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Streszczenie

Roslinna $ciana komoérkowa jest wysoko zorganizowang struktura, ktorej
glownymi sktadnikami sg polisacharydy, takie jak celuloza, hemicelulozy i pektyny.
Stanowi ona integralny element budowy komorek roslinnych, nadajacy im ksztatt i
petliacy wiele kluczowych funkcji, w tym zapewnienie wytrzymatosci mechanicznej,
zdolnosci do rozciggania oraz transportu wody i sktadnikoéw odzywczych. Roslinna
$ciana komorkowa jest dynamicznym uktadem, ktory ulega modyfikacjom odpowiednio
do fazy rozwoju rosliny, warunkujgc rowniez wlasciwosci mechaniczne tkanek owocow.
Za kluczowy czynnik wptywajacy na zmiany tych wlasciwosci, w tym utrat¢ jedrnosci
owocow, uznawana jest degradacja pektyn. Nadal jednak brakuje doniesien

literaturowych dotyczacych roli hemiceluloz w tym procesie.

W ro$linnej $cianie komorkowej zachodza oddziatywania pomigdzy jej
komponentami, ktéore warunkuja powyzsze funkcje makroskopowe. Wiadomo, ze
hemicelulozy, pektyny, glikoporoteiny i celuloza sg3 w bliskim kontakcie w $cianie,

jednakze badania nad tymi oddzialywaniami wciaz nie s3 wysycone.

Wiadomo, ze natywne hemicelulozy s3 acetylowane, co wplywa na ich
wlasciwosci fizykochemiczne. Z kolei pektyny moga by¢ zarowno metylowane, jak i
acetylowane. Oba podstawniki stanowig istotny element struktury polisacharydow
niecelulozowych i moga wptywac na oddziatywania z celuloza. Zgodnie z tym, Ze liniowe
tancuchy hemiceluloz, bogate w grupy hydroksylowe, wykazuja wysokie powinowactwo
do celulozy, postawiono hipoteze badawcza, ze acetylacja polisacharydow
niecelulozowych utrudnia ich oddzialywania z mikrofibrylami celulozy, a tym
samym zmniejsza integralnos¢ sciany komoérkowej i tkanki roslinnej. Powyzsza
hipoteza zostata zweryfikowana badaniami owocow dwoch odmian jabtoni w réznych
terminach dojrzatosci przedzbiorczej i pozbiorczego przechowywania. Glownym celem
rozprawy doktorskiej bylo okreslenie wplywu stopnia acetylacji polisacharydéw
niecelulozowych (hemiceluloz, pektyn) na wlasciwoSci mechaniczne i

mikrostrukture tkanki roslinnej.

Rozprawa doktorska obejmuje trzy gldwne etapy badawcze. Pierwszy, dotyczy
badan ilosciowych, przegladu zmian sktadu monosacharydowego, stopnia acetylacji
frakcji pektyn i hemiceluloz izolowanych ze $ciany komorkowej jabtek odmiany ldared

I Pinova oraz korelacji tych zmian z utrata jedrnosci podczas przechowywania owocow.



Drugi, obejmuje badania jako$ciowe zmian zachodzacych w strukturze polisacharydow,
z wykorzystaniem spektroskopii FT-IR i Ramana. Badania mikroskopii Ramana
ujawniajg lokalizacj¢ polisacharydow w S$cianie komorkowej, z rozroznieniem
hemiceluloz  acetylowanych i deacetylowanych oraz pektyn nisko- i
wysokoestryfikowanych. Trzeci, to modelowe badania adsorpcyjne, ktore maja na celu
wykazanie oddziatywan pomiedzy hemicelulozami/pektynami a celulozg oraz okreslenie

wptywu acetylacji polisacharydéw niecelulozowych na te oddzialywania.

Badania wykazaty, ze jabtka odmiany Idared i Pinova miaty podobng jedrno$¢ w
okresie dojrzatosci przedzbiorczej oraz w terminie zbioru, natomiast podczas
trzymiesigcznego przechowywania jabtka odmiany Idared znacznie zmigkly. Jabtka
odmiany Pinova zawieraly wigcej pektyn rozgatgzionych, natomiast odmiany Idared
obfitowaty w liniowe homogalakturonany. Stopien acetylacji hemiceluloz frakcji
rozpuszczalnych w LiCI-DMSO wzrést w badanych terminach dla jabtek obu odmian.
Oproécz korelacji sktadu i cech strukturalnych pektyn, wykazano negatywna korelacje
acetylowanych hemiceluloz z jedrnoscig jabtek. Badania spektroskopii FT-IR i Ramana
oraz analiza PCA potwierdzily zmiany w strukturze pektyn i hemiceluloz. Uwydatnity
znaczenie zmian stopnia acetylacji hemiceluloz, a szczegélnie acetylowanego
glukomannanu, zachodzacych podczas przebudowy $ciany komoérkowej w badanych
okresach. Za pomocg mapowania ramanowskiego w potaczeniu z analizg obrazu
zlokalizowano polisacharydy S$ciany komodrkowej. Pektyny niskoestryfikowane
wykazywaly tendencje do gromadzenia si¢ w naroznikach polaczen komorkowych, a
wysokoestryfikowane byly roziozone réwnomierne w $cianie. Z powodzeniem
rozr6zniono hemicelulozy acetylowane i deacetylowane w $cianie komorkowe;j. Po trzech
miesigcach przechowywania acetylowane hemicelulozy dominowaly w $cianie
komorkowej jabtek, szczegdlnie odmiany Idared. Hemicelulozy nie wykazaty
specyficznych skupisk, jednakze bardziej rownomierne roztozenie w $cianie
zaobserwowano dla acetylowanych hemiceluloz. Modelowe badania adsorpcyjne
wykazaty jedynie adsorpcj¢ hemiceluloz: ksylanu, ksyloglukanu, glukomannanu i -D-
glukanu na celulozie mikrofibrylarnej. Najwigksza adsorpcj¢ odnotowano dla
glukomannanu. Acetylacja hemiceluloz nie wptyneta na kinetyke adsorpcji na celulozie,
natomiast dla ksyloglukanu i glukomannu spowodowata wzrost adsorpcji. Wynika to z
niskiego stopnia podstawienia grupami acetylowymi hemicelulozy, ktére nie stanowia

przeszkody sterycznej w oddziatywaniach z celuloza, lecz moga zmniejszac¢



samoasocjacj¢ tancuchow polimerowych, ktora jest konkurencyjnym procesem tych
oddziatywan. Ponadto podstawniki acetylowe moga sprzyja¢é oddziatywaniom

hydrofobowym z celuloza.

Stowa Kkluczowe: acetylacja, hemicelulozy, pektyny, roslinna $ciana komoérkowa,
jedrno$¢, jabtka, spektroskopia FT-IR, spektroskopia Ramana, obrazowanie Ramana,

adsorpcja



Abstract

The plant cell wall is a highly organized structure whose main components are
polysaccharides such as cellulose, hemicellulose, and pectin. It surrounds plant cells,
providing their shape and performing many key functions, including mechanical strength,
extensibility, water and nutrient transport. The plant cell wall is a dynamic system that
undergoes modifications during plant development, determining the mechanical
properties of fruit tissue. Pectin degradation is considered a key factor influencing
changes in mechanical properties, including loss of fruit firmness. However, there is still

a lack of literature reports on the role of hemicelluloses in this process.

Interactions between the plant cell wall components determine the above
macroscopic functions. It is known that hemicelluloses, pectins, glycoproteins, and
cellulose are in close contact within the wall, but research on these interactions is still

ongoing.

It is known that native hemicelluloses are acetylated, which affects their
physicochemical properties. In turn, pectins can be both methylated and acetylated. These
substituents are a crucial component of the structure of non-cellulose polysaccharides and
can significantly influence interactions with cellulose. In accordance with the fact that
linear hemicellulose chains rich in hydroxyl groups show high affinity for cellulose, a
research hypothesis was put forward that acetylation of non-cellulose polysaccharides
hinders theirs interaction with cellulose microfibrils, thereby reducing the integrity
of the plant cell wall and tissue. This hypothesis was verified by studies based on two
apple varieties with different pre-harvest and post-harvest storage terms. The main
objective of the doctoral dissertation was to determine the effect of the degree of
acetylation of non-cellulose polysaccharides (hemicelluloses, pectins) on the

mechanical properties and microstructure of plant tissue.

The doctoral dissertation covers three main stages of research. The first stage
concerns quantitative research, a review of changes in monosaccharide composition, the
degree of acetylation of pectin and hemicellulose fractions isolated from the cell walls of
Idared and Pinova apples, and the correlation of these changes with the loss of firmness
during fruit storage. The second stage presents qualitative research on changes in the
structure of polysaccharides using FT-IR and Raman spectroscopy. In addition, Raman

microscopy studies reveal the localisation of polysaccharides in the cell wall, with a



distinction between acetylated and deacetylated hemicelluloses and low- and high-
esterified pectins. The third is model adsorption studies aimed at demonstrating the
interactions between hemicelluloses/pectins and cellulose and determining the effect of

acetylation of non-cellulose polysaccharides on these interactions.

The study showed that Idared and Pinova apples had similar firmness during pre-
harvest maturity and at harvest term, while during three months of storage, only Idared
apples significantly softened. Pinova contained more branched pectins, while Idared was
rich in linear homogalacturonans. The degree of acetylation of hemicelluloses soluble in
LiCI-DMSO increased in the tested terms for Idared and Pinova apples. In addition to the
correlation between the composition and structural characteristics of pectins, a negative
correlation between acetylated hemicelluloses and apple firmness was demonstrated. FT-
IR and Raman spectroscopy studies and PCA analysis confirmed changes in the structure
of pectins and hemicelluloses. They emphasized the importance of changes in the degree
of acetylation of hemicelluloses, especially acetylated glucomannan, occurring during
cell wall remodeling in the tested terms. Raman mapping combined with image analysis
was used to localize cell wall polysaccharides. Low-esterified pectins tended to
accumulate in the corners of cell junctions, while highly esterified pectins were evenly
distributed throughout the wall. Acetylated and deacetylated hemicelluloses in the cell

wall were successfully distinguished.

Acetylated hemicelluloses dominated the cell wall of apples after three months of
storage, especially for the Idared variety. Hemicelluloses did not show specific clusters,
however, a more even distribution in the wall was observed for acetylated hemicelluloses.
Model adsorption studies showed only the adsorption of hemicelluloses: Xxylan,
xyloglucan, glucomannan, and B-D-glucan on microfibrillar cellulose. The highest
adsorption was observed for glucomannan. Acetylation of hemicellulose did not affect
the kinetics of adsorption on cellulose, but caused an increase in adsorption for
xyloglucan and glucomannan. This is due to the low degree of substitution of
hemicellulose with acetyl groups, which do not constitute a steric hindrance in
interactions with cellulose, but can reduce the self-association of polymer chains, which
is a competitive process of these interactions. In addition, acetyl substituents may promote
hydrophobic interactions with cellulose.

Keywords: acetylation, hemicellulose, pectins, plant cell wall, firmness, apples, FT-IR
spectroscopy, Raman spectroscopy, Raman imaging, adsorption
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Impact Factor (2024): 9,8
Punktacja MNiSW: 200

Indywidualny wktad: Przeprowadzenie badan kinetyki 1 rownowagi adsorpcji.
Przygotowanie probek do badan witasciwosci elektrokinetycznych. Udziat w analizie
wynikow adsorpcyjnych i przygotowaniu cze$ci metodycznej pierwszej wersji

manuskryptu. Udziat w dyskusji i interpretacji wynikow.

Uzupetnieniem opublikowanych badan sa wyniki przedstawione w rozdziale 5:
5.1: Opracowanie metody acetylacji hemiceluloz

5.2: Adsorpcja acetylowanych hemiceluloz na celulozie mikrofibrylarnej
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Lista skrotow

Skrot Wyjasnienie po angielsku Wyjasnienie po polsku

AGP Arabinogalactan proteins Biatka arabinogalaktanowe

Ara Arabinose Arabinoza

ATP Adenosine 5'-triphosphate Adenozyno5'-trifosforan

CGMD Coarse-grained Molecular Gruboziarnista dynamika
Dynamics molekularna

CoA Coenzyme A Koenzym A

DAc Degree of acetylation Stopien acetylacji

DE Degree of esterification Stopien estryfikacji

DM Degree of methylation Stopien metylacji

DsAc Degree of substitution of the Stopien podstawienia grupami
acetyl groups acetylowymi

DSC Differential scanning Skaningowa kalorymetria
calorimetry réznicowa

F Firmness Jedrnosé

FT-IR Fourier transform infrared Spektroskopia w podczerwieni
spectroscopy z transformacja Fouriera

Fuc Fucose Fukoza

Gal Galactose Galaktoza

GalA Galacturonic acid Kwas galakturonowy

Gl S-D-glucan B-D-glukan

GIcA Glucuronic Acid Kwas glukuronowy

GIlm Glucomannan Glukomannan

HG Homogalacturonan Homogalakturonan

HPLC High-performance liquid Wysokosprawna
chromatography chromatografia cieczowa

ISP Fraction of imidazole soluble Frakcja pektyn rozpuszczalnych
pectin w imidazolu

KOH Fraction of deacetylated Frakcja deacetylowanych

hemicelluloses soluble in
KOH

hemiceluloz rozpuszczalnych w
KOH
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LiCI-DMSO

Man
MD
MWCO
NAD+

NMR

PCA
PCW
PVP
RG |
RGII
Rha
SCW
SSC

WSP

Xlg
Xn
XRD

ZP

Fraction of natively
acetylated hemicelluloses
soluble in LiCI-DMSO

Mannose
Molecular dynamics
molecular weight cut-off

Nicotinamide adenine
dinucleotide

Nuclear magnetic resonance
spectroscopy

Principal component analysis
Primary cell wall
Polyvinylpyrrolidone
Rhamnogalacturonan type |
Rhamnogalacturonan type Il
Rhamnose

Secondary cell wall

Soluble solid content

Fraction of water soluble
pectin

Xyloglucan
Xylan

X-ray diffraction

Xylose

Zeta Potential

Frakcja natywnie actylowanych
hemiceluloz rozpuszczalnych w
LiCI-DMSO

Mannoza
Dynamika molekularna
graniczna masa czasteczkowa

Dinukleotyd
nikotynoamidoadeninowy

Spektroskopia magnetycznego
rezonansu jadrowego

Analiza glownych sktadowych
Pierwotna $ciana komorkowa
Poliwinylopirolidon
Ramnogalakturonan typu |
Ramnogalakturonan typu Il
Ramnoza

Wtorna sciana komorkowa

Zawartos$¢ rozpuszczalnych
substancji statych

Frakcja pektyn rozpuszczalnych
w wodzie

Ksyloglukan
Ksylan

Dyfrakcja promieniowania
rentgenowskiego

Ksyloza

Potencjal zeta
(elektrokinetyczny)
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1. Wstep

1.1. Roslinna sciana komorkowa

Sciana komoérkowa, zlokalizowana bezposrednio nad blona cytoplazmatyczna
oddzielajagca od niej pozostale elementy protoplasu, jest niezwylke waznym
komponentem komorki roslinnej. Przede wszystkim stanowi glowna barier¢ migdzy
srodowiskiem zewnetrznym, a wnetrzem komorki, chronige je przed dziataniem
biotycznych i abiotycznych stresorow (Showalter, 1993; Tenhaken, 2015; Zhong i Ye,
2007). Bierze udziat w transporcie wody i sktadnikow odzywczych. Nadaje ksztalt oraz
odpowiada za wytrzymato§¢ mechaniczng komorki (Bidhendi i Geitmann, 2016;
Cosgrove, 1993; Roland i Vian, 1979), a jednoczes$nie jej struktura pozostaje elastyczna
w czasie wzrostu komorki. Rozrdznia sie pierwotng i wtdrng roslinng Sciane komorkowa.
Podczas wzrostu komoérki syntetyzowana jest cienka i silnie uwodniona pierwotna $ciana
komorkowa (PCW, z ang. primary cell wall), ktora jest rozciggliwa i wytrzymata na
cisnienie turgorowe (Geitmann, 2010). Po zakonczeniu wzrostu komorki powstaje wtdrna
$ciana komorkowa (SCW, z ang. secondary cell wall), ktora jest grubsza niz PCW,
sztywna i odpowiedzialna za wytrzymato$¢ mechaniczng komorki (Zhong i in., 2019).
Glownym budulcem roslinnej S$ciany komoérkowej sg polisacharydy: celuloza,
hemicelulozy i pektyny, przy czym PCW zawiera rowniez biatka strukturalne (tj. AGP,
biatka arabinogalaktanowe), natomiast SCW, ktora jest ubozsza w pektyny, dodatkowo

zawiera ligniny (Cosgrove i Jarvis, 2012).

Roslinna $ciana komorkowa oprocz petnionych kluczowych funkceji w roslinie,
jest rowniez wartoSciowym materialem pod wzgledem gospodarczym. Polisacharydy
sciany komorkowej sa zrodlem btonnika pokarmowego, ktory jest korzystnym
sktadnikiem diety czlowieka i zwierzat (Spiller i in., 1975, van Soest i in., 1991).
Dodatkowo, badania nad strukturg roslinnej $ciany komorkowej i procesami jakie w niej
zachodza podczas rozwoju rosliny sg istotne dla sektora rolno-spozywczego, poniewaz
sciana komorkowa warunkuje jako$s¢ owocow 1 warzyw. Miedzy innymi jej struktura
wplywa na jedrno$¢ owocow, ktora jest jednym z gtdéwnych parametrow w ocenie ich
dojrzatosci zbiorczej. Utrata jedrnosci to jeden z kluczowych problemoéow podczas
pozbiorczego przechowywania owocow, w tym jabtek (Hasan i in., 2024; Johnston i in.,
2002). Ponadto celuloza, hemicelulozy i ligniny sg kluczowymi elementami biomasy
wykorzystywanej do produkcji biopaliw (de Souza i in., 2013). Odpady rolnicze i

przetworstwa  zywno$ciowego s3 wcigz niedocenianym  zrodtem  cennych
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polisacharydow, ktore z uwagi na wlasciwosci fizykochemiczne znajdujg szereg
zastosowan w przemysle (Li 1 in., 2020). Kompozyty na bazie celulozy i hemiceluloz to
obiecujace materiaty, ktorych proces wytwarzania jest wcigz udoskonalany w celu
otrzymania materiatow opakowaniowych wysokiej jakosci (Chen i in., 2016; Macedo i
in., 2022; Mugwagwa i Chimphango, 2020). Ogdlnie, wtokna celulozowe z uwagi na
dobra wytrzymatos¢ mechaniczng wykorzystywane sa w produkcji tekstyliow i papieru
(Li i in., 2020). Polisacharydy stosowane sg rowniez jako bioadsorbenty w procesach
oczyszczania wody z metali cigzkich (Zhao, 2011). Znalazty wiele zastosowan takze w
kosmetyce, farmacji i medycynie (Bais i in., 2005; Gong i in., 2022; Mohammed i in.,
2021).

1.2. Celuloza

Celuloza jest homopolimerem zbudowanym z *tancucha reszt D-glukozy
potaczonych wigzaniem B-1,4-glikozydowym. Jej wlasciwosci fizyczne, takie jak masa
czasteczkowa i stopien krystaliczno$ci, zaleza od zrodta pochodzenia (Saxena i Brown,
2005; Szymanska-Chargot i in., 2019), przy czym jej sktad chemiczny pozostaje
niezmienny. Réwnolegle utozenie tancuchow celulozowych i odpowiednia geometria
reszt glukozowych w tancuchu, tj. dwie sasiednie jednostki glukozy skrecone o 180°
wzgledem siebie, determinujg tworzenie wewnatrzczasteczkowych wigzan wodorowych
pomiedzy grupami hydroksylowymi jednostek glukozy a tlenem w pier§cieniu
cyklicznym  kolejnej jednostki glukozy (O3-H----O5) oraz (0O2-H:---:06) i
miedzyczasteczkowych wigzan wodorowych (O3-H----06). Lancuchy polimerowe
celulozy tacza si¢ w mikrofibryle, ktore zaktada si¢, ze sa zbudowane z wysoce
krystalicznego rdzenia, otoczonego mniej uporzadkowanymi tancuchami lub z cze¢sci
krystalicznych, ktore sa rozdzielone obszarami amorficznymi wzdtuz fibryli. Na
powierzchni mikrofibryli celulozowych wystgpuja zarowno obszary hydrofilowe, jak i
hydrofobowe (Lin i in., 2016). W roslinnej Scianie komorkowej wystepuje w wiekszosci
celuloza krystaliczna, okreslana jako celuloza typu I, ktorg rozroznia si¢ na dwa rodzaje
polimorficzne: Ia i IB. Celuloza If dominuje w $cianie komodrkowej roslin wyzszych,
natomiast w glonach i celulozie bakteryjnej przewaza celuloza Io. W celulozie typu |
tancuchy polimerowe utozone sg rownolegle do siebie. Natomiast rodzaje polimorficzne
o 1 IB celulozy réznig si¢ uktadem krystalograficznym: dla rodzaju Io wystepuje uktad
trojskosny, a dla IB jednoskosny (Imai i Sugiyama, 1998; Sturcova i in., 2004), co zostato

schematycznie przedstawione na Rysunku 1.
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Stopien krystalicznosci jest parametrem oceny struktur krystalicznych polimeru -
a dokladniej jest to stosunek czg$ci krystalicznych do amorficznych, ktéory mozna
wyznaczy¢ za pomocg dyfrakcji rentgenowskiej (XRD), metod spektroskopii Ramana lub
w podczerwieni (IR) oraz rezonansu magnetycznego (NMR) (Lee i in., 2015). Struktura
krystaliczna celulozy wptywa na jej wtasciwo$ci mechaniczne. Wraz ze wzrostem stopnia
krystaliczno$ci wzrasta sztywnos$¢ fibryli celulozowych oraz zmniejsza si¢ zdolnos¢

sorpcji wody (Jarvis, 2023)

a)Struktura molekularna b) Struktura krystaliczna C) Elementarnafibryla

t°‘°°°

Krystaliczny rdzen

O wiazania B -1,4- glikozydowe . . 4
wigzania wodorowe miedzyczasteczkowe \
& edzyczg Celuloza la Celuloza IB Czesé amorficzna

wigzania wodorowe wewnatrzczasteczkowe

Rysunek 1. Struktura molekularna celulozy, przedstawiajaca uktad poszczegdlnych
wigzan (rys. 1a). Schematyczny uktad tancuchow polimerowych w strukturze celulozy Ia
1 IB, rozne kolory obrazuja reszty glukozy, ktore sg skrecone o 180° wzgledem siebie.
Strzatkami zaznaczone s pojedyncze tancuchy celulozy (rys. 1b). Schematyczny obraz
elementarnej  fibryli  celulozy ro§linnej z zaznaczonymi  powierzchniami
krystalograficznymi oraz powierzchniami hydrofilowymi i hydrofobowymi, a takze jeden
z proponowanych schematoéw mikrofibryli celulozowej zawierajacej krystaliczny rdzen
i mniej uporzadkowang, amorficzng warstwe zewngtrzng (rys. 1c). Opracowanie whasne
na podstawie Zugenmaier (2008) i Pekala i in. (2023).

1.3. Hemicelulozy

Hemicelulozy to grupa polisacharydow o budowie podobnej do celulozy pod
wzgledem obecnosci wigzan B-1,4-glikozydowych. Jednak, w ich czgsteczkach
dodatkowo wystepuja rowniez reszty cukrowe potaczone wigzaniem [-1,3-
glikozydowym oraz f-1,6-glikozydowym (Tang i in., 2023). Hemicelulozy, w
przeciwienstwie do celulozy, sg heteropolisacharydami, ktoére moga posiadac
rozgalezione tancuchy boczne, a ich sktad jest zalezny od gatunku, organu ro$liny oraz

jej stadium rozwojowego.

Ksyloglukan to gtéwny przedstawiciel hemiceluloz, ktory obficie wystepuje w

$cianie komorkowej roslin dwulisciennych (Pauly i Keegstra, 2016; Scheller i Ulvskov,
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2010). Polimer ten zbudowany jest z tancucha monomerow B-D-glukozy potaczonych
wigzaniem B-1,4-glikozydowym, z rozgal¢zieniami w pozycji O-6 w postaci a-D-ksylozy,
do ktorych czgsto sg przyltaczone reszty B-D-galaktozy wystepujacej pojedynczo lub z
dotgczonymi do niej resztami a-L-fukozy i a-L-arabinozy (Cavalier i Keegstra, 2006; Fry,
1989; Hayashi, 1989). Ksyloglukan w roslinnej $cianie komodrkowej moze byc
acetylowany, a grupy acetylowe sg przytaczone w pozycji O-3, O-4 glukozy (Ray i
in.,2014) w tancuchu gtownym oraz w pozycji O-6 galaktozy tancucha bocznego (Gille i
Pauly, 2012).

Do hemiceluloz nalezg rowniez glukomannany - liniowe polimery zbudowane z
monomeréw D-mannozy i D-glukozy polgczonych wigzaniem [-1,4-glikozydowym.
Galaktoglukomanny dodatkowo zawieraja galaktozg w pozycji O-6 (Scheller i Ulvskov,
2010). Mannany w ro$linnej $cianie komorkowej ulegaja acetylacji, glownie z
podstawieniem grupy acetylowej w pozycjach O-2, O-3 mannozy (Pauly i Ramirez,
2018).

Kolejnymi przedstawicielami hemiceluloz sg ksylany, zbudowane z fancucha f3-
1,4-D-ksylozy. W pozycjach O-2 i/lub O-3 ksylozy moga wystepowaé podstawienia w
postaci a-L-arabinozy, [-D-galaktozy, kwasu glukuronowego oraz innych reszt
monosacharydowych, stanowigcych od 10 do nawet 90 % szkieletu ksylanu (Albersheim
I in., 2010). Xylan wystepujacy w pierwotnej scianie komorkowej traw sktada si¢ w 60
% z arabinozy i w 40 % z ksylozy (Dervilly-Pinel i in., 2004). Natomiast zawartos¢
arabinoksylanu w pierwotnej $cianie komoérkowej roslin dwuliSciennych jest niska 1
wynosi ok. 5 %, w przeciwienstwie do roslin jednoli§ciennych, gdzie sigga ona 30 — 40
% (Dervilly-Pinel i in., 2004). Z kolei glukuronoksylany oraz glukuronoarabinoksylany
dodatkowo zawieraja reszty kwasu glukuronowego w strukturze, jednakze wystepuja one
glownie we wtornych $cianach komorkowych. Ksylany rowniez ulegaja acetylacji w

$cianie komorkowe roslin w pozycji O-2 i/lub O-3 ksylozy (Busse-Wicher i in., 2014).

1.4. Pektyny

Pektyny to polisacharydy sktadajgce sie gtownie z tancucha reszt kwasu D-
galakturonowego potaczonych wigzaniem a-1,4-glikozydowym (Albersheim i in., 1960;
Koller i Neukom, 1964). W roslinnej $cianie komérkowej pektyny tworza rozbudowane
sieci, w ktorych mozna wyrdznic specyficzne regiony: tj. tzw. ,,gladkie regiony” (z ang.

smooth), bogate w homogalakturonany oraz tzw. ,,rozgalezione regiony” (z ang. hairy),
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bogate w ramnogalakturonany. Homogalakturonan (HG) to liniowy homopolimer
zbudowany z reszt kwasu D-galakturonowego, ktory w roslinnej $cianie komorkowe;j
moze by¢ metylowany w pozycji O-6 i/lub acetylowany w pozycji O-2 i O-3 (Costa i
Plazanet, 2016). Ramnogalakturonan typu | (RG 1) to rozgaleziony heteropolimer o
powtarzajacych si¢ sekwencjach disacharydow, sktadajacych si¢ z reszt kwasu a-1,4-
galakturonowego i a-1,2-ramnozy (Costa i Plazanet, 2016; Heredia i in., 1995). Ponadto,
RG | zawiera w rozgalezieniach arabinany, galaktany i arabinogalaktany (Kaczmarska i
in., 2022). RG I réwniez moze by¢ metylowany w pozycji O-6 i acetylowany w pozycji
O-2 i O-3 reszty kwasu galakturonowego oraz w pozycji O-3 ramnozy (Gille 1 Pauly,
2012). Ramnogalakturonany typu Il (RG Il) to najbardziej zlozone struktury pektyn,
zbudowane z tancucha gléwnego reszt kwasu D-galakturonowego, zawierajace
zroznicowane i rozbudowane tancuchy boczne sktadajace si¢ z D-ksylozy, L-arabinozy,
L-fukozy, apiozy, L-ramnozy, kwasu D-glukuronowego, D-galaktozy oraz licznie

podstawione grupy metylowe i/lub acetylowe.

9000000000000 00- 000000000000 00-
Celuloza Homogalakturonan
@ Glukoza
Q @ Ksyloza
O Galaktoza
[o]
O Arabinoza
o ® @ Mannoza
Ksyloglukan
@ Kwas galakturonowy
. Rammnoza

o O Kwas acerowy
@ Kwas 3-deoksy-2-heptulozarowy

A Kwas 3-deoksy-manno-2-oktulozonowy

Heteroksylan Ramnogalakturonan I
WV Kwas glukuronowy
5 W Apioza
2 s; 2 2 o o WV Fukoza
® Grupa metylowa
Heteromannan © Grupaacetylowa
M
(1,3;1,4)-p-0-Glukan Ramnogalakturonan II

Rysunek 2. Schemat struktury gtownych polisacharydow roslinnej $ciany komorkowe;.
Opracowanie wlasne na podstawie Pekala i in. (2023).
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1.5. Odziatywania w roslinnej $cianie komorkowe;j

Modele struktury roslinnej $ciany komorkowej ukazuja, ze jest to uktad utozonych
warstwowo mikrofibryli celulozowych, umieszczonych w macierzy skladajacej si¢ z
hemiceluloz i pektyn. Mikrofibryle stykaja si¢ ze soba bezposrednio, a takze moga
wystepowacé pomiedzy nimi posrednie potaczenia poprzez niekowalencyjne wigzania z
polimerami macierzy. Starsze modele ukazywaty, ze ksyloglukan, ktory wykazuje duze
powinowactwo do celulozy, moze pokrywa¢ mikrofibryle celulozowe (Barbacci i in.,
2013; Cosgrove, 2005). Z kolei w najnowszym modelu, ksyloglukan jest polaczony
jedynie z ograniczonymi obszarami mikrofibryli celulozowych, tworzac specyficzne tzw.

biomechaniczne potgczenia (z ang. biomechanical hotspots) (Park i Cosgrove, 2015).

Niekowalencyjne wigzania pomiedzy polisacharydami obejmuja oddzialywania
miedzyczasteczkowe, takie jak: wigzania wodorowe, sity van der Vaalsa, sity dyspersyjne
i oddziatywania hydrofobowe (Gu i Catchmark, 2013; P¢kala i in., 2023; Yang i in.,
2019). Badania oddzialtywan pomigdzy hemicelulozami, pektynami a celulozg w
roslinnej $cianie komorkowej sa prowadzone migdzy innymi za pomoca modelowych
badan adsorpcji in vitro oraz symulacji metodami dynamiki molekularnej (Kishani i in.,
2021; Oehme i in., 2015; Yao i in., 2021).

Zrédto oddziatywan pomiedzy polisacharydami macierzy a celuloza upatruje sig
w strukturze tych polisacharydow. Z uwagi na to, ze polisacharydy sa bogate w grupy
hydroksylowe, szczegolng uwage poswigca si¢ mozliwym wigzaniom wodorowym typu
O-H0O. Wigzanie takie to elektrostatyczne oddziatywanie pomigdzy grupa donorows
protonu (tj. grupa —OH, ztozona z silnie elektroujemnego atomu tlenu potaczonego
wigzaniem kowalencyjnym spolaryzowanym z atomem wodoru; polaryzacja tego
wigzania skutkuje powstaniem ,niedoboru” elektronow po stronie wodoru) i
posiadajagcym wolng pare elektronowg atomem tlenu (akceptorem protonu), co zostato
schematycznie przedstawione na Rysunku 3.
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wigzanie kowalencyjne spolaryzowane
Rysunek 3. Schemat wigzania wodorowego O-H - O.

Do niedawna doniesienia literaturowe wskazywaly, ze wigzania wodorowe petnig
gléwng role w potaczeniach pomiedzy celuloza a polimerami niecelulozowymi
(Brummell, 2006; Gu i Catchmark, 2013; Hatfield i Ronald, 1993; Heredia i in., 1995).
Jednakze, s3 to wigzania stabe, wrazliwe na otaczajace warunki i moga mie¢ mniej
znaczacy udziat niz zaktadano. Z drugiej strony, z uwagi na ich liczebno$¢ w tancuchu
polimerowym, nabieraja wigkszego znaczenia w uj¢ciu calosciowym. Pomimo tego, ze
nie stanowig gltéwnej sity napedowej adsorpcji polisacharydow niecelulozowych na
powierzchni celulozy, to moga przyczynia¢ si¢ do specyficznego gromadzenia si¢ tych
makroczasteczek oraz stabilizacji zaadsorbowanych tancuchéw polisacharydowych. Jest
to zgodne z ostatnimi wynikami badan sumulacji MD, ktore wykazaty, ze zaadsorbowany
ksylan przyjat konformacje zblizong do celulozy i utworzony kompleks przypominat
przedtuzenie struktury celulozy, wiacznie z siecig wigzan wodorowych (Simmons i in.,

2016; Wohlert i in., 2022).

Wohlert i in. (2022) wykazali, ze w uktadach, gdzie rozpuszczalnikiem jest woda,
tworzenie wigzan wodorowych pomigedzy celulozg 1 innymi polisacharydami macierzy
jest procesem konkurencyjnym do tworzenia wigzan wodorowych pomiedzy celuloza a
czasteczkami wody. Ponadto, z termodynamicznego punktu widzenia, utworzenie
stabych wigzan wodorowych nie wplywa na zmiang energii swobodnej uktadu, a wiec
nie zapoczatkuje adsorpcji. Najnowsze badania sktaniaja si¢ w strong zastosowania
oddziatywan hydrofobowych w opisach procesow adsorpcji hemiceluloz na powierzchni
celulozy (Heinonen i in., 2022; Kishani i in., 2021; Yao i in., 2021).

Polisacharydy niecelulozowe w ro$linnej $cianie komoérkowej sg acetylowane, a
grupy acetylowe przyltaczajg si¢ do grup hydroksylowych reszt monosacharydowych.
Zgodnie z tym, ze grupy acetylowe to grupy hydrofobowe, a grupy hydroksylowe to
grupy hydrofilowe, to te substytucje w strukturze polisacharydow moga wptywac na
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zmiang ich wlasciwosci fizykochemicznych. Ponadto, obecno$é grup acetylowych moze
rowniez wplywaé¢ na zmiany konformacji tancucha, dostepnos¢ wolnych grup
hydroksylowych polisacharydow, a w konsekwencji na oddziatywania z celulozg. Jednak
w literaturze wcigz brakuje jednoznacznych wynikéw badan dotyczacych roli
podstawnikow grupy acetylowej w oddziatywaniach polisacharydéw niecelulozowych z

celuloza.
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2. Hipoteza badawcza i cele rozprawy doktorskiej

Hipoteza badawcza

Jabtka to owoce przechowalnicze, dla ktorych kluczowym jest utrzymanie
wysokiej jakosci po zbiorach. SzczegoOlnie waznym parametrem jakoSciowym jest
jedrnos¢, ktéra warunkuje akceptacje konsumencka. Jej utrata stanowi powazny problem
podczas przechowywania jabtek. Wraz z rozwojem owocow dochodzi do przebudowy
sciany komorkowej, ktéra wptywa na ich wtasciwosci mechaniczne, a w tym jedrnos¢.
Zachodzg zmiany w strukturze polisacharydow niecelulozowych, ktore moga miec
wpltyw na oddziatywania z celulozg. Chociaz struktura polisacharydéw jest juz dobrze
poznana, to wcigz w literaturze brakuje wyjasnienia w jaki sposob te komponenty sg ze
sobg potaczone i jaki maja wplyw na integralno$¢ $ciany komoérkowej. Polisacharydy
niecelulozowe sa natywnie acetylowane w $cianie komorkowej, natomiast nadal nie
wykazano jednoznacznych zmian stopnia acetylacji zachodzacych wraz z rozwojem
ro§liny. Uwaza si¢, ze najbardziej dynamiczne zmiany podczas rozwoju OwocOw
dotykaja struktury pektyn (Zdunek i in., 2016) i to one majg dominujgcy wplyw na
strukturg §ciany komorkowe;j, integralno$¢ tkanki, a tym samym na jako$¢ owocow. Z
drugiej strony, stosunkowo niedawno zostalo podjete zagadnienie oddzialywan
hemiceluloz 1 celulozy w $cianie komorkowej. Dotychczas przeprowadzono
eksperymenty modelowe wykazujgce wpltyw oddziatywania pomiedzy hemicelulozami 1
celulozg bakteryjng na whasciwosci mechaniczne filmow celulozowych (Chibrikov i in.,
2024). Jednak w powyzszych badaniach zostal pominicty aspekt stopnia acetylacji
polisacharydow niecelulozowych. Grupy acetylowe przytaczaja sie¢ do grup
hydroksylowych reszt monosacharydowych, wplywajac na ich wlasciwosci
fizykochemiczne, w tym wiasciwoséci powierzchniowe i konformacje. Dodatkowo,
dotychczas podkreslano rol¢ grup hydroksylowych w liniowych hemicelulozach,
tworzacych wigzania wodorowe z celulozg. Biorac powyzsze pod uwage postawiono

nastepujaca hipotezg:

Acetylacja polisacharydow niecelulozowych utrudnia ich oddzialywania z
mikrofibrylami celulozy, a tym samym zmniejsza integralno$¢ sciany komorkowej i

tkanki roslinne;j.
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Cel rozprawy doktorskiej

Glownym celem rozprawy doktorskiej byto okreslenie wptywu stopnia acetylacji
polisacharydoéw niecelulozowych (hemiceluloz, pektyn) na wtasciwosci mechaniczne i

mikrostrukture tkanki roslinne;.
Gltowny cel badan realizowano poprzez nastepujace cele szczegdtowe:

e Wykazanie zmian stopnia acetylacji polisacharydow niecelulozowych
wyizolowanych ze $ciany komoérkowej jablek w terminach: przedzbiorczego
dojrzewania na drzewie, zbioru i pozbiorczego przechowywania [P.2, P.3];

e Wykazanie wplywu stopnia acetylacji polisacharydow niecelulozowych na utrate
jedrnosci jabtek podczas pozbiorczego przechowywania [P.2];

e Wykazanie ro6znic w dystrybucji acetylowanych i deacetylowanych
polisacharydéw niecelulozowych w $cianie komorowej [P.3];

e Wykazanie oddziatywan pomigdzy polisacharydami niecelulozowymi a celuloza
mikrofibrylarng [P.4]

e Wykazanie wptywu acetylacji polisacharydow na oddziatywania z celulozg
mikrofibrylarng [rozdziat 5]

Zaplanowano badania dotyczace analizy zmian strukturalnych polisacharydow
bezposrednio izolowanych ze $ciany komorkowej jabtek z roznych termindéw dojrzatosci
przedzbiorczej 1 pozbiorczego przechowywania oraz ich korelacje ze zmianami jedrnosci.
Analizowano mikrostrukture tkanki roslinnej 1 dystrybucje gléwnych polisacharydow.
Nastepnie przeprowadzono modelowe badania adsorpcyjne, ktore dostarczyty informacji
na temat oodziatywan pomigdzy poszczegdlnymi polisacharydami i pozwolity nakresli¢
obraz oddziatywan zachodzacych w S$cianie komorkowej. Kazdy etap badan

koncentrowat si¢ na roli grup acetylowych w strukturze polischarydow niecelulozowych.
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3. Materialy i metody

3.1. Materiat ro§linny

Materiatl badawczy stanowity jabtka (Malus domestica) dwoch odmian: Pinova
oraz ldared. Jabtka zostaty zebrane w 2021 r. z dwoch sadow w miejscowosci Stasin, w
poblizu Lublina, z oznaczonych 10 drzew, w odstepach jednego tygodnia od 21 wrze$nia
(T1, T2, T3) do przewidywanej, optymalnej daty zbioru (T4), okreslonej przez
sadownika. Jabtka z (T4) byly przechowywane w chlodni w temperaturze 2 °C 1
normalnej atmosferze przez 1 miesigc (T5), 2 miesigce (T6) i 3 miesigce (T7). Dla

kazdego terminu zebrano po 20 jabtek bez skaz i o podobnej wielkos$ci.

Jabtka z kazdego terminu poddano pomiarom jedrnos$ci 1 sporzadzono skrawki
tkanek do badan mikrospektroskopii Ramana. Nastgpnie, owoce zostaly obrane,
wydrazone | zhomogenizowane do postaci pulpy przy uzyciu homogenizatora

laboratoryjnego (Zauberstab, ESGE, Hockenheim, Szwajcaria), ktéra zamrozono w

temperaturze -18 °C do dalszych badan.

Dojrzato$¢ przedzbiorcza Termin zbioru  Pozbiorcze przechowywanie
Rysunek 4. Schemat termindéw zbioréw i pozbiorczego przechowywania jabtek.

Opracowanie wlasne z wykorzystaniem Biorender.com.
3.2. Podstawowa ocena dojrzalosci zbiorczej owocow

Ocene dojrzatosci  zbiorczej owocoOw przeprowadzano na podstawie
podstawowych parametrow przyjetych dla jablek, tj.: test jodowy, catkowita zawartos¢
rozpuszczalnych substancji statych (SSC, z ang. Soluble solid content), sucha masa oraz

jedrno$¢ (F, z ang. Firmness).

Wykonano test jodowy na obecnos$¢ skrobi dla jabtek Idared i Pinova T1-T7. Dla
kazdego przypadku test przeprowadzano na pigciu jabtkach. Jabtka przekrojono

doktadnie na pét, wzdhuz réwnika jabtka, a nastgpnie zanurzono w roztworze jodu (40 g
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KI + 10 g I2 w 1 L wody destylowanej) przez 1 minute. Kolejno, pozostawiono do
wyschnigcia w temperaturze pokojowej 23 + 1 °C i sfotografowano (Doerflinger i in.,
2015; Peirs i in., 2002; Szymanska-Chargot i in., 2015).

Catkowitg zawarto$¢ rozpuszczalnych substancji statych (SSC) oznaczano za
pomoca cyfrowego refraktometru, opartego na skali Brixa (PAL-BX/R1, Atago Co. Ltd.,
Tokio, Japonia). Pulpe jabtkowa przefiltrowano przez filtr nylonowy o $rednicy poréw
11 pum, a nastepnie krople filtratu umieszczano na pryzmacie refraktometru (Szymanska-

Chargot et al., 2012). Pomiar powtarzano pigciokrotnie dla kazdej probki.

Suchg mase migzszu jabtka wyznaczono za pomocg wagosuszarki (RADWAG,
MAC 50/1/NP., Radom, Polska). Pomiary wykonywano na probkach zhomogenizowane;j
pulpy migzszu jabtka o wadze ok. 1 g w temperaturze 105 °C az do osiagni¢cia statej

wagi. Wykonano trzy powtorzenia dla kazdej probki.

Wyznaczenie jedrnosci jablek przeprowadzono przy uzyciu maszyny
wytrzymatosciowej Lloyd LRX (Lloyd Instruments Ltd., Hampshire, Wielka Brytania) z
czujnikiem sity o wartosci 500 N. Zastosowano standardowy test nakluwania za pomoca
sondy cylindrycznej (o $rednicy 11,1 mm) z predkoscig 20 mm/min i maksymalng
glebokoscia penetracji 8 mm, zgodnie z metoda opisang przez Zdunek i in. (2010).
Badano jedrno$¢ migzszu jabtka, dlatego bezposrednio przed naktuciem zostata usunigta
skorka. Jedrno$¢ (F) zdefiniowano jako maksymalng warto$¢ sity potrzebnej do przebicia
migzszu jablka i wyrazono ja w niutonach (N). Pomiary przeprowadzono dla o$miu jablek

z kazdego terminu T1-T7 1 dwdch odmian jabtek.

3.3. Ekstrakcja materiatu $ciany komorkowe;j

Materiat Sciany komorkowej (CWM, z ang. Cell Wall Material) ekstrahowano z
pulpy jabtkowej. Ekstrakcje przeprowadzono zgodnie z metodg ekstrakcji
nierozpuszczalnych substancji statych w gorgcym alkoholu, zgodnie z Renard (2005).
150 g pulpy miazszu jabtkowego umieszczono w nadmiarze 70 % roztworu etanolu w
stosunku 1:10 (w/v), gotowano przez okoto 20 minut i przefiltrowano przez filtr
nylonowy o $rednicy poréw 11 um. Procedure przemywania 70 % etanolem powtérzono
kilkukrotnie, a nastepnie zastosowano 96 % etanol, az do uzyskania ujemnego wyniku na
obecno$¢ cukrow W przesaczu, zgodnie z metoda Dubois (Dubois et al., 1956).
Otrzymany osad zostat przemyty acetonem, wysuszony w temperaturze 40 °C i zmielony

w mtynie kulowym (Retsch MM400) z czestotliwoscig 20 Hz przez 20 min.
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3.4. Ekstrakcja sekwencyjna polisacharydow $ciany komorkowe;j

Przeprowadzono ekstrakcje sekwencyjng polisacharydéw z materialu $ciany
komorkowej (CWM). Frakcje pektyn rozpuszczalnych w wodzie (WSP), pektyn
rozpuszczalnych w imidazolu (ISP) oraz hemiceluloz rozpuszczalnych w wodorotlenku
potasu (KOH) uzyskano zgodnie z metoda opisang przez Redgwell i in. (2008) oraz
Szymanska-Chargot i in. (2013). Natomiast frakcje natywnie acetylowanych
hemiceluloz, rozpuszczalnych w chlorku litu w dimetylosulfotlenku (LiCI-DMSO),
ekstrahowano metodg zaproponowang przez Ray i in. (2014). Schemat ekstrakcji

sekwencyjnej przedstawiono na Rysunku 5.

CWM
| +H,0
16h, 23°C
| |
OSAD PRZESACZ -+ WSP
| + 0,5M Imidazol/HC1 pH 7
16h, 2°C
| |
OSAD PRZESACZ —1SP1
+2 :})521\34 (I:midazol/l—l()] pH 7 ‘:_’ ISP
[ 1 i
OSAD PRZESACZ — ISP2 i
+0,2M LiClI-DMSO
48h, 50°C
| |
OSAD PRZESACZ oo » LiCI-DMSO
+4M KOH
2h, 2°C
| |
OSAD LA 1Y O/ — » KOH

Rysunek 5. Schemat ekstrakcji sekwencyjnej polisacharydow z CWM. Frakcje
polisacharydowe bogate w pektyny: WSP — pektyny rozpuszczalne w wodzie, ISP —
pektyny rozpuszczalne w imidazolu; bogate w hemicelulozy: LiCI-DMSO - natywnie
acetylowane hemicelulozy rozpuszczalne w LiCI-DMSO, KOH - hemicelulozy
rozpuszczalne w 4M KOH. Opracowanie wtasne na podstawie Pekala i in. (2025a).

Do 300 mg CWM dodano 30 mL wody destylowanej i mieszano na rotatorze
laboratoryjnym przez noc (ok. 16 h) w temperaturze pokojowej 23 + 1 °C. Probki
odwirowano (20 min, 20 °C, 9000 x g) i roztwor znad osadu przefiltrowano przez saczek
nylonowy 0 $rednicy porow 11 pm (Millipore), a nastgpnie przesgcz zamrozono i

zliofilizowano. Uzyskano frakcje pektyn WSP.

Do osadu dodano 30 mL imidazolu-HC1 (0,5 mol-L™! imidazolu zobojetnionego
do pH 7 za pomocag HCI) 1 mieszano na rotatorze przez noc (ok. 16 h) w temperaturze 2

°C. Osad odwirowano i roztwor znad osadu przefiltrowano, uzyskujac przesacz ISP1.
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Nastepnie do osadu dodano ponownie 30 mL 0,5 mol-L ! imidazolu-HCI i mieszano na
rotatorze przez 2 h w temperaturze pokojowej 23 + 1 °C. Osad odwirowano i
przefiltrowano, uzyskujac przesacz ISP2. Przesacze ISP1 i ISP2 potgczono w jedng
frakcje pektyn ISP.

Do osadu dodano 60 mL roztworu LiCI-DMSO (0,2 mol-L™! LiCl w DMSO,
doktadnie: 84 g LiCl w 1 L DMSO) i mieszano w tazni wodnej w temperaturze 50 °C
przez 48 godzin. Zawiesing schtodzono, odwirowano i przefiltrowano, uzyskujgc

przesacz frakcji hemiceluloz LiCl-DMSO.

Do osadu dodano 15 mL roztworu KOH z NaBH4 (4 mol-L™* KOH + 0,01 mol-L°
! NaBH,) i mieszano na rotatorze przez 2 h w temperaturze 2 °C. Kolejno, probki
odwirowano i przefiltrowano, a przesacz zobojgtniono za pomocg HCI. Uzyskano frakcje
hemiceluloz KOH.

Przesacze ISP, LiCI-DMSO i KOH dializowano za pomocg membran
(Spectra/Por 6 MWCO 1000, Roth) wobec wody destylowanej, az do uzyskania statej
przewodnosci wody, a nastgpnie zamrozono i zliofilizowano. Wszystkie liofilizaty

przechowywano w eksykatorze przed dalszymi badaniami.

3.4.1. Sktad monosacharydowy
Sktad monosacharydowy frakcji polisacharydéw WSP, ISP, LiCI-DMSO zostat

wyznaczony zgodnie z metoda opracowang przez Zhang i in. (2018) z pewnymi
modyfikacjami, opisanymi przez Cybulska i in. (2022). Do ok. 1 mg probki danej frakcji
dodano 2 mol-L* metanolowego roztworu HCI i ogrzewano w temperaturze 80 °C przez
72 h, a nastepnie hydrolizowano z 2 mL 3 mol-L* roztworu kwasu trifluorooctowego
(TFA) w temperaturze 100 °C przez 7 h. Kolejno dodano 1 mL wody, 50 pl 0,3 mol-L*
NaOH oraz 50 uL 0,5 mol-L? roztworu 1-fenylo-3-metylo-5-pirazolonu (PMP) w
metanolu i inkubowano w temperaturze 70°C przez 60 minut. Probki zneutralizowano
50 ul 0,3 mol-L™* HCI, ekstrahowano chloroformem i przefiltrowano przez membrane o
$rednicy poréw 22 pm bezposrednio do fiolek HPLC. Dla standardéw monosacharydow
(arabinoza, fukoza, galaktoza, kwas galakturonowy, glukoza, kwas glukuronowy,
mannoza, ramnoza i ksyloza) zostata przeprowadzona taka sama procedura, jak dla

probek frakcji polisacharyddw.

30



Probki analizowano przy uzyciu systemu HPLC, skladajacego si¢ z pompy
czwartorzedowej 1130 HPLC, podajnika probek S 5300, termostatu S 4120 i detektora
PDA S 3350 (Sykam GmbH, Gewerbering, Niemcy) wyposazonego w kolumne
analityczng Zorbax Eclipse XDB-C18 (srednica wewnetrzna 4,6 mm x 250 mm, 5 um)
polaczong z kolumng ochronng Agilent Eclipse XDB-C18 (Srednica wewnetrzna 4,6 mm
x 12,5, 5 um). Zastosowano elucj¢ izokratyczng. Faza ruchoma sktadata si¢ z A: 0,1
mol-L? buforu fosforanowego (pH 6,7) i B: 50 % v/v roztworu 0,1 mol-L* buforu
fosforanowego w acetonitrylu, w stosunku A:B wynoszacym 69:31 % (v/v). Objetos¢
dozowanej probki wynosita 20 pL, predkosé przeptywu 1,8 mL/min, temperatura 30 °C,
a dlugos¢ fali detekcji wynosita 246 nm. Dla kazdej probki wykonano trzy powtorzenia.

3.4.2. Stopien acetylacji 1 metylacji

Stopien acetylacji (DAC) i metylacji zostat (DM) wyznaczony dla frakcji
polisacharydéw. Oznaczenie wykonano za pomocg chromatografu HPLC, zgodnie z
metoda opisang przez Levigne i in. (2002). Do 5 mg probki dodano 0,5 mL 0,2 mol-L*
NaOH i inkubowano ja przez 2 h w temperaturze 4 °C. Nastepnie dodano 0,5 mL 0,2
mol-L* H;SO4, odwirowano i przefiltrowano przez saczek strzykawkowy o $rednicy
poréw 0,22 um. Zadozowano 20 pl probki do systemu HPLC. Parametry analizy
chromatograficznej byly nastepujace: faza ruchoma — 4 mmol-L? H;SO4, predkosé
przeptywu 0,8 ml/min, kolumna C18 (4,6 x 250 mm, 5 um) 1 detektor RI. Kwas octowy
1 metanol wykorzystano jako standardy zewngtrzne; analizowano je w takich samych

warunkach jak probki frakcji. Dla kazdej probki wykonano trzy powtdrzenia.

Stopien acetylacji i metylacji dla frakcji polisacharydow WSP, ISP, LiCI-DMSO,
KOH wyrazono jako procentowa wagowa zawarto§¢ kwasu octowego/metanolu w probece
danej frakcji. Ponadto, stopien metylacji i acetylacji dla pektyn frakcji WSP i ISP
wyrazono rowniez jako stosunek procentowy liczby moli grupy acetylowej/metylowej do

liczby moli GalA.

3.4.3. Spektroskopia FT-IR

Strukture polisacharydow analizowano w oparciu o widma spekroskopowe w
podczerwieni z transformacja Fouriera. Widma FT-IR zebrano przy uzyciu spektrometru
Nicolet 6700 FT-IR (Thermo Scientific, Madison, WI, USA) wyposazonego w
przystawke pomiarowa Smart iTR. Widma obejmowaly zakres 4000 - 650 cm™. Dla

kazdej probki zebrano 200 skanéw z rozdzielczoscia 4 cm™. Dla kazdej probki wykonano
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trzy widma, z ktérych wyznaczono widmo $rednie i przeprowadzono korekte linii
bazowej za pomoca oprogramowania OMNIC (Thermo Scientific). Widma
znormalizowano do obszaru pod widmem 1 przedstawiono graficznie za pomoca

oprogramowania Origin (Origin Lab v8.5 Pro, Northampton, USA).

3.4.4. Spektroskopia Ramana

Strukturg polisacharydéw badano réwniez wykorzystujac widma spektroskopii
Ramana, zebrane za pomoca konfokalnego mikroskopu Ramana alpha300RA (WITec
GmbH, Niemcy). Zastosowano laser zielony (A = 532 nm) o mocy roboczej 10-20 mW i
czasie integracji 3 s. Do ogniskowania $§wiatla lasera na probce uzyto obiektywu Zeiss
EC Epiplan-Neofluar Dic 100x/0,9 (Carl Zeiss, Niemcy). Wtokno optyczne
wielowlokniste (o $rednicy 50 um) stanowito potaczenie ze spektrometrem UHTS 300
(WITec, Niemcy) wyposazonym w siatk¢ dyfrakcyjna o gestosci 600 g/mm. Sygnat
zostal zarejestrowany za pomoca kamery CCD (DU401A BV, Andor, Belfast, Irlandia
Ponocna). Widma zostaty zarejestrowane w zakresie 0 — 4 000 cm™. Dla kazdej probki
Zebrano pig¢ widm, ktore nastepnie zostaty usrednione. Graficzne przedstawienie widm
Ramana wykonano przy uzyciu oprogramowania OriginPro (Origin Lab v8.5 Pro,
Northampton, USA). Przeprowadzono korekte linii bazowej, normalizacje (powierzchnia
do 1) oraz wygtadzenie szumow za pomoca korekcji Savitzky-Golay (ProjectSix WITec,
Niemcy).

Widma Ramana zgodnie z powyzsza procedura zostaty rowniez zebrane dla
polisacharydow komercyjnie dostepnych tj.: pektyna wysokoestryfikowana (pektyna z
cytrusow, DE > 85%, Sigma Aldrich), pektyna niskoestryfikowana (pektyna z cytrusow,
DE 20-34%, Sigma Aldrich), celuloza mikrofibrylarna izolowana z jabtek, ktore

wykorzystano w analizie obrazu mapowania ramanowskiego.

3.5. Obrazowanie Ramana

3.5.1. Przygotowanie probek
Skrawki tkanek jabtek Idared i Pinova z wybranych terminow: T1, T4, T7

przygotowano do obrazowania zgodnie ze schematem przedstawionym na Rysunku 6.
Dwa jabtka z kazdej proby przekrojono na pot 1 wykrojono kawatek, z ktorego za pomoca
wibratomu (LEICA VT 1000S) ucigto plaster o grubosci 180 pum. Probki umieszczono na
szkietku mikroskopowym pokrytym folig aluminiowa i pozostawiono do wyschniecia na

powietrzu (21 £ 1 °C, 24 h).
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180 pm wibratom

Rysunek 6. Schemat przygotowania tkanki jabtka do mapowania Ramana. Opracowanie
wlasne na podstawie Pekala i in. (2025b).

3.5.2. Pomiar map ramanowskich

Zebrano mapy Ramana $cian komorkowych probek za pomoca konfokalnego
mikroskopu Ramana alpha300RA (WITec GmbH, Niemcy). Parametry sprzetowe
zostaty opisane w rozdziale 3.4.4. Zastosowano laser zielony (A = 532 nm) o mocy
roboczej 10 - 20 mW i czasie integracji 3 s. Zakres spektralny wynosit 0 — 4 000 cm™ a
gestos¢ siatki  dyfrakcyjnej spektrometru byta rowna 600 g/mm. Mapy zostaty
zarejestrowane z rozdzielczos$cig przestrzenng 0,5 um w kierunkach x i y. Zebrano po
sze$¢ map dla kazdej probki z obszaru naroznika $ciany komorkowej potaczen trzech

komorek.

3.5.3. Analiza obrazdéw Ramana

Analize obrazow Ramana $cian komorkowych przeprowadzono za pomoca
opogramowania Project Six (WITec, Niemcy). Analiz¢ wstepng stanowito
zlokalizowanie celulozy, pektyn i hemiceluloz, w tym grup karbonylowych, za pomoca
filtrow, ktorymi byly liczby falowe odpowiadajace charakterystycznym pasmom na
widmie Ramana dla poszczegolnych polisacharydow. Nastepnie przeprowadzono
bardziej zaawansowang analiz¢ obrazu skladowych rzeczywistych (z ang. True
Component Analysis), gdzie zbiory danych hiperspektralnych dopasowano do liniowych
kombinacji widm sktadowych. Widma sktadowe stanowily unikalne widma S$rednie
frakcji pektyn (WSP, ISP) i hemiceluloz (LiCI-DMSO, KOH) oraz pektyn wysoko- i
niskoestryfikowanych bez korekcji.
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3.6. Badania adsorpcji
3.6.1. Materiaty

Celuloza mikrofibrylarna zostata wyizolowana z migzszu jabtek metodg opisang
przez Szymanska-Chargot i in. 2017. Jabtka odmiany Gala zakupiono w lokalnym sklepie
spozywczym. Jablka obrano, wydrazono gniazda nasienne, oddzielono sok za pomoca
prasy, a otrzymany wytlok jabtkowy poddano izolacji celulozy. Parti¢ 500 g wyttoku
jabtkowego zalewano 3 L wody w temperaturze ok. 90 - 100 °C i gotowano przez 10 min
Nastepnie zawiesing przefiltrowano, do osadu dodano 3 L 1 mol-L"* HCI i mieszano przez
30 min w temperaturze 85 °C. Przeprowadzono filtracj¢ i powtorzono etap z HCI. Po
kolejnej filtracji do osadu dodano 3 L 1 mol-L' NaOH, mieszano przez 30 min w
temperaturze 85 °C i przefiltrowano. Ten etap powtorzono trzykrotnie. Osad pozostaty
po filtracji wybielano 1 — 2 % roztworem podchlorynu sodu przez 60 minut w
temperaturze 95 — 96 °C. Osad przemywano wodg dejonizowana, az do neutralnego pH
przesaczu. Otrzymano zawiesing celulozy mikrofibrylarnej w wodzie (st¢zenie wagowe

ok. 10 %) i przechowywano ja w temperaturze 4 °C.

Dla celulozy mikrofibrylarnej zostal wyznaczony sktad gléwnych
monosacharydoéw: glukozy, ksylozy i mannozy. Celuloze¢ zliofilizowano i poddano
hydrolizie z 72 % H2SOa4przez 1 h w temperaturze pokojowej 21 + 1 °C, a nastepnie z 11
% H2SO4 przez 2 h w 80 °C. Osad zneutralizowano roztworem NaOH. SteZenie
monosacharydow oznaczono za pomocg zestawdéw Megazyme (Brey, Irlandia): D-

Mannose/D-Fructose/D-Glucose Assay kit oraz D-Xylose Assay Kit.

W ukladzie adsorpcyjnym celuloza byta adsorbentem, natomiast adsorbatami byty
hemicelulozy i pektyny komercyjnie dostgpne: f-D-glukan (z jeczmienia, Sigma Aldrich,
Merck, Darmstadt, Niemcy), glukomannan (z konjacu, Megazyme Brey, Irlandia), ksylan
(z drewna bukowego, Sigma Aldrich), ksyloglukan (z nasion tamaryndowca, Megazyme,
Brey, Irlandia) i pektyny: galaktan (z ziemniakoéw, Megazyme, Brey, Irlandia), arabinan
(z burakéw cukrowych, Megazyme, Brey, Irlandia), ramnogalakturonan (z btonnika
pektynowego sojowego, Megazyme, Brey, Irlandia), pektyny estryfikowane z owocow
cytrusowych o roznym stopniu estryfikacji: 20 — 34 %, 55 — 70 % i > 85 % (Sigma
Aldrich, Merck, Darmstadt, Niemcy)
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3.6.1.1. Catkowita liczba grup kwasowych celulozy

Calkowita liczba grup kwasowych celulozy mikrofibrylarnej zostala oznaczona
zgodnie z SCAN-CM 65:02 (SCAN-CM, 2006). Przeprowadzono miareczkowanie
konduktometryczne w temperaturze pokojowej 21 + 1 °C. Najpier probke ok. 10 g
celulozy (1 g suchej masy) protonowano 5 mL 0,01 mol-L* HCI przez 15 min. Kolejno
osad zawieszono w 490 mL wody i 10 mL 0,05 mol-L™* NaCl, nastepnie miareczkowano
wobec 0,01 mol-L'* NaOH. Osad po miareczkowaniu odzielono za pomocg saczka
nylononowego o $rednicy porow 11um, nastgpnie wysuszono w 40 °C, umieszczono w

eksykatorze do wystudzenia i zwazono. Oznaczeniec wykonano w trzech powtorzeniach.

3.6.1.2. Kirystalicznos¢ celulozy

Krystaliczno$¢ celulozy byta badana za pomocg dwoéch technik XRD i ssNMR.
Przy oznaczeniach z wykorzystaniem techniki XRD, badania prowadzono za pomoca
dyfraktometru rentgenowskiego Empyrean (PANalytical, Holandia, badania zlecone
Laboratorium Analityczne, Wydziat Chemii, Uniwersytet Marii Curie-Sktodowskiej w
Lublinie) i zastosowano metode Segala (Segal i in., 1957). Indeks krystalicznos$ci zostat
okreslony na podstawie dyfraktogramu XRD i1 maksimoéw sygnaléw pochodzacych od
czesci krystalicznych i amorficznych celulozy, zgodnie z rownaniem (1):

(1) Crl = Seez=tam). 1900,

002

gdzie CrI to indeks krystalicznos$ci wzglednej, loo2 to maksymalna intensywno$¢ pasma
obszaréw krystalicznych, Iam to maksymalna intensywno$¢ pasma obszarow

amorficznych.

Krystaliczno$¢ wWyznaczono réwniez na postawie analizy widma CP/MAS *C
NMR celulozy zgodnie z metodyka opisang przez Johnson i Schmidt-Rohr (2014).
Widmo zebrano za pomocg spektrometru Bruker AVANCE NEO Ascend 400 WB, sondy
CPMAS 4mm podwdjna H/Xm, z akwizycja widma 3C multiCPMAS: akumulacja = 2K;
rotacja =12 kHz; T 293 K. Przetwarzano widma: LB = -20 Hz, GB=0,1 mnozenie Gaussa.
W celu okreslenia powierzchni poszczegdlnych obszaréw na widmie, zwigzanych z

krystaliczno$cig, za pomoca programu PeakFit v4.12 przeprowadzono dekonwolucjg.

3.6.2. Kinetyka adsorpcji

Badania adsorpcji prowadzono z zastosowaniem statycznej metody posrednie;j.

Mianowicie, st¢zenie zaadsorbowanego polisacharydu wyznaczano z réznicy stezenia
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wyjéciowego 1 stezenia polisacharydu w filtracie ukladu adsorpcyjnego. Badania
prowadzono w tazni wodnej z mieszaniem (200 obr./min) w temperaturze 23 + 1 °C. Uktad
adsorpcyjny byl nastepujacy: 4,83 g pulpy celulozy (0,5 g suchej masy), 5 g buforu PBS
(pH 7,4, C = 0,1 mol-L?, I = 0,1 mol-LY), 25 g roztworu hemicelulozy/pektyny oraz
dodatek wody destylowanej az do uzyskania 50 g suspensji. Stezenie wyjSciowe
roztworéw hemiceluloz wysnosito: Xlg - 400 mgLt, GIm - 1600 mgL™?, GI - 800 mgL*
adla Xn - 200 mgL™.

Probke suspensji pobierano z uktadu adsorpcyjnego w konkretnych interwatach
czasowych od 10 min do 7,5 h, filtrowano przez filtr strzykawkowy i w otrzymanym
roztworze oznaczano spektrofotometrycznie ste¢zenie polisacharydu, z wykorzystaniem
metody z kwasem siarkowym. Do 1 mL proby dodano 3 mL stezonego H2SOs, 0studzono
I za pomocg spektrofotometru UV-VIS (Thermo Scientific Genesys 10s) zmierzono
absorbancj¢ przy 315 nm (Mysliwiec et al., 2016). Wykonano trzy powtorzenia. Taka

samg procedur¢ pomiaru zastosowano dla standardow.

3.6.3. Rownowaga adsorpcji

Réwnowage adsorpcji wyznaczono dla polisacharydow, ktére adsorbowaly si¢ na
celulozie. Badania prowadzono w czasie odpowiadajacym osiggnieciu plateau na
wykresie ilustujagcym Kienetyke adsorpcji dla poszczegdlnych polisacharydow. Uktad i
schemat oznaczen byt taki sam jak dla kinetyki adsorpcji. Adsorpcje polisacharydow
badano w nastepujacym przedziale stezen: 100 - 2 000 mgL* dla ksyloglukanu, 1500 —
5000 mgL! dla glukomannanu, 50 — 1000 mgL* dla ksylanu, oraz 300 — 3000 mgLdla

B-glukanu. Kazdy punkt izotermy byt $rednig z trzech niezaleznych pomiarow.

3.6.4. Model adsorpcji

Przetestowano rozne modele adsorpcji , takie jak modele dwuparametrowe:
Langmuira, Freundlicha, Jovanovica i Temkina; jak i modele trojparametrowe:
Langmuira-Freundlicha, Sipsa, Totha, Fowlera-Guggenheima, Radke-Prausnitza,
Redlicha-Petersona; oraz czteroparametrowe: Marczewskiego oraz Fritza-Schlundera.
Sposrod nich modele Freundlicha i Redlicha-Petersona wykazaty najlepsze dopasowaniu
do danych eksperymentalnych, na podstawie R? dopasowania izoterm. Zastosowane w

modelach réwnania przedstawiono ponizej.
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Izoterma Freundlicha:
(2 a=k-ct/",

Izoterma Redlicha-Petersona

kc
(3) a=any m

W réwnaniach (2) i (3), k (dm3mg™) i n (bezwymiarowe) to state adsorpcji, am (Mg-g™?)

to maksymalna adsorpcja, ¢ (mg-dm?®) to rtownowagowe stezenie adsorbatu w roztworze.

Do analizy kinetyki adsorpcji zastosowano réwnanie pierwszego rzedu:

(4) —’" =1-3%, A exp(—k;t).

W réwnaniu (z) aeq oznacza adsorpcj¢ rownowagowa, Ai to udzial i-tego procesu
(szybkiego, umiarkowanego, wolnego) w catkowitej adsorpciji, a ki (min™t) oznacza statg

kinetyczng i-tego procesu, t (min) czas.

3.7. Analiza statystyczna

Wszystkie analizy wykonano z co najmniej trzykrotnym powtorzeniem, podajac
warto$¢ $rednig z odchyleniem standardowym. Konkretne testy statystyczne zostaty
wybrane po sprawdzeniu podstawowych zalozen, takich jak normalnos¢,
homogeniczno$¢ wariancji. Przeprowadzono je za pomoca programu Statistica 13.1
(StatSoft, Krakow, Polska). Zastosowane testy statystyczne dla wynikow jedrnosci,
sktadu monosacharydowego, stopnia acetylacji, zostalty podane w publikacji P.2 Analiza
statystyczna gtownych sktadowych (PCA) dla danych spektroskopowych zostata
przeprowadzona za pomoca programu Unscrambler 10.1 (Camo Software AS.,
Norwegia) i przedstawiona w publikacji P.3. Istotno$¢ statystyczna we wszystkich

analizach oceniano na poziomie p < 0,05.
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4. Omowienie wynikow przedstawionych w publikacjach

4.1. Publikacja P.1

P¢kala, P., Szymanska-Chargot, M., Zdunek, A. (2023). Interactions between non-
cellulosic plant cell wall polysaccharides and cellulose emerging from adsorption studies.
Cellulose, 30.15: 9221-9239

W publikacji przegladowej P.1 podsumowano doniesienia literaturowe dotyczace
oddziatlywan pomiedzy polisacharydami niecelulozowymi roslinnej $ciany komorkowe;
i celuloza, uzyskane w wyniku badan adsorpcyjnych. Szczegétowo opisano strukture
polisacharydéw $ciany komodrkowej, z wyraznym podkresleniem jej wpltywu na
oddziatywania. Wyjasniono zastosowanie modelowych badan adsorpcyjnych w
odniesieniu do oddzialywan pomiedzy polisacharydami oraz przedstawiono ogolna
metodyke badan. Opisano zjawisko adsorpcji wraz z przytoczeniem modeli
adsorpcyjnych dla uktadow celuloza — polisacharydy niecelulozowe oraz wymieniono

rodzaje oddziatywan pomig¢dzy nimi.

Modelowe badania adsorpcji polisacharydow dostarczaja cennych informacji na
temat oddzialywan pomi¢dzy komponentami roslinnej Sciany komorkowej. W badaniach,
adsorbent stanowi celuloza, a adsorbaty to hemicelulozy i pektyny. Kinetyka adsorpcji
okresla dynamike¢ procesu nagromadzania adsorbatu na powierzchni adsorbentu.
Natomiast rownowaga adsorpcji wskazuje maksymalng adsorpcje danego zwigzku, a tym
samym, ktory polisacharyd niecelulozowy ma najwigksze powinowactwo do celulozy.
Dopasowanie modelu adsorpcyjnego informuje o rodzaju adsorpcji, chemicznej czy
fizycznej, a wiec o rodzaju oddziatywan pomiedzy adsorbentem i adsorbatem. Metoda
badan adsorpcji polisacharydow moze przebiega¢ w sposob bezposredni i posredni.
Posrednia metoda polega na oznaczeniu stezenia substancji zaadsorbowane] przez
wyznaczenie roznicy pomiedzy stezeniem wyjsciowym adsorbatu a stezeniem roztworu
nad adsorbentem. SteZenie jest okreslane za pomocg réznych metod analitycznych, np.
chromatografii i spektroskopii UV-VIS. Druga metoda, polega na bezposrednim
oznaczeniu stezenia adsorbatu z mozliwos$cig monitorowania w czasie rzeczywistym
grubo$ci  warstwy adsorpcyjnej, z wykorzystaniem mikrowagi kwarcowej z
monitorowaniem dyssypacji energii (QCM-D) oraz spektroskopii powierzchniowego

rezonansu plazmowego (SPR).
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Najwigcej badan poswigcono odzialywaniom celulozy z ksyloglukanem, czyli
glownym przedstawicielem hemiceluloz. Badania adsorpcyjne wykazaty, ze ksyloglukan
charakteryzuje si¢ silnym powinowactwem do celulozy. Adsorbuje si¢ na jej powierzchni
oraz wykazuje zdolnos¢ nie tylko do lokalnych oddzialywan z mikrofibrylami celulozy,
ale takze do ich powlekania. Ksyloglukan z roztworu o niskim st¢zeniu adsorbuje si¢ w
utozeniu ptaskim, okreslanym jako pociagi (z ang. trains), podczas gdy tzw. ogony i petle
(z ang. tails and loops) tworza si¢ przy wysokim stezeniu. Ponadto, ksyloglukan o
mniejszej masie czgsteczkowej wykazuje wiekszg adsorpcje na celulozie. Co wiecej,
ksyloglukan moze pelni¢ rolg promotora dalszych potaczen, na przyktad z pektynami. Z
badan literaturowych wynika, ze ksylan rdwniez adsorbuje si¢ na powierzchni celulozy,
ale z uwagi na to, ze jest mniejsza makroczasteczka niz ksyloglukan, nie tworzy ,.tails
and loops” na jej powierzchni. Badania donosza, ze makroczasteczki ksylanu adsorbuja
si¢ wielowarstwowo na powierzchni celulozy i co cickawe, w pierwsze] warstwie
adsorpcyjnej tancuchy polimerowe przyjmujg strukture dwuskretng, a wiec dopasowuja

si¢ do struktury celulozy.

Jezeli za$ chodzi o pektyny, badania adsorpcyjne wykazaly ich ograniczong
zdolnos$¢ do oddziatywan z celulozg. Miaty one miejsce jedynie pomiedzy neutralnymi

cukrami w strukturze pektyn, takimi jak: arabinoza, galaktoza i ksyloza.

W badaniach adsorpcyjnych istotna jest analiza struktury morfologicznej
celulozy. Krystaliczna struktura celulozy jest powigzana z wigksza adsorpcja
hemiceluloz. Ponadto, adsorpcja hemiceluloz na celulozie mikrofibrylarnej moze
wplywaé na agregacje fibryli, a nawet na tworzenie czgéci krystalicznych celulozy.
Istotna jest rowniez szczegoétowa analiza struktury gltownych sktadnikow uktadu.
Identyfikacja grup funkcyjnych w strukturze polisacharydow moze wskazac typ
oddziatywan pomigdzy makoczasteczkami. Polisacharydy w swojej strukturze maja
wiele grup hydroksylowych, ktore moga tworzy¢ wigzania wodorowe. Wiele doniesien
literaturowych podkre§la znaczenie wigzanh wodorowych pomigdzy polisacharydami
niecelulozowymi a celulozg. Natomiast najnowsze badania donosza, ze wigzania
wodorowe nie sg bezposrednio odpowiedzialne za te oddzialywania, ale petnig istotng
role stabilizujaca juz potaczonych uktadow. Wykazano réwniez, ze pomigdzy
hemicelulozg a celulozg wystepuja gtownie oddzialywania hydrofobowe. W przypadku
pektyn, nie wykazano znaczgcej adsorpcji na celulozie, natomiast badania gruboziarnistej

dynamiki molekularnej (CGMD, z ang. Coarse-grained Molecular Dynamics) wskazuja,
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ze pektyny sa w bliskim kontakcie z celuloza. Swiadczy to o tym, ze moga byé
zatrzymane pomi¢dzy mikrofibrylami celulozy w wyniku upakowania przestrzennego,
nieuwarunkowanego konkretnymi oddziatywaniami. Ponadto badania celulozy po
ekstrakcji w $rodowisku wysokostezonych alkaliow wykazaly pewne pozostatoSci
hemiceluloz i pektyn, ktore potwierdzaja prawdopodobne uwigzienie tych
polisacharydow pomig¢dzy mikrofibrylami.

Podkreslono réwniez, ze badania adsorpcyjne polisacharydow niecelulozowych z
celuloza to badania modelowe, prowadzone do$wiadczalnie in vitro. Dostarczaja one
informacji na temat oddzialywan pomig¢dzy wybranymi komponentami S$ciany
komorkowej, okre$lajac ich rodzaj, fizyczny badz chemiczny, ale nie odzwierciedlajg w

petni obrazu roslinnej $ciany komorkowe;.

4.2. Publikacja P.2

P¢kala, P., Szymanska-Chargot, M., Cybulska, J., Zdunek, A. (2025). Monosaccharide
composition and degree of acetylation of non-cellulosic cell wall polysaccharides and

their relationship to apple firmness. Food Chemistry, 470, 142639.

W publikacji P.2 przedstawiono wyniki badan dotyczacych sktadu
monosacharydowego i stopnia acetylacji polisacharydow niecelulozowych oraz ich
wpltywu na jedrnos¢ jablek. Gléwnym celem pracy bylo wyznaczenie jak zmienia si¢
stopien acetylacji i1 sklad polisacharydow niecelulozowych podczas dojrzewania i
pozbiorczego przechowywania jabtek. Kolejnym celem pracy byto wykazanie zaleznosci

tych zmian z utratg jedrnosci jabtek podczas pozbiorczego przechowywania.

4.2.1. Ocena dojrzatosci owocow

Badania prowadzono na dwoch odmianach jabtek Idared i Pinova w terminach
dojrzewania na drzewie/dojrzatosci przedzbiorczej (T1-T3), terminie zbioru (T4) oraz
podczas pozbiorczego przechowywania (T5-T7). Przedstawiono wyniki podstawowych
parametréw shuzacych do oceny 1 monitorowania dojrzaloéci jablek, takich jak: test
skrobiowy, jedrnos¢oraz catkowita zawarto$¢ rozpuszczalnych substancji statych (SSC).
Zaobserwowano spadek zawartosci skrobi i wzrost zawartosci SSC wraz dojrzewaniem
jabtek. Poczatkowo jedrnos¢ jabtek Idared i Pinova byta podobna i wynosita ok. 70 N dla
termindw dojrzewania na drzewie i terminu zbioru T1-T4. Natomiast, po trzech

miesigcach przechowywania w chtodni, T7, odnotowano znaczng utrate jedrnosci jablek
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Idared. Jedrnos¢ jablek odmiany Idared wynosita wowczas 43 N, w przeciwienstwie do

odmiany Pinova, ktorej jabtka wcigz utrzymywaty wysoka jedrno$é — 66 N.

Idared i Pinova to tzw. odmiany pdzne, ktore osiggaja dojrzatos¢ zbiorcza w
pazdzierniku. Wyniki podstawowych parametréw dojrzatosci zbiorczej jablek wykazaty,
ze dla odmiany ldared T4 byt rzeczywiscie optymalnym terminem zbioru. W przypadku
odmiany Pinova, wyniki jedrnosci i SSC dla T4 byty wiasciwe dla optymalnego terminu
zbioru, natomiast indeks skrobiowy byl wysoki, co wskazywatoby na wybdr przez
sadownika zbyt wczesnego terminu zbioru Jednakze, jabtka odmiany Pinova wykazaly

stabilng jedrno$¢ podczas przechowywania.

4.2.2. Sktad monosacharydowy

Wyznaczono sktad monosacharydowy frakcji pektyn rozpuszczalnych w wodzie
(WSP), pektyn rozpuszczalnych w imidazolu (ISP), natywnie acetylowanych
hemiceluloz rozpuszczalnych w LiCI-DMSO (LiCI-DMSO) oraz hemiceluloz
rozpuszczalnych w 4 M KOH (KOH), ekstrahowanych z materiatu §ciany komorkowej

jabtek odmian Idared i Pinova w terminach T1-T7.

We frakcji WSP udziat procentowy liczby moli kwasu galakaturonowego (GalA)
wzrost w okresie dojrzewania na drzewie i przechowywania. Dla frakcji pozyskanej z
jabtek odmiany Idared bylo to od 23 mol% (T1) do 45 mol% (T6), a dla frakcji
wyekstrahowanej ze §ciany komérkowej jabtek odmiany Pinova - od 25 mol% (T1) do
38 mol% (T7). Efekt ten byl zwigzany z tym, ze w trakcie rozwoju owocow zachodza
zmiany struktury $ciany komorkowej, m.in rozpuszczanie pektyn $cisle zwigzanych w
$cianie, skutkujace wzrostem zawartosci pektyn stabo zwigzanych, rozpuszczalnych w
wodzie. Ponadto, odnotowano wzrost udziatu arabinozy (Ara) w sktadzie frakcji WSP,
wynoszacy Z 9 mol% (T1) do 33 mol% (T7) dla odmiany Idared oraz z 18 mol% (T1) do
32 mol% (T5) dla odmiany Pinova. Udziat galaktozy (Gal) wzrést z 5 do 11 mol% dla
odmiany ldared w terminach (T1-T4) a nastgpnie zmalal podczas pozbiorczego
przechowywania do 6 mol% (T7). W przypadku odmiany Pinova udziat Gal w sktadzie
monosacharydowym frakcji WSP byt wigkszy niz dla odmiany Idared i réznice pomigdzy
odmianami byly statystycznie istotne. Maksymalna wartos¢ Gal dla odmiany Pinova
wynosita 15 mol% (T2), a podczas przechowywania zmniejszyta si¢ do 11 mol% (T7).
Udziat procentowy ramnozy (Rha) w sktadzie frakcji WSP statystycznie istotnie ro6znit

si¢ pomiedzy odmianami, dla odmiany Idared byt mniejszy niz dla odmiany Pinova i
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wynosit odpowiednio 3 mol% i 5 mol% (T4). Ponadto, liniowos¢ pektyn danej frakcji
analizowano na podstawie stosunku udziatu porcentowego liczby moli GalA, ktory
stanowi tancuch gtowny pektyn, do sumy udzialow procentowych liczby moli
monosacharydow wystepujacych w rozgatezieniach. Wykazano, ze frakcja WSP z jablek

odmiany ldared zawierata pektyny o wigkszej liniowosci niz ta z jablek odmiany Pinova.

We frakcji ISP rowniez zaobserwowano wzrost udziatu GalA, wynoszacycy 34 -
57 mol% (T1-T5) dla odmiany Idared i 30 - 37 mol% (T1-T7) dla odmiany Pinova.
Udziat Gal zmniejszyt si¢ podczas przechowywania jabtek. W T7 wynosit on 5 mol% dla
odmiany Idared, a 12 mol% dla odmiany Pinova. Podobnie jak dla frakcji WSP,
wystepowaly istotne statystycznie roznice w udziale GalA i Gal w skladzie frakcji
pomiedzy odmianami. Wykazano, ze udzial ramnogalakturonanow byt wigkszy we
frakcji ISP niz WSP oraz wyzszy dla odmiany Pinova niz Idared. Ponadto, frakcja
wyekstrahowana z jabtek Pinova zawierala ramnogalakturonan typu I o dluzszym

tancuchu bocznym niz w przypadku odmiany ldared, obfitej w liniowe pektyny.

We frakcji LiCI-DMSO zaobserwowano wzrost udzialu glownych
monosacharydow wchodzacych w sktad hemiceluloz: ksylozy (Xyl), galaktozy (Gal),
mannozy (Man) i arabinozy (Ara). Udziat Xyl wynosit 11 - 32 mol% (T2-T6) dla odmiany
Idaredi 9 - 31 mol% (T1-T7) dla odmiany Pinova. Udziat Gal wynosit 6 - 11 mol% dla
odmiany Idaredi 6 - 16 mol% dla odmiany Pinova. Udziat Man stanowit 8 - 23 mol%
(T2-T7) dla odmiany Idared i 7-17 mol% (T1-T6) dla odmiany Pinova. Dodatkowo
wykazano niski udziat liczby moli fukozy (Fuc) i kwasu glukuronowego (GIcA),
wynoszacy maksymalnie dla Fuc 4 mol% we frakcji z odmiany Idared i 2 mol% z
odmiany Pinova, a dla GIcA 2 mol% we frakcji z odmiany Idared i 3 mol% z odmiany
Pinova. Gléwnym sktadnikiem hemiceluloz byta réwniez glukoza (Glc), natomiast w
przedstawionych wynikach jej udziat w skladzie frakcji LiCI-DMSO z jabtek w
terminach T1-T4 byt zawyzony, z uwagi na obecnos¢ skrobi, natomiast w terminach T5-
T7 nie ulegat statystycznie istotnym zmianom, wynoszac 24 -19 mol% dla odmiany
Idared i 17 — 15 mol% dla odmiany Pinova. Przedstawiony sktad monosacharydowy
frakcji  LiCI-DMSO wskazuje na  obecno$¢  fukogalkatoksyloglukanu,
glukuronoarabinoksylanu i galaktoglukomannanu. Ponadto wykazany wzrost udziatu
procentowego liczby moli poszczegdlnych monosacharydow moze swiadczy¢ o wzro$cie
zawarto$ci fukogalaktoksyloglukanu, glukuronoarabinoksylanu i galaktoglukomannanu

w $cianie komorkowej jabtek podczas dojrzewania i pozbiorczego przechowywania.
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We frakcji KOH udziat Xyl byt wigkszy niz we frakcji LiCI-DMSO, co z kolei
swiadczy o wickszej zawartosci ksyloglukanéw. Udzial Xyl w sktadzie frakcji KOH
statystycznie istotnie ro6znit si¢ pomiedzy wynikami 34 mol% (T2) i 50 mol% (T6) dla
Idaredu, oraz 44 mol% (T3) i 50 mol% (T7) dla Pinovy. Dodatkowo odnotowano, ze we
frakcji KOH byt on bardziej stabilny w badanych terminach niz we frakcji LiCI-DMSO.
Udziatl Fuc byt wyzszy w sktadzie hemicelulozowych frakcji KOH niz LiCl1-DMSO,
ponadto statystycznie istotne ro6znice odnotowano pomi¢dzy odmianami (wyzszy udziat,
wynoszacy maksymalnie 6 mol%, zaobserwowano dla odmiany Pinova). Udziat Glc byt
réwniez stabilny w terminach przechowalniczych (T5-T7) i wynosit 17 - 19 mol% dla
odmiany Idared i 15 mol% dla odmiany Pinova. Podobnie dla Gal i Man nie
zaobserwowano trendu zmian w badanych terminach. Wykazano, ze udziat mannanow
we frakcji KOH byt mniejszy niz we frakcji LiCI-DMSO, natomiast we frakcji KOH
dominowaty ksyloglukany. Przedstawiony sktad monosacharydowy wskazywat na
obecno$¢ fukoksyloglukanu, ktorego zawarto$¢ w jabtkach byla stabilna w badanych

terminach.

4.2.3. Stopien acetylacji

Nie zaobserwowano trendu zmian stopnia acetylacji pektyn frakcji WSP i ISP w
terminach dojrzewania na drzewie i terminie zbioru (T1-T4) oraz przechowywania
pozbiorczego (T5-T7) dla obydwu odmian jablek. Maksymalna warto$¢ DAc dla frakcji

pektyn byla stosunkowo niska i oscylowala w granicy 3%.

Wykazano, ze frakcje LICI-DMSO stanowig gtdéwnie acetylowane hemicelulozy.
Ponadto, zaobserwowano wzrost stopnia acetylacji hemiceluloz podczas dojrzewania i
przechowywania jabtek (T1-T7) dla obydwu badanych odmian, co zostalo poparte
analizg statystyczng. Dla odmiany Idared wykazano statystycznie istotne réznice migdzy
3,24% dlaT21i6,32 % dla T7, adla odmiany Pinova miedzy 1,60 % (T1) i 4,33 % (T7).

Stopien acetylacji hemiceluloz byt wyzszy w jabtkach odmiany Idared niz Pinova.

Potwierdzono, ze hemicelulozy frakcji KOH to hemicelulozy deacetylowane.
Silnie alkaliczne warunki ekstrakcji hemiceluloz frakcji KOH spowodowaty wystgpienie

hydrolizy estréw i usuniecie grup acetylowych w hemicelulozach.

4.2.4. Analiza statystyczna

Przeprowadzono dwie analizy statystyczne PCA uzyskanych wynikéw, w celu

wyznaczenia najistotniejszych zmian zachodzacych w przebudowie $ciany komorkowe;j
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podczas dojrzewania i1 przechowywania jabtek oraz wykazania roznic pomiedzy
odmianami. Ponadto wykonano analiz¢ korelacji sktadu polisacharydowego z jedrno$cia

jablek.

Pierwsza analiza PCA opierala si¢ na wynikach jedrnos$ci, zawartosci
monosacharydéw, stopnia acetylacji (DAc) i metylacji (DM). Wykres wynikéw PCA
wykazal grupowanie danych wedtug terminu i odmiany jabtek. Na grupowanie wynikow
wedhlug terminu najbardziej wptyneta jedrnosé, a takze udziat procentowy liczby moli
GalA w sktadzie frakcji WSP, DAc hemiceluloz frakcji LiClI-DMSO oraz stopien
metylacji pektyn frakcji WSP. Natomiast na grupowanie wynikow wedlug odmiany
najbardziej wptyn¢t udzial procentowy liczby moli Ara we frakcji ISP, Fuc w
hemicelulozach frakcji LiCI-DMSO i KOH i Gal we frakcjach pektyn WSP i ISP.

Druga analiza PCA opierata si¢ rowniez na wynikach jedrnosci, DAc i DM, ale
zamiast sktadu frakcji testowano wspotczynniki przedstawiajgce: liniowo$¢ pektyn,
stosunek RG I do HG, $rednig dtugos¢ tancucha bocznego RG I, udzial mannanow w
hemicelulozach, procentowa molowa zawartos¢ HG (HG%) i procentowg molowa
zawarto$¢ RG I (RG%). Uzyskano rozktad wynikow ze wzgledu na odmiany, na ktory
gtownie wplyneta jedrnosé, stosunek RG | do HG i RG% we frakcji ISP oraz liniowos¢
pektyn i HG% we frakcji WSP i ISP, potwierdzajac ze odmiana Idared byta obfitsza w
homogalakturonany, a Pinova w ramnogalakturonany. Ponadto, na ten rozktlad istotnie

wplynety: DM i DAc hemiceluloz LiCI-DMSO oraz DM frakcji WSP.

Analiza korelacji wykazala statystycznie istotng ujemna korelacje jedrnosci z
udziatlem GalA i ramnogalakturonanow i DM pektyn frakcji WSP oraz dodatnig korelacjg
jedrno$ci z udziatem Gal w sktadzie frakcji ISP. Co istotne, odnotowano réwniez
korelacj¢ jedrno$ci ze zmianami zachodzacymi dla frakcji acetylowanych hemiceluloz
LiCI-DMSO. Mianowicie wykazano statystycznie istotng negatywna korelacje jedrnosci
ze stopniem acetylacji DAc i udziatem Man, Gal, Xyl, Ara i Fuc w sktadzie tej frakcji.

4.2.5. Wnioski

Stopien acetylacji hemiceluloz frakcji LiCI-DMSO wzrést podczas dojrzewania i
pozbiorczego przechowywania jabtek Idared i Pinova. Natomiast, dla frakcji pektyn nie
wykazano specyficznych zmian stopnia acetylacji polisacharydéw. Utrata jedrnosci
jabtek Idared podczas pozbiorczego przechowywania wykazata negatywna korelacje ze
sktadem i cechami strukturalnymi pektyn, tj. DM i udziatem mol% GalA dla frakcji WSP
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oraz dodatnig korelacj¢ z udziatem mol% Gal frakcji ISP. Ponadto, zaobserwowano
negatywna korelacj¢ jedrnosci z zawarto$cig acetylowanych hemiceluloz frakeji LiCl-
DMSO, a doktadnie z DAc oraz udzialem mol% Man, Gal, Xyl, Ara i Fuc. Uzyskane
wyniki podkreslaja role nie tylko pektyn, lecz takze acetylowanych hemiceluloz w

dynamice zmian zachodzacych w $cianie komorkowe;.
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4.3. Publikacja P.3

Pekala, P., Szymanska-Chargot, M., Zdunek, A. (2025). Acetylated hemicelluloses and
esterified pectin alterations in apple cell walls during the development of two apple
cultivars: Insights from FT-IR, Raman spectroscopy, and imaging. Food Chemistry, 493,
146129.

W publikacji P3 przedstawiono wyniki badan spektroskopii FT-IR i Ramana oraz
obrazowania Ramanowskiego modyfikacji strukturalnych polisacharydow 1 ich
rozmieszczenia w $cianie komorkowe;j jabtek. Gtownym celem pracy byta identyfikacja
za pomoca metod spektroskopowych zmian strukturalnych acetylowanych hemiceluloz i
estryfikowanych (metylowanych/acetylowanych) pektyn w $cianie komodrkowe;,
zachodzaca podczas dojrzewania na drzewie i pozbiorczego przechowywania dwoch,

réznigcych si¢ odmian jablek.

Kolejnym celem pracy byto zlokalizowanie celulozy, pektyn i hemiceluloz w $cianie
komorkowej jabtek, z rozroznieniem na pektyny wysoko- i niskoestryfikowane oraz, co

byto nowatorskie, na acetylowane i deacetylowane hemicelulozy.

4.3.1. Frakcje polisacharydow izolowanych ze §ciany komorkowe;
jabtek

Tak jak w pracy P.2, badano strukturg polisacharydow frakcji pektyn (WSP, ISP)
i hemiceluloz (LiCI-DMSO, KOH) izolowanych z materiatu $ciany komérkowej dwoch
odmian jabtek w terminach dojrzewania na drzewie/dojrzatosci przedzbiorczej (T1-T3),
w terminie zbioru (T4) i w czasie pozbiorczego przechowywania (T5-T7). Wybrane
odmiany, Idared i Pinova, wykazywaty podobng warto$¢ jedrnosci w terminach (T1-T4),
natomiast parametr ten roéznit si¢ istotnie dla owocow podczas pozbiorczego
przechowywania (T5-T7). Odmiana Idared charakteryzowata si¢ znaczng utratg jedrnosci

(owoce migkkie), podczas gdy Pinova zachowata wysoka jedrnos¢ (owoce twarde).

4.3.2. Wyniki spektroskopii FT-IR

Obecnos¢ grupy acetylowej w hemicelulozach i1 pektynach identyfikowano na
podstawie pasm charakterystycznych: 1730-1740 cm™ drganie rozciggajace grupy
karbonylowej vC=0, 1370 cm™ drganie deformacyjne grupy metylowej, znajdujacej si¢
w grupie acetylowej C-H w CHs i 1242-1230 cm™ drganie rozciagajace czesci grupy
estrowej w octanie vCOC.
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Widma FT-IR frakcji WSP i ISP wykazaty pasma charakterystyczne dla pektyn.
Byto to przede wszystkim pasmo przy 832 cm™, przypisywane drganiom wigzania o-
glikozydowego. Pasmo przy 1601 cm™ odpowiada drganiom rozciagajacym anionu
karboksylanowego vCOO™ i pasmo przy 1740 cm™ drganiom rozciagajacym grupy
karbonylowej vC=0. Jednakze, grupa karbonylowa jest zaréwno czgsécia grupy
karboksylowej GalA, jak tez grupy acetylowej i estrowej w pektynach, co moze
prowadzi¢ to pewnych trudnosci w identyfikacji pasm. Natomiast, stosunek
intensywnosci tych dwéch pasm (tj. 1600 i 1740 cm™) pozwala oszacowaé poziom
estryfikacji pektyn. Nizsza intensywno$é pasma 1600 cm™, a wyzsza intensywno$é
pasma 1740 cm™ §wiadczy o wysokim stopniu estryfikacji pektyn. Zgodnie z tym,
wykazano ze pektyny frakcji WSP miaty wysoki stopien estryfikacji, a pektyny frakcji
ISP niski stopien estryfikacji. Pektyny roslinnej $ciany komorkowej moga byc¢
metylowane i acetylowe. Niemniej wystepuja pewne przesunigcia charakterystycznych
pasm dla grupy estrowej z uwagi na rodzaj podstawnika: grupa metylowa/acetylowa, co
zostato szczegbtowo opisane w publikacji. Na widmach pektyn frakcji WSP i ISP w
zakresie 900 — 1300 cm™ zlokalizowano pasma, ktore przypisano homogalakturonanom

I ramnogalakturonanom typu I.

Widma FT-IR hemiceluloz frakcji LiCI-DMSO i KOH wykazaty pasma
charakterystyczne dla hemiceluloz: 896 cm™ drgania wiazania B-glikozydowego oraz
1028 cm drgania rozciggajace w tancuchu cyklicznym monosacharydéw vC-O, C-C.
Intensywno$¢ pasma 896 cm™ wzrosta w badanych terminach T1-T7 dla frakcji LiCl-
DMSO w przeciwienstwie do KOH. Potwierdza to doniesienia z wcze$niejszej publikacji
P.2, gdzie na podstawie skladu monosacharydowego wykazano wzrost zawartosci
hemiceluloz frakcji LiCI-DMSO. Na widmach hemiceluloz frakcji LiCI-DMSO i KOH
zlokalizowano pasma pochodzagce od glukomannanow 1 ksyloglukanow, z
przewazajacym udzialem glukomannandéw we frakcji LiCl1-DMSO, a ksyloglukanéw we
frakcji KOH. Na widmach hemiceluloz frakcji LiCI-DMSO zlokalizowano obecnos¢
pasm charakterystycznych dla podstawienia grupy acetylowej: 1730 cm™, 1370 cm™ i
1242 cm™, ktére potwierdzity, ze LiCI-DMSO ekstrahuje natywnie acetylowane
hemicelulozy ze S$ciany komodrkowej jabtek. Co wigcej, zaobserwowano wzrost
intensywnosci tych pasm w okresie T1-T7. Frakcja LiClI-DMSO to frakcja hemiceluloz,
jednak doniesienia literaturowe wskazuja, ze moze ona zawiera¢ pozostatosci pektyn.

Zatem, pasmo 1074 cm ™ mogto pochodzi¢ od galaktanéw w ramnogalakturonanie, a 1625
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cm? od grupy karboksylowej kwasow uronowych w pektynach lub kwasu
glukuronowego, ktory jest obecny w  glukuronoksylanie. Jednakze, dane
monosachrydowe publikacji P2 wykazuja niskg zawartos¢ kwasdéw uronowych we frakcji

LiCI-DMSO, porownywalng do KOH.

Na widmach FT-IR hemiceluloz frakcji KOH nie odnotowano pasm

charakterystycznych dla podstawienia grupy acetylowej.

Analiza PCA danych FT-IR ujawnita wyrazny rozktad wynikow acetylowanych
hemiceluloz frakcji LiCI-DMSO na konkretne grupy termindéw: okres przedzbiorczy (T1-
T3), termin zbioru (T4) i okres pozbiorczego przechowywania (T5-T7). Co istotne, na
ten rozklad miaty wpltyw pasma pochodzace od grupy acetylowej i mannozy. Stad,
acetylowany glukomannan moze by¢ istotnym markerem zmian zachodzacych w

roslinnej $cianie komorkowej podczas rozwoju owocow.

4.3.3. Wyniki spektroskopii Ramana
Widma Ramana frakcji pektyn WSP 1 ISP wykazaly podobienstwa wynikajace z

pasm charakterystycznych dla pektyn, ale zaobserwowano réznice wynikajace z roznej
estryfikacji. Mianowicie, dla ISP odnotowano przesunig¢cie pasma odpowiadajacego
drganiom vC—H do wartoéci 2937 cm™ w poréwnaniu do WSP, gdzie wystepowato przy
2957 cm, co mozna powigza¢ z nizszym stopniem estryfikacji pektyn frakcji ISP w
poréwnaniu do WSP. Na to przesunigcie pasma majg wplyw estry acetylowe i metylowe,
przy czym pasmo w okolicy 2940 cm™ jest zwigzane z obecnoscia estrow acetylowych,
a 2960 cm™ z estrami metylowymi. Ponadto, pasmo 1747 cm™ vC=0 miato wyzsza

intensywno$¢ na widmach frakcji WSP.

Widma Ramana frakcji LiCI-DMSO i KOH wykazaty podobienstwa wynikajace
z pasm charakterystycznych dla hemiceluloz, ale zaobserwowano réznice wynikajace z
obecnos$ci grup acetylowych. Tylko na widmie frakcji LiCI-DMSO zidentyfikowano
pasma przypisywane grupom acetylowym w hemicelulozach: 2937 cm™ i 1730 cm™.
Najintensywniejsze pasmo na widmie LiCI-DMSO miato dwa maksima przy 2897 cm™ i
2937 cm™. Co istotne, dla T4 — T7 odnotowano przesuniecie pasma w kierunku ramienia
przy 2937 cm™, a tym samym wzrost stopnia acetylacji hemiceluloz w okresie T4-T7.
Pasma w zakresie 1000 — 1200 cm™ sa specyficzne dla hemiceluloz. Dla glukomanannéw
wystepuja dwa maksima przy ok. 1116 i 1087 cm™, a dla ksyloglukanu przy ok. 1120 i
1097 cm™. Na tej podstawie stwierdzono, ze frakcja LiClI-DMSO byta obfita w
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glukomannany w przypadku odmiany Idared, natomiast Pinova zaréwno w
glukomannany jak i ksyloglukan. Natomiast widma Ramana wykazaly typowe pasma dla

ksyloglukanu, przy czym nie odnotowano wyraznych zmian w zakresie T1-T7.

4.3.4. Obrazowanie Ramana

Mikroskopi¢ Ramana zastosowano do analizy dystrybucji polisacharydow w

$cianie komorkowej i jej zmian podczas rozwoju jablek Idared i Pinova (T1, T4, T7).

Hiperspektralne mapy ramanowskie poddano dwom oddzielnym analizom.
Najpierw przeprowadzono analiz¢ wstgpna rozktadu intensywnos$ci pojedynczego pasma,
a nastgpnie wielowymiarowa analiz¢ obrazu, oparta na widmach referencyjnych
polisacharydow  frakcji WSP, ISP, LiCI-DMSO oraz pektyn wysoko- i

niskoestryfikowanych.

W analizie rozkladu intensywno$ci pojedynczego pasma wybrano pasma
markerowe: 2933 cm™ (sciana komdrkowa), 1090 cm™ (celuloza), 850 cm™ (pektyny),
1750-1720 cm™ (grupa karbonylowa). Wykazano, ze w $cianie komérkowej jabtek w
terminie przedzbiorczym (T1) i terminie zbioru (T4) dominujagcym polisacharydem byty
pektyny, a po trzech miesigcach przechowywania (T7) prawdopodobnie hemicelulozy.
Jednoznaczne rozréznienie hemiceluloz i celulozy w $cianie komorkowej za pomoca
pasma 1090 cm™ byto niemozliwe, z uwagi na podobng strukture tych polisacharydow.
Dlatego tez, zostala przeprowadzona analiza sktadowych rzeczywistych (z ang. True
Component Analysis), opierajaca si¢ na widmach w pelnym zakresie liczby falowej,
4000-0 cm™, ktore sa unikalne dla danego polisacharydu. Co wiecej, zastosowano widma
polisacharydow frakcji bezposrednio izolowanych ze $ciany komorkowej jabtek: pektyny
o wyzszym stopniu estryfikacji (WSP), pektyny o nizszym stopniu estryfikacji (ISP),
acetylowane hemicelulozy (LiClI-DMSO) i deacetylowane hemicelulozy (KOH). Analiza
wykazata, ze w okresie T1-T4 dominowaty pektyny frakcji WSP w $cianie komdrkowe;.
Co wigcej, pektyny frakcji WSP byty rownomiernie roztozone w $cianie komorkowej, a
pektyny frakcji ISP wykazaty tendencj¢ do gromadzenia si¢ w poblizu naroznika $ciany.
W celu sprawdzenia tej zalezno$ci przeprowadzono dodatkowa analize na podstawie
widm pektyny o wysokim stopniu estryfikacji (DE >85%) i pektyny o niskim stopniu
estryfikacji (DE 20-35%). Potwierdzila ona, ze pektyny o wysokim stopniu estryfikacji
roztozone sg rownomiernie wzdhuz catej $ciany, a pektyny o niskim stopniu estryfikacji

gromadzg si¢ w naroznikach potgczen trzech komoérek. Analiza umozliwita lokalizacje
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celulozy i hemiceluloz w $cianie komérkowej oraz, co istotne, rozrdznienie mi¢dzy
hemicelulozami acetylowanymi (LiCI-DMSO) i deacetylowanymi (KOH). Wykazano, ze
w T7 dominowaty acetylowane hemicelulozy frakcji LiCI-DMSO. Ogdélnie hemicelulozy
nie tworzyly skupisk, przy czym acetylowane hemicelulozy (LiCI-DMSO) wykazaty

bardziej jednolity rozktad wzdtuz §ciany komorkowe;.

4.3.5. Wnioski

Wyniki PCA danych FT-IR wykazaly wyrazne grupowanie wynikow dla
hemiceluloz frakcji LiCI-DMSO na terminy: przedzbiorcze (T1-T3), termin zbioru (T4)
i okres pozbiorczego przechowywania (T5-T7). Na ten rozktad wptynely pasma
pochodzace od grupy acetylowej i mannozy, co podkresla ich specyficzne zmiany,
zachodzace w $cianie komoérkowej podczas rozwoju owocow. Badania mikrostruktury
$ciany komorkowej przeprowadzone za pomocg obrazowania Ramana wykazaty, ze
acetylowane hemicelulozy sg obfite w Scianie komorkowej jabtek podczas pozbiorczego
przechowywania (T7). Zastosowanie unikalnych widm polisacharydow izolowanych ze
sciany komoérkowej w analizie True Component Analysis pozwolito na rozrdéznienie

hemiceluloz acetylowanych i deacetylowanych w $cianie.

4.4. Publikacja P.4

Szymanska-Chargot, M., Pekala, P., Mysliwiec, D., Cie$la, J., Pieczywek, P. M.,
Sieminska-Kuczer, A., Zdunek, A. (2024). A study of the properties of hemicelluloses
adsorbed onto microfibrillar cellulose isolated from apple parenchyma. Food Chemistry,
430, 137116.

W publikacji P.4 przedstawiono badania adsorpcji hemiceluloz na celulozie
mikrofibrylarnej izolowanej z migzszu jabtka. Celem badan byto wykazanie oddziatywan
pomigdzy polisacharydami niecelulozowymi a celuloza mikrofibrylarng oraz

wilasciwosci fizykochemicznych i mechanicznych folii celulozowo-hemicelulozowych.

Badania adsorpcji prowadzono dla celulozy mikrofibrylarnej wyizolowanej z
jabtek oraz polisacharydow niecelulozowych: komercyjnie dostgpne hemicelulozy (B-D-
glukan, glukomannan, ksylan, ksyloglukan) i pektyny (galaktan, arabinan,
ramnogalakturonan, pektyny z cytruséw o r6znym stopniu estryfikacji: 20-34%, 55—

70%, and > 85%).
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4.4.1. Kinetyka 1 rdwnowaga adsorpcji

Przeprowadzone badania wykazaly, ze zaszta adsorpcja hemiceluloz:
ksyloglukanu, ksylanu, glukomannu i B-D-glukanu na celulozie. Natomiast dla pektyn nie
odnotowano oddziatywan z celuloza. Kinetyka adsorpcji prowadzona byta przez 7,5 h,
lecz rownowaga adsorpcyjna badanych uktadow zostata osiggnigta stosunkowo szybko,
juz po okoto 3-4 godzinach. Analiza parametrow kinetycznych ujawnita, ze dla B-D-
glukanu i ksylanu dominowat szybki proces adsorpcji, a w przypadku glukomannanu
znaczacy udzial mialy procesy szybkie i1 $rednie. Natomiast dla ksyloglukanu
odnotowano érednie i wolne procesy adsorpcji. Zaproponowano, ze procesy szybkiej
adsorpcji zwigzane byly z mechanizmem tworzenia ogondéw i petli (z ang. tails and
loops) przez makroczasteczki hemiceluloz, ktore tylko fragmentami tancucha byly
potaczone z celulozg. Natomiast podczas procesow wolnych mogto dochodzi¢ do zmiany

konformacji makroczasteczek 1 dopasowywania si¢ do powierzchni celulozy.

Najlepsze dopasowanie wynikdw réwnowagi adsorpcji uzyskano dla modeli
izoterm Freundlicha i Redlicha-Petersona. Plateau adsorpcji dla ksyloglukanu i ksylanu
osiggnigto przy stosunkowo niskich warto$ciach maksymalnej adsorpcji, natomiast dla -
D-glukanu 1 glukomannu maksymalna pojemno$¢ adsorpcyjna nie zostata osiggnigta w

badanym zakresie stezen, co wskazuje na ich duze powinowactwo do celulozy.

4.4.2. Charakterystyka uktadow celuloza — hemiceluloza

Adsorpcja hemiceluloz na celulozie mikrofibrylarnej wptywata na wtasciwosci
fizykochemiczne powstatych ukladow, tj. wielko$¢ czastek 1 ich stabilno$¢ koloidalna.
Wykazano, ze obecno$¢ B-D-glukanu i ksyloglukanu w uktadzie z celuloza prowadzita do
wyraznego zwickszenia S$rednicy czastek 1 polidyspersyjnosci. Ponadto, potencjat
elektrokinetyczny (ZP, z ang. Zeta Potential) roznit si¢ statystycznie pomigdzy celuloza

a uktadami celuloza-p-D-glukan i celuloza-glukomannan.

Analiza termiczna DSC uktadow poadsorpcyjnych celuloza-hemiceluloza
wykazata, ze dodatek hemiceluloz powodowat niewielki wzrost temperatury degradacji.
Odnotowano réwniez obnizenie entalpii dla tych uktadow, z najwigksza zmiang dla
uktadu celuloza-ksyloglukan, co moze wskazywaé, ze ksyloglukan najsilniej

modyfikowal wlasciwosci celulozy.

Analiza widm FT-IR i Ramana uktadow poadsorpcyjnych celuloza-hemiceluloza

ujawnila jedynie niewielkie roznice, z uwagi na podobng strukture celulozy i
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hemiceluloz. Réznice zaobserwowano dla uktadéow celuloza-p-D-glukan i celuloza-
glukomannan, gdzie pasmo 997 cm? (C-C, C-OH, C-H drgania pierscienia i grup
bocznych) zwigkszyto intensywno$¢ w poréwnaniu do widma celulozy. Na widmie
Ramana pasmo 896 cm™ zmniejszyto intensywnosé dla uktadow celuloza-hemiceluloza,

co sugeruje wzrost uporzadkowania mikrofibryli celulozy w obecnosci hemiceluloz.

4.4.3. Whasciwosci mechaniczne filméw celulozowo-
hemicelulozowych
Dodatek hemiceluloz do folii celulozowych spowodowal zmniejszenie ich
elastycznosci, a jednoczesnie zwigkszenie odpornosci na zerwanie. Badane kompozyty
celuloza-hemiceluloza byty zatem bardziej sztywne i wytrzymate, ale mniej podatne na

deformacje.

4.4.4. \Wnioski

W badaniach wykazano adsorpcje hemiceluloz: glukomannanu, ksyloglukanu, 3-
D-glukanu i ksylanu na celulozie mikrofibrylarnej w przeciwienstwie do pektyn, ktore nie
wykazaly oddziatywan z celuloza. Kinetyka adsorpcji wykazala rdznice pomigdzy
hemicelulozami w mechanizmie nagromadzenia na powierzchni celulozy. Osiagnigcie
rownowagi adsorpcji dla ksyloglukanu trwato dluzej niz dla pozostatych hemiceluloz, co
moze wynika¢ z dluzszych procesow dopasowania tancuchow do powierzchni
adsorbentu. Najwieksza adsorcpje zaobserwowano dla glukomannu, wskazujac na jego

wysokie powinowactwo do celulozy.
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5. Omowienie wynikow przedstawionych w materialach
uzupehiajacych

5.1. Opracowanie metody acetylacji hemiceluloz

5.1.1. Wstep

Hemicelulozy, zaraz po celulozie, to jedne z najpowszechniej wystepujacych
biopolimerow, ktore stanowig okoto 25-35% biomasy lignocelulozowej (Baruah i in.,
2018). Zyskaty zainteresowanie ze wzgledu na modyfikowalne wlasciwosci
fizykochemiczne, nietoksycznos$¢ i dostepnosé, w tym mozliwos¢ pozyskania z odpadow
poprodukcyjnych i rolniczych, co czyni je atrakcyjnymi pod wzgledem ekonomicznym
(Martins i in., 2024; Mugwagwa i Chimphango, 2020; Rao i in., 2023).

Ksyloglukan, glukomannan i ksylan sg gtéwnymi przedstawicielami hemiceluloz.
Jest to grupa polisacharyddéw o zréznicowanym sktadzie, zaleznym od Zrédia
wystepowania. Ogodlnie, hemicelulozy zbudowane sa =z tancucha gléwnego
monosacharydow potaczonych wigzaniem B-1,4-glikozydowym. Ksyloglukany sktadaja
si¢ z tancucha jednostek glukozy, ktéra w pozycji O-6 ma przylaczong ksyloze, przy
ktorej dodatkowo moze wystepowac galaktoza z fukozg i arabinoza (Fry, 1989; Hayashi,
1989). Glukomannany to tancuch potaczonych jednostek mannozy i glukozy, a
galaktoglukomany dodatkowo majg przylaczona galaktoz¢ w pozycji O-6 glukozy
(Aspinall, 1959; Melton i in., 2009). Lancuch glowny ksylanow sktada si¢ z jednostek
ksylozy z dodatkowymi rozgatezieniami, np. w postaci jednostek arabinozy tak, jak w
przypadku arabinoksylanu (Aspinall, 1959). Dodatkowo w strukturze hemiceluloz
ro$linnej Sciany komérkowej moga wystgpowaé grupy acetylowe (Gille i Pauly, 2012;
Pauly 1 Ramirez, 2018), ktore ulegaja odtaczeniu w wyniku hydrolizy zasadowej, majacej

miejsce przy zasadowej ekstrakcji hemiceluloz z materiatu $ciany komorkowe;.

Hemicelulozy, ze wzgledu duza liczbe grup hydroksylowych w swojej strukturze,
moga wykazywa¢ wlasciwosci hydrofilowe i zdolnos¢ do rozpuszczania w
rozpuszczalnikach polarnych. Natomiast wlasciwosci powierzchniowe polimerow sa
réowniez zalezne od ich konformacji, dlugos$ci fancucha i jego rozgatezien oraz zdolnosci
do tworzenia sieci wodorowych pomiedzy tancuchami. Przeprowadzajac dodatkowe
procesy chemiczne, takie jak estryfikacja, eteryfikacja, kopolimeryzacja, mozna ulepszaé
wlasciwosci fizykochemiczne hemiceluloz i dopasowac je do konkretnych zastosowan.

Acetylacja jest przyktadem derywatyzacji hemiceluloz, ktéra wptywa na ich wlasciwosci
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powierzchniowe, takie jak amfifilowo$¢/hydrofilowos¢/hydrofobowos¢ (Gordobil i in.,
2014), reologiczne (Trejo-Caceres i in., 2024), termiczne (de Carvalho i in., 2019) i
adsorpcyjne (Gautam i in., 2018). Wysoka acetylacja powoduje zwickszenie wasciwos$ci
hydrofobowych hemiceluloz, co jest szczegolnie istotne w materiatach, ktore wymagaja
odpornosci na wode. Z drugiej strony, niska acetylacja hemiceluloz moze réwniez
wplynaé na redukcje sieci wigzan wodorowych i poprawe rozpuszczalnosci w wodzie, Co
zostalo potwierdzone przez Liu i innych (2012) dla glukomannanu o stopniu
podstawienia grupami acetylowymi (DsAc) w zakresie 0,05-0,23. Ogolnie, acetylacja
polisacharydéw wptywa na zwigkszenie stabilnosci emulsji (Huang i in., 2022; Li i in.,
2016), co jest szczegdlnie pozadane w zastosowaniach farmaceutycznych, gdzie emulsje
sa wykorzystywane do enkapsulacji 1 kontrolowanego uwalniania sktadnikéw
aktywnych. Ponadto, acetylacja zwicksza aktywnos$¢ przeciwutleniajacg polisacharydow
(Xieiin., 2015).

Acetylacja to reakcja estryfikacji, polegajaca na przylaczeniu grupy acetylowej
do grupy hydroksylowej reszty monosacharydu w hemicelulozie. Grupa acetylowa
(CH3CO-) jest przedstawicielem grup acylowych (RCO-). Powszechnie stosowang
metoda acetylacji hemiceluloz jest reakcja z bezwodnikiem octowym w obecno$ci kwasu
siarkowego, jako katalizatora (Belmokaddem i in., 2011; Mugwagwa i Chimphango,
2020; Trejo-Caceres i in., 2024). Wydajnos$¢ tego procesu zalezy m.in. od stosunku
hemicelulozy do bezwodnika octowego i katalizatora. Reakcja acetylacji moze by¢
katalizowana zaréwno kwasem, jak i zasadg. W literaturze opisano stosowanie
katalizatorow zasadowych, takich jak wodorotlenek potasu (Koroskenyi i McCarthy,
2001), pirydyna (Fundador i in., 2012), 4-dimetyloaminopirydyna, N-metylo-pirolidyna,
N-metylo-pirolidynon, N-bromosukcynimid (Xu i in., 2004). W procesach acetylacji
hemiceluloz wykorzystywane sa rowniez ciecze jonowe, ktére jako reaktywne
rozpuszczalniki niszczg sieci wigzan wodorowych 1 ulatwiaja rozpuszczanie
polisacharydow. Ayoub i inni (2013), przeprowadzili skuteczng acetylacje hemiceluloz
bezwodnikiem octowym w cieczy jonowej chlorku 1-allilo-3-metyloimidazoliowym
([Amim]+Cl-) bez uzycia katalizatora. Wykazali, ze wraz ze wzrostem temperatury
reakcji w zakresie 30 - 80 °C i wydluzeniem czasu reakcji od 1 do 20 h stopien
podstawienia (DsAc) zwigkszyt si¢ z 0,03 do 1,25. Chociaz ciecze jonowe maja wiele
zalet i nalezg grupy zielonych rozpuszczalnikow, to ich proces biodegradacji jest

dtugotrwaty 1 moze dochodzi¢ do kumulacji w S$rodowisku naturalnym zwiazkow
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toksycznych, do ktérych naleza kationowe fragmenty cieczy jonowych, takich jak np.
kation imidazoliowy. Ponadto kolejng wada cieczy jonowych jest ich stosunkowo wysoka
cena, a ten aspekt ekonomiczny moze by¢ istotny w procesach acetylacji na wigksza skale

niz laboratoryjna.

W moich badaniach opracowatam metodg acetylacji hemiceluloz w srodowisku
bezwodnym, z bezwodnikiem octowym, jako reagentem acetylujgcym i bezwodnym
octanem sodu w roli zasadowego katalizatora reakcji. Przedstawione zostaty warunki
reakcji acetylacji ksylanu, ksyloglukanu i glukomannanu, uwzglgdniajace rozna
dostepnos¢ wolnych grup hydroksylowych w strukturze monosacharydéow. Opracowano
rowniez hydrolize acetylowanych produktow, ktora jest istotnym krokiem przy
oznaczaniu stopnia podstawienia, DsAc. Produkty acetylacji scharakteryzowano za
pomocg spektroskopii FT-IR oraz w sposob ilosciowy wyznaczono ich stopien

podstawienia DsAC.

5.1.2. Metody
5.1.2.1. Metody acetylacji

W celu wyboru optymalnej metody acetylacji hemiceluloz przeprowadzono
wstepne proby na modelowym uktadzie z wykorzystaniem ksylanu. Testowano wptyw
roéznych czynnikow, takich jak rodzaj reagenta acetylujgcego, czas reakcji, obecnos¢ badz
brak katalizatora, rodzaj katalizatora. Reakcje prowadzono zaréwno w ukladzie

jednoetapowym, jak i dwuetapowym.

(M1) Proces acetylacji przeprowadzono zgodnie z metodyka opisang przez Mugwagwa i
Chimphango (2020) z pewnymi modyfikacjami. Mianowicie, 0,5 g ksylanu umieszczono
w probowce szklanej z zakretka, dodano 1,25 mL 99 % kwasu octowego i umieszczono
w tazni wodnej z mieszaniem 140 min™*, w temperaturze 50 °C przez 5 min. Po tym czasie
reakcj¢ zatrzymano przez umieszczenie probowki w tazni lodowej, schtadzajac ja do 21
°C. Nastepnie dodano 3,3 mL bezwodnika octowego oraz katalizator reakcji - 0,1 mL 95
% kwas siarkowy VI 1 ponownie probéwke umieszczono w tazni wodnej z mieszaniem
140 min, 50 °C przez 1 h. Po tym czasie produkt reakcji acetylacji stracano za pomoca
125 mL zimnego 96% etanolu przez 24 h w temperaturze 4 °C. Mieszaning przesaczono
przez saczek nylonowy o porach wielkosci 11 um (Millipore). Otrzymany osad przemyto
czterokrotnie 100 mL 96 % etanolem i suszono w 40 °C przez 24 h. Uzyskano

acetylowany ksylan Xn_M1.
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(M2) Przeprowadzono dwukrotny proces acetylacji (M1). Osad po pierwszym etapie
acetylacji, Xn MI, zostat powtdrnie acetylowany zgodnie z t3 samg procedura, opisang

w (M1). Uzyskano acetylowany ksylan po dwuetapowym procesie acetylacji Xn_M2.

(M3) Proces acetylacji (M1) przeprowadzono bez obecnosci katalizatora, ale wydtuzajac
czas reakcji z bezwodnikiem octowym do 24 h. Oprocz tych zmian, reakcj¢ acetylacji

ksylanu prowadzono zgodnie z metodg (M1). Uzyskano acetylowany ksylan Xn_M3.

(M4) Proces acetylacji przeprowadzono za pomocg metody opracowanej przeze mnie.
Bazujac na znanej reakcji acetylacji glukozy z bezwodnikiem octowym i bezwodnym
octanem sodu (Bonner, 1961; Jarczewski, 2007; McMurry, 2000) zostaty dobrane
warunki odpowiednie dla hemiceluloz. Ok. 0,5 g ksylanu ucierano w mozdzierzu z 0,33
g bezwodnego octanu sodu. Nastepnie mieszanine przeniesiono do szklanej probowki z
zakretka i dodano 2,5 mL bezwodnika octowego, po czym umieszczono w tazni wodnej
z mieszaniem 140 min?, w temperaturze 60 °C, przez 2 h. Po tym czasie zawarto$é
probéwki wylano do 60 mL zimnej H20 i mieszano szklang bagietkg przez 1 h, w celu
rozpuszczenia octanu sodu. Mieszaning przefiltrowano przez saczek nylonowy 0 porach
wielkosci 11 pum (Millipore). Przesacz wodny zebrano i dializowano wobec wody
destylowanej (Spectra/Por 6 MWCO 1000, Roth), zamrozono i liofilizowano. Osad
umieszczono w 60 mL zimnego 96 % etanolu i pozostawiono w temperaturze 4 °C przez
24 h, w celu rozpuszczenia mozliwych pozostatosci bezwodnika octowego. Mieszaning
przesaczono przez saczek nylonowy o porach wielkosci 11 um (Millipore). Otrzymany
osad dodatkowo przemyto czterokrotnie 100 mL 96 % etanolu i suszono w 40 °C przez

24 h. Uzyskano acetylowany ksylan Xn_M4.

(M5) Dwukrotny proces acetylacji (M4). Osad po pierwszym etapie acetylacji, Xn_M4,
zostal powtdrnie acetylowany, zgodnie z ta samg procedurg opisang w (M4). Uzyskano
acetylowany ksylan po dwukrotnym procesie acetylacji z bezwodnikiem octowym i

bezwodnym octanem sodu Xn_Mb5.

5.1.2.2. Otrzymywanie acetylowanego ksyloglukanu i
glukomannanu

Na podstawie wstepnie przeprowadzonych procesow acetylacji ksylanu, wybrano
metode najbardziej efektywng (M4) w celu uzyskania wysoko acetylowanego
ksyloglukanu i glukomannanu. Ok. 1 g hemicelulozy ucierano z 0,67 g bezwodnego

octanu sodu, przeniesiono do butelki szklanej z zakretka i dodano nadmiarowg ilo$¢, 15
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mL, bezwodnika octowego. Mieszaning umieszczono w tazni wodnej z mieszaniem 140
min, 60 °C, przez 2 h. Po tym czasie zawarto$¢ probowki wylano do 120 mL zimnej
H2O 1 mieszano szklang bagietkg przez 1 h, w celu rozpuszczenia octanu sodu.
Mieszaning przefiltrowano przez sagczek nylonowy o porach wielkosci 11 um (Millipore).
Przesacz wodny zebrano i dializowano wobec wody destylowanej (Spectra/Por 6 MWCO
1000, Roth), zamrozono i liofilizowano. Natomiast osad umieszczono w 120 mL zimnego
96% etanolu przez 24 h w temperaturze 4 °C, w celu rozpuszczenia mozliwych
pozostatosci bezwodnika octowego. Mieszaning przesaczono przez sgczek nylonowy 0
srednicy porow 11 um (Millipore). Otrzymany osad dodatkowo przemyto czterokrotnie
100 mL 96% etanolu i suszono w 40 °C przez 24 h. Uzyskano acetylowany ksyloglukan
Xlg_M4 i acetylowany glukomannan GIm_M4.

5.1.2.3. Charakterystyka acetylownych hemiceluloz

5.1.2.3.1. Oznaczenie DsAc hemiceluloz

Stopien podstawienia (DsAc) hemiceluloz oznaczano w dwoch etapach. Najpierw
przeprowadzono hydroliz¢ hemiceluloz, ktorej produktem byl kwas octowy. Nastepnie
oznaczono stg¢zenie kwasu octowego w probce, obliczono procentowa zawarto$¢ grup
acetylowych w danej masie probki oraz stopien podstawienia acetylowego

poszczegblnych hemiceluloz.

5.1.2.3.1.1. Hydroliza

Hydroliz¢ zasadowa acetylowanych hemiceluloz przeprowadzono z zalozeniem
maksymalnego podstawienia grup hydroksylowych (-OH) jednostek
monosacharydowych przez grupy acetylowe. Dla ksylanu stopien maksymalnego
podstawienia to 2, a dla ksyloglukanu i glukomannu 3. Zgodnie z tym, ze 1 mol ksylozy
zawiera dostepne 2 mole grup (-OH), przyjeto, ze 10 mg ksylanu zawiera 0,152 mmoli
grup (-OH). Natomiast dla ksyloglukanu i glukomannanu, gdzie 1 mol glukozy/mannozy
zawiera dostgpne 3 mole grup (-OH), przyjeto, ze 10 mg probki zawiera 0,185 mmoli (-
OH). Na podstawie tych zatozen obliczono ilo§¢ zasady potrzebnej do catkowitej
hydrolizy estrow acetylowych. Mianowicie, do 10 mg ksylanu dodano 1,5 mL 0.1 molL"
! NaOH, a do 10 mg ksyloglukanu/glukomannanu dodano 1,9 mL 0,1 molL* i mieszano
na rotatorze przez 24 h w temperaturze pokojowej 21 + 1 °C, a na koniec zneutralizowano

odpowiadajacg iloscig 0,1 molL™ HCI.
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5.1.2.3.2. Oznaczenie stgzenia kwasu octowego

Stezenie kwasu octowego oznaczano spektrofotometrycznie przy dlugosci fali
340 nm, z wykorzystaniem zestawu odczynnikéw i procedury (Acetic Assay Kit, k-
ACETIC, Megazyme). Pomiary wykonywano w kuwetach kwarcowych o drodze
optycznej 1 cm. Do 2 mL probki (0,4 — 1,7 mgmL™?) dodano 0,5 mL reagenta 1 (bufor o
pH 8,4 kwasu L-jabtkowego i azydku sodu (0,02 % wi/v) oraz 0,2 mL reagenta 2 (NAD™,
adenozyno5'-trifosforan (ATP), poliwinylopirolidon (PVP), koenzym A (CoA)),
wymieszano | zmierzono absorbancj¢ po 3 min. Kolejno dodano 0,02 mL reagenta 3
(dehydrogenaza L-jablczanowa, syntaza cytrynianowa), wymieszano i zmierzono
absorbancje po 4 min. Nastepnie dodano 0,02 mL reagenta 4 (syntetaza acetylo-
koenzymu A (acetylo-CoA)), wymieszano i zmierzono absorbancje po 12, 16 i 20 min.
Dla oznaczen probek o bardzo matej ilosci kwasu octowego zastosowano metode dodatku
wzorca wewnetrznego - kwasu octowego (0,10 mgmL™). Wykonano po trzy pomiary dla

kazdej probki.

5.1.2.3.3. Obliczenia DsAc

Na podstawie wynikow stezenia kwasu octowego w probcee obliczono procentowa
zawarto$¢ grup acetylowych (%acetylg). Nastepnie, wyznaczono stopien podstawienia
acetylowego DsAc zgodnie z rownaniem (5), ktore uwzglgdnia mas¢ molowa
podstawionych jednostek monosacharydowych. Dla ksylanu jest to 132 g-mol™?, masa
molowa reszt anhydroksylozy, ktéra nalezy do pentoz, a dla glukomannanu i
ksyloglukanu 162 g-mol ! - masa molowa anhydroglukozy, anhydromannozy, nalezacych

do heksoz.

Mmonx%acetylg

5) DsAc =
( ) (Macetylgx100)—(Macetylg—1)x%acetylg

DsAc — stopien podstawienia acetylowego,

Mmon — masa czasteczkowa reszty monosacharydowej: anhydroksyloza, 132 gmol™;
anhydroglukoza/anhydromannoza, 162 gmol™,

%acetylg — procentowa zawarto$¢ grup acetylowych,

Macetylg — masa czasteczkowa grup acetylowych: 43 gmol™,

(Macetylg-1) — r6znica w masie czgsteczkowe]j po podstawieniu atomu wodoru w

grupie hydroksylowej.
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5.1.2.4. Spektroskopia FT-IR

Spektroskopie FT-IR wykorzystano do analizy struktury hemiceluloz
wyj$ciowych i po acetylacji. Widma FT-IR uzyskano za pomoca spektrometru Nicolet
6700 FT-IR (Thermo Scientific, Madison, WI, USA), wyposazonego w przystawke Smart
iTR ATR. Widma obejmowaty zakres liczb falowych 4000650 cm™. Dla kazdego
widma wykonano 200 skanéw z rozdzielczoscia 4 cm™. Dla kazdej probki wykonano po
trzy widma, z ktorych wyliczono $rednig i wykonano korekte linii bazowej za pomoca
oprogramowania OMNIC (Thermo Scientific). Widma znormalizowano do [0, 1] i
przedstawiono graficznie przy uzyciu oprogramowania Origin (Origin Lab v8.5 Pro,

Northampton, USA).

5.1.3. Wyniki

5.1.3.1. Charakterystyka acetylowanych hemiceluloz

Skuteczno$¢ metod acetylacji hemiceluloz wstgpnie oceniano na podstawie widm
FT-IR, analizujac charakterystyczne pasma zwigzane z podstawieniem grupy acetylowe;j:
1735-40, 1370, 1230 cm™. Pasmo z maksimum przy dtugosci fali 1735-40 cm
odpowiada drganiom rozciggajacym grupy karbonylowej (v C=0), pasmo z maksimum
przy okoto 1370 cm™ odpowiada drganiom deformacyjnym grupy metylowej w grupie
acetylowej (8 C-CHs), a pasmo z maksimum przy okoto 1220 cm™ - drganiom
rozciggajacym (v C-O) w octanie (Bi i in., 2026; Mohebby, 2008; Stepan i in., 2013).
Zalozono, ze intensywnos$¢ tych pasm wzrosnie wraz ze wzrostem stopnia podstawienia
acetylowego, a zmniejszy si¢ intensywno$¢ szerokiego pasma pochodzacego od
niepodstawionych grup hydroksylowych (v OH), ktére wystepuje w zakresie ok. 3000-
3500 cm liczby falowe;j.

Rysunek 7. przedstawia widma FT-IR ksylanu przed i po przeprowadzeniu
acetylacji  roznymi metodami. Zaobserwowano  wzrost  intensywnosci
charakterystycznego pasma 1735 cm™ (v C=0) dla wszystkich wariantow acetylowanych
(Xn_M1-5) w poroéwnaniu do ksylanu przed acetylacjg (Xn), co potwierdzito zajscie
acetylacji. Dla ksylanu komercyjnego odnotowano rowniez obecnos¢ pasma przy 1735
cm? (v C=0), ale o bardzo malej intensywnosci, co moze wskazywaé na niewielkie
pozostatosci grup acetylowych po hydrolizie, a takze moze pochodzi¢ od kwasu
glukuronowego. Widma ksylanu acetylowanego kwasem octowym i bezwodnikiem

octowym (Xn_M1-3) wykazaty niska intensywno$é pasma 1735 cm™. Ponadto, na
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widmach nie zaobserwowano znaczacych zmian, wynikajagcych z prowadzenia
dwuetapowej acetylacji (Xn_M2), ale zauwazono niewielki wzrost intensywnosci tego

pasma dla wariantu o acetylacji wydtuzonej do 24 h, bez katalizatora (Xn_M3).

Wyraznie wiekszga intensywno$¢ pasma przy 1735 cm™ (v C=0) wykazaty widma
ksylanu acetylowanego bezwodnym octanem sodu i bezwodnikiem octowym (Xn_M4-
5), co $wiadczy o bardziej efektywnej acetylacji w tych wariantach. W tym przypadku
zauwazalne sg znaczne roznice, wynikajace z dwuetapowej acetylacji (Xn_Mb5), gdzie
widoczny jest wzrost nie tylko pasma 1735 cm™, ale i pozostalych pasm
charakterystycznych dla estrow octanowych: 1370 cm™ (§ C-CHs) i 1230 cm™ (v C-0).
Pasmo przy 1600-1635 cm™, przypisywane drganiom zginajacym (8§ O-H)
zaabsorbowanej wody w hemicelulozach (Farhat et al., 2017; Ka¢urakova et al., 1998),
wykazato zmniejszenie intensywnos$ci po acetylacji M4 i MS. Jest to zgodne z
wczesniejszymi  doniesieniami Ren i in. (2007), ktorzy wykazali zmniejszenie
intensywno$ci pasma 1627 cm™ wraz ze wzrostem acetylacji. Szerokie pasmo w zakresie
3000-3500 cm™, pochodzace od wolnych grup hydroksylowych (v OH), wykazato
zmniejszenie intensywno$ci po acetylacji, co moze wskazywaé, ze wolne grupy

hydroksylowe zostaty czgsciowo podstawione grupami acetylowymi.
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Rysunek 7. Widma FT-IR ksylanu przed i po acetylacji r6znymi metodami. Xn- ksylan;
Xn_M1 — acetylowany ksylan metoda z kwasem octowym/bezwodnikiem
octowym/H2S04/50°C/1h; Xn_M2 — dwukrotnie acetylowany ksylan metoda z kwasem
octowym/bezwodnikiem octowym/H2SO4/50°C/1h (x2); Xn_M3 — acetylowany ksylan
metodg z kwasem octowym/bezwodnikiem octowym/50°C/24h bez katalizatora; Xn_M4
—acetylowany ksylan metodg z octanem sodu/bezwodnikiem octowym/60°C/2h; Xn_M5
— dwukrotnie acetylowany ksylan metoda z octanem sodu/bezwodnikiem octowym/
60°C/2h (x2).

Analizowano réwniez widma FT-IR ksyloglukanu (Rysunek 8a) i glukomannanu
(Rysunek 8b) przed i po acetylacji wybrang metoda z bezwodnym octanem sodu i
bezwodnikiem octowym. Potwierdzono acetylacje¢ z uwagi na obecno$¢ pasm
charakterystycznych dla podstawienia grupy acetylowej: 1735 (v C=0), 1368 (6 C-CH3)
i 1223 cm® (v C-0). Co wiecej, na podstawie intensywnoéci tych pasm, stwierdzono
efektywng acetylacje juz po jednokrotnym procesie acetylacji, w przeciwienstwie do

acetylacji ksylanu.
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Rysunek 8. Widma FT-IR hemiceluloz przed i po acetylacji metodg z bezwodnym
octanem sodu i bezwodnikiem octowym M4; a) Xlg — ksyloglukan, Xlg_M4 —
acetylowany ksyloglukan metodg z octanem sodu/bezwodnikiem octowym/60°C/2h; b)
GIm — glukomannan, GIm_M4 - acetylowany glukomannan metoda z octanem
sodu/bezwodnikiem octowym/ 60°C/2h.
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Tabela 1. Stopien podstawienia acetylowego (DsAc), zawarto$¢ grup acetylowych i
odzysk masy po acetylacji hemiceluloz uzyskany metodami o podanych warunkach
reakcji. Rozne litery wskazuja réznice istotne statystycznie (ANOVA jednoczynnikowa,
test Tukeya p <0,05). AcetAcid, kwas octowy; AcetAnhyd, bezwodnik octowy; sulfAcid,
kwas siarkowy; NaAc, bezwodny octan sodu.

Probka Warunki acetylacji Zawarto$¢ grup DsAc Odzysk masy
acetylowych% (%)
Xn - 0,08+0,00? 0,00+0,00? -
Xn_M1  AcetAcid/AcetAnhyd/sulf 0,39+0,07% 0,01+0,00% 53,01
Acid/50°C/1h
Xn_M2  AcetAcid/AcetAnhyd/sulf 1,23+0,58" 0,04+0,00% 30,90
Acid/50°C/1h (x2)
Xn_M3  AcetAcid/AcetAnhyd/50°C  2,67+0,13 0,08+0,00¢ 85,82
124h
Xn_M4  NaAc/AcetAnhyd/60°C/2h 3,66+0,38° 0,12+0,014 78,54
Xn_M5 NaAc/AcetAnhyd/60°C/2h 14,44+0,49" 0,52+0,02° 53,66
(x2)

Xlg - 0,05+0,03? 0,00+0,00? -
Xlg_M4  NaAc/AcetAnhyd/60°C/2h 21,39+0,498 1,02+0,03f 128,97
GIim - 1,42+0,05° 0,05+0,00" -
GIlm_M4 NaAc/AcetAnhyd/60°C/2h  24,63+0,31" 1,22+0,029 109,88

Ilosciowe wyniki acetylacji hemiceluloz przedstawiono w Tabeli 1. Zgodnie z
wynikami FT-IR, ksylan modyfikowany kwasem octowym i bezwodnikiem octowym
Xn_M1 byl nisko acetylowany, a jego stopien podstawienia to 0,01. Proces dwuetapowej
acetylacji ta metoda skutkowat czterokrotnym zwigkszeniem stopnia podstawienia DsAc
0,04, przy czym nadal uzyskano jego bardzo niskg wartos¢. Ponadto w tej metodzie
stosowany byt kwasowy katalizator — stezony kwas siarkowy VI, ktory w kontakcie przez
godzing z ksylanem (Xn_M1), a nastepnie w drugim etapie acetylacji kolejng godzing
(Xn_M2), spowodowat czg¢sciowa hydrolize acetylowanego ksylanu, otrzymujac odzysk
masy odpowiednio 53,01 i 30,90 %. Wydtuzenie czasu reakcji do 24 h i zrezygnowanie
z dodatku kwasu siarkowego pozwolito otrzymac¢ ksylan (Xn_M3) o DsAc rownym 0,08.
Ponadto, w wyniku niezastosowania kwasu siarkowego uzyskano wysoki odzysk masy
po acetylacji, wynoszacy 85,82 % dla Xn_M3. DsAc 0,12 i stosunkowo wysoki odzysk
masy (78,54 %) uzyskano metodg z bezwodnym octanem sodu i bezwodnikiem octowym.

Czas reakcji wynosit 2 h, wigc znacznie krocej niz przy wariancie Xn_M3, dla ktorego
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otrzymana warto$¢ DsAc byla niewiele nizsza. Efektywne okazato si¢ przeprowadzenie
dwukrotnej acetylacji ksylanu bezwodnym octanem sodu i bezwodnikiem octowym,
otrzymujac DsAc 0,52 i odzysk masy 53,66 %, wigkszy w poréwnaniu do dwukrotnej
acetylacji ksylanu w obecno$ci kwasu siarkowego (Xn M2). W wyniku acetylacji
ksyloglukanu i glukomannanu bezwodnym octanem sodu i bezwodnikiem octowym
otrzymano produkt o stosunkowo wysokim stopniu acetylacji juz po jednokrotnym
procesie acetylacji. Acetylowany ksyloglukan (Xlg M4) mial zawarto$¢ grup
acetylowych rowna 21,39 %, a stopien podstawienia 1,02 i odzysk masy 128,97 %. Dla
glukomannanu (GIm_M4) rowniez uzyskano wysokg zawarto$¢ grup acetylowych (24,63
%) 1 wysoki stopien podstawienia DsAc (1,22) oraz odzysk masy (109,88 %). De
Carvalho i inn. (2019) rowniez podaje, ze w przypadku acetylacji, gdy produkt osigga
wysoki stopien podstawienia grupami acetylowanymi, jego masa jest wicksza niz masa

hemicelulozy przed modyfikacja

5.1.4. Dyskusja i wnioski

Acetylacja hemiceluloz zachodzi w grupach hydroksylowych monomerow
cukrowych, ktére sa stabymi nukleofilami O, wigc reakcja estryfikacji wymaga
okreslonych warunkéw, aby przebiegala efektywnie. Na powodzenie acetylacji
hemiceluloz ma wptyw odpowiedni stosunek $rodka acetylujacego do hemicelulozy, a
takze obecnos¢ 1 rodzaj katalizatora oraz warunki reakcji, takie jak temperatura 1 czas.
Jako $rodki acetylujace hemicelulozy stosuje si¢ halogenki acetylu, bezwodniki octowe i
kwas octowy. Chlorek acetylu jest najczesciej stosowanym halogenkiem, ktory jest
wysoce reaktywny (McMurry, 2000) i nie wymaga wysokiej temperatury reakcji.
Ponadto chlorki acetylu, jako najbardziej reaktywne pochodne kwasu octowego, sa
stosowane do syntezy acetylowanych zwiazkow organicznych, ktorych nie mozna
uzyskac przy uzyciu stabszych reagentow, takich jak kwas karboksylowy - kwas octowy.
Jednak metoda acetylacji przy uzyciu halogenkéw ma istotng wade, mianowicie w reakcji
z chlorkiem acetylu powstaje kwas solny (HCI). Nalezy zaznaczy¢, ze obecno$¢ mocnych
kwasow moze prowadzi¢ do degradacji hemiceluloz. W zwiazku z tym, konieczny jest
dodatek zasady w celu neutralizacji kwasu. Bezwodniki octowe to stabsze reagenty
acetylujace w porownaniu do chlorkéw acetylowych, ale mocniejsze niz kwas octowy.
Co istotne, wymagaja one bezwodnego srodowiska reakcji, podwyzszonej temperatury

oraz obecnosci katalizatora.
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W niniejszych badaniach testowych acetylacja ksylanu zostata przeprowadzona
za pomoca metody z uzyciem kwasu octowego i bezwodnika octowego w roéznych
warunkach reakcji: w obecnosci katalizatora kwasowego — kwasu siarkowego VI oraz
bez katalizatora, wydtuzajac czas reakcji z 1 h do 24 h, a takze prowadzac dwuetapowa
acetylacje. Wykazano, ze ta metoda acetylacji jest mato efektywna, gdyz otrzymano
ksylan o niskim stopniu podstawienia. Zastosowanie mocnego kwasu, jako katalizatora
reakcji, spowodowato czeSciowsg degradacje hemicelulozy. Natomiast proces acetylacji
bez katalizatora z uzyciem kwasu octowego i bezwodnika octowego byl wolny 1 wcigz
mato efektywny. Opracowano zatem metode acetylacji hemiceluloz z uzyciem
bezwodnika octowego, ale zamiast kwasowego katalizatora zastosowano zasadowy
bezwodny octan sodu, uzyskujac satysfakcjonujacy stopien podstawienia (DsAc),
wynoszacy 0,52 dla ksylanu, 1,02 dla ksyloglukanu oraz 1,22 dla glukomannanu. Metoda
acetylacji hemiceluloz byla wzorowana na metodzie catkowitej acetylacji glukozy do
pentaacetyloglukozy. Z uwagi na zastosowanie bezwodnika octowego, jako reagenta
acetylujacego, reakcj¢ prowadzono w S$rodowisku bezwodnym i W podwyzszonej
temperaturze. Bezwodny octan sodu, jako katalizator reakcji acetylacji hemiceluloz, jest
w literaturze wcigz niedoceniany i brakuje szczegotowej metodyki z jego zastosowaniem
do hemiceluloz. Akkus i in. (2018) wykazali pozytywny wpltyw octanu potasu, ktory
zostat w osadzie po zasadowej ekstrakcji hemiceluloz, na efektywno$¢ acetylacji
hemiceluloz bezwodnikiem octowym, jednakze nie opracowali ilosciowej metody
dodatku tej soli w roli katalizatora. Metody acetylacji hemiceluloz z uzyciem zasadowych
katalizatorow wykorzystuja gldéwnie roztwor wodorotlenku sodu, a wiec rezygnuja z
warunkoéw bezwodnych reakcji, a takze pirydyne, ktora jest zwiazkiem draznigcym i
toksycznym. Natomiast octan sodu jest uwazany za substancj¢ bezpieczng dla zdrowia i

tansza niz pirydyna.

5.2. Adsorpcja acetylowanych hemiceluloz na celulozie
mikrofibrylarnej

5.2.1. Wstep

Ro$linna $ciana komoérkowa to zlozona struktura zbudowana glownie z
polisacharydow, takich jak celuloza, hemicelulozy 1 pektyny, pomiedzy ktéorymi
zachodzg wzajemne oddzialywania. Odzialywania te sg istotne dla wlasciwosci

mechanicznych sciany komorkowej oraz moga wplywac na jej integralnoscé.
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Weczedniejsze modele roslinnej $ciany komorkowej zakladaly, ze ksyloglukan
moze rozlegle pokrywaé¢ mikrofibryle celulozowe. Najnowszy model wskazuje jednak,
ze ksyloglukan wigze si¢ z mikrofibrylami celulozy jedynie w ograniczonych miejscach,
tworzac tzw. biomechaniczne potgczenia (z ang. biomechanical hotspots) (Park i
Cosgrove, 2015). Natomiast wciaz oddziatywania hemiceluloz z celuloza pozostaja nie

w pelni poznane.

Badania adsorpcji hemiceluloz na celulozie to modelowe badania in vitro, ktore
upraszczaja ztozono$¢ roslinnej $ciany komodrkowej, jednakze umozliwiajg badanie
mechanizméw oddzialywan pomigdzy tymi polisacharydami na podstawie zjawisk
powierzchniowych. Adsorpcja zalezy w duzej mierze od rodzaju adsorbentu, dlatego tak
wazna jest analiza struktury celulozy, jej krystaliczno$ci czy fadunku powierzchniowego.
Rowniez istotne sg cechy strukturalne hemiceluloz, tj. konformacja, tfancuchy boczne
oraz stopien podstawienia grup hydroksylowych. Modelowe badania adsorpcyjne
wykazaty, ze adsorpcja ksyloglukanu moze przebiega¢ z przyjeciem przez ksyloglukan
ptaskiego utozenia na powierzchni celulozy, okreslanego jako ,,pociagi” (z ang. trains),
oraz w ograniczonych potaczeniach z mikrofibrylami, gdzie tylko czgs$¢ tancucha jest
bezposrednio zwigzana z celuloza a pozostate czesci tworzg tzw. ,,petle i ogony” (z ang.
loops and tails) (Pekala i in. 2023). Masa czgsteczkowa i stezenie hemicelulozy w

uktadzie adsorpcyjnym moze wptywaé na ten mechanizm nagromadzania.

Hemicelulozy w roslinnej $cianie komorkowej s3a acetylowane a ich stopien
acetylacji zmienia si¢ wraz z rozwojem ro$liny. Przypuszcza si¢ nawet, ze acetylowany
glukomannan moze by¢ markerem zmian w $cianie komorkowej. Co wiecej, wykazano,
ze stopien acetylacji glukomannanu byt modyfikowany po utworzeniu Sciany (Kim et al.,
2010). Ponadto stopien acetylacji hemiceluloz wptywa na ich wlasciwosci
fizykochemiczne, konformacjg¢ tancucha oraz dostepnos$¢ wolnych grup hydroksylowych,
ktére moga tworzy¢ wigzania wodorowe z innymi makroczasteczkami lub wodg. W
zwiazku z tym, istotne wydaje si¢ zbadanie, w jaki sposéb stopien acetylacji hemiceluloz

wpltywa na ich zdolno$¢ do odziatywan z celulozg.

Dlatego tez, przeprowadzono modelowe badania in vitro adsorpcji celulozy z
acetylowanymi hemicelulozami oraz celulozy z hemicelulozami niemodyfikowanymi.
Badania te wyjasniajg rolg struktury hemiceluloz, z uwzglednieniem ich stopnia

podstawienia grupami acetylowymi, w procesach ich oddziatywan z celulozs.
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5.2.2. Materiaty i metody

Celuloza mikrofibrylarna zostata wyizolowana z migzszu jabtek za pomoca
metody opisanej przez Szymanska-Chargot i in. (2017) i w rozdziale 3.6.1. Badano
wlasciwosci celulozy, tj. krystalicznos¢ za pomoca NMR i XRD oraz catkowitg
zawarto$¢ grup kwasowych za pomocg standardowej metody SCAN-CM 65:02 (SCAN-
CM, 2006), opisanej w rozdziale 3.6.1.1., ktora wynosita 82 umol/g.

Hemicelulozy komercyjnie dostepne: glukomannan (GIm) (Megazyme), ksyloglukan
(Xlg) (Megazyme) i ksylan (Xn) (Sigma Aldrich).

5.2.2.1. Acetylowane hemicelulozy

Glukomannan, ksyloglukan i ksylan acetylowano zgodnie z opracowang metoda
acetylacji hemiceluloz z bezwodnikiem octowym i octanem sodu, przedstawiong W
rozdziale 5.1. Otrzymano acetylowane hemicelulozy o wysokim i $rednim stopniu
podstawienia (GIm 1,22, Xlg 1,02, Xn 0,52), ktore byly nierozpuszczalne w wodzie.
Dlatego tez w eksperymencie adsorpcyjnym wykorzystano rozpuszczalny w wodzie
acetylowany Xn (po jednym etapie acetylacji) o DsAc 0,12, a Glm i Xlg cze$ciowo
deacetylowano w srodowisku zasadowym, uzyskujac DsAc 0,23 dla GIm i 0,26 dla Xlg.
Hemicelulozy uzyte w eksperymencie adsorpcji oznaczono: Xn_Ac (DsAc 0,12),
GIm_Ac (DsAc 0,23) i Xlg_Ac (DsAc 0,26).

5.2.2.2. Eksperyment adsorpcji

Badania adsorpcji hemiceluloz na celulozie mikrofibrylarnej przeprowadzono
metodg statyczng posrednia, zgonie z metodyka opisang w P.4. Stezenie adsorbatu
obliczano na podstawie roznicy stezenia wyjsciowego hemicelulozy i stgzenia
adsorptywu (hemiceluloza niezaadsorbowana w uktadzie adsorpcyjnym). Eksperyment
prowadzono w temperaturze pokojowej (23 £ 1 °C), pH buforu fosforanowego (PBS, pH
7,4,C=0,1M,1=0,1). Do ok. 4,83 g pulpy celulozowej (0,5 g suchej masy celulozy)
dodano 50 g roztworu, sktadajacego si¢ z 5 g PBS, 25 g roztworu wyjsciowego
hemicelulozy oraz wody destylowanej. Zawiesiny wytrzasano z wykorzystaniem tazni
wodnej z mieszaniem (200 obr.-min). Po zadanym czasie pobierano probke zawiesiny i
filtrowano przez filtr strzykawkowy (NYL 0,45 pum, Millipore, Merck). Nast¢pnie W
roztworze danej probki wyznaczano stezenie hemicelulozy, za pomocg metody
spektrofotometrycznego oznaczania cukrow przy 315 nm z uzyciem kwasu siarkowego

(z ang. sulphuric acid-UV method) (Mysliwiec et al., 2016).
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Kinetyke¢ adsorpcji prowadzono w czasie 7,5 h, pobierajac 15 probek roztworu z
ukladu adsorpcyjnego w okre§lonych interwatach czasowych. Stezenia wyjSciowe
hemiceluloz wybrano na podstawie wczesniejszego eksperymentu adsorpcji w publikacji
P.4. Dla Xlg i Xlg_Ac wynosito 800 mgL?, dla GIm i GIm_Ac - 1600 mgL™?, a dla Xn i
Xn_Ac - 200 mgL™,

Rownowage adsorpcji prowadzono przez 5 h, dla roztworéw wyjsciowych
hemiceluloz Xlg i Xlg_Ac w zakresie stgzen 100-1500 mgL™, GIm i GIm_Ac 200-3500
mgLt, Xni Xn_Ac 50-500 mgL . Kazdy punkt izotermy jest $rednig z trzech powtorzen.

Ilos¢ zaadsorbowanej hemicelulozy (a) obliczano zgodnie ze wzorem (6):

VX(Co—C
(6) a= (Co—Ck)
m
gdzie Co oznacza stezenie hemicelulozy w roztworze wyjsciowym, a Ck - stezenie
rownowagowe w supernatancie po procesie adsorpcji, m — masa celulozy, V — objetosé¢

roztworu hemicelulozy.

5.2.2.3. Spektroskopia ss-NMR

Dla celulozy mikrofibrylarnej i uktadow poadsorpcyjnych celuloza-hemiceluloza,
celuloza-hemiceluloza_Ac zostaly wykonane widma NMR. Probki zliofilizowano, a
kolejno przed analizg uwodniono poprzez dodanie 23,2 +/- 0,1% masy ultraczystej wody.
Dla kazdej probki uzyskano widmo CP/MAS C NMR zgodnie z metodyka opisang
przez Johnson i Schmidt-Rohr (2014). Parametry sprz¢towe i pomiarowe byty takie same,

jak dla oznaczen indeksu krystalicznos$ci celulozy, opisane w 3.6.1.2.

5.2.3. Wyniki
Wykazano adsorpcje Xn, Glm, XIg i Xn Ac, Glm_Ac, Xlg Ac na celulozie

mikrofibrylarnej. Natomiast nie wykazano znaczacego wplywu obecnosci grup
acetylowych hemiceluloz na kinetyke procesu adsorpcji na celulozie (Rysunek 9a).
Najszybciej, juz po ok. 60 min, plateau adsorpcjizostato osiaggnicte przez glukomannany,
natomiast wolniej, dopiero po ok 200 min dla ksyloglukanow i ksylanéw. W badaniu
rownowagi adsorpcji wykazano najwyzsza adsorpcj¢ na celulozie dla glukomannanow,
nizszg dla ksyloglukandéw, a najnizsza dla ksylanow (Rysunek 9b). Co istotne, wyniki
dotyczace rownowagi adsorpcji wskazuja rowniez na wptyw acetylacji glukomannanu i
ksyloglukanu na oddziatywania z celulozag mikrofibrylarng. Mianowicie adsorpcja

acetylowanego glukomannanu 1 ksyloglukanu byla wyzsza niz hemiceluloz
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niemodyfikowanych: GIm_Ac a= 163 pg/mg, GIm a=153 pg/mg, Xlg_Ac a=66 pg/mg,
Xlg a=42 pg/mg; natomiast dla ksylanéw nie zaobserwowano roznic w ilosci
zaadsorbowanej hemicelulozy: Xn_Ac a=10 pg/mg, Xn a=11 pg/mg. Najlepsze

dopasowanie do wynikow eksperymentu uzyskano dla izotermy Freundlicha.
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a) Adsorption kinetics
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Rysunek 9. Wykres (a) przedstawia kinetyke adsorpcji, a wykres (b) rownowage

adsorpcji.
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Dla celulozy i komplekséw poadsorpcyjnych celuloza-Glm, celuloza-Glm_Ac uzyskano
widma CP/MAS 3C NMR . Z uwagi na czutoéé¢ i koszt techniki, analizg¢ NMR

ograniczono do glukomannanu o najwiekszej adsorpcji.

C1
mannane
Cellulose
Cécr of Cellulose-Glm
cellulose 1 Cellulose-GIm_Ac
Cé6 f
Clof Cdcr of o 0,‘
cellulose cellulose
cellulose
I 1I
11
/ Ac
" 120 120 P P PA z'o tpeny

Rysunek 10. Widmo CP/MAS **C NMR dla celulozy (na niebiesko), celulozy-GIm (na

czerwono) i celulozy_GIm_Ac (na czarno), cr = krystaliczny.

Jak pokazano na Rysunku 10, widma CP/MAS 3C NMR dla celulozy
mikrofibrylarnej 1 uktadéw poadsorpcyjnych celuloza-Glm, celuloza-Glm_Ac,
przedstawiajg charakterystyczne widmo mieszaniny celulozy typu I i Il. Zaobserwowano
przesunigcie chemiczne celulozy II w obszarze Cl, Cder 1 Cécr. Obszar Céer
obserwowany przy ~65 ppm jest typowy dla celulozy typu I. Dla ukladéw
poadsorpcyjnych celuloza-Glm, celuloza-GIm_Ac wykryto pasmo ~100 ppm, zwigzane
z mannanem. Dodatkowo, w probcee celuloza-Glm_Ac réwniez wykryto pasmo zwigzane

z acetylacjg ~20 ppm.
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Tabela 2. Wyniki dekonwolucji obszaru widma zwigzanego z C6 dla probki celulozy,
przedstawiajace udziat poszczegdlnych obszarow w probee celulozy, cr — krystaliczne,
am — amorficzne.

6cr celuloza | Cécr celuloza 1l C6am
eluloza 26% 39% 35%
eluloza-GIm 26% 39% 35%
eluloza-GIm_Ac 27% 35% 38%

Obszar widma NMR, umozliwiajgcy rozrdznienic miedzy wspolistniejgcymi
typami celulozy, to obszar C6. Pozwala on oszacowaé wzgledne proporcje celulozy
krystalicznej typu I i II oraz czeSci amorficznych, zwigzanych z sygnatem C6. Wykazano,
ze celuloza mikrofibrylarna sktada si¢ z czesci krystalicznych: celuloza typu I i II oraz
amorficznych. Nie wykazano roznic pomigdzy celulozg a ukladem celuloza-GIm.
Natomiast dla Glm_Ac wzrost udzial czgsci amorficznych Céam, a zmalal czegsci

krystalicznych celulozy typu II.

Cellulose Cellulose-GLM Cellulose-GLM Ac

Rysunek 11. Wyniki dekonwolucji obszaru widma NMR zwigzanego z C1 i

otrzymanego dla roznych probek.

Na Rysunku 11 pokazano, ze dekonwolucja obszaru spektralnego zwigzanego z
C1 ujawnita przesunigcie chemiczne przy 100,85 + 0,05 ppm, obecne w probkach
zawierajagcych glukomannan, ktére przypisuje si¢ mannanom, zgodnie z Ekholm i inni
(2012).
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5.3. Dyskusja i wnioski

Wyniki przeprowadzonych badan wykazaty, ze acetylacja hemiceluloz nie
wplywa na kinetyke adsorpcji na celulozie, a wigc na sam mechanizm ,,gromadzenia si¢”
makromolekut na powierzchni celulozy. Zaobserwowano jedynie rdéznice pomig¢dzy
réznymi hemicelulozami, mianowicie rownowaga adsorpcji zostata znacznie szybciej
osiggnieta dla glukomannanoéw (GIm_Ac i GIm) niz dla ksyloglukanow (Xlg i Xlg_Ac)
I ksylanow (Xn i Xn_Ac). Zapewne, glukomannan wykazuje struktur¢ o duzym
powinowactwie do celulozy i nie wymaga zmian konformacyjnych. Dla ksyloglukanu i
ksylanu zachodza bardziej skomplikowane procesy, ktore prawdopodobnie wymagaja
odpowiedniego ustawienia makroczgsteczek wzgledem celulozy. Badania rownowagi
adsorpcji wykazaly, ze niski stopien podstawienia acetylowego glukomannanu (DsAc
0,23) i ksyloglukanu (DsAc 0,26) wplywa na wigksza adsorpcje, O moze wynikac z
tego, ze czesciowa obecnos¢ grup acetylowych w tancuchach hemiceluloz ogranicza ich
samoasocjacje¢, ktora jest procesem konkurencyjnym do oddziatywan z mikrofibrylami
celulozy. Ponadto, najwyzsza adsorpcj¢ odnotowano dla glukomannéw, co potwierdzito
ich wysokie powinowactwo do celulozy. Widma spektroskopii CP/MAS *C NMR
potwierdzity obecno$¢ mannandéw w kompleksach poaadsorpcyjnych celuloza-Glm oraz
mannandéw i grup acetylowych w uktadzie celuloza-GIm_Ac. Badania CP/MAS *C
NMR wykazaty wzrost udziatu czesci amorficznych dla uktadu celulozy z acetylowanym

glukomannanem.

Z uwagi na to, ze mikrofibryle celulozowe zawieraja czg¢sci hydrofilowe i
hydrofobowe, mechanizm nagromadzania hemiceluloz na tych obszarach moze byc¢
rozny. Mozna zakladaé, ze na czes$ciach hydrofilowych mikrofibryli celulozowych beda
istotne oddziatywania z cze$ciami hydrofilowymi hemiceluloz, a wigc z grupami
hydroksylowymi, ktére beda tworzyly wigzania wodorowe. Natomiast na czeSciach
hydrofobowych bedg istotne oddziatywania hydrofobowe z domenami hydrofobowymi
hemiceluloz, tj. grupy acetylowe. Dlatego, wzrost adsorpcji dla GIm_Ac i Xlg_Ac mogt
by¢ spowodowany ich wiekszym powinowactwem do cze¢sci hydrofobowych celulozy.
Badania metodami obliczeniowymi dynamiki molekularnej prowadzone przez Kundu i
in. (2025), rowniez wykazaly, ze niski stopien podstawienia grupami acetylowymi
wplywal na wigkszg adsorpcje danej hemicelulozy, a wysoki stopien podstawienia wrecz
ja ograniczat. Berglund 1 in. (2020) w badaniach z uzyciem mikrowagi kwarcowej z

rozpraszaniem energii roéwniez wykazali, Zze obecno$¢ grup acetylowych w
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glukomannanie ma wplyw na jego adsorpcj¢ na celulozie; acetylowany glukomannan o
niskim stopniu podstawienia (DsAc 0,2 — 0,3) wykazal wicksza adsorpcje niz
glukomannan niemodyfikowany, natomiast przy wigkszej zawartosci grup acetylowych

0 stopniu podstawienia na poziomie 0,6 — 1 zaobserwowali oni spadek adsorpciji.

Podsumowujac, modelowe badania adsorpcji in vitro wykazaty wptyw acetylacji
hemiceluloz na oddziatywania z celulozg: wzrost adsorpcji acetylowanego
glukomannanu i ksyloglukanu o niskim stopniu podstawienia. Natomiast, ze wzgl¢du na
brak rozpuszczalno$ci wysokoacetylowanych hemiceluloz w wodzie, nie badano wptywu
wysokiego stopnia podstawienia grupami acetylowymi hemiceluloz na ich zdolno$¢ do

oddziatywan z celuloza.
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6. Podsumowanie i wnioski

W pracy doktorskiej przedstawiono wyniki badan dotyczacych acetylacji
polisacharydéw niecelulozowych roslinnej $ciany komorkowej. Przede wszystkim
wykazano, ze acetylacja odgrywa istotng role w strukturze hemiceluloz i zmian
zachodzacych podczas przebudowy roslinnej $ciany komorkowej. Przypuszcza si¢, ze
acetylowany glukomannan moze by¢ markerem zmian zachodzgcych w roélinie. Stopien
acetylacji hemiceluloz wzrastal w terminach dojrzatosci przedzbiorczej i pozbiorczego
przechowywania oraz wykazal negatywng korelacje z jedrnoscig jablek. Co wigcej,
szczegOdtowa analiza widm FT-IR 1 Ramana w polaczeniu z analizag PCA rowniez
wykazata istotne rdznice w strukturze hemiceluloz, wynikajace z obecno$ci grup
acetylowych i zawartosci mannozy. Natomiast w przypadku pektyn nie zaobserwowano
specyficznych zmian stopnia acetylacji w badanych terminach i jego wplywu na utrate
jedrnosci. W pektynach rozpuszczalnych w wodzie (WSP) o wysokim stopniu
estryfikacji dominowaty grupy metylowe i to one determinowaly wilasciwosci pektyn,

wykazujac silna, negatywna korelacje z jedrnosciag owocdéw jabtoni.

Zostaly przeprowadzone modelowe badania adsorpcyjne, ktore dostarczajg
informacji na temat mechanizmu i rodzaju mozliwych oddziatywan pomig¢dzy celuloza a
hemicelulozami. Badania te pokazaty, ze jednynie hemicelulozy wykazuja oddziatywania
z celulozg, a pektyny pozostajg obojetne w stosunku do celulozy. Glukomannan szybko
osiagnat rdownowage adsorpcji, co $wiadczy o jego korzystnej konformacji tancucha,
ktéra nie wymaga dopasowania do celulozy. Ponadto, glukomannan wykazat najwieksza
adsorpcj¢ na celulozie, a tym samym wysokie powinowactwo do celulozy. Acetylacja
hemiceluloz nie wptyneta na kinetyke adsorpcji, ale spowodowata wzrost adsorpcji
acetylowanego glukomannanu 1 ksyloglukanu na celulozie, wskazujac wptyw acetylacji
hemiceluloz na oddzialywania z celuloza. Jednakze, nalezy podkresli¢, ze modelowe
badania adsorpcyjne nie odwzorowuja w pelni oddziatywan zachodzacych w tak
skomplikowanym uktadzie, jakim jest ro$linna §ciana komodrkowa. Nie uwzgledniajg
obecnosci innych polisacharydow, pomigdzy ktorymi moga wystepowac oddziatywania
konkurencyjne do oddziatywan z celuloza. Natomiast, wciagz badania adsorpcyjne
dostarczaja cennych informacji 1 umozliwiajg wglad w mechanizm interakcji pomiedzy
poszczegdlnymi polisacharydami $ciany komorkowej. Majg one rowniez istotne
zastosowanie aplikacyjne w projektowaniu nowych biomateriatéw i bioadsorbentow, a

takze materialow wysokiej jakosci, zgodnych z zasadami zielonej chemii. Ponadto
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opracowana i zaprezentowana w niniejszej pracy metoda acetylacji, to prosta i wydajna
technika, ktora pozwala modyfikowaé wlasciwosci fizykochemiczne hemiceluloz i z
powodzeniem moze by¢ konkurencyjna do tych, ktére juz teraz znajduja zastosowanie w

przemysle.
Na podstawie uzyskanych wynikéw sformutowano nastepujace wnioski:

e Stopien acetylacji hemiceluloz frakcji ekstrahowanej chlorkiem litu w
dimetylosulfotlenku (LiCI-DMSQ) z materiatu Sciany komoérkowej jabtek wzrost
w terminach przedzbiorczego dojrzewania na drzewie, zbioru i pozbiorczego
przechowywania jablek. Natomiast, Stopien acetylacji pektyn frakcji izolowanych
woda 1 imidazolem (WSP, ISP) nie wykazat specyficznych zmian w powyzszych
terminach.

e Wykazano korelacje negatywna stopnia acetylacji i zawartosci acetylowanych
hemiceluloz ze zmianami jedrnosci jablek.

e Wykazano dystrybucje polisacharydow w $cianie komorkowej jabtek, z
rozroznieniem na acetylowane i deacetylowane hemicelulozy oraz pektyny
wysoko- 1 niskoestryfikowane. Wykazano bardziej réwnomierny rozklad w
Scianie komorkowej hemiceluloz acetylowanych niz deacetylowanych. Sciana
komorkowa jabtek po trzech miesigcach przechowywania w chiodni (T7)
zawierata najwigcej acetylowanych hemiceluloz. Pektyny niskoestryfikowane
gromadzity si¢ w naroznikach §cian komérkowych trzech sasiadujacych komorek,
a wysokoestryfikowane byly rownomiernie rozmieszczone w $cianie
komorkowe;.

e Badania adsoprcyjne pokazaty, ze oddziatywania z celuloza mikrofibrylarng
wyizolowang z jablek miaty miejsce jedynie w przypadku hemiceluloz
(glukomannan, ksyloglukan, B-D-glukan i ksylan), natomiast nie wykazano
adsoprcji pektyn lub jej warto$¢ byta ponizej granicy detekcji.

e Wykazano przy uzyciu technik adsorpcyjnych, ze acetylacja hemiceluloz miata
wptyw na oddziatywania z celulozag. Najwyzsza adsorpcje odnotowano dla
glukomannanu i ksyloglukanu o niskim stopniu podstawienia grupami

acetylowmi (na poziomie 0,2 - 0,3).

Podsumowujac, wyniki badan uzyskane w ramach pracy doktorskiej odrzucaja

postawiong na poczatku hipoteze, ze acetylacja polisacharydow niecelulozowych
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utrudnia ich oddziatywania z mikrofibrylami celulozy, a tym samym zmniejsza
integralno$¢ $ciany komorkowej i tkanki roslinnej. Stopien acetylacji hemiceluloz
wykazat negatywng korelacje¢ ze zmianami jedrnosci jabtek, natomiast nie mozna
stwierdzi¢ jednoznacznie, ze grupy acetylowe w strukturze hemiceluloz bezposrednio
wplywaja na migknigcie owocow. Utrata jernosci owocow jest przede wszystkim
spowodowana relokacja wody i w efekcie utrata turgoru przez komorke, a takze
modyfikacjami w strukturze pektyn, tj. zmiang stopnia metylacji. Natomiast wzrost
stopnia acetylacji hemiceluloz moze odgrywac rolg, ktora jest powigzana ze zmianami
zachodzacymi w $cianie komorkowej podczas utraty jedrnosci owocow, ale nie wptywa
bezposrednio na to zjawisko. Prawdopodobnie wzrost ilosci grup acetylowych w
strukturze hemiceluloz moze stanowi¢ pewnego rodzaju mechanizm obronny rosliny,

majacy na celu kompensacje zmian zachodzacych gtownie z udziatem pektyn.

Ponadto, w badaniach adsorpcyjnych, ktére stanowity modelowe badania
interakcji pomigdzy hemicelulozami a celulozag mikrofibrylarng, wykazano wyzsza
adsorpcje glukomannanu i ksyloglukanu o niskim stopniu podstawienia acetylowego na
celulozie niz dla hemiceluloz bez tej modyfikacji. Swiadczy to o tym, ze niski stopien
podstawienia hemiceluloz nie tylko nie utrudnia interakcji z celuloza, ale co wigcej
wplywa na nie korzystnie, zwigkszajac powinowactwo tych makroczasteczek do
celulozy. Prawdopodobnie niska acetylacja hemiceluloz zmniejsza agregacj¢ ich
fancuchoéw polimerowych, ktora jest procesem konkurencyjnym do odzialtywan z
celulozg. Ponadto, acetylacja hemiceluloz powoduje wzrost ich wlasciwosci
hydrofobowych, a tym samym moze wpltywaé na wigkszy udziat oddziatywan
hydrofobowych z celulozg. Natomiast, konieczne sg dalsze badania struktury
kompleksow poadsorpcyjnych, ktore doktadnie zlokalizujg grupy acetylowe w czesciach
bezposrednio  zwigzanych (oddzialywania hydrofobowe) 1 niezwigzanych w tych
kompleksach (zapobieganie agregacji tancuchdéw). Dodatkowo odpowiedni stopien
acetylacji hemiceluloz moze nadawa¢ im rowniez wiasciwosci amfifilowe, ktore
wplywaja na zmiane¢ napigcia powierzchniowego, a wiec 1 na adsorpcje, dlatego wazne

sg roOwniez badania wlasciwosci powierzchniowych tych hemiceluloz.

Badania przeprowadzone w ramach pracy doktorskiej wnosza istotny wkiad w
dyscypling rolnictwo 1 ogrodnictwo. Przede wszystkim dostarczaja informacji na temat

zmian zachodzacych w strukturze roslinnej Sciany komorkowej, ktére wplywajg na
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wlasciwos$ci mechaniczne $ciany, a w efekcie na utrate jedrnosci owocoéw podczas

pozbiorczego przechowywania.
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Abstract Recent studies on the plant cell wall
assume that hemicellulosic polysaccharides interact
closely with cellulose microfibrils through hydropho-
bic forces. In contrast, hydrogen bonds, which are still
emphasized, play a significant role in stabilizing the
conformation of the hemicellulose bound on the cel-
lulose surface. However, there is still no consensus on
the nature of the interactions between these polysac-
charides and on potential interactions of pectins also
with cellulose microfibrils. Since the natural plant
cell wall is a very complex system, studies of model
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systems (in vitro) provide information about the
interaction between plant polysaccharides. Adsorp-
tion studies, which describe the interactions between
non-cellulosic polysaccharides and cellulose, are one
of these methods. They help to determine the type
of these interactions and characterize the adsorption
process. This review aims to summarize the knowl-
edge of the interactions between cellulose and repre-
sentatives of hemicelluloses and pectins, which was
mainly provided by adsorption studies.
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CHARACTERISTIC OF INTERACTIONS

Introduction

Understanding the mechanisms of interactions
between different polysaccharides in cell walls is
critical for the sustainable development of multiple
social and economic sectors. The cell wall assem-
bly, i.e. components and their interrelationships,
are very important for multiple functions of cell
walls in plants: growth, mechanical resistance, plant
adaptation to given conditions, and many others
(Kaczkowski 2003; Park and Cosgrove 2015). Inter-
actions between non-cellulosic polysaccharides and
cellulose in the plant cell wall are also of an inesti-
mable value to a multitude of industry sectors, e.g.
biofuel production, crop production, paper industry,
and packaging manufacturing (Souza et al. 2013; Li
et al. 2020; Merino et al. 2019). Furthermore, agri-
cultural wastes containing cellulose, hemicelluloses,
and lignin are promising biosorbents characterized by
a low cost, a neutral impact on the environment, and
above all, high efficiency (Zhao 2011).

The plant cell wall is a complex structure sur-
rounding the cytoplasmic membrane. It is the main
safeguard between the external environment and
the interior of the cell facilitating the transport of
essential substances and serving as a defense against
biotic and abiotic stresses (Rui and Dinneny 2020);
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Fig. 1 Schematic representation of the primary and secondary
plant cell wall with visualization of the arrangement of a cel-
lulose microfibril, pectin, hemicellulose, and lignin (a), cellu-

Tenhaken 2015). Plant cell walls are mainly classi-
fied into primary and secondary cell walls differing in
their structure and function. The primary cell wall is
thinner and more flexible, as it is formed during cell
growth and must resist stretching. It consists mainly
of cellulose, hemicellulose, pectin, and a small num-
ber of proteins (Fig. 1a). The composition of plant
cell wall polysaccharides differs among plant types.
Homogalacturonan, rhamnogalacturonan type I, and
rhamnogalacturonan type II are the typical pectic pol-
ysaccharides. The primary cell wall of dicotyledons
and gymnosperms is rich in xyloglucan hemicellu-
loses (30 and 20%, respectively) (Albersheim et al.
2010), while arabinoxylans and p-(1,3)(1,4)-D-glucan
(mixed-linkage glucan, MLG) are the main hemicel-
luloses in the grass family. Compared to the primary
cell wall, the secondary cell wall contains less pec-
tin but more cellulose and, additionally, lignin, which
gives stiffness and increases the mechanical resist-
ance of the cell (Fig. la). Lignin is a branched phe-
nolic polymer based on hydrophobic subunits. Xylan
and galactoglucomannan are the dominant secondary
cell wall hemicelluloses (Terrett and Dupree 2019).

Q© intermolecular hydrogen bonds
intramolecular hydrogen bonds

c) Cellulose crystalline structure

Crystalline core

Disordered domains

lose molecular structure (b), cellulose crystalline structure (c)
(Jarvis 2018, 2023; Moon et al. 2011, Kozlova et al. 2020)

In the case of some fibers, tertiary cell walls are dis-
tinguished as well (Gorshkova et al. 2022). The ter-
tiary cell walls are mainly composed of cellulose, and
the other predominant polysaccharides are rhamnoga-
lacturonan type I substituted by galactan and fewer
mannans (Gorshkova et al. 2022).

Until recently, it was common to use a plant cell
wall model where cellulose microfibrils conferred
resistance and mechanical strength, while matrix
polysaccharides acted as a charge carrier (Cosgrove
2005). Furthermore, the arrangement of the microfi-
brils influenced the anisotropy of cell growth, which
efficiently took place along fibers (Barbacci et al.
2013). In contrast, a more up-to-date model empha-
sizing the occurrence of ‘biomechanical hotspots’
seems to be interesting. It reveals that microfibrils are
locally connected with a small proportion of xyloglu-
can and these connections can control the extensibil-
ity of the wall (Cosgrove 2014).

The available plant cell wall models have empha-
sized covalent and non-covalent bonding interactions
between plant cell wall polysaccharides (Albersheim
et al. 2010). This knowledge was acquired indirectly
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from the sequential solubilization of each group of
polysaccharides in different media (enzymes, chela-
tors, and other chemicals) and from investigations
of the interaction between isolated cell wall macro-
molecules in laboratory conditions. The interaction
between cellulose and xyloglucan, i.e. the main rep-
resentative of hemicelluloses, has been investigated
most comprehensively so far. It has been shown that
particularly this hemicellulose has a strong affinity for
cellulose. It adsorbs on its surface and can even act as
a promoter for further binding, for example with pec-
tins, in certain conditions (Zykwinska et al. 2008b).
Furthermore, xyloglucan shows the ability not only to
interact locally with the surface of cellulose fibrils but
also to coat them (Park and Cosgrove 2015). Hence,
most of the cell wall models recognize that the
xyloglucan-cellulose network is the most important
structural element. Currently, pectins are believed
to have the ability to interact with cellulose microfi-
brils mainly through their sidechains: galactose, ara-
binose, and xylose residues. However, this ability is
much weaker than that of hemicelluloses. Therefore,
in the commonly used cell wall models, pectins are
considered to form an independent matrix-gel net-
work, in which the hemicellulose-cellulose network
is embedded (Willats et al. 2001). In contrast, a more
recent model of the plant cell wall emphasizes greater
contact between cellulose and pectins which is not
necessarily stabilized by binding (Cosgrove 2014;
Zhang et al. 2021). Additionally, the morphological
structure of cellulose microfibrils cannot be neglected
in the picture of the interaction between cell wall
macromolecules, as it has a significant influence on
adsorption efficiency. It is known that cellulose with a
more ordered and highly crystalline structure exhibits
higher capacity of interaction with cell wall polysac-
charides (Gu and Catchmark 2013).

In vivo research of native plant tissues can pro-
vide valuable data, but such studies have some limi-
tations due to the complex and multiscale assembly
of cell walls. Therefore, in vitro models of plant cell
wall analogs based on cellulose microfibrils formed
by cellulose-synthesizing bacteria (Komagataei-
bacter xylinus) have been proposed (Cybulska et al.
2010a, b; Gu and Catchmark 2014). Despite the many
advantages of using bacterial cellulose for testing,
this method has some drawbacks. For example, after
addition of different polysaccharides to the medium
in which cellulose-producing bacteria grow, it not
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possible to control the number of substances incor-
porated by the bacteria into the cellulose composite.
Therefore, to avoid these disadvantages, the adsorp-
tion phenomenon where plant cellulose is an adsor-
bent, while pectin and hemicellulose are polymers
that can accumulate on the adsorbent can be used in
the research. Investigations of pectin and hemicellu-
lose adsorption on cellulose microfibrils have already
been conducted (MySliwiec et al. 2016; Zykwinska
et al. 2005, 2008a, b). The occurrence of interactions
between polysaccharides in adsorption experiments
can be analyzed using several research methods. They
are based on indirect determination of the amount of
the adsorbed substance using UV-VIS spectroscopy,
chromatography, and other techniques, or direct anal-
ysis of the adsorbate concentration in real-time using,
for example, quartz crystal microbalance with dis-
sipation (QCM-D) monitoring and surface plasmon
resonance spectroscopy (SPR). Experimental results
illustrating the quantitative adsorption are used to
choose an appropriate adsorption model giving infor-
mation on the nature of the interaction. Additionally,
infrared spectroscopy, Raman spectroscopy, differen-
tial scanning calorimetry (DSC), atomic force micros-
copy (AFM), scanning electron microscopy (SEM),
microelectrophoresis, and potentiometric titration are
used to support and complete the adsorption data.

It is extremely important to conduct research on a
given topic from different perspectives, as in this way,
the common parts of conclusions can be highlighted.
This review mainly presents experimental research,
while it is worth highlighting the relevance of molec-
ular dynamics simulations in this field. For example,
the significant role of cellulose as a backbone and,
innovatively, a tensile force-transfer network non-
covalently linked to hemicelluloses and embedded in
a hydrated pectin matrix, was confirmed by coarse-
grained molecular dynamics (CGMD) (Zhang et al.
2021).

Importance of plant cell wall polysaccharides
structure

The greatest influence on the interaction between cel-
lulose and non-cellulosic cell wall polysaccharides is
exerted by the structure of these compounds. Cellu-
lose is a homopolymer consisting of D-glucose mol-
ecules linked by a p-1,4-glycosidic bond. In nature,
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cellulose I exists in the crystalline form and is a mix-
ture of two distinct crystalline phases: cellulose Ia
and Ip whose proportion depends on the source of the
cellulose. The cell walls of higher plants have greater
amounts of cellulose Ip than I, whereas cellulose Ia
is abundant mostly in algal cell walls or in cellulose
produced by some bacteria as biofilms (Saxena and
Brown 2005). Moreover, cellulose Ia and Ip have the
same pattern of hydrogen bonds: O3-H----O5 and
02-H----06 intrachains as well as O3-H----O6' inter-
chains with parallel cellulose chain alignment (Moon
et al. 2011) (Fig. 1b). The difference between the two
cellulose I forms lies in their sheet alignment: two
chains in each monoclinic unit cell of cellulose Ip
and one chain in the triclinic unit cell of cellulose o
(Giimiiskaya et al. 2003; Festucci-Buselli et al. 2007).
The cellulose supramolecular structure is mainly the
result of the conformation at C-6. The tg conforma-
tion is necessary for the crystalline (ordered) form of
cellulose, while the gt and gg conformations are typi-
cal for the less ordered forms (Jarvis 2018). This, in
turn, influences the structure of the cellulose micro-
fibril; one of the most common models describes the
cellulose microfibril as a highly crystalline core sur-
rounded by less ordered regions (Nishiyama 2009;

Jarvis 2018). Another model presents microfibrils as
crystalline regions disrupted by so-called amorphous
cellulose (Moon et al. 2011) (Fig. 1c). It is assumed
that the crystalline/amorphous ratio influences the
reactivity and water binding capacity of cellulose and
the mechanical properties of cellulose-based materi-
als (Jarvis 2023). The structure of cellulose micro-
fibrils necessitates the existence of both hydrophilic
and hydrophobic surfaces (Fig. 1c) (Lin et al. 2016).
The number of cellulose chains as well as the length
and diameter of cellulose microfibrils depend on the
plant species (Northcote 1972; Ding and Himmel
2006; Patel 2009; Niimura et al. 2010; Thomas et al.
2013; Jarvis 2023). The physical dimensions of cel-
lulose microfibrils, such as the crystalline structure,
also affect the level of adsorption (Salmén 2022).
Although cellulose from different sources is chemi-
cally identical, its physical forms may differ (Alber-
sheim et al. 2010; Park and Cosgrove 2015).

For example, similar to cellulose, the most abun-
dant hemicellulose in dicots, i.e. xyloglucan, is com-
posed of p-1,4 linked glucose molecules substituted
by a-D-xylosyl residues. In most dicots and gymno-
sperms, xylose units can be decorated by galactose
or galactose-fucose units. Xyloglucans undergo only
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Fig. 2 Simplified schematic diagram of the structure of plant cell wall polysaccharides. A more detailed description is to be found in
this review (Albersheim et al. 2010; Costa and Plazanet 2016; Heredia et al. 1995; Kaczmarska et al. 2022)
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minor galactosylation and contain no fucose units
only in the Solanaceae family. In dicots, xyloglucan
also contains o-L-arabinosyl residues. Xyloglucan
isolated from grasses (Poaceae monocotyledons) con-
tains only small amounts of galactose units. In some
plants, the additional monosaccharide residues of
xyloglucan can undergo O-acetylation (Albersheim
et al. 2010). Xylans are made up of xylosyl units
linked by a fp-1,4-glycosidic bond with numerous sub-
stitutions at C-2 and/or C-3 of the main chain by ara-
binose, galactose, glucuronic acid, and other mono-
saccharides, constituting from 10 to 90% of the xylan
backbone (Fig. 2) (Albersheim et al. 2010). For exam-
ple, arabinoxylan, which is the predominant hemicel-
lulose in Poaceae monocotyledons primary cell walls
(30-40% of the grass cell wall compared with approx.
5% of the dicotyledon cell wall), contains arabinose
residues in an arabinose-to-xylose ratio of 0.6 (Der-
villy-Pinel et al. 2004). In turn, xylans are mainly
found in secondary cell walls, where they are mostly
substituted by glucuronic acid. Xylans in second-
ary cell walls very frequently undergo O-acetylation
(Albersheim et al. 2010). In addition to their role as
storage polysaccharides, mannans are present abun-
dantly in secondary cell walls of soft and hardwood
and in lower amounts (less than 2 mol%) in primary
cell walls. Galactomannans are mannans containing
a-1,6-galactose as the sidechain, whereas galactoglu-
comannans contain additional f-1,4-glucose as the
sidechain (Held et al. 2015). Glucomannans and glu-
curonoxylan are abundant in the secondary cell wall
of hardwood (Melton et al. 2009). An important fea-
ture of mannans is their O-acetylation (Melton et al.
2009). Finally, p-(1,3)(1,4)-D-glucan (mixed-linkage
glucan, MLG) is an unbranched polymer composed
of D-glucose molecules connected via a f-1,4-
glycosidic bond forming blocks connected with each
other by a p-1,3-glycosidic bond. This polysaccharide
is especially important during rapid growth (Alber-
sheim et al. 2010).

Homogalacturonans (HG), rhamnogalacturonans
I (RGI), and rhamnogalacturonans II (RGII) are the
main representatives of pectins. Homogalacturonan
(HG), a linear homopolymer composed of D-galactu-
ronic acid, can be methylated and/or acetylated (Costa
and Plazanet 2016; Ochoa-Villarreal et al. 2012).
Rhamnogalacturonan I (RGI) is a branched polymer
of repeating sequences of disaccharides composed of
a-1,4-galacturonic acid and a-1,2-rhamnose residues.

@_ Springer

In addition to being methylated and/or acetylated, it
also contains branched structures of arabinans and
galactans (Costa and Plazanet 2016; Heredia et al.
1995; Kaczmarska et al. 2022). Rhamnogalacturo-
nan II (RG II), the most complex polysaccharide
present in the plant cell wall, is composed of o-1,4-
galacturonic acid units which are substituted by
branched structures composed of monosaccharides
such as xylose, arabinose, fucose, apiose, rhamnose,
and galacturonic and glucuronic acids, very often
methylated or O-acetylated (Fig. 2) (Albersheim et al.
2010).

Adsorption method in the investigation
of interactions between polysaccharides

Interactions between polysaccharides can be charac-
terized using several research methods. One of them
is the use of sequential extraction and enzymatic
digestion, which gives insight into the possible bind-
ing between polysaccharides (Broxterman and Schols
2018). Another method is an in vitro approach using
the adsorption technique (Dammak et al. 2015; Gu
and Catchmark 2013; Mysliwiec et al. 2016; Vil-
lares et al. 2015; Zykwinska et al. 2005, 2008a, b).
Interfacial surface studies provide a range of valuable
information about the adsorbent and the adsorbate,
the type of interactions between them, and the charac-
teristics of the adsorption layer.

Methods for analysis of the level of the adsorp-
tion of polysaccharides on cellulose often involve
indirect determination of the amount of the adsorbed
substance. For this purpose, the concentration of the
adsorptive before and after contact with the adsorbent
is compared. The concentration can be determined
using various analytical methods, e.g. chromatogra-
phy and UV-VIS spectroscopy. In the general scheme
of adsorption studies in xyloglucan/cellulose and pec-
tin/cellulose systems, the xyloglucan or pectin solu-
tion is mixed with cellulose for a given time, the fil-
trate is centrifuged from the sediment, and the total
sugar and/or galacturonic acid content in the filtrate
is determined colorimetrically. The amount of the
adsorbed substance is indirectly determined by sub-
tracting the concentration remaining in the filtrate
from the initial concentration of the test compound
in relation to the weight of cellulose (Terashima et al.
2004).
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Adsorption studies of these systems can also be
carried out directly by determination of the adsorb-
ate concentration. In this case, complementary sen-
sor techniques, such as quartz crystal microbalance
with dissipation (QCM-D) monitoring and surface
plasmon resonance spectroscopy (SPR), are used
for real-time monitoring of the thickness and mass
of the model cellulose film (Benselfelt et al. 2016;
Lin et al. 2018; Jaafar et al. 2019; Yao et al. 2021).
The QCM-D technique is based on the piezoelectric
properties of the quartz crystal, and the measurement
involves determination of changes in the resonant
frequency of the oscillating crystal occurring during
adsorption (Eronen et al. 2011a, b; Paananen et al.
2004). Changes in the dissipation energy (AD) are
determined to define the mechanical properties of the
adsorbed layer, such as viscoelasticity (Eronen et al.
2011a, b). Briefly, SPR is an optical technique that
allows determination of the concentration of analyzed
compounds in the vicinity of a gold sensor surface by
measuring changes in the refractive index. Laser light
falls at a specific angle on the sensor, causing the
excitation of surface plasmons (interaction with free
gold electrons). A change in the concentration of the
compound on the sensor is accompanied by a change
in the refractive index, which affects the resonance
conditions (Benselfelt et al. 2016; Guo et al. 2021).

The phenomenon of adsorption depends on many
factors. The adsorbent and the adsorbate play a key
role in this process; therefore, it is important to char-
acterize both. The most common adsorbents are sol-
ids classified by their surface porosity and chemical
nature; hence, it is useful to determine their specific
surface area and surface charge. As far as adsorbates
are concerned, their structure, above all the pres-
ence and type of functional groups, and their ability
to dissociate in the pH conditions of the experiment
are certainly crucial (Terashima et al. 2004). Poly-
dispersity and molecular weight are determined in
the case of polymers. In addition, the type of basic
electrolyte and its ionic strength, the pH of the sys-
tem, and the temperature may affect the adsorption
process (Grzadka and Chibowski 2009). The adsorp-
tion of macromolecules is significantly influenced by
their conformation, which can be changed as a result
of interactions with the electrolyte. This affinity can
be modified by changes in temperature, pH, and ionic
strength of the solution. An increase in temperature
may result in a higher affinity of the macromolecules

for the electrolyte and thus the unfolding of coiled
polymer chains (WiSniewska et al. 2013). For exam-
ple, studies of the adsorption of a non-ionic poly-
mer on a metal oxide in the temperature range of
15-40 °C showed that adsorption increased with
increasing temperature (Wisniewska et al. 2013). This
was related to the fact that, at higher temperatures,
non-ionic polymers adopted a more favorable confor-
mation, and there was an increase in the linear dimen-
sions of the polymer chains allowing interactions with
the adsorbent (WiSniewska et al. 2013). The adsorp-
tion of non-ionic polymers (e.g. hemicellulose) on
cellulose has not yet been fully investigated. In these
adsorption systems, sodium acetate or phosphate with
a pH value in the range of 5.8-6.9 is usually used as
a buffer solution, while the temperature is from 20 to
40 °C to keep the study conditions close to those in
the plant (Dammak et al. 2015; Gu and Catchmark
2013; Mysliwiec et al. 2016; Villares et al. 2015;
Zykwinska et al. 2005; 2008a, b). The adsorption of
hemicelluloses on cellulose is characterized by a low
heat value (small enthalpy change), which may be
indicative of physical adsorption. This type of adsorp-
tion mainly occurs at lower temperatures, while des-
orption may occur at high temperatures. Lopez et al.
studied the adsorption of xyloglucan on cellulose,
taking into account the effect of temperature on this
process. Using isothermal titration calorimetry (ITC),
it was demonstrated that higher temperature (in the
range of 25-60 °C) increased adsorption. Accord-
ing to the van’t Hoff equation, it was shown to be
an endothermic process (Lopez et al. 2010). These
assumptions were also confirmed in QCM-D and
SPR spectroscopy studies. The increase in tempera-
ture contributed to an increase in the accumulation
of xyloglucan molecules on the cellulose surface,
which displaced water molecules and thus increased
the entropy of the system (Benselfelt et al. 2016; Yao
et al. 2021). In adsorption research, adsorption energy
is the change in free energy (AG). Its value is not
only influenced by the commonly quoted change in
enthalpy (AH) but is also significantly influenced by
the change in entropy (AS) and temperature (T) (Kis-
hani et al. 2021; Wohlert et al. 2022).

AG = AH —-TAS ()

Recent studies address this issue and report that
the increase in entropy caused by the displacement
of solvent/water molecules by the adsorbate from the
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cellulose surface is the main driving force behind the
adsorption of hemicelluloses on cellulose (Benselfelt
et al. 2016; Kishani et al. 2021).

The kinetics and equilibrium of the process are
investigated in adsorption experiments (Fig. 3). The
kinetics of the process gives information about the
dynamics and the time required to achieve equi-
librium in the system. The kinetic process is usu-
ally modeled by empirical or semi-empirical equa-
tions of the first order (FO) and second order (SO)
(MySliwiec et al. 2016). The FO kinetic model
assumes that the adsorption rate is directly pro-
portional to the difference in the concentration
versus time. In turn, the SO model assumes that
the adsorption rate is proportional to the available
active sites on the adsorbent and is dependent on
the amount of the adsorbate on the surface of the
adsorbent. The adsorption kinetics is the measure
of the adsorption speed and depends on the num-
ber of particles colliding with the adsorbate sur-
face per second. It provides information about the
mechanism of the adsorbate surface coating, which
is important for biomolecules that have the possibil-
ity of rearrangement. In the case of slow adsorption
processes, the biomolecules have time to rearrange
and assume a flat conformation on the adsorbate
surface, while loops and tails are rather formed in
the case of fast processes.

After determination of the time after which the
equilibrium in the adsorption system is achieved,
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quantitative results are used to match an appropriate
model of adsorption (Fig. 3a). Literature data show
that the Langmuir and Freundlich adsorption iso-
therms are the best isotherms to describe interactions
between non-cellulosic polysaccharides and cellulose.
The Langmuir isotherm is the basic adsorption equa-
tion regarded as the starting equation for more elabo-
rate studies. It is mainly used to describe chemisorp-
tion with the following assumptions: the presence of
a certain number of active sites, the formation of an
adsorption monolayer, the adsorbate molecules do not
move on the adsorbent surface, and the lateral interac-
tions between the adsorbate molecules are neglected.
Previous studies of the adsorption of hemicelluloses/
pectins on cellulose were only based on the Langmuir
isotherm, but with consideration of heterogeneity
effects, lateral interactions, and multilayer effects (Gu
and Catchmark 2013; Dammak et al. 2015; Hayashi
et al. 1994b; Kabel et al. 2007; Villares et al. 2015;
Zykwinska et al. 2008b). The general Langmuir iso-
therm is given by the formula:

_ qmbce
%= T1+icC, @

where b is the adsorption constant of the process,
q,, i1 the maximum adsorption (adsorption capac-
ity), q. is the amount of adsorbed non-cellulosic
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polysaccharides per mg of cellulose, and C, stands for
the equilibrium concentration.

In contrast to the Langmuir isotherm, the Freun-
dlich isotherm, which describes the multi-site adsorp-
tion isotherm for rough and energetically heteroge-
neous surfaces (Kabel et al. 2007; Zykwinska et al.
2008b), is given by the formula:

4o = bC: &)

where b and n are the adsorption constants of the
process, (. is the amount of adsorbed non-cellulosic
polysaccharides per mg of cellulose, and C, stands
for the equilibrium concentration. My§liwiec et al.
(2016) showed that the adsorption of xyloglucan on
Avicel cellulose is described by the Fowler—Guggen-
heim isotherm:

aubCeexp( L)

9. = W 4

Im

where b is the adsorption constant of the process,
q,, 1s the maximum adsorption (adsorption capacity),
q. is the amount of adsorbed non-cellulosic polysac-
charides per mg of cellulose, C, stands for the equilib-
rium concentration, and o is a constant that describes
interactions between molecules in the adsorbed layer.
This isotherm is a generalized form of the Langmuir
equation isotherm and gives evidence that lateral
interactions play an important role in adsorption.

The typical theoretical models of adsorption are
presented in Fig. 3a.

Adsorption of hemicelluloses on cellulose

As mentioned above, with their diverse structure,
hemicelluloses are an interesting group of plant cell
wall polysaccharides. Hemicelluloses have been
shown to interact with cellulose within the cell wall
to form a network. It is believed that xyloglucan in
dicots and arabinoxylan in grasses have the greatest
affinity for interactions with cellulose (Albersheim
et al. 2010). Interestingly, native hemicelluloses and
celluloses from the same plant have a higher affinity
for each other and can influence cellulose aggregation
during morphogenesis (Chambat et al. 2005). How-
ever, most studies on the interaction of hemicellulose

with cellulose were based on Avicel or bacterial cel-
lulose (Kabel et al. 2007; Kiemle et al. 2014; Lima
et al. 2004) (SM Table 1).

The interaction of the main representative of hemi-
celluloses, i.e. xyloglucan, with cellulose microfibrils
affects the mechanical properties of the primary cell
wall, creating more stretchy structures essential for
tissue growth (Whitney et al. 1999). It is known that
xyloglucan interacts via hydrogen bonds with the
surface of cellulose microfibrils and can crosslink
two adjacent cellulose microfibrils to form a xylo-
glucan-cellulose network. Interactions also take place
between the hemicellulose backbone and cellulose,
while the side branches may even hinder the mol-
ecule from reaching its favorable conformation. Pauly
et al. (1999) showed that up to 64% of all xyloglucans
were associated with cellulose. In contrast, solid-state
nuclear magnetic resonance (ss-NMR) spectroscopy
studies showed only a few xyloglucan-cellulose link-
ages (Dick-Pérez et al. 2011). Park and Cosgrove
(2015) also demonstrated a limited amount of xylo-
glucan in contact with cellulose, introducing the con-
cept of biomechanical hotspots and revising the com-
monly used tethered network model of the plant cell
wall. Small amounts of xyloglucan were shown to be
present at the point of contact between two cellulose
microfibrils. Importantly, coarse-grained molecular
dynamics (CGMD) simulations showed that tensile
forces were not transmitted through the non-cellulosic
polysaccharides of the matrix, but precisely through
the connection points between the cellulose microfi-
brils (Zhang et al. 2021).

The literature reports that there can be ionic inter-
actions, hydrophobic forces, van der Waals disper-
sion forces, and hydrogen bonds between hemicel-
luloses and cellulose (Heinonen et al. 2022; Wohlert
et al. 2022; Zykwinska et al. 2008a,b). In the case
of adsorption on cellulose, the presence of available
functional groups, e.g. hydroxyl groups, on its hydro-
philic surface was highlighted by many researchers.
It is assumed that intrachain O3—-H:---O5 bonds are
stable and do not take part in the creation of hydrogen
bonds; hence, only some hydroxyl groups can serve
as donors. However, recent studies have shown that
these assumptions are farfetched and hydrogen bonds
are not the main factor responsible for the interactions
between xyloglucan and cellulose (Wohlert et al.
2022). The significance of solvent (water) molecules
has been underlined. Molecular dynamics studies
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have shown that, at room temperature, an increase in
entropy is the main driver of the adsorption process
due to the release of water molecules from the inter-
facial surface (Kishani et al. 2021). From a thermody-
namic point of view (Eq. 1), hydrogen bonds between
hemicellulose and cellulose do not play a major role
in adsorption. The formation of weak hydrogen bonds
results in a small enthalpy change (Kishani et al.
2021), and this cannot be considered the main driv-
ing force of adsorption. On the other hand, it is worth
emphasizing that hydrogen bonds influence the stabi-
lization of the conformation of the adsorbed polymer
chain (Heinonen et al. 2022; Simmons et al. 2016).
The molecular dynamic simulation has also revealed
that the interaction with cellulose occurs over a short
distance, and adsorption on the hydrophobic surface
of the microfibril is preferable, indicating the impor-
tance of hydrophobic forces (Oehme et al. 2015; Park
and Cosgrove 2015).

The Langmuir and Freundlich models have been
applied in investigations of xyloglucan adsorption
onto cellulose microfibrils. Langmuir suggests the
creation of a single layer of hemicellulose on cellu-
lose microfibrils, and the Freundlich model assumes
several different types of binding. The best descrip-
tion of the interaction in this case is provided by the
Freundlich model suggesting the formation of multi-
layers. In contrast, the Fowler-Gugenheim isotherm
used in previous investigations of xyloglucan-cellu-
lose adsorption confirmed the role of lateral interac-
tions and showed that chain—chain interactions as well
as xyloglucan reconformation may have limited the
adsorption kinetics (Mysliwiec et al. 2016). The Fre-
undlich and Langmuir models are unable to include
lateral interactions in the adsorbed layer. Bootten et al.
(2004) showed that the xyloglucan backbone is only
partially rigid and not only forms a crosslink between
two microfibrils but can also crosslink other non-cel-
lulosic polysaccharides. Moreover, the xyloglucan-
cellulose interaction depends on the sidechains and
molecular weight of xyloglucan (Hayashi et al. 1994a;
Hayashi and Kaida 2011; Lima et al. 2004). The
galactosylation and fucosylation of xyloglucan also
influence the interaction with cellulose microfibrils
(Lima and Buckeridge 2001). Fucosylated xyloglu-
can has been reported to interact with cellulose better
than xyloglucan without fucose. However, as shown
by Chambat et al. (2005), L-fucose substitution of
xyloglucan does not influence adsorption or may even
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hinder the interaction with cellulose. On the other
hand, the galactosylation pattern also influences the
interaction with cellulose, i.e. unevenly distributed
galactan sidechains exhibit better binding, while the
even distribution results in a twisted structure of xylo-
glucan and the worst binding to cellulose microfibrils.
Longer sidechains increase the strength of the interac-
tion but decrease its efficiency, and each xyloglucan
molecule can form not more than 4 H-bonds (Hanus
and Mazeau 2006). Using the Langmuir model, Gu
and Catchmark (2013) showed that the adsorption of
xyloglucan onto cellulose was irreversible (Oehme
et al. 2015). Most studies of adsorption of xyloglucan
on cellulose were carried out with the use of tamarind
seed xyloglucan. This compound serves as a reserve
polysaccharide, and its structure differs from that of
cell wall xyloglucan. Moreover, the botanical source
of xyloglucan has an impact on its structure (Park
and Cosgrove 2015). For example, apple xyloglucan
was composed of unbranched linear glucan motifs,
typical XXXG motifs, and fucosylated (XXFG) and
galactosylated (XXLG, XLXG, and XLLG) parts
(Chen et al. 2022; Zhao et al. 2014). The greatest
binding affinity was exhibited by the fucosylated and
galactosylated xyloglucan fractions. The influence of
the different molecular weights of apple xyloglucan
additionally modified by enzyme action on adsorp-
tion onto cellulose nanofibers was investigated by
Chen et al. (2022). The lower molecular weight of the
apple xyloglucan was associated with better adsorp-
tion on cellulose nanofibers. Moreover, again it was
confirmed that XG adsorbs in an extended conforma-
tion (trains) at a low XG to cellulose ratio, while tails
and loops are formed at a high XG concentration and
a saturated cellulose surface.

The research conducted by Zykwinska et al. (2005)
also showed that the adsorption of xyloglucan on
native plant cellulose is two times higher than on
microcrystalline Avicel cellulose, which may prove
that the crystallinity of cellulose can influence the
interaction between cellulose and hemicelluloses.
The influence of the morphological structure of cel-
lulose on the efficiency of xyloglucan adsorption was
investigated (Benselfelt et al. 2016; Gu and Catch-
mark 2013; Kiemle et al. 2014). For example, the
interaction of two forms of cellulose: highly crystal-
line cellulose nanowhiskers (CNW) and amorphous
PASCNW (phosphoric acid swollen cellulose nano-
whiskers) with xyloglucan was analyzed (Gu and
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Catchmark 2013). Xyloglucan adsorption on CNW
was about two times higher than on PASCNW. These
results proved that the degree of cellulose crystallinity
significantly influences adsorption. The binding con-
stant of xyloglucan with highly crystalline and highly
amorphous cellulose was also tested and was higher
in the case of crystalline nanowhiskers than amor-
phous PASCNW. Generally, the surface area, poros-
ity, and degree of order i.e. crystallinity, may affect
the interaction of cellulose with hemicelluloses (Gu
and Catchmark 2013). Also, an interesting conclusion
was made, i.e. the binding interactions of hemicel-
luloses depend on the biological origin of cellulose.
Adsorption is also influenced by the orientation of
particles accumulated at the interphase surface. The
ionic strength of the buffer in the xyloglucan-cellu-
lose CNW adsorption system does not affect the effi-
ciency of the process. This is probably related to the
neutral charge of hemicelluloses (Gu and Catchmark
2013). Recently, xyloglucan has been successfully
adsorbed on nanocellulose (Villares et al. 2015). The
adsorption of xyloglucan (XG), galactoglucomannan
(GGM), and arabinoxylans (AX) in aqueous solutions
on the nanofibrillated cellulose (NFC) film cover-
ing the quartz sensor of QCM-D was compared. All
these hemicelluloses were adsorbed, but the amount
of GGM adsorbed and the scattering energy AD val-
ues were lower than in the case of XG; this indicates
a less viscoelastic structure of GGM, which formed
a more rigid layer. The arabinoxylans showed the
lowest affinity for cellulose and exhibited the highest
AD values, compared to other hemicelluloses, which
indicates the presence of a loose adsorption layer
with more water molecules than in the other systems
(Eronen et al. 2011b).

The concentration of xyloglucan in the adsorption
system influences the adsorption process. As shown
by Dammak et al. (2015), the adsorption process at
the hemicellulose concentration below 3.5 pg/l led to
chain rearrangement on the cellulose surface, whereas
saturation of the surface with formation of strings and
loops was observed in systems with hemicellulose
concentrations above 3.5 pg/L. In systems with lower
concentrations, xyloglucan and cellulose can form
multilayer sandwich-type structures.

Similar to xyloglucans, xylans can interact with
cellulose, but their interactions are weaker and take
place only on the surface of cellulose microfibrils
(Gu and Catchmark 2013; Hayashi 1989). Xylans are

smaller macromolecules and, in contrast to xyloglu-
can, cannot form trains and loops and the most pref-
erable conformation in terms of the cellulose axis
is parallel (Falcoz-Vigne et al. 2017) and antiparal-
lel (Heinonen et al. 2022). Analyses of NMR spec-
tra have shown that xyloglucan molecules adsorbed
onto cellulose have a twofold conformation, which is
similar to that of cellulose. During adsorption, xylo-
glucan molecules change their conformation from the
threefold structure and match the twofold conforma-
tion of crystalline cellulose (Falcoz-Vigne et al. 2017,
Heinonen et al. 2022; Jaafar et al. 2019). Further-
more, an increase in the xylan concentration above
the amount that saturates the specific surface area of
cellulose induces multilayer adsorption. It has been
shown that only xylan molecules in the first adsorp-
tion layer have a twofold structure (Falcoz-Vigne
et al. 2017). During adsorption, xylan forms hydrogen
bonds with cellulose but, as in the case of xyloglu-
can, this is not the driving force behind this process,
which takes place on the hydrophobic surface of cel-
lulose. Several studies confirm that, due to their con-
formational fit, xylans can be a crystalline extension
of cellulose. As xylans can contain different substitu-
ents, Jaafar et al. (2019) have investigated the effect
of xylan acetylation on the adsorption on cellulose.
Using QCM-D and molecular dynamics simulations,
they showed that the adsorption layer of acetylated
xylan was more rigid and more densely packed than
that of deacetylated xylan, which is more hydrated
and has a looser structure. The acetylation process
influenced the xylan conformation, i.e. acetylated
xylan had a twofold structure. In turn, deacetylated
xylan had a twofold conformation only in the first
adsorption layer in close contact with cellulose, while
the other xylan molecules had a threefold conforma-
tion (Jaafar et al. 2019).

Similar to xyloglucan, arabinoxylans with fewer
sidechains have been found to interact with cellu-
lose microfibrils (Heredia et al. 1995; Lampugnani
et al. 2018; Ochoa-Villarreal et al. 2012). In contrast
to xyloglucans, arabinoxylans may also contain glu-
cosyluronic acid residues giving acidic properties,
which in turn enable arabinoxylans to interact with
other polysaccharides (Albersheim et al. 2010). In the
case of adsorption of arabinoxylan isolated from rye,
oat, and wheat onto cellulose microfibrils, the higher
molecular weight and the higher substitution degree
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were associated with its lower affinity for cellulose
(Eronen et al. 2011b).

Mixed-linkage (1,3)(1,4)-B-D-Glucan (MLG), like
xyloglucan, also adsorbs on cellulose. Studies show
differences in the interactions of this linear polymer
with microcrystalline cellulose (Avicel) and regener-
ated non-microfibrillar amorphous cellulose (RC).
Based on the binding isotherms, it has been found
that there is irreversible adsorption of MLG on Avi-
cel, which initially (for approx. 10 h) increases rap-
idly and then runs slowly, which may be related to
the more difficult diffusion of adsorbate particles
in microcrystalline cellulose pores. The experi-
ment was carried out at various temperatures: 22 °C,
40 °C, 60 °C, and 80 °C, and its results proved that
the adsorption efficiency increased significantly with
the temperature increase. The presence of additional
insoluble hemicelluloses did not affect the interaction
of MLG with microcrystalline cellulose (Kiemle et al.
2014). Studies conducted with the use of quartz crys-
tal microbalance with dissipation (QCM-D) monitor-
ing have shown that MLG adsorbs irreversibly on the
RC surface forming a hydrogel layer with a thickness
depending on the concentration of MLG in the system
(Kiemle et al. 2014). Also, this technique was used
in analyses of spruce galactogluicomannan (GGM)
adsorption onto hardwood cellulose nanofibrils; in
this system, hemicellulose adsorbed irreversibly quite
well in a lower amount than in the case of xyloglucan
(Eronen et al. 2011b).

Fig. 4 Model representing
the adsorption of hemicellu-
loses on cellulose depend-
ing on the molecular weight

a) Low M, hemicelluloses

Glucomannan has a disaccharide repeating unit
with different ratios of mannose to glucose depending
on the plant species (Melton et al. 2009). It is involved
in interactions with both hydrophobic and hydrophilic
surfaces of cellulose (Yu et al. 2018). Moreover, a
lower degree of mannan O-acetylation was related to
higher binding affinity for hemicellulose on cellulose
(Melton et al. 2009). It was even concluded that, simi-
lar to xyloglucan and xylan, glucomannans can act as
crosslinking agents between cellulose microfibrils.
Previously, it has also been suggested that mixed-
linked glucomannan is tightly bound to cellulose in
low-arabinoxylan cell walls and can interact with ara-
binoxylan (Smith-Moritz et al. 2015).

Generally, the conclusions drawn from the afore-
mentioned studies indicate that the adsorption of
hemicelluloses depends on their molecular weight
(Mw): the higher the Mw value, the lower the adsorp-
tion (Lima et al. 2004). The low-M,, hemicelluloses
probably have a flat conformation on the cellulose
surface, leading to the blocking of its active sites
(Fig. 4a, b). Also, the concentration of hemicelluloses
in the solution triggers different adsorption mecha-
nisms—hemicelluloses in low-concentrated solu-
tions have a flat arrangement on the cellulose surface
(Fig. 4c), while the train and loop conformation of
hemicelluloses on the cellulose surface is observed
in high-concentrated solutions (Fig. 4d). The sub-
stitution with neutral sugars, such as xylose, fucose,
or galactose, cannot be neglected either; however, a
recent study has shown greater affinity of unbranched

b) High M,, hemicelluloses

Wl

(M,,) of hemicellulose (a),
(b) and its concentration in

the solution (c), (d) (Lima
et al. 2004; Villares et al.
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2015)
c) Lower concentration of hemicelluloses d) Higher concentration of hemicelluloses
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glycosylated and fucosylated xyloglucan for cellulose,
and these xyloglucan motifs represent a minor part of
apple XG (Chen et al. 2022). The Table summariz-
ing the amounts of adsorbed hemicelluloses taking
into account the adsorption conditions and cellulose
sources is presented as Supplementary Material.

Adsorption of pectins on cellulose

The interaction of pectins with cellulose microfi-
brils in in vitro adsorption systems is not obvious. It
probably takes place between sidechains consisting
of neutral sugars, such as galactose, arabinose, and
xylose (Gu and Catchmark 2013). For example, the
influence of pectic arabinan and galactan sidechains
on the ability of these compounds to adsorb on cellu-
lose has been extensively studied due to their impor-
tance for xyloglucan-poor cell walls (Zykwinska et al.
2007). Also, the degree of pectin methylation does
not directly affect these interactions (Patel 2009). The
effect of the degree of esterification and side branch-
ing was investigated during the synthesis of cellulose
in a calcium ion-free system (Lin et al. 2016). It has
been shown that homogalacturonan adsorbs on cellu-
lose but in a very small amount, significantly lower
than that of pectins containing neutral sugar side-
chains, mainly galactose and arabinose. On the other
hand, Zykwinska et al. (2007) showed that only 8%
of arabinan-rich pectins can bind to cellulose. The
degree of esterification (DE) of pectin is not a key
factor; however, pectins with a lower DE can bind
cellulose more efficiently, but these differences are
very small. This is probably related to the presence
of negatively charged (-COO-) groups of galactu-
ronic acid in low-methylated pectins. The presence of
divalent Ca?* and Mg?* cations in the system is also
important, as they can form bonds with the above-
mentioned group between two homogalacturonan
chains, resulting in the creation of a network with dif-
ferent properties (Gu and Catchmark 2013; Paul et al.
2012; Zykwinska et al. 2007).

Pectins adsorb reversibly on cellulose, and inter-
actions between this adsorbate and the adsorbent
are weak and limited only to the cellulose surface
(Lin et al. 2016; Zykwinska et al. 2007). Arabinan
and galactan sidechains are usually too short to be
entrapped in cellulose microfibrils and to tether two
adjacent cellulose microfibrils. On the other hand,

experiments with strong alkali extraction showed
reasonable amounts of arabinan-rich polysaccharides
in the extracts, which may suggest that arabinan-rich
pectins can bind to cellulose (Zykwinska et al. 2007).
Further information can be provided by monosaccha-
ride analysis of cellulose residues after strong alkali
treatment. It is postulated that the presence of unex-
tracted polysaccharides in the final cellulose resi-
due is a result of strong interactions between these
polysaccharides and cellulose. The analysis of the
monosaccharide composition of the polysaccharides
indicates mostly RG I rich in galactan sidechains.
As concluded by Broxterman and Schols (2018), RG
I consisting of galactose and arabinose sidechains is
covalently linked to cellulose in the final residue of
the extracted carrot cell wall. Similar studies of cellu-
lose-retained polysaccharides involved wood and flax
bast fibers (Gorshkova et al. 2015; Gurjanov et al.
2008). In the gelatinous layer of tension wood, the
presence of RG I and p-(1-4)-galactan was detected,
which evidenced their entrapment between cellulose
microfibrils (Gorshkova et al. 2015). In the case of
flax bast fibers, the cellulose-retained polysaccharide
was identified as galactan (Gurjanov et al. 2008).
Research also shows the influence of the morpho-
logical structure of cellulose on the pectin adsorption
efficiency, similar to that described above for xyloglu-
can. The Langmuir and Freundlich adsorption mod-
els were the best to describe the interaction between
pectin and cellulose. However, the Freundlich model,
revealing the importance of heterogeneity of the cel-
lulose surface and multilayer formation, was chosen
as better fitted (Zykwinska et al. 2008b). The adsorp-
tion of apple pectins took place on high-crystalline
CNW cellulose, whereas the values obtained for
high-amorphous PASCNW were below the detec-
tion limit. In turn, the degree of xyloglucan adsorp-
tion was much greater than that of pectins in the same
conditions, probably because pectins interact with
cellulose primarily through sidechains. Their main
chain consisting of galacturonic acid showed no sig-
nificant interactions (Gu and Catchmark 2013). The
importance of arabinan-rich pectins in the cell wall of
drought-resistant plants has been highlighted (Moore
et al. 2008). Probably, during water deficit, arabinan-
rich pectins prevent the formation of tight pectin
junctions, e.g. egg-box or hydrogen bonding, between
cellulose and xyloglucan, which enables the cell wall
to maintain its flexibility. The Table summarizing
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the amounts of adsorbed pectins taking into account
adsorption conditions and cellulose sources is pre-
sented as Supplementary Material (SM Table 1).

No significant interactions between cellulose and
pectin have been demonstrated using in vitro bind-
ing assays. However, solid-state NMR spectroscopy
has shown that there is strong contact between these
compounds, which may be related to the crowd-
ing of these macromolecules in the cell wall rather
than formation of bonds or van der Waals interac-
tions. Therefore, it is most likely that pectins become
trapped between the microfibrils of cellulose already
during plant cell wall biosynthesis and probably have
arole in the formation of the cell wall structure in the
case of hemicellulose deficit (Wang et al. 2015; Phyo
et al. 2017). As shown by Ng et al. (2014), RGI in
the apple cell wall contains both free and cellulose
microfibril-bound arabinan and galactan sidechains. It
was also assumed that branched arabinan did not bind
to cellulose, while the NMR result showed two states
of the linear forms of arabinan: less mobile attached
to cellulose and with higher mobility attached to RGI
(Ng et al. 2014; Phyo et al. 2017). Also, it was shown
that the rigid parts of pectic polysaccharides (HG
and RGI) were more prone to interact with cellulose
(Phyo et al. 2017). Further NMR studies showed that
HG was less crosslinked in the proximity to cellulose,
while shorter chains of HG interacted with cellulose
less efficiently. These results are of great importance
for understanding the mechanism of growing cells—
the limited pectin-cellulose interaction facilitates
cell wall loosening and expansion (Phyo et al. 2017).
Finally, the general conclusion from the NMR study,
which is in contradiction to in vitro studies, is that
the pectin backbone rather than neutral arabinan and
galactan sidechains is involved in the pectin-cellulose
interaction (Phyo et al. 2017).

Adsorption of hemicellulose and pectins
on cellulose

The most important factors in the formation of the
plant cell wall are differences in interactions between
cellulose and pectins in the presence of hemicel-
luloses in the adsorption system. The interaction
of xyloglucan not only with cellulose but also with
acidic pectins puts hemicellulose in the central
place of control of cell wall extensibility and cell
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enlargement and mechanical properties of tissues
(Chanliaud et al. 2002). On the other hand, coating
cellulose by xyloglucan enforces a minimal distance
between microfibrils, thereby preventing their aggre-
gation (Thimm et al. 2002). Zykwinska et al. (2005)
showed that there is always competition between
non-cellulosic polysaccharides in binding to cellu-
lose. Xyloglucan, for example, binds more strongly
to cellulose than pectins or pectic domains because
there is better complementarity between the sur-
face of xyloglucan and cellulose and the structure of
xyloglucan is favorable in the interaction with cellu-
lose. Nevertheless, pectic polysaccharides can bind
to cellulose when there is an insufficient amount of
hemicelluloses (Bootten et al. 2004). For example,
Zykwinska et al. (2008a) showed adsorption of ara-
binan-rich pectin at a low concentration of xyloglu-
can. Also, covalent bonding of xyloglucan with acidic
pectins has been shown (Thompson and Fry 2000).
Pectins can interact with each other too. Arabinans,
galactans, and arabinogalactans have been shown to
form covalent bonds with rhamnogalacturonan I (RG
I) (Heredia et al. 1995). RG I and RG II can also form
bonds, e.g. a glycosidic bond with HG; however, the
exact position of this bond is not known (Willats et al.
2001). It has also been reported that an increase in
the concentration of pectins in the adsorption system
leads to their greater adsorption on cellulose even in
the presence of xyloglucan (Zykwinska et al. 2008b).
The competitive binding between xyloglucan and
pectin was stressed (Zykwinska et al. 2007, 2008b).
Hemicelluloses probably form a layer on the sur-
face of cellulose that has the potential to interact with
pectins (Kiemle et al. 2014). The presence of solu-
ble hemicelluloses and neutral pectins influences the
interactions between (1,3)(1,4)-p-D-Glucan (MLG)
and microcrystalline cellulose (Avicel), which may
be either supportive or inhibitory. The order in which
polymers are placed in the adsorption system is of
great importance. Cellulose that is first bonded by
neutral pectins, i.e. arabinan, and galactan, signifi-
cantly reduces MLG adsorption. On the other hand,
the initial binding of MLG with Avicel has a positive
effect on pectin adsorption and increases the bind-
ing of arabinan, galactan, and cellulose. Xyloglucan
adsorbs very well on cellulose and thus inhibits the
interaction between MLG and Avicel to the greatest
extent. The affinity of xyloglucan for cellulose is so
high that the earlier binding of the adsorbent to MLG
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only slightly reduces its adsorption. Soluble arabinox-
ylan also inhibits the interaction between MLG and
Avicel more effectively than arabinan and galactan,
but to a lesser extent than xyloglucan.

Conclusions and future prospects

Experimental studies of the adsorption of non-cel-
lulosic polysaccharides on microfibrillar cellulose
can provide many valuable insights into the interac-
tions between these macromolecular compounds.
Adsorption studies test the nature of the interactions
between hemicelluloses/pectins and microfibril-
lar cellulose. Adsorption kinetics gives information
about the process of accumulation of the adsorbate on
the adsorbent. The adsorption equilibrium shows the
quantitative maximum adsorption, thereby providing
information about a polymer with the highest affinity
for cellulose. These results allow further considera-
tion of the interactions, taking into account specific
trends, e.g. a favorable polymer conformation, the
presence of specific functional groups, and specific
structural units. This information is vital for design-
ing new biomaterials.

The adsorption between cellulose and xyloglucan,
i.e. the main representative of hemicelluloses, has
been most extensively studied so far. This hemicel-
lulose in particular has been shown to have a strong
affinity for cellulose. It adsorbs on its surface and can
even act as a promoter for further binding, for exam-
ple with pectins, in certain conditions. Furthermore,
xyloglucan shows the ability not only to interact
locally with the surface of cellulose fibrils but also
to coat them. In adsorption studies, no significant
interactions between pectins and cellulose have been
demonstrated. If they do occur, their neutral sugars,
e.g. arabinose, galactose, and xylose, are believed to
be mainly responsible for this phenomenon. The mor-
phological structure of cellulose microfibrils cannot
be neglected in the picture of the interaction between
cell wall macromolecules, as it has a significant influ-
ence on the adsorption efficiency. The more ordered
and highly crystalline structure is associated with
higher interaction capacity. Interactions between cel-
lulose and hemicelluloses are thought to influence the
aggregation of fibrils and even the formation of crys-
talline cellulose microfibrils (Zhang et al. 2021).

Model adsorption studies represent in vitro experi-
mental investigations. Polymer solutions are diluted
and it is not possible to select the exact concentra-
tion of polymers that is present in the plant cell wall,
which certainly varies. Another drawback is that the
exact quantitative ratio of hemicelluloses/pectins
to cellulose that can be found in nature is unknown.
Similarly, the entire cell wall system cannot be accu-
rately mapped in studies of the interactions between
its major components. Presumably, these interac-
tions are influenced by the medium with a specific pH
value, the temperature, the climate in the plant habi-
tat, certain enzymatic reactions, the growth stage, and
many others. The contribution of hydrogen bonds,
hydrophobic interactions, or van der Waals forces
is not the only source of stabilization of the con-
tact between hemicelluloses/pectins and cellulose.
For example, coarse-grained molecular dynamics
(CGMD) and NMR studies have revealed that pectins
are in close contact with cellulose, which is deter-
mined not only by these interactions but also by the
packing/crowding of these polymers between the cel-
Iulose microfibrils. Additionally, studies of cellulose
residues after strong alkali extraction give evidence
that some hemicelluloses and pectins are probably
trapped within cellulose microfibrils.

The adsorption studies of the interaction between
cellulose and hemicelluloses/pectins are of great
interest from a biological point of view, as they help
to improve the models of the plant cell wall. Impor-
tantly, they also have applications in industry, espe-
cially in the field of biosorption, which is in line with
green chemistry. Furthermore, there are still ques-
tions waiting to be answered, e.g. about the impact
of the degrees of methylation and acetylation of non-
cellulosic polysaccharides on the adsorption of these
components on cellulose.
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7.1. Materiaty uzupeltniajace publikacji P.1

SUPPLEMENTARY MATERIAL

SM Table. 1. Table gathering information about the maximum adsorption values of
hemicelluloses and pectins, taking into account process conditions and cellulose source.

Xyloglucan BMCC 40°C 250 Lopez et al.
. 2010
from tamarind,
non-fucosylated CNC from 20°C, 18 h 333 Dammak et
cotton al. 2014
Avicel 20 mM sodium | 13 Zykwinska
acetate buffer et al. 2005
(pH 5.8), 40°C,
6h
primary cell 20 mM sodium | 33 Zykwinska
wall (PCW) acetate buffer et al. 2005
cellulose (pH 5.8), 40°C,
6h
B-CNW 25°C, 202 Gu and
overnight Catchmark
2013
C-CNW 25°C, 98 Gu and
overnight Catchmark
2013
B-PASCNW | 25 °C, 39 Gu and
overnight Catchmark
2013
C-PASCNW | 25°C, 29 Gu and
overnight Catchmark
2013
Xyloglucan primary cell 20 mM sodium | 112 Zykwinska
from pea, wall (PCW) acetate buffer et al. 2008
fucosylated cellulose (pH 5.8), 40°C,
6h
Xyloglucan CNF 40°C,6h 76 Chenetal.
from apple 25 mM sodium 2022
acetate buffer
(pH 6.0)
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Xylan B-CNW 25 °C, 187 Gu and
from beechwood overnight Catchmark
2013
C-CNW 25°C, - Gu and
overnight Catchmark
2013
B-PASCNW | 25 °C, 27 Gu and
overnight Catchmark
2013
C-PASCNW | 25°C, - Gu and
overnight Catchmark
2013
MLG Avicel 20 mM sodium | 28 Kiemle et
acetate buffer al. 2014
(pH 5.5), 40
°C,20h
Arabinan-rich Avicel 20 mM sodium | 4 Zykwinska
pectin acetate buffer et al. 2005
from sugar beet (pH 5.8), 40°C,
6 h
primary cell 20 mM sodium | 8 Zykwinska
wall (PCW) acetate buffer et al. 2005
cellulose (pH 5.8), 40°C,
6 h
Galactan-rich Avicel 20 mM sodium | 3 Zykwinska
pectin acetate buffer et al. 2005
from potato (pH 5.8), 40°C,
6h
primary cell 20 mM sodium | 9 Zykwinska
wall (PCW) acetate buffer et al. 2008
cellulose (pH 5.8), 40°C,
6 h
Pectin Avicel 20 mM sodium | - Zykwinska
from citrus acetate buffer et al. 2005
(pH 5.8), 40°C,
6 h
Pectin B-CNW 25°C, 59 Gu and
from apple overnight Catchmark
2013
C-CNW 25°C, 51 Gu and
overnight Catchmark
2013
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B-PASCNW | 25 °C, 19 Gu and
overnight Catchmark
2013
C-PASCNW | 25°C, - Gu and
overnight Catchmark
2013
Arabinogalactan | B-CNW 25 °C, - Gu and
from larch wood overnight Catchmark
2013
C-CNW 25°C, - Gu and
overnight Catchmark
2013
B-PASCNW | 25 °C, - Gu and
overnight Catchmark
2013
C-PASCNW | 25°C, - Gu and
overnight Catchmark
2013

BMCC - bacterial microcrystalline cellulose; CNC - Cellulose nanocrystals; CNF - cellulose nanofibers;
Avicel - microcrystalline cellulose; B-CNW - crystalline cellulose nanowhiskers (CNWSs) obtained from
bacterial cellulose; C-CNW - crystalline cellulose nanowhiskers (CNWSs) obtained from cotton cellulose;
B-PASCNW - highly amorphous cellulose obtained from B-CNW; C-PASCNW - highly amorphous
cellulose obtained from C-CNW
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ABSTRACT

The firmness of the two apple varieties: Idared and Pinova was similar during ripening, while it decreased
significantly during 3-month storage only for Idared. Pectin-rich fractions were isolated from apple flesh tissue:
water-soluble pectin (WSP), imidazole-soluble pectin (ISP), and hemicellulose-rich fractions: natively acetylated
hemicelluloses (LiCI-DMSO), deacetylated hemicelluloses (KOH). It was shown that the degree of acetylation
(DAc) of the hemicelluloses fraction (LiCI-DMSO) increased during apple ripening and storage, with higher
values for Idared. Furthermore, the DAc of the hemicellulose fraction (LiCI-DMSO) was shown to be negatively
correlated with apple firmness, and thus, among other factors, the effect of the degree of acetylation of hemi-
celluloses on fruit softening during storage. In the WSP and ISP, galacturonic acid content increased during
ripening and storage of apples, which also showed a correlation with firmness. A higher content of linear pectin

was recorded for Idared, while the contribution of rhamnogalacturonans was higher for Pinova.

1. Introduction

Apples are of great interest to consumers who rely on their high
quality. They are primarily guided by the external appearance of the
apples (size, shape, colour, and absence of blemishes). On the other
hand, there are the internal quality factors (firmness, texture, amount of
juice, soluble solids content) that influence their repeat choice (Jaeger
et al.,, 2018; Wang et al., 2022; Zhang et al., 2021). As these are fruits
intended for storage, it is crucial to maintain their high level of quality
for as long as possible. It is known that the composition of the plant cell
wall significantly affects fruit texture (Cybulska et al., 2013; Zdunek
etal., 2014). Therefore, our research addresses the composition of plant
cell wall polysaccharides, with particular emphasis on the degree of
acetylation and their changes during apple ripening and postharvest
storage.

During fruit ripening, complex biochemical processes occur, making
the fruit more attractive for consumption and thus spreading the seeds.
Starch is converted into glucose and fructose, making the fruit sweeter
(Aprea et al.,, 2017; Shiga et al., 2011), and there are also changes in the
colour and aroma of the fruit. Fruit ripening is closely linked to texture
changes, there is a softening process that results from the modification,
rearrangement, and degradation of plant cell wall polysaccharides,

driven by both enzymatic and non-enzymatic reactions (Duan et al.,
2008; Prasanna et al., 2007; Ren et al., 2020).

The primary plant cell wall is mainly composed of polysaccharides
such as cellulose, hemicelluloses, and pectin (Fry, 2010; McCann &
Knox, 2010; Serensen & Willats, 2011). Both pectins and hemicelluloses
are characterized by their complex structure. Hemicelluloses are a group
of polysaccharides that, like cellulose, have a f-1,4-linked backbone. In
general, xyloglucans, xylans, p-D-glucans, and mannans are the main
representatives of hemicelluloses (Scheller & Ulvskov, 2010). Pectin is
composed of galacturonic acid linked by an «-1,4-glycosidic bond
(homogalacturonan), and can be highly branched (rhamnogalacturonan
types I and II), where the side chains are mainly neutral sugars such as
arabinan, galactans, and arabinogalactans (Kaczmarska et al., 2022;
Zdunek et al., 2021). They may have many side branches and sub-
stituents, such as a methyl or acetyl group, which are attached to the
hydroxyl group to form esters.

Acetylation of plant cell wall polysaccharides takes place in the Golgi
apparatus (Pauly & Ramirez, 2018; Reyes & Orellana, 2008), and the
degree of acetylation of polysaccharides depends primarily on the spe-
cies and organ of the plant (Gille & Pauly, 2012). Moreover, it can
change during the subsequent developmental stages of the plant. Acetyl
groups can be attached to the main chain and side chain of
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hemicelluloses. In dicots xyloglucans, they occur at O-6 of the glucose
residues in the main chain and O-6 or O-3, O-4 of the galactose residues
in the side chain (Gille & Pauly, 2012). However, in aqueous solutions,
acetyl groups can change their position of substitution of the free hy-
droxyl group within the same glycosyl and galactosyl residue (Gille &
Pauly, 2012). In pectin, acetyl groups are attached mainly to the main
chain at the O-2, O-3 position of galacturonic acid in homogalacturonan,
rhamnogalacturonan type I and also at the O-3 rhamnose in rhamno-
galacturonan type I (Gille & Pauly, 2012; Shahin et al.,, 2023). In
contrast, native cellulose is free from decoration with acetyl groups
(Gille & Pauly, 2012).

The degree of acetylation of polysaccharides influences their physi-
cochemical properties. It has been shown that pectins with a high degree
of acetylation showed decreased gelling capacity (Shahin et al., 2023).
Furthermore, the acetyl substituents of non-cellulosic polysaccharides
may provide a steric hindrance to interaction with cellulose. It is known
that a linear glucan backbone, free of branching, is the form most
preferred for adsorption onto cellulose. On the other hand, acetyl sub-
stituents prevent hemicellulose from self-associating (Shahin et al.,
2023), which can be a competitive phenomenon for interaction with
cellulose. Moreover, Jaafar et al. (2019) studies showed the effect of the
acetyl substituents of the xylan on the organization in the adsorption
layer on cellulose, which was dense, stiff, and less hydrated compared to
the deacetylated xylan-cellulose system.

Importantly, the composition of polysaccharides and the interactions
between them define the mechanical properties of the plant cell wall at
the macroscale (Szymanska-Chargot et al., 2024). During fruit ripening
and postharvest storage, certain changes in the structure of poly-
saccharide components occur (Dheilly et al., 2016; Huang et al., 2023;
Lahaye et al., 2013; Posé et al., 2019), which may affect their in-
teractions and thus the integrity of the cell wall (de Ornelas-Paz et al.,
2018; Zykwinska et al., 2005). As a result, there is a reduction in the
firmness of the fruit, which is correlated with cell wall degradation
(Brahem et al., 2017). Generally, pectins undergo solubilization and
depolymerisation during fruit softening, which contributes to wall
loosening (Cybulska et al., 2015, 2022; Kaczmarska et al., 2022). An
increase in water-soluble pectins and the cleavage of side branches of
pectins such as arabinose and galactose has been reported in apples (Lo
Scalzo et al., 2005). On the other hand, the investigation of silencing
genes which were responsible for the production of pectin-degrading
enzymes brought only minimal improvement in slowing the rate of
fruit softening (Bonnin & Lahaye, 2013; D. Wang et al., 2018). There-
fore, it was concluded that the fruit softening induced by losing cell wall
integrity should be rather treated as multiple and simultaneous changes
(D. Wang et al., 2018). Also, the loosening of the pectin-cellulose and
hemicellulose-cellulose networks cannot be neglected as their integrity
is vital for the integrity of the cell wall as a whole. Importantly, sub-
stitution of the main backbone of non-cellulose polysaccharides with
methyl and acetyl esters affects their interaction with cellulose micro-
fibrils (Jaafar et al., 2019).

Much research describing the changes in monosaccharide composi-
tion of cell wall material during apple fruit ripening and storage (Dheilly
et al., 2016; Lahaye et al., 2013; Ng et al., 2015; Percy et al., 1997) has
already been done. The most recent was conducted on four apple cul-
tivars in different development stages (Su et al., 2022). However, our
study innovatively takes into account the analysis of monosaccharide
composition and, in addition, the degree of acetylation of four poly-
saccharide fractions (water, imidazole, lithium chloride in DMSO and 4
M solution of soluble potassium hydroxide polysaccharides) isolated
from two apple varieties at 4 pre-harvest and 3 post-harvest stages.
Moreover, our study shows a correlation of the monosaccharide
composition of pectin-rich fractions with apple firmness, but impor-
tantly and not previously addressed, of hemicellulose-rich fractions and
the degree of acetylation. Furthermore, two apple varieties, Idared and
Pinova, were chosen to compare the results and show differences be-
tween varieties.
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2. Materials and methods
2.1. Plant material

‘Idared’ (ID) and ‘Pinova’ (PIN) apples were harvested from two
orchards located near Lublin in 2021. Apples without blemishes were
randomly harvested from 10 chosen trees at weekly intervals from 21
September (T1, T2, T3) until the harvest date (T4) chosen by the or-
chardists. Apples from the last harvest (T4) were then stored in cold
storage at 2 °C and normal atmosphere for 1 month (T5), 2 months (T6),
and 3 months (T7). Twenty apples of similar size and maturity of the
Idared and Pinova varieties were collected at each stage. The fruit was
peeled and hollowed out and then homogenized into a pulp. The ob-
tained pulp was used for further tests and the preparation of cell wall
material.

2.2. Starch iodine test

Starch Iodine tests were carried out to demonstrate the presence of
starch and thus the maturity state of Idared and Pinova apples from all
ripening (T1-T4) and storage terms (T5-T7). In each case, five apples
were split in half along the equator and then immersed in an iodine
solution (40 g KI + 10 g I in 1 L distilled water) for 1 min, allowed to dry
at room temperature, photographed, and then interpreted (Doerflinger
et al., 2015; Peirs et al., 2002; Szymanska-Chargot et al., 2015).

2.3. Soluble solids content (SSC)

Total soluble solids content (SSC) was determined using a digital
Brix-based refractometer (PAL-BX/R1, Atago Co. Ltd., Tokyo, Japan).
The apple pulp was filtered on an 11 pm nylon filter and then a drop of
the filtrate was placed on the prism of the refractometer (Szymanska-
Chargot et al., 2012). The measurement was repeated five times for each
sample.

2.4. Firmness (F)

Apple firmness measurements were carried out using a Lloyd LRX
universal testing machine (Lloyd Instruments Ltd., Hampshire, UK) with
a 500 N load cell. A standard puncture test with a cylindrical probe
(11.1 mm diameter) at a speed of 20 mm/min and a maximum pene-
tration depth of 8 mm was used (Skic et al., 2016; Zdunek et al., 2010,
2016). The firmness of the apple flesh was tested, so the skin was cut off
before the test. Firmness (F) was defined as the maximum value of force
needed to puncture the apple flesh and expressed in Newtons (N).
Measurements were taken for eight apples from each term (T1-T7) of
both apple varieties.

2.5. Preparation of cell wall material

Cell wall material (CWM) was extracted from the flesh of 10 apples
from all ripening and storage terms investigated (T1-T7) and from each
cultivar of apples. Extraction was performed according to the well-
known protocol for the extraction of insoluble solids in hot alcohol
(Chylinska et al., 2017; Renard, 2005; Szymanska-Chargot & Zdunek,
2013; Zielinska et al., 2022). The 150 g apple pulp was placed in an
excess of 70 % ethanol solution at a ratio of 1:10 (w/v), boiled for about
20 min, and filtered through an 11 pm nylon filter. The procedure was
repeated several times, then with 96 % ethanol until the filtrate was
negative for sugars by the sulphuric acid-UV method (Albalasmeh et al.,
2013; Szymanska-Chargot et al., 2024). The obtained precipitate was
then washed with acetone, left to air dry, and ground in a ball mill
(Retsch MM400) at 20 Hz for 20 min.
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2.6. Sequential extraction of cell wall polysaccharides

Sequential extraction was performed for isolated CWM of both apple
cultivars from all terms (T1-T7). Fractions of water-soluble pectins WSP,
imidazole-soluble pectins ISP, and hemicelluloses extracted with KOH
were obtained using the methodology previously described by Szy-
manska-Chargot et al. (2024). Whereas the fraction of natively acety-
lated polysaccharides, mainly hemicelluloses, was extracted with LiCl-
DMSO solution according to the methodology proposed by Ray et al.
(2014) with some modifications. The sequential extraction steps are
shown in SM Fig.1. The WSP and ISP fractions were referred to as mainly
pectin-rich fractions, while LiCI-DMSO and KOH were referred to as
mainly hemicellulose-rich fractions.

2.6.1. WSP fraction

To 300 mg CWM, 30 mL distilled water was added and stirred on a
rotator overnight at 23 + 1 °C room temperature. Centrifuged and
filtered on a nylon filter, the resulting WSP filtrate was frozen and then
lyophilized.

2.6.2. ISP fraction

To the precipitate, 30 mL of Imidazole-HCI (0.5 mol-.L~! imidazole
neutralized to pH 7 by HCl) was added and stirred on a rotator overnight
at 2 °C. Centrifuged and filtered on a nylon filter, ISP1 filtrate was ob-
tained. Then 30 mL of 0.5 mol-L ™! imidazole-HCl was added again to the
precipitate and stirred on a rotator for 2 h at 23 + 1 °C room tempera-
ture. It was centrifuged and filtered on a nylon filter, and ISP2 filtrate
was obtained. Fractions ISP1 and ISP2 were combined as ISP.

2.6.3. LiCI-DMSO fraction

To the precipitate was added 60 mL of LiCl-DMSO solution (0.2
mol-L ™! LiCl in DMSO, eg: 84 g of LiClin 1 L of DMSO). It was stirred ina
water bath with heating at 50 °C for 48 h. After a fixed time, the sus-
pension was cooled and centrifuged (20 min, 20 °C, 9000 xg), filtered
on a nylon filter, and the filtrate of mainly acetylated hemicelluloses in
LiCI-DMSO was obtained.

2.6.4. KOH fraction

To the precipitate, 15 mL of KOH solution with NaBH4 (4 mol.L .
KOH + 0.01 mol-L™! NaBH,) and stirred on a rotator for 2 h at 2 °C.
Centrifuged and filtered on a nylon filter, the resulting filtrate with 4 M
KOH was neutralized to neutral pH.

The resulting ISP, LiCI-DMSO, and KOH filtrates were dialyzed using
membranes (MWCO 1000, Roth) against distilled water controlling its
conductivity, and then frozen and lyophilized. All lyophilizates were
stored in a desiccator prior to further study.

2.6.5. Monosaccharide compositions

Monosaccharide composition was investigated according to the
method developed by Zhang et al. (2018) with some modifications
(Cybulska et al., 2022). Pectin samples were disintegrated using 2 M
methanolic HCI at 80 °C for 72 h, and then hydrolysis with 2 mL of 3
mol-L ! trifluoroacetic acid (TFA) solution at 100 °C for 7 h. Then 1 mL
of water, 50 pL of 0.3 mol-L~! NaOH, and 50 pL of a 0.5 mol-L~! solution
of 1-phenyl-3- methyl-5-pyrazolone (PMP) in methanol were added to
each sample. After incubating at 70 °C for 60 min, samples were
neutralized with 50 pL of 0.3 mol L ! HCI, extracted with chloroform,
and filtered through a 22-pm membrane directly to the HPLC vials.
Monosaccharide and uronic acid standards (arabinose, fucose, galac-
tose, galacturonic acid, glucose, glucuronic acid, mannose, rhamnose,
and xylose) were treated in the same way as pectin samples.

The PMP-labelled samples were analyzed using a HPLC system
consisting of a 1130 HPLC quaternary pump, a S 5300 sample injector, a
S 4120 column oven, and a S 3350 PDA Detector (Sykam GmbH,
Gewerbering, Germany) equipped with a Zorbax Eclipse XDB-C18 (4.6
mm i.d. x 250 mm, 5 pm) analytical column coupled with an Agilent
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Eclipse XDB-C18 guard column (4.6 mm i.d. x 12.5, 5 pm). The mobile
phase consisted of A: 0.1 mol-L ! phosphate buffer (pH 6.7) and B: 50 %
v/v solution of 0.1 M phosphate buffer in acetonitrile, at a ratio A:B of
69:31 % (v/v) under isocratic elution mode. The injection volume was
20 pL, with a flow rate of 1.8 mL/min at 30 °C, and the detection
wavelength was 246 nm. The analysis was performed in triplicate.

Additionally, on the basis of monosaccharide composition the
following sugar ratios were calculated:

GalA

Fuc + Rha + Ara + Gal + Xyl 1)
% 2
%1 3
l;/[(_:;l “4)

Those ratios can be related to the features of polysaccharides such as
linearity of pectin (ratio (1), Eq. 1), contribution of rhamnogalacturonan
I to homogalacturonan (ratio (2), Eq. 2), average side chain length of
rhamnogalacturonan type I (ratio (3), Eq. 3) and contribution of man-
nans in hemicellulose population (ratio (4), Eq. 4) according to Houben
et al. (2011) and Broxterman et al. (2017).

In addition for the pectin-rich fractions, the molar percentage of HG
(HG%, Eq. 5) and RG type I (RG%, Eq. 6) was also calculated according
to the previous study of M'sakni et al. (2006) and Kaczmarska et al.
(2024).

(HG%) = GalA(mol%)-Rha(mol%) (5)
(RGI%) = 2" Rha(mol%) + Gal(mol%) + Ara(mol%) 6)
2.7. Degree of acetylation and methylation

The degree of acetylation and methylation was determined for the
polysaccharides of the WSP, ISP, LiCl-DMSO, and KOH fractions of the
cell wall of Idared and Pinova apples during ripening and storage (T1-
T7). Samples were saponified with sodium hydroxide to release acetic
acid/methanol, which was then determined by HPLC chromatography.
Chromatographic analysis was carried out according to the method
described by Levigne et al. (2002) with some modifications. 5 mg of the
lyophilized sample suspended in 0.5 mL of 0.2 mol.L ! NaOH and
incubated for 2 h at 4 °C. Then 0.5 mL of 0.2 mol-L~! H,SO, was added
to neutralize the sample, followed by centrifugation for 10 min and
filtration (0.22 pm). A 20 pL sample was injected into the HPLC. The
parameters of the chromatographic analysis were: mobile phase — 4
mmol-L ! HyS04, flow rate 0.8 mL/min, C18 column (4.6x250mm, 5
pm), and RI detector. Acetic acid and methanol were used as an external
standard and a calibration curve was performed under the same analysis
conditions as for the samples. Three replicates were performed for each
sample.

The degree of acetylation/methylation refers to the percentage ratio
of the mass of acetic acid/methanol to the mass of polysaccharides of a
given fraction (calculated from the analysis of monosaccharide compo-
sition, HPLC; monosaccharides yield of Man, Rha, GlcA, GalA, Glc, Ga,l
Xyl, Ara, Fuc * sample mass).

2.8. Statistical analaysis

Statistical analyses for the data: firmness, SSC, dry weight, mono-
saccharide composition, DAc and heatmaps of correlations were per-
formed using the Statistica 13 software (StatSoft, Inc., Tulsa, USA). For
each statistical analysis, the limit of inference error was a = 0.05.

The dry weight and firmness results were consistent with a normal
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distribution, checked by the Shapiro- Wilk test. The variance was ho-
mogeneous only for dry weight results, and for firmness, the variance
was non-homogeneous, as checked by the Cochran test. Therefore, a
one-way ANOVA analysis was performed for the dry weight results
(term was a factor), followed by an HSD Tukey test. A two-way ANOVA
(variety and term factor) with Welch's correction followed by a RIR
Tukey's post hoc test was used for firmness results.

The results of SSC, monosaccharide composition, and DAc were
inconsistent with a normal distribution, as checked by the Shapiro-Wilk
test. Thus, a Kruskal Wallis ANOVA analysis was performed, followed by
a multiple comparison of mean ranks post hoc test.

Heatmaps were created based on correlation coefficients from the
mean values for each collection term. Spearman's correlation was cho-
sen, after verifying disagreement with the normal distribution with the
Shapiro-Wilk test and high skewness.

Principal component analysis (PCA) was applied to the mono-
saccharide composition using Unscrambler 10.1 (Camo Software AS.,
Norway). The PCA was used to reduce the data and obtain a smaller set
of principal components (PC) that explain the greatest variation in a
given data set. This avail to monitor the dynamic of changes in cell wall
composition in the course of the apple sampling term. Apart of firmness,
the GalA, sugar ratios, the molar percentage of HG (HG%, Eq. 5) and RG
type I (RG%, Eq. 6), degree of acetylation and methylation in fractions
WSP and ISP, and Man, Gal, Xyl, Fuc, mannose to xylose ratio, degree of
acetylation and methylation in LiCL-DMSO and KOH were chosen and
treated as variables. Standard deviation as a weight was used in the data
weighting process. The NIPALS algorithm was used and the maximum
number of components was seven.
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3. Results
3.1. Overall determination of fruit state

The results of the physicochemical properties selected for evaluation
and monitoring of apple maturity state are shown in Fig. 1., SM Fig. 2.,
and SM Table 1.

The iodine test confirmed a decrease in starch content with apple
ripening (SM Fig. 2.) (Peirs et al., 2002; Shiga et al., 2011). Usually, the
harvest date is not the same as the full maturity of the apples, but only
the minimum maturity that allows the apples to be stored with the
highest quality for as long as possible (Doerflinger et al., 2015) and is
dependent on the apple variety. Here, in the case of both cultivars,
Pinova and Idared the typical harvest period is from the beginning to the
middle of October. The Idared apples at T4 had a higher starch content
than Pinova, while the influence of cold storage on starch content (terms
T5-T7) was similar for both apple varieties.

Another important and commonly used indicator of maturity is
firmness (Ng et al., 2014; Rutkowski et al., 2008; Szymanska-Chargot
et al., 2012), and the firmness of apples at harvest significantly de-
termines their quality and post-harvest storability (de Ornelas-Paz et al.,
2018). The firmness results for Idared and Pinova apples are shown in
Fig. 1. Apple firmness was maintained at a similar level during ripening
on the tree and at harvest day (T1-T4) and firmness values were similar
between varieties (Idared 72-68 N; Pinova 72-67 N, respectively). In
contrast, statistically significant differences between cultivars occurred
during post-harvest cold storage (after two and three months; T6-T7). A
significant loss of firmness occurred in Idared apples, where firmness
was 43 N after three months of post-harvest storage, which was in line
with an earlier study by Szymanska-Chargot et al. (2012) for ‘Ligol’ and
‘Shampion’ apples. Interestingly for the Pinova apple variety, no
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Fig. 1. Firmness graph of idared and pinova apples during ripening on the tree and post-harvest storage. A two-way Welch's ANOVA analysis was carried out, testing
changes in firmness against term and apple variety. Letters in superscript indicate statistically significant differences: values with the same letters are not significantly
different in RIR Tukey's post hoc test (p < 0.05). Points and whiskers express the mean + 0.95 confidence interval.
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significant decrease in firmness was observed during post-harvest stor-
age. Namely, the firmness of Pinova apples after three months of cold
storage was 66 N, close to the harvest date firmness of 67 N. To be more
precise, in the case of Pinova, the firmness value at T5 (71.04 + 3.37 N)
was slightly higher than at T4 (66.50 + 2.60 N), while no statistically
significant differences were shown. Therefore, both cultivars faced
different behavior during cold room storage: Idared became softer,
while the Pinova apples retained their firmness.

As is well known, with the ripening of fruit subsequently to the fruit
firmness loss, starch is converted into the monosaccharides (Aprea et al.,
2017; Shiga et al., 2011). Therefore, the total soluble solids content
(mainly glucose, sucrose, and fructose) increases as the fruit ripens.
Accordingly, in our study (SM Table 1), SSC increased during ripening
and cold storage (T1-T7) for both apple varieties, but higher SSC values
were reported for Pinova (Idared: 10.66-11.68°Brix; Pinova:
12.92-15.54°Brix). No statistically significant differences in apple dry
weight were observed after three months of cold storage compared to
the harvest date (T4) for both apple varieties. Whereby higher dry
weight values were recorded for Pinova apples (T4: 18.24 %) than for
Idared (T4: 15.75 %).

Generally, both cultivars, Pinova and Idared are recognized as late
apples reaching harvest maturity in October and are suitable for eating
in January. The harvest maturity parameters typical for Idared are:
firmness — 67-87 N, SSC (°Brix) — 10.5-11.5, and starch index — 6-8,
while those parameters for Pinova apples are: 62-72 N, 11.5-13.00
(°Brix), and 6-7, respectively. Thus, the T4 of Idared indeed was the
optimum harvest date (E-Sadownictwo, 2024). In the case of Pinova
firmness and SSC at T4 were typical for the optimum harvest date, but
the starch index was probably too high (starch already degraded, SM
Fig.2). However, in the case of Pinova apples firmness was stable during
storage in contrast to the Idared apples, as stated above.

3.2. Monosaccharide composition

The composition of the cell wall has an important influence on the
texture properties of apple fruit (Cybulska et al., 2013; Zdunek et al.,
2014). Fruit softening is closely linked to the solubilization and degra-
dation of major cell wall components, such as pectin, hemicelluloses,
and cellulose, related to changes in enzymatic activity (Leszczuk et al.,
2019). Pectins are modified by pectinases such as pectin lyase (PL)
polygalacturonase (PG), pectin methylesterase (PME) and pectin ace-
tylesterase (PAE), hemicelluloses by xylanase, p-glucosidase (p-Glu),
and cellulose by cellulase (Cx), among others (Ren et al., 2020; Wang
et al., 2024).

The monosaccharide composition was determined for the pectin-rich
fractions: WSP, ISP and hemicellulose-rich fractions: LiCl-DMSO, KOH
of two apple cultivars at ripening on the tree (T1-T4) and postharvest
storage (T5-T7). An overview of the monosaccharide composition of the
aforementioned fractions at T1-T7 terms is shown in SM Fig. 3, and the
detailed course of changes in the content of individual monosaccharides
isshown in Fig. 2 and Fig. 3. Differences in monosaccharide composition
between cultivars are shown in SM Fig. 4. Additionally, the specific
sugar ratio was calculated (SM Table 2).

The structure of the main components of the plant cell wall has been
described previously by Pekala et al. (2023) and Szymariska-Chargot
et al. (2024). Pectins are mainly composed of galacturonic acid, galac-
tose, arabinose, and rhamnose (Kaczmarska et al., 2022, 2023; Zdunek
et al., 2021), while hemicelluloses are composed of xylose, glucose,
mannose, and also galactose (Gao et al., 2023). It is worth noting that
the extracted plant cell wall polysaccharide fractions were not strictly
pure and completely separated into specific polysaccharide groups.
Namely, the obtained WSP and ISP fractions contained mainly pectins,
and the LiCl-DMSO and KOH fractions contained mainly hemicelluloses,
but may also contain some interposition of other plant polysaccharide
groups. For example, the exaggerated presence of glucose may have
originated from starch (Chen & Lahaye, 2021), which remained after the

Food Chemistry 470 (2025) 112639

isolation stage of the cell wall material. Above that, the glucose in the
pectin fraction could have come from a negligible amount of hemi-
celluloses and cellulose. Furthermore, arabinose and galactose in the
pectin and hemicellulose fractions could also have originated from
arabinogalactan-proteins, which are present in the plant cell wall
(Kutyrieva-Nowak et al., 2023; Leszczuk et al., 2018).

Predictably, the WSP (SM Fig. 3 a,b) and ISP (SM Fig. 3 c,d) fractions
consisted mainly of galacturonic acid, arabinose, galactose, rhamnose,
and xylose. Glucose was also observed in these fractions, especially with
high content in T1-T4. Theoretically, Glc is not present in the compo-
sition of pectin, while its presence especially in the T1-T4 probably came
from starch, as it was not enzymatically removed from CWM. This is
consistent with the result of the iodine test (SM Fig. 2), which showed
the presence of starch at T1-T4.

The GalA content of the WSP fraction (Fig. 2.4 a) increased at
ripening and storage terms, for Idared from 23 mol% (T1) to 45 mol%
(T6), and for Pinova from 25 mol% (T1) to 38 mol% (T7). Also, Billy
et al. (2008) showed an increase in galacturonic acid content during
postharvest storage for Fuji apples. The increase in GalA during ripening
and cold storage may have been related to the solubilization of tightly
bound pectins in the plant cell wall and an increase in weakly bound,
water-soluble pectins (Cybulska et al., 2015; Szymanska-Chargot et al.,
2016; Zdunek et al., 2016). Also, an increase in the WSP fraction during
postharvest fruit storage was shown in apples in the study by Lo Scalzo
et al. (2005), in bananas by Duan et al. (2008), in blueberries by (Chen
et al.,, 2015), among others. Subsequently, the levels of arabinose and
galactose, the main neutral monosaccharides that occur in branch chains
of pectin, were analyzed. Ara content increased during ripening and
storage (Fig. 3.2a), and statistically significant differences were
observed for T1 (9 mol%) and T7 (33 mol%) in the case of Idared, T1 (18
mol%) and T5 (32 %mol) for Pinova. Gal increased at T1-T4 (5-11 mol
%) for Idared, while decreased for Pinova, and statistically significant
differences were observed only between T2 and T7 (15-11 mol%)
(Fig. 2.6a). Pinova had a higher Gal content, and the differences be-
tween varieties were statistically significant (SM Fig. 4 f). Significantly,
Ng et al. (2015) reported that a high content of galactose and thus
galactans was associated with reduced porosity of the plant cell wall,
which might act as a hindrance to enzymes affecting cell wall loosening.
Also, de Ornelas-Paz et al. (2018), showed a high correlation between
galactose content and softening in Golden Delicious apples. Rha content
increased with apple development, for Idared statistically significant
differences were between T1, T2 (2 mol%), and T5 (6 mol%), and for
Pinova T5 (3 mol%) and T7 (6 mol%) (Fig. 2.2a). Whereby, statistically
significant differences were shown in the mean Rha content of WSP
between cultivars (SM Fig. 4b). Interestingly, the ratio (1) (Eq. 1, SM
Table 2) presenting the linearity of pectins was higher for the Idared
than Pinova. The decrease in arabinose and galactose content could also
reflect degradation of arabinogalactan polysaccharides and cleavage of
branched pectin side chains during cold storage (Posé et al., 2019;
Yashoda et al., 2005).

For ISP fractions, an increase in GalA was also observed (Fig. 2.4b),
for Idared T1-T5 (34-57 mol%), and Pinova T1-T7 (30-37 mol%). There
were statistically significant differences in GalA content between culti-
vars, where the GalA content in the ISP fraction was higher for Idared
apples (SM Fig. 4 d). The Gal content of the ISP fraction decreased at
storage terms, for Idared T1-T6, T7 (10-5 mol%), and for Pinova from
T2 to T7 (15-12 mol%), indicating degradation of the side chains of the
pectic polysaccharides. As in the WSP fraction, the ISP fraction also had
a higher galactose content for Pinova (SM Fig. 4f). Furthermore, for the
ISP fraction, there was a similar trend of changes in arabinose levels as
for the WSP fraction. Also as above, the ratio (1) (Eq. 1) indicating the
linearity of pectin was higher in Idared than in Pinova, while this was
more noticeable in the ISP fraction than in the WSP fraction, especially
at postharvest storage terms.

The presence of galacturonic acid, rhamnose, arabinose, and galac-
tose indicated the presence of RG-I (Ng et al., 2015) in both the WSP and
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Fig. 2. The changes in monosaccharide content (1: Man; 2: Rha; 3: GleA; 4: GalA; 5: Gle; 6: Gal), during ripening on the tree (T1-T4) and post-harvest storage (T5-17)
of idared and pinova apples in polysaccharide fractions isolated from the plant cell wall of apples (a: WSP; b: ISP; c: LiCl-DMSO; d: KOH). Mannose (Man), rhamnose
(Rha), glucuronic acid (GleA), galacturonic acid (GalA), glucose (Gle), galactose (Gal), WSP — water-soluble pectins, ISP — imidazole-soluble pectins, LiCl-DMSO —
LiCl-DMSO-soluble natively acetylated hemicelluloses, KOH — hemicelluloses soluble in high alkaline 4 M KOH solution. Kruskal Wallis ANOVA analysis was per-
formed separately for each variety, fraction, and monosaccharide followed by multiple comparisons of mean ranks, with p < 0,05. A designation with the same letter
indicates the absence of a statistically significant difference. Columns express the mean value of %mol and whiskers +0.95 confidence interval.
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Fig. 3. The changes in monosaccharide content (1: Xyl; 2: Ara; 3: Fuc), during ripening on the tree (T1-T4) and post-harvest storage (T5-T7) of Idared and pinova
apples in polysaccharide fractions isolated from the plant cell wall of apples (a: WSP; b: ISP; ¢: LiCl-DMSO; d: KOH). Xylose (Xyl), arabinose (Ara), fucose (Fuc), WSP
— water-soluble pectins, ISP — imidazole-soluble pectins, LiCI-DMSO — LiCI-DMSO-soluble natively acetylated hemicelluloses, KOH — hemicelluloses soluble in high
alkaline 4 M KOH solution. Kruskal Wallis ANOVA analysis was performed separately for each variety, fraction, and monosaccharide followed by multiple com-
parisons of mean ranks, with p < 0,05. A designation with the same letter indicates the absence of a statistically significant difference. Columns express the mean

value of %mol and whiskers +0.95 confidence interval.

ISP fractions. The contribution of rhamnogalacturonans in the fraction
of pectic polysaccharides was higher in the ISP fraction than in the WSP
fraction, especially for the Pinova variety (ratio (2), Eq. 2, SM Table 2).
Also, the higher content of arabinose and galactose relative to rhamnose
(ratio(3), Eq. 3, SM Table 2) in the ISP fraction for Pinova, indicates the
presence of RG-I with higher average side chain length compared with
the ISP for Idared. Additionally, the presence of small amounts of xylose
and the predominant galacturonic acid in these fractions may suggest
the presence of xylogalacturonan (Zdunek et al., 2021).
Monosaccharide composition results for the LiCI-DMSO (SM Fig. 3e,
f) and KOH (SM Fig. 3g,h) fractions confirmed the presence of hemi-
celluloses. The presence in the LiClI-DMSO fraction of xylose, glucose,
galactose, and fucose could indicate the presence of fucogalactox-
yloglucan; galactose, glucose, mannose, in turn, the presence of gal-
actoglucomannan; xylose, arabinose, and glucuronic acid the presence
of glucuronoarabinoxylan. Also, Ray et al. (2014) showed that LiCl-
DMSO mainly extracted galactoglucomannan, fucogalactoxyloglucan,
and glucuronoarabinoxylan from apples. KOH fraction contained mainly
xylose, glucose, galactose, arabinose, and fucose. This composition may
indicate the presence of mainly xyloglucans and arabinoxylans. A small
amount of galacturonic acid was also recorded in the LiCI-DMSO and
KOH fractions, indicating pectin residues. Starch-derived glucose was
also overstated in these fractions, especially at the T1-T4 dates, with a
predominance in the LiCl-DMSO fraction while LiCI-DMSO dissolved the
starch (Blohm & Heinze, 2019; Broxterman et al., 2018; Chen et al.,
2022). Therefore, the analysis of glucose changes was omitted here.
For the LiCl-DMSO fraction, Xyl increased during ripening and
storage (Fig. 3.1c), for Idared T2-T6 (11-32 mol%), and Pinova T1-T7
(9-31 %mol). Thus, the increase in xylose content may be identified

as an increase in xyloglucan content in this fraction with apple devel-
opment (Szymanska-Chargot et al., 2015). Moreover, this was also
confirmed by changes in the levels of monosaccharides, which are side
chains of xyloglucans for which galactosylation and fucosylation can
occur. Previously, Percy et al. (1997) also interpreted that the increase
in xylose, fucose, and glucose, indicates the increase in the amount of
xyloglucan during the early growth phase, during rapid cell expansion.
Accordingly, the levels of Gal and Fuc, which are also found in fuco-
galactosylglucan, were analyzed. Gal increased for Idared from T1, T2 to
T5 (6-11 mol%), and for Pinova from T1 to T6, T7 (6-16 mol%)
(Fig. 2.6¢). The Fuc levels only increased up to 4 mol% for Pinova T7
(Fig. 3.3c). In the case of the other main glucuronarabinoxylan
component, namely arabinose, an increase in its level was also observed
(Idared 3-9 mol%; Pinova 3-12 mol%) (Fig. 3.2c). The amounts of GlcA
were minor and there was no change for Idared, while for Pinova, the
GlcA content at T1 (1 mol%) was statistically different from T4 (3 %mol)
(Fig. 2.3c). Man content increased at T2-T7 for Idared (8-23 mol%) and
at T1-T6 for Pinova (7-17 mol%) (Fig. 2.1c), and the aforementioned
increase in Gal content may indicate an increase in galactoglucomannan
content during apple ripening and storage.

In the KOH fraction Xyl content was higher than in the LiCI-DMSO
fraction (SM Fig. 3), indicating that more efficient extraction of xylo-
glucans occurs with KOH. Xyl content was statistically different between
T2 (34 %mol) and T5, T6 (50 %mol) for Idared, and Pinova between T3
(44 mol%) and T7 (50 mol%) (Fig. 3.1d). However, the increase in Xyl in
the KOH fraction is not clear, the graph is more indicative of the fluc-
tuations of Xyl in the studied terms, in contrast to LiCl-DMSO. The Fuc
content was higher in the KOH fraction (Fig. 3.3d) than in the LiCl-
DMSO fraction (Fig. 3.3c). This implies that in KOH of apples, the
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fucosylated xyloglucan content was very stable. In addition, the amount
of Fuc in the KOH and LiCl-DMSO (SM Fig. 4i) fraction was statistically
different between cultivars; a higher Fuc content was observed for
Pinova apples. Similarly, for Man, no significant changes were observed
at T1-T7 (Fig. 2.1d). Also, Gal content did not show a clear increase as
for the LiCl-DMSO fraction, Gal was statistically different only for Idared
at T1 and T4, and no change was observed for Pinova. Interestingly, the
mannose/xylose ratio (ratio (4), Eq. 4, SM Table 2) was lower in the
KOH fraction than in the LiCI-DMSO fraction, reflecting the lower
contribution of glucomannans in the KOH fraction than in the LiCl-
DMSO fraction.

3.3. Degree of acetylation

The DAc degree of acetylation of the pectin-rich polysaccharides of
the WSP, ISP and hemicellulose-rich KOH fractions extracted from the
CWM of Idared and Pinova apples is shown in SM Fig. 5, while for the
LiCl-DMSO fraction is shown in Fig. 4.

The DAc of pectin-rich fractions (SM Fig. 5 a,b) did not show a
specific trend of change during ripening (T1-T4) and postharvest storage
(T5-T7) for Idared and Pinova cultivars. In the WSP fraction of Idared,
the DAc increased from T1 (1.13 %) to T5 (3.06 %). In the case of
Pinova, the highest DAc values were observed at T2 (2.30 %) and T5
(2.34 %), followed by a statistically significant decrease to about 1 % at
T7. In the ISP fraction, the highest DAc occurred at T3 (2.91 %) for
Idared, and no statistically significant changes were observed for
Pinova. Generally, in the case of pectic polysaccharides, the DAc can
occur for all members of pectic polysaccharides in the side chains sugars
and can vary from around 3 % for Centella asiatica to even 58 % for okra
(Li, Wang, et al., 2023). Pectin undergoes more methylation than acet-
ylation. In the case of methylation, Lo Scalzo et al. (2005) showed an
increase in the degree of pectin methylation during apple storage.

In general, hemicelluloses are isolated from the plant cell wall using
an alkaline (Cheng et al., 2009). However, this extractant can alter the
native structure of hemicelluloses by degradation of acetyl groups in

Food Chemistry 470 (2025) 112639

hemicelluloses. Therefore, Ray et al. (2014) proposed lithium chloride
in dimethyl sulfoxide 8,4 % LiCl-DMSO as an extractant for natively
acetylated hemicelluloses. Furthermore, in contrast to KOH, LiCl-DMSO
extracts hemicelluloses weakly bound in the cell wall (Gautreau et al.,
2022; Ray et al., 2014), probably with shorter polymer chains. Signifi-
cantly, a clear trend of DAc changes with apple development was ob-
tained for the hemicellulose-rich fractions extracted with LiClI-DMSO
(Fig. 4). Namely, an increase in DAc of the hemicellulosic poly-
saccharides was shown during ripening and postharvest storage of ap-
ples and for Idared, DAc values were higher than for Pinova. For Idared,
statistically significant differences were shown between T2 (3.24 %) and
T7 (6,32 %), and for Pinova between T1 (1.60 %) and T7 (4.33 %). As
expected, DAc results for the KOH fraction (SM Fig. 5c) were at trace
levels, confirming that extraction with a highly alkaline extractant de-
grades the acetyl groups of the hemicelluloses. Generally, the DAc ob-
tained for Idared polysaccharide fractions was higher than that of
analogous Pinova fractions. In the case of hemicelluloses, the acetylation
can occur both in the backbone and the side chains (Gille & Pauly,
2012). The backbone acetylation can influence hemicellulose confor-
mation and hydrophobicity (Gille & Pauly, 2012). Moreover, the DAc of
hemicelluloses can vary during the growth of the plant species, and
generally, the more mature the plant organ the higher the DAc is. For
example, in the case of glucomannan, the DAc is from 1 % to 25 %, while
in the case of xylan, it is from 12 to 50 % (Li, Wang, et al., 2023).

3.4. PCA analysis of monosaccharide

PCA is an unsupervised method that can reveal the hidden structure
within data sets leading to a visual representation of the relationships
between samples and variables, their similarities and differences.
Therefore, the two PCA analysis were conducted to find relations be-
tween the monosaccharide composition, firmness, apple cultivar, and
sampling term. The PCA models were built on mean values. The scores
plot allows different groups of samples to be recognized. Whereas, the
correlation loadings show which data have the greatest influence on
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Fig. 4. The degree of acetylation (DAc) of LiCI-DMSO polysaccharide fraction (LiCI-DMSO soluble natively acetylated hemicelluloses) isolated from the cell wall of
idared and pinova apples during fruit ripening and storage. DAc (WT%, weight%) = (mass of acetic acid /mass of polysaccharides in fraction)*100 %. Kruskal Wallis
ANOVA analysis was performed separately for each variety, followed by multiple comparisons of mean ranks. Results that did not have a significant difference were
marked with the same letter, and differences with p < 0,05 were statistically different.
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score grouping and also show a correlation between the variables.
Generally, if a sample's score and the variable's loading on a particular
PC have the same sign, the sample has higher than average value for that
variable and vice-versa. The larger the scores and loadings, the stronger
that relation. Moreover, the variables close to each other in the loadings
plot will have a high positive correlation if the two components explain a
large portion of the samples' variance. The same is true for variables in
the same quadrant lying close to a straight line through the origin. At the
same time, variables in diagonally opposed quadrants tend to be nega-
tively correlated.

The first analysis was based on firmness, monosaccharide content
(Figs. 2,3), acetylation degree (Fig. 4), and methylation degree (SM
Table 3). The PC1 and PC2 together explain 80 % of the variability
(Fig. 5a). Fig. 5 b presents the correlation loadings of each variable
projected on PC1(58 %)xPC2(22 %). The PCA scores plots showed
grouping according to sampling term and cultivar (Fig. 5 a). The Pinova
scores were placed on the positive side of PC2 (except for PIN T1 lying
close to the PC1 axis), while the Idared samples were on the negative
side. Moreover, the sampling term was scattered along the PC1 axis - the
T1-T4 on the positive side and T5-T7 on the negative. The ID T5-T7
formed separate group laying the furthest on the PC1. Generally, the
Pinova samples formed a more dense group.

The correlation loadings plot showing the variables influencing the
scores scattering is presented in Fig.5b. The F variable had the greatest
impact on scores scattered along PC1 axis. The other correlation load-
ings having positive influence on both PC1 and PC2 are Gal WSP,
Gal_WSP, and Fuc_KOH. The varaibles which has a negative influence on
scattering along PC1 axis, but a positive influence on scattering along
PC2 axis were Ara content in all polysaccharide fractions, Xyl content in
WSP, ISP, and LiCL-DMSO fractions, and also Gal, Man, and Fuc content
in LiCl fraction and DAc of polysaccharides in KOH fractions. The DAc in
LiCl-DMSO, GalA content, and DM of WSP polysaccharides had the most
negative influence on scores scatter along PC1 axis (and PC2 ~ 0). The
negative influence on scores scatter along both PC1 and PC2 had Rha
content and DM of LiClI-DMSO and GalA content in the ISP fraction.

The second PCA analysis of firmness, sugar ratios (1-4) (Eq. 1-4), HG
% (Eq. 5), RG% (Eq. 6), acetylation degree, and methylation degree was
also performed (Fig. 6). The scores plot PC1(47 %)xPC2(33 %) showed
grouping effect according to sampling term and cultivar (Fig. 6 a). The
Pinova scores were placed on the positive side of PC1 and PC2 (except
for PIN T1 and T2 lying close to the PC1 axis, but with PC2 < 0). The
Idared samples were on the negative side of PC1, and scattered along
PC2 axis - ID T1-T4 on the negative, and T5-T7 on the positive side of
PC2.

The correlation loading plot (Fig.6b) showed that the most positive
influence on scattering samples points along PC1 axis had F (with having
negative influence on samples scattered along PC2) and molar per-
centage of rhamnogalacturonan (RG%, Eq. 6) in WSP and ISP, DAc of
KOH fraction, and contribution of rhamnogalacturonan in pectins pop-
ulation in ISP (ratio(2), Eq. 2) (with having a positive influence on
samples scattered along PC2). The negative influence on samples' scat-
tering along PC1 axis had ratio (1) (Eq. 1) describing linearity of pectins
in ISP fraction, the molar percentage of homogalacturonan (HG%, Eq. 5)
in WSP and ISP fractions, and methylation and acetylation degree of
polysaccharides in WSP and LiCl fractions. All those had a positive in-
fluence on scattering samples along PC2 axis. The variable which had
negative influence on scattering samples along both PC1 and PC2 had
the ratio (1) (Eq. 1)describing the linearity of pectins in WSP fraction.
The variables such as the contribution of mannans in hemicellulose
population, acetylation degree of WSP and ISP fractions, methylation
degree of ISP and KOH fraction, or average side chain length of rham-
nogalacturonan type I (ratio (3), Eq. 3) in WSP and ISP had lack of in-
fluence on samples scattering.

The correlation between F and other variables can also be noticed
(Fig. 5a and 6a). Only the negative correlation for F variable with molar
percentage of GalA and HG% (Eq. 5) in WSP and ISP, DAc of LiCl-DMSO,
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DM of WSP and LiCl-DMSO, and molar percentage of Rha in LiCl-DMSO
was observed.

3.5. The relationship between the cell wall composition and apple firmness

The correlation of selected factors of pectin-rich fractions (WSP, ISP)
and hemicellulose-rich fractions (LiCI-DMSO, KOH) with apple firmness
changes was studied. The results of the Spearman correlation co-
efficients were presented graphically using a heatmap matrix (Fig. 7).
According to the legend shown, red indicates a high positive correlation,
yellow - a weak/neutral correlation, and green - a high negative corre-
lation. For all polysaccharide fractions, the following factors were
selected in the correlation analysis with firmness: degree of acetylation
DAc, degree of methylation DM, and monosaccharide content: mannose,
rhamnose, glucuronic acid, galacturonic acid, galactose, xylose, arabi-
nose, fucose. In addition, for pectin-rich fractions (WSP, ISP), the effect
of pectin linearity (ratio (1), Eq. 1), RG contribution (ratio (2), Eq. 2),
average side chain length of rhamnogalacturonan type I (ratio (3), Eq.
3), the molar percentage of HG (HG%, Eq. 5) and RG-I (RG%, Eq. 6), and
for hemicellulose-rich fractions (LiCI-DMSO, KOH) the contribution of
mannan to hemicellulosic polysaccharides (ratio (4), Eq. 4) was also
studied.

The statistically significant correlations of selected factors with
firmness were mainly shown for Idared apples, while Pinova apples did
not significantly lose firmness during ripening and post-harvest storage.
Heatmaps for the pectin-rich WSP and ISP fractions are shown in
(Fig. 7a) and (Fig. 7b), respectively. GalA content in both the WSP and
ISP fractions was shown to correlate strongly negatively with firmness of
the Idared apples (WSP, r = —0,93; ISP, r = —0,82). This confirmed
earlier reports, including de Ornelas-Paz et al. (2018) for Golden Deli-
cious apples showing an increase in GalA content with fruit development
and ripening and a strong negative correlation with softening (r =
—0.95). In addition, Billy et al. (2008) showed that GalA content of the
water-soluble pectin fractions was the most important biochemical
marker associated with texture change in Fuji apples. The contribution
of RG to HG in the WSP fraction reported by the ratio (2) (Eq. 2) showed
a statistically significant negative correlation with firmness in Idared
and Pinova apples. However, correlation analysis showed no statistically
significant relationship between the average side chain length of
rhamnogalacturonan type I (ratio (3), Eq. 3) and the linearity of pectin
(ratio (1), Eq. 1) with the firmness of apples. The literature reports that
reduced RGI branching may affect cell wall loosening (Lahaye et al.,
2020; Zdunek et al., 2014), as a result of decreased interaction of RGI
side chains (arabinan and galactan) with cellulose (Zykwinska et al.,
2005), and hemicellulose, which affects cell adhesion and porosity (Liu
et al., 2023). However, according to our statistical tests, no statistically
significant correlation of branching RGI with apple firmness was shown,
similar to Buergy et al. (2021). On the other hand, arabinose and
rhamnose correlated negatively with firmness in the Idared WSP (Ara, r
= —0,93; Rha, r = —0,82), and Idared ISP (Ara, r = —0,89; Rha, r = —0,
86) fractions. Only the galactose content of the ISP fraction of Idared
apples showed a statistically positive correlation with firmness (r = 0,
82). Studies Lahaye et al. (2013) also showed a positive correlation of
galactose with firmness in tomatoes. Pinova, on the other hand, had a
higher galactose content, which may be related to the higher content of
galactan polysaccharides, whose higher content in the cell wall is
associated with lower cell porosity, which in turn may hinder the access
of enzymes affecting wall degradation (Ng et al., 2015). The molar
percentage of HG (HG%, Eq. 5) correlated negatively with firmness in
both WSP (r = —0,93) and ISP (r = —0,79) fractions of Idared. In
comparison, the molar percentage of RGI (RG%, Eq. 5) correlated
negatively with firmness (r = — 0,93) only in the WSP fraction. This is a
consequence of the higher content of linear pectin (ratio (1), Eq. 1) in the
ISP fraction than in the WSP fraction, especially for Idared at storage
terms (SM Table 2). Statistical tests for the pectin-rich fractions also
considered their degree of acetylation and methylation. Only the degree
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axis (b). The outer ellipse in the correlation loadings plot is the unit-circle and indicates 100%100 % explained variance. The inner ellipse indicates 50%50 % of the
explained variance. Abbreviations: mannose (Man), rhamnose (Rha), galactose (Gal), xylose (Xyl), arabinose (Ara), and fucose (Fuc) and uronic acids: glucuronic acid
(GlcA) and galacturonic acid (GalA), degree of methylation (DM), and degree of acetylation (DAc) in WSP — water soluble pectins; ISP — imidazole soluble pectins;
_LiCl -LiCl-DMSO-soluble natively acetylated hemicelluloses, KOH — hemicelluloses soluble in high alkaline 4 M KOH solution; F — firmness.
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Fig. 6. The PCA scores grouped according to cultivar (ID or PIN) and sampling term (T1-T7) (a) and correlation loadings of variables (sugar ratios 1-4, HHG%, RG%,
DAc, DM, and firmness) projected on PC1 and PC2 axis (b). The outer ellipse in the correlation loadings plot is the unit-circle and indicates 100 % explained variance.
The inner ellipse indicates 50 % of the explained variance. Abbreviation: sugar ratio from Eq.1. — (1); Eq.2. — (2); Eq.3. — (3); Eq.4. — (4); the molar percentage of HG
(HG%); the molar percentage of RG type I (RG%); degree of methylation (DM); degree of acetylation (DAc) in WSP — water soluble pectins; ISP — imidazole soluble
pectins; _LiCl -LiCI-DMSO-soluble natively acetylated hemicelluloses, KOH - hemicelluloses soluble in high alkaline 4 M KOH solution, respectively; F — firmness.

of methylation showed a statistically significant negative correlation
with firmness in the WSP fraction for Idared. Importantly, pectin showed
a higher degree of methylation than acetylation (SM Table 3). The de-
gree of methylation and the degree of acetylation of pectins affect the

11

physical and chemical properties of pectin and the complexity of the
structural pectin network. Deesterification of pectins increases their
ability to interact with calcium, forming calcium bridges between the
carboxyl groups of pectin, thus forming ordered pectin networks called
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Fig. 7. The heat maps correspond to the correlation of selected factors with firmness (F) of idared (ID) and pinova (PIN) apples for the pectin-rich polysaccharide
fractions: (a) WSP — water-soluble pectins, (b) ISP — imidazole-soluble pectins and hemicellulose-rich fractions: (¢) LiCl-DMSO - LiCl-DMSO-soluble natively acet-
ylated hemicelluloses, (d) KOI — hemicelluloses soluble in high alkaline 4 M KOII solution. The colours correspond to Spearman's coefficients as indicated in the
legends, *P < 0,05. The correlation coefficient and p-value were obtained using Spearman correlation analysis, where the correlation of the mean firmness of the
apples at the respective term was tested. Abbreviations: mannose (Man), rhamnose (Rha), galactose (Gal), xylose (Xyl), arabinose (Ara), and fucose (Fuc) and uronic
acids: glucuronic acid (GleA) and galacturonic acid (GalA); sugar ratio from Eq.1. — (1); Eq.2. — (2); Eq.3. — (3); Eq.4. — (4); the molar percentage of HG (HG%); the
molar percentage of RG type I (RG%); degree of methylation (DM), and degree of acetylation (DAc) in each polysaccharide fraction.

egg-box structures (Cao et al., 2020; Goulao, 2010). Furthermore,
Huang et al. (2023) showed that the pectin networks of the egg-box
structure were correlated with an increase in firmness.

Many studies report that pectin significantly affects the fruit texture,
and thus its degradation is a key factor in tissue softening (Prasanna
et al., 2007; Wang et al., 2018). Whereas the content of hemicelluloses
and cellulose is also important (Li, Wang, et al., 2023) but still not
sufficiently studied. Therefore, our study also investigated the correla-
tion of selected traits and composition of hemicelluloses with apple
firmness. Heatmaps for the hemicellulose-rich LiCI-DMSO and KOH
fractions are shown in (Fig. 7c) and (Fig. 7d), respectively. The LiCl-
DMSO fraction is rich in natively acetylated hemicelluloses such as
fucogalactoxyloglucan, galactoglucomannan, glucuronoarabinoxylan
while the KOH fraction is mainly xyloglucans. Results for the LiCl-DMSO
fraction showed a negative correlation of firmness with mannose,
galactose, xylose, arabinose for Idared (Man, r = —0,93; Gal, r = —0.89;
Xyl, r = —0,96; Ara, r = —0,86). The fucose content of the hemicelluloses
of the LiCl-DMSO fraction differed significantly between cultivars (SM.
Fig. 4.), while no correlation of fucose with firmness was shown.

Also, Cheng et al. (2009) showed an increase in mannose at different

12

ripening stages of banana fruit but in the 4 M KOH fraction, whereas in
the fraction of hemicelluloses extracted with 1 M KOH they recorded
only subtle fluctuations in changes in xylose and mannose content.
Furthermore, for the LiCl-DMSO fraction, a strong negative correlation
of the degree of acetylation with firmness was shown for Idared apples
(r = —0,86). Our previous studies of the adsorption of selected hemi-
celluloses and pectins on microfibrillar cellulose showed high adsorp-
tion of glucomannan, p-D-glucan, xyloglucan, and xylan, highlighting
the particularly high affinity of linear glucomannan for cellulose
(Szymanska-Chargot et al., 2024). Hence, the decoration with acetyl
groups, and the side-branching of the hemicelluloses may constitute a
steric hindrance to interactions with other polysaccharides of the plant
cell wall and thus, together with other factors, influence its loosening
and consequent loss of firmness. In contrast, in the case of pectin, Liu
et al. (2023) reported that higher levels of branched RG-I influenced
increased cell adhesion and reduced cell wall porosity, thereby main-
taining tomato firmness. Therefore, the neutral monosaccharides in the
side branches of pectin are mainly involved in the interactions with
cellulose (Zykwinska et al., 2005).

The heat map of the KOH fraction (Fig. 7 d) showed a statistically
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significant negative correlation of firmness with the content of Ara and
DAc for Idared. On the other hand, as mentioned above, this is a fraction
of hemicelluloses significantly deacetylated by the strongly alkaline
extractant 4 M KOH, so the effect of acetylation should not be considered
in this group.

4. Conclusions

In summary, the firmness values of both apple varieties, Idared and
Pinova, were similar at the ripening terms on the tree (T1-T4), while
decreased significantly during three-month postharvest cold storage
(T5-T7) for the Idared variety. In contrast for the Pinova apples firmness
remained at a similar level through all terms. Generally, fruit softening is
attributed to changes in the cell wall, so our study analyzed changes in
the composition of monosaccharides and the content of an important
element of polysaccharide structure like acetyl groups, expressed by the
degree of acetylation. Above that, a statistical correlation analysis of
these factors with the firmness of apples was performed to highlight
which could affect the loss of firmness of Idared during postharvest
storage.

The monosaccharide characterization of each cell wall fraction: WSP,
ISP, LiClI-DMSO, and KOH was conducted showing the tendencies in
monosaccharide composition during ripening and postharvest storage.
The increase in GalA and Ara content of Idared WSP fraction was
observed, while in the case of Pinova WSP fraction, the changes of GalA
and Ara faced less dynamism. Whereas Gal content of WSP Idared was
smaller than in the case of Pinova WSP and decreased during postharvest
storage. In the other pectic fraction, ISP the GalA content was higher for
Idared than for Pinova, and reversely Ara and Gal content was lower for
Idared than for Pinova in this fraction. Therefore, for Idared the WSP
and ISP fractions showed higher linearity of pectin than for Pinova. A
higher contribution of rhamnogalacturonans was shown in the WSP
fraction and especially in the ISP for the Pinova variety. In the case of
hemicellulosic fractions LiCI-DMSO and KOH the greatest differences
were in Man and Xyl content. The content of Man and Xyl, so mannans
and xyloglucans increased for LiCl-DMSO, especially for the Idared
cultivar. Moreover, the contribution of mannans to the hemicellulose
fraction was higher for LiCI-DMSO than for KOH for both cultivars. The
Xyl content was particularly high for the KOH fraction and showed no
significant change during ripening and storage for both varieties.

Importantly, an increase in the degree of acetylation of natively
acetylated hemicelluloses of the LiCl-DMSO fraction was observed
during ripening on the tree and postharvest cold storage, with higher
values for Idared apples. In contrast, no specific trend of changes in the
degree of acetylation of the pectin-rich fraction of WSP and ISP was
observed. In summary, together with the composition of mono-
saccharides, the content of acetylated hemicelluloses increased during
ripening on the tree and post-harvest storage of apples.

It is also worth emphasizing that statistically significant strong
negative correlations with firmness were observed for the degree of
acetylation (DAc) and the contents of mannose, galactose, xylose,
arabinose, and fucose in the polysaccharides of the hemicellulose-rich
fraction LiCI-DMSO only for the Idared cultivar. Hence, it can be
assumed that the increase in the degree of acetylation and the content of
acetylated hemicelluloses, among other factors, also affected the soft-
ening of Idared apples during storage. Pectin-rich fractions also showed
some correlations with the loss of firmness of Idared apples. Most
significantly, the WSP fraction showed a negative correlation of GalA
content, the contribution of rhamnogalacturonans (ratio(2)), degree of
methylation (DM), while the ISP fraction showed a positive correlation
of Gal with firmness of Idared apples. Knowledge of the plant cell wall
structure, and more specifically the changes that occur in the structure
of its components, can be used to improve the quality control parameters
of storage fruit as well as in food processing.
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SM Fig. 1. Sequential extraction of polysaccharides from cell wall material (CWM).
Polysaccharide fractions pectin-rich: WSP - water-soluble pectins, ISP - imidazole-soluble
pectins; hemicellulose-rich: LiCI-DMSO — natively acetylated hemicelluloses soluble in LiCl-

DMSO, KOH - hemicelluloses soluble in 4M KOH.
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SM Fig 3. The overview of the monosaccharide composition of polysaccharide fractions isolated
from CWM of Idared and Pinova apples during ripening on the tree (T1-T4) and post-harvest
storage (T5-T7). Mannose (Man), rhamnose (Rha), glucuronic acid (GIcA), galacturonic acid
(GalA), glucose (Glc), galactose (Gal), WSP — water-soluble pectins, ISP — imidazole-soluble
pectins, LiCI-DMSO - LiCI-DMSO-soluble natively acetylated hemicelluloses, KOH -
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SM Fig 4 Overall comparison of the total content of given monosaccharides at all T1-T7 terms
between cultivars in polysaccharide fractions isolated from the plant cell wall of Idared and
Pinova apples, pectin-rich: WSP - water-soluble pectins, ISP - imidazole-soluble pectins;
hemicellulose-rich: LiCI-DMSO — natively acetylated hemicelluloses soluble in LiCI-DMSO,
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acid (GlcA); d) galacturonic acid (GalA); e) glucose (Glc); f) galactose (Gal); g) xylose (Xyl); h)
arabinose (Ara); i) fucose (Fuc). Kruskal Wallis ANOVA analysis was performed separately for
each fraction and monosaccharide followed by multiple comparison of mean ranks. The results
with significant statistical differences are denoted: * with p<0,05; ** with p<0,001; *** with
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Fig 5. The degree of acetylation (DAC) of polysaccharide fractions isolated from the cell wall of
Idared and Pinova apples during fruit ripening and storage term (a) WSP — water-soluble pectins,
(b) ISP — imidazole-soluble pectins, (¢) KOH — hemicelluloses soluble in high alkaline 4M KOH

solution.

DAc (WT%, weight%)=(mass of acetic acid /mass of polysaccharides in

fraction)*100%. Kruskal Wallis ANOVA analysis was performed separately for each variety and
fraction, followed by multiple comparisons of mean ranks. Results that did not have a significant
difference were marked with the same letter, and differences with p<0,05 were statistically

different.
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SM Table 1. Total soluble solid content (SSC) and dry weight of apples during ripening and
postharvest storage. The values are shown as mean values+standard deviation (SD). Results that
did not have a significant difference were marked with the same letter, and differences with p<
0,05 were statistically different. For SSC results, Kruskal Wallis ANOV A analysis was performed
followed by multiple comparison of mean ranks. For dry weight results, a one-way ANOVA
analysis followed by an HSD Tukey test was performed.

Terms T1 T2 T3 T4 T5 T6 T7
IDARED  SSC 10.66 11.16 10.96 1142 11.22 11.04 11.68
[°Brix] +£0.05°  +0.09%  +£0.05"  +0.04 +0.04®  +0.05* = +0.08?
c ab
Dry weight 13.98 15.02 14.16 1575 12.47 16.12 14.22
[%] £0.42%%  +2.11%  £1.53%®  +1.06 +0.68° +0.16° +1.03%
a
PINOVA  SSC 12.92+ 13.66 13.86 13.76  14.38 14.70 15.54
[°Brix] 0.04°¢ £0.15%  £0.22%¢  £0.26 +0.04® +£0.14% +0.182

abc

Dry weight 18.86 17.83 16.94 18.24 16.87 17.83 18.24
[%6] +0.22%  +1.66*  +0.96? +1.79  +0.56% +0,92% +0.26%

SM Table 2. Sugar ratios for each polysaccharide fraction isolated from apple cell wall material.
The ratios are calculated as given in the table based on the monosaccharide composition
presented in Fig. 2 and 3 and according to the methodology of Houben et al., (2011) and
M’sakni et al. (2006).

GalA ) _ 2xRha | _ Ara+Gal, _ Man, _ i
1) = Fuc+Rha+Ara+Gal+Xyl’ (2)_GalA—Rha’ (3) ~ Rha ' (4) - X_yl' (HG%)_ GaIA(mOI%) - Rha(mOI%)’
(RG1%)= 2* Rha(mol%) + Gal(mol%) + Ara(mol%)

LiCl-

Wsp ISP pms | KO
H
o)
%Trﬁ/ M @ (@ HG% RGI%| () ( (3 HG% RGI% | @) | (4

ID_T1 | 124 022 5.87 20.75 1793 | 094 .27 6.77 2986  35.40 117 § 0.12

ID_T2 {079 o018 1204 2658 3381 | 1.07 030 537 3128 3420 0.72 | 0.17

ID_T3 088 o018 1091 3055 3545 125 (23 590 3574 3210 0.77 : 0.16

ID_T4 {079 o019 1121 3085 39.13 | 1.04 0.27 6.38 3536  39.88 0.94 | 0.12

ID_T5 {082 031 6.07 3557 4489 | 169 022 406 5161 34.06 0.64 | 0.13

ID_T6 {089 o019 1017 4069 4713 | 130 0.22 553 4742  38.87 0.44 : 0.04

ID_T7 {086 019 1041 39.03 46.17 | 1.28 026 470 4464 39.07 0.80 | 0.15

PIN_T1 | 0.63 0.31 9.63 2167 3847 | 068 0.48 5.88 2383 4465 071 | 011

PIN_T2 { 0.63 0.30 9.43 25.62 4366 ! 067 024 1141 2927 46.26 0.58 ! 0.11

PIN.T3 | 047 o060 7.0 1925 5261 | 061 (27 1124 2735 4874 | 061 | 0.10

PIN_T4 | 0.61 0.39 7.77 2444 4581 | 064 031 957 2749  48.65 0.68 | 0.08

PIN_T5 { 061 o0.17 1690 3215 52.03 { 055 029 1158 2859 55.79 0.60 | 0.07

PIN_T6 | 0.74 0.23 1016 3262 4577 | 059 0.49 6.69 2737 57.60 0.63 | 0.12

PIN_T7 { 0.74 0.39 6.01 31.78 5021 | 0.79 0.32 6.95 3195 4579 0.54 | 0.09
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SM Table 3. The degree of methylation (DM) of polysaccharide fractions isolated from the cell
wall of Idared and Pinova apples during fruit ripening and storage. The DM values are shown as
mean values (WT%, weight%)=(mass of methanol /mass of polysaccharides in fraction)*100%;
SD — standard deviation; nd - not detected.

FRACTION TERMS IDARED PINOVA
DM SD DM SD
(WT%) (WT%)
WSP Tl 4.50 0.23 6.33 0.66
T2 5.49 0.37 7.63 0.65
T3 4,91 0.21 6.51 0.33
T4 6.44 0.56 5.69 0.72
T5 8.61 1.00 6.92 0.56
T6 7.87 0.50 5.54 0.32
T7 10.84 0.78 5.97 0.32
ISP T1 nd nd 3.34 0.14
T2 2.04 nd 4.75 0.64
T3 2.77 0.31 2.26 0.16
T4 2.55 0.16 2.71 0.12
T5 5.14 0.86 2.05 0.23
T6 3.69 nd nd nd
T7 nd nd nd nd
LiCI-DMSO T1 2.48 0.18 2.48 0.18
T2 2.66 0.32 2.66 0.32
T3 2.94 0.18 2.94 0.18
T4 2.75 0.66 2.75 0.66
T5 5.36 0.40 5.35 0.40
T6 2.83 0.42 2.83 0.41
T7 4.42 0.60 441 0.60
KOH Tl 2.11 0.12 2.17 nd
T2 2.37 nd nd nd
T3 2.60 0.52 1.99 0.24
T4 2.86 0.19 nd nd
T5 nd nd nd nd
T6 nd nd nd nd
T7 2.51 0.11 nd nd
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Acetylated hemicelluloses and esterified pectin alterations in apple cell
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ARTICLE INFO ABSTRACT

Keywords:
Acetylated polysaccharides
Hemicellulose

FT-IR and Raman spectroscopy combined with R ging provided insight into the characteristics of
structural changes in polysaccharides and their distribution in the cell walls of two different apple varieties
during their development. The fractions of pectin and hemicellulose polysaccharides extracted directly from the

::T;:«hnridm distribistion cell wall of apples were analyzed. FT-IR results for acetylated hemicelluloses (LiCl-DMSO) were grouped by term
Plan} cell wall .mn;pmilion using PCA, and were influenced by bands associated with the acetyl group and mannan. Acetylated glucomannan
Apple content increased in cell walls during ripening and post-harvest storage. Raman imaging with True Component

Analysis distingnished the distribution of acetylated and deacetylated hemicelluloses in the plant cell wall. In
general, hemicelluloses did not form specific clusters in the cell wall, but a more pronounced uniform distri-
bution along whole cell walls was observed for acetylated hemicelluloses. Moreover, acetylated hemicelluloses

predominated at the post-harvest storage, especially in Idared apples.

1. Introduction

The composition and structural organisation of the primary plant cell
wall play a crucial role in determining the texture and firmness of fruit
(Zdunek et al., 2014). The textural properties, in turn, are key factors
influencing overall fruit quality(Jaeger et al., 2018; Zhang et al., 2021),
and consequently, affect consumer acceptance. As apples are storage
fruits, preserving their high quality as long as possible during post-
harvest storage is required. Spectroscopic methods such as infrared
and Raman spectroscopy provide insight into the chemical composition
and structure of cell wall polysaccharides (Szymanska-Chargot et al.,
2024; Szymanska-Chargot & Zdunek, 2013). In addition, Raman imag-
ing makes it possible to visualize the distribution of these major cell wall
components (Chylinska et al., 2014; Gierlinger et al., 2008; Schulz et al.,
2014). Therefore, spectroscopic studies combined with Raman mapping
are a promising tool to observe changes in the structure, composition,
and localisation of polysaccharides in the cell wall during fruit devel-
opment, and thus also during post-harvest storage.

The primary plant cell wall is composed chiefly of cellulose, hemi-
celluloses, and pectins (Fry, 2010; McCann & Knox, 2010). Cellulose
consists of a linear chain of f-1,4-linked n-glucose monomers (Heredia
et al., 1995). Pectins and hemicelluloses have a complex structure. In

* Corresponding author.

dicotyledonous plants, the most abundant hemicellulose is the xylo-
glucan (Pauly & Keegstra, 2016; Scheller & Ulvskov, 2010), which is
made up of a chain of f-n-glucose monomers linked by a f-1,4-glycosidic
bond, with branches at 0-6 by a-p-xylosyl residues that are mostly
decorated with i-n-galactosyl, i-n-galactosyl connected with o-1-fucosyl
or/and «-r-arabinosyl residues (Cavalier & Keegstra, 2006; Fry, 1989;
Hayashi, 1989). The native xyloglucan may contain mono- or di-O-
acetylated groups, mostly at the O-6 position of the galactose in the side
chains (Gille & Pauly, 2012) and also at the O-3, O-4 position of the
glucose in the backbone (Ray et al., 2014). The acetyl group can migrate
to free hydroxyl groups within the monosaccharide residue in aqueous
solutions (Gille & Pauly, 2012). Glucomannans are composed of -1,4-
linked p-mannose and n-glucose monomers, which can be decorated by
galactosyl residue at the O-6 position to form galactoglucomannans
(Melton et al., 2009; Scheller & Ulvskov, 2010), and are also O-acety-
lated in the plant cell wall (Pauly & Ramirez, 2018), with substitutions
mainly at the O-2, O-3 positions of mannose (Li et al., 2023). Pectins are
a group of polysaccharides mainly composed of «-1,4-linked p-gal-
acturonic acid chain (Albersheim et al., 1960; De Vries et al., 1983;
Koller & Neukom, 1964, Knee, 1973). The basic galacturonan chain is
present in homogalacturonans, with rhamnogalacturonans of types I and
I additionally containing rhamnose and several side chains (arabinan,
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galactan, arabinogalactan, xylose and others) (Darvill et al., 1978;
McNeil et al., 1980; Weinstein & Albersheim, 1979). Galacturonic acid
can form methyl esters at the O-6 position and acetyl esters at the O-2
and/or O-3 positions. In addition, in pectin, an acetyl group can occur at
the O-3 position of rhamnose (Gille & Pauly, 2012).

During fruit development, some changes occur in its composition and
polysaccharide structure. The reduction in fruit firmness during devel-
opment results from extensive cell wall remodeling, driven by a com-
bination of enzymatic and non-enzymatic processes (Brownleader et al_,
1999; Fry, 1995; Gross & Sams, 1984). The literature most extensively
describes the dynamics of changes in pectin polysaccharides (Billy et al.,
2008; De Vries et al., 1984; Fischer et al., 1994; Paniagua et al., 2014),
while there is still a gap in reports regarding hemicelluloses. A crucial
structural aspect of pectins is their degree of esterification (Axelos &
Branger, 1993), which encompasses both acetylation and methylation,
while for hemicelluloses, the degree of acetylation is particularly sig-
nificant (Gille & Pauly, 2012; Martins et al., 2024). In apples, differences
in the degree of pectin methylation have been linked to susceptibility to
mealiness (Harker & Hallett, 1992; Lahaye et al., 2021; Li et al., 2020).
Acetylation and methylation affect the physicochemical properties of
polysaccharides, solubility, and resistance to enzymatic degradation.
According to Steele et al. (1997), decoration with methyl groups of
galacturonic acid in pectin can physically hinder the access of pectino-
lytic enzymes that modify the plant cell wall. Whereas, Bi et al. (2016)
reported that acetylation of glucomannan reduced its susceptibility to
microbial degradation.

Several analytical and microscopic techniques are used to study the
structure and polysaccharide composition of plant cell walls. FT-IR and
Raman spectroscopy, among others, are used to study the structure of
polysaccharides: characteristic bonds, and functional groups, but they
can also be used for the identification of monosaccharides in poly-
saccharides (Chylinska et al., 2016; Coimbra et al., 1998, 1999; Ferreira
etal., 2001; Synytsya et al., 2003; Szymanska-Chargot & Zdunek, 2013).
These are complementary techniques that, when used together, can give
a more complete picture of the structural features of polysaccharides
(Szymanska-Chargot et al., 2024). On the infrared spectrum, the active
bands are those from vibrations of groups of molecules for which the
dipole moment has changed (Kacurakova & Wilson, 2001; Yuen et al.,
2009), and on the Raman spectrum, the polarizability has changed
(Mohamed et al., 2017). Thus, when analysing the structure of poly-
saccharides, bands from vibrations of functional groups such as
carbonyl, hydroxyl, and carboxyl groups have higher intensity on the IR
spectrum, while bands from vibrations of methyl group, chain backbone,
pyranoid ring, or glycosidic bond have higher intensity on the Raman
spectrum (Synytsya et al., 2003). Hence, IR and Raman spectroscopy can
be used to study acetylated hemicelluloses and acetylated/methylated
pectins (Chylinska et al., 2016; Kacurakova et al., 2000; Santos et al.,
2020; Synytsya et al., 2003). In addition, the degree of esterification of
pectin (Monsoor et al., 2001) and acetylation of hemicelluloses can be
evaluated by infrared spectra. Namely, the degree of esterification of
pectin can be determined by the ratio of the intensities at 1740 cm !
(v\C=0) and 1600 cm~! (VCOO—) bands (Chylinska et al., 2016; Kyo-
mugasho et al., 2015).

Due to the dynamic changes that occur in the plant cell wall of fruits
and vegetables during ripening and post-harvest storage, Raman imag-
ing may allow their visualisation. Confocal Raman microscopy is a non-
destructive method that can reveal detailed images of the plant cell wall
with micrometer resolution. This is a method that combines microscopy
with Raman spectroscopy. The measurement method involves scanning
the sample with simultaneous collection of Raman spectra. The great
advantage of this method is that at the same time, it is possible to obtain
information on the structure/identification of the sample’s poly-
saccharides and their spatial distribution (Chylinska et al., 2014).
Raman imaging is a competitive method to antibody labeling in inves-
tigating the distribution of plant cell wall components (Gierlinger &
Schwanninger, 2006), as it does not require any chemical treatment of
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the sample, such as the use of costly selective antibodies.

In our previous work by Pckala et al. (2025), which was mainly based
on quantitative studies, it was shown that the monosaccharide compo-
sition of the cell wall fractions was associated with different firmness
loss between Idared and Pinova apple cultivars. Namely, the firmness of
both apple varieties at pre-harvest and optimum harvest dates was close
to 70 N, while after three months of post-harvest cold storage, Pinova
was still firm, maintaining a firmness of 66 N in contrast to the soft
Idared with a firmness of 43 N. A negative correlation of the degree of
acetylation of hemicelluloses with apple firmness was reported. Addi-
tionally, it was shown that the content of linear pectins was predominant
in Idared apples, whereas the contribution of rhamnogalacturonans was
higher in Pinova. Our study confirmed earlier reports by Ray et al.
(2014) that LiCI-DMSO can extract acetylated fucogalactoxyloglucan,
galactoglucomannans and glucuronoarabinoxylan.

In this work, we aim to emphasise the value of qualitative studies,
combining FT-IR, Raman spectroscopy, and Raman imaging to investi-
gate structural modifications in polysaccharides and their distribution
within the apple cell wall at pre-harvest, harvest, and post-harvest
storage maturity terms. Through these advanced spectroscopic tech-
niques, the research aims to elucidate changes in pectin esterification
(methylation/acetylation) and hemicellulose acetylation, providing an
understanding of their impact on fruit quality and postharvest storage
potential. Therefore, two apple varieties were selected that had similar
firmness at pre-harvest and harvest dates, but differed significantly
during post-harvest storage, namely Idared (soft), and Pinova (firm). In
this article, we present high-resolution Raman imaging on a cross-
section of apple tissue to provide insight into the composition and
location of cellulose, hemicellulose, and pectin. Due to similarities in the
structure of cellulose and hemicellulose in particular, there may be
overlapping bands that are difficult to interpret and lead to ambiguous
conclusions. Therefore, a novel approach of this research is to use
unique spectra obtained from polysaccharide fractions isolated from
apple cell wall material in multivariate image analysis, which can more
specifically localize pectin (WSP, ISP), hemicelluloses (LiCl-DMSO,
KOH), and cellulose. Furthermore, another novel step is an attempt to
distinguish natively acetylated and deacetylated hemicelluloses in the
cell wall by means FT-IR and Raman spectroscopy.

2. Materials and methods
2.1. Samples and sample preparation

2.1.1. Apples

Two different apple cultivars, Idared and Pinova, were selected
(Malus domestica cv. Idared, Pinova). Apples from different terms of
harvest and storage were studied: T1-T3 pre-harvest, T4 optimal har-
vest, T5-T7 post-harvest. Apples were harvested at weekly intervals from
September 21, 2021 (T1, T2, T3) until the predicted optimal harvest
date of T4, from which the apples were stored in cold storage at 2 °C and
a normal atmosphere for one, two, and three months (T5, T6, T7). Basic
parameters used to assess the maturity of these apples, such as starch
index, total soluble solids, and firmness, were presented in Pckala et al.
(2025). Idared and Pinova varieties differed in firmness during T5-T7,
with Idared (soft) losing firmness and Pinova (firm) remaining rela-
tively firm during post-harvest storage.

Samples were prepared for Raman imaging according to the
simplified scheme provided in the supplementary materials, Fig. S1. At
each term, two apples were cut into slices 180 pm thick in the equatorial
direction of the apple, using a vibratome (LEICA VT 1000S). The slices
were placed on a microscope slide covered with aluminum foil and
allowed to air dry (21 =1 °C, 24 h).

2.1.2. Polysaccharide fractions isolated from the plant cell wall of apples

Cell wall material (CWM) was isolated using the hot alcohol insol-
uble solids method (Renard, 2005), with some modifications as
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described in our previous work (Pckala et al., 2025; Szymanska-Chargot
& Zdunek, 2013). Briefly, 10 apples from each test sample were peeled
and hollowed out, then the juice was separated using a kitchen juicer,
and the apple pomace was homogenised. The prepared material was
then placed in 70 % ethanol at a ratio of 1:10 (w/v) at about 72-75 °C for
20 min. Then, it was filtered through an 11 pm nylon filter (Millipore),
and the procedure was repeated several times and finally with 96 %
ethanol until the negative presence of sugars by the sulfuric acid-UV
method (Albalasmeh et al., 2013). Finally, the precipitate was washed
with acetone, dried at 40 °C for 24 h, and then ground in a ball mill
(Retsch MM400) at 20 Hz for 20 min.

Subsequently, the polysaccharide fractions water-soluble pectin
(WSP), imidazole-soluble pectin (ISP), natively acetylated LiCl-DMSO-
soluble hemicelluloses (LiCl-DMSO) and 4 mol-L ! KOH-soluble hemi-
celluloses (KOH) were sequentially extracted from individual CWMs
strictly following the procedure described in Pckala et al. (2025). At
each extraction step, samples were centrifuged (6000 rpm, RCF 4427 xg
at 21 °C, 15 min; MPW-260R, Poland) and filtered through an 11 pm
nylon net filter (Millipore). The 300 mg of CWM was placed in 30 mL of
distilled water, stirred in twisted tubes using a laboratory rotor for 24 h
at 21 + 1 °C, then centrifuged and filtered. The filtrate was collected as
the water-soluble pectin fraction (WSP). To the precipitate, 30 ml of 0.5
mol.L ! imidazole (pH 7) was added, stirred on the laboratory rotator
for 24 h at 2 °C, centrifuged and filtered. The filtrate of ISP-1 was
collected. The extraction was repeated, and 30 ml of 0.5 mol-L™! imid-
azole (pH 7) was added to the precipitate and stirred for2h at 21 +£1 °C,
centrifuged, filtered, and the filtrate of ISP-2 was collected. The
imidazole-soluble pectin filtrates (ISP-1, ISP-2) from the two stages were
collected together (ISP). To the precipitate was added 60 mL of 0.2
mol-L~! LiCI-DMSO (e.g. 84 g LiCl in 1 L DMSO), stirred in a water bath
at 50 °C for 48 h, then cooled, centrifuged, and filtered. The filtrate was
collected as the natively acetylated LiCl-DMSO-soluble hemicelluloses
(LiCl-DMSO). The remained residue was extracted with 15 mL of 4
mol-L~! KOH solution with 10 mM NaBH,, stirred on the laboratory
rotator for 2 h at 21 + 1 °C, centrifuged, and filtered. The filtrate was
neutralised and collected as KOH-soluble hemicelluloses (KOH). The
collected ISP, LiClI-DMSO and KOH filtrates were dialysed using mem-
branes (MWCO 1000, Roth) with distilled water, monitoring its con-
ductivity. All WSP, ISP, LiCl-DMSO, and KOH filtrates were frozen, then
lyophilised and stored in a desiccator before further analysis.

2.1.3. Standard samples

Raman spectra were performed for commercially available reference
standards: high methylated pectin (pectin, esterified from citrus fruit,
DE > 85 %, Sigma Aldrich), low methylated pectin (pectin, esterified
potassium salt, from citrus fruit, DE 20-34 %, Sigma Aldrich). Cellulose
as reference material was freeze-dried microfibrillar cellulose from
apple, well-characterised and already described in Szymanska-Chargot
et al. (2024).

2.2. FT-IR Spectroscopy

The Fourier transform infrared spectroscopy (FT-IR) was used to
analyze the structure of the cell wall polysaccharides of Idared and
Pinova apples at ripening and storage terms (T1-T7). Pectins were
studied from the lyophilized fractions WSP, ISP, and hemicelluloses
from LiCl-DMSO, and KOH. FT-IR spectra were collected using a Nicolet
6700 FT-IR (Thermo Scientific, Madison, WI, USA) equipped with a
Smart iTR ATR sampling accessory. Spectra covered the range 4000-650
em L. For each sample, 200 scans were collected at a resolution of 4
cm 1. Three spectra were taken for each sample, from which an average
was calculated and a baseline correction was performed using OMNIC
software (Thermo Scientific). The spectra were normalized to the area
under the spectrum and presented graphically using Origin software
(Origin Lab v8.5 Pro, Northampton, USA).
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2.3. Raman spectroscopy

The alpha300RA imaging system (WITec GmbH, Germany) was used
for Raman spectra and Raman images acquisition. The green light laser
(A = 532 nm) with an operating power setting of 10-20 mW and an
integration time of 3 s for imaging and single spectra acquisition was
used. A Zeiss EC Epiplan-Neofluar Dic 100x/0.9 air objective (Carl
Zeiss, Germany) was used for focusing laser light on the sample. The
optical multifiber (50 pm diameter) was used to link to a UHTS 300
spectrometer (WITec, Germany) equipped with a 600 g/mm grating.
The recorded signal was captured using a CCD camera (DU401A BV,
Andor, Belfast, Northern Ireland). The spectra were recorded in the
range of 0-4000 cm . The maps were recorded with a spatial resolution
of 0.5 pm in the x and y directions.

The single Raman spectra were the result of the average of 5 indi-
vidual spectra. The graphical presentation of Raman spectra was pre-
pared using OriginPro software (Origin Lab v8.5 Pro, Northampton,
USA). Baseline correction, normalization (area to 1), and Savitzky-Golay
filtering were performed (ProjectSix WITec, Germany).

Six maps were collected near the corner area of the cell wall for
further analysis. A representative map was chosen for each cultivar in
the following terms: T1, T4, and T7. For the analysis of individual maps,
Raman signal intensity filters for characteristic bands of each poly-
saccharide were applied (Project Six, WITec, Germany). Identification
and distribution of pectin, hemicelluloses, and cellulose in the plant cell
wall of Idared and Pinova apples at selected developmental terms was
carried out using True Component Analysis in the ProjectSix WITec.
Hyperspectral data sets were fitted by linear combinations of component
spectra. The analysis was performed using average spectra of fractions
or polysaccharides without any correction, with the entire range of
wavenumbers.

2.4. Statistical analysis

The PCA analysis of the FT-IR and Raman spectra was performed to
highlight the characteristic bands responsible for the sample variability.
In the case of FT-IR spectra for the PCA analysis, the range of (1800-650
em 1) was chosen, as polysaccharide-specific bands occur in this spec-
tral range, while for Raman spectra the range of 3750-2750 and
1800-650 cm ! was used. FT-IR and Raman mean spectra from three
replicates with baseline correction for two apple varieties, seven terms
and for all polysaccharide fractions were used, where each wavelength
was treated as a variable. Here, the maximum number of principal
components (PCs) taken for analysis was seven for Raman spectra and
five for FT-IR spectra, while the influence of further components on
scores was negligible. The algorithm used was NIPALS. The PCA was
performed using the Unscrambler 10.1 (Camo Software AS., Norway)
program.

3. Results & discussion
3.1. FT-IR spectra

The FT-IR spectra of the pectin-rich fractions of WSP, and ISP are
shown in Fig. la,b,c,d, and the hemicellulose-rich fractions of LiCl-
DMSO and KOH are shown in Fig. le(f,gh. To detect structural
changes in plant cell wall polysaccharides during fruit development,
particular attention was paid to the analysis of bands: 1730-1740 cm !
(¥C=0), 1370 em™! ()C—H in CH3) and 1242-1230 cm ! (¥COC)
(Adebawo et al., 2019; Berglund et al., 2020; Xu et al., 2010), con-
firming the presence of an acetyl substituent in hemicelluloses and
pectin.

The spectra of the WSP and ISP fractions showed mainly pectin-
specific bands (Fig. 1a,b,c,d), i.e. about 832 cm 4 originating from the
vibrations of the a-glycosidic bond (IKacurdkova et al., 2000). The 1601
cm ™! band came from the stretching vibration of the carboxylate ion
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Fig. 1. FT-IR spectra in the range 4000-650 cm ! (the region 2750-1800 cm ™! was cut-off due to lack of spectral features) of pectin-rich and hemicellulose-rich
polysaccharide fractions of CWM of apples at T1-T3 (pre-harvest), T4 (optimal harvest) and T5-T7 (post-harvest storage): (a) WSP Idared, (b) WSP Pinova, (c)
ISP Idared, (d) ISP Pinova (e) LiCl-DMSO Idared, (f) LiCl-DMSO Pinova, (g) KOH Idared, (h) KOH Pinova. WSP, water-soluble pectins; ISP, imidazole-soluble pectins;
LiCl-DMSO, LiCl-DMSO-soluble acetylated hemicelluloses; KOH, 4 mol-L ! KOH-soluble deacetylated hemicelluloses.
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(v\COO ™), and the 1740 cm ! band came from the vibration of the
carbonyl group (vC=0), which may indicate the presence of the
carboxyl group of galacturonic acid (Liu et al., 2021; Szymanska-Char-
got & Zdunek, 2013) as well as methyl/acetyl esters (Fu et al., 2018). A
higher intensity of the 1740 em ™! band and a lower intensity of the
1600 cm ! band indicate a higher degree of esterification (Chylinska
et al.,, 2016; Santos et al., 2020). Therefore, the spectra for the WSP
fraction (Fig. la and b) show that pectin in this fraction had a high
degree of esterification. Before harvest (T1-T4) WSP from ‘Pinova*
showed a slightly higher degree of esterification judging on the band
ratio (Table S1). During the postharvest period (T5-T7) the degree of
esterification of WSP increased and became similar for both cultivars.

The ISP spectra were similar to WSP due to the presence of bands
characteristic of pectic polysaccharides, but differed from WSP in the
intensity ratio of the 1740 em™! and 1601 em™! bands (Table S1).
Overall, for the ISP, the 1740 cm ! band had a lower intensity than
1601 cm ™, indicating that pectin extracted with imidazole had a lower
degree of esterification. This suggested that imidazole could reduce the
ester group in pectin (Biely et al., 2015; Jiang et al., 2021; Rosenbohm
et al., 2003). Moreover, imidazole extracts pectins that are linked by
Ca’t bridges to the middle lamella (Hegde & Maness, 1996), which also
indicates that these are low-esterified pectins. On the basis of bands ratio
(Table S1), for ‘Idared*, the degree of pectin ISP esterification was low
and stable during the period T1-T7. For ‘PinovaZ, the intensities of these
bands at T1-T2 were almost similar, while starting from T3, a decrease in
the intensity of 1740 cm~ ! and an increase in the intensity of 1600 em !
were observed, which is related to the decrease in overall esterification
degree. In addition, a 1440 cm ! band originating from 8,5(CH3) vi-
brations in the methyl ester occurred for Pinova at T1 and T2 that
indicated that these pectins may have contained some methyl esters, in
contrast to ISP from Idared, which did not show this band. Therefore, it
can be concluded that mostly acetyl esters were present in ISP fraction.

Crucially, native pectin can be both methylated and acetylated
(Gawkowska et al., 2018; Zdunek et al., 2021), but quantitatively the
methyl substituents predominate (Renard & Jarvis, 1999). Therefore,
the visible bands resulting from the substitution of the carboxyl group
can originate from both methyl and acetyl esters. It is known from the
literature that there are some shifts of bands to distinguish these sub-
stituents (Synytsya et al., 2003). Following this suggestion, the 1440
em ™! band in the WSP (both cultivars during T1-T7) and in the ISP (only
Pinova during T1-T2) could come from C—H bending vibrations in the
methyl ester. In the rest of samples, i.e. the ISP from Idared (T1-T7) and
from Pinova (T3-T7) was shifted to 1420 cm ! that may be assigned to
the acetyl ester. Previously, Synytsya et al. (2003) observed that the
methyl esters were charactarised by a band at 1444 em™, while it was
shifted to 1435 for acetyl esters in FT-IR spectrum. Subsequently, on
WSP spectra, the 1370 cm ™! band was assigned to v C—H/C—0O/C—C or
8 C—H/C—0/C—C ester methyl groups in galacturonic and rhamnose
rings in the pectin backbone (Fidalgo et al., 2016). Also, the band at
1230 cm ™! in the pectin fraction of WSP and ISP mainly corresponded to
the vCOC vibrations of the methyl esters (Synytsya et al., 2003).

The intense 1015 cm ™' band on the WSP and ISP spectra corre-
sponded to C—O, C—C stretching vibrations of galacturonic acid in
pectin (Szymanska-Chargot et al., 2015). Moreover, the WSP spectra
contained in the region 900-1300 bands characteristic for both rham-
nogalacturonan type I and homogalacturonan (1096 cm ! assigned to 1-
arabinose stretching, 1045 cm™! assigned to ring vibration, and 1015
em ! assigned to stretching vibration of pyranose rings in n-GalA and 1-
Rha) or typical only for rhamnogalacturonan (1074 cm™! assigned to p-
galactosyl stretching) or homogalacturonan (970 ecm™) (Szymanska-
Chargot et al., 2024). The WSP spectra of Idared T1-T4 and Pinova T1-
T5 contained bands patterns at 1074 and 1015 em ™! and, less devel-
oped, 1096 and 1045 cm ! characteristic for rhamnogalacturonan type
I. In the WSP spectra of Idared T5-T7 and Pinova T6-T7, the relative
intensity of bands at 1096 and 1045 em™! increased, and the band at
970 cm ™! appeared, which can be a result of the increasing contribution
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of homogalacturonan. In the case of ISP spectra obtained for Idared and
Pinova, the band pattern in this region is typical for rhamnogalactur-
onan spectrum (Liu et al., 2021). The 1045 cm 1 may also have indi-
cated the presence of arabinose in the chain of arabinogalactan
(Kacurakova et al., 2000). The spectra of the hemicellulose-rich frac-
tions extracted with LiCI-DMSO (Fig. 1e,f) and KOH (Fig. 1g,h) showed
bands characteristic of hemicelluloses, such as 896 cm ! derived from
p-glycosidic bond vibrations (Szymanska-Chargot et al., 2015) and dif-
ferences related to extraction medium. The band at 896 cm™! from LiCl-
DMSO fractions (Fig. le,f) slightly increased in intensity at successive
terms T1-T7 suggesting that the content of hemicelluloses in LiCl-DMSO
fractions may have increased during their development. In contrast,
these changes were not observed for hemicelluloses of the KOH fraction
(Fig. 1g,h). This is consistent with our previous studies, in which in-
creases in %mol of mannose and xylose were observed only in the LiCl-
DMSO fraction (P¢kala et al., 2025).

It was shown that the most intense band 1028 cm (C—0, C¢—C
stretching vibration) of LiCI-DMSO and KOH fractions of hemicelluloses
was shifted compared to pectin that was at 1015 cm™'. The bands
characteristic of hemicelluloses (glucomannan, glucan, xyloglucan,
xylan, arabinoxylan) at 1423 and 1368 cm ! in the KOH spectrum, and
1436 and 1370 cm ! in the LiCI-DMSO were present (Szymanska-
Chargot et al., 2024). In the LiCl-DMSO fraction, the presence of glu-
comannans was also confirmed by a band at 871 cm . corresponding to
the C—H vibration in the mannose molecule (Liu et al., 2021) and 1064
em~!, which was attributed to the C—C stretching vibration in the
glucomannan chain (Liu et al., 2021; Zheng et al., 2023). The 945 and
1150 cm ! bands were attributed to stretching vibrations of the xylose
ring in xyloglucan (Kacurakova et al., 2000; Szymanska-Chargot et al.,
2024), with the 945 cm ™! band being more intense for the KOH fraction.
Thus, it can be supposed that glucomannans in the LiCl-DMSO fraction
and xyloglucans in the KOH fraction may have predominated. This is
consistent with earlier reports by Ray et al. (2014), which showed that
the extracted LiCl-DMSO fraction primarily contained glucomannans
and xyloglucans weakly bound in the cell wall, while the KOH fraction
tightly bound xyloglucans.

The LiCI-DMSO fraction contained mainly hemicelluloses; however,
the 1074 cm ! band could also correspond to galactans in rhamnoga-
lacturonan. Subsequently, the band at 1625 cm ! was attributed to the
asymmetric stretching vibration of COO- glucuronic acid (Peng et al.,
2012). Gautreau et al. (2022) also showed that the fraction of poly-
saccharides extracted with LiCl-DMSO after prior pectin extraction was
rich in hemicelluloses, but also identified some residual pectin. DMSO-
LiCl-soluble pectins extracted from fruit cell walls have already been
reported (Broxterman et al., 2018). Ray et al. (2014) showed that glu-
curonoarabinoxylan was present in the LiCl-DMSO fraction sequentially
extracted from the cell wall of apples. Hence, the 1625 em ™! band may
have originated from residual pectin and glucuronoxylan. Moreover, in
our earlier study, Pekala et al. (2025) analysis of the monosaccharides of
the LiCl-DMSO fraction showed a trace content of galacturonic acid and
glucuronic acid, comparable to the KOH fraction.

The LiCl-DMSO spectrum showed bands that could originate from
acetyl groups (1730 cm 11370 em™}, 1242 cm™ 1), in contrast to the
KOH spectrum. The 1730 ecm™! band corresponding to the 1C=0
carbonyl group vibration was shifted compared to pectins, where it
occurred at 1740 cm™'. Moreover, the intensity of this band increased
with successive developmental terms T1-T7 of the apples. The intensity
of 1370 ecm ! band, attributed to v C—H/C—0/C—C or 8 C—H/C—0/
C—C (Bi et al., 2016; Synytsya et al., 2003), also increased at T1-T7.
Consecutively the 1242 cm™! band of the LiCI-DMSO fraction corre-
sponding to the vCOC of acetyl substitution has been shifted compared
to the 1230 cm ™! band of pectin methyl esters (Synytsya et al., 2003).

The spectra of Idared and Pinova confirmed that the LiClI-DMSO
fraction was rich in acetylated hemicelluloses. The intensity of 1730
em™!, 1370 em™), and 1242 cm™! bands of the acetyl group could
indicate that the natively acetylated hemicelluloses of the LiCl-DMSO
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fraction had a low degree of acetylation. Based on the gentle increase in
their intensity during T1-T7, it was concluded that there was an increase
in the degree of acetylation of hemicelluloses at subsequent pre-harvest,
harvest, and post-harvest storage terms. In contrast, no characteristic
bands for acetyl groups were shown for the KOH fraction spectrum, as
the highly alkaline (4 mol-L ! KOH) environment caused deacetylation
of hemicelluloses.

3.2. PCA analysis of FT-IR spectroscopic data

PCA analysis highlighted the differences and similarities between the
spectra obtained for apples at pre-harvest (T1-T3), optimal harvest (T4),
and post-harvest (T5-T7) periods. The results for the ISP (low esterified
pectin) and KOH (deacetylated hemicelluloses) have not shown a spe-
cific trend of changes in the spectra with successive dates (data not
presented). In contrast, an interesting distribution was obtained for the
WSP (esterified pectins) and LiCl-DMSO (acetylated hemicelluloses)
fractions.

Fig. 2a presents the PC1 (52 %) vs PC2 (35 %) plot for the WSP
fraction, while Fig. 2c shows the loadings plot indicating the FT-IR
wavenumbers grouping according to cultivar and term. Some differ-
ences were observed among varieties along the PC1. Most results for the
Pinova variety were distributed on the positive side of the PC1 axis,
while the results for the Idared T1-T4 variety were on the negative side
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of the axis. This distribution was most influenced by the 1099 cm~ ! band
(C—O stretching vibrations characteristic of all carbohydrates) and the
1068 ecm ! band of ring vibrations (C—O0) and (C—C) in RG I and gal-
actans (Chylinska et al., 2016), which may indicate a higher contribu-
tion of rhamnogalacturonans in the case of Pinova at T1-T4 compared to
Idared. This distribution was also influenced by the bands: 1230 cm ™,
1440 cm™ !, 1601 em ™!, 1740 ecm ™' (vVG—O, vC—H, LCOO—, VC=O0,
respectively), which can be related to acetyl/methyl esters in pectins
and carboxyl group of galacturonic acid. On the other hand, a more
distinct distribution of results by term was observed on the PC2 axis,
namely the results for pre-harvest terms (T1-T3) and optimal harvest
term (T4) were mostly distributed on the positive side of the PC2 axis
(only the plot of Idared T3 was on the negative side but near 0 of this
axis). In contrast, the data for postharvest storage terms (T6-T7) were
distributed mostly on the negative side of the PC2 axis. The data for
Idared and Pinova T5 were on the positive side of the PC2 axis, but near
0 of this axis. The distribution on the positive side of the axis was
significantly influenced by the 996 em ! band (Fig. 2c), which is a
shoulder of the intense 1015 cm ™! band (visualisation would be possible
by deconvolution) and corresponds to the ring and side group vibrations
(C—C), (C—OH), (C—H) of glucose (Fasoli et al., 2016; Kacurakova
et al., 2000). Thus, the distribution on the positive side may have been
partially influenced by the presence of hydroxyl groups. The distribution
on the negative side of the axis is significantly influenced by the 1099
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Fig. 2. PCA results of the 1800-650 cm ! region in the FT-IR spectra of the WSP and LiCl-DMSO fractions of the CWM of Idared and Pinova apples at T1-T3 (pre-
harvest), T4 (optimal harvest) and T5-T7 (post-harvest storage): (a) PCA scores plot for WSP, (b) PCA scores plot for LiCI-DMSO and (c) PCA loading plot for WSP, (d)
PCA loading plot for LiCl-DMSO. WSP, water-soluble pectins; LiCl-DMSO, LiCl-DMSO-soluble acetylated hemicelluloses; ID, Idared; PIN, Pinova.
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cm ! band (vVC—O) and 1230 cm !, 1440 cm ', 1601 cm ™%, 1740 cm *

(vC—O0, vC—H, vCOO—, VC=O0, respectively). Interestingly, on the
positive side of the PC1 axis and negative side of the PC2 axis, there was
a group of results for Idared and Pinova at post-harvest storage dates T5-
T7 (green marked), and this was influenced by the bands originating
from the vibration of acetyl/methyl esters and/or carboxyl group of
galacturonic acid, as the loadings plot of these particular bands (1230
em Y, 1440 em ™Y, 1601 em Y, 1740 cm™Y) for PC1 and PC2 have similar
intensity in contrast to the other bands.

In the PC2 (19 %) vs PC3 (3 %) plot for the LiCI-DMSO fraction
(Fig. 2b) a pronounced distribution of results was obtained due to pre-
harvest, optimal harvest, and post-harvest storage dates. The results
for pre-harvest dates (T1-T3) were clustered on the positive side of the
PC2 axis. Subsequently, the results for optimal harvesting date T4 were
close to 0 on the PC2 axis. The results for post-harvest storage dates (T5-
T7) were clustered on the negative side of the PC2 axis. Fig. 2 (d) shows
the loadings plot for the LiCl-DMSO fraction and the wavenumber
influencing the most LiCl-DMSO scores distribution. On the distribution
on the negative side of the PC2 axis, for the LiCl-DMSO fraction
(hemicelluloses), the bands 1242 cm_l, 1370 cm_l, and 1730 cm™! can
be more closely assigned to the acetyl group. Further, the distribution of
results on the negative side of the PC2 axis was strongly influenced by
the 1064 cm ! band which is attributed to the stretching of C—C in
glucomannan (Zheng et al., 2023). It has already been reported that
glucomannans can be acetylated in the cell wall of apples (Lahaye et al.,
2021; Ray et al., 2014). Moreover, Lahaye et al. (2021) showed an in-
crease in glucomannan content in the early developmental stages of the
fruit and suggested that glucomannan may be a marker of cell expansion
whose metabolism can distinguish the texture of ripe fruit. Hence, we
can assume that the clear distribution obtained due to pre-harvest,
optimal harvest, and post-harvest maturity dates was obtained due to
the content of acetylated hemicelluloses, probably acetylated
glucomannan.

3.3. Raman spectra

The Raman spectra were obtained as they carry complementary in-
formation to the FT-IR spectra and were used to analyze Raman maps.
The Raman spectra of WSP fractions of Idared (Fig. 3a) and Pinova
(Fig. 3b) showed similarities where the most characteristic bands at
2957/2937 cm ! that can be assigned to vC—H, 1747 em ! - vC=0,
1602 cm ! - VesCOO ™, and 857 em ™! - v4sC—0O—C skeletal mode of
«-anomers in pectins. In the case of WSP from Pinova, Raman spectra at
1602 cm ™! increased with sampling term. All the WSP spectra also
contained a band at 1457 cm_l, the intensity of which increases in the
case of pectins with a low degree of esterification and probably can be
assigned to vCOO— as well (Szymanska-Chargot et al.,, 2016). The
visible increase of the band with a maximum at 1747 cm™! with a
subsequent decrease of the band at 1457 cm ™! was observed and was
higher for Idared WSP. Further, the shift of the band assigned to
VasC—O—C skeletal mode of a-anomers in pectins from 847 to 852 em™!
was observed with development and postharvest storage of Idared ap-
ples, while for Pinova apples this band was insensitive to fruit devel-
opment and had a maximum at 849 em! (Fig. 4 a, b). Synytsya et al.
(2003) noticed that the band with a maximum around 857 cm™! is also
sensitive to changes of degree of methylation and degree of acetylation;
in the case of increasing degree of methylation this band is shifted to-
wards the shorter wavenumbers, to 850 cm !, while in the case of
increasing degree of acetylation, this maximum is shifted towards 862
em L
The ISP Raman spectra (Fig. 3c,d) were similar to the WSP spectra
(Fig. 3a,b) with some exceptions. The band assigned to the vC-H is
shifted to 2937 cm ™! which can be connected with a lower degree of ISP
fraction acetylation compared with WSP (Synytsya et al., 2003). Syn-
ytsya et al. (2003) stated that this band is also contributed by v,,CHg in
methylester groups; specifically, the band around 2940 em™! s
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influenced by acetyl esters, while the band at 2960 cm ™! is associated
with methyl esters. Moreover, the band at 1740 cm” 1is quite low for
Idared and Pinova. The band characteristic of the vasC—O—C skeletal
mode of a-anomers in pectins also appeared at 850-852 cm™, indi-
cating a low degree of esterification in ISP pectins from Idared and
Pinova. In previous paper, the degree of methyl and acetyl esters for
each fraction of both cultivars was determined by HPLC (P¢kala et al.,
2025); in the supplementary materials in Table S2 these data are sum-
marised in %weight and for the pectin fraction %mol expressed per mole
of GalA. Generally, in the case of methylation degree of WSP, it
increased from 86 % to 97 % for Idared and decreased 97-64 % for
Pinova. In the case of the acetylation degree of the WSP and ISP frac-
tions, it was below 13 % for both cultivars. The methylation degree of
ISP fraction was lower than that of WSP for both cultivars, it oscillated
below 30 % for Idared and decreased from 47 % (T1) to about 30 % (T3-
T5) and methylation was not detected in (T6-T7) for Pinova.

The Raman spectra of LiCl-DMSO (Fig. 3e,f) contained bands typical
for hemicelluloses: 2897 cm '1, 1120-1080 cm ' or 895 cm!
(Szymanska-Chargot et al., 2024), but also bands that are attributed to
the acetyl group in hemicelluloses: 2937 em™ and 1730 cm™!
(Himmelsbach & Akin, 1998). The most intense band on the spectrum of
LiCl-DMSO hemicelluloses consisted in a large peak with two maxima,
one at 2937 cm ! and the other at 2897 cm ™ ; interestingly, a shift in
intensity towards the arm at 2937 cm ! for T4 and T5-T7 was observed.
Thus, this could indicate an increase in the degree of acetylation of
hemicelluloses at the term of optimal harvest and post-harvest storage.
The bands at 1600 cm ™! and 850 cm ™! can be related to the residual
galacturonate or starch (Pekala et al., 2025). The bands at 895 cm Land
in the range of 1000-1200 cm ™ are typical for ©C—O—C of p-glycosidic
linkage (Barron et al., 2006; Himmelsbach & Akin, 1998; Philippe et al.,
2006). While the first is unalterable due to differences in the structure of
hemicelluloses, the band pattern in the range 1000-1200 em ! is spe-
cific for different hemicelluloses. For example, for glucomannan two
maxima at ca. 1116 and 1087 cm™! can be found, but at ca. 1120 and
1097 cm ™! for xyloglucan. Therefore, Idared LiCl-DMSO is abundant in
glucomannan, while Pinova is a mixture of glucomannan and xyloglu-
can, except that in the case of Pinova T7 xyloglucan predominates.
Previously, Pekala et al. (2025) showed that in the case of LiCl-DMSO
fraction of Idared cell wall material, the mannose content increased
during apple senescence and was higher than for Pinova apples. While,
the content of xylose was higher than mannose in the case of LiCI-DMSO
fraction of Pinova apples. Interestingly, the band with a maximum at
480 cm ! was observed in acetylated glucomannan Raman spectrum,
but also in starch, which can persist in low amount after isolation of
polysaccharide fraction (Himmelsbach & Akin, 1998; P¢kala, Szy-
manska-Chargot, Cybulska and Zdunek, 2025). The Raman spectra of
KOH fractions presented typical bands for xyloglucan hemicellulose
(Fig. 3g,h) (Szymanska-Chargot et al., 2016), and no clear changes were
observed at T1-T7. A study by Ray et al. (2014) using MS and HPAEC
analyses of the enzymatic digests also showed that the fraction of
hemicelluloses extracted with 4 mol-L™! KOH contained mainly
xyloglucans.

3.4. PCA analysis of Raman spectroscopic data

The PCA analysis of the Raman spectra of cell wall polysaccharides
was performed. Analogously to PCA analysis of the FT-IR spectra of ISP
and KOH, the scores were scattered randomly along the PC axis and no
clustering was obtained. This is probably because there were no striking
differences between the spectra of those fractions in different develop-
mental terms of apples. The best clustering results were obtained for
WSP spectra and good for LiCl-DMSO spectra (Fig. 4).

The PCA plot (Fig. 4a) presents a scatter of scores along the PC1(68 %
of explained variability) vs. PC2 (11 % of explained variability) for the
WSP fraction. The terms T1-T4 form the cluster of scores were placed
mostly on the positive side of the PC1 axis the scores related to the T5-T7
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Fig. 3. Raman spectra in the range 3750-200 cm ™! (the region 2750-1800 cm ! was cut-off due to lack of spectral features) of pectin-rich and hemicellulose-rich
polysaccharide fractions of CWM of apples at T1-T3 (pre-harvest), T4 (optimal harvest) and T5-T7 (post-harvest storage): (a) WSP Idared, (b) WSP Pinova, (c) ISP
Idared, (d) ISP Pinova (e) LiCI-DMSO Idared, (f) LiCI-DMSO Pinova, (g) KOH Idared, (h) KOH Pinova. WSP, water-soluble pectins; ISP, imidazole-soluble pectins;
LiCl-DMSO, LiCl-DMSO-soluble acetylated hemicelluloses; KOH, 4 mol-L ! KOH-soluble deacetylated hemicelluloses.
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Fig. 4. PCA results of the 3750-2750 and 1800-650 cm ! region in the Raman spectra of the WSP and LiCl-DMSO fractions of the CWM of Idared and Pinova apples
at T1-T3 (pre-harvest), T4 (optimal harvest) and T5-T7 (post-harvest storage): (a) PCA scores plot for WSP, (b) PCA scores plot for LiCI-DMSO and (c) PCA loading
plot for WSP, (d) PCA loading plot for LiCI-DMSO. WSP, water-soluble pectins; LiCl-DMSO, LiCl-DMSO-soluble acetylated hemicelluloses; ID, Idared; PIN, Pinova.

were scattered on the negative side of the PC1 axis. The scores didn’t
show any tendency to cluster along PC2. The analysis of PC1 loadings vs.
Raman shift shows that the wavenumbers 2900 and 1120 cm ™! had the
greatest influence on the scores scatters on the positive side of PC1,
while wavenumbers 2960, 1746, 1312, and 852 cm ™! and assigned to
the pectin with a higher degree of esterification — on the scores on the
negative side of PC1 (Fig. 4c).

The PCA analysis of the LiCl-DMSO fraction wasn't so clear (Fig. 4b).
The PC1 (43 %) vs. PC2 (24 %) scores plot showed that scores obtained
for Pinova T1 and T3, Idared T1 and T3 formed one cluster with Pinova
T6 on the positive side of PC1, while the rest of the scores were placed on
the negative side of PC1 and randomly scattered along PC2. The analysis
of loadings showed a positive influence on the scores scattering of 663,
760, 1040, 1113, 1320, 3048, and 3115 cm ! wavenumbers (Fig. 4d).
The loadings at 1040, and 1113 cm ! correspond to vC—C/C—O
(Synytsya et al., 2003) and can be assigned generally to the saccharide
ring. While negative influence had wavenumbers 1067, 1238, and 1478
em™ ! which can be assigned to acetylated hemicellulose. However, there
was no clear effect of acetylation of hemicelluloses on the distribution of
results. The LiCI-DMSO fraction is hemicelluloses with a relatively low
degree of acetylation, and also the characteristic band from the vibration
of the carbonyl group on the Raman spectrum is less intense than that for
IR.

3.5. Raman maps

The T1(pre-harvest maturity), T4 (optimal harvest maturity), and T7
(3-month post-harvest cold storage) terms were selected for Raman
microscopy to capture changes in the distribution and localization of cell
wall polysaccharides during apple fruit development. The cell junction
area was selected because the integrity of this site determines the
integrity of the tissue, and because it is possible to obtain an image of the
cell wall of three different adjacent cells. Hyperspectral Raman maps
were analyzed using a preliminary analysis of single-band intensity
distribution (Fig. 5), multivariate image analysis (true component
analysis) based on the reference spectra of individual fractions of
polysaccharides isolated at a given term (Fig. 6), and the spectra of high-
and low-esterified pectins (Fig. 7).

3.5.1. Single Raman band imaging

The Raman average spectra of CWM are presented in Fig. S2. On this
basis, the marker band at ca. 2933 em! assigned to vCH in all cell wall
polysaccharides was selected to depict the cell wall. In the preliminary
analysis, we also endeavored to localize cellulose using the 1090 cm .
marker. However, this band is assigned to vC—O—C of p-glycosidic
linkage (cellulose, xyloglucan) and also to vC—C, vC—O, ring vibration
in other hemicelluloses (glucomannan or xylan for example).
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Fig. 5. Raman imaging of CWM, cell wall material (2933 cm ™), cellulose (1090 cm ™), pectin (856 cm ™), carbonyl group (1740 cm ™) in the cell wall of Idared (a)
and Pinova (b) apples at T1 (pre-harvest), T4 (optimal harvest) and T7 (3-month post-harvest) terms. Microscopic image bars 20 pm, Raman image bars 4 pm.

Nevertheless, Agarwal (2006) demonstrated that the contribution of
hemicelluloses to this band is lower, and masked by cellulose. Therefore,
the 1090 cm ™! band, which is intense for cellulose, often served as its
marker in Raman imaging analysis of the plant cell wall (Chylinska
et al., 2014; Huang et al., 2019). The band at approx. 850 cm ! is the
most characteristic of pectic polysaccharides and is used to present the
distribution of this polysaccharide family (Chylinska et al., 2014; He
et al., 2020). Finally, the broad band between 1750 and 1720 cm™ " is
characteristic of the stretching vibrations of the carbonyl group in the
carboxyl, ester, and acetyl groups. For pectins, the carbonyl group may
originate from the carboxyl group of galacturonic acid, methyl, and
acetyl esters (Schulz et al., 2014; Synytsya et al., 2003). However, for
hemicelluloses, the carbonyl group is mainly identified as the presence

10

of an acetyl group (Ponzecchi et al., 2024). In the case of glucuronoar-
abinoxylan, the intensity of this characteristic band could be affected by
the vibration of the carboxyl group of glucuronic acid. However, this is
more relevant when analysing the spectra of hemicelluloses isolated
from commelinid monocots, such as grasses, which are more abundant
in glucuronoarabinoxylans as opposed to dicots such as apples, where
they are found in trace amounts.

Hyperspectral analysis of Raman maps marked by characteristic
bands (combined image, Fig. 5) showed that pectin polysaccharides
(blue color, intensity distribution of band at 856 cm 1), were dominant
and evenly distributed in the whole cell wall for both apple varieties at
the pre-harvest date (T1) and harvest date (T4). At T4 for Idared, a
component of the cell wall (green color, intensity distribution of band at
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Fig. 6. Raman Imaging of distribution of each cell wall component: water-soluble pectins (WSP), imidazole-soluble pectins (ISP), LiCl-DMSO-soluble acetylated

hemicelluloses (LiCl-DMSO), 4 mol-L

! KOH-soluble deacetylated hemicelluloses (KOH), cellulose in the cell wall of Idared (a) and Pinova (b) apples at T1 (pre-

harvest), T4 (optimal harvest) and T7 (3-month post-harvest) terms as the result of the true component analysis. Raman image bars 4 pm.

2933 cm’l) other than pectin and cellulose (red color, intensity distri-
bution of band at 1090 cm™'), which probably can be identified as
hemicellulose, was visible in one part of the wall. After three months of
post-harvest cold storage (T7), there was a noticeable decrease in pectin
content, especially for Idared. This is, however in contrary to the results
of monosaccharide composition showing that the content of galactur-
onic acid in the WSP and ISP fractions of both cultivars rather increased
(Pekala et al., 2025). On the other hand, previously it was shown by
Raman microscopy that in both tomato and apple ripening, the amount
of pectin decreases and its distribution goes from concentrated in the
central lamella to distributed evenly in the cell wall (Ch
2017; Szymanska-Chargot et al., 2016). The band at 2933 cm" was the
most intense for Idared at T7. Presumably, after partial pectin degra-
dation, these may be hemicellulose polysaccharides. Basically, the green
color (intensity distribution of band at 2933 em 1) should indicate the

linska et al.,

11

presence of all polysaccharides of the cell wall material (cellulose,
pectins, and hemicelluloses). But if pectins were dominant, then the
color blue should dominate, and in the case of cellulose, it would be red.
So, in the case of visible degradation of pectic polysaccharides (less blue
color, intensity distribution of band at 856 cm 1, the green color could
come from the presence of the remaining component of the cell wall
hemicellulose. Unfortunately, it is impossible to unambiguously localize
hemicelluloses in apple tissue using specific markers of characteristic
bands, due to overlapping bands originating from cellulose. Therefore,
in the next part, Raman imaging combined with multivariate data
analysis was carried out using spectra of individual fractions of pectic
and hemicellulose polysaccharides and cellulose isolated from apples.
For cellulose, analysis with the 1090 em™! marker, which reflects
mainly the distribution of cellulose, showed only a slight decrease in the
band intensity in the cell wall of Idared and Pinova apples at T7, with no
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Fig. 7. Raman Imaging of distribution of low-esterified pectin (PEC DE 20-34
%) and high-esterified pectins (PEC DE > 85 %) in the cell wall of Idared (a)
and Pinova (b) apples at T1 (pre-harvest), T4 (optimal harvest) and T7 (3-

month post-harvest) terms as the result of the true component analysis.
Microscopic image bars 20 pm, Raman image bars 4 pm.

differences between varieties. Perhaps these amounts were over-
estimated by the contribution of hemicelluloses, since, as mentioned
above, the 1090 cm 1 band occurs for cellulose, and also for hemi-
celluloses. Raman images showed that cellulose at the T1-T4 terms is
covered mainly by pectins, while at T7 by other cell wall components,
probably hemicelluloses.

The presence of the carbonyl group of polysaccharides, as the in-
tensity distribution of the band at 1740 cm b (turquoise color), was
identified in the cell wall in predictably small amounts, and its distri-
bution in the wall did not indicate specific clusters. For T1 and T4 terms,
where pectin predominates (blue color, intensity distribution of band at
856 cm 1), the marked presence of carbonyl groups may indicate the
presence of esterified pectin, especially for Pinova. Interestingly, for T7,
the presence of pixels with turquoise color may indicate the presence of
more carbonyl groups and was observed for polysaccharides of Idared
apples. Assuming that these were probably hemicelluloses due to the
pectin degradation, we can speculate that the Raman images show a
higher content of acetylated hemicelluloses at T7 for Idared than for
Pinova. These assumptions are consistent with our previous studies
(Pckala et al., 2025), in which we showed a higher degree of acetylation
of hemicelluloses at T7: 6.32 wt% in Idared apples than 4.32 wt% in
Pinova using a quantitative method, namely high-performance liquid
chromatography.

12
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3.5.2. True component analysis

True component analysis was carried out to show the distribution of
cell wall polysaccharides, distinguishing higher- and lower-esterified
pectins, cellulose with hemicelluloses, and acetylated and deacetylated
hemicelluloses. For this purpose to obtain the best possible fit, the
analysis was carried out on the average spectra of the entire 4000-0
cm ™! wavenumber range of WSP, ISP, LiCl-DMSO, KOH fractions at the
terms T1, T4, and T7 (Fig. 3a-h) and microfibrillar cellulose Fig. S3. As
described earlier, the WSP fraction contains pectin with a higher degree
of esterification than ISP pectin, LiCI-DMSO contains acetylated hemi-
celluloses, while KOH contains deacetylated hemicelluloses. The ob-
tained color maps show the distribution of each polysaccharide fraction
in the given cell wall (Fig. 6).

Pectins of the WSP fraction predominated at T1 and T4, while there
was a decrease at T7 for both apple varieties. The Pinova variety seemed
to have a higher content of highly esterified WSP than the Idared variety
at T1-T4 based on combined images. The localisation of WSP and ISP
fraction pectins in the cell wall was similar, only subtle differences were
observed for Idared T1 where ISP (low-esterified) pectins were accu-
mulated in the corners of the wall. In general, pectins of the WSP frac-
tion were distributed fairly evenly in the cell wall, while pectins of the
ISP fraction accumulated locally near the wall junctions from the three
cells, as concluded from the combined images. The degree of esterifi-
cation of pectins changes during plant development, which we also
confirmed in our analysis of FT-IR spectra (Fig. 1a,b,d) and quantita-
tively in earlier work (Pckala et al., 2025). In general, the WSP fractions
were pectins with a higher degree of esterification than the pectins of the
ISP fraction, but the degree of esterification of these pectin poly-
saccharides changed at the T1-T7 terms. Therefore, to visualize the
location of strictly highly and lowly esterified pectins, the same for all
terms, a true component analysis (Fig. 7) was carried out based on the
spectra of DE > 85 % pectins and DE 20-35 % pectins (Fig. S3). High-
esterified pectins were shown to be evenly distributed along whole
cell walls, while low-esterified pectins, were less evenly distributed,
formed subtle clusters, and this was most evident at T7, where they
accumulate in the cell wall corner. This is consistent with previous re-
ports by Leszczuk et al. (2019) using another method, immunocyto-
chemistry, which showed that deesterified HG was present within and
strictly in the corners of cell junctions and highly esterified HG was
present throughout the cell wall surface of Gala Must apples. In addition,
they showed that the localization of deesterified HG tightly in the cor-
ners of cell junctions was particularly evident for apples after three
months of storage, similar to our study for low-esterified pectin. Also,
the study by Yang et al. (2022) showed that deesterified homo-
galacturonan was concentrated in the corners of the three cellular
junctions of Honeycrisp apples. The content of high- and low-esterified
pectin depends not only on the developmental stage of apples but also on
their variety. The study by Li et al. (2020) showed differences between
varieties, namely, at the immature and mature stages, apples which
become mealy rapidly (Hongjiangjun and Gala, 3 days) contained more
unmethylated HG, while apples which become mealy moderately,
slowly and non-mealy (Red Delicious, 7 days; Ralls Genet, 14 days; Fuji,
49 days, respectively) contained more highly methylated HG. In this
work, Raman imaging showed that at pre-harvest and harvest maturity
dates (T1, T4), Pinova apples presumably contained mainly pectin of the
WSP (higher-esterified) fraction. Importantly, Idared apples signifi-
cantly lose firmness during three-month post-harvest storage compared
to Pinova, which maintains firmness (Pek 2025). Therefore, the
higher content of high-esterified pectins at ripening and harvest matu-
rity may be related to maintaining apple firmness during post-harvest
storage.

Importantly, a distinction was shown between cellulose and hemi-
celluloses of the LiCI-DMSO and KOH fractions. This was most evident
for Idared T7, where hemicelluloses were still identified (Fig. 6, com-
bined image turquoise and magenta color). In addition, it was shown
that acetylated hemicelluloses of the LiCl-DMSO fraction predominated

alaetal.,
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at T7 in contrast to KOH deacetylated hemicelluloses for both apple
varieties. In general, the hemicelluloses of the LiCI-DMSO and KOH
fractions were distributed along the entire cell wall, with no clear
clusters, but a more uniform distribution was observed for the acetylated
LiCl-DMSO hemicelluloses.

In the analysis of acetylated hemicelluloses in the cell wall, the dis-
tribution into high-acetylated and low-acetylated hemicelluloses was
not investigated, because the natively acetylated hemicelluloses in the
cell wall had a low degree of acetylation, as presented in the LiCI-DMSO
fraction spectra (Fig. 1 e,f). The distribution of pectins in the cell wall
seemed to be more fuzzy, while hemicelluloses seemed to form a more
slender arrangement, which was mainly noticeable for Idared. Presum-
ably, this may have been related to the cutting of the apple tissue during
which a subtle blurring of pectins, which are less bonded to cellulose
than hemicelluloses in the plant’s cell wall, may have occurred.

4. Conclusion

FT-IR, Raman spectroscopy, and Raman imaging have provided
insight into the characteristics of structural changes in polysaccharides
and their distribution in the apple cell wall during fruit development.
Moreover, these studies identify FT-IR and Raman bands specific to
acetyl groups, which are shifted in hemicelluloses compared to pectins.

The spectra of WSP and ISP fractions confirmed the presence of
bands characteristic of pectins, with differences in the degree of esteri-
fication. Overall, the pectins in the WSP fraction had a higher degree of
esterification than those in the ISP. In addition, the degree of esterifi-
cation of WSP pectins increased during fruit development.

The spectra of the LiCI-DMSO and KOH fractions showed charac-
teristic bands for hemicelluloses and bands indicating different com-
positions. The LiCl-DMSO fraction consisted mainly of glucomannans
and xyloglucans, while the KOH fraction consisted of xyloglucans.
Spectra of the LiCl-DMSO fraction contained bands confirming the
presence of natively acetylated hemicelluloses and an increase in the
degree of acetylation during the period from pre-harvest maturity to
post-harvest storage.

Based on PCA analysis of both FT-IR and Raman spectroscopy results,
it was observed that the distribution of results for acetylated hemi-
celluloses was influenced by bands associated with the acetyl group.
Moreover, a clear distribution of results specifically for the pre-harvest,
optimal harvest, and post-harvest storage periods was obtained for FT-IR
results, where the distribution was influenced by bands from the acetyl
group and also mannan. Therefore, we emphasise that acetylated glu-
comannan is an essential marker of modifications occurring in the cell
wall during fruit development.

Raman imaging with True Component Analysis based on the overall
spectra of individual polysaccharide fractions isolated from the apple
cell wall was shown to allow a more accurate localisation of these
polysaccharides in the cell wall compared to a method using specific
markers of characteristic bands. The distribution of cellulose, pectins,
and hemicelluloses in the plant cell wall was presented. Interestingly, a
distinction was made between the location of highly esterified (WSP)
and low esterified (ISP) pectin fractions, as well as acetylated (LiCl-
DMSO) and deacetylated (KOH) hemicelluloses. It was observed that
after three months of post-harvest storage, pectins were less abundant in
the cell wall, in contrast to acetylated hemicelluloses. The esterification
of pectins and hemicelluloses affected their distribution in the cell wall.
Highly esterified pectins were evenly distributed in the wall, while low-
esterified pectins accumulated in the corners of the wall. In general,
hemicelluloses did not form specific clusters in the cell wall, but low-
acetylated hemicelluloses of the LiCl-DMSO fraction were more evenly
distributed in the cell wall. Differences between apple varieties were
also observed: in Idared apples (described as soft) in post-harvest stor-
age, the abundance of acetylated hemicelluloses was more pronounced
than in Pinova apples (described as firm). However, it should be
emphasized that the Raman imaging method is time-consuming, and
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this limitation determines the narrow scanning area of the sample tissue.

The study highlighted the role of acetylated hemicelluloses in the
dynamics of changes occurring in apple cell walls during post-harvest
storage, determined employing FT-IR and Raman spectroscopy. There-
fore, it will contribute to a better understanding of changes in poly-
saccharide composition and distribution in the plant cell wall in relation
to fruit ripening and postharvest storage. This is crucial not only for
assessing fruit quality but also for selecting the appropriate raw material
for extracting polysaccharides with specific structures and functional
groups.
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Fig. S1. Diagram of apple tissue preparation for Raman microscopy.
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Fig. S3. Raman spectra in the range of 3750-2750 and 1800-250 cm* obtained for
microfibrillar cellulose (CEL), low-esterified pectin (PEC DE 20-34%) and high-esterified
pectins (PEC DE>85%).

Table S1. The ratio of band intensity at 1740 cm™ and 1601 cm™* from FT-IR results for WSP
(water-soluble pectin) and ISP (imidazole-soluble pectin).

TERM 1;4AO/Tl|6(())1 TERM  1740/1601 RATIO

T1 1.248 T1 0.446

T2 1.200 T2 0.497

T3 1.154 T3 0.433

ID WSP T4 1.193 ID ISP T4 0.489
TS 1.532 T5 0.603

T6 1.415 T6 0.395

T7 1.541 T7 0.316

T1 1.360 T1 1.014

T2 1.424 T2 1.148

o T3 1.342 oI T3 0.421
WSP T4 1.377 ISP T4 0.546
T5 1.363 T5 0.751

T6 1.278 T6 0.333

T7 1.539 T7 0.408
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Table S2. Results of the degree of methylation and acetylation of polysaccharides of WSP, ISP,
LiCI-DMSO, and KOH fractions based on data published in: P¢kala, P., Szymanska-Chargot,
M., Cybulska, J., & Zdunek, A. (2025). Monosaccharide composition and degree of acetylation
of non-cellulosic cell wall polysaccharides and their relationship to apple firmness. Food

Chemistry, 470, 142639

https://doi.org/10.1016/j.foodchem.2024.142639

Name Fraction Term Mean SD
Dm (%)? ID WSP 1 86,44 3,84
Dm (Wt%)P ID WSP 1 4,50 0,22
Dac (wt%)° 1D WSP 1 1,13 0,04
Dac (%)¢ 1D WSP 1 5,58 0,33
Dm (%)? ID WSP 2 74,64 1,66
Dm (wt%)P ID WSP 2 5,49 0,37
Dac (wt%)° 1D WSP 2 1,52 0,16
Dac (%)¢ ID WSP 2 6,24 0,84
Dm (%)? ID WSP 3 64,23 2,51
Dm (wt%)P ID WSP 3 491 0,21
Dac (wt%)° ID WSP 3 1,64 0,10
Dac (%)¢ ID WSP 3 7,32 0,81
Dm (%)? 1D WSP 4 72,94 0,24
Dm (Wt%)P ID WSP 4 6,44 0,57
Dac (wt%)° 1D WSP 4 2,25 0,22
Dac (%)¢ 1D WSP 4 9,48 0,22
Dm (%)? ID WSP 5 79,10 5,51
Dm (wt%)P ID WSP 5 8,61 1,00
Dac (wt%)° ID WSP 5 3,06 0,04
Dac (%)¢ ID WSP 5 11,69 1,01
Dm (%)? 1D WSP 6 78,73 1,13
Dm (wt%)P 1D WSP 6 7,87 0,50
Dac (wt%)° ID WSP 6 1,92 0,16
Dac (%)¢ ID WSP 6 7,11 0,40
Dm (%)? ID WSP 7 96,94 0,35
Dm (Wt%)P ID WSP 7 10,84 0,78
Dac (wt%)° ID WSP 7 2,24 0,25
Dac (%)¢ ID WSP 7 7,42 0,43
Dm (%)? ID ISP 1 0,00 0,00
Dm (wt%)P ID ISP 1 0,00 0,00
Dac (wt%)° 1D ISP 1 1,91 0,03
Dac (%)? ID ISP 1 6,95 0,89
Dm (%)? ID ISP 2 7,13 12,36
Dm (wt%)° ID ISP 2 0,68 1,18
Dac (wt%)°© ID ISP 2 1,49 0,02
Dac (%)¢ ID ISP 2 5,08 0,48
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Dm (%)? ID ISP 3 2487 | 0,96
Dm (Wt%)P ID ISP 3 2,77 0,31
Dac (Wt%)° ID ISP 3 2,01 0,43
Dac (%) ID ISP 3 10,43 | 1,27
Dm (%)? ID ISP 4 2337 | 1,45
Dm (Wt%)P ID ISP 4 2,55 0,16
Dac (Wt%)° ID ISP 4 1,77 0,25
Dac (%) ID ISP 4 5,20 1,06
Dm (%)* ID ISP 5 30,15 | 2,96
Dm (Wt%)P ID ISP 5 5,14 0,86
Dac (Wt%)° ID ISP 5 2,54 0,63
Dac (%) ID ISP 5 5,51 1,43
Dm (%)° ID ISP 6 709 |12,28
Dm (Wt%)P ID ISP 6 1,23 2,13
Dac (Wt%)° ID ISP 6 1,97 0,25
Dac (%) ID ISP 6 3,46 0,72
Dm (%)? ID ISP 7 0,00 0,00
Dm (Wt%)P ID ISP 7 0,00 0,00
Dac (Wt%)° ID ISP 7 2,13 0,23
Dac (%) ID ISP 7 4,11 0,25
Dm (%)* PIN WSP 1 97,13 | 0,19
Dm (Wt%)P PIN WSP 1 6,33 0,66
Dac (Wt%)° PIN WSP 1 1,53 0,25
Dac (%) PIN WSP 1 6,95 0,78
Dm (%)° PIN WSP 2 91,22 | 231
Dm (Wt%)P PIN WSP 2 7,63 0,65
Dac (Wt%)° PIN WSP 2 2,30 0,26
Dac (%) PIN WSP 2 9,90 0,77
Dm (%)? PIN WSP 3 97,65 | 2,09
Dm (Wt%)P PIN WSP 3 6,51 0,33
Dac (Wt%)° PIN WSP 3 1,89 0,14
Dac (%) PIN WSP 3 9,62 1,62
Dm (%)° PIN WSP 4 86,55 | 9,65
Dm (Wt%)P PIN WSP 4 5,69 0,72
Dac (Wt%)° PIN WSP 4 1,80 0,23
Dac (%) PIN WSP 4 11,35 | 0,44
Dm (%)° PIN WSP 5 76,48 | 2,87
Dm (Wt%)P PIN WSP 5 6,92 0,56
Dac (Wt%)° PIN WSP 5 2,34 0,28
Dac (%) PIN WSP 5 1223 | 037
Dm (%)? PIN WSP 6 6567 | 1,85
Dm (Wt%)P PIN WSP 6 5,54 0,32
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Dac (Wt%)° PIN WSP 6 1,27 0,15
Dac (%) PIN WSP 6 5,25 0,42
Dm (%)? PIN WSP 7 63,54 | 3,28
Dm (Wt%)® PIN WSP 7 5,97 0,32
Dac (Wt%)° PIN WSP 7 1,08 0,09
Dac (%) PIN WSP 7 3,13 0,83
Dm (%)? PIN ISP 1 46,28 | 0,93
Dm (Wt%)® PIN ISP 1 3,34 0,14
Dac (Wt%)° PIN ISP 1 1,37 0,16
Dac (%) PIN ISP 1 5,52 0,94
Dm (%)? PIN ISP 2 59,02 | 6,23
Dm (Wt%)® PIN ISP 2 4,75 0,64
Dac (Wt%)° PIN ISP 2 1,53 0,03
Dac (%) PIN ISP 2 5,97 0,28
Dm (%)? PIN ISP 3 31,78 | 2,97
Dm (Wt%)® PIN ISP 3 2,25 0,16
Dac (Wt%)° PIN ISP 3 2,00 0,36
Dac (%) PIN ISP 3 10,49 | 1,10
Dm (%) PIN ISP 4 3537 | 2,56
Dm (Wt%)® PIN ISP 4 271 0,12
Dac (Wt%)° PIN ISP 4 2,54 0,21
Dac (%) PIN ISP 4 1323 | 0,75
Dm (%)? PIN ISP 5 2938 | 0,76
Dm (Wt%)® PIN ISP 5 2,05 0,23
Dac (Wt%)° PIN ISP 5 1,76 0,27
Dac (%) PIN ISP 5 9,16 0,35
Dm (%)? PIN ISP 6 0,00 0,00
Dm (Wt%)® PIN ISP 6 0,00 0,00
Dac (Wt%)° PIN ISP 6 1,32 0,13
Dac (%) PIN ISP 6 5,00 0,71
Dm (%)? PIN ISP 7 0,00 0,00
Dm (Wt%)® PIN ISP 7 0,00 0,00
Dac (Wt%)° PIN ISP 7 1,42 0,21
Dac (%) PIN ISP 7 4,07 0,84
Dm (Wt%)® ID Licl 1 2,48 0,18
Dac (Wt%)° ID Licl 1 2,31 0,16
Dm (Wt%)® ID Licl 2 2,66 0,32
Dac (Wt%)° ID Licl 2 3,24 0,61
Dm (Wt%)® ID LiCl 3 2,94 0,18
Dac (Wt%)° ID Licl 3 3,12 0,21
Dm (Wt%)® ID Licl 4 2,75 0,66
Dac (Wt%)° ID Licl 4 3,57 0,72
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Dm (Wt%)® ID LiCl 5 5,36 0,40
Dac (Wt%)° ID LiCl 5 423 0,65
Dm (Wt%)P ID LiCl 6 2,83 0,42
Dac (Wt%)° ID Licl 6 3,99 0,72
Dm (Wt%)® ID LiCl 7 4,41 0,60
Dac (Wt%)° ID Licl 7 6,32 0,35
Dm (Wt%)® ID KOH 1 1,41 1,22
Dac (Wt%)° ID KOH 1 0,05 0,04
Dm (Wt%)P ID KOH 2 0,79 1,37
Dac (Wt%)° ID KOH 2 0,04 0,02
Dm (Wt%)® ID KOH 3 1,74 1,55
Dac (Wt%)° ID KOH 3 0,04 0,03
Dm (Wt%)° ID KOH 4 2,86 0,19
Dac (Wt%)° ID KOH 4 0,11 0,05
Dm (Wt%)® ID KOH 5 0,00 0,00
Dac (Wt%)° ID KOH 5 0,15 0,05
Dm (Wt%)® ID KOH 6 0,00 0,00
Dac (Wt%)° ID KOH 6 0,35 0,00
Dm (wt%)P ID KOH 7 2,51 0,11
Dac (Wt%)° ID KOH 7 0,15 0,02
Dm (Wt%)P PIN LiCl 1 2,19 0,23
Dac (Wt%)° PIN LiCl 1 1,60 0,53
Dm (Wt%)® PIN Licl 2 2,19 0,22
Dac (Wt%)° PIN Licl 2 2,44 0,17
Dm (Wt%)P PIN LiCl 3 2,56 0,22
Dac (Wt%)° PIN Licl 3 2,63 0,10
Dm (Wt%)P PIN LiCl 4 2,36 0,14
Dac (Wt%)° PIN LiCl 4 3,56 0,29
Dm (Wt%)® PIN LiCl 5 2,57 0,25
Dac (Wt%)° PIN Licl 5 3,76 0,19
Dm (Wt%)P PIN LiCl 6 2,97 0,14
Dac (Wt%)° PIN Licl 6 3,67 0,60
Dm (Wt%)P PIN LiCl 7 2,84 0,36
Dac (wWt%)° PIN LiCl 7 4,33 0,21
Dm (Wt%)® PIN KOH 1 0,72 1,25
Dac (Wt%)° PIN KOH 1 0,24 0,03
Dm (wt%)P PIN KOH 2 0,00 0,00
Dac (Wt%)° PIN KOH 2 0,26 0,09
Dm (Wt%)® PIN KOH 3 1,33 1,16
Dac (Wt%)° PIN KOH 3 0,23 0,04
Dm (Wt%)P PIN KOH 4 0,00 0,00
Dac (Wt%)° PIN KOH 4 0,15 0,03
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Dm (Wt%)® PIN KOH 5 0,00 0,00
Dac (Wt%)° PIN KOH 5 0,39 0,05
Dm (Wt%)® PIN KOH 6 0,00 0,00
Dac (Wt%)° PIN KOH 6 0,29 0,02
Dm (Wt%)® PIN KOH 7 0,00 0,00
Dac (Wt%)° PIN KOH 7 0,29 0,08

a - The degree of methylation refers to the mole of methyl group*100% per mole of GalA

b — The degree of methylation refers to the mass of methanol*100% per mass of
polysaccharides of a given fraction

¢ - The degree of acetylation refers to the mass of acetic acid*100% per mass of polysaccharides
of a given fraction

d — The degree of acetylation refers to the mole of acetyl group*100% per mole of GalA

Mean value of three repetitions, SD — standard deviation, WSP, water-soluble pectins; ISP,
imidazole-soluble pectins; LiCI-DMSO, LiCI-DMSO-soluble acetylated hemicelluloses; KOH,
4 mol-L't KOH-soluble deacetylated hemicelluloses.
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ARTICLE INFO ABSTRACT
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Cellulose-hemicellulose composites

Binding assays of commercially available hemicelluloses and pectins, and microfibrillar cellulose isolated form
apple parenchyma were prepared. Initial studies showed that among all of the non-cellulosic polysaccharides
examined, only the hemicelluloses (xyloglucan, xylan, glucomannan, B-p-glucan) showed the ability to adsorb to
microfibrillar cellulose. Among several adsorption models tested, the best fit was obtained for the Redlich-
Peterson isotherm. Moreover, the linear vs. the branched structure and the size of the hemicelluloses have an
influence over the extent of the adsorption to cellulose. The Fourier Transform Infrared and Raman spectra

showed that a rather weak interaction took place between the hemicelluloses and cellulose. Also, the differential
scanning calorimetry and the light scattering method results showed that after adsorption, cellulose has less
mobility. Moreover, the mechanical properties of cellulose films changed after the addition of the chosen
hemicelluloses and the films became less elastic but more resistant to a breaking force.

1. Introduction

Understanding the nature of the mutual interactions between the
three main components of the plant cell wall - cellulose-hemicellulose-
pectin - is important, especially when considering the mechanical
properties of the cell wall at the macroscale, but also, in order to
improve the design of new composites based on those polysaccharides
and for improved plant biomass conversion (Lucenius et al., 2019).
Moreover, each cell wall polysaccharide and cell wall as a whole form a
part of the dietary fibre intake, they are used as a thickener and filler in
food systems (Abik et al. 2023; An et al. 2022). At the same time, plant
waste is a rich source of plant cell wall polysaccharides that are ready to
be utilized. Cellulose is one of the most widely available, biodegradable
and biocompatible natural polymers, currently there is a substantial
effort being put into using it as a component of new composites. Cel-
lulose is the main component of each plant cell wall, the others are
hemicelluloses and pectins. The structural features of plant cell wall
polymers have been the subject of research and are now defined for the

most part. Cellulose is a polymer of p-glucose linked with (1,4)-
f-glycosidic linkages and organized in the plant cell wall in microfibril
bundles. The hemicelluloses are a broad family of polysaccharides iso-
lated in an alkaline environment, the backbone of which is usually
formed of glucose, xylose or mannose monosaccharides and which
contain sugar subunits, the main representatives of which are xyloglu-
can, xylan, or glucomannans (Zykwinska et al., 2008b). While pectins
are a family of polysaccharides, they are based on galacturonic acid
units and have highly branched residual groups with both acidic and
neutral sugars. The cell wall itself provides the structural framework of
the plant, it plays a critical role in their growth and development, on the
one hand it has to be resistant, on the other it must be very flexible in the
face of cell growth. The study of the interaction between those natural
polymers is important for the purpose of designing new biomaterials
that mimic nature.

The common method of the study of interaction between those
polysaccharides is preparation of bacterial cellulose membranes
growing in the broth with addition of pectic or hemicellulosic

Abbreviations: C, cellulose; G, p-p-glucan; GM, glucomannan; X, xylan; XG, xyloglucan; C+G, cellulose-p-D-glucan system; C+GM, cellulose-glucomannan system;
C+X, cellulose-xylan system; C+XG, cellulose-xyloglucan system; FTIR, Fourier Transform Infrared spectroscopy.
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polysaccharides (Gu & Catchmark, 2014). Despite the many advantages
of using bacterial cellulose for testing, this method is not free of some
drawbacks. For example, adding different polysaccharides to the me-
dium in which the cellulose-producing bacteria grow, there is no
possible way to control the amount of substances that bacteria build up
into the cellulose composite. Therefore, to avoid these disadvantages the
physicochemical studies of cellulose as adsorbent and pectin and
hemicellulose as adsorbates. In the literature cellulose is reported among
many others as an adsorbent (Chen et al. 2022, Mysliwiec, Chyliniska,
Szymanska-Chargot, Chibowski, & Zdunek, 2016; Zykwinska, Ralet,
Garnier, & Thibault, 2005; Zykwinska et al., 2008a, 2008b). This
approach is relatively simple but it provides a lot of valuable informa-
tion about process kinetics and the nature of the interaction between
adsorbent and adsorbate. Furthermore, such studies would allow for the
separation of the effect of metabolic processes from the effect of
different concentrations of pectin and hemicellulose with regard to the
cell wall structure and cellulose microfibrils themselves (Dammak et al.
2015; Gu & Catchmark 2014; Villares et al. 2015). However, the main
disadvantages of this approach are the exclusion of some interactions
which occur at the moment that cellulose and polysaccharides assemble,
differences in the polysaccharide structure from their native form and
difficulties with the detection of weak interactions. Another issue is that
the adsorption experiments are analyzed using several research methods
which are based on indirect determination of the amount of the adsor-
bed substance using UV-VIS spectroscopy, chromatography, and other
techniques. Experimental results illustrating the quantitative adsorption
are used to choose an appropriate adsorption model giving information
on the nature of the interaction. Additionally, infrared spectroscopy
(FTIR), Raman spectroscopy, differential scanning calorimetry (DSC),
atomic force microscopy (AFM), scanning electron microscopy (SEM),
microelectrophoresis, and potentiometric titration are used to support
and complete the adsorption data.

Previous investigations of pectin and hemicellulose adsorption on
cellulose microfibrils have already been conducted, but vast majority of
experiments were done at high temperature, which may not correspond
to the conditions that might be found in environmental systems. To date,
as reported in the literature, the adsorption of xyloglucan, xylan, glu-
comannan, arabinoxylan, arabinan, and pectins on cellulose with
different degrees of esterification was studied. However, the cellulose
used originated from different sources and had different properties; it
was microcrystalline Avicel cellulose, but also bacterial cellulose or
cellulose originating from potato or sugar beet (Gu & Catchmark, 2014;
Mysliwiec et al., 2016; Zykwinska et al., 2005). Also, Langmuir or
Freundlich models are currently favored for adsorption of xyloglucan
(one of the hemicelluloses) onto cellulose. In this case, for the first time
the adsorption of a wide range of pectic and hemicellulosic poly-
saccharides onto microfibrillar cellulose was studied in one place.
Therefore, the main objective of the paper was to evaluate the potential
of microfibrillar cellulose as an adsorbent of a wide range of plant cell
wall polysaccharides, which are available commercially. The cellulose
used in the experiment was isolated directly from apple parenchyma and
maintained in the never-dried form while the experiment was performed
at ambient temperature and neutral pH. In order to mimic the natural
composite i.e. plant cell wall, different commercially available poly-
saccharides belonging to the hemicellulose and pectin families were
used to determine their adsorption on the surface of cellulose microfi-
brils and to evaluate the impact of the mechanical properties of cellulose
films with the addition of adsorbed polysaccharides. The results of this
work may be used to verify whether or not pectic and hemicellulosic
polysaccharides have the ability to adsorb and therefore interact with
cellulose microfibrils. In addition, the results could be used in the future
to design new biomaterials or food additives with unique properties as
well as to improve the properties of existing ones (e.g. modified poly-
saccharides, the composites of lignocellulosic materials).
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2. Materials and methods
2.1. Materials

Never-dried microfibrillar cellulose was isolated from apple paren-
chyma using the method described in details by Szymanska-Chargot
etal. 2017. The apples of Gala variety were bought in local grocery shop.
Briefly, the thermochemical method used involved hot water, acid and
alkaline extractions to remove the pectic and hemicellulosic poly-
saccharides from apple pomace. The final step used sodium hypochlorite
to remove residual polysaccharides and lignins. After isolation, the
cellulose was boiled several times in distilled water to remove free
sugars and left in the wet state in the cold (4 °C) until the start of the
experiment in the concentration of approx. 10% (solid-to-water ratio)
(Mysliwiec et al. 2016). Commercially available hemicelluloses: (-p-
glucan (G) (from barley, Sigma Aldrich, Merck, Darmstadt, Germany),
glucomannan (GM) (from konjac, Megazyme Brey, Irland), xylan (X)
(from beechwood, Sigma Aldrich), xyloglucan (XG) (from tamarind
seed, Megazyme, Brey, Irland), and pectins: galactan (from potato,
Megazyme, Brey, Irland), arabinan (from sugar beet, Megazyme, Brey,
Irland), rhamnogalacturonan (from soybean pectin fibre, Megazyme,
Brey, Irland), pectins esterified from citrus fruit with different degrees of
esterification: 20-34%, 55-70%, and > 85% (Sigma Aldrich, Merck,
Darmstadt, Germany) were all used in the experiment without further
purification. The sugar composition of each polysaccharide is presented
according to the information provided by the supplier in SM Table 1 of
the Supplementary Material section.

The initial properties of the cellulose such as the degree of crystal-
linity and the total acidic groups content were measured. The cellulose
crystallinity was determined using the Segal method (Szymanska-
Chargot et al., 2019). The acidic groups content was determined ac-
cording to the standard conductometric titration method described in
SCAN-CM 65:02 (SCAN-CM, 2006). The sugar composition of cellulose
was conducted after hydrolysis of freeze-dried apple cellulose in 72%
sulfuric acid by 1 h (pre-hydrolysis), followed by dilution of sulfuric acid
by addition of water and further hydrolysis in 80 °C by 2 h (post-hy-
drolysis). After which the resulting solution was neutralized by the
addition of sodium hydroxide solution (8 M). The content of glucose,
xylose and mannose was determined by using the Megazyme b-
Mannose/p-Fructose/p-Glucose Assay kit and p-Xylose Assay Kit (Meg-
azyme, Brey, Irland).

2.2. Methods

2.2.1. Adsorption experiment

Adsorption studies were carried out using a static indirect method.
The concentration of hemicellulose/pectin was determined before con-
tact with cellulose and also after contact at a specific time. All of the
experiments were carried out in a water bath shaker at room tempera-
ture (23 = 1 °C). The pH of the solutions was monitored by adding
phosphate buffer saline (PBS, pH 7.4, C = 0.1 M, I = 0.1). In general
terms, 4.83 g of cellulose pulp (0.5 g of cellulose dry weight), 5 g of
phosphate buffer and 25 g of a hemicellulose/pectin solution of a given
concentration were added, this mixture was topped up with distilled
water to form a 50 g solution. The suspensions were shaken during the
entire process (200 rpm/min). The suspensions were filtered through
syringe filters (NYL 0.45 pm, Millipore, Merck, Darmstadt, Germany),
and 1 ml of clear solution was taken for the determination of the con-
centration of the chosen polysaccharides after adsorption. Initially, in
order to establish whether absorption has taken place, the mixing pro-
cess was conducted over a period of 24 h. The concentration of a given
polysaccharide was determined before and after adsorption and in the
case of a positive initial adsorption result another adsorption equilib-
rium experiment was carried out. The time required to reach an equi-
librium condition was estimated by withdrawing samples at intervals of
time until a state of equilibrium was reached. Different initial
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concentrations of each polysaccharide solution were prepared through
the proper dilution of stock solutions. Each point of the isotherm is an
average of three independent replicates.

The carbohydrate content was determined using the sulphuric acid-
UV method as follows (Mysliwiec et al. 2016). A 1 ml aliquot of car-
bohydrate solution was mixed with 3 ml of concentrated sulphuric acid
in a test tube and vortexed for 30 s. The temperature of the mixture rose
rapidly within 10-15 s after the addition of sulphuric acid. Then, the
solution was cooled on ice for 2 min to bring it to room temperature.
Finally, UV light absorption was read at 315 nm using a UV spectro-
photometer. Solutions for the calibration curve were prepared following
the same procedure as above.

2.2.2. Adsorption models

Several models of adsorption isotherms, such as two-parameter
(Langmuir, Freundlich, Jovanovic, Temkin), three-parameter (Lang-
muir-Freundlich, Sips, Toth, Fowler-Guggenheim, Radke-Prausnitz,
Redlich-Peterson) and four-parameter (Marczewski, Fritz-Schluneder)
models were tested. Among them, the best fit was obtained using the
Freundlich isotherm:
a=kc'" (¢))

and the Redlich-Peterson isotherm

ke
1+ kc"

where in Egs. (1)-(2) k (dm3~mg 1) and n (dimensionless) are the
adsorption constants of the process, a, (mg-g~!) is the maximum
adsorption (adsorption capacity), and ¢ (mg-dm™®) stands for the
adsorbate equilibrium concentration in solution.

The Freundlich equation (1) is a purely empirical isotherm (Chang
et al., 2000). The Redlich-Peterson isotherm for low adsorptions is
similar to the Henry (a = kc) isotherm, while for medium and high ad-
sorptions it behaves like the Freundlich isotherm.

In order to estimate how well the model explains the experimental
data, apart from the R? parameter, both the Akaike informational cri-
terion (AIC) and the corrected Akaike information criterion (AICcor)
which takes into account the number of model parameters to avoid
overfitting, were taken into consideration (Mysliwiec et al., 2016).

For the description of adsorption kinetics the first-order equation
was used:

Z?:IA,exp(—k,t) 3)

(2

a=ay,e

a

=1-
ey

were aeq (mg-g_l) is equilibrium adsorption, A; is the contribution of
the ith process (fast, moderate, slow) in the total adsorption and k;
(min 1) is the kinetic constant of the ith process, t (min) denotes time.

2.2.3. Characterization of the hemicellulose, cellulose and cellulose-
hemicellulose dispersions in PBS buffer using a light scattering method

When adsorption of hemicellulose was observed (please see SM
Table 1), additional properties were determined on the hemicellulose-
cellulose systems.

A series of hemicellulose (H) dispersions at concentrations ranging
from 10 mg/L to 200 mg/L (X), 400 mg/L (G and XG) and 800 mg/L
(GM) in 0.001 M PBS at pH 7.4 were prepared and conditioned with a
gentle mixing for 24 h at 20 °C. The ranges of the applied concentrations
covered those used in the adsorption experiment. The maximum value of
the concentration was limited by the precipitation of hemicelluloses.

The dispersions of the cellulose (C; 10,000 mg/L), hemicellulose (H)
and cellulose-hemicellulose (C + H) systems in PBS (0.001 M) at pH 7.4
and the concentration of H corresponding to the highest value of
adsorption (i.e. 800, 400, 200 and 90 mg/L, respectively for GM, G, XG
and X) were selected. However, these systems were too concentrated for
particle size measurements. Therefore, 10-fold lower concentrations
were used. The C suspension was homogenized using Ultraturrax (IKA,
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Staufen, Germany) for 10 min. The samples were conditioned using
gentle mixing for 24 h at 20 °C.

The samples prepared above were characterized using back dynamic
light scattering (the mean hydrodynamic diameter and polydispersity
index (PdI) (ISO, 2017)) and laser Doppler electrophoresis (electro-
phoretic mobility (EM) and zeta potential (ZP) (Delgado et al., 2007).
The measurements were performed using a Zetasizer Nano ZS (Malvern
Ltd., Malvern, UK) using six repetitions at 20 °C.

2.2.4. Characterization of the cellulose-hemicellulose systems
Additionally, for the C + H systems after adsorption was conducted
overnight, the samples were characterized using Fourier transform
infrared (FTIR) spectroscopy, Raman spectroscopy and differential
scanning calorimetry (DSC). The C + H systems were prepared like the
adsorption system above by adding 25 g of 1.6 mg/ml GM, 0.8 mg/ml G,
0.4 mg/ml XG and 0.2 mg/ml X to 0.01 mg/ml cellulose dispersion in a
0.01 M phosphate buffer. After adsorption overnight, the dispersion was
filtered on a nylon filter (0.45 pm) and water was poured over it. The
resulting solid was freeze-dried prior to the measurements taking place.

2.2.4.1. Differential scanning calorimetry (DSC). A DSC analysis was
performed using a TA Instruments DSC 250 (Waters, DE, USA) instru-
ment. Each time the approx. 10 mg of lyophilized sample (stored in a
desiccator before the measurement was carried out) was sealed in
aluminium pans (not hermetic). Then, the sample was gradually heated
in the range of 20-400 °C under a nitrogen flux of 50 ml min~! and the
heating rate was 10 °C min~'. The DSC data were analysed using Trios
v.4.2.1 (TA Instruments, Waters, DE, USA) software.

2.2.4.2. Fourier transform infrared (FTIR) spectroscopy. The FTIR
spectra were collected using a Nicolet 6700 FTIR spectrometer (Thermo
Scientific, Waltham, MA, USA), and a Smart iTR attenuated total
reflection (ATR) sampling accessory was used. After adsorption, the
lyophilised samples were placed directly on an ATR crystal and
measured. The spectra in the spectral range of 4000-650 em™! were
recorded and for each material, 3 samples (200 scans each) were
examined under the same conditions at a spectral resolution of 4 cm L
After that, the average spectrum was obtained. These spectra were
normalized to the area under each spectrum. All spectral manipulation
was carried out using Origin Pro 8.5 (OriginLab Corporation, USA).

2.2.4.3. Raman spectroscopy. The Raman Fourier transform spectrom-
eter (Thermo Scientific, Waltham, MA, USA) was used for the acquisi-
tion of Raman spectra. The Nd:YAG laser emitting light at A = 1064 nm
and the output power was 1 W was used for sample excitation. The
Raman signal was detected using a Ge detector cooled with liquid ni-
trogen. The spectra were recorded in the range of 3700—150 cm_l, with
a resolution of 8 cm ™. For each material, the average of 3 spectra (the
result of 300 individual scans each) were obtained. All spectral manip-
ulation was carried out using Origin Pro 8.5 (OriginLab Corporation,
USA).

2.2.5. Characterization of cellulose-hemicellulose films

2.2.5.1. Cellulose film preparation. The cellulose — hemicellulose films
were prepared using a modified method of high vacuum filtration
(Szymanska-Chargot et al., 2019). Only the hemicelluloses which had
the ability to be adsorbed on cellulose were used. Prior to the prepara-
tion of each film, the first 100 g of 0.2% cellulose suspended in distilled
water was dispersed with Ultraturax (IKA, 10 min) and then mixed with
100 g of hemicellulose solution having a concentration of 100 ppm, 200
ppm, 400 ppm and 800 ppm. The sample was mixed using a magnetic
stirrer for 16 h after which it was poured through a filter (filtration set,
Chempur, Poland), and the filtrate was kept under 0.6 bar (Basic 36
vacuum pump, AgaLabor, Poland). The resulting films contained 0.2 g of
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cellulose and 10 mg, 20 mg, 40 mg or 80 mg of a given hemicellulose.
For each variant, two films were prepared. Dried films were used for
further analysis. The filtrate was checked for the presence of sugars and
only small amounts were detected. Therefore we assumed that all the
hemicelluloses were trapped in the cellulose microfibrils.

2.2.5.2. Mechanical properties. Prior to mechanical testing, samples of
the cellulose films were cut into rectangular strips, with a length of 40
mm and a width of 3 mm. Precise measurements of the sample width
were carried out using the Olympus SZX16 (Olympus Corporation,
Japan) microscope with an SDF PLAPO 0.5 XPF lens, equipped with a
DFK 51BUO02.H digital camera (The Imaging Source Europe GmbH,
Bremen, Germany). The thickness of each sample was measured using a
digital micrometer BAKER P54 (Baker Gauges India Private Limited,
India) with a measurement accuracy equal to 0.001 mm. The uniaxial
tensile tests were performed using a miniature tensile stage (Deben
Microtest, Suffolk, UK). These tests were carried out until the mechan-
ical failure of the samples occurred. The initial gap between the grips
was set at 10 mm. The sample deformation rate was equal to 0.1 mm/
min. The force-elongation curves were analysed automatically using
Python code (https://github.com/ppieczywek/TDA). The sample di-
mensions were used to recalculate the captured tensile force and elon-
gation into stress (¢) and strain (¢), respectively. The obtained bilinear
stress-strain curves were characterized by six parameters: elastic
modulus E1 (slope in the first linear section of the curve), strain hard-
ening modulus E2 (slope in the second linear section of the curve), strain
at break, stress at break, stress at the proportional limit and toughness
(defined as the area under the o- € curve).

2.2.6. Statistical analysis

The obtained results were analysed using Statistica 13.1 software
(StatSoft, Cracow, Poland). One-way ANOVA and post-hoc HSD Tukey
test of probability of means differences with alpha level 0.05 was
performed.

3. Results
3.1. Cellulose substrate characterization

The cellulose in the never-dried microfibrillar state was isolated from
apple parenchyma (Szymanska-Chargot, Chylinska, Gdula, Koziol,
Zdunek, 2017). One of the most important features of cellulose, which
determines its properties is the degree of crystallinity and the amount of
acidic groups on the cellulose surface. The degree of crystallinity of the
cellulose which was determined using the XRD method was 45.49% and
was found to be in good agreement with previous data (Szymanska-
Chargot etal., 2017). The concentration of acidic groups on the cellulose
surface was 18.43 pmol/g. The content of acidic groups is a measure of
the charge on the surface of the cellulose. This charge is introduced on
the surface through the method of cellulose extraction. Additionally, the
sugar composition of cellulose determined. The obtained composition of
cellulose is 87.35 + 0.49 % of glucose, 2.79 + 0.03 % xylose, and 2.15
+ 0.04 % of mannose. Previous study reports that rhamnose and
galactose are present in concentrations below 1%, while arabinose and
uronic acids weren't found (Becker, et al., 2021). Therefore, the purity
of isolated microfibrillar cellulose is high, but residual sugars (after
pectins and hemicelluloses) on the surface should be bare in mind. A
similar isolation of cellulose (from sugar beet cell wall material) was
conducted by Zykwinska et al. (2005, 2008b). However, the sugar
composition of cellulose wasn’t presented and in turn, there is no in-
formation on the purity of used cellulose in these studies (Zylkwinska
et al. 2005, 2008b).
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3.2. Adsorption kinetics and equilibrium

The initial adsorption experiment involving 24 h of adsorption of the
chosen polysaccharides onto cellulose microfibrils showed that only the
hemicelluloses: xyloglucan, xylan, glucomannan and B-p-glucan were
adsorbed onto microfibrillar cellulose and for those polysaccharides a
further detailed analysis was performed. In the case of the chosen pec-
tins no adsorption was observed (SM Table 2). The adsorption kinetics
for the chosen hemicelluloses are shown in Fig. 1 a. The overall kinetics
experiment was conducted for 24 h, but the equilibrium for most sys-
tems was reached after 3-4 h.

In order to further analyse the obtained data we have assumed that
the adsorption of hemicelluloses onto cellulose microfibrils consists of
several parallel processes that are consistent with first-order kinetics
(Eq. (3). The results of the fitting are presented in Fig. 1a. and Table 1.

After fitting the data to this model, we can compare the rates of in-
dividual components (k) and how large their share is in the total
adsorption rate (A). Three components were used to denote fast, mod-
erate and slow processes (Table 1).

The fast processes are dominated by G and X (with a contribution of
0.964 and 0.847, respectively), and GM also forms a part of the fast
process (0.538), the moderate process also played an important role
with a contribution 0.376. XG behaves in a completely different way, in
this case the moderate and slow processes dominated. In the case of
xyloglucan, it was hypothesized that the xylose groups which are
chemically available probably prevent some rapid process of chemical
bonding with the cellulose surface and that the slower ones come to the
fore. However, while the adsorption of xyloglucan on cellulose is still
significant, it probably doesn’t determine the affinity of the hemicellu-
lose to the cellulose surface, but rather the rate of adsorption. The ki-
netic constants for the slow component are very similar in terms of the
order of magnitude (k; < 0.01 min’l), so it may be assumed that the
same process occurs in each case, which in the case of large polymeric
molecules, is most likely to be diffusion/reconformation. This means
that with an increasing concentration of adsorbate in the system, the
hemicellulose macromolecules can only be adsorbed after the recon-
formation of already adsorbed molecules has occurred, this allows new
molecules to reach the surface of the adsorbent. The most probable
explanation of the fast process mechanism is that it includes the for-
mation of the loops-and-tails conformation of hemicellulose molecules
on the cellulose surface, while there is no time for a macromolecular
rearrangement and for the formation of a flat conformation on the cel-
lulose surface. This is the case with G, GM and X. In the case of XG, for
which the moderate and slow processes play a role, the dominating
process is diffusion and reconformation to form a flat rearrangement on
the cellulose microfibrils. This is in line with the previous results of
xyloglucan adsorption on both the Avicel cellulose and the cellulose
nanocrystals which shows that the dominant process in the studied
systems was the reconformation of a polymer in the adsorbed layer
(Kabel et al., 2007; Mysliwiec et al., 2016; Villares et al., 2015). More-
over, the increasing concentration of xyloglucan in the adsorption sys-
tem also led to the formation of loops and tails (Villares et al., 2015).

The adsorption isotherms for the chosen hemicelluloses are shown in
Fig. 1 b and c. Among all of the adsorption isotherm models tested, the
best fit was obtained for the Freundlich (Eq. (1)) and Redlich-Peterson
(Eq. (2)) models (SM Table 3). Usually, the Redlich-Peterson isotherm
is tested for heterogeneous adsorbents and for a high concentration of
adsorbate it is approximated by the Freundlich isotherm, while for low
concentrations, the Henry isotherm is more suitable. Both models are
purely empirical and allow for the formation of multiple layers on the
adsorbate surface or, to be more precise, the models don’t have a
maximum adsorption capacity for a single adsorbed layer (Chang et al.,
2000; Mysliwiec et al., 2016). The adsorption isotherms may be divided
into two parts: first there is a rapid increase and then a plateau is
reached. In the case of X and XG, a plateau was obtained for the lower
adsorption maxima, while for G and GM, the maximum adsorption
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Fig. 1. Adsorption kinetics of GM, G, XG and X on microfibrillar cellulose as plots of adsorption versus time. (GH — glucomannan; G — -p-glucan; XG — xyloglucan; X —
xylan) (a). The adsorption isotherms of the chosen hemicelluloses (GH — glucomannan; G — f-p-glucan; XG - xyloglucan; X — xylan) on microfibrillar cellulose: F —
Freundlich isotherm (b), RP — Redlich-Peterson isotherm (c).
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Table 1

The parameters of the kinetic model used for the analysis of adsorption of the
chosen hemicelluloses (X, XG, G, GM) on microfibrillar cellulose. The bold
values of A indicate the significant impact of the subprocess on the total
adsorption rate.

HEMICELLULOSE
PROCESS GM G XG X
FAST Ay 0.538 0.964 0.041 0.847
k; [1/min] 0.271 0.458 0.983 1.188
MODERATE Ay 0.376 0.026 0.628 0.095
ky [1/min] 0.116 0.051 0.168 0.015
SLOW Ay 0.086 0.01 0.331 0.006
ks [1/min] 0.008 0.003 0.007 0.005

GM- glucomannan, G — p-p-glucan, XG - xyloglucan, X — xylan.

capacity was not reached (within the range of equilibrium concentra-
tions that were studied).

3.3. Characterizations of particle size and electrokinetic properties of C +
H systems

Dispersions of C and C + H mixtures in 0.0001 M PBS at concen-
trations corresponding to the highest adsorption were characterized in
terms of the hydrodynamic diameter, PdI, EM and ZP. The results ob-
tained are summarized in Table 2. Additionally, an effect of H concen-
tration in 0.001 M PBS concerning particle size and EM is shown in SM
Fig. 1.

All of the systems tested were heterogeneous in terms of particle size
(PdI > 0.5). There were no significant differences in hydrodynamic
diameter between C and H with the exception of X, the size of which was
lower. In the case of C + G and C + XG, both the particle size and
polydispersity were significantly higher than those of C. There were no
significant differences in EM (and ZP) between H and C. However, the
absolute values of both EM and ZP that were determined for C + G and C
+ GM were lower than those for C.

In addition, the results obtained for H (without assigning the data to
a specific hemicellulose) and C + H (without assigning the data to a
specific hemicellulose) were analysed. Statistically significant correla-
tions were found between the particle size of H and the EM of C + H (R
= 0.9665) as well as between the EM of H and the hydrodynamic
diameter of C + H (R = 0.7989). The lower the particle diameter of H,
the higher the observed absolute value of EM in the C + H systems.
Simultaneously, the higher that the absolute value of the H EM was, the
lower the mean hydrodynamic diameter which was determined in the C
+ H systems. It was originally hypothesized that the correlations above
resulted from the presence of free (not-adsorbed) H particles in C + H
systems. However, there were no correlations between the particle sizes
of H and C + H (R = 0.5474), the particle sizes of H and the

Table 2

Physicochemical parameters describing dispersions of C, Hand C + H in 0.0001
M PBS at 20 °C. MHD -the mean hydrodynamic diameter, PdI - polydispersity
index, EM - electrophoretic mobility, ZP - zeta potential.

Sample MHD (nm) PdI EM 7P

(umem/Vs) (mV)
C 430 + 98° 0.58 + 0.09" ~0.99 £0.32%  —14.03 +4.54*
G 531 + 94" 070+ 018"  —090+0.35" 1277 +4.89"
C+G 929 +199%  0.76 +£0.03  —0.48 + 0.09° ~6.84 +1.24°
GM 526 + 123" 0.83+017%  —093+0.06" 1317 £0.90?"
C+GM 486 + 80" 0.62+0.09%® 049 +0.16" —6.86 + 2.24°
X 285 + 19° 0.53+0.10°  -1.04+0.10% —14.68 +1.44°
CHX 333+ 60  0.65+0.19% 1.03 +0.08* 1451 +1.17°
XG 417 + 78" 0.60 + 0.16 " 0.65 +0.23 " 9.19 +3.29
C+XG 10164+316" 0.81+£016" -074+0.20"" 1047 £279™

*The letters show the results of a one-way ANOVA and post-hoc HSD Tukey test,
p < 0.05.
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polydispersity of C + H (R = 0.3397) as well as the EM of H and the C +
H particles (R = 0.3920).

By taking into account that both the H and C + H systems were
prepared using the H concentrations that corresponded to the highest
adsorption (see: Adsorption kinetics and equilibrium), the relationships
between amount of adsorbed H (ay,) and the physicochemical properties
of H and C + H were checked. The amount of adsorbed H (a;,) was
proportional to the mean diameter of the particles in the H dispersion (R
= 0.6341). The higher the amount of H that was adsorbed, the lower the
absolute value of EM determined in the C + H dispersion (R = 0.7029).

3.4. Characterization of the cellulose-hemicellulose systems after
adsorption

The thermal degradation of the C + H systems involves two pro-
cesses. The first is the evaporation of low volatile molecules such as
water at around 100 °C, and the second is the main thermal degradation
or crystalline melting. In the case of the C and the C + H systems both
processes were presented as endothermic peaks on the DSC curve (SM
Fig. 2). The thermal degradation of C occurs for temperatures at around
300 °C. The addition of hemicellulose caused an increase in the degra-
dation temperature of the C + H systems by a few degrees. The enthalpy
of the degradation process for pure cellulose is 206.81 J/g and the
addition of hemicellulose caused a drop in enthalpy, the only exception
is the C + X system (Table 3). The lowest enthalpy of degradation,
165.79 J/g was obtained for the C + XG systems. The temperature onset
for all samples regardless of the hemicellulose used was similar and the
obtained values were 318.47 °C for cellulose and between 318 and
321 °C for the C—H systems.

In the case of FTIR, two regions were taken into account: 3700-2800
em™! (OH and CHj, stretching region) and 1225-980 em™! (mainly the
O—C—O linkage vibrations and C—C, C—OH, C—H ring and side group
vibration). The first one may reflect the interaction with OH and CH,
groups, while the changes in the second one may produce information
about the overall interactions with cellulose microfibrils (SM Fig. 3a, b).

The absorbance of the bands at 1200 and 1054 cm™ denoting
C—O—C symmetrical and asymmetrical stretching, respectively,
decreased after the addition of hemicelluloses as compared with the
spectrum of pure cellulose. The bands between 1030 and 1018 em ! are
assigned to the C—C, C—OH, C—H ring and side group vibration. In the
case of the C—H systems and compared with the C spectrum the shift of
the band at 1026 cm ™! towards lower wavenumbers (delta = 7 cm’l)
occurs. The absorbance of the band at 997 em ! (C—C, C—OH, C—H
ring and side group vibration) increased after the addition of G and GM
hemicelluloses. The lowest intensities were obtained for the C-X and C-
XG systems. In the case of the bands between 3800 and 2800 em™!
which may be attributed to intramolecular H-bonds O2H---06 (3431
cm’l), intramolecular H-bonds O2H:--06 (3335 cm’l), intramolecular
H-bonds O3H---05 (3280 cm ™ !) and intermolecular H-bonds O6H.--03'
(2891 cm 1), the position of the bands didn’t change which may be the
result of the very weak interaction between the cellulose and the
hemicelluloses used.

In the case of the Raman spectra of cellulose and cellulose-
hemicellulose systems are presented in SM Fig. 4a, b. The Raman

Table 3
Thermal characteristics of the C and C + H systems obtained from DSC curves.

SEMIMELTING PROCESS

Tamax Enthalpy Tonset
°C J/g C
C 341.26 206.81 318.47
C+GM 349.88 183.05 318.02
C+G 347.65 190.01 321.91
C+ XG 348.48 165.79 319.71
C+X 347.52 211.40 319.60

151



M. Szymaiiska Chargot et al.

spectra were characterized by a strong stretching vibration of C—H in
the pyranose ring of the polysaccharides. The lowest intensity of this
band was obtained for cellulose, while for the C—H systems its intensity
was similar. The region below 1500 cm™! of the Raman shift is domi-
nated by the vibration of the COC, CH,, CH and OH groups. For cellu-
lose, but also for some hemicelluloses, the most characteristic bands
were found at around 1461, 1411, 1374, 1337, 1266, 990 and 962 em !
and assigned different vibrations of methylene (~CHy) and methine
(—CH) groups. The scissoring (bending) of — CH; is sensitive to the
conformation of the C6H20H group and the band at around 1460 cm™*
is related to the gg conformation (Szymariska-Chargot et al., 2019). The
Raman spectrum of cellulose also includes bands at 1148 em™! and
1200 cm ! related to the asymmetric and symmetric C—O—C stretching
vibrations of glycosidic linkages, respectively. Additionally, the band at
1200 ecm™! may be assigned to a ring or to the deformation vibrations of
secondary hydroxyl groups. The bands at 1120 and 1095 em ™! are
characteristic of the asymmetric and symmetric stretching vibrations of
the glycosidic bond in cellulose, respectively. Those bands are also
characteristic for hemicelluloses, e.g. xyloglucan where the main back-
bone consists of -1-4-linked glucose residues which are found in the
cellulose polymer, for example. The band at 896 cm ! is assigned to the
methine group at C1 and the intensity of this band may be related to the
amount of cellulose disorder, and any decrease in this peak may be a sign
that the hemicelluloses caused the cellulose microfibrils to start to form
more stable and ordered structures in water. The shoulder band at 1055
cm ' was assigned to OH--O hydrogen bonding, but also to CO
stretching in the primary and secondary alcohol groups.

3.5. The mechanical properties of composites of microfibrillar cellulose
and hemicelluloses

The interaction between cellulose and hemicellulose has an influence
on the mechanical properties of cellulose-hemicellulose composites and
also on those of the plant cell wall. Therefore, the influence of the
addition of different hemicelluloses in different concentrations on the
mechanical properties of microfibrillar cellulose-based films were
determined (Fig. 2). In order to standardize the composites, a set amount
of each hemicellulose was added. During the high vacuum filtration, the
cellulose filtration cake is formed which additionally causes hemicel-
lulose retention, and higher amounts of hemicelluloses than those
resulting from the adsorption study could be added to the film
preparation.

In general terms, the Young’s modulus of the cellulose-hemicellulose
films increased (significantly or not) in all cases as compared with the
cellulose film. In the case of GM and G hemicelluloses, the increase in
Young’s modulus was proportional to the increasing amount of hemi-
cellulose additive (Fig. 2a). The maximum value of the elasticity module
was obtained in the cases of C + GMO0.4 and C + G0.4 and it was around
5.8 GPa and 5.9 GPa, respectively, and for C + X0.4 it was even higher,
the value of 6.3 GPa meant that the cellulose films with the addition of
glucan, glucomannan and xylan became less elastic. Only the films
containing XG behave in a different way; in the case of the lowest
amount of XG additive, Young’s moduli dropped down to 2.8 GPa but
then started increasing to a value of 7 GPa in the case of C + XGO0.4.

Strain hardening is a measure of material strength in the plastic
deformation regions. Even though the material still experiences some
deformation, it is able to endure more tensile stress without weakening
(Fig. 2 b). In the case of composites, with the addition of GM, G and XG,
strain hardening increased significantly. However, for the sample C +
XGO0.05 this value decreased. In the case of samples with the addition of
X, the increase in the strain hardening value wasn't so significant as it
was in the case of the other samples.

On the other hand, all of the films experienced a similar strain at
break, oscillating at around a value of 4.7% that was obtained for cel-
lulose films (Fig. 2¢). In the case of the stress at break, the addition of
hemicellulose generally increased this value to around 123 MPa for C +
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GM, and to around 127 MPa for C + G, 125 MPa for C + XG, and 1017
MPa for C + X compared to the cellulose film which produced a value of
87.6 MPa (Fig. 2d). Only the addition of 0.05 mg of XG caused a
lowering in the stress at break. The stress at elasticity limit was also
improved after the addition of each hemicellulose: for the cellulose film
was it was approx. 40 MPa, and it increased to 59.4 MPa for the C + X
films, 60.1 MPa for C + XG, 52 MPa for C + G and 49.8 MPa for C + GM
(Fig. 2e). The toughness which is a measure of the ability of the material
to be deformed without any fracturing of the C + H films was improved
by the addition of hemicelluloses (Fig. 2f) and increased from 2.7 MJ /m°
(cellulose) to around 3-4 M MJ/m? however, again the films containing
0.05 or 0.1 mg of XG experienced a reduction in toughness to 1.6 and
1.8 MJ/m®.

4. Discussion

The hemicelluloses and pectins and their potential to interact with
cellulose has tremendous influence over the properties of composites
based on plant cell wall polysaccharides. In the present paper, the
adsorption of the chosen hemicelluloses and pectic polysaccharides on
microfibrillar cellulose was investigated. Adsorption was only obtained
in the case of the chosen hemicelluloses and the adsorption rate
increased in the following order: X < XG < G < GM. The Freundlich
model was used several times to explain the adsorption mechanism of
hemicelluloses on cellulose (Zykwinska et al., 2005) while the Redlich-
Peterson model was used for the first time and showed the best fit to the
experimental data. To date, the most explored isotherms for the
description of hemicellulose-cellulose interaction has been either
Langmuir or Freundlich (Dammak et al., 2015; Villares et al., 2015). The
first one assumes the formation of a monolayer on the sorbent surface,
and the second one is used for heterogenous surfaces with varied surface
affinities in which the more attractive sites are occupied first (Guechi &
Hamdaoui, 2016). While the cellulose microfibril has a heterogenous
surface containing both hydrophilic and hydrophobic sites, the Lang-
muir model would seem to be inadequate in this case. Instead, the
Redlich-Peterson model can be used as a compromise between the
Langmuir and Freundlich isotherms. It allows for the formation of
multilayers but it is rather appropriate for the large molecules forming
different conformations.

To date, the adsorption of xyloglucan on cellulose has been the most
widely studied system and the Freundlich or Langmuir models were
proposed to explain the adsorption. In general, it is assumed that the
Freundlich model is rather more related to the heterogeneity of the
cellulose surface than the possibility of multilayer formation by the
xyloglucan (Zykwinska et al., 2008a). Moreover, xyloglucan also
showed different conformations on the cellulose surface which were
dependent on its concentration in the system. A lower concentration
(below 3.5 pg/L) led to a flat conformation, while increasing xyloglucan
concentration led to the formation of trains and loops on the cellulose
surface (Dammak et al., 2015). In the case of xylan which is a smaller
molecule than xyloglucan only the formation of a flat conformation was
possible.

Moreover, the xyloglucan-cellulose interaction depends on the
sidechains and molecular weight of xyloglucan. The galactosylation and
fucosylation of xyloglucan also influence the interaction with cellulose
microfibrils — the substitution of xyloglucan usually enhanced the
interaction with cellulose (Lima and Buckeridge 2001). Most recently,
apple xyloglucan composed of unbranched linear glucan motifs, typical
XXXG motifs, and fucosylated (XXFG) and galactosylated (XXLG, XLXG,
and XLLG) parts was adsorbed on cellulose (Chen et al. 2022). The
greatest binding affinity was exhibited by the fucosylated and gal-
actosylated xyloglucan fractions. The influence of the different molec-
ular weights of apple xyloglucan additionally modified by enzyme
action on adsorption onto cellulose nanofibers was also investigated
(Chen et al. 2022). The lower molecular weight of the apple xyloglucan
was associated with better adsorption on cellulose nanofibers.
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Fig. 2. Mechanical properties of the cellulose-hemicellulose composites: Young’s modulus (elastic modulus) (a), strain hardening modulus (b), strain at break (c),

stress at break (d), stress at the proportional limit (e) and toughness (f). The data points stand for the mean values of the measured parameters, while bars indicate the

standard deviations. Treatments marked with the same letter are not significantly different. The groups were calculated according to the HSD Tukey test of prob-

ability of means differences with alpha level 0.05. The control samples are marked in red.
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Moreover, again it was confirmed that XG adsorbs in an extended
conformation (trains) at a low XG to cellulose ratio, while tails and loops
are formed at a high XG concentration and a saturated cellulose surface.

In the case of p-p-glucan and glucomannan adsorption on cellulose
was shown, however, not in such high amounts as were found in the
present study (Kiemle et al., 2014). The secondary cell wall hemi-
celluloses as galactoglucomannan can undergo O-acetylation. Moreover,
a lower degree of mannan O-acetylation was related to higher binding
affinity for hemicellulose on cellulose (Melton et al. 2009; Berglund
et al. 2020). It was even concluded that, similar to xyloglucan and xylan,
glucomannans can act as crosslinking agents between cellulose micro-
fibrils. Previously, it has also been suggested that mixed-linked gluco-
mannan is tightly bound to cellulose in low-arabinoxylan cell walls and
can interact with arabinoxylan (Smith-Moritz et al. 2015).

The apple microfibrillar cellulose has quite a low degree of crystal-
linity and is composed of long and thin nanofibrils (Szymanska-Chargot
et al., 2019) (Fig. 3a). The influence of cellulose crystallinity on the
adsorption rate of xyloglucan has already been investigated and the
results are ambiguous (Gu & Catchmark, 2014; Kiemle et al., 2014). On
the other hand, the structure of the molecule, especially the side groups
of the polysaccharides used as adsorbates was shown to have an effect on
their adsorption rate. For example, in the case of pectic polysaccharides,
as adsorbates the low methylated galacturonic acid backbone showed a
slightly improved performance as compared to the highly methylated
pectins (Lin et al., 2016). Also, the presence of sugar side chains which
were arabinose and galactose for the most part, improved the adsorption
rate while highly branched side chains make adsorption impossible
(Zykwinska et al., 2008a). Nevertheless, even in the case of the positive
adsorption of pectic polysaccharides on cellulose, its rate of adsorption
was very slight as compared with the hemicelluloses (Zykwinska et al.,
2008b). In this case, the pectic polysaccharides used: galactan, arabinan,
rhamnogalacturonan, as well as the pectins with different degrees of
esterification showed no affinity to the apple microfibrillar cellulose
used. On the other hand, the structure of hemicelluloses is much more
simple than that of the pectic polysaccharides. Hemicelluloses are usu-
ally linear chains with the glucose, mannose or xylose as a backbone and
sugar units such as xylose, galactose, arabinose, glucuronic acid or
fucose as side chains (Fig. 3b).In the present study, the highest adsorp-
tion was obtained for glucomannan and p-p-glucan. The glucomannan
used in this study contained the repeating units of mannose and glucose
linked by a f-1,4-glycosidic bond, while f-p-glucan is an unbranched
polymer composed of p-glucose molecules connected by a f-1,4-glyco-
sidic and p-1,3-glycosidic bond. While xyloglucan has a backbone
composed of p-1,4-glucose with the xylan sugar as the main substitution,
some arabinose, galactose and fucose may also be present. Xylan is
composed of f-1,4-xylose with substitution mainly by arabinose,
galactose and glucuronic acid (Fig. 3b). By taking into account the
adsorption rate in the following order GM > G > XG > X the conclusion
may be reached that the linear molecules composed mainly of glucose
have a higher affinity to cellulose as compared to XG and X which have
side chains (Fig. 3c). Moreover, XG which has a glucose backbone and
xylose as sidechain had a higher adsorption rate comparing with X
which has xylose as the backbone.

The adsorption kinetics showed that in the case of GM and G, the
rapid processes dominated which probably led to the formation of trains
and loops while there was no time to change the conformation on cel-
lulose (Fig. 3c). In the case of XG, the kinetic models showed that the
moderate and slow processes dominated, which may lead to changes in
conformation on cellulose which also depends on the XG concentration.
On the other hand, the low adsorption rate with the domination of rapid
processes in the case of X adsorption may lead one to the conclusion that
the flat conformation on cellulose microfibrils took place (Fig. 3c). This
is also reflected in the results of the analysis of the electrophoretic
mobility and mean hydrodynamic diameter.

Studies concerning the physicochemical properties of H in 0.001 M
PBS confirmed the effect of concentration on changes in conformation
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and also on the interactions of the macromolecules. In the case of G and
XG, the observed decrease in the hydrodynamic diameter probably
resulted from the structural reorganization of the macromolecules, the
formation of more compact particles as well as changes which occurred
to the structure and thickness of the solvation layer. For the barley G, it
was shown by (Shelat et al., 2011) that the particles size was affected by
the kinematic viscosities of the samples and ranged from about 200 nm
to 400 nm at concentrations lower than 2000 mg/L. Among the H
studied in a PBS solution at pH 7.4, an increase in the hydrodynamic
diameter with increasing concentration was only determined for GM.
Xylan, the last of the analysed H, was characterized by the most negative
values of EM and ZP, and it showed no changes in hydrodynamic
diameter at the concentration range applied. However, it was shown by
(Kabel et al., 2007), that the stable nanoparticle aggregates with a size of
around 300 nm may be formed by X in water. Performing a comparison
of the results obtained and the literature data is difficult due to the
different plant materials used, the dispersing media and the concentra-
tion ranges applied. However, for the majority of H studied in 0.001 M
PBS, the effect of concentration on the size of the dispersed particles was
notable. In considering this, it would be expected that such changes in
the physicochemical properties of the H dispersion would accompany
the adsorption process on C (with a decrease occurring in the concen-
tration of H in the equilibrium solution compared to that in the applied
solution).

Taking into account the effect of individual H on C, in the case of GM,
there was no change in the size of the dispersed particles but the
negatively charged functional groups of C were shielded which led to a
decrease in the absolute value of EM. The G - C interaction resulted in an
increase in the hydrodynamic diameter and a simultaneous decrease in
the absolute value of EM. A similar effect, i.e. an increase in the particle
size, was observed for XG but in this case a decrease in the absolute value
of EM was insignificant. The adsorption of XG on C and the structure of
the formed C + H complexes depended on the chemical structure of XG
and the hydrophobicity of the C surface (Zhao et al., 2014). It was
demonstrated for XG adsorption on the surface of cellulose nanocrystal
(CNC) that low-molecular XG formed an extended layer whereas XG that
had a higher molecular weight formed accessible loops and tails onto the
C surface, thereby preventing C aggregation (Villares et al., 2017). This
is consistent with the results obtained, showing an increase in the hy-
drodynamic diameter without any change in EM. It was found that the
cellulose crystalline configuration is not affected by the adsorption of
the mixed-linkage G, which forms a para-crystalline layer (Martinez-
Sanz et al., 2017). A hydrogel formed by G on a C surface may form a
foundation for the further attachment of other polysaccharides (KKiemle
et al., 2014). The structure of the X layer adsorbed on the surface of C
depends on the degree of acetylation. For highly acetylated X, this layer
is dense and poorly hydrated, while for the de-acetylated X it is more
hydrated (Jaafar et al., 2019). In the case of the experiment discussed
above, X adsorption was low and thus no effect on EM was observed (as
compared to the C and C + H systems).

The results of further statistical analysis generally show that the
adsorption of small H particles with a high absolute value of EM was low
on C. The higher the hydrodynamic diameter and the lower the absolute
value of EM of the H particle interacting with C, the greater the particle
size with a lower absolute value of EM in the C + H system and the
higher the a,, value.

FT-IR and FT-Raman spectra, as well as the DSC thermograms of bulk
residues after adsorption, were obtained to reveal the nature of the
interaction between hemicelluloses and cellulose. In general terms, DSC
showed that the degradation temperature increased in the case of the C
+ H systems as compared with cellulose. Higher temperature values of
degradation may indicate that the cellulose has less mobility and that
crystalline melting occurs with difficulty. Usually, the thermal stability
of cellulose composites is substantially influenced by the intermolecular
bonding between the cellulose and the polymer matrix. Close intermo-
lecular bonding could enhance the bond dissociation energy required for
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the chain cleavage of macromolecules. In this case, the enthalpy in the
case of C + GM, C + G and C + XG decreased as compared with the
enthalpy obtained for cellulose alone. This could be evidence of incor-
poration by the hemicelluloses of the spacing between the cellulose
microfibrils and in turn, of the lower stability of the systems. Moreover,
the FT-IR and FT-Raman spectra showed that the weak interactions
between hemicelluloses and cellulose are the most possible as the bands
reflecting the H bonds didn’t undergo changes. It supports also the re-
sults obtained by other researchers. Wohlert et al. (2022) concluded that
the hydrogen bonds are not the main factor responsible for interactions
between xyloglucan and cellulose simultaneously highlighting the
importance of water molecules in the system. The increase of the en-
tropy was assumed as main driver of adsorption process (Kishani et al.
2021). The molecular dynamic simulation has also revealed that the
interaction with cellulose occurs over a short distance, and adsorption
on the hydrophobic surface of the microfibril is preferable, indicating
the importance of hydrophobic forces (Park and Cosgrove, 2015).

It is challenging to investigate the mechanical properties of small
domains in plant cell walls. Therefore certain composites which mimic
the plant cell wall were prepared. One of the methods used is the
preparation of bacterial cellulose pellicles which grow in the presence of
plant cell wall hemicelluloses and pectins (Chibrikov et al., 2023).
However, the structure of bacterial cellulose fibrils differs from those
found in planta. Another method used is the direct preparation of the
composites of plant cellulose and certain chosen hemicelluloses via
solvent casting or through the use of a high pressure filtration method
(Szymanska-Chargot et al., 2019). In general, the mechanical properties
of the apple cellulose films were slightly inferior compared to those
obtained previously for apple microfibrillar cellulose films (Szymanska-
Chargot et al., 2019). Previously, it was mainly the mechanical prop-
erties of bacterial cellulose or nanocellulose and hemicelluloses com-
posites that were investigated. The presence of xyloglucan in bacterial
cellulose led to a decrease in Young’s modulus and in terms of tensile
strength and strain (Chibrikov et al., 2023; Gu & Catchmark, 2014).
However, in the case of the XG composites with Avicel cellulose, there
was a dependence of the mechanical properties on the ratio of XG to
cellulose (Bendaoud et al., 2017). A similar behaviour was obtained for
the composites of cellulose nanofibrils and galactoglucomannan (Luce-
nius et al., 2019). The influence of xylan addition to the cellulose on the
resulting mechanical properties of the composites is inconclusive. In the
case of both the cellulose nanofibrils-xylan and bacterial cellulose-xylan
composite, Young’s modulus decreased with increasing xylan concen-
tration, but in the case of 5-10% xylan in the composite, Young’s
modulus increased (Chibrikov et al., 2023). Basic information produced
by the experiment concerns the influence of f-p-glucan on the me-
chanical properties of cellulose composites, however, the available re-
sults actually showed a decrease in Young’s modulus, tensile strength
and strain after the addition of 28-30% xylan to bacterial cellulose
pellicles (Mikkelsen et al., 2015). In this case, a decrease in most me-
chanical properties only occurred for the initial amounts of XG as
compared with pure cellulose film (Fig. 2). In the case of other XG
concentrations and all of the concentrations used for GM, G and X, an
increase in Young’s modulus was obtained for the composites which
means a lower elasticity value for the cellulose-hemicellulose compos-
ites. The stress at break (tensile strength) increased after the addition of
chosen hemicelluloses, while an elongation at break decrease occurred
with the increasing concentration of hemicelluloses. Again, the excep-
tions were the initial concentrations of XG.

5. Conclusion

The results obtained through an analysis of the adsorption of the
chosen hemicelluloses and pectins on cellulose microfibrils undoubtedly
showed that only in the case of hemicelluloses did an interaction occur.
In the case of pectins, the results showed that no adsorption occurred or
that the extent of the adsorption was below the sensitivity of the
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analytical method. However, this result confirms those of previous
studies which also showed that even if an interaction between cellulose
and pectins occurs then it is very weak. Moreover, the amounts of
adsorbed hemicellulose on microfibrillar cellulose in a never-dried state
were lower than those obtained previously. Two isotherms were fitted to
the experimental points which were Freundlich and Redlich-Peterson.
These models have led to the conclusion that in the case of hemicellu-
lose adsorption on cellulose there is no monolayer formation, while the
large hemicellulose molecules can have different spatial structures. In
the case of the chosen hemicelluloses, a different kinetic behaviour of
adsorption was obtained but with the advantage of the fast process. This
in turn could be evidence that hemicelluloses undergo reconformation
and formation of trains-and-tails on the surface of cellulose. The affinity
of hemicellulose particles to cellulose increases with decreases in their
EM and an increase in particle size. The smaller the molecule of hemi-
cellulose, the lower the adsorption on cellulose. In the case of xylan
which is the smallest molecule (the mean hydrodynamic diameter) the
flat conformation on cellulose surface is the most probable. Also, the
interaction of hemicellulose and cellulose has an influence on the me-
chanical properties of cellulose-based films. The films with different
concentration of hemicellulose to cellulose were prepared. It was shown
that the addition of hemicelluloses led to a rigidity of the films and also
to an increase in their strength. However, the most interesting results
were obtained for xyloglucan. The mechanical properties of the
cellulose-xyloglucan films were dependent on the concentration of
hemicellulose added to the cellulose film. The final conclusion can be
made that the microfibrillar cellulose in a never-dried state has the
potential to study the interaction with other non-cellulosic cell wall
polysaccharides. The interaction between cellulose-hemicelluloses but
not between cellulose and pectins has an impact if it comes to for
example designing new food and packaging or coating materials using
those cellulose-polysaccharide systems.
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Supplementary material

SM Table 1. The sugar composition (weight %) of the polysaccharides used in the present study is

according to the information provided by each polysaccharide supplier.

Glc% Xyl% Gal% Man% GIcA% Ara% Rha% GalA% Fuc%
Glucomannan 40 60
B-D-glucan 94
Xyloglucan 45 34 17 2
Xylan 86.1 11.3
Galactan 87 3 4 6
Arabinan 18.7 69 14 10.2
Rhamnogalacturonan 28 25 7 13 51 21
Citrus pectin DE 20-34% >74
Citrus pectin DE 55-70% >74
Citrus pectin DE 285% >74

Glc- glucose, Xyl — xylose, Gal — galactose, Man — mannose, GIcA — glucuronic acid, Ara — arabinose,

Rha — rhamnose, GalA — galacturonic acid, Fuc — fucose, DE — esterification degree

SM Table 2. A comparison of the absorbance of the polysaccharide solutions used for the initial adsorption
study before and after 24h of mixing with cellulose. Positive adsorption was obtained for xyloglucan,
xylan, B-D-glucan and glucomannan — a reduction in the absorbance value was obtained after contact with
cellulose. However, the lack of a decrease in the absorbance value after mixing with cellulose was observed
for pectins, arabinan, galactan and rhamnogalacturonan which is the evidence of no adsorption occurring

in this case.

Absorbance of

Initial Absorbance of
Sample concentratio initial adsorbate supernata.nt aft.e.r

n (ppm) concentration pc?lysaccharlde mixing

with cellulose for 24 h
Pectin DE 20-34% 200 0.960 0.876
Pectin DE 55-70% 200 0.926 0.902
Pectin DE>85% 200 0.922 0.803
Arabinan 200 0.945 0.923
Galactan 200 0.815 0.763
Rhamnogalacturonan 200 0.800 0.830
B-D-glucan 200 1.049 0.070
Xyloglucan 200 0.763 0.038
Glucomannan 200 1.015 0.027
Xylan 200 1.994 0.555
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SM Table 3. Fitting the experimental data to the theoretical models of Freundlich and the Redlich-
Peterson isotherms.

Freundlich model Redlich-Peterson model
G GM X XG G GM X XG
k 0.82 2.63 0.20 0.96 am 1.27 3.01 0.22 1.00
n 1.77 2.30 1.88 3.36 k 0.71 1.40 2.53 6.47
n 0.50 0.58 0.49 0.71

AlCcorr 4497 25.19 3.30 2528 AlCoor 48.73  45.24 6.87 28.83

R? 0.73 0.98 0.82 0.92 R? 0.72 0.99 0.82 0.90

GM — glucomannan, G — B-D-glucan, XG — xyloglucan, X — xylan.
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SM Fig. 1. An effect of H concentration in 0.001 M PBS on a) hydrodynamic diameter, b) polydispersity
index (PdI), and c) electrophoretic mobility (EM) at 20°C.

The effect of the H concentration in 0.001 M PBS on the particle size and EM is shown
in SM Fig. 1. For G and XG, the hydrodynamic diameter decreased with increasing
concentration (from 608 + 70 nm to 298 + 39 nm for G and from 435 4+ 22 nm to 134 +
11 nm for XG). For GM, the particle size increased from 415 + 46 nm to 542 + 27 nm

with increasing concentration, whereas for X, the concentration did not have any
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influence over the hydrodynamic diameter (the value was found to be at a level of 200 +
14 nm). The dispersions of X were the most homogeneous in terms of particle size (Pdl
was 0.34 + 0.04). For other H, the value of PdI was higher than 0.5 (0.69 + 0.16 for GM,
and 0.70 £ 0.13 for XG). In the case of G, the value of PdI increased with increasing
concentration (from 0.60 + 0.05 to 0.87 £ 0.13). The values of both EM and ZP were
negative and an increase in the H concentration did not affect them significantly (one-
way ANOVA). The absolute value of EM changed in the following order of H: XG (0.31
+ 0.05 umem/Vs) = G (0.42 £ 0.16 umem/Vs) = GM (0.48 £ 0.13 pmem/Vs) < X (0.83
+0.11 pmem/Vs).
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SM Fig.2. DSC curves of the cellulose-hemicellulose systems after adsorption.
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12. Oswiadczenia wspotautorow

INSTYTUT

A RAGROFIZYKI
P A N
Lublin, 27.08.2025 r.

Mgr Patrycja Karolina Pgkala
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w ponizszych pracach inicjatywa podjetych badan jest moim
wkiadem intelektualnym:

P1: Pg¢kala, P., Szymanska-Chargot, M., Zdunek, A. (2023) Interactions between non-cellulosic
plant cell wall polysaccharides and cellulose emerging from adsorption studies — a review. Cellulose
30, 9221-9239 DOL.ORG/10.1007/S10570-023-05442-Y

P2: Pe¢kala, P., Szymanska-Chargot, M., Cybulska, J., & Zdunek, A. (2025). Monosaccharide
composition and degree of acetylation of non-cellulosic cell wall polysaccharides and their
relationship to apple firmness. Food Chemistry, 470, 142639.
https://doi.org/10.1016/j.foodchem.2024.142639,

P3: Pekala, P., Szymanska-Chargot, M., Zdunek, A. (2025) Acetylated hemicelluloses and esterified
pectin alterations in apple cell walls during the development of two apple cultivars: Insights from FT-
IR, Raman spectroscopy, and imaging. Food Chemistry, 146129
https://doi.org/10.1016/j.foodchem.2025.146129

P4: Szymanska-Chargot, M., Pekala, P., Mysliwiec, D., Ciesla, J., Pieczywek, P. M., Sieminska-
Kuczer, A., Zdunek, A. (2024). A study of the properties of hemicelluloses adsorbed onto
microfibrillar cellulose isolated from apple parenchyma. Food Chemistry, 430, 137116.

DOI: 10.1016/j.foodchem.2023.137116

Moj wkiad w powyzsze prace obejmowat:

e Analiza danych literaturowych

e wspotudziat w opracowaniu koncepcji, metodyki i zakresu badan,

* przeprowadzenie badan laboratoryjnych

e analiza i interpretacja wynikéw badan,

* wiodacy udziat w procesie przygotowania, edycji i korekcie wymienionych manuskryptow,

e statystyczne i graficzne opracowanie danych

Podpis
-
i YA e,

Instytut Agrofizyki ul. Doswiadczalna 4 tel.: 81 744 50 61 www.ipan.lublin.pl
im. Bohdana Dobrzanskiego 20-290 Lublin faks: 81 744 50 67
Polskiej Akademii Nauk e-mail: sekretariat@ipan.lublin.pl
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INSTYTUT

AF\WIZY!(I
P AN

Lublin, 27 .08.2025 r.

Instytut Agrofizyki
im. Bohdana Dobrzariskiego
Polskiej Akademii Nauk

dr hab. Monika Szymanska-Chargot
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w ponizej pracy inicjatywa podjetych badan jest wkladem
intelektualnym mgr Patrycji Karoliny Pekali:

P1: Pekala, P., Szymanska-Chargot, M., Zdunek, A. (2023) Interactions between non-cellulosic
plant cell wall polysaccharides and cellulose emerging from adsorption studies — a review. Cellulose
30, 9221-9239 DOL.ORG/10.1007/S10570-023-05442-Y

P2: Pgkala, P., Szymanska-Chargot, M., Cybulska, J., & Zdunek, A. (2024). Monosaccharide
composition and degree of acetylation of non-cellulosic cell wall polysaccharides and their
relationship to apple firmness. Food Chemistry, 470, 142639.
https://doi.org/10.1016/j.foodchem.2024.142639,

P3: Pegkala, P., Szymanska-Chargot, M., Zdunek, A. (2025) Acetylated hemicelluloses and
esterified pectin alterations in apple cell walls during the development of two apple cultivars: Insights
from  FT-IR, Raman spectroscopy, and imaging. Food 146129
https://doi.org/10.1016/i.foodchem.2025.146129

P4: Szymanska-Chargot, M., P¢kala, P., Mysliwiec, D., Ciesla, J., Pieczywek, P. M., Siemifiska-
Kuczer, A., Zdunek, A. (2024). A study of the properties of hemicelluloses adsorbed onto
microfibrillar cellulose isolated from apple parenchyma. Food Chemistry, 430, 137116.

DOI: 10.1016/j.foodchem.2023.137116

Moj wkiad w powyzsze prace obejmowat:

Chemistry,

petnienie funkcji kierownika projektu, w ramach ktérego realizowano badania,

wspotudzial w opracowaniu koncepcji, metodyki i zakresu badan,

udzial w analizie i interpretacji wynikow badan,

nadzorowanie i wspétudziat w procesie przygotowania, edycji i korekcie wymienionych
manuskryptow,

e peienie funkcji autora korespondencyjnego

Jednoczesnie wyrazam zgodg, aby powyzsza publikacja zostala wykorzystana w rozprawie
doktorskiej mgr Patrycji Karoliny Pekali.
Podpis

ul. Dodwiadczalna 4
20-290 Lublin

tel.: 81744 50 61
faks: 81 744 50 67
e-mail: sekretariat@ipan.lublin.pl

www.ipan.lublin.pl
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INSTYTUT
'\ RGROFIZYKI
P A N

Lublin, 02.09.2025 r.

Prof. dr hab. Artur Zdunek
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w ponizej pracy inicjatywa podjetych badan jest wkladem
intelektualnym mgr Patrycji Karoliny Pekali:

P1: Pgkala, P., Szymanska-Chargot, M., Zdunek, A. (2023) Interactions between non-cellulosic
plant cell wall polysaccharides and cellulose emerging from adsorption studies — a review. Cellulose
30, 9221-9239 DOI.ORG/10.1007/S10570-023-05442-Y

P2: Pgkala, P., Szymanska-Chargot, M., Cybulska, J., & Zdunek, A. (2025). Monosaccharide
composition and degree of acetylation of non-cellulosic cell wall polysaccharides and their
relationship to apple firmness. Food Chemistry, 470, 142639.
https://doi.org/10.1016/j.foodchem.2024.142639,

P3: Pekala, P., Szymanska-Chargot, M., Zdunek, A. (2025) Acetylated hemicelluloses and esterified
pectin alterations in apple cell walls during the development of two apple cultivars: Insights from FT-
IR, Raman spectroscopy, and imaging. Food Chemistry, 146129
https://doi.org/10.1016/1.foodchem.2025.146129

P4: Szymanska-Chargot, M., P¢kala, P., Mysliwiec, D., Ciesla, J., Pieczywek, P. M., Sieminska-
Kuczer, A., Zdunek, A. (2024). A study of the properties of hemicelluloses adsorbed onto
microfibrillar cellulose isolated from apple parenchyma. Food Chemistry, 430, 137116.

DOI: 10.1016/j.foodchem.2023.137116

Moj wkiad w powyzsze prace obejmowat:

* wspotudziat w oméwieniu wynikéw badan,
® wspéludzial w procesie przygotowania i edycji wymienionych manuskryptow

Jednoczesnie wyrazam zgodg, aby powyzsza publikacja zostata wykorzystana w rozprawie
doktorskiej mgr Patrycji Karoliny Pekali.
Podpis

plh £

Instytut Agrofizyki ul. Doswiadczalna 4 tel.: 81744 50 61 WWW ipan lublin Dl
im. Bohdana Dobrzariskiego 20-290 Lublin faks: 81 744 50 67 ’
Polskiej Akademii Nauk e-mail: sekretariat@ipan.lublin.pl
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INSTYTUT

AHGRCI—'—'IZYKI
P A N

Lublin, 02.09.2025 r.

Prof. dr hab. inz. Justyna Cybulska
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym oswiadczam, ze w ponizszej pracy inicjatywa podjetych badan jest wkitadem

intelektualnym mgr Patrycji Karoliny Pekali:

P2: Pgkala, P., Szymanska-Chargot, M., Cybulska, J., & Zdunek, A. (2024). Monosaccharide
composition and degree of acetylation of non-cellulosic cell wall polysaccharides and their
relationship to apple firmness. Food Chemistry, 142639.
https://doi.org/10.1016/j.foodchem.2024.142639,

Moj wkiad w powyzszej pracy obejmowat:

e wspotudzial w opracowaniu metodyki wykorzystanej w badaniach,
¢ wykonaniu oznaczen zawartosci monosacharydow,
e udziale w analizie i interpretacji wynikéw badan,

Jednoczesnie wyrazam zgodg, aby powyzsza publikacja zostata wykorzystana w rozprawie
doktorskiej mgr Patrycji Karoliny Pekali.

Instytut Agrofizyki ul. Doswiadczaina 4 tel.: 8174450 61 WWwW. ipan lublin p|
im. Bohdana Dobrzanskiego 20-290 Lublin faks: 81 744 50 67 .
Polskiej Akademii Nauk e-mail: sekretariat@ipan.lublin.pl
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INSTYTUT
A AGROFIZYKI
P A N

Lublin, 02.09.2025 r.

Dr hab. Jolanta Ciesla
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w ponizszej pracy inicjatywa podjetych badan jest wkladem

intelektualnym mgr Patrycji Karoliny Pekali:

P4: Szymanska-Chargot, M., Pekala, P., Mysliwiec, D., Ciesla, J., Pieczywek, P. M., Sieminska-
Kuczer, A., Zdunek, A. (2024). A study of the properties of hemicelluloses adsorbed onto
microfibrillar cellulose isolated from apple parenchyma. Food Chemistry, 430, 137116.

DOI: 10.1016/j.foodchem.2023.137116

Méj wkiad w powyzszej pracy obejmowat:

e wspotudzial w opracowaniu metodyki wykorzystanej w badaniach,
e wykonaniu analizy wlasciwosci elektrokinetycznych i pomiaru wielkosci,
e udziale w analizie i interpretacji wynikow badan,

Jednoczesnie wyrazam zgode, aby powyzsza publikacja zostala wykorzystana w rozprawie
doktorskiej mgr Patrycji Karoliny Pekali.

Podpis

%OMA@QMQ( ................... |

Instytut Agrofizyki ul. Doswiadczalna 4 tel.: 81 744 50 61 www.ipan.lublin.pl
im. Bohdana Dobrzariskiego 20-290 Lublin faks: 81 744 50 67 Ll P
Polskiej Akademii Nauk e-mail: sekretariat@ipan.lublin.pl

175



INSTYTUT
AGROFIZYKI
P

P AR N

Lublin, 20.08.2025 r.

Dr Anna Sieminska-Kuczer
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Oswiadeczenie

Niniejszym o$wiadczam, ze w ponizszej pracy inicjatywa podjetych badan jest wkladem

intelektualnym mgr Patrycji Karoliny Pekali:

P4: Szymarnska-Chargot, M., Pekala, P., Mysliwiec, D., Ciesla, J., Pieczywek, P. M., Sieminska-
Kuczer, A., Zdunek, A. (2024). A study of the properties of hemicelluloses adsorbed onto
microfibrillar cellulose isolated from apple parenchyma. Food Chemistry, 430, 137116.

DOI: 10.1016/j.foodchem.2023.137116

Méj wklad w powyzszej pracy obejmowat:

¢ wspétudziat w opracowaniu metodyki wykorzystanej w badaniach,
¢ wykonanie badan zawartosci monosacharydéw,
e udziale w analizie wynikéw badan,

Jednoczesnie wyrazam zgodg, aby powyzsza publikacja zostala wykorzystana w rozprawie
doktorskiej mgr Patrycji Karoliny Pekali.

Podpis

............................................................

Instytut Agrofizyki ul. Doswiadczalna 4 tel.: 81 744 50 61 www.ipan.lublin.pl
im. Bohdana Dobrzanskiego 20-290 Lublin faks: 81 744 50 67
Polskiej Akademii Nauk e-mail: sekretariat@ipan.lublin.pl
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INSTYTUT

A AGROFIZYKI
P A N

Lublin, 20.08.2025 1.

Dr hab. inz. Piotr M. Pieczywek
Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w ponizej pracy inicjatywa podjetych badan jest wktadem

intelektualnym mgr Patrycji Karoliny Pekali:

P4: Szymanska-Chargot, M., P¢kala, P., Mysliwiec, D., Cieéla, J., Pieczywek, P. M., Sieminska-
Kuczer, A., Zdunek, A. (2024). A study of the properties of hemicelluloses adsorbed onto
microfibrillar cellulose isolated from apple parenchyma. Food Chemistry, 430, 137116.

DOI: 10.1016/j.foodchem.2023.137116

Moj wktad w ponizsze prace obejmowat:

e wspotudziale w opracowaniu metodyki wykorzystanej w badaniach,
¢ wykonaniu badan mechanicznych kompozytow,
e udziale w analizie i interpretacji wynikoéw badan,

Jednoczesnie wyrazam zgodg, aby powyzsza publikacja zostala wykorzystana w rozprawie

doktorskiej mgr Patrycji Karoliny Pekali.

Podpis
Elektronicznie

Piotr podpisany przez

................................ Pioti Pieczyiek

Pieczywek pata: 2025.08.20
12:57:11 +02'00

Instytut Agrofizyki ul. Doswiadczalna 4 tel.: 81 744 50 61 www.ipan.lublin.pl
im. Bohdana Dobrzanskiego 20-290 Lublin faks: 81 744 50 67
Polskiej Akademii Nauk e-mail: sekretariat@ipan.lublin.pl
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. INSTYTUT

DAWID KAROL
RAGROFIZYKI
A P AN oL

SLIWIEC
Lublin, 09.09.2025 r.

16:23:54 (GMT+2

3252

Dr Dawid Mysliwiec

UNB

Al. Gen. W. Sikorskiego 3,
20-814 Lublin, Poland

Oswiadczenie

Niniejszym oswiadczam, ze w ponizszej pracy inicjatywa podjetych badan jest wkladem

intelektualnym mgr Patrycji Karoliny Pekali:

P4: Szymanska-Chargot, M., P¢kala, P., Mysliwiec, D., Ciesla, J., Pieczywek, P. M., Sieminska-
Kuczer, A., Zdunek, A. (2024). A study of the properties of hemicelluloses adsorbed onto
microfibrillar cellulose isolated from apple parenchyma. Food Chemistry, 430, 137116.

DOI: 10.1016/j.foodchem.2023.137116

Moj wkiad w powyzszej pracy obejmowat:
e wspohudzial w opracowaniu metodyki wykorzystanej w badaniach,
e wykonaniu analizy modeli adsorpcyjnych,
e udziale w analizie i interpretacji wynikow badan,
Jednoczesnie wyrazam zgodg, aby powyzsza publikacja zostala wykorzystana w rozprawie

doktorskiej mgr Patrycji Karoliny Pekali.

Podpis
Instytut Agrofizyki ul. Do$wiadczalna 4 tel.: 81 744 50 61 www.ipan.lublin.pl
im. Bohdana Dobrzanskiego 20-290 Lublin faks: 81 744 50 67
Polskiej Akademii Nauk e-mail: sekretariat@ipan.lublin.pl
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13. Zyciorys naukowy

Imie i nazwisko:

Miejsce pracy:

WYKSZTALCENIE

Mgr Patrycja Karolina Pekala
ZYCIORYS NAUKOWY

Patrycja Karolina P¢kala

Instytut Agrofizyki im. Bohdana
Dobrzanskiego

Polskiej Akademii Nauk

ul. Doswiadczalna 4, 20-290 Lublin
Telefon: (81) 744 50 61 w. 231
E-mail: p.pekala@ipan.lublin.pl

2021-2025

2018

Doktorantka w Interdyscyplinarnej Szkole Doktorskiej Nauk
Rolniczych w Instytucie Agrofizyki im. Bohdana Dobrzanskiego
PAN,

Dziedzina: nauki rolnicze

Dyscyplina: rolnictwo i ogrodnictwo

Tytut pracy: ,,Zmiany stopnia O-acetylacji niecelulozowych
polisacharydéw podczas rozwoju i dojrzewania owocow i ich
wplyw na wlasciwo$ci mechaniczne 1 mikrostrukture tkanki
ro$linnej”

Mgr chemii, Uniwersytet Marii Curie — Sktodowskiej

w Lublinie

Kierunek: chemia

Specjalnos¢: analityka chemiczna

Tytul pracy: ,,Badania adsorpcji kwasu jabtkowego na granicy
faz hydroksyapatyt/roztwor elektrolitu”

DOSWIADCZENIE ZAWODOWE

2019 - obecnie

2019-2019

STAZE

Pracownik Inzynieryjny w Zaktadzie Biospektroskopii 1
Mechaniki Biomateriatow w Instytucie Agrofizyki PAN im.
Bohdana Dobrzanskiego w Lublinie

Starszy Laborant Kontroli Jakosci w Laboratorium
Kosmetycznym Dr Ireny Eris w Piasecznie

01.09 — 02.12.2025

02.07- 19.10.2018

Staz w BIA INRAE w Nantes, Francja.

W ramach projektu NAWA Preludium Bis2

Staz w Kontroli Jako$ci w Laboratorium Kosmetycznym Dr
Ireny Eris w Piasecznie
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ZAINTERESOWANIA NAUKOWE

e Polisacharydy roslinnej $§ciany komorkowe;j

e (Odzialywania pomiedzy polisacharydami $ciany komodrkowe;j
e Wiasciwosci fizykochemiczne acetylowanych hemiceluloz

e Badania adsorpcyjne

e Metody spektroskopowe w badaniach polisacharydow

WYKAZ OSIAGNIEC W PRACY NAUKOWO-BADAWCZEJ]

PUBLIKACJE
Lista publikacji stanowiacych podstawe rozprawy doktorskiej

Pg¢kala, P., Szymanska-Chargot, M., Zdunek, A. (2025b). Acetylated
hemicelluloses and esterified pectin alterations in apple cell walls during the
development of two apple cultivars: Insights from FT-IR, Raman spectroscopy,
and imaging. Food Chemistry, 146129

Pe¢kala, P., Szymanska-Chargot, M., Cybulska, J., Zdunek, A. (2025a).
Monosaccharide composition and degree of acetylation of non-cellulosic cell wall
polysaccharides and their relationship to apple firmness. Food Chemistry, 470,
142639.

Szymanska-Chargot, M., Pekala, P., Mysliwiec, D., Ciesla, J., Pieczywek, P. M.,
Sieminska-Kuczer, A., & Zdunek, A. (2024). A study of the properties of
hemicelluloses adsorbed onto microfibrillar cellulose isolated from apple
parenchyma. Food Chemistry, 430, 137116.

Pe¢kala, P., Szymanska-Chargot, M., & Zdunek, A. (2023). Interactions between
non-cellulosic plant cell wall polysaccharides and cellulose emerging from
adsorption studies. Cellulose, 30(15), 9221-9239.

Pozostale publikacje

Szymanska-Chargot, M., P¢kala, P., Sieminska-Kuczer, A., & Zdunek, A. (2024).
A determination of the composition and structure of the polysaccharides fractions
isolated from apple cell wall based on FT-IR and FT-Raman spectra supported by
PCA analysis. Food Hydrocolloids, 150, 109688.

Szymanska-Chargot, M., Ciesla, J., P¢kala, P., Pieczywek, P. M., Oleszek, W.,
Zyta, M., Zdunek, A. (2022). The Influence of High-Intensity Ultrasonication on
Properties of Cellulose Produced from the Hop Stems, the Byproduct of the Hop
Cones Production. Molecules, 27(9), 2624.
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UDZIAL W KONFERENCJACH NAUKOWYCH
KONFERENCJE KRAJOWE

Pg¢kala, P., Szymanska-Chargot, M., Kurzyna-Szklarek, M., Cybulska, J., Zdunek,
A., 2024, Stopien O-acetylacji polisacharydéw niecelulozowych podczas
dojrzewania i pozbiorczego przechowywania jablek, ,.Cztery Zywioly —
Wspotczesne Problemy W Naukach O Zyciu”, 11.12.2024, Warszawa. Abstrakt
zostal opublikowany w materiatach konferencyjnych na str. 27

P¢kala P., Szymanska-Chargot M., Zdunek A., 2023, Badania spektroskopowe
polisacharydow niecelulozowych $ciany komorkowej jabtek. VI Konferencja
Doktorantow ,,Cztery Zywioty — Wspolczesne Problemy W Naukach O Zyciu”,
14.12.2023, Lublin.  Abstrakt zostat opublikowany w  materiatach
konferencyjnych na str. 41

Pg¢kala, P., Szymanska-Chargot, M., Kurzyna-Szklarek, M., Cybulska, J., Zdunek,
A, 2023, Zmiany stopnia O-acetylacji polisacharydéw niecelulozowych podczas
rozwoju 1 dojrzewania jablek, ,,Warsztaty dla Milodych Badaczy”, 30.11-
01.12.2023, Lublin. Abstrakt zostat opublikowany w  materiatach
konferencyjnych na str. 14

P¢kala, P., Szymanska-Chargot, M., Zdunek, A., 2022, Badania adsorpcji
wybranych hemiceluloz i pektyn na celulozie mikrofibrylarnej, ,,Warsztaty dla
Mtodych Badaczy”, 28-29.11.2022, Lublin. Abstrakt zostat opublikowany w
materiatach konferencyjnych na str. 22

Pekala, P., Szymanska-Chargot, M., Mysliwiec, D., Zdunek, A., 2021, Badania
adsorpcji polisacharydow niecelulozowych na celulozie mikrofibrylarnej, jako
przyktad oddziatywan miedzyfazowych wystepujacych w roslinnej $cianie
komoérkowe;j, ,,Cztery Zywioly — Wspotczesne Problemy W Naukach O Zyciu”,
14.12.2021, Lublin.  Abstrakt zostat opublikowany w  materiatach
konferencyjnych na str. 26

KONFERENCJE MIEDZYNARODOWE

P¢kala, P., Szymanska-Chargot, M., Zdunek, A., 2025, Adsorption studies of
acetylated hemicelluloses on microfibrillar cellulose. BioPhys Spring 2025, 29-
30.05.2025, Praga, Czechy. Abstrakt zostal opublikowany w materiatach
konferencyjnych na str. 136

Pekala, P., Szymanska-Chargot, M., Kurzyna-Szklarek, M., Cybulska, J., Zdunek,
A., 2024, Degree of acetylation of plant cell wall polysaccharides during apple
ripening and storage, 23rd International Workshop for Young Scientists ,,BioPhys
Spring 20247, 23rd-24th May 2024, Lublin, Poland. Abstrakt zostat
opublikowany w materiatach konferencyjnych na str. 117
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Pekala, P., Szymanska-Chargot, M., Zdunek, A., 2023, Spectroscopic studies of
cell wall polysaccharