (pf), when considering the effect of drying techniques, the only
noticeable difference was observed for spray-dried powders (x = 1.15 g/cm?®), which had the
lowest pt when compared to other applied thermal treatments (comparable values) (Table 8).
A similar relationship was previously observed for sea buckthorn (Tkacz et al., 2020) and apple
powders (Michalska & Lech, 2018), which can be attributed to chemical composition changes
(degradation of natively occurring constituents or probable formation of new compounds) under
the influence of relatively high temperature during spray drying, which finally lead to less dense
powders. The drying techniques strongly affected porosity (€), and so the powders can be
ranked by increasing values: vacuum drying at 50 °C (approx. 49%) < vacuum drying at 70 °C
(approx. 54%) = vacuum drying at 90 °C (approx. 57%) < spray drying (approx. 77%) < freeze-
drying (approx. 87%), regardless of carrier addition or cultivar (Table 8). A similar trend was
observed for sea buckthorn powders (Tkacz et al., 2020); however, in the study on apple
powders the highest € was observed for spray-dried products (Michalska & Lech, 2018). This
may be attributed to differences in the chemical composition. The impact of the drying
technique on porosity was opposite to the impact on bulk density (» = —0.99) since this
parameter is inversely related to bulk density.

The inulin addition did not significantly affect the brightness (L*) of powders obtained
from 3 cultivars as a relatively low concentration of inulin was used (5%; w/w) (Table 8).
Spray- and freeze-drying resulted in higher values of the a* coordinate compared to vacuum
drying, regardless of the blueberry cultivar and carrier application. Moreover, carrier addition
caused an increase in the value of this attribute. No correlation between a* parameter and
anthocyanins content were found (» = —0.22). The inulin application caused a shift of the

coordinate b* values towards negative values (bluish color). When considering the impact of
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the drying technique, the strongest yellowness was recorded for spray-dried powders. In most
cases, the lowest values were recorded for vacuum-dried samples irrespective of carrier addition
or cultivar, indicating a tendency towards bluish. However, it is worth noting that the range
over which the values change is relatively small and therefore the difference may not be

perceptible visually.

(Poly)phenolics and antioxidant capacity

In the blueberry powders, four major groups of (poly)phenolics were identified and
quantified, namely, phenolic acids (3 compounds; on average 30.2% of all identified
(poly)phenolics), anthocyanins (8 compounds; 29.9%), flavonols (11 compounds; 28.2%) and
flavan-3-ols (3 compounds; 8.8%) (Table 9a and 9b) (Shen et al., 2014). Their content ranged
from 7.32 to 30.9 g/100 g dm. As regards the cultivar, the highest sum of (poly)phenolics was
indicated for ‘Bluecrop’, followed by ‘Bluejay’ powders (approx. 15% less) and ‘Berkley’
(approx. 40% lower content). Products without inulin had 48% higher content of
(poly)phenolics than carrier-added samples. As for the impact of the drying technique, the
highest (poly)phenolic content in powders was noted after freeze-drying followed by spray
drying, while the lowest was after vacuum drying at 90 °C, except for ‘Bluecrop’ powders with
addition of inulin. This could be linked to the probable protective role of inulin during the

thermal treatment of these constituents (Michalska-Ciechanowska, Brzezowska, et al., 2021).

Phenolic acids

The content of phenolic acids in powders without inulin was approx. 1.9-fold higher
when compared to products with its addition (Table 9a). The highest content of phenolic acids
was observed for powder from ‘Bluecrop’ and was, on average, 35% and 60% higher when
compared to ‘Bluejay’ and ‘Berkley’. The phenolic acid content was mainly related to the
amount of chlorogenic acid. Chlorogenic acid represented 94% of total phenolic acids in
‘Bluecrop’ powders, while its share was on average 87% in the other cultivars. This was in line
with Pico et al. (2022), who indicated that ‘Bluecrop’ had the highest content of chlorogenic
acid among the blueberry cultivars analyzed in their study. The content of caffeoyl-glucose was
the highest in powders from ‘Berkley’ and ‘Bluejay’, whereas the content of feruloyl-glucose
was the highest in ‘Bluejay’ and ‘Bluecrop’ products. Among drying techniques applied, the
highest retention of phenolic acids was found after freeze- and spray drying. The strongest

degradation of phenolic acids was observed when vacuum drying at 90 °C was used.
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Table 9a. Phenolic acids and anthocyanins identified in three cultivars of blueberry juice extract powders from different dried treatments with or

without a carrier [mg/100 g dm].

. Drying Chlorogenic Sum of Delphinidin-3- Delphinidin-3- Cyanidin-3-O- Petunidin-3-O-  Petunidin-3-0O- Peonidin-3-0- Malvidin-3-0- Malvidin-3-O- Sum of
Cultivar . Caffeoyl-glucose . Feruoylglucose L . L . . - . . - .
technique acid phenolic acids O-galactoside O-arabinoside glucoside glucoside arabinoside glucoside galactoside arabinoside anthocyanins
No carrier

FD 0.53+£0.02™ 6.42+0.09 ¢ 0.30+0.01" 7.26+0.12 ¢ 0.85+0.01™ 0.79+0.02° 0.98+0.03" 0.46 £0.02 M 0.64+0.017 3.56+0.08™ 0.83+0.00 ® 1.69 +0.02 9.79 £0.14 ™

VD50 0.50 £0.01 ™ 5.93+0.00 ¢ 0.28 £0.01 & 6.71 £0.02 ¢ 0.87+0.01 ™ 0.80+0.01° 0.97 £0.01 & 0.43 +0.00 & 0.62+0.007 3.43£0.01M™ 0.78 +0.00 ¢ 1.57+0.02 % 9.46+0.01™

Bluejay VD70 0.52 £0.02 & 6.17+0.17¢ 0.29+£0.01 & 6.98 +0.21°¢ 0.73+0.04 ¢ 0.68+0.03" 0.83+0.01° 0.39+£0.00 & 0.52+0.01° 3.04+0.09 % 0.72+0.01 < 1.40+0.01/ 8.31+0.19
VD90 0.50 £ 0.00 ™ 5.99+0.08 & 0.25+0.01¢ 6.74 £ 0.09 ¢ 0.79 £0.00 k™ 0.72+0.01 M 0.87+0.01% 0.40£0.01 & 0.54+0.01° 3.18+0.12K1 0.76 £ 0.01 ¢ 1.42+0.04/ 8.68 +0.22 1

SD 0.54+0.01™ 6.25+0.09 ¢ 0.30£0.00 " 7.09 £0.10 ¢ 0.76 +0.05 1 0.70 £0.04 " 0.86+0.07 " 0.39+0.04 ¢ 0.53+0.03° 3.22+0.15 0.75+0.04 1.46 +0.06 8.68 +0.49 1

FD 0.46 £0.02 3.68+0.00° 0.13£0.01 "% 4.27£0.04 ¢ 0.47 +£0.067 0.49£0.02 & 0.54+0.05°¢ 0.12+£0.00° 0.37 £0.04 & 2.53+0.101 0.14+0.01 ® 1.18+0.06 5.84+0.34"

VD50 0.49 £0.02 ™ 3.66+0.15° 0.13+£0.00 >4 4.28+£0.17 ¢ 0.42+0.04 1 0.41 £0.00 ¢f 0.44+0.01¢ 0.08 £0.02 ® 0.30£0.03 ¢f 2.16+£0.01 & 0.11+0.01 0.98 +0.02 ™ 4.90 +0.09 "

Berkley VD70 0.48 £0.01 3.66+0.14° 0.13+£0.01 %4 4.27+0.16 ¢ 0.40£0.01 0.43+£0.03 ¢ 0.47£0.01 % 0.10£0.01 % 0.30 £0.02 ¢f 2.27+0.05" 0.12+0.00 ® 1.04 +0.04 & 5.14+0.17 "
VD90 0.47 £0.01 3.50£0.08 0.11+£0.01° 4.09£0.10 ™ 0.36+0.02 & 0.37£0.04 % 0.44 +£0.04 ¢ 0.11£0.02%® 0.27 +0.01 = 1.89+0.03 ¢ 0.11+0.00 ® 0.80+0.01 ¢f 4.36+0.04 ¢

SD 0.48 £0.01 3.68+0.05° 0.13+0.00 >4 4.29£0.05°¢ 0.44 +0.02 1 0.44 +£0.02 ¢ 0.52+0.02 % 0.13£0.00 ™ 0.35+0.03 2.33+0.03M 0.15+0.01 ® 1.07+0.01 ™ 5.42+0.07 "
FD 0.40+0.03 10.51+0.53 ¥ 0.30+£0.03" 11.20 £ 0.59 ¢ 0.36 +0.04 & 0.51+0.04 ¢ 0.54+0.04 ¢ 0.57+£0.04 0.41+£0.04" 2.71+0.187 1.84+0.051 220+0.15" 9.15+0.58 ™

VD50 0.40 £ 0.02 10.05+0.111 0.28 £0.00 & 10.74 £0.12 ¢ 0.32£0.01 0.45+0.02 °¢ 0.49£0.01 % 0.51+0.00 % 0.39+£0.01 & 2.45+0.03 M 1.7140.05% 2.01+0.01™ 8.33+0.02

Bluecrop VD70 0.42 +0.00 & 10.12 +0.04 0.29+£0.00" 10.82 +0.05 ¢ 0.29 £0.03 ¢ 0.41£0.03 ¢f 0.46 £0.02 & 0.47+0.03 1 0.34+0.03 40 2.31+0.11M 1.57+0.04" 1.82+0.08 ™ 7.66+0.391
VD90 0.36+0.03 < 9.27+0.35" 0.19+0.01° 9.81 040" 0.20 £0.01 *¢ 0.25+0.01° 0.28+0.03 ¢ 0.32+0.02° 0.19+£0.02° 1.39£0.16 % 1.05+0.12" 0.94+0.11 4.63+£0.47 ¢

SD 0.40 £ 0.00 10.74 £ 0.271 0.31+0.01" 11.45+0.27¢ 0.30 +0.00 °¢ 0.44 £0.00 ¢ 0.48 £0.00 & 0.49+0.02 1 0.35+0.00 ¢t 2.48 £0.05 1.66 +0.06 ' 1.96+0.03™ 8.17+0.161

5% inulin

FD 0.28 £0.00 ¢ 3.34£0.02% 0.16 £0.00 =* 3.77+0.01" 0.49 +0.027 0.45+0.02 °¢ 0.55+0.02°¢ 0.25+£0.01 ¢f 0.35+0.00 1.95+0.02¢ 0.46+0.01¢ 0.91+0.01 ™ 5.42+0.08 "

VD50 0.28 £0.01 3.37£0.10% 0.16 £0.01 «f 3.81+£0.12" 0.47 +£0.037 0.43 £0.02 ¢f 0.52+0.02 % 0.24 £0.00 & 0.33+£0.01 ¢ 1.85+0.10 0.43+0.03¢ 0.87+0.03 <t 513+0.24 "

Bluejay VD70 0.28 £0.01 3.27£0.09 0.15£0.00 3.70 £0.11" 0.41+£0.03 0.36+£0.03 ¢ 0.44+0.03¢ 0.20 £ 0.00 & 0.27 £0.01 1.55+£0.06 < 0.36+0.00 0.69 +0.02 ** 4.28+0.17 %
VD90 0.25+0.01%4 2.92+0.07° 0.13+£0.00 >4 3.30 £ 0.08 " 0.22 £0.01 ¢ 0.20 +0.01 *¢ 0.26£0.01 % 0.12£0.00 0.16£0.00 ® 0.90 £ 0.04 ® 0.25+0.02 0.38+0.00 2.48+0.04"

SD 0.30 £0.01 % 3.57£0.02% 0.17 £0.00 4.04 £0.02 "™ 0.49 +0.017 0.45 +0.00 °¢ 0.54+0.00 ¢ 0.25 +0.00 & 0.33 +£0.00 ¢ 1.92+0.02¢ 0.43+0.02¢ 0.88 +0.02 <" 5.29+0.02

FD 0.24+0.01 *© 1.93+£0.00*° 0.07 £0.00 ¢ 2.24+0.01° 0.22 £0.01 ¢ 0.24 £0.00 ™ 0.27 £0.02 0.07 £0.00 ® 0.17+£0.01° 1.25+0.03 = 0.07+0.00* 0.57 +0.00 ™ 2.86 +0.06 >

VD50 0.25+0.00 >4 1.96 £0.02 ¢ 0.07 £0.00 ¢ 2.28+0.03° 0.22 £0.00 > 0.22 £0.00 0.26 £ 0.00 0.06£0.01 ® 0.16£0.01%® 1.21+£0.00 >4 0.06 +0.01* 0.55+0.03 > 2.76 +£0.02 ¢

Berkley VD70 0.25+0.00 >4 1.95+£0.01° 0.07 £0.00 ¢ 2.26+0.01° 0.23£0.01>f 0.23£0.01 "% 0.26£0.01 % 0.06£0.01® 0.15+0.00 ® 1.16 £0.00 >4 0.06 +0.00 * 0.52+0.01 % 2.66 +0.01 "
VD90 0.24 +0.00 *© 1.81£0.00° 0.06 +0.00 ¢ 2.11+0.01° 0.13+£0.03® 0.13+£0.01° 0.15+0.00° 0.05+0.02¢ 0.09 £0.02 ¢ 0.63£0.04 ¢ 0.05+0.01° 0.26+0.03* 1.49+0.11*

SD 0.27 +0.00 2.09+0.04° 0.07 £0.00* 2.43+0.04* 0.25+0.00 ** 0.26 +0.01 ° 0.27 £0.01 " 0.06 £0.01 ® 0.18 £0.00° 1.28 +£0.02 ¢ 0.07+0.01* 0.58+0.02 ™ 2.95+0.04"

FD 0.20 £ 0.00 5.33+£0.04 % 0.15+0.00 «* 5.68 +0.03 ¢ 0.17 +0.01 *¢ 0.24+0.01° 0.26 £ 0.00 0.26 £0.01 < 0.20 £ 0.00 1.29+0.01 0.87+0.02 % 1.02+0.02 & 4.32+0.05 %

VD50 0.21 +0.00 5.27+0.00¢ 0.16 £0.00 =* 5.64 +0.00¢ 0.15+£0.01%® 0.22£0.01 % 0.24+0.01 > 0.25+0.01¢f 0.18£0.01° 1.28 £0.04 = 0.84 +0.06 1.02+0.04 & 4.20+0.19 *

Bluecrop VD70 0.19+0.00° 4.84+0.08¢ 0.13+£0.01 %4 5.16+0.07¢ 0.13£0.00 ® 0.19+0.01 *¢ 0.21 +£0.01 *¢ 0.22+£0.01 % 0.16£0.01 % 1.06 £ 0.02 b 0.73+0.01 ¢ 0.83 +0.03 ¢¢ 3.54+0.10
VD90 0.21+£0.02 % 5.44£0.294f 0.16£0.01 ¢f 5.81+0.33¢ 0.17 +0.01 *¢ 0.24 £0.02 % 0.26 +0.02 0.25£0.02 ¢f 0.18£0.01° 1.30+0.11 ¢ 0.89+£0.08 ¢ 1.02+0.08 & 4.30+0.35%

SD 0.20 £0.03 4.99+0.391 0.15+£0.01f 535+0.444 0.12+0.01° 0.16£0.01 % 0.18£0.02 ® 0.19 £0.02 0.13+£0.02%® 0.89+£0.10 ® 0.66 +0.08 © 0.64 +0.09 2.98+0.35"

FD - freeze-drying; VD - vacuum drying at 50 °C (VD50), 70 °C (VD70), 90 °C (VD90); SD - spray drying; a, b, c, ...

HSD Tukey test)

- different letters within the column indicated statistical differences (p < 0.05;
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Table 9b. Flavonols and flavan-3-ols identified in three cultivars of blueberry juice extract powders from different dried treatments with or

without a carrier [mg/100 g dm].

Myricetin-3-

Quercetin-3-0-

Quercetin-3-O-

Quercetin-3-

. Drying Quercetin-3-O-  Quercetin-3-O-  Quercetin-3-0- . . Quercetin-3-O-  Quercetin-3-O- X Quercetin 0- Syringetin-3- Sum of . Procyanidin Flavan-3-ol Sum of
Cultivar . O- . . . arabinofuranosi . . dimethoxyrham . . . (+)-Catechine L
technique . rutinoside galactoside glucoside oxalylpentoside rhamnoside . hexuronide 2 (acetyl)hexosi ~ O-rhamnoside flavonols Bl derivative flavan-3-ols
galactoside de noside de
No carrier
FD 0.14+0.018  0.32+0.00% 1.57+0.02" 0.90£0.02 ¢ 0.39+0.01 M 0.64+0.00" 0.20 £0.00 & 0.85+0.01" 0.46+0.01 ¢ 0.47+0.03™  035+0.03° 6.30+0.08% 0.57+0.00¢ 0.70£0.017  0.58+0.01 "  1.85+0.00 2
VD50 0.12+0.01° 0.29+0.00 1.50 £0.00 0.89+0.02 0.42+0.011i 0.58+0.00™ 0.21 £0.00 ¢ 0.81+0.01" 0.45+0.01¢ 047+0.01 %  034£0.01° 6.07£0.00* 0.52+0.00™ 0.63+£0.00& 0.51£0.02% 1.66+0.02
Bluejay VD70 0.12+0.00 0.29+0.02 " 1.50 £0.06 ™ 0.89+£0.03 M 0.40 +£0.01 M 0.58+0.03™ 0.22+0.01°¢ 0.83+0.04" 0.45+0.01¢ 047£0.04™  036+£0.01° 6.11£0.25% 0.53+£0.04™  0.66+£0.03" 054+0.02°¢ 1.73+0.09 <
VD90 0.12+0.00 0.29+0.01° 1.53+£0.03 0.90 £0.00 ¢ 0.39+0.00 " 0.56+0.00 ™ 0.23+0.01°¢ 0.80+0.00" 0.45+0.01¢ 048+£0.018  035+0.01° 6.09+0.08"% 047+0.01 0610015 050+0.01°" 1.58+0.02°¢
SD 0.13+£0.01 % 0.31+0.01° 1.53+£0.04 0.89+0.02 042+0.01° 0.64+0.01" 0.22+0.01°¢ 0.84+0.01" 0.47+0.02¢ 048+0.00™  035+002° 627+0.11% 059+0.01¢ 0.69+£0.017  0.58+0.01" 1.86+0.03
FD 0.06£0.00¢  0.11+0.01 *¢ 1.60£0.01" 0.62 +0.02 «f 0.41+0.00" 0.43+0.01" 0.06 +0.01 *© 1.08 +£0.00/ 0.48+0.03%"  037+£0.01% 035+0.01° 557+0.07™  043+£0.02° 0.82+£0.10%  0.64+0.11% 1.89+0.23
VD50 0.06+0.00%  0.11+0.00*° 1.50 £0.05 0.58 +£0.02 ¢ 0.37 +0.00 & 0.37+0.01 0.05+0.00 ® 1.02+0.047 046+0.028  032+0.04>  034+0.02° 518+020% 047+0.06° 0.89+0.08%" 0.69+0.10" 2.05+0.24 "
Berkley VD70 0.06+0.00%  0.10+0.01 *° 1.54+£0.07 & 0.58 +£0.01 ¢ 0.39+0.03 0.39+0.03 1 0.06 +0.00 *© 1.06 £ 0.06 049+£0.028  034+001%  034+0.01° 535+023" 047+0.00¢ 0.89+0.00%" 0.70£0.00"  2.06 % 0.00 *
VD90 0.05+0.00%  0.08 +0.00 1.44£0.02 0.56 £ 0.00 0.36 +0.00 & 0.35+0.00 0.07 +0.00 *© 1.01+0.027 046+0.008  034+001> 032+£0.00° 5.05+0.04 042+002° 0.86+£0.028  0.69+0.02"  1.97 £0.06 "
SD 0.06+0.01¢  0.10+0.00*¢ 1.59+0.04" 0.64 +0.04 «* 042+0.01° 0.42+0.00" 0.07 +£0.01 *¢ 1.07£0.00/ 0.50+£0.018"  036+0.01°" 034+0.02° 556+0.09"™ 0.50+£0.00°¢ 091+001%" 0.75+0.027 2.16+0.03"
FD ND 0.77 £0.06 * 2.51+0.167 1.45+0.06 ¢ 0.66 +0.04 0.35+0.02 0.69 +0.04 & 0.13£0.00 ® 0.69+0.03 1.03 +0.067 ND 8.28+0.46' 0.61+0.05" 0.98+£0.08™ 0.71+£0.06" 2.30+0.19"
VD50 ND 0.74 £0.02 2.44+0.057 1.41+£0.02% 0.63+0.00 % 0.32+0.01 M 0.67+0.01 & 0.12£0.01%® 0.67+0.00 0.98 +0.02 ND 7.97£0.09'  059+0.02%  094+0015"  0.67+0.008  2.20+0.04 &
Bluecrop VD70 ND 0.71+£0.027 2.35+0.057 1.34+0.03 % 0.59+£0.017 0.32£0.011 0.67+0.03 & 0.13+£0.00 ® 0.65+0.01° 0.95+0.047 ND 771£020'  0.55+0.01  094+0.00%" 0.67+0.008 2.16+0.01"
VD90 ND 0.62+£0.03 1 1.88+0.171 1.12+0.087 042+0.02° 0.27+£0.01 0.62+0.05¢ 0.12£0.01%® 0.55+0.04" 0.82+0.08 ND 6.41+048%  040+0.03% 0.83+£0.05%  0.60+0.05% 1.83£0.13°f
SD ND 0.79£0.03 ¥ 2.53+£0.057 1.44+0.01% 0.65+0.02 7% 0.36£0.01 0.71+0.01" 0.13+0.00° 0.69+0.01° 1.02+0.027 ND 8.32+0.15' 0.66+0.04 1.02£0.03™  0.74+0.05" 2.42+0.12°
5% inulin
FD 0.07+0.00%  0.17+0.00 ¢ 0.89+£0.02 ® 0.55+0.02 « 0.25+0.01 0.36 £0.00 * 0.12£0.00 0.48 +0.00 ¢ 0.26+0.01*  027+0.00* 020+£0.00® 3.63+£0.01" 029+0.00* 036+0.00™ 030+0.00® 0.95+0.01"
VD50 0.07+0.00%  0.16+0.00 ¢ 0.88+0.03® 0.54+0.02 « 0.22 £0.02 *¢ 0.32+0.02 M 0.12£0.01 % 0.45+0.01 025+0.01®  025+0.01* 020+£0.01% 346+0.13* 029+0.00™ 036+0.01* 029+0.01%® 0.94+0.02"
Bluejay VD70 0.07+0.00%  0.15+0.00 0.86+0.03® 0.52+£0.02 % 0.21 £0.03 *¢ 0.29£0.03 & 0.12£0.02 % 0.45+0.03 025+0.02®  0.24+£0.05 0.19+0.02% 3.35+£025* 0.26+0.00* 034+0.00® 027+0.00® 0.870.00*
VD90 0.06+0.00%  0.13+0.01 > 0.68 +0.02 ¢ 0.41£0.01%® 0.16+0.01° 0.25+0.00 *¢ 0.12£0.00 0.40 +0.02 ¢ 0.21 £0.00¢ 022+0.01®  0.17+0.01* 2.81£0.08° 0.22+0.01® 0.31+0.01° 0.24+0.00*  0.77+0.02*
SD 0.08 +0.00 ¢ 0.17 +0.00 ¢ 0.93 £0.03 0.56 +0.02 0.25 +0.00 ™4 0.38 +0.00 1 0.13 £0.00 « 0.50+0.00%"  0.28+0.01* 029+0.00* 022+0.01° 3.79£0.06%" 031+0.00" 039+0.00* 032+0.01" 1.02+0.01"
FD 0.04+0.00®  0.05+0.00° 0.87 £0.00 ® 0.33+0.00° 0.23 £0.00 >4 0.24 £0.00 % 0.04 +0.00 * 0.59+0.00 ¢ 0.27 +0.00 *¢ 0.19£0.00®  0.19+0.00® 3.04+0.02* 024+0.00*° 0.48+0.00> 038+0.00*¢ 1.10+0.01>
VD50 0.03+0.00®  0.05+0.00° 0.86+0.01%® 0.33+0.00° 0.23£0.02>¢ 0.23£0.02 «* 0.04+0.01° 0.58+0.02¢ 0.26+0.02 ® 0.19£0.03*  0.18+0.00® 2.96+0.11" 024+0.01* 048+0.01°" 039+0.001*¢ 1.11£0.02>
Berkley VD70 0.03+0.00®  0.05+0.00° 0.85+0.00 ® 0.33+0.00° 0.21 £0.00 *© 0.22 £0.00 >* 0.03 +0.00° 0.58£0.00 0.25+0.01%® 0.19+£0.01*  0.18+0.00® 2.92+0.03* 024+0.01* 047+0.01> 037£0.01* 1.07+0.04 >
VD90 0.03+0.00° 0.04 +0.00 * 0.79 £0.00 ® 0.31+0.00° 0.18£0.01%® 0.19£0.01 *¢ 0.04 +0.00 ¢ 0.55+0.00 °¢ 0.24 £0.00 ® 0.18£0.01° 0.17+£0.01*  2.74+0.01* 0.19+0.02° 044+£0.01*  035+£0.01® 0.98+0.04
SD 0.04+0.00®  0.06+0.00® 0.95+0.01>¢ 0.37+0.00° 0.24 £ 0.00 >¢ 0.25+0.01 °¢ 0.04 +0.00 * 0.63+0.01¢ 0.28+0.01>  0.20+£0.00° 0.20+£0.00® 3.25+0.02*¢ 026+0.01* 052+0.01°" 041+0.01"> 1.18+0.03"
FD ND 0.39+£0.01 & 1.31 +£0.00 *¢ 0.74+£0.01 % 0.32+0.00 ©¢ 0.17 £0.00 0.36+0.01° 0.06 £0.00 ® 0.34+0.00%"  0.52+0.01" ND 422004 031+0.00> 0.51£0.01°¢ 036+0.00* 1.18+0.01"
VD50 ND 0.39+£0.02 & 1.28 £0.04 < 0.74+£0.03 0.32+0.00 °¢ 0.16 +0.00 ° 0.35+0.01° 0.07 £0.00 ® 0.35+£0.01°¢ 0.52+0.02" ND 419+0.12¢  030+0.01™ 0.50+£0.01% 036+000® 1.16+0.02"
Bluecrop VD70 ND 0.35+£0.01 1.15+0.01 = 0.65 £0.00 ¢f 0.27 £0.01 ¢ 0.14+0.01° 0.32+0.01° 0.05+0.00 ¢ 0.30+0.00"  0.45+0.01 " ND 3.68+0.03>"  027+£0.01% 045+0.01° 032+0.01® 1.03+0.02"
VD90 ND 0.41£0.03" 1.37+£0.10" 0.78 £0.05 & 0.34+0.02 0.18+0.01 *© 0.38+0.02° 0.07 £0.00 ® 0.37+0.03° 0.55+0.05" ND 444+031%  033+0.04°  0.52+£0.06°" 036+0.05* 1.21+0.15"
SD ND 0.36£0.03 1.18£0.13 % 0.68 +0.07 °¢ 0.28 £0.03 ¢f 0.16+0.02° 0.38+0.05° 0.07£0.01%® 0.33+£0.04°"  0.50+0.06" ND 3930434 024+£0.02%° 046+0.05" 033+0.02® 1.03+0.10"

FD - freeze-drying; VD - vacuum drying at 50 °C (VD50), 70 °C (VD70), 90 °C (VD90); SD - spray drying; ND — not detected; a, b, c, ... - different letters within the column indicated statistical
differences (p < 0.05; HSD Tukey test).
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Anthocyanins

The second most abundant group of (poly)phenolics in the powders were anthocyanins,
whose content ranged from 1.5 to 9.8 g/100 g dm (Table 9a). Considering the cultivar,
‘Bluejay’ powders had the highest average content of anthocyanins — approximately 56% more
than ‘Berkley’ powders, which had the lowest anthocyanin content, regardless of the drying
technique or carrier addition. Therefore, from the practical point of view, ‘Bluejay’ powder can
be recommended whenever a high anthocyanin content is desired. This cultivar also appeared
preferable when the carrier was applied to blueberry juice extract powders production, except
of samples after vacuum drying at 90 °C, in which the ‘Bluecrop’ powders were the most
attractive. The addition of inulin caused an approx. 2-fold decrease in the content of individual
anthocyanins. The exceptions were powders after vacuum drying at 90 °C: 1.1-fold decrease
was recorded in ‘Bluecrop’ products, 2.8-fold decrease in ‘Berkley’ products and 3.5-fold
decrease in ‘Bluejay’ products. This confirms a strong influence of temperature (Zhu et al.,
2017) and drying time (Reque et al., 2016) on anthocyanin degradation; however, the different
degrees of degradation of the same anthocyanins in powders obtained from different cultivars
indicate an ambiguous effect of the blueberry juice extract matrices submitted to drying (Yang
etal., 2022). The drying technique influenced the average anthocyanins content in the following
order: freeze-drying > vacuum drying at 50 °C > spray drying > vacuum drying at 70 °C >
vacuum drying at 90 °C, regardless of carrier addition or cultivar. As for individual
anthocyanins, ‘Bluejay’ powders had the highest content of peonidin-3-O-glucoside, cyanidin-
3-O-glucoside, delphinidin-3-O-galactoside, delphinidin-3-O-arabinoside, and petunidin-3-O-
arabinoside. The exceptions were products after vacuum drying at 90 °C with inulin, while the
‘Bluecrop’ powders were characterized by the highest amount of malvidin-3-O-arabinoside,
malvidin-3-0O-galactoside, and petunidin-3-O-glucoside.

Among anthocyanins identified, peonidin-3-O-glucoside, not previously indicated as
prevailing in blueberry fruit (Herrera-Balandrano et al., 2021), was predominant in all powders
tested (approx. 30% higher in ‘Bluejay’ compared to the other cultivars). Previously, Liu et al.
(2022) found that among the anthocyanins present in the fruit of greengages (Prunus mume
Sieb. Et Zucc), only the content of peonidin-3-O-glucoside increased under intense UV
radiation. This, in turn, may be due to the fact that meteorological parameters can induce
different responses of individual anthocyanins depending on the structure (Kovinich et al.,
2014), affecting their synthesis differently, and thus the final composition of anthocyanins in

the fruit. Moreover, the stability of individual anthocyanin aglycones is also determined by the
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technological process and their varying persistence, in particular the effects of temperature,
light or the presence of oxygen (Cai et al., 2022). Some anthocyanins are more prone to
technological treatment and, consequently, some will be more and others less stable, as
observed in the study. Although the contents of cyanidin-3-O-glucoside, delphinidin-3-O-
arabinoside, and petunidin-3-O-arabinoside varied, these compounds followed the same path in
terms of quantitative fluctuations depending on cultivar, carrier addition, and drying technique,
as in case of peonidin-3-O-glucoside (Michalska-Ciechanowska, Hendrysiak, et al., 2021).
Slight differences deviating from this trend were noted for delphinidin-3-O-galactoside, the
content of which, depending on the cultivar, was ranked in the following descending order:
‘Bluejay’ > ‘Berkley’ > ‘Bluecrop’ for all of powders, except samples after vacuum drying at
90 °C with inulin. A different trend was found for malvidin-3-O-arabinoside, malvidin-3-O-
galactoside, and petunidin-3-O-glucoside. In the case of malvidin-3-O-arabinoside, the second
most abundant anthocyanin in powders, the highest content was recorded for ‘Bluecrop’
products, while ‘Bluejay’ and ‘Berkley’ had, respectively, 16% and 47% less of this constituent.
The exception were the powders after vacuum drying at 90 °C without inulin and spray dried

with its application, of which ‘Bluejay’ powders had the highest content of this compound.

Among inulin-added samples, only in the case of ‘Bluecrop’ powders after vacuum
drying at 90 °C, the content of malvidin-3-O-arabinoside, malvidin-3-O-galactoside, and
petunidin-3-O-glucoside was at the similar level or even higher, compared with products
obtained by other drying techniques. This stands in contrast to inulin-free powders, where
vacuum drying at 90 °C resulted in ‘Bluecrop’ products with the lowest amount of these
compounds. Two different trends in the group of anthocyanins may be due to their different
stability, which depends, among others, on the anthocyanin chemical structure, the number and
position of sugar moieties attached, or the degree of acylation (Ryu & Koh, 2022), as well as
environmental factors, mainly pH, temperature, light, oxygen access, presence of ascorbic acid

or enzymes, co-pigmentation, etc. (Enaru et al., 2021).

Flavonols

The third identified group of (poly)phenolics present in blueberry powders were
flavonols, which comprised 11 compounds and their sum ranged from 2.74 to 8.32 g/100 g dm
(Table 9b). The highest amount of flavonols was noted for ‘Bluecrop’ products, while
‘Bluejay’ and ‘Berkley’ were characterized by around 19% and 30% lower content,

respectively. Similar to anthocyanins, inulin application resulted in an about 2-fold decrease,
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regardless of the cultivar and drying technique applied. This was different for samples after
vacuum drying at 90 °C (approx. 1.4-fold decrease). Moreover, in the case of ‘Berkley’ and
‘Bluejay’ powders, the fluctuation of the flavonols content depending on the drying technique
used was not so noticeable as in case of ‘Bluecrop’ powders.

The individual flavonols followed different paths depending on the variables analyzed.
The levels of quercetin-3-O-galactoside (predominant flavonol in all blueberry powders),
quercetin hexuronide, and quercetin-3-O-arabinofuranoside were at the similar level in
‘Berkley’ and ‘Bluejay’ products, and were in a lower quantity than noted for ‘Bluecrop’
products. Additionally, in ‘Bluecrop’ powders obtained by vacuum drying at 90 °C the lowest
content of quercetin-3-O-galactoside, quercetin  hexuronide, and quercetin-3-O-
arabinofuranoside was observed, while the addition of inulin resulted in powders with the
highest concentration of these components compared to other carrier-added samples. For
quercetin-3-O-glucoside, -(acetyl)hexoside, -rutinoside, and -rhamnoside the course of changes
was similar; however, the content of these compounds depending on the cultivar was in the
following order: ‘Bluecrop’ > ‘Bluejay’ > ‘Berkley’. Interestingly, there was also a strong
negative correlation between quercetin-3-O-rhamnoside with quercetin-3-dimethoxy-
rhamnoside and syringetin-3-O-rhamnoside (» = —0.71) (Figure 19). This may be connected
with structural changes during fruit maturing which, depending on the blueberry cultivar, occur
to different degrees and ultimately result in a different compound formation, as methoxylated
derivatives of quercetin glycosides (Buchner et al., 2006; Yan et al., 2020).

Quercetin-3-O-dimethoxyrhamnoside content varied strongly depending on the
cultivar; however, it remained relatively constant regardless of the drying technique. Unlike the
other flavonols, this is the only compound which was recorded as predominant in powders from
‘Berkley’. Quercetin-3-O-oxalylpentoside represented 4%, 7% and 10% of all identified
flavonols in ‘Bluecrop’, ‘Berkley’, and ‘Bluejay’ powders, respectively. Spray-dried ‘Bluejay’
products had the highest content of this compound for both inulin-supplemented and inulin-free
samples. The variations in its content depending on the drying technique were considerably
more noticeable than in other flavonols. Finally, syringetin-3-O-rhamnoside and myricetin-3-
O-galactoside were identified and quantified only in the products obtained from ‘Berkley’ and
‘Bluejay’. The percentage of syringetin-3-O-rhamnoside in total flavonols was 6% for both
‘Berkley’ and ‘Bluejay’ powders. What is more, its content oscillated on the similar level and
remained unchanged independently of the applied drying technique. For myricetin-3-O-
galactoside, the average percentage was about 1% and 2% in ‘Berkley’ and ‘Bluejay’ powders,

respectively; however, ‘Bluejay’ powders contained about 2 times more of this constituent than
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‘Berkley’ ones. Slight differences were observed with regard to the drying technique. As in
case of the most identified flavonols, the inulin addition resulted in powders with about 45%

lower content of these two constituents when compared to carrier-free products.

Flavan-3-ols

Flavan-3-ols were the least abundant group identified in blueberry powders, among
which procyanidin B1, flavan-3-ol derivative, and (+)-catechin were identified and quantified
(Table 9b). In most cases, the lowest content of flavan-3-ols was found in ‘Bluejay’ products,
and the highest content in ‘Bluecrop’ powders. The carrier addition affected the content of
flavan-3-ols in a way similar to the other groups of (poly)phenolics, while the drying technique
had divergent effects depending on the cultivar, with spray drying allowing the highest retention
of these compounds in most cases. Procyanidin B1 was found to be dominant among flavan-3-
ols in all powders. All ‘Bluejay’ powders were characterized by the lowest amount of this
constituent, while relatively comparable levels were identified in ‘Bluecrop’ and ‘Berkley’
products. The drying technique exerted a considerably different influence on the procyanidin
B1 amount, depending on blueberry cultivar and inulin addition. The products of ‘Berkley’ after
vacuum drying at 90 °C had the lowest, while spray-dried ones had the highest content of this
compound. However, in the case of ‘Bluecrop’ powders, the same drying technique differently
influenced inulin-free and inulin-supplemented samples, and the application of spray drying
and vacuum drying at 90 °C resulted in powders with the highest procyanidin B1 content.
A similar trend was observed for the flavan-3-ol derivative. The highest content of (+)-catechin
was noted for ‘Bluecrop’ products, and the lowest for ‘Berkley’ ones. The only exceptions were
observed among the powders after vacuum drying at 90 °C (inulin-free samples) and spray
drying (inulin-added samples), of which ‘Bluejay’ powders were characterized by the highest

amount of (+) -catechin.

Antioxidant capacity

The antioxidant capacity of powders measured by TEAC ABTS and FRAP methods
indicated a strong influence of carrier addition and cultivar, while the drying technique resulted
in only minor variations (Figure 18a and 18b). The lowest antioxidant capacity values were

noted for ‘Berkley’ powders, while products from the other cultivars showed approx. 30%

higher TEAC ABTS and FRAP values.
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Figure 18. Antioxidant capacity of blueberry juice extract powders made from cv. Berkey (BK), Bluejay (BJ) and Bluecrop
(BC) cultivars without and with inulin (INU) after freeze-drying (FD), vacuum drying at 50 °C (VD50), vacuum drying at
70 °C (VD70); vacuum drying at 90 °C (VD90) and spray drying (SD) measured by (a) TEAC ABTS (Trolox Equivalent
Antioxidant Capacity by ABTS), and (b) FRAP (Ferric Reducing Antioxidant Potential) methods [mmol Trolox/100 g dm].
a, b, c, ... - different letters indicated statistical differences (p < 0.05; HSD Tukey test).
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The carrier addition caused an approx. 2-fold decrease in antioxidant capacity.
Moreover, it was observed that ‘Bluecrop’ inulin-free and ‘Bluejay’ inulin loaded samples had
the highest antioxidant capacity. An increase in temperature during vacuum drying resulted in
products with antioxidant capacity similar or even higher than freeze- or spray-dried ones. This
may be ascribed to the release of particular constituents from more polymerized structures or
their structural changes, resulting in a presence of compounds with higher antioxidant capacity
than parental ones (Liu et al., 2021; Michalska-Ciechanowska, Brzezowska, et al., 2021). It
can also be linked to the possible formation of Maillard reaction and/or caramelization products
during heat treatment, which may exhibit antioxidant properties (Nooshkam et al., 2019) that
could additionally improve powders properties. After carrier application, drying did not affect
the antioxidant capacity of the powders in the same way for all cultivars, which may indicate
multiple interactions between inulin and the matrix components during drying, including

interactions resulting in enhanced antiradical properties.

Considering all studied cultivars together, although the sum of the identified
(poly)phenolics had a significant effect on the antioxidant capacity of the powders (» = 0.93 for
TEAC ABTS and » = 0.95 for FRAP) (Figure 19), it was flavonols that were the most
prominent compounds, the presence of which was correlated the most with the values measured
by both the ABTS (r = 0.90) and the FRAP (» = 0.92) method, despite the fact that these

constituents were not the dominant ones in the blueberry products.

Antibacterial and anti-inflammatory properties

Effect of drying technique, cultivar, and inulin addition on the antibacterial properties of

blueberry powders

One of the most relevant bioactivities associated with plant products rich in
(poly)phenolic compounds, such as blueberry powders, is their antibacterial capacity. In the
study, none of the blueberry powders showed antibacterial activity against E. coli, S. enterica,
S. aureus, and L. monocytogenes strains (data not shown). This is contrary to the previous
studies describing blueberry effectiveness against these microorganisms (Shen et al., 2014;
Silva et al., 2015). This confirms that moderation of fruit-based matrices affects biological
properties of powdered products (Capuano et al., 2018). Although the (poly)phenolics

composition may differ depending on the powder production method, involving matrix
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modification, the most disputable aspect in the previous works was a relatively high
concentration of experimental samples used. In this regard, it was reported that blueberry
samples showed an inhibitory effect against L. monocytogenes and S. aureus strains, but this
result was obtained using experimental concentrations of 300 - 900 mg/mL (Shen et al., 2014)
and of 50 - 200 mg/mL (Khalifa et al., 2015; Zhou et al., 2020), respectively. The same applies
to E. coli and Salmonella strains — blueberry sample concentrations of 25 - 50 mg/mL were
used to obtain the inhibitory effect against E. coli (Khalifa et al., 2015) or even higher
concentrations were used against Salmonella (450 - 1,800 mg/mL) (Shen et al., 2014).
Considering that in most cases the strength of the inhibitory effect was dose-dependent, the
importance of using experimental samples compatible with their practical application has been
highlighted. In this sense, all blueberry powders with and without inulin (2 mg/mL) used in the
present work significantly inhibited the growth (p < 0.05) of the microaerophilic strains
C. jejuni and H. pylori (Table 10), to a different extent, compared to the experimental growth

control.

For C. jejuni (Table 10), when analyzing the effect of carrier addition, all samples
without inulin were significantly more active in reducing bacterial growth (from 0.7 to 2.4 log
CFU/mL reduction) than those with 5% inulin (from 0.3 to 1.1 log CFU/mL reduction),
irrespectively of the cultivar and drying treatment applied. This behavior seems consistent with
higher content of identified (poly)phenolics in the samples without inulin compared to those
with carrier addition (Table 9a and 9b). Considering the influence of the blueberry cultivar,
‘Bluejay’ powders showed the highest antibacterial activity, independently of the drying
technique, reducing Campylobacter growth between 1.40 and 2.38 log CFU/mL in absence of
inulin, and between 0.70 and 1.09 log CFU/mL with inulin added.
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Table 10. Antibacterial activity against Campylobacter jejuni and Helicobacter pylori of three

cultivars of blueberry juice extract powders from different dried treatments with or

without a carrier. Results are expressed as Log CFU/mL (mean + SD).

Cultivar FD VD50 VD70 VD90 SD
Blugjay ~ 7.82+0.10%«  T3EOI0T 5314 005%m  6.8410.06% % 7.69+0.07%

E NO " Berkley  8.12+0.06%%  7.89+0.14%% 800+ 0.06% %  7.69+0.16%»  7.83+0.17%w

5 carrier

™~

5 Bluecrop ~ 8.55£0.07%% 756 0.19% %  7.62£0.22%%  7.62£0.08% % 8.46+0.07%w

Q

S

S

< Blugjay — 8.52+£0.07%® 847+£0.03*®  8.13£0.07%»  8.18£0.05%%  8.42+0.09%

j 8

g 0

S Insu 1/1011* Berkley 876+ 0.04%%  894£0.03*®  899£0.05%®  883£0.07%%  8.75%0.08%
Bluecrop ~ 8.77£0.06%®  850£0.17%»  877£0.11%® 879 +0.08%  8.89 +0.03%
Blugjay ~ 2.15£0.17+®  <1.48%u 233£021%  224£037® <1.48

= NO " Berkley  2.60+0.05%w  <l.48%w <1.48% » <1.48% 2.57 £0.04%

S carrier

=

N Bluecrop <1.48% <1.48% » <1.48% » <1.48% » <1.48% »

3

S

3 Blugjay ~ 2.67+£0.08%® 233£006*®  268+£020® 254034 <1484

2 %

i Berkley  5433005% < 580£0.14%¥®  453£006* " 487£007¢ % 494%0.04%

Bluecrop 470 £0.06%® 595+ 0.11%%  4.69£0.09%®  3.18£0.03% % 326+ 0.24% s

FD - freeze-drying; VD - vacuum drying at 50 °C (VD50), 70 °C (VD70), 90 °C (VD90); SD - spray drying;

+ All samples showed statistical difference in comparison with the control growth (p <0.05, HSD Tukey test).

* Values with asterisk denote statistical difference between the same cultivar with and without inulin for each treatment
(p <0.05, t-test).

a,b,c - Values with different lowercase letters denote statistical difference within a column (p < 0.05, HSD Tukey test) (Effect
of blueberry cultivar for each treatment).

A,B,C - Values with different capital letters denote statistical difference within a row (p < 0.05, HSD Tukey test) (Effect of
drying treatment for each blueberry cultivar).

Control growth =9.22 + 0.03 Log CFU/mL

Growth detection limit = 1.48 Log CFU/mL

The highest content of (poly)phenolics was obtained from ‘Bluecrop’ (Table 9a and
9b), which suggests that it is not the (poly)phenolic compounds in general, but the presence of
some specific ones, which may determine the efficacy of the powders as antibacterial factor
against Campylobacter (Silvan et al., 2013). In this respect, particular (poly)phenolics present
in different cultivars have been shown to be antibacterial agents against Campylobacter. In this
study, a moderate correlation was found only between the inhibition of the growth of C. jejuni
and the content of caffeoyl-glucose (» = 0.62) and identified anthocyanins (» = 0.57)

(Figure 19), respectively, for all cultivars. However, at a closer look, a strong correlation
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between caffeoyl-glucose content and Campylobacter growth was indicated for ‘Bluejay’
(r=0.79) and ‘Berkley’ (» = 0.93) (Figure 21 and 22). As for anthocyanins, there was
a significant correlation between the growth of Campylobacter and the anthocyanin content in
‘Bluejay’ (r = 0.65) and ‘Berkley’ ( = 0.85), but no significant correlation was found for
‘Bluecrop’ (Figure 20).
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Figure 19. Correlogram depicts the strength and direction of a linear association between two variables (i.e.,
antioxidant/antibacterial/anti-inflammatory activity, identified (poly)phenolics and their groups) in blueberry juice extract
powders (whole samples data set). Positive and negative correlations are indicated in blue and red, accordingly, while the circle
dimension and color intensity correspond proportionally to the correlation coefficients’ values. Significant correlation
coefficients are displayed as large circles representing a strong linear relation, and small circles indicate the smallest correlation
coefficients considered insignificant. TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric
Reducing Antioxidant Potential; C. jejuni — inhibition of Campylobacter jejuni growth; H. pylori — inhibition of Helicobacter
pylori growth; Anti-inflammatory activity — pro-inflammatory cytokine IL-8 production in AGS cells infected by H. pylori.
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Figure 20. Correlogram depicts the strength and direction of a linear association between two variables (i.e.,
antioxidant/antibacterial/anti-inflammatory activity, identified (poly)phenolics and their groups) in blueberry juice extract
powders (cv. Bluecrop samples data set). Positive and negative correlations are indicated in blue and red, accordingly, while
the circle dimension and color intensity correspond proportionally to the correlation coefficients’ values. Significant correlation
coefficients are displayed as large circles representing a strong linear relation, and small circles indicate the smallest correlation
coefficients considered insignificant. TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric
Reducing Antioxidant Potential; C. jejuni — inhibition of Campylobacter jejuni growth; H. pylori — inhibition of Helicobacter
pylori growth; Anti-inflammatory activity — pro-inflammatory cytokine IL-8 production in AGS cells infected by H. pylori
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Figure 21. Correlogram depicts the strength and direction of a linear association between two variables (i.c.,
antioxidant/antibacterial/anti-inflammatory activity, identified (poly)phenolics and their groups) in blueberry juice extract
powders (cv. Bluejay samples data set). Positive and negative correlations are indicated in blue and red, accordingly, while
the circle dimension and color intensity correspond proportionally to the correlation coefficients’ values. Significant correlation
coefficients are displayed as large circles representing a strong linear relation, and small circles indicate the smallest correlation
coefficients considered insignificant. TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric
Reducing Antioxidant Potential; C. jejuni — inhibition of Campylobacter jejuni growth; H. pylori — inhibition of Helicobacter
pylori growth; Anti-inflammatory activity — pro-inflammatory cytokine IL-8 production in AGS cells infected by H. pylori.
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Figure 22. Correlogram depicts the strength and direction of a linear association between two variables (i.c.,
antioxidant/antibacterial/anti-inflammatory activity, identified (poly)phenolics and their groups) in blueberry juice extract
powders (cv. Berkley samples data set). Positive and negative correlations are indicated in blue and red, accordingly, while
the circle dimension and color intensity correspond proportionally to the correlation coefficients’ values. Significant correlation
coefficients are displayed as large circles representing a strong linear relation, and small circles indicate the smallest correlation
coefficients considered insignificant. TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric
Reducing Antioxidant Potential; C. jejuni — inhibition of Campylobacter jejuni growth; H. pylori — inhibition of Helicobacter
pylori growth; Anti-inflammatory activity — pro-inflammatory cytokine IL-8 production in AGS cells infected by H. pylori.

When it comes to the impact of the drying technique used, vacuum drying treatments
produced powders with the strongest antibacterial activity from inulin-free extracts (Table 10).
For ‘Bluejay’ and ‘Berkley’, the most effective treatment was vacuum drying at 90 °C, while
for ‘Bluecrop’, the cultivar richest in (poly)phenolics, the antibacterial behavior was observed
for all temperatures used (50, 70, and 90 °C). ‘Bluejay’ products without inulin and those
obtained by vacuum drying at 90 °C achieved the greatest reduction of Campylobacter growth
(2.4 CFU/mL log reduction). For inulin-added samples the behavior was similar. ‘Bluejay’
products after VD at 70 and 90 °C, ‘Bluecrop’ products after vacuum drying at 50 °C, and

‘Berkley’ products after vacuum drying at 90 °C caused the strongest reduction in
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Campylobacter growth (p < 0.05). These results suggest that some compounds formed or
released during vacuum drying could be involved in the antibacterial activity of these blueberry
powders. It was reported that an increase in the temperature during vacuum drying could
contribute to the enhancement of some bioactive properties, such as antioxidant capacity. This
behavior has been attributed to the release of specific compounds from more polymerized
structures and to the possible formation of Maillard reaction or caramelization products formed
during heat treatment (Liu et al., 2021; Michalska-Ciechanowska, Brzezowska, et al., 2021).
These newly formed products could show antibacterial activity (Chua et al., 2019) that may
also contribute to improving the properties of blueberry powders. Although the antibacterial
activity of blueberry products against Campylobacter was not higher than 3 log reduction with
respect to the experimental control, the obtained results can be considered relevant in practical
terms. This is because a reduction of 2 log CFU in the number of campylobacters colonizing
poultry (main source of human infection by Campylobacter) can have a significant impact on
consumer health, reducing human infections by a median value of 42% (EFSA Panel on
Biological Hazards (BIOHAZ), 2020). In the case of the poultry meat food chain, natural
compounds such as blueberry powders could potentially be used at different stages of the food

chain, from on-farm feed additives to packaging products.

On the other hand, the most relevant antibacterial effect was observed against H. pylori.
Just as for C. jejuni, but at a higher level, all blueberry (with and without inulin) showed
a significant antibacterial activity (p < 0.05) against H. pylori compared to the experimental
growth control (Table 10). The antibacterial activity of carrier-free samples was significantly
(p <0.05) higher (5.5 log CFU/mL minimal growth reduction) than that of powders with inulin
for each cultivar and same drying technique (2.17 log CFU/mL minimal growth reduction),
except for ‘Bluejay’ products obtained by spray drying, vacuum drying at 70 °C, and 90 °C,
which showed similar antibacterial efficacy to the samples with inulin. It is noteworthy that ten
of fifteen blueberry powders without inulin showed a bactericidal effect against H. pylori, while
only one sample with 5% inulin was bactericidal (‘Bluejay’ product obtained by SD), which is
linked to higher (poly)phenolics content. In terms of cultivar, ‘Bluecrop’ powders without
inulin showed the strongest antibacterial activity, exhibiting bactericidal effects regardless of
the drying techniques used. As described above, this blueberry cultivar had the highest content
of (poly)phenolics (Table 9a and 9b). Bactericidal properties were also identified in ‘Berkley’
powders obtained by vacuum drying (regardless the temperature) as well as in two ‘Bluejay’

powders vacuum drying at 50 °C and spray drying. However, inulin-supplemented ‘Bluejay’
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powders were the most active in reducing bacterial growth from 5.44 log CFU/mL to a total
inhibition (bactericidal effect), regardless of the drying technique used. With respect to the
influence of the drying techniques, vacuum drying treatments turned out to be the most effective
in samples without inulin. All blueberry juice extract powders obtained by vacuum drying at
50 °C showed a bactericidal effect. The products obtained at 70 °C and 90 °C showed the same
behavior, except for ‘Bluejay’. Finally, for inulin-added powders, those obtained by spray
drying from ‘Bluejay’, vacuum drying at 70 °C from ‘Berkley’, and vacuum drying at 90 °C

and spray drying from ‘Bluecrop’ showed high antibacterial activity in each case.

Effect of drying method, blueberry cultivar, and inulin addition on the anti-inflammatory

activity of blueberry powders on gastric cells infected with H. pylori

The inflammatory response of the gastric epithelium is directly related to the
progression of pathologies associated with H. pylori infection. For this reason, it is crucial to
modulate the inflammatory process to avoid the occurrence of cell damage (Silvan & Martinez-
Rodriguez, 2022). In this regard, the study evaluated the ability of the blueberry powders to
reduce the inflammatory process by decreasing IL-8 production, and the impact of blueberry
cultivar, inulin addition, and drying treatment (Table 11). All blueberry powders without inulin
showed a significant (p < 0.05) inhibition in IL-8 production (from 11.1% to 32.7%) compared
to the experimental control group (100% of IL-8 production). However, samples with inulin
did not exhibit a significant anti-inflammatory activity, except for the ‘Bluejay’ and ‘Bluecrop’
powders obtained by vacuum drying at 90 °C (9.4% and 14.2% of inhibition, respectively), and
the ‘Bluecrop’ powders obtained by vacuum drying at 70 °C (10.2% of inhibition).

Most of the (poly)phenolic compounds identified in the samples have been associated
with a relevant anti-inflammatory response (Puangpraphant et al., 2022), so their reduced
content related with the use of inulin would explain the decrease in anti-inflammatory activity.
It was previously observed for vacuum-dried plum juice powders that a higher anti-
inflammatory property was influenced by both the type of treatment used and the temperature,
finding that products treated by vacuum drying at 80 °C showed the highest anti-inflammatory
capacity (Silvan, Michalska-Ciechanowska, et al., 2020). This behavior may apparently be
associated with the detachment of specific compounds from more complex polymers and the

formation of Maillard reaction products, which have shown to be particularly effective in
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inhibiting IL-8 production in intestinal epithelial cells (Kitts et al., 2012). Regarding the impact
of blueberry cultivar, reduction in IL-8 production values below 80% was only obtained for all
‘Bluejay’ inulin-free powders. Anthocyanins, which have been predominant in ‘Bluejay’
powders (Table 9a), were positively correlated with the inhibition of IL-8 production by AGS
cells infected with H. pylori (r=0.65) (Figure 19), and it was in line with the anti-inflammatory
activity of anthocyanins previously described for H. pylori-infected human gastric cells (Kim
et al., 2013). However, the main reduction in IL-8 production by the infected AGS cells was
observed for the ‘Bluecrop’ powders obtained by vacuum drying at 90 and 70 °C (30.8% and
32.7% of inhibition). In these cases, as mentioned above, other compounds produced during

vacuum drying seem to be involved.

Table 11. Effect of blueberry juice extract powders on pro-inflammatory cytokine IL-8
production in AGS cells infected by Helicobacter pylori. Results are expressed as
% production of IL-8 with respect to the untreated infected cells.

Cultivar FD VD50 VD70 VD90 SD
Bluejay 782+ 1.27% 76.8 £ 1.07* 74.5 £ 0.7 729 £2.14%* = 78.1 +£4.87%
et
2
§ Berkley 82.9+£3.47% 84.1 £2.27% v 80.4 £4.37% 77.8 £ 4.37% A 83.0 £ 1.97* v
o)
Z
Bluecrop 81.5+4.07* = 88.9 £ 2.67% b» 67.3 £5.07% 69.2 £0.77% 853 +£0.27% s
Bluejay 95.9+5.1*% = 95.8+£5.9% = 97.9+£2.9% s 90.6 £ 1.97* 972+2.5%=
£
E Berkley 992+ 1.1% 98.1 £2.7% 94.1 £ 1.5% 0 99.3 £0.9%va 95.0 £2.6%
=
Bluecrop 95.4+4.6*% = 96.8 £ 0.2% = 89.8 £2.37% = 85.8 £ 3. 17% = 97.2+£4.0% =

FD - freeze-drying; VD - vacuum drying at 50 °C (VD50), 70 °C (VD70), 90 °C (VD90); SD - spray drying;

+ - Values denoted statistical difference in comparison with control groups (untreated AGS cells; 100% IL-8 production)
(» <0.05, HSD Tukey test).

a,b,c - Values with different lowercase letters denote statistical difference within a column (Blueberry cultivar in presence or
absence of inulin) (p < 0.05, HSD Tukey test).

A,B,C - Different subscript letters denote statistical difference within a row (Drying treatments) (p < 0.05, HSD Tukey test).
* - Values with asterisk denote statistical difference between the same cultivar with and without inulin for each treatment
(p <0.05, t-test).
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Chemometric analysis

The Principal Components Analysis (PCA) indicated the relationships between
chemical composition ((poly)phenolics profile and content, antioxidant capacity) and in vitro
biological properties of blueberry juice extract powders obtained from three different cultivars
with or without the addition of inulin. In the case of whole data set (Figure 23a), the two main
principal components identified (PC1 and PC2) explained 84.22 % of the total data variance.
In Figure 23a two groups can be distinguished between variables and factors, i.e., powders
with and without inulin addition. Moreover, among carrier-free samples, more clear distinction
according to the cultivar was visible, while inulin addition partially masked these differences.
When scrutinizing the data in more depth, compared to inulin-free samples (Figure 23b), the
PCA showed how its application (Figure 23c) differentiates the (poly)phenolics content and
bioactive properties of blueberry powders. A closer look at Figure 23b indicated that 3 groups
of powders can be distinguished in terms of similarities of chemical and biological properties
linked to the cultivar, except ‘Bluecrop’ powders after vacuum drying at 90 °C, which were
grouped together with ‘Bluejay’ samples. It implied that only this product had similar quality
as all ‘Bluejay’ samples. Drying technique had stronger influence on ‘Bluecrop’ samples
compared to ‘Berkley’. Addition of inulin grouped the samples as followed: (1) Berkley’
powders and (2) ‘Bluejay’ and ‘Bluecrop’ powders (Figure 23b and 23c¢). Moreover, in the
second group, ‘Bluecrop’ powders were similar in terms of (poly)phenolics content and anti-
inflammatory properties, while ‘Bluejay’ ones were comparable in terms of antioxidant
capacity and inhibition of C. jejuni and H. pylori growth. This indicated that not the content,

but the specific compounds are responsible for selected bioactive properties.
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Figure 23. Principal Components Analysis (PCA) biplot that indicates principal components (PC) scores of blueberry juice
extract powders with and without inulin (inu) addition gained after freeze-drying (FD), vacuum drying at 50 °C (VD50),
vacuum drying at 70 °C (VD70); vacuum drying at 90 °C (VD90) and spray drying (SD) obtained from Berkley (BK; o),
Bluecrop (BC; #) and Bluejay (BJ; M) for: (a) whole data set; (b) only inulin-free powders data set; (¢) only inulin-added
powders data set. TEAC ABTS — Trolox Equivalent Antioxidant Capacity by ABTS; FRAP — Ferric Reducing Antioxidant
Potential; C. jejuni — inhibition of Campylobacter jejuni growth; H. pylori — inhibition of Helicobacter pylori growth; Anti-
inflammatory activity — pro-inflammatory cytokine IL-8 production in AGS cells infected by H. pylori.
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Summary

The study demonstrated a novel approach towards tailor-made powder manufacturing
based on natural bioactives in blueberry (poly)phenolic-rich products, taking into account the
influence of multistep processing.

The physical properties of the blueberry powders were strongly affected by the drying
technique, with the vacuum drying being the preferred treatment resulting in the lowest
moisture content and water activity as well as the highest bulk density values. Among the
analyzed cultivars, ‘Bluecrop’ powders were the richest source of (poly)phenolics, whereas
syringetin-3-O-rhamnoside and myricetin-3-O-galactoside were identified only in ‘Berkley’
and ‘Bluejay’ samples. Although the application of inulin resulted in powders with about 2-fold
lower (poly)phenolic content and antioxidant capacity compared to carrier-free samples, for
those with inulin, it appeared to provide protection for selected variants. In general, spray-dried
powders were of similar or better quality compared to freeze-dried ones. Antibacterial activity
towards C. jejuni was found to depend on the presence of particular bioactives, rather than on
their total amount. As many as ten out of fifteen blueberry inulin-free products showed
a bactericidal effect against H. pylori, whereas the same was true for only one inulin-
supplemented product. Cultivar was shown to strongly affect the anti-inflammatory properties
of blueberry products, and vacuum drying at higher temperatures was found to even enhance

this effect for some powder variants, unlike the other treatments (freeze- and spray drying).

Recommendation: The study indicated that the blueberry cultivar composition and its matrix
modifications through inulin addition and drying technique can serve as a tool for designing
products with programmed antimicrobial and anti-inflammatory potential with possible
application in customized food production. However, this approach should be adapted to
specific plant-based matrix composition as numerous bioactives components (qualitative and

quantitative differences) may diversely interact under specific processing conditions.
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5.3.2. Publication 2: Beetroot juice powders case study

The results obtained from the study presented in the Publication 2 shed a new light on
the physico-chemical and functional properties of beetroot juice powders. The main concept
was to evaluate the influence of the juice pre-treatment (fermentation) and carrier type
(maltodextrin, inulin, oligofructose, and Nutriose®) used during freeze- and spray drying on the
physical attributes, (poly)phenolics profile, HMF formation, as well as in vitro antioxidant,
antiglycation and antiproliferative activities toward human leukemia cell lines. In addition, for
the first time, the carrier type was tested in terms of the effectiveness of plant-based powders
in inhibiting (or stimulating) cancer cell proliferation in vitro.

The juice fermentation turned out to affect powders quality starting from the physical
attributes, however its impact was strongly linked to the other steps of powdering process,
namely, particular carrier type addition and drying technique applied. When taking into account
the moisture content, spray drying resulted in powders with its lower values compared to
lyophilization. Interestingly, and in line with previous observations (Kuhn et al., 2020;
Michalska-Ciechanowska, Hendrysiak, et al. 2021), inulin was an exception among the carriers
used in freeze-drying that yielded the lowest Mc values of powdered products. This repetitive
pattern across different studies has been attributed to the stability of inulin, for which exposure
to different processing conditions (changing thermal and pH treatment) may affect its water-
binding capacity, resulting in an ambiguous response of this carrier in a given matrix (Ozyurt
& Otles, 2016; Li et al., 2019). Based on the water activity measurement which proved all the
powders obtained as microbiologically stable (Fontana, 2020), the multidirectional interplay
between initial matrix composition (juice probiotically fermented or not) and applied
processing was found. For instance, with respect to maltodextrin, the application of which
resulted in comparable water activity after freeze- and spray drying regardless of the matrix
used, oligofructose on the other hand resulted in products with the highest a, values after
lyophilization, whereas they were about 3 times lower when spray-drying was used. In the case
of the application of inulin and Nutriose®, other relationships were revealed in which the pre-
treatment of the matrix proved to have a decisive influence and induced an inconsistent behavior
depending on the drying technique used. For example, products made from non-fermented juice
using Nutriose® freeze-drying had over 2.5 times higher water activity than those prepared in
the same way from fermented juice. Also, in the case of the color, it was observed that
fermentation affected the yellowness of final products, which was considerably lower when

fermented juice was used for their production. This was attributed to the presence of compounds
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with yellow pigmentation, which could be formed as a result of Maillard reaction or
caramelisation during water removal from the unfermented sugars present in higher levels in
non-fermented juice than in fermented juice, as it was indicated by Hashemi et al. (2021). This
reflects the scale on which the observed relationships can vary, depending not only on the
processing used and its variables, but more importantly on the matrix being processed.

The (poly)phenolics identified in beetroot juice powders were classified into three main
groups, i.e., betalains (the predominant group, accounting for 80% of all identified compounds),
syringic acid derivatives (16%) and ferulic acid derivatives (4%). As a result of fermentation,
the powder obtained from the juice treated by this process contained approximately one fifth
less betalains than its unfermented counterpart. Considering the carrier type influence, based
on the percentage share it was noted that oligofructose resulted in the greatest betalains retention
while inulin in syringic acid derivatives. The ferulic acid derivatives proved to be the most
relatively stable group during applied processing, as their proportion in the overall content was
comparable regardless of the type of carrier used. In addition, the antioxidant capacity analysis
together with the Total Phenolic Content assay showed a clear pattern that samples with
oligofructose and inulin were characterized by significantly higher values of these parameters
compared to maltodextrin and Nutriose®. When considering the drying technique employed, in
line with Michalska-Ciechanowska, Brzezowska, et al. (2021), freeze- and spray drying yielded
similar powders in terms of (poly)phenolic content, indicating a comparable efficiency of these
two techniques in their retention.

Since, as mentioned above, processing can trigger reactions responsible for the
formation of undesirable components, the analysis of hydroxymethyl-L-furfural, as the most
widely studied food-processing-indicator, allowed the safety of the obtained beetroot powders
to be assessed. In contrast to maltodextrin, inulin and Nutriose®, there is very little information
available on the use of oligofructose as a carrier, especially in the context of the formation of
process contaminants. Therefore, the finding of HMF formation only in powders where this
substance has been applied is of great scientific and industrial importance. The phenomenon
was ascribed to the compositional difference between carriers, namely sugar type and well as
degree of polymerization (DP). In contrast to maltodextrin and Nutriose®, which are
predominantly composed of glucose units, oligofructose is a short-chain fructan with a degree
of polymerization of 2 - 9, which is significantly shorter than inulin (DP: from 2 to 60+)
(Jackson et al., 2022). Consistently, oligofructose is much more susceptible to decomposition
changes and is therefore the main substrate for the Maillard and caramelization reactions.

Considering the effect of the drying technique, Gokmen & Morales (2014) previously stated
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that the presence of HMF can be confirmed in foods for which even mild conditions (leading
to water removal and thus accelerating sugar dehydration) were applied during processing.
Therefore, although spray drying might be more associated with its formation due to high
temperature treatment (but for a short time), freeze-drying turns out to also evoke such changes
leading to HMF formation in beetroot powders. For the remaining samples, wherein HMF was
not identified, two explanations were proposed including insufficient substrate content in the
case of samples form fermented juice (Hashemi et al., 2021), as well as, the inherent response
of a particular formulation (including type of carrier added) undergoing processing (Capuano
et al., 2018).

Finally, the biological potential of each food matrix should be considered as a joint
resultant of physico-chemical changes. In this study, beetroot powders were tested for their in
vitro antiglycation properties and antiproliferative activity towards human leukemia cell lines.
It was shown that only the products obtained from probiotically fermented beetroot juice
exhibited a stronger effect when studied in the methylglyoxal-L-arginine model system, which
mimics the specific reaction between these substrates in the course of the transformation that
takes place during glycation. Considering initial (Bovine Serum Albumin-glucose model) and
middle (Bovine Serum Albumin-methylglyoxal model) stage of this glycation, no appreciable
contribution was reported.

In order to assess the potential antiproliferative activity of beetroot powdered
formulations, two human leukemia cell lines were used; the J45.01 line (ATCC® CRL1990 ™),
isolated from the peripheral blood of a male patient with acute T-cell leukemia, and HL-
60/MX2 line (ATCC® CRL2257 ™), derived from the HL-60 cell line isolated from peripheral
blood leucocytes of a patient with acute promyelocytic leukemia. Changes in cell viability
occurred when powdered juices (1 mg/mL) were added to a growth medium containing cancer
cells. It was proven that Nutriose® addition to the formulation resulted in reduction of the cell
viability when tested on J45.01 line (regardless juice type or drying technique applied), while
in the case of HL-60/MX2 line, only when non-fermented juice matrix was used for powders
preparation. On the contrary, the application of oligofructose turned out to stimulate the growth
of cancerous cells in the J45.01 line, regardless juice type and drying technique used.
Accordingly, it is therefore possible that the anti-proliferative properties may be moderated by
the type of carrier used. However, depending on the line employed for testing, the pattern of
biological response was different. Therefore, the selectivity of beetroot powders towards
particular leukemia cell line needs to be highlighted. Going into the details, a moderate positive

correlation (= 0.56) or no correlation (» =—0.12) was found between the betalains content and
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the HL-60/MX2 and J45.01 lines, respectively, confirming the selective ability of this bioactive
group to inhibit cancer cell proliferation depending on the line type, as was proven before by
Lechner & Stoner, (2019). Also, the ambiguous effect of ferulic acid derivatives was confirmed
by a strong negative correlation (» = —0.83) in the case of HL-60/MX2 human leukemia line,
while no relationship was noted in case of the second line. Furthermore, not only bioactives but
also the hydroxymethyl-L-furfural have been reported to influence the chemoprotective
potential of beetroot powder, for which negative correlation in the case of J-45.01 (» =—0.81)
as well as HL-60/MX2 (r = —0.54) lines were noted. And although it can be suggested that its
presence may be responsible for the proliferation of cancer cells, even more so as it has only
been identified in oligofructose powders, however, this effect can also be attributed to the
characteristics of the formulation. This is linked to the fact that oligofructose is a short-chain
fructan, consisting mainly of fructose units, which in turn contribute significantly to the
development of cancer diseases (Nakagawa et al., 2020).

Conclusively, it was indicated that the initial matrix (fermented or non-fermented)
combined with the addition of prebiotic carrier substance and subjected to given drying
treatment moderated the quality of such products in terms of their physico-chemical and

biological properties.

Recommendation: The outcomes of the study reflect a broad potential of beetroot powdered
formulation, especially as a possibly functional additives to a various foodstuff, and gives an
overview about pros and cons of their production form a processing point of view.
Oligofructose should be carefully reconsidered for beetroot-originated matrix (and probably
others) processing toward powders production as it turned out to not only drive the HMF
formation, as well as, stimulate proliferation of cancerous cells in vitro. Nutriose® seems to be
promising substance in the context of properties studied therein for beetroot juice matrix,
however, each plant-based raw material constitutes an individual matrix that should be
considered in light of its inherent complexity and characteristics, and therefore any processing

should be carefully tailored.
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6. CONCLUSIONS

The following conclusions were drawn from the results of the research carried out:

1.

The same processing conditions applied to the different fruit matrix (even from the
same origin) moderated differently the same attributes of plant-based powders.
Based on the example of chokeberry and cranberry pomace extract matrices it was
shown that the physical properties and chemical characteristics, including the presence
of (poly)phenols, were a result of the joint interplay between matrix pre-treatment
(extraction solvent), carrier addition and type, as well as the drying technique used for
powders production. The incorporation of a binary carrier blend of maltodextrin and
trehalose for lyophilization and vacuum drying at 90 °C resulted in the highest retention
of (poly)phenols and minimized hydroxymethyl-L-furfural content for the preparation
of chokeberry powders. In contrast to previously commonly used 30% acetone, the
acidification of 50% ethanol can be considered as an effective extraction medium for
the production of cranberry pomace extract powders, as the highest retention of
(poly)phenolics and the lowest content of hydroxymethyl-L-furfural were observed for
these products. Furthermore, the use of a carrier can be recommended as its addition
resulted in a reduced hydroxymethyl-L-furfural content in the final powders. Therefore,
it has been evidenced that it is possible to control the formation of process
contaminants by proper selection of matrix pretreatment as well as processing

conditions, but it is directly linked to the matrix composition.

It was proven that the different bioactive response of plant-based powders is
aresult of given matrix composition specifically pretreated and subjected to
particular processing conditions. The antioxidant capacity of powders from different
fruit fractions of selected botanical matrices was found to be influenced not only by the
presence of (poly)phenolics, but also amino acids, with particular reference to the
ornithine. The fractionation of the initial matrix resulted in a diverse distribution of
(poly)phenolics in respective powders, however the pattern was not the same for each
plant material used. The ambiguous behavior of the same (poly)phenolic groups with
respect to a-amylase and a-glucosidase activity was attributed to the compositional
heterogeneity of the fruit matrices tested in which the (poly)phenolics were present.
Glycine was negatively correlated with a-glucosidase inhibiting activity. Flavonols

have been shown to selectively inhibit glycation in vitro depending on the stage of the
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reaction. Moreover, the interrelation between (poly)phenolics and selected amino acids

were found to contribute to antiglycation potential of analysed powders.

The formation of process contaminants is a result of the presence of basic
components of the fruit matrices and can be additionally accelerated by the process
parameters used. However, the fruit matrix complexification may lead to different
responses in the formation of process contaminants. Based on example models, i.e.,
the Japanese quince juice and blackcurrant juice model systems, it was proved that
hydroxymethyl-L-furfural and furfural were formed only when vacuum drying from
60 °C and above was applied, suggesting that formation of these process contaminants
after freeze-drying (demonstrated in stage I of the research) could be linked to other
components than sugars and organic acids. No influence of ascorbic acid on their
formation was indicated in presented models thus its presence cannot be solely
responsible for process contaminants formation. Moreover, it was observed that among
carriers tested, inulin resulted in powders with the highest hydroxymethyl-L-furfural
content, confirming that its presence may trigger formation of this process contaminant
under high-temperature treatment. Finally, for the first time it has been signaled that

organic acids may also be involved in the formation of these unwanted constituents.

Matrix heterogeneities originating from cultivar differentiation affect the
biological properties of plant-based powders and can be additionally shaped (even
improved) by processing conditions. Substantial differences in the physico-chemical
properties and antioxidant capacity of blueberry juice extract powders were found
depending on the cultivar used. Analysed powders showed higher antibacterial activity
against Helicobacter pylori when compared to Campylobacter jejuni. Products without
inulin were more effective than those with its addition. Ten out of fifteen carrier-free
powders showed bactericidal effect against Helicobacter pylori, while one among
products with carrier application. The analysis of anti-inflammatory properties in gastric
cell cultures infected with Helicobacter pylori revealed that for selected blueberry
products the properties tested were enhanced by application of relatively high-

temperature treatment (vacuum drying), compared to freeze- and spray drying.

Matrix pre-treatment by probiotic fermentation followed by targeted processing
can shape the physico-chemical properties and biological potential of plant-based

powders in a multidirectional manner. Based on the beetroot juice matrix, it was
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shown that juice fermentation affected the physical attributes of resulting powders as
well as reduced the betalains content in the final powders. Syringic acid derivatives were
most effectively protected by inulin compared to other carriers used, while ferulic acid
derivatives were relatively the most stable regardless of the processing applied
compared to other (poly)phenolic groups. Oligofructose was reported to be a contributor
to the formation of hydroxymethyl-L-furfural regardless of the processing applied, as
well as the stimulator for proliferation of cancerous cells in vitro. A Nutriose® was found
to be the most promising prebiotic carrier in the context of antiproliferative activity of
beetroot powders toward human leukemia cell lines. Nevertheless, the joint interactions
between influencing factors i.a. initial matrix composition, carrier type and drying
technique used moderated tested properties in manifold directions, hence each variant

of the powder resulted in an individual and inherent response.

Conclusively, it was confirmed that the inherent bioactive response exhibited by the
final product is directly dependent on the broadly defined food matrix, which is subjected to
specific processing conditions, and can be ambiguous with even the slightest change in one of
the variables occurs. For this reason, the development of plant-based powders with targeted
qualities (including improved functional properties and/or decrease in formation of
process contaminants) should be preceded by processing studies dedicated to the specific
matrix destined for production. In addition, the pros and cons of processing of selected
botanical matrices into plant-based powders were outlined, and specific recommendations were
proposed depending on the challenge identified in a given case study, Finally, the findings
presented not only adds valuable insights that are lacking in the literature related to the
development of high-quality powdered products based on plant matrices, but also highlights
their wide potential in the context of food design with health-oriented and/or personalized
properties. Accordingly, the outcome of this work provides a platform knowledge for further
exploration into the development of such commodities, possibly even on an industrial scale.

The results obtained from the series of studies constituting the dissertation confirmed

the research hypothesis that the adaptation of tailor-made processing for specific botanical

matrices enables to shape broadly defined quality of plant powders towards their functional

properties and minimized process contaminants presence.
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Abstract: Chokeberry fruit, one of the richest plant sources of bioactives, is processed into different
foodstuffs, mainly juice, which generates a considerable amount of by-products. To follow the
latest trends in the food industry considering waste management, the study aimed to produce
chokeberry pomace extract powders and conduct experimental and chemometric assessment of
the effect of different carriers and drying techniques on the physico-chemical properties of such
products. The PCA analysis showed that the examined powders were classified into two groups:
freeze-dried (variation in case of moisture content, water activity, colour, and browning index) and
vacuum-dried (bulk density). No clear pattern was observed for the physical properties of carrier
added products. The sum of polyphenolics (phenolic acids, anthocyanins and flavonols) ranged from
3.3-22.7 g/100 g dry matter. Drying techniques had a stronger effect on the polyphenols profile than
the type of carrier. Hydroxymethyl-L-furfural formation was enhanced by inulin addition during
high-temperature treatment. Overall, the addition of maltodextrin and trehalose mixture for freeze
drying and vacuum drying at 90 °C caused the highest retention of polyphenolics and the lowest
formation of hydroxymethyl-L-furfural; however, an individual and comprehensive approach is
required when the obtainment of high-quality chokeberry powders is expected.

Keywords: Aronia melanocarpa L.; by-products; sustainability; inulin; trehalose; polyphenols; HMF;
unsupervised chemometric analysis

1. Introduction

As of late, a new trend has become increasingly evident in the food industry, with
consumers shifting their preferences from animal to plant-based products. This is mainly
driven by consumers’ growing awareness of a healthy lifestyle, of which a balanced diet is
an indispensable part, but also by ecological and ethical issues [1]. For this reason, the pro-
duction and processing of plant products, mainly fruit and vegetables, has been increasing
significantly for some time. However, this leads to the generation of an enormous amount
of by-products, including pomace, the management of which is currently one of the biggest
challenges for the food industry sector [2]. As it was reported earlier in the literature, fruit
and vegetable pomace is a valuable source of numerous bioactive compounds [3,4]. One of
the most frequently processed raw materials is black chokeberry (Aronia melanocarpa L.),
which, due to its characteristic astringent taste, is not usually consumed as a fresh fruit. The
main direction of its use is the production of juices, jams, or fruit wines, which results in
significant amounts of by-products [5]. Due to its unfavourable sensory properties, it often
remains wasted. However, a body of evidence has demonstrated that chokeberry pomace
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is a rich source of polyphenolic compounds, which have strong antioxidant properties,
but has also indicated the beneficial effects in, among others, obesity, glucose metabolic
disorders, pro-inflammatory conditions, hypertension, dyslipidaemia, etc. [6]. It has to be
stressed that chokeberry pomace has almost an eight times higher content of polyphenols
than juice [7]. Due to the proven health-promoting properties of chokeberry pomace, it
can be an excellent raw material when developing functional foods [7]. In this setting,
the processing of chokeberry by-products is of great importance and the production of a
powdered form is new and one of the most promising alternatives for its utilisation, while
at the same time being an effective tool for introducing sustainable food management [8,9].
One of the interesting approaches is to obtain powders from chokeberry pomace extracts.
This type of product, due to its easy-to-handle form, possible high solubility (in contrast to
pomace), and a relatively high microbial stability, is an attractive additive to other food-
stuffs as a sustainable natural colouring or functional enrichment agent [5,10]. However,
in order to retain the satisfactory amount of selected polyphenolics, a correctly chosen
extraction method is essential, as are the subsequent steps: solvent evaporation, purifica-
tion of the extracts on a polymer-bed-type Amberlite XAD, and next solvent evaporation
leading to a purified pomace polyphenolic extract obtainment [11]. Moreover, in order to
acquire the powdered form, it is necessary to carry out drying, which may significantly
affect the physical properties, but also can lead to alterations of the chemical composition,
particularly in the profile of polyphenolic compounds. For this reason, the choice of an
appropriate drying technique and its parameters is pivotal to maintain a relatively high
possible content of polyphenolic compounds in the final product [12]. Freeze drying, as
a low-temperature water removal process, is considered to be the least intrusive with
the slightest impact on the transformation of the dried matrix [13]. On the other hand,
recent studies by Michalska-Ciechanowska et al. [12] on black chokeberry juice demon-
strated that the application of high temperatures during drying can positively influence
the polyphenolic profile, leading to the release of significant amounts of selected bioactive
constituents from more complex structures [12]. One technique that enables the use of
high drying temperatures while excluding the effects of oxygen on the dried matrix is
vacuum drying [14]. However, the thermolability of polyphenols, especially anthocyanins,
to thermal processes, as well as the different yields for obtaining powders depending
on the raw material composition, induce the necessity of using a carrier additive in the
drying process [15]. Substances of carbohydrate origin, such as maltodextrin, are widely
used for this purpose and have proven protective properties, allowing for an increased
retention of anthocyanins at high drying temperatures compared with other carriers [14].
Further interesting additives include trehalose, which has been found to be inactive in the
Maillard reaction due to its non-reducing properties, and inulin, which is well known for
its functional properties [16]. Importantly, the selection of carrier is of high importance as it
was previously demonstrated that the type and concentration of selected carriers may not
only cause a decrease in the polyphenolics content, but may also accelerate the formation
of undesirable process contaminants, especially in fruit-based matrices [12,14]. Taking the
above into consideration, it is hypothesised that the drying techniques and type of carrier
will simultaneously moderate the polyphenolic composition in chokeberry pomace extract
powders. Thus, this study aimed to evaluate different drying techniques and parameters
as well as carrier types on the alteration in the polyphenolics composition, antioxidant
capacity, and formation of Maillard reaction and caramelisation products in chokeberry
pomace extract powders.

2. Materials and Methods
2.1. Materials

The material used in the study was composed of chokeberry fruits (approximately
70 kg) obtained from Rolniczo-Sadownicze Gospodarstwo Doswiadczalne ‘Przybroda’
(Rokietnica near Poznar, Poland). The fruits were ground in a Thermomix (Wuppertal,
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Vorkwek, Germany) and pressed on a hydraulic press (SRSE, Warszawa, Poland). The
pomace gained was frozen before the extraction process at —20 °C.

2.2. Methods
2.2.1. Extraction Procedure

The extraction of polyphenolic compounds from chokeberry pomace (initial moisture
content of 44.45 + 0.01%) was performed according to the patent Oszmiarski and Krzy-
wicki [17]. Thawed pomace (approximately 10 kg) was mixed with 30% acetone (1:4, w/v)
and sonicated for 15 min. The solution was left for 24 h and sonicated again for 15 min.
The acetone was evaporated (Unipan 350P, Warsaw, Poland) and the solution gained in a
quantity of approximately 17 L (4.9 & 0.07 Bx) was introduced into the Amberlite XAD-16
(Brenntag, Poland) according to the procedure of Kammerer et al. [11] in order to recover
the selected polyphenolics in the extracts [18]. This resulted in approximately 2.5 L of final
solution (6.9 £ 0.1 Bx), which was submitted to the formulation of the drying compositions
(control, samples with carrier addition). The procedure was performed in duplicate (1 = 2).

2.2.2. Preparation of Chokeberry Pomace Extract Powders

The pomace extracts were mixed with carriers, i.e., maltodextrin (M) (DE 9.3; PEPEES
S.A, Poland), inulin (I) (Beneo-Orafti, Belgium), trehalose (T) (Hayashibara, Co., Okayama,
Japan), and their mixtures maltodextrin-inulin (M-I), maltodextrin-trehalose (M-T), and
inulin-trehalose (I-T) at the level of 10% (w/w) (chosen on the basis of experimental work).
No carrier was added to the control sample. Prepared solutions were submitted to drying
processes: freeze drying at —60 °C/+ 24 °C for 24 h (FreeZone freeze dryer, Labconco
Corp., Kansas, MO, USA), and vacuum drying at 60 and 90 °C for, respectively, 22 and 16 h
(Vacucell 111 Eco Line, MMM Medcenter Einrichtungen GmbH, Germany). The drying
processes were performed in duplicate (1 = 2). After the drying, the obtained powders
were vacuum packed and stored at —20 °C until analysis.

2.2.3. Physical Properties
Moisture Content

The moisture content (Mc) was determined in duplicate (n = 2) [12] at 80 °C. The
results were expressed as %.

Water Activity

The water activity (a,;) was done at 25 °C in duplicate (1 = 2) using the water activity
meter Dew Point Water Activity Meter 4TE (AQUA LAB, Pullman, WA, USA).

Bulk Density

The bulk density (p},) of powders was performed in duplicate (n = 2) using a graduated
cylinder (10 cm3) and laboratory scale. This was calculated as follows:

m

Pp = Yy 1)

m—mass of the powder, V,—volume of the powder

Colour

The colour of the powders was measured in triplicate (1 = 3) using a Minolta Chroma
Meter CR-400 colorimeter (Minolta Co. Ltd., Osaka, Japan) according to the CIE L*a*b*
system. Based on the results, the browning index (BI) was calculated according to the
equation described by Mexis and Kontominas [19]:

_ [100(x —0.31)]

BI 0.17

@
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where:
a* +1.75L*

X~ 564L* +ar —3.012b° ®)

2.2.4. Chemical Properties
Preparation of Extracts

The extraction of polyphenolics from the chokeberry pomace powders was performed
according to the procedure described by Wojdyto et al. [20]. Samples for qualitative and
quantitative determination of these compounds and hydroxymethyl-L-furfural (HMF)
by Ultrahigh Performance Liquid Chromatography were done in duplicate (1 = 2) and
extracted with 1.7 mL of aqueous solution of MeOH (30%; v/v) with ascorbic acid (0.2%)
and 0.1% CH3COOH while those for antioxidant capacity analyses (n = 2) were prepared
with 1.7 mL of MeOH (80%; v/v) with HCI (1 mL/L). All samples were sonicated for
15 min and refrigerated at 4 °C for 24 h. After this time, the samples were ultrasonicated
again (15 min) and then centrifuged (19,515x g, 20 °C; MPW-251, MPW Med. Instruments,
Poland). The obtained extracts were subjected to further analyses.

Qualitative and Quantitative Determination of Polyphenolics and Hydroxymethyl-L-furfural

The qualitative and quantitative analyses of polyphenolics were performed using
an Acquity UPLC system (Waters, Milford, MA, USA) with a PDA detector, equipped
with a binary pump system and a solvent manager. The separation of the individual
compounds was done at a flow rate of 0.42 mL/min in an ACQUITY BEH C;g analytical
column (100 mm x 1.7 um, Waters, Milford, MA, USA). The column was conditioned with
acetonitrile (100%) and an aqueous solution of acetonitrile (10%; v/v). The separation
was performed by the gradient elution method using 4.5% formic acid (solvent A) and
acetonitrile (solvent B): 0-10 min linear gradient, 1-15% solvent B; 10-11.5 min linear
gradient, 25-100% solvent B. Anthocyanins, flavonols, phenolic acids, and HMF were
detected at A = 520 nm, 360 nm, 320 nm, and 280 nm, respectively. The determination was
performed in duplicate (n = 2). The polyphenolics were identified by LC-MS QTof and
assessed using the MassLynx 4.0 ChromaLynx Application Manager software [21]. Results
were expressed as g/100 g dry basis (db) for individual polyphenols and as pg/100 g of db
for HMF.

Antioxidant Capacity

The antioxidant capacity of polyphenolic extracts from chokeberry pomace extract
powders was evaluated by ABTS* radical cation scavenging [22] and FRAP [23] by in vitro
assays using a Synergy H1 spectrophotometer (BioTek Instruments Inc., Winooski, VT,
USA). The determination was made in duplicate (1 = 2) and the results were expressed as
mmol Trolox equivalent (TE) per 100 g of db.

2.2.5. Statistical Analysis and Chemometrics

The results were statistically analysed using STATISTICA 13 software (StatSoft, Tulsa,
OK, USA). One-way analysis of variance (ANOVA) was performed (p < 0.05) and the Tukey
post hoc test (also referred to as the Tukey’s honestly significant difference (Tukey HSD))
was applied to compare the pairwise differences between group means (p < 0.05). To
investigate the dependence between the selected variables, Pearson’s correlation coefficient
was also calculated.

To identify the direction that maximises the variance of the projected data and to
explore the trends and relations between observations and variables simultaneously, prin-
cipal component analysis (PCA) [24] was performed using the ‘factoextra’ R package [25].
The radar plots were prepared using the ‘fmsb’ R package [26], allowing differences in
sub-groups to be visualised.
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3. Results and Discussion
3.1. Physical Properties
3.1.1. Moisture Content

The moisture content (Mc) of the analysed powders ranged from 0.47% to 7.59% for
the products gained, respectively, after vacuum drying at 90 °C and after freeze drying with
the addition of trehalose (Table 1). In general, the average moisture content of the control
samples (no addition of carriers) was lower by approximately 29% when compared to the
average moisture content of the products gained with the addition of carriers. The drying
techniques and parameters applied for the powders’ preparation had a significant effect on
this parameter: the higher the drying temperature, the lower the Mc of the powders [27].

When the drying techniques and carrier type were concerned, it was noted that during
the freeze drying process, the addition of maltodextrin resulted in the lowest Mc, whereas
the addition of trehalose led to the highest moisture content of the powders (Table 1).

In the case of freeze and vacuum drying at 60 °C, the powders gained with the addition
of inulin had a lower moisture content than the samples obtained with the addition of its
mixes (M-I and I-T). However, when vacuum drying at 90 °C was considered, the powders
obtained with the addition of inulin and its mixes had the highest Mc when compared to the
rest of the applied carriers. It can be concluded that the type of carrier might influence the
moisture content due to the different water-holding capacity, which could be additionally
altered by the drying technique used for the powders’ preparation [28]. However, taking
into account the moisture content of the carriers (i.e., Mc of M: 10.07 + 0.93; Mc of I:
3.05 &+ 0.01; Mc of T: 1.04 & 0.04; Mc of M-I: 5.52 £ 0.01; Mc of M-T: 3.68 £ 0.18; Mc
of I-T: 2.66 £ 0.13), it can be observed that Mc of the powders was influenced more by
possible interactions between the compounds present in the extracts and the constituents
of the carriers (Table 1). This was also confirmed by the lack of a significant correlation
between the moisture content of the carriers themselves and Mc of the powders gained
with their addition.

3.1.2. Water Activity (ay)

In all the analysed powders, the water activity values were below 0.45 (Table 1),
indicating that these products can be considered as stable from a biochemical and microbi-
ological point of view [29]. In the case of the controls and powders with the addition of
carriers and their mixtures, the water activity values were higher after the freeze drying
process than in the products gained after vacuum drying at 60 and 90 °C [27]. This might
be due to the more porous structure of the products gained after freeze drying, when com-
pared to the other drying technique used [30]. Similarly to da Silva Calvaho et al. [29], the
type of carrier influenced a,, of the powders. In the products obtained with the application
of maltodextrin and its mixes for freeze drying, I and I-T for vacuum drying at 60 °C and
T for vacuum drying at 90 °C resulted in higher water activity in the products obtained.
A positive correlation between water activity and moisture content was noted (r = 0.67)
(Figure S1). A similar observation was made in case of apple juice powders [27]. In general,
the application of different carriers and their mixture led to alterations in the water activity
of the samples, which was also dependent on the drying technique used. There are reports
suggesting that in relation to the type of carrier used for drying, the formation of a crust on
the outer layer of samples was observed, which influences the water activity values in the
products gained [31]. Thus, water activity may be connected with the physical changes
that occur on the surface of the samples during drying that might differ in terms of their
carrier properties.
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Table 1. Moisture content, water activity, bulk density, colour (CIE L*a*b*), and browning index of chokeberry powders obtained after freeze and vacuum drying (n = 2;

average + standard deviation).

Dry{ng Process Carrier Mc ay Pb Colour BI
Technique Conditions (%) -) (g/cm®) L* a* b* (AU)
(-) 438+ 054t 034 +002h 0.09 +0.012 242040111 16.14 + 0.23 1 4.65+0.02™ 0.42 +0.011
Maltodextrin 4.20 4 0.42 cdef 0.4140.021 0.12 +0.012 25.78 4+ 0.25) 2231 4+ 0.07} 4.09 +0.01! 0.43 +0.01 %
Inulin 474+1.049%f 01540012 0.32 +0.02 be 28.59 + 0.06 ¢ 25.93 4 0.04 * 226 4 0.041 0.42 4+0.021
FD —60°C/24°C Trehalose 7.59 +1.058 029 £0028" 0610019 1357 +0162 124340198 153 +0.030 0.43 £ 0.01 )k
Maltodextrin-Inulin 6.15 + 1.25¢f8 0.42 +£0.021 0.17 £ 0.01 2> 2344 +0.711 2294 +0.071 435+0.11! 0.45 +£0.01!
Maltodextrin-Trehalose 6.53 +0.0178 04340011 0.29 £ 0.01 be 17.28 £ 0.03 b¢ 12.69 4 0.05 8 3.3240.02% 0.43 & 0.01
Inulin-Trehalose 5.42 +0.70 °f8 0.31 +0.01h 0.32 4+ 0.03 b¢ 18.27 +0.18<d¢ 12,89 +-0.33 8 3.37 £0.07% 0.42 4 0.01 ¥
(-) 112 £0.392 0.24 +0.019fF 064 +0.059¢f8h 1848 + 0.36%df 976 +0.874 246 +0.36 1 0.39 +0.01 8
Maltodextrin 2754 0573cd 023+ 0019f 070400188 1657 +0.11P 7.38 £0.09 0.49 +£0.02°d 037 4 0.02d
Inulin 265+0042cd 0324001  0.65+0069fh 1855 £ 054def 1551 £0241 1.05 + 0.02 8 0.41+0.01h
60 °C Trehalose 2744+ 1.162d 019 £0.01bde 053 +0.059 2055+0.128" 1071 +£0.03¢f  0.81+0.04f8 0.38 + 0.01 ©f
Maltodextrin-Inulin 2.89 4+ 0453cd 0214 0.01%df 075+ 0.04f8M 1793+ 018°d  634+0.152 0.19 £ 0.03 2P 0.35 +0.01 20
Maltodextrin-Trehalose 2.02 404223 02540017 0.60 + 0.01 def 19.61 +0.19 f8 612 4£0.072> 039 +0.04 bed 0.35+0.012
VD Inulin-Trehalose 3914 054bcde 032 +0.01h 0.77 £ 0.08 N 2029 +£0368"  13.79 +£0.18h 1.41 +0.03 P 0.40 +0.01 8
(-) 0.98 + 0.47 2 024 +0.01%8 0554 0.039 1792 £ 0114 6.07+£0212 2.71 £ 0.06 0.38 £ 0.01 f
Maltodextrin 0.89 +0.382 0.144+0.012  0.6540.08def8h 1797 + (.11 <d 5.66 & 0.012 0.26 4 0.01 2bc 0.35 +0.012
Inulin 1.37 40252 0.15 £ 0.02 2P 0.76 & 0.02 8hi 19.31 £ 0.12¢8 1049 & 0.22 de 0.02 +0.04 2 0.37 4 0.01 de
90°C Trehalose 047 £0.022  0.18 & 0.01 2bed 0.34 +0.02°¢ 21.06 +0.18 1 11.44 +0.03 f 0.70 + 0.03 ¢f 0.38 + 0.01 ¢f
Maltodextrin-Inulin 1.69 + 0.28 ab 0.14 £ 0.022 0.80 & 0.04 hi 17.55 + 0.69 bed 7.50 £ 0.12°¢ 0.07 £ 0.09 2 0.36 4 0.02 bc
Maltodextrin-Trehalose 0.88 +0.122 0.16 + 0.02 2P 057 +0.069% 18154013  680+025> 05240049  036+0.01P
Inulin-Trehalose 2,62 +0.092<d (.17 4+ 0.01 2b¢ 0.83 £ 0.011 21.75 + 0.77 1 15.8 £ 0.271 0.67 + 0.04 def 0.39 +0.01 8

(—)—no carrier addition, FD—freeze drying, VD—vacuum drying, Mc—moisture content, a,—water activity, p,—bulk density, AU—arbitrary units; *™ the same letters within a column indicate no statistically

significant differences (HSD Tukey test; p < 0.05).
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3.1.3. Bulk Density

The bulk density of chokeberry pomace extracts powders ranged from 0.09 g/cm3 to
0.83 g/cm? for, respectively, the control sample gained after freeze drying and powders
obtained after vacuum drying at 90 °C with the addition of I-T (Table 1). When the control
samples and products gained with different carriers were concerned, the average value
of bulk density was the lowest in the case of controls, whereas the highest bulk density
was noticed for powders gained with the addition of carriers, especially when inulin
and its mixtures were considered (M-I, I-T). In general, as observed by Michalska and
Lech [27], freeze drying resulted in lower values of the bulk density of powders gained
followed by VD at 60 °C and VD at 90 °C, except powders produced with trehalose. The
addition of trehalose to pomace extract formulations caused the lowest bulk density of
powders gained after VD at 60 °C and VD at 90 °C. This might be connected with the
higher soluble solids content in the formulation containing trehalose [32] during the freeze
drying process and/or with its different behaviour when a relatively high temperature of
drying was applied. It could also be related to the fluidizing properties of this carrier [33]
as trehalose, due to its chemical composition, might react differently with the compounds
present in the extracts additionally moderated by the vacuum drying. What is more, the
influence of the carrier type on the bulk density of powders was also noticed in the case
of cranberry juice [34]. Taking the above into consideration, the selection of a carrier for
powder preparation should also consider the carrier physico-chemical properties as it may
moderate the physical properties of the material subjected to drying to a different extent.
For the analysed powders, a negative correlation (r = —0.60) between bulk density and
water activity (Figure S1) was noted, indicating that the specific structure of the powders
gained by different drying techniques might differently influence the ability of samples to
trap the water molecules [35].

3.1.4. Colour

The colour parameters measured in terms of L*, a*, and b* values as well as the
browning index (BI) are indicated in Table 1. In general, powders gained after the freeze
drying process were the lightest, with the exception of samples prepared with trehalose,
whereas vacuum drying at 60 and 90 °C resulted in slightly lower values of coordinate
L*. In the latest samples, trehalose addition caused the highest values of coordinate L* in
the analysed products. The type of carrier had a significant impact on the lightness of the
powders gained [36], which was also moderated by the drying technique used. In general,
when the values of coordinate a* were concerned, it was noted that the carrier addition
altered the level of red pigments in chokeberry powders. Contrary to the juice powders [37],
the 10% addition of carrier led to the obtainment of products that were visually similar to
the control samples. Thus, the addition of carriers, besides an improvement of the efficiency
of the sustainable powder production [38], may not visually alter the colour of the products
gained. In this case, the composition of chokeberry pomace extracts played a key role
in colour preservation as the addition of carriers into the chokeberry juice modified the
lightness to a high extent [37].

The strongest retention of red pigment was noted after freeze drying when compared
to samples gained after vacuum drying, except samples prepared with the addition of
trehalose and its mixes (M-T, I-T). In general, the application of vacuum drying for the
powder preparation caused a decrease in the coordinate a* values, indicating the influence
of the high-temperature processing on the thermolability of the red components [39]. The
strongest pigment degradation was noted in the case of powders produced with maltodex-
trin and its mixes (I-M; I-T). The addition of I and I-T seems to prevent deterioration of
the coordinate a* values during vacuum drying. It was observed that the b* parameter
was the highest in the control samples (no addition of carrier), regardless of the drying
technique used for their preparation (Table 1). The addition of carriers led to a decrease
in the coordinate b* values, which was the strongest in the case of trehalose application
for the freeze drying process. This might be connected with the presence of natural colour
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compounds in the chokeberry pomace extracts (an average for FD: 3.37), as vacuum drying
at 60 °C (an average: 0.97) and 90 °C (an average: 0.71) resulted in significantly lower
values of parameter b*. In the current study, the browning index was applied for deter-
mination of overall alterations in the browning colour [40]. In contrast to sea buckthorn
powders [41], the highest values of BI were noted for freeze-dried samples, regardless of the
type of carrier used for their preparation. It was assumed that the dominant reddish colour
could mask the brown pigments present in the analysed powders [42]. Additionally, the BI
values might result from the complexes formed from polyphenols [43]. The application of
vacuum drying for chokeberry pomace extract powder production caused a decrease in BI
when compared to freeze drying. The addition of maltodextrin and its mixes (M-I, M-T)
led to lower values of BI. Additionally, a strong correlation between BI and a* (r = 0.82)
as well as b* (r = 0.83) confirmed the masking effect of the reddish and bluish pigments
(Figure S1) [44].

3.1.5. PCA Analysis

The PCA biplot (Figure 1a) shows that freeze-dried samples had a greater spread and
more variance than vacuum-dried samples (at 60 and 90 °C).

The first principal component (PC1) clearly separates freeze-dried samples (positive
scores) from vacuum-dried samples (negative scores). The explanatory variables (vectors)
with the greatest influence on the separation of chokeberry pomace extract powders in PC1
were the colour parameters, including the browning index (BI), and coordinate a*, b* as well
as Mc, a,, (positively correlated), and p}, (negatively correlated). PC2 loadings showed that
negatively correlated L* has the greatest influence on the sample distinctions (Figure 1b).
Considering the locations of the samples in the space defined by the first two principal
components (PCs), it can be stated that, due to low PC1 scores and positive loading values,
vacuum-dried samples (at 60 and 90 °C) were characterised by a relatively low browning
index (BI), and coordinate a*, b*, as well as Mc, 1. At the same time, powders gained after
vacuum drying had the highest values of bulk density. Interestingly, although the type
of carrier was also concerned, no straightforward trends were observed for the powders
gained (Figure 1c).

3.2. Chemical Properties
3.2.1. Polyphenols Content

In the powders obtained from chokeberry pomace extracts, three major groups of
polyphenolic compounds were identified, i.e., phenolic acids (3), anthocyanins (4), and
flavonols (8). The extraction of chokeberry pomace and usage of absorber technology
led to modification of the polyphenolics composition [45] as proanthocyanidins were not
identified in the powders obtained. This may be connected with the results reported by
Séjka et al. [46] of major absorption of proanthocyanidins in the cell wall of chokeberry
pomace. The extraction procedure applied and clarification of the polyphenols by Amberlite
16 of pomace extracts led to an absence of these constituents in the powders. As previously
reported by Wang et al. [18], this could be linked to the different affinity of the particular
groups of polyphenolics for the stationary phase, which might affect the elution time and
thus the presence or absence of these constituents in the extract. Besides this, the presence
of phenolic acids, anthocyanins, and flavonols was confirmed [46].

The sum of identified polyphenols was, on average, 3.9-fold higher for control samples
(Table 2) (average 19.07 g/100 g db) when compared to powders gained with 10% (w/w)
carrier addition to the extracts before drying, regardless of the drying technique applied
(Figure 2; Table S1). A similar observation was previously noted in the case of cranberry
juices and extracts [47]. The drying techniques influenced the sum of identified polyphenols
to a high extent. In the case of control samples, the highest content of polyphenols was
noted after freeze drying, followed by vacuum drying at 90 and 60 °C (Table 2).
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Figure 1. (a) The PCA biplot of the first two principal components that simultaneously shows
PC scores of chokeberry pomace extract powders (points) and loadings of explanatory variables
(vectors). The marker colour corresponds to the drying techniques (i.e., freeze and vacuum drying
at 60 and 90 °C), while the length and the transparency of the arrows indicate the variance of the
physical properties of powders from chokeberry pomace extracts and their contributions to the
principal components, respectively. Together, the first two principal components explain 83.61%
of the variability; (b) The plot of normalised factor loadings that quantify the extent to which the
explanatory variable is related with a given principal component. Applying the so-called Malinowski
rule (i.e., normalised factor loading cut-off of 10.70|) simplifies assigning physical meaning to each
principal component; (c) Score plot in the space defined by the first two principal components
illustrating relations and trends of chokeberry pomace extract powders gained after freeze and
vacuum drying at 60 and 90 °C with the addition of maltodextrin (M), inulin (I), trehalose (T),
maltodextrin—inulin (M—I), maltodextrin—trehalose (M—T), and inulin—trehalose (I—T).

In the case of powders produced with the addition of carriers and their mixes, no
statistical differences were noted between the average content of polyphenols in the samples
gained with the addition of carriers after freeze drying and vacuum drying at 60 °C
(Table S1). The strongest influence was noted after the application of vacuum drying
at 90 °C. Going into the details the application of the freeze drying process resulted in
the highest retention of all identified polyphenols when maltodextrin and the mix of
maltodextrin and trehalose (M-T) was used, whereas the usage of inulin resulted in the
lowest retention of these constituents (Figure 2); however, the results were not statistically
significantly different. One probable cause may be interactions between the carrier and
polyphenolics as raised by Tomas et al. [48].
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Table 2. The content of identified polyphenolics (g/100 g db), hydroxymethyl-L-furfural
(ug/100 g db) and antioxidant capacity measured by TEAC ABTS and FRAP methods
(mmol TE/100 g db) in chokeberry pomace extract powders (controls) obtained after freeze and
vacuum drying (average + standard deviation; n = 2).

FD VD
—60°C/+24 °C 60 °C 90 °C
Total polyphenols 22.70 +0.12¢ 15.88 + 0.44 2 18.64 + 0.47b
Phenolic acids
Neochlorogenic acid 4.86+0.18P 3.01 £0.092 447 4+ 0.67 2
Cryptochlorogenic acid 0.10 + 0.01 2 0.07 £0.012 0.14 4+ 0.02°
Chlorogenic acid 5154 0.15° 34340112 4.724037P
Sum 10.10 + 0.02 P 6.51+0.202 9.334+1.06°
Anthocyanins
Cyanidin-3-O-galactoside 5.90 4 0.14° 3.68 £0.092 393 +£0372
Cyanidin-3-O-glucoside 0.33 +0.05b 0.18 £0.012 0.22 +0.02 2
Cyanidin-3-O-arabinoside 2.56 4+ 0.05° 1.68 +0.05? 1.61 £0.132
Cyanidin-3-O-xyloside 0414001 0.28 +£0.022 0.29+0.032
Sum 919 +0.13P 5.82+0.122 6.06 £ 0.56 @
Flavonols
Quercetin-dihexoside 1 0.26 £0.01P 0.17 +£0.012 0.30 £0.01¢
Quercetin-dihexoside 2 0.14 +0.012 0.21+0.012 021 +£0.042
Quercetin-3-O-vicianoside 0.14 +0.01° 0.12+0.01° 0.06 + 0.02 2
Kaempferol-3-O-robinobioside 0.45 4 0.02P 0.24 +0.012 0.43 4 0.02°
Kaempferol-3-O-rutinoside 0.53 +0.02P 0.30 +0.012 0.48 +0.02P
Kaempferol-3-O-galactoside 1.06 £0.022 1.72 4+ 0.07° 1.03£0.012
Kaempferol-3-O-glucoside 078 £ 0.02° 0.59 +0.022 0.72 £0.02°
Derivative of quercetin 0.05+0.01° 0.20+0.01¢ 0.04 £0.012
Sum 340 +0.012 355+0.122 3.26 +£0.032
Hydroxymethyl-L-furfural 1157 +£0.232 262 +024P 14.03+1592

TEAC ABTS

364.95 +11.98 2

357.33 +£11.012

374.80 +12.922

FRAP

29295+7.61%

285.14 +£1.022

299.38 +1.012

FD—freeze drying, VD—vacuum drying; TE—Trolox equivalent; #*“—the same letters within a row indicate no
statistically significant differences (HSD Tukey test, p < 0.05).

FDM
VD 90 I-T FD I

VD 90 M-T

VD 90 |

VD 60 I-T

VD 60 M-T
VD 60

VD60 T
M-1

FD M-I

FD M-T

FDI-T

Figure 2. The radar plot of sum of identified polyphenolic compounds in chokeberry pomace extract
powders gained with addition of maltodextrin (M), inulin (I), trehalose (T), maltodextrin—inulin
(M—I), maltodextrin—trehalose (M—T) and inulin—trehalose (I—T) by freeze drying (FD) and
vacuum drying at 60 °C (VD 60) and 90 °C (VD 90) (1 = 2) (g/100 g db).
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The reverse effect was noted in the case of powders gained after the application
of vacuum drying at 60 °C: the addition of inulin resulted in the highest retention of
these constituents. Among the powders gained after vacuum drying at 90 °C, the highest
retention of the sum of polyphenolics was indicated in the samples obtained after the
addition of M and M-T (Figure 2). A statistically significantly lower content of polyphenols
was noted when I-T was applied for drying (Table S1). Previously, an influence on the
retention of polyphenolics during application of different drying techniques and selected
types of carriers was noted for blackcurrant [14] and chokeberry [12] juices.

Going into the details, the percentage share of phenolic acids, anthocyanins, and
flavonols in the powders obtained by the selected drying techniques was as follows: 42.9%,
41.2%, and 15.9% for freeze-dried samples; 44%, 37.8%, and 18.2% for vacuum-dried
samples at 60 °C; and 47.9%, 31.1%, and 21% for vacuum-dried samples at 90 °C. In order
to follow these changes, each group of polyphenolics was examined (Table S2).

Similar to chokeberry juice powders [12], the dominant identified group of polyphe-
nolics present in the controls and powders made with the addition of carriers consisted of
phenolic acids [49], among which chlorogenic (50.9% of total phenolic acids), neochloro-
genic (47.9% of total phenolic acids), and cryptochlorogenic (1.2% of total phenolic acids)
acids were quantified (Table 2 and Table S2). In comparison, Séjka et al. [46] identified
only chlorogenic and neochlorogenic acids in chokeberry pomace dried at 70 °C. In the
current study, the content of phenolic acids was the highest in the control samples gained
after freeze and vacuum drying at 90 °C, whereas the application of VD at 60 °C resulted,
on average, in a 33% lower content of these constituents (Table 2). When the addition of
selected carriers was concerned, the average content of the sum of phenolic acids was at
a similar level, regardless of the drying technique and parameters applied (Figure 3a-d).
There were no statistically significant differences noted between samples gained with the
addition of M, I, T, M-I, M-T, and I-T after freeze and vacuum drying at 60 °C. Vacuum
drying at 90 °C caused significant changes in the content of phenolic acids (Table S2). The
lowest content of these constituents was noted when I and I-T were added for drying
(Figure 3a). A similar observation was noted in the case of chokeberry juice drying, in
which addition of inulin resulted in the lowest content of phenolic acids in powders [12].
When the single compounds were concerned (Figure 3b—d), the chlorogenic and neochloro-
genic acids followed the comparable alterations caused by the carrier type and drying
technique applied. The strongest changes were noted in the case of cryptochlorogenic acid,
the content of which was the lowest. Maltodextrin and trehalose preserved the greatest
content of this constituent after freeze drying and vacuum drying at 90 °C; however, the
latest technique led to the strongest degradation of this compound in the powders gained.
Regardless of the quantity of the selected phenolic acids present in the products gained,
their thermolability, moderated by the carrier type due to their chemical structure, might
be significantly different.

Overall, similar to Tkacz et al. [41], when the type of carrier was concerned, the
highest retention of phenolic acids was noted in products gained with maltodextrin in this
particular setting of drying techniques. It can be stated that the selection of an appropriate
carrier type and drying technique used for the possible highest retention of phenolic acids
in plant powders should be tested for specific products (including the initial chemical
composition of raw materials) as it may differ due to the interactions between carriers and
individual bioactive compounds present in plants [50].

The second group of polyphenolics identified in chokeberry pomace extract pow-
ders consisted of anthocyanins, among which the presence of cyanidin-3-O-galactoside,
-glucoside, -arabinoside, and -xyloside was confirmed (Tables 2 and 3). Among the controls,
freeze drying led to the highest retention of the sum of these constituents followed by VD
at 90 and 60 °C (Table 2). A similar observation was made in the case of formulations with
carriers, with some exceptions. When inulin was added to the chokeberry extracts, the
application of FD and VD at 60 °C resulted in a similar content of identified anthocyanins,
whereas the usage of maltodextrin and mix composed of maltodextrin and trehalose re-
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sulted in a similar retention of these compounds in the products gained after vacuum
drying at 60 and 90 °C. The strongest degradation of these constituents was indicated after
vacuum drying at 90 °C for the formulation containing the I-T mixture.

FD M
VD 90 I-T FDI

VD 90 M- FD M-I

FD M-T

VD90 FD I-T

VD 60 M-T VD 60 T
VD 60 M-I
(a)
FD M FD M FDM
VD 90 I-T DI VD 90 I-T FDI VD 90 I-T DI

VD 90 M-} FD M-I VD 90 M- FD M-I VD 90 M-| FD M-I

FDM-T VD90T, FDM-T VD90T, FD M-T

VD90 FDI-T  VD90!I FDI-T  VvD90I FDI-T

VD 60 M-T VD60 T VD 60 M-T VD60 T VD 60 M-T vD60T
VD 60 M-I VD 60 M-I VD 60 M-I

(b) (0) (d)

Figure 3. The radar plot of identified phenolic acids ((a)—sum of phenolic acids, (b)—chlorogenic acid, (¢c)—neochlorogenic
acid, (d)—cryptochlorogenic acid) in chokeberry pomace extract powders gained with the addition of maltodextrin (M),
inulin (I), trehalose (T), maltodextrin—inulin (M—I), maltodextrin—trehalose (M—T) and inulin—trehalose (I—T) by freeze
drying (FD) and vacuum drying at 60 (VD 60) and 90 °C (VD 90) (n = 2) (g/100 g db).

Going into the details, the dominant anthocyanin present in chokeberry pomace
extracts” powders was cyanidin-3-O-galactoside, which consisted, on average, of 64.5% of
the sum of identified anthocyanins present in powders (controls, carrier added powders),
followed by cyanidin-3-O-arabinoside, cyanidin-3-O-xyloside, and cyanidin-3-O-glucoside.
A similar percentage share of anthocyanins was previously noted in the case of chokeberry
juice powders [12]. What is more, the influence of the carriers used in the study on
individual anthocyanins followed the path of the sum of anthocyanins (Table 3).
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Table 3. The content of identified anthocyanins in chokeberry pomace extracts powders (g/100 g db) (1 = 2; average + standard deviation).

Dryi-ng Process Carsier Anthocyanins
Technique Conditions Cyanidin-3-O-Galactoside =~ Cyanidin-3-O-Glucoside ~ Cyanidin-3-O-Arabinoside = Cyanidin-3-O-Xyloside Sum of Anthocyanins
Maltodextrin 1.36 4 0.04 f8 0.08 =0.01 8 0.59 + 0.01 fgh 0.10 £ 0.01 8 2.12 4 0.06 8N
Inulin 1.28 + 0.06 8 0.07 + 0.01 defs 0.56 + 0.03 ©fgh 0.10 + 0.01 '8 2.00 + 0.10 f8hi
D —60°C/24°C Trehalose 1.424+0.088 0.07 £ 0.01 *f8 0.62 £ 0.04 8" 01140018 222 +£0.14N
Maltodextrin—Inulin 1.38 + 0.05 8 0.06 4 0.01 cdefg 0.59 + 0.02 fgh 0.10 £0.01 8 2.13 + 0.07 &hi
Maltodextrin—Trehalose 1.45 +0.028 0.07 +0.01 8 0.64 +0.021" 0.11 +0.01 8 227 +0.041
Inulin—Trehalose 1.41 +0.048 0.07 + 0.01 defg 0.62 + 0.02 8" 0.09 + 0.01 defg 2.18 £ 0.08 i
Maltodextrin 1.13 4 0.03 <de 0.05 +0.01 b¢ 0.49 +0.01 de 0.08 + 0.01 bed 1.75 4 0.05 <def
Inulin 1.37 +0.06 8 0.06 4 0.01 cdef 0.60 + 0.03 fgh 0.09 +0.01 & 2.12 4+ 0.09 8ht
60°C Trehalose 112 4 0.04 <de 0.05 4 0.01 > 0.48 £ 0.02 <de 0.08 £ 0.01 % 1.73 £ 0.07 <def
Maltodextrin—Inulin 1.27 £ 0.10 f8 0.06 + 0.01 cdef 0.55 + 0.05 ©f8 0.09 + 0.01 cdef 1.97 4+ 0.15 ©fgh
Maltodextrin—Trehalose 1.10 = 0.04 <de 0.05 =+ 0.01 be 0.47 + 0.02 <de 0.07 + 0.01 b¢ 1.70 + 0.07 <de
Inulin—Trehalose 1.19 4 0.01 9ef 0.06 + 0.01 <de 0.52 +0.01 ¢ 0.09 + 0.01 cdef 1.85 4 0.01 defg
vb Maltodextrin 1.16 + 0.01 de 0.06 4 0.01 cdef 0.49 4 0.01 de 0.08 4 0.01 cdef 1.80 = 0.01 def
Inulin 1.03 4 0.02 «d 0.05 + 0.01 b¢ 0.43 + 0.01 bed 0.07 + 0.01 bed 1.58 4+ 0.04 <4
90 °C Trehalose 0.82 4 0.02° 0.04 +0.01" 0.35+0.01° 0.06 +0.01° 1.27 4 0.03°
Maltodextrin—Inulin 0.95 4 0.04 be 0.05 = 0.01 be 0.40 + 0.02 b¢ 0.07 +0.01 b¢ 1.47 4 0.07 bc
Maltodextrin—Trehalose 1.15 £ 0.02 de 0.05 + 0.01 bed 0.48 + 0.01 <de 0.08 + 0.01 cdef 1.76 + 0.02 def
Inulin—Trehalose 0.39 +0.012 0.02 +£0.012 0.16 +0.012 0.03 £0.012 0.60 +0.022

FD—freeze drying, VD—vacuum drying; *—the same letters within a column indicate no statistically significant differences (HSD Tukey test, p < 0.05).
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The last of the identified groups of polyphenols in all chokeberry pomace extract
powders were flavonols [12] (about 18.3% of all determined compounds). Among them,
eight constituents were detected: kaempferol-3-O-galactoside, kaempferol-3-O-glucoside,
kaempferol-3-O-rutinoside, kaempferol-3-O-robinobioside, quercetin-dihexoside 1,
quercetin-3-O-vicianoside, quercetin-dihexoside 2, and a derivative of quercetin (Table S3).
In comparison with the other groups of polyphenols, the sum of flavonols had the smallest
fluctuations in their content depending on the drying technique or carrier type (no statisti-
cally significant differences), which confirmed their high stability during the powdering
process (Figure 4a; Table S3). However, going into detail, it should be noted that their
content was lower in powders obtained by freeze drying (15.9% of all identified polyphe-
nols), while the highest content was reported in products obtained by vacuum drying at
90 °C (21% of all identified polyphenols) (Table S3). As indicated by Hamrouni-Sellami
et al. [51], this may be due to the release of these compounds from more polymerised
structures during heating. A similar trend was observed for quercetin and its glucoside.
In this case, heating up to 120 °C resulted in an increase in their content, while further
processing up to 150 °C caused their degradation [52]. However, it is worth looking at the
changes in individual flavonols depending on the drying technique used and the addition
of the carrier (Figure 4a—i).
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Figure 4. The radar plot of identified flavonols ((a)—sum of flavonols, (b)—kaempferol-3-O-galactoside, (c)—kaempferol-
3-O-glucoside, (d)—kaempferol-3-O-rutinoside, (e)—kaempferol-3-O-robinobioside, (f)—quercetin-3-O-vicianoside, (g)—
quercetin-dihexoside 1, (h)—quercetin-dihexoside 2, (i)—derivative of quercetin) in chokeberry pomace extract powders
gained with addition of maltodextrin (M), inulin (I), trehalose (T), maltodextrin—inulin (M—I), maltodextrin—trehalose
(M—T) and inulin—trehalose (I—T) by freeze drying (FD) and vacuum drying at 60 (VD 60) and 90 °C (VD 90) (n = 2)
(/100 g db).
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The highest content of the dominant flavonol, i.e., kaempferol-3-O-galactoside, in the
control powders was noted after VD at 60 °C, while the lowest when the FD and VD at
90 °C were applied (Table 2). Considering the powders with carrier addition (Figure 4b),
vacuum drying at 90 °C and inulin-trehalose, trehalose, and maltodextrin application was
the most suitable, while freeze-dried powders with M and I resulted in the lowest content
of this compound, for which statistically significant differences were found (Table S3).

A very similar relationship was observed for the quercetin derivative in the control
samples (Table 2); however, in the case of the carrier-added powders, the lowest content of
this constituent was found in freeze-dried products with inulin, while an approximately
7-times higher content was determined in those obtained by the vacuum drying at 90 °C
with the addition of I-T mixture (Figure 4i). Interestingly, the parameters and carriers
mixture, on the one hand, allowed the highest quercetin derivative content, and on the
other hand, resulted in the lowest quercetin-3-O-vicianoside concentration (Figure 4f).
Comparing the drying techniques, VD at 60 °C was the most favourable in the context
of the quercetin-3-O-vicianoside level in the powders analysed. Upon comparison of the
content of this compound in powders without a carrier, FD and VD at 60 °C proved to be
the best methods, while vacuum drying at 90 °C resulted in an approximately 2 times lower
content of quercetin-3-O-vicianoside (Table 2). Noteworthy, kaempferol-3-O-glucoside
and kaempferol-3-O-rutinoside proved to be the most stable flavonols as their content
changed depending on the drying method and the type of added carrier were relatively
small compared to the other compounds of the same group (Figure 4c,d). Additionally,
fluctuations in the concentration of these compounds depending on the drying parameters
and media type were comparable. For kaempferol-3-O-robinobioside in the control samples,
the lowest concentration of this compound was found in vacuum-dried powders at 60 °C,
while FD and VD at 90 °C yielded the highest levels (no statistically significant differences)
of this flavonol (Table 2). A reverse effect was observed in the case of powders with
carriers (Figure 4e), for which the lowest content of kaempferol-3-O-robinobioside was
determined in freeze-dried products, while vacuum drying at 60 and 90 °C resulted in
the highest and similar content of this constituent in the analysed powders. Taking into
account the effect of the carrier agent, the highest content of this compound was found
in vacuum-dried powders at 60 °C with I, M-I, and I-T, while the lowest content was
found in freeze-dried products with M-T. An interesting relationship was also observed
for the two quercetin-dihexosides. In case of quercetin-dihexoside 1 for no-carrier added
samples, VD at 60 °C resulted in powders with the lowest concentration of this compound
being obtained, while VD at 90 °C resulted in the highest concentration (Table 2). When
analysing the powders with added carriers (Figure 4g), the quercetin-dihexoside 1 content
was the highest in powders obtained by FD with the addition of M, while considering
other drying methods, the same carrier did not have such a noticeable effect as in the case
of freeze drying. Moreover, except for the samples with added maltodextrin obtained
by FD, no statistically significant differences were found for all the rest of the powders
(Table S3). Regarding quercetin-dihexoside 2 for the control powders, no statistically
significant differences were found for the content of this compound (Table 2). Interestingly,
in the case of powders with added carriers (Figure 4h), freeze drying, irrespective of the
type of carrier, as well as vacuum drying at 90 °C and the addition of I-T mixture and
VD at 60 °C with M resulted in the lowest content of this compound, while the other
variants of powders were characterised by significantly higher quercetin-dihexoside 2
levels (Table S3). Moreover, while for quercetin-dihexoside 1, vacuum drying at 60 °C
resulted in its lowest content in the powders obtained, for quercetin-dihexoside 2, the
same drying allowed products with the highest level of this compound. Therefore, it
can be concluded that the highest quercetin-dihexoside 1 content is possible to obtain if
low-temperature drying is used, while the use of high temperatures during drying favours
a high quercetin-dihexoside 2 content.
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3.2.2. Hydroxymethyl-L-furfural

In the current study, the hydroxymethyl-L-furfural was identified in all analysed
powders (Table 2, Figure 5). In the case of control samples, the highest content of HMF
was noted in powders gained after VD at 90 °C and freeze drying (no statistically signifi-
cant differences) while, interestingly, a lower content was noted after the application of
vacuum drying at 60 °C (Table 2). Contrary to the expectations that freeze drying as a
low-temperature treatment should result in the lowest content of HMF (or its absence),
its presence in the analysed powders might be connected with the particular composition
of chokeberry pomace extracts. The substrates for the HMF formation present in these
extracts might additionally react with bioactives during the storage of fruit products [53]
and even after freeze drying. As a confirmation of this, its occurrence was previously
noted in freeze-dried products [54] and fruit juice-based foodstuffs [12,41]. Interestingly,
the studies of Zhang et al. [55] showed that the formation of HMF was accelerated by the
chlorogenic acid in model systems, which is in accordance with the present study as a
strong correlation between HMF and phenolic acids (r = 0.84) was noted. What is more,
Zhang and An [56] proved that its formation might be inhibited by the interactions with
flavonols, which was in line with the present research where the sum of these identified
compounds was concerned (r = —0.85) (Figure S2). However, this inhibition mechanism of
single flavonols is ambiguous as between HMF and two dominant constituents, namely,
kaempferol-3-O-galactoside and kaempferol-3-O-glucoside, strong negative (r = —0.97) and
positive (r = 0.86) correlations, respectively, were observed at the same time (Figure S2).

FD M
VD 90 I-T FD I

VD 90 M-T

VD 90 M- FD M-I
FD M-T

VD90 | FD I-T

VD 60 I-T

VDEOMT oy VPEOT
Figure 5. The radar plot of HMF in chokeberry pomace extract powders gained with the addition of
maltodextrin (M), inulin (I), trehalose (T), maltodextrin—inulin (M-I), maltodextrin—trehalose (M-T)
and inulin—trehalose (I-T) by freeze drying (FD) and vacuum drying at 60 (VD 60) and 90 °C (VD
90) (n =2) (ug/100 g db).

Similar to the control samples, the strongest formation of HMF was also noted for
powders obtained with carriers gained after VD at 90 °C, followed by freeze drying. Its
content was the lowest when VD at 60 °C was used (Figure 5). Its slower formation at
60 °C was also reported by Olivares-Tenorio et al. [57] and Michalska et al. [58] during the
drying of fruit-based products, whereas a further increase in drying temperature caused
its rapid formation. As it was previously reported, such phenomena might be linked to
the formation of intermediary compounds during the application of 60 °C [57]. When
the type of carrier was considered, the highest content of HMF was noted when inulin
and its mixes (I-T, I-M) were used for powder production at VD at 90 °C. Thus, the inulin
might enhance the formation of this process contaminant during powder preparation [12].
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As the different bioactives might influence the formation of HMF during drying, in the
case of powders gained with the addition of carriers, no significant correlation between
the sum of identified polyphenols and HMF was noted, with the exception of quercetin-
3-O-vicianoside (r = —0.65) (Figure S3). Probably, as stated by Zhang and An [56], its
formation might be inhibited by the interactions with some flavonols; however, until now,
no particular compounds were indicated. To sum up, when the quality of chokeberry
extract powders is considered, the formation of HMF could be controlled by the initial
composition of material submitted for drying, process parameters, and type of carrier used
for the powder preparation.

3.2.3. Antioxidant Capacity

The antioxidant capacity of chokeberry pomace extract powders determined by the
TEAC ABTS and FRAP methods showed that the ability of control samples (Table 2) to
scavenge free radicals was about 4.7 times (TEAC ABTS assay) and about 4.2 times higher
(FRAP assay) when compared to the powders gained with the application of selected
carriers. Going into detail, the phenolic acids significantly influenced the antioxidant
capacity measured by TEAC ABTS (r = 0.56) and FRAP (r = 0.64) in samples produced
without the addition of carriers. What is more, a negative correlation between FRAP and
the sum of identified flavonols in these products was noticed (r = —0.75), which could be
connected with the different actions of these compounds present in the analysed powders
toward the reducing potential of ferric ion (Fe3* to Fe?") [59]. In the case of the products
with added carriers, it was observed that the antioxidant capacity varied slightly depending
on the carrier used (Figure 6a,b).

FDM
FDI VD 90 I-T 0 FD 1

VD 90 M-T

FD M-I VD 90 M-} FD M-I
FD M-T VD90 T

FD M-T

FD I-T VD90 | FD I-T
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Figure 6. The radar plot of TEAC ABTS (a) and FRAP (b) of chokeberry pomace extract powders gained with the addition
of maltodextrin (M), inulin (I), trehalose (T), maltodextrin—inulin (M—I), maltodextrin—trehalose (M—T), and inulin—
trehalose (I—T) by freeze drying (FD) and vacuum drying at 60 (VD 60) and 90 °C (VD 90) (n = 2) (mmol Trolox/100 g db).

Interestingly, the highest average antioxidant capacity values measured by the TEAC
ABTS method were observed in the powders obtained by VD at 90 °C, followed by VD
at 60 °C, and freeze drying (Table S1). The reverse effect was observed in the case of
FRAP. The antioxidant capacity values may be related to a significant content of certain
polyphenolic compounds in those powders, such as predominant phenolic acids [60].
This was confirmed by a high positive correlation (r = 0.78) between the content of these
constituents in the analysed powders and their antioxidant capacity measured by the FRAP
method (Figure S3). Moreover, there was a moderate positive correlation between the
sum of anthocyanins and antioxidant capacity measured by FRAP (r = 0.58) and no linear
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relationship between the content of these compounds and TEAC ABTS analysis values
(r = —0.13) (Figure S3). It might be connected with the lower content of anthocyanins
than phenolic acids in the carrier-added powders; however, in the literature, there are
also some reports indicating that the antioxidant capacity is related more to the total
content of polyphenolic compounds than to the content of anthocyanins, which may be
due to the lower free radical scavenging capacity of these compounds compared to other
polyphenolics [61]. Furthermore, in the case of TEAC ABTS, and FRAP analysis, the
powders obtained with the addition of trehalose and its mixes after freeze drying had
the highest values. In general, during VD at 60 °C, the application of inulin resulted in
higher TEAC ABTS and FRAP values of the powders analysed, whereas the addition of this
carrier and its mix with trehalose lowered the antioxidant properties measured by these
two methods when vacuum drying at 90 °C was applied. This proved the selectivity of
the action of individual compounds and/or carrier substances [62] toward the free radical
scavenging properties of products, which could be additionally moderated by the drying
parameters [50].

3.2.4. PCA Analysis

The PCA biplot for chemical properties (Figure 7a) showed quite the opposite results
from those shown for physical properties (Figure 1a).
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Figure 7. (a) The PCA biplot of the first two principal components. The marker colour corresponds to
the drying techniques (i.e., freeze and vacuum drying at 60 and 90 °C), while the length and the trans-
parency of the arrows indicate the variance of the chemical properties of powders from chokeberry
pomace extracts and their contributions to the principal components, respectively. Together, the first
two principal components explain 65.50% of the variability; (b) The plot of normalised factor loadings;
(c) Score plot in the space defined by the first two principal components illustrating the relations and
trends of the chokeberry pomace extract powders gained after freeze and vacuum drying at 60 and
90 °C with the addition of maltodextrin (M), inulin (I), trehalose (T), maltodextrin—inulin (M—I),
maltodextrin—trehalose (M—T), and inulin—trehalose (I—T).

The vacuum-dried samples at 90 °C had much greater variance than the freeze-dried
samples. Chokeberry pomace extract powders gained after the application of different
drying techniques were split along PC1. PC1 was positively correlated with the sum of
identified polyphenolics (TPOLY), phenolic acids (PA), including chlorogenic acid (CHA),
neochlorogenic acid (NEOCHA), the sum of identified anthocyanins (ANTH), including
cyanidin-3-O-xyloside (CY.3.XYL), -arabinoside (CY.3.ARA), -glucoside (CY.3.GLU), and
-galactoside (CY.3.GAL) (Figure 7b). Therefore, it was straightforward to see that drying
techniques changed from VD at 90 °C through freeze drying with an increasing content of
anthocyanins and phenolic acids, when moving from left to right along the X-axis (PC1).
PC1 was also negatively correlated with the derivative of quercetin (Q.der). Due to low
PC1 scores and negative loading values, samples vacuum dried at 90 °C were characterised
by a relatively higher value of Q.der compared to the freeze-dried samples. The most
influential variable in PC2 was positively correlated with the sum of flavonols (FLAV). PC2
did not indicate variation, which clearly distinguished between the samples gained after
the application of different drying techniques. Hence, only a general statement could be
made that chokeberry pomace extract powders toward the top of the PCA biplot (Figure 7a)
were described by the highest content of flavonols due to the positive correlations between
PC2 and FLAV. A closer look at the score plot shown in Figure 7c revealed that no clear
trends were observed for the powders produced with the addition of different carriers and
their mixes. Nonetheless, chokeberry pomace extract powders gained after vacuum drying
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at 90 °C with addition of I-T differed significantly from the rest of the samples in their low
content of anthocyanins and phenolic acids.

4. Conclusions

The current study evaluated the possibility of obtaining powders from chokeberry
pomace extracts by drying techniques and different carrier types as one waste management
practice in the food industry. The quality of such products should consider the priorities of
their potential application as the moderation of powder properties is a multifactor issue.
Taking the above into consideration, the PCA analysis indicated that freeze-dried samples
exhibit more variation than those produced by vacuum drying at 60 and 90 °C, especially
in terms of moisture content, water activity, colour, and browning index. The bulk density
was higher for products obtained after vacuum drying. No straightforward trends in
physical properties were observed for products that has selected carriers added.

In the analysed powders, three groups of polyphenols were identified and quantified,
i.e., phenolic acids (3), anthocyanins (4), and flavonols (8). Drying techniques significantly
influenced the polyphenolics in the powders gained with the addition of selected carriers.
In general, the application of freeze drying resulted in a higher content of anthocyanins
and phenolic acids, while vacuum drying at 90 °C allowed for the obtainment of products
with high quantities of flavonols. Where the analysed carriers were concerned, the highest
retention of the sum of identified polyphenolics was noted when maltodextrin and its
mixture with trehalose were applied for powder production by freeze drying and vacuum
drying at 90 °C, whereas during VD at 60 °C, it was inulin and its mixes. In the case of
phenolic acids and anthocyanins, a similar observation was made for FD and VD 60 in that
maltodextrin and trehalose protect most of the mentioned compounds; however, in case of
VD 90, trehalose caused the lowest retention of anthocyanins. Regarding flavonols, this
group was characterised by the highest stability during drying, regardless of the carrier
type used. A detailed analysis showed very diverse behaviour of the individual compounds
with respect to the applied processing parameters, thus making it impossible to identify
any specific method of powder production that results in flavonols” highest retention.

As the content of hydroxymethyl-L-furfural is of high importance to monitor in
processed foods” quality, the lowest concentration of this compound was determined in
powders gained after vacuum drying at 60 °C, while its highest level was noted after VD
at 90 °C. The current study confirmed [12] that the addition of inulin and its mixes during
high-temperature treatment (vacuum drying at 90 °C) should be carefully considered as
this carrier may influence the formation of HMF in fruit-based products.

To sum up, the retention of polyphenolics and formation of HMF in chokeberry
pomace extracts’ powders was affected simultaneously by the initial composition of raw
material, carrier type, drying techniques, and parameters applied. Taking all these factors
into account, including interactions between the matrix composition during drying, 10%
addition of maltodextrin and trehalose mixture for freeze drying and vacuum drying
at 90 °C allowed the production of powders with the highest retention of polyphenolic
compounds and the lowest HMF level, at the same time. The outcome of the current
study supported by the chemometric analyses can provide guidance for further research as
well as give directions for work on designing functional foodstuff based on powders from
chokeberry pomace extracts.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/foods10081864 /51, Figure S1: A correlation matrix showing the Pearson’s correlation co-
efficients between each pair of variables (i.e., physical properties) in chokeberry pomace extract
powders data set (controls and powders with carrier addition), Figure S2: A correlation matrix
showing the Pearson’s correlation coefficients between each pair of variables (i.e., chemical prop-
erties) in chokeberry pomace extract powders data set (control samples), Figure S3: A correlation
matrix showing the Pearson’s correlation coefficients between each pair of variables (i.e., chemical
properties) in chokeberry pomace extract powders data set (powders with addition of carriers; no
controls included), Table S1: The content of sum of polyphenols, hydroxymethyl-L-furfural and the
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antioxidant capacity measured by TEAC ABTS and FRAP methods of chokeberry pomace extracts
powders made with the addition maltodextrin, inulin, trehalose and a mixture of them using different
drying methods (average + standard deviation; n = 2), Table S2: The content of identified phenolic
acids in chokeberry pomace extracts powders made with the addition maltodextrin, inulin, trehalose
and a mixture of them using different drying methods (g/100 g db) (1 = 2; average + standard
deviation), Table S3: The content of identified flavonols in chokeberry pomace extracts powders
made with the addition maltodextrin, inulin, trehalose and a mixture of them using different drying
methods (g/100 g db) (n = 2; average + standard deviation).
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Abstract

In the present study freeze- and spray-dried powders from non-fermented and fermented
beetroot juice with the addition of prebiotic carriers (inulin, oligofructose, Nutriose®) and
maltodextrin were obtained and analyzed for physicochemical and biological properties.
Fermentation and carrier type affected the powders’ quality to a greater extent than drying
techniques. Higher betalains content was noted for non-fermented juice powders, while ferulic
and syringic acids’ derivatives for their fermented-juice-based counterparts. Oligofructose
induced hydroxymethyl-L-furfural formation, but also together with inulin resulted in products
with the strongest antioxidant capacity. Nutriose® had the greatest in vitro antiproliferative
activity towards human leukemia cell lines, unlike oligofructose which was shown to stimulate
their growth. Overall, fermentation that led to beetroot matrix modification and carrier type

affected powders’ quality toward their improved potential functional properties.

Keywords:
beetroot juice powders, probiotic fermentation, prebiotic carriers, phenolics, antiproliferative

activity
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1. Introduction

The epidemiological basis of health disorders that currently affect society is related to the
long-term oxidative stress associated with the accumulation of free radicals and reactive
carbonyls that react with proteins generating advanced glycation end products (AGEs). AGEs
accumulation is one of the risk factors leading to diabetic complications, aging, and cancer
development (del Castillo et al., 2021). Numerous studies were devoted to finding edible plants
with antiglycation activity, providing a crucial strategy for the alleviation of AGE-induced
diabetic complications (Song et al., 2021). An increase in consumers' awareness about the
biological activities of phytonutrients is reflected in wider interest and consumption of plant-
based foodstuffs that create the need for developing new health-promoting foods. Hence, many
multidirectional studies are focused on an exploration of sources of natural substances that
effectively reacts against those harmful constituents.

Beetroot (Beta vulgaris L.) is rich in betalains that with other phenolics, exhibit health-
promoting properties, including anti-inflammatory, antioxidant, immunomodulatory activities,
and cancer chemopreventive effects (Fu et al., 2020). Betalains are nitrogenous pigments
derived from betalamic acid (4-(2-oxoethylidene)-1,2,3,4-tetrahydropyridine-2,6-dicarboxylic
acid). The modifications in basic structure of betalamic acid determine betalains classifications.
Betacyanins (such as betanin, isobetanin) consist of betalamic acid that is condensed by cyclo-
DOPA (cyclo-L-3,4-dihydroxyphenylalanine) or its glucosyl derivatives, while betaxanthins
(including vulgaxanthin I) originate from the condensation of betalamic acid with amino acids,
amines, or derivatives (Calva-Estrada et al., 2022). Fresh beetroot or juice are lacking in
popularity due to their specific taste. An alternative for the inclusion of this vegetable in the
diet is the production of fermented juice, much more palatable compared to raw material.
Another solution is powder obtainment offering many advantages including easy-to-handle
form.

Spray drying, a cost-effective way of powders production, especially compared to freeze-
drying gives a final product of comparable or even higher quality (Michalska-Ciechanowska et
al., 2021). However, the processing of juice rich in low molecular weight sugars and organic
acids requires the addition of high molecular weight carriers to convert it into powder.
Maltodextrin is one of the most widely used additives due to its simplicity of application and
high drying efficiency. The ‘clean label’ trends urge the food industry to eliminate artificial and
unnecessary additives in favor of those with functional properties. Prebiotic features are the
main characteristics of substances currently being tested as carriers, of which inulin and

oligofructose are the most popular ones (Verruck et al., 2019). Nutriose®, which is a sugar-free
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dietary fiber derived from wheat, peas, or corn, is another example of a prebiotic ingredient that
was used for i.e., honey drying (Samborska et al., 2019).

Powders belong to the processed food group, and the quality changes in these products can
be induced not only by interactions between main components in their matrix during drying but
also between them and carriers. Those, in turn, may lead to positive (release of bioactives from
polymerized structures) and negative (formation of Maillard reaction and caramelization
products, e.g., hydroxymethyl-L-furfural) alterations affecting the quality of powders
(Michalska-Ciechanowska et al., 2021). For this reason, the composition and production of food
powders should combine not only the appropriate selection of raw materials but also the
knowledge about processing modulation, i.e., the addition of carriers, application of drying
techniques and parameters, etc.

Despite numerous reports on the physical attributes of powders that determine their
handling in industry, and chemical properties defining their nutritional value (Janiszewska-
Turak et al., 2022), there is still a lack of knowledge on the biological activity of these products
that reflects their beneficial properties. Therefore, the study aimed to verify if the juice
treatment (fermentation) and carrier type used during freeze- and spray drying may moderate
health-promoting characteristics of beetroot juice powders including alterations in phenolics
profile, in vitro antioxidant, antiglycation and antiproliferative activities toward human

leukemia cell lines.

2. Material and methods
2.1. Materials

Beta vulgaris L. cv. Opolski was purchased in a local store (Lublin, Poland). The
probiotic strain Lactobacillus plantarum 299v (Sanprobi IBS, Sanum Poland) was applied as a

starter culture in fermentation.

2.2. Juice obtainment

Fresh juice was made using a screw press 20K-GS (Angel, Korea). After pasteurization
(80 °C; 15 min; DEST-25 696, Destiller, Poland), the juice was cooled down and portions of 5
L were inoculated (2%; m/v) by probiotic starter cultures (10° CFU/mL). Fermentation was
conducted at 35 °C for 18 h in a designed fermentation vessel (Gestar, Poland) and monitored
using an automatic pH control system. After fermentation juice was divided into portions (250
mL) and subjected to pasteurization (80 °C; 15 min). Non-fermented pasteurized juice was

considered as a control.
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2.2.1. Physicochemical analyses of beetroot juice

The total extract content (TEC) in non-fermented beetroot juice (NFJ) and fermented
juice (FJ) was determined (PN-90/A-75101/02) using a refractometer (Kruss DR201-95
Merazet, Poland) and expressed as Brix degrees (°Bx). The pH was tested using a pH meter
(F20 — Meter, Mettler-Toledo GmbH, Switzerland). The color parameters of NFJ and FJ were
determined (CIE L*a*b* system) using a 3Color K9000Neo spectrophotometer (3Color,
Narama, Poland). The measurements were performed using a D65 light source and a standard
colorimetric observer with a 10° field of view. The concentrations of betalains pigments in NFJ
and FJ were determined according to Goscinna et al. (2012). Before analysis juices were
properly diluted using phosphate buffer (pH 6.5) to receive absorbance values in the range of
0.2—0.8. The absorbance of diluted juices samples was measured at A=476 nm, A=538 nm, and
A=600 nm (Spectrophotometer UV-Vis Helios Gamma Thermo, USA). The content of betanin
and vulgaxanthin-I in tested juices was calculated according to Halwni et al. (2018). All

measurements were performed in triplicate (n = 3).

2.3. Powders preparation

The NFJ and FJ were divided into equal portions and mixed 4:1 (w/w) with carriers:
maltodextrin (DE = 9.3; PEPEES S.A., Poland), inulin GR (Beneo-Orafti, Belgium),
oligofructose (Beneo-Orafti, Belgium) and Nutriose® (Roquette, Lestrem, France). Freeze-
drying (FD) was performed by FreeZone freeze dryer (Labconco Corp., MO, USA) for 24 h at
65 Pa (drying chamber: —60 °C; heating plates: +25 °C). Spray drying (SD) was carried out
using a B290 spray dryer (Buchi, Flawil, Switzerland) at inlet and outlet temperatures of 180
and 100 °C, respectively (aspirator: 38 m3/h; feed rate: 5 mL/min). Powders were vacuum

packed (MC 2006, Tepro SA, Koszalin, Poland) and kept at —20 °C until analyses.

2.3.1. Physicochemical analyses of beetroot juice powders

The moisture content of powders was done according to Michalska-Ciechanowska et al.
(2021) (24 h, 80 °C, 300 Pa) and results were expressed as %. The water activity (aw) was
measured at 25 °C (Dew Point Water Activity Meter 4TE, AQUA LAB, Pullman, WA, USA).
The color of juices and powders was measured with a Minolta Chrome Meter CM-700d (Konica
Minolta, Inc., Osaka, Japan) in the CIE L*a*b* system. All measurements were performed in

triplicate (n = 3).
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2.3.2 Antioxidant capacity

The antioxidant capacity in vitro of NFJ and FJ powders was performed by TEAC
ABTS™ and FRAP assays using a Synergy H1 spectrophotometer (BioTek Instruments Inc.,
USA) (Michalska-Ciechanowska et al., 2021). Results were expressed as mmol Trolox
equivalent per 100 g of dry matter (dm) (n = 3).

2.3.3. Phenolics and hydroxymethyl-L-furfural

Determination of phenolics and hydroxymethyl-L-furfural in powders (NFJP and FJP)
was done according to Wojdyto et al. (2013). The extracts were prepared accordingly: 50 mg
of sample were mixed with 30% methanol (methanol/water/acetic acid/ascorbic acid: 30/68/1/1,
v/v/v/w), hand-mixed, and sonicated for 15 min. Samples were kept at 4 °C for 24 h, then
sonicated again for 15 min, and centrifuged (19 000 x g, 20 °C; MPW-251, MPW Med.
Instruments, Poland). Subsequently, the supernatant was filtered through a hydrophilic
membrane (PTFE, 0.20 um; Millex Samplicity™ Filter; Merck, Germany) and subjected to
UPLC-PDA-Q/TOF-MS analysis. Quantification (UPLC-PDA) and identification (LC/MS Q-
TOF) were performed using an Acquity UPLC system (Waters, Milford, USA) with a Q-Tof
mass spectrometer (Waters, Manchester, UK). The betalains and phenolic acids were
determined at the wavelengths A=540 nm and A=320 nm, respectively, while hydroxymethyl-
L-furfural at A=280. The results were elaborated with Empower 3 software and expressed as

mg per 100 g of dm (n = 3).

2.3.4. Total Phenolics Content (TPC)

Determination of TPC was done based on the Folin-Ciocalteu colorimetric method (Gao
et al., 2000) in beetroot powders’ extracts prepared accordingly: 50 mg of sample was dissolved
in 1.7 mL of 80% aqueous methanol-hydrochloric acid mixture (1 mL/L), hand-mixed and
sonicated for 15 min. Samples were kept at 4 °C for 24 h, then sonicated again for 15 min, and
centrifuged (19 000 x g, 20 °C; MPW-251, MPW Med. Instruments, Poland). The absorbance
measurement was done with Synergy H1 spectrophotometer (BioTek Instruments Inc., USA)
at A=750 nm. The results were expressed as g of gallic acid equivalent (GAE) per 100 g of dm
(n=23).

2.3.5. Antiglycation activity
The antiglycation properties of powders were tested according to Wang et al. (2011)

with slight modifications. Products were extracted using 30% methanol with 1% formic acid
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(v/v). After 15 min of sonication, samples were stored (24 h, 4 °C) and sonicated again, followed
by evaporation (Unipan 350P, Scientific Instruments, Warsaw, Poland). The residue was
dissolved in 10 mL of phosphate buffer (50 mM; pH 7.4) containing 0.02% NaN3 (v/v). Such
prepared extracts were tested in three models reflecting different stages of protein glycation. To
imitate the first stage, glucose (1.5 M) was mixed with samples, and incubated at 37 °C for 2 h,
followed by the addition of BSA (30 mg/mL). The blank control was phosphate buffer without
powders’ extracts, while aminoguanidine (AG, 10 mM, final concentration) was a positive
control. AGEs formation was assessed using a Synergy H1 spectrophotometer (BioTek
Instruments Inc., USA) at excitation and emission wavelengths of A2=340 and A=420 nm,
respectively. Methylglyoxal (MGO) (60 mM) was used instead of monosaccharide to evaluate
the middle step of the reaction, while L-arginine (60 mM) mixed with MGO constituted a model
adapted to monitor major and specific AGEs formation during the last stage. In both models,
the fluorescence measurement was done at Aex = 340 nm and Aem = 380 nm. The results were

calculated according to the following equation and expressed as % inhibition of AGEs(n = 3):

Fluorescent intensity with inhibitor

Percentage inhibition = (1 - ) x 100% (D)

Fluorescent intensity without inhibitor

2.3.6. In vitro cancer cell lines antiproliferative assay

Antiproliferative activity assay was performed on cells of human leukemia lines: HL-
60/ MX2 (ATCC® CRL2257 ™) and J-45.01 (ATCC® CRL1990 ™). The cells were grown in
RPMI 1640 medium (Biomed, Poland) with the addition of 10% (v/v) fetal bovine serum
(EURX, Poland), 100 U/mL penicillin (Biological Industries, Israel), 0.1 mg/mL streptomycin
(Biological Industries, Israel), 25 mg/mL antimycotic amphotericin B (Biological Industries,
Israel). Both leukemia cells were grown at 37 °C in a 5% CO> atmosphere (95% humidity). The
antiproliferative activity test was carried out using the Cell Proliferation Reagent WST-1
(Water Soluble Tetrazolium salts-1, Roche Diagnostics, Germany), which enabled the
evaluation of the cytotoxic properties of dissolved powders. The principle of the WST-1 test
was applied to measure the activity of a mitochondrial enzyme, i.e., succinate dehydrogenase,
which converts the tetrazolium salt in living cells into water-soluble formazan. Both leukemia
cell lines were seeded on 96-well plates at the density of 2 - 10* cells per well and incubated
with beetroot juice powders (NFJP and FJP) (1 mg/mL) for 24 h at the conditions described
above. Then, 10 uL of WST-1 reagent was added to each well and samples were incubated for

1.5 h. The absorbance was measured at A=440 nm and 620 nm (reference wavelength) using a
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Synergy H1 spectrophotometer (BioTek Instruments Inc., USA). The percentage of viable cells

was calculated from the absorbance (n = 4).

2.4. Statistical analysis

The statistical analysis was performed using Statistica 13.1 (StatSoft, Poland). To
determine significant differences (p < 0.05) among the average values of the parameters,
analysis of variance (ANOVA) followed by Tukey‘s (HSD) posthoc test was used. The Shapiro-
Wilk test was applied to examine the normality of the distribution of the variables. Pearson's
correlation coefficient (r) was calculated to determine the relationships between selected
variables. The R software was adopted for selected data visualization: the ‘corrplot’ package
was used for correlation matrix preparation (Wei & Simko 2021), while ‘ggplot2’ package was
for polar plots creation (Wickham, 2016).

3. Results and Discussion
3.1. Physicochemical properties of beetroot juices

The fermented beetroot juice (FJ) exhibited significantly lower pH, total extract content
(TEC), values of color parameters, and a higher betacyanin concentration than non-fermented
juice (NFJ) (Table 1). Juices fermented by probiotic strain (L. plantarum 299v) had TEC of 7.3
°Brix. A similar value was recorded by Janiszewska-Turak et al. (2022) in beetroot juices after
four days of fermentation using Lactiplantibacillus plantarum. Sugar and organic acids (but
also water-soluble components, proteins, and minerals) are the main elements influencing
soluble solids content in plant juices that contribute to the level of TEC and are essential
determinants affecting the overall flavor intensity (Li et al., 2021). Therefore, the lower value
of TEC noted in FJ was probably caused by metabolically active bacteria that contribute to
sugars and/or organic acid utilization.

FJ exhibited significantly lower values of parameters L*, a*, and b* in comparison to
NEFJ. This corresponded to the findings of Janiszewska-Turak et al. (2022) who observed that
color components (L*, a*, and b*) diminished after the fermentation of beetroot juice. The juice
after fermentation was greener, darker, and less red. The results were also in accordance with
Ribeiro et al. (2020), who noticed that yellow mombin juice fermented by the probiotic strain
Lactobacillus acidophilus NRRL B-4495 exhibited lower values of luminosity parameter (L*)
as well as ¢* and b* coordinates than its NFJ analogs. The color of beetroot juice depends on
the concentration of naturally occurring pigments, among which water-soluble betacyanins are

the most important. The stability of these pigments in solutions is limited by environmental

158



factors, i.e., the presence of metal cations, antioxidants, temperature, water activity, pH, and
structural factors: degree of glycosylation and acylation (Calva-Estrada et al., 2022). In an
acidic environment, betanin is regenerated from cyclo-DOPA and betalamic acid, as well as
isobetanin is converted to its initial form, betanin (Calva-Estrada et al., 2022). Also, betacyanins
are transformed during fermentation, due to the enzymatic activity of the bacteria and the
lowering of the pH level to about 4.0 - 4.5 (this value was noted in the study for fermented
juice). In an acidic environment, the vulgaxanthins are not stable because of the dissociation of
carboxyl groups, and low pH. Therefore, the dissociation of the vulgaxanthins may induce a
change in juice color toward purple (Calva-Estrada et al., 2022), which might explain a higher
concentration of betacyanins in fermented juice (48.60 mg/mL) in comparison to NFJ (35.42
mg/mL) (Table 1). These findings were consistent with Jagannath et al. (2015), who indicated
that the application of proper starter culture in the fermentation of beetroot-based products
might contribute to enhancing the betacyanins preservation influencing the increased

concentration of these components in comparison to the fresh product.

3.2. Physicochemical properties of beetroot juice powders

The moisture content (Mc) of beetroot juice powders ranged from 0.13 to 4.25% (Table
2). SD yielded powders with a comparable moisture content (<1%). In contrast, the Mc of
powders obtained by FD was higher, with the exception of inulin. Lower moisture content for
powders with inulin after lyophilization was previously noted for encapsulated Bougainvillea
glabra bracts extract (Kuhn et al., 2020). The possible explanation for the ambiguous behavior
of inulin in matrices tested can be linked to its stability under different thermal and pH treatment
conditions, which may affect the water-binding capacity of this carrier (Li et al., 2019; Ozyurt
& Otles, 2016). Fermentation and drying techniques applied for powder preparation influenced
the Mc values to a high extent. The water activity (a.) of powders ranged between 0.049 to
0.345, thus the products can be considered microbiologically stable (Fontana, 2020). Powders
after FD with oligofructose addition had the highest a., while SD with the same carrier yielded
products with about 3 times lower values (Table 2). Maltodextrin application resulted in a
comparable a, regardless of the drying technique for both types of juice used (NFJ and FJ).
When inulin and Nutriose® were applied for obtaining NFJP, FD led to products with
significantly higher a,, than powders gained by SD. In the case of FJP, the reverse pattern was
observed — spray-dried products had higher a,, values of approx. 43% for products with inulin
and 35% for those with Nutriose®. Previously, Nutriose® was used for the production of spray-

dried honey-rich powder, and when compared to maltodextrin, it resulted in products with a

159



higher water activity (Samborska et al., 2019). The study on fat-filled pea protein-based
powders obtained by SD with, i.a., different carbohydrate carriers proved Nutriose® as a
component resulting in products with the lowest a,, compared to inulin, trehalose, and
polydextrose. The latter two were characterized as yielding powders with the highest a,, and the
least stability, which was attributed to the low osmolality of liquid feeds containing these
carbohydrates (Domian et al., 2017). In the present study a,, was a result not only of the carrier
type but also of the drying technique and matrix of beetroot juices used. For example, powders
containing Nutriose® prepared from NFJ after FD had over 2.5 times higher a,, values than those
from FJ. When NFJP with Nutriose® was concerned, freeze-drying led to 2-fold higher values
of a,, compared to SD. Therefore, the observations made strongly indicated the validity of
testing changes in a, values depending on the above-mentioned key factors during the
production of this powder type.

Spray-dried powders had higher L* values than freeze-dried ones, regardless of juice or
carrier type (Table 2). The only exception was NFJP with inulin, for which L* values were
slightly higher for lyophilized products. A similar observation was made for grapefruit powders
(Egas-Astudillo et al., 2021) which may be attributed to smaller particles obtained by SD
compared to FD, and consequently differences in their light reflection. For oligofructose and
Nutriose®, when the NFJ was used, the brightness differences between products after FD and
SD were significantly greater than in the case of using probiotically fermented juice during
powdering. Since the brightness of the initial material, although statistically different, was
scarcely noticeable, the probable explanation may be linked to differences in the matrix
chemical composition between FJ and NFJ, their constituents' changes, and interactions during
processing. The values of coordinate a* were higher for FJP when compared to NFJP which
may be due to betacyanin content in juices (Table 1). In the case of FJP, a recurring pattern was
observed for each carrier, in which powders gained by SD displayed slightly more reddish
pigment than those after FD. For NFJP, carrier type was more important and disturbed this
tendency, thus in the case of inulin and Nutriose®, the trend was reversed. The type of juice
affected the yellowness of the powders as coordinate b* values were significantly lower for
FJP. The probable reason for this may be related to a higher content of sugars in the juice that
were not fermented, which under any heat treatment (low- or high-temperature) can undergo
transformations such as the Maillard reaction or caramelization and thus cause the formation of
products with yellow pigmentation. Previously, fermentation of peach juice with Lactobacillus
strains was found to inhibit the Maillard reaction, due to the conversion of reducing sugars to

non-reducing forms, and thus prevent browning (Hashemi et al., 2021).
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3.3. Qualitative and quantitative determination of phenolics and hydroxymethyl-L-furfural

The major group of phenolics in beetroot juice powders was betalains, which consisted
of approx. 80% of all identified phenolics, followed by syringic (16%) and ferulic (4%) acid
derivatives (Fig. 1a, b, c). This is in line with the study on the phenolics profile of beetroot
juices (Wruss et al., 2015). Powders obtained from NFJ contained about 21% more phenolics
than fermented ones. This was linked to betalains content, as phenolic acids’ derivatives
predominated in FJP. When the carrier was concerned, the highest betalains percentage share
was noted for samples with oligofructose, and syringic acid derivatives for inulin, while in the
case of ferulic acid derivatives, the proportion of this phenolic group to their total content
depending on the carrier type used were comparable. FD and SD did not noticeably differentiate
the content of phenolics, which may indicate that both drying techniques allow the production
of powders with similar properties (Michalska-Ciechanowska et al., 2021).

The presence of HMF was noted only for oligofructose-added powders (Fig. 1d). This
could be connected with the composition (sugar type) and degree of polymerization (DP) of
carriers. Oligofructose, unlike maltodextrins and Nutriose® which consist mainly of glucose
units, is a short-chain fructan (DP: 2 — 9) composed mainly from fructose moieties, considerably
shorter than inulin (DP: 2 — 60+) (Jackson et al., 2022), and therefore is the main substrate for
Maillard reaction. Gokmen and Morales (2014) pointed out, even mild processing conditions
that lead to lower moisture content and consequently accelerate sugar dehydration can induce
HMF formation. Its absence in other samples may be connected (1) in the case of fermented
juice - to insufficient substrate content due to its consumption as a result of the activity of
probiotic bacteria, for which simple sugars are the main source of carbon and energy (Hashemi
et al., 2021), as well as (2) in case of each sample, excluding oligofructose-added ones - to the
individual response of a given formulation, which, when subjected to specific processing, may
interact differently depending on the composition (Capuano et al. 2018), including carrier
addition. Herein, oligofructose turned out to be the inducer of hydroxymethyl-L-furfural
formation during the powders’ production, and therefore this should be carefully reconsidered

when the quality of powders is deliberated for the final product’s safety.

3.5. Total Phenolics Content
Regarding the carrier type used, products containing oligofructose were distinguished
by the highest total phenolics content, while those with Nutriose® by the lowest (regardless of

treatment) (Table 3). Previously, Siacor et al. (2020) noticed that an increased concentration of
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maltodextrin caused a decrease in TPC content in spray-dried juices which, however, was the
result of the growing proportion of carrier to juice in the formulation subjected to drying.
However, as the concentration for all carriers applied in the present study was the same, the
observed effect may be linked to a particular carrier's ability to protect bioactives, as well as
due to its specific composition in which constituents that are not phenolic compounds may be
present and are able to react with Folin-Ciocalteu reagent, thus leading to an overestimation of
the results. Going into the details, all spray-dried FJP demonstrated higher TPC values than
NFJP.

Generally, TPC content in plant-based products subjected to SD is affected by relatively
high temperatures that enhance the degradation of these compounds being responsible for the
antioxidant capacity. The higher values recorded for FJP containing inulin, maltodextrin, or
oligofructose (in comparison to analogs powders obtained from NFJ) might be related to the
metabolic activity (and enzyme specificity) of the applied starter culture during juice
fermentation (before drying). This probably contributed to the modifications in the profile of
phenols (as well as other substances with antioxidant properties) (Kwaw et al., 2018). It is
claimed that the adaptability of probiotics and biosynthesized enzymes strongly enhance the
degradation and depolymerization of some compounds into simple phytochemicals molecules
(Sharma et al., 2022). Also, higher values of TPC in fermented plant-derived beverages may be
the effect of deglycosylation of glycosylated phenols in fresh juice that results in a release of
insoluble bounded or soluble conjugated phenolics from the various native cells structures of
the raw material subjected to fermentation (Kwaw et al., 2018). The results are in accordance
with Sharma et al. (2022), who subjected the fermented pumpkin juice to powdering process
indicating an increase in phenolics content after 15 h of fermentation carried on by
Lactobacillus fermentum NCDC 141.

The possibility of incorporating beetroot powder into food products has been already
indicated among others in yogurt, cakes, biscuits, bread, baked rolls, cupcakes, and cookies
(Punia Bangar et al., 2022). Along with the positive impact on the nutritional properties and
quality of such products, the health-promoting properties of the foods enriched with beet
powder have also been confirmed. It was revealed that bread containing 10% of freeze-dried
beetroot powder exhibited stronger antioxidant activity and higher lutein (zeaxanthin) content
than the control (non-supplemented) products (Ranawana et al., 2016). Furthermore, cookies
produced with encapsulated beetroot powder exhibited increased antioxidant activities and
ACE inhibition, higher total phenolic content, and lower a-glucosidase inhibition activities

(Cakarevié et al., 2021). Also, tofu enriched with beetroot powder exhibited higher total
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phenolic content and stronger antioxidant properties than the control (Lee et al., 2019). The
results of our study also indicate the potential of applying the analyzed beetroot powders as

functional food additives, however, further investigations are needed to confirm this.

3.4. Antioxidant capacity of powders

The results of TEAC ABTS" and FRAP showed that products with oligofructose
exhibited the strongest antioxidative capacity followed by inulin, while Nutriose® resulted in
the lowest values (Table 3), regardless of applied treatment (fermentation/drying). The only
exception was noticed for freeze-dried FJP, wherein samples with inulin exhibited higher FRAP
values than those with oligofructose. Powders with maltodextrin did not exhibit diversities
between each other (no statistically significant differences). For SD products, higher
antioxidant capacity values were noted for the FJP than in their unfermented counterparts,
excluding samples with the addition of Nutriose® and maltodextrin which were tested using the
TEAC ABTS test. In FD products this tendency was noted only for powders with inulin and
oligofructose, while no statistically significant differences were noted for Nutriose® and
maltodextrin-added samples. A higher antioxidant capacity observed in most FJ powders might
be related to enzymatic transformations occurring during fermentation that involve the release
of sugars molecules bound to phenolics. This may lead to an increase in aglycones exhibiting
higher radical scavenging properties. Furthermore, some of probiotic bacteria strains exhibit a
high potential to scavenge reactive oxygen species and chelate some metal ions (Curiel et al.,
2015), which also may contribute to the higher values of this parameter obtained in most
variants of powdered beetroot juices fermented with the probiotic strain L. plantarum 299v.
Drying techniques differently affected the antioxidant capacity of powders depending on the
type of juice (FJ / NFJ) and carrier, thus on the composition of the matrix subjected to drying.
This issue was previously raised by Capuano et al. (2018) who claimed that due to the diversity
and complexity of the food matrix’s chemical composition, the reactivity of single components
present in this matrix is different. Consequently, the response of the whole formulation after
being subjected to any processing, especially those connected with heat treatment, may evoke
uncontrolled reactions in the matrix. This in turn might result in imparting new properties to
the final product, including antioxidant capacity which consists of the antioxidant activity of all

components occurring natively, as well as those that may be formed during processing.
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3.6. Antiglycation activity

The BSA-glucose model evaluated the inhibition ability of powders towards advanced
glycation end (AGEs) products generated during the initial stage of glycation — a reaction
between glucose and its oxidation products i.e., glyoxal, with amino groups (Wang et al., 2011).
The inhibition for all powders did not exceed 40%. Products obtained from NFJ showed slightly
higher values than those from fermented one (Table 3) which may be linked to a higher content
of betalains present in powders from NFJ (» = 0.76) (Fig. 2a). Previously, the antiglycative
effect exhibited in BSA-fructose in vitro model system was proven for betanin which is the
predominant constituent representing 75-95% of all betalains in beetroot (Han et al., 2015). For
BSA-MGO model, which mimics the middle step of the reaction as the sugars to carbonyls
conversion is omitted (Wang et al., 2011), the exerted inhibition oscillated at 20% except for
fermented spray-dried powder with maltodextrin, which showed about 35% inhibition toward
AGEs (Table 3). This strongly suggests that beetroot juice powders are less effective inhibitors
of this glycation stage. Considering the results from MGO-L-arginine model, which evaluated
the specific reaction between these substrates resulting in AGEs formation, i.e., argpyrimidine
(Wang et al., 2011), explicitly stronger were products from FJ (approx. 40% AGEs inhibition)
than from non-fermented one (approx. 30% AGEs inhibition) (Table 3). Contrary to BSA-
glucose model, herein a strong negative correlation was found between inhibition of AGEs and
betalains content (» = —0.92), whereas a positive correlation was found between ferulic acid
derivatives (» = 0.68) (Fig. 2a). It may suggest that inhibition during the final stage of glycation

was more linked to those constituents (Silvan et al., 2011).

3.7. In vitro cancer cell lines antiproliferative assay

Previous studies showed that beetroot products are capable of inhibiting, among others,
the growth of HeLa cervical cancer cells (Romero et al., 2021) and prostate cancer cells
(Mancini et al., 2021). Other authors proved that betanin-rich extract decreased the viability of
MCF-7 breast cancer cells without affecting normal cells (Nowacki et al., 2015). In the study,
beetroot juice powders were investigated in terms of their potential antiproliferative activity
against J-45 and HL-60/MX2 leukemia cell lines (Fig. 3).

The addition of powdered juices (1 mg/mL) to a growth medium containing cancer cells
caused changes in the viability of the cells. Beetroot juice contains various phytochemicals
which may inhibit the growth of cancer cells in vitro (alone or synergistically with other
bioactives) (Romero et al., 2021). Among these compounds, betanin has been proven as one of

the crucial inhibiting factors (R et al., 2022). Jovanovi¢ et al. (2021) indicated the addition of
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beetroot (Beta vulgaris L.) pomace flour into yogurt contributed to higher inhibition of colon
cancer cell (Human colon cancer cell line HCT116) viability (13.0-24.5%) and exhibited
antimicrobial properties against Escherichia. However, in the study, a moderate positive
correlation was found between these constituents and HL-60/MX2 line (» = 0.56), while for J-
45.1 line no relationship was noted (» = —0.12) (Fig. 2b). This observation indicated the
selectivity of betalains antiproliferative ability towards specific lines. It is in accordance with
Lechner and Stoner (2019) that betanin is capable of inducing apoptosis of some cancer cells,
however, some lines are not affected by this compound. In the case of HL-60/MX2 human
leukemia line, a strong negative correlation was proven for ferulic acid derivatives (r =—0.83)
(that was not reported for the second tested line), which is in contradiction to the literature
studied. However, Berdowska et al. (2018) reported that five out of six analyzed pure
ellagitannins exhibit stimulatory effects on the viability of human breast cancer cells tested on
two lines, instead of inhibiting them. Moreover, the ambiguous behavior of some of these
compounds was observed depending on the concentration tested. Although ellagitannins, as
structures much larger than phenolic acids, should not be compared, the complex matrix in
which the ferulic acid derivatives identified in this study were found, additionally modified
through processing, may affect their activity in different ways, and thus the cell line responses
they induce (Capuano et al., 2018). Furthermore, negative relationships between HMF content
and J-45.1 (r =-0.81) as well as HL-60/MX2 (r = —0.54) lines were also found (Fig. 2b). This
suggested that HMF might take part in the stimulation of cancer cell growth, especially since
this compound was found only in oligofructose-added powders. However, the observed effect
may be even substantially more driven by the composition of this carrier, i.e., oligofructose
contains mainly fructose units, which is a major contributor to cancer development (Nakagawa
et al., 2020). Accordingly, in the case of J-45.1 line (Fig. 3a), for which significant differences
were noted between carriers used (regardless of fermentation and drying techniques),
oligofructose increased their viability. On the contrary, the addition of Nutriose® caused the
greatest reduction in cell viability regardless of raw material and drying technique. A slight
decrease in viability was observed when carriers, i.e., inulin or maltodextrin were applied. In
the case of HL-60/MX2 line (Fig. 3b), among NFJ-derived samples, the use of inulin caused
the greatest decrease in cell viability, followed by Nutriose® and maltodextrin. On the other
hand, the use of oligofructose, regardless of the drying technique applied, had a negligible
impact on the viability of cancer cells. No statistical differences were found between the
individual carriers in SD fermented juices. Oppositely, fermented lyophilized juices containing

oligofructose and Nutriose® slightly increased the viability of cancerous cells. Thus, the
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antiproliferative properties may be moderated by the carrier type used for drying that may play

a role in the protection of bioactives influencing this property

4. Conclusions

The obtained results are of high practical significance providing a better insight into the
functional and physicochemical characteristics of beetroot juice powders. It can be concluded
that the initial matrix composition and carrier type influence physico-chemical properties,
including HMF formation, as well as in vitro antioxidant, antiglycation, and chemoprotective
activities of freeze- and spray-dried beetroot powders, and proves that the quality of final
products is moderated by these factors. Powders produced from probiotically fermented
beetroot juice were stronger antiglycation agents in the MGO-L-arginine system, while no
effect was observed towards AGEs’ inhibition during the initial and middle stages of glycation.
Carrier type proved to affect retention of identified phenolics, as the greatest betalains' share
was noted for oligofructose-added powders, syringic acid derivatives for those with inulin,
while in the case of ferulic acid derivatives, the proportion of this phenolic group to their total
content depending on the carrier type used were comparable. In general, powders containing
oligofructose as a carrier were distinguished by the strongest antioxidant capacity and TPC
values, followed by inulin, maltodextrin, and Nutriose®. In the in vitro antiproliferative assay
with human leukemia cell lines, Nutriose® turned out to reduce the cell viability regardless of
raw material and drying technique in the case of J-45.1 line, and in HL-60/MX2 line when the
NFJ was used for the preparation of the powder. The findings revealed a wide possibility of
applications of the tested powders in the manufacture of foodstuffs, with potential bioactive
characteristics. However, a further in-depth analysis regarding the influence of the
incorporation of such powders into diverse food matrices on the physicochemical properties,
stability, and storage safety of the final products is of high importance. A considerable challenge
will be investigating the health-promoting properties in vivo of various food matrices fortified
by such powders. Nevertheless, the obtained results are encouraging to continue the study on

potential beneficial health effects related to the consumption of this type of food.
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Tables

Table 1. Physicochemical characteristics of beetroot juice for the preparation of the powders.

Beetroot juice variant

Parameters
NFJ FJ

pH 6.09+0.02° 4.00+0.022

Total extract content [°Bx] 8.7+0.16° 7.3+£0.64°2
L* 28.69+033" 27.73+£097%

CIE color parameter a*  535+1.24° 3.36+0.512
b* 1.80+0.37°Y 099+0.37°2
Betacyanin [mg/L] 3542+0.02%  48.60+0.02°
Betaxanthin [mg/L] 26.17+0.02*  26.36+0.022

Explanatory notes: Results as average values (X + s/SD; n = 3) of the defined measured parameter with different lowercase
(a-d) letters (in the same row) express a significant difference (p < 0.05) between the values noted for fermented (FJ) and

nonfermented (NFJ) beetroot juices.
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Table 2. Physicochemical characteristics of beetroot juice powders.

Color
Treatment Carrier type Moisture content Water activity
[%] [-]
L* a* b*
Inulin 0.78 £0.10 %A 0.290 +0.112 4 43.47 £0.72 > 33.95+0.23 € 4.815+0.057 4
Oligofructose 425+0.13 < 0.345+0.001 4 27.32+3.63°% 26.47 £1.19 * 4.485+0.196 ¢
Freeze-dried NFJP

Nutriose® 2.26+0.02 B 0.214 + 0.004 4 4226+ 127 33.31+£0.26 ¢ 6.085+0.150 B

Maltodextrin 2.34+0.06 B 0.128 + 0.006 ®* 3532+1.11° 31.25+0.65 6.335+0.333 B

Inulin 0.75+0.07 *¢ 0.086 + 0.027 ®* 40.04 +0.65 29.11+0.56* 3.645+0.115°<8

Oligofructose 0.39 +0.04 0.114 + 0.006 °® 51.96+4.25° 30.41 + 1.40 %8 2.035+0.106 <A

Spray-dried NFJP

Nutriose® 0.62+0.10 8 0.105+ 0.001 °® 57.85+1.88 B 31.89+0.91 2.935 +0.495 %8

Maltodextrin 0.80 +0.03 *¢ 0.138 + 0.005 ¢ 5226 +3.26 %8 32.32+£0.44 3.285+0.415%
Inulin 0.13+0.02 % 0.049 + 0.005 41.67 £2.06 ¢ 37.04 + 0.45 %8 —1.225 + 0.409 ®A
Oligofructose 3.95+0.01°° 0.289 + 0.002 P 36.66 + 0.90 ®AB 38.04+£0.16 ¢ -1.925+0.361 %4

Freeze-dried FJP

Nutriose® 1.40+£0.29 %8 0.079 + 0.003 28 39.29 + 0.90 B¢ 37.59 + 0.20 B¢ 2.875+0.232 %

Maltodextrin 2.64+0.03 4 0.110 + 0.008 *© 35.63 +£0.78 36.75+0.20 °A 1.395+0.162 %8

Inulin 0.69 + 0.06 *8 0.107 + 0.030 ¢AB 4620+ 0.16 A 41.85+0.40 A —3.145 £ 0.059 *¢

Oligofructose 0.33+0.06 0.086 + 0.008 4836+ 0228 41.38+0.25% —4.855+£0.078 **

Spray-dried FJP

Nutriose® 0.32+0.11% 0.123 + 0.009 B 48.59+0.74 % 42.81+0.32%® —3.415+£0.170 %€

Maltodextrin 0.28 +0.04 0.108 + 0.005 *AB 50.70 £ 0.25 ¢ 41.89+£0.181 —3.725+0.115%

Explanatory notes: Results as average values (X & s/SD; n = 3) of the defined measured parameter with different lowercase (a-d) letters express a significant difference (p < 0.05) between powders
(FJP or NFJP) obtained through different treatments (NFJP — powder derived from non-fermented juice or FJP — powder derived from probiotically fermented juice after spray drying or freeze-
drying) with using the same carrier type, while capital letters (A-D) indicate significant differences among the powders produced with applying the same treatment in the production but using
a different type of carrier.
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Table 3. Total phenolics content (TPC), antioxidant capacity and antiglycation activity of beetroot juice powders.

Antioxidant capacity Antiglycation activity

Carrier type Total phenolics content (TPC)

Treatment TEAC ABTS FRAP BSA-glucose BSA-MGO MGO-L-arginine
[g of GAE/100 g dm] [mmol Trolox/100 gdm] [% inhibition]
Inulin 0.23+£0.03 B2 1.02£0.02 1.21£0.53 38.62+235 15.82£237 " 27.49 £2.21 A
Oligofructose 0.31+0.03 < 1.29+0.04 P 1.50 + 0.51 pa 29.04 +3.17 AB® 20.07 £3.26 A 29.33 + 3.06 A
Freeze-dried NFJP

Nutriose® 0.11£0.01 4 0.47 £0.03 A 0.54 +£0.47 A 26.75 +0.54 4 20.25 +3.78 A 29.19+0.91 A

Maltodextrin 0.12+0.04 0.60 £ 0.08 B2 0.72 +0.05 B® 31.82 +0.33 B 21.42+3.85% 26.30+2.124

Inulin 0.24 £0.03 B2 1.06 £0.16 3 142+0.56 < 33.88 £2.42 B0 18.23 +1.88 ¢ 25.13 +2.42 ABe

Oligofructose 0.26 £0.03 B2 1.24+0.14 5 148 £0.51 < 29.60 + 1.29 ABb 18.26 £ 4.02 A 26.07 +3.374B2

Spray-dried NFJP

Nutriose® 0.06 + 0.00 0.32+0.01 2 0.42£0.53 4 27.29 +2.54 4 19.73 £ 3.64 A 29.49 +0.73 B

Maltodextrin 0.08 +0.02 0.51+0.03 0.59 +0.04 B2 3477 £4.76 % 18.63 £2.26 " 23.65+1.56™

Inulin 0.27 £ 0.02 < 1.32+£0.10 1.78 £0.61 P 19.70 £9.29 A 17.83 £2.22 AB2 37.64 £ 6.46 A

Oligofructose 0.32+0.00 P 1.49+£0.02 ¢ 1.64 £ 0.66 < 20.66 +3.79 A 18.44 + 5.47 ABa 39.81+5.874

Freeze-dried FJP

Nutriose® 0.08 + 0.02 A 0.42 + 0.04 A 0.48 £0.07 A 26.71 £ 6.50 4 224242205 46.84 +5.20 ¢

Maltodextrin 0.11£0.015 0.51+0.04 0.68 £ 0.02 B 25.06 £4.71 " 15.47 +£3.76 4 37.30 = 7.08 Ab

Inulin 0.32£0.02 % 1.30£0.04 < 1.56 £0.05 < 13.98 £3.48 A 16.21 £1.77 4 44.09 £ 1.56 "

Oligofructose 0.32£0.02 5 1.47 +£0.02 P 1.70 £ 0.09 < 20.64 +3.28 A 18.53 £ 1.06 A 40.77 £9.10

Spray-dried FJP

Nutriose® 0.10 +0.01 A 0.34£0.07 A 0.47 + 0.06 A 20.51 +4.40 ~ 18.08 £ 0.47 A 39.47 +1.48 Ab

Maltodextrin 0.14 +0.03 A 0.59+0.115 0.71 £0.09 B 3477 £4.76 % 3429+3.61"5 43.82£0.81

Explanatory notes: Results as average values (X + s/SD; n = 3) of the defined measured parameter with different lowercase (a-d) letters express a significant difference (p < 0.05) between powders
(FJP or NFJP) obtained through different treatments (NFJP — powder derived from non-fermented juice or FJP — powder derived from probiotically fermented juice after spray drying or freeze-
drying) with using the same carrier type, while capital letters (A-D) indicate significant differences among the powders produced with applying the same treatment in the production but using
a different type of carrier.
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Fig. 1. The polar plots present the content of (a) betalains, (b) syringic acid derivatives, (c) ferulic acid derivatives, and (d)
hydroxymethyl-L-furfural identified in beetroot powders [mg/100 g dm].

Explanatory notes: The results expressed as mean values (X = s/SD; n = 3) of the measured parameter with different lowercase
(a-d) letters expressing a significant difference (p < 0.05) between powders obtained through different treatments (FD — freeze-
dried or SD — spray-dried and NFJP — powder derived from non-fermented juice or FJP — powder derived from probiotically
fermented juice) with using the same carrier type (I — inulin; M — maltodextrin; N — Nutriose®; O — oligofructose), while capital
letters (A-D) indicate significant differences (p < 0.05) among the powdered juices produced with applying the same treatment

but with introducing a different type of carrier.
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Fig. 2. Correlogram demonstrating the strength and direction of a linear association between (a) antiglycation and (b)
antiproliferative activities and other variables analyzed in the obtained beetroot juice powders.

Explanatory notes: Positive and negative correlations are displayed in green and purple, respectively (the circle dimension and
color intensity correspond to the values of the correlation coefficients; the large circles depict significant correlation coefficients
and represent a strong linear relation, whereas small circles indicate the smallest correlation coefficients considered
insignificant); HMF — Hydroxymethyl-L-furfural; TPC — Total Phenolics Content; TEAC ABTS — Trolox Equivalent
Antioxidant Capacity by ABTS assay; FRAP — Ferric Reducing Antioxidant Potential; Antiglycation activity in models:
Bovine Serum Albumin-glucose (BSA-glucose), Bovine Serum Albumin-methylglyoxal (BSA-MGO) and methylglyoxal-L-
arginine (MGO-L-arginine); Antiproliferative activity assay on cells of human leukemia lines: HL-60 / MX2 and J-45.01.
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Fig.3. Antiproliferative activity of beetroot powders towards (a) J-45.1 and (b) HL-60/MX2 lines.

Explanatory notes: The average values (X + s/SD; n = 4) of the defined measured parameter with different lowercase (a-d)
letters express a significant difference (p < 0.05) between powders obtained through different treatments (NFJP — powder
derived from non-fermented juice or FJP — powder derived from probiotycally fermented juice after spray drying or freeze-
drying) with using the same carrier type, while capital letters (A-D) indicate significant differences among the powdered juices
produced with applying the same treatment in the production but using a different type of carrier. The red line indicates the
initial viability level (100%) of the human leukemia lines: (a) J-45.01 (ATCC® CRL1990 ™), (b) L-60/MX2 (ATCC®

CRL2257 ™),
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Oswiadczam, ze w pracy:

Michalska-Ciechanowska A., Hendrysiak A., Brzezowska J., Wojdylo A., Gajewicz-Skretna
A. (2021). How Do the different types of carrier and drying techniques affect the changes in
physico-chemical properties of powders from chokeberry pomace extracts? Foods, 10(8), 1864.
https://doi.org/10.3390/foods10081864
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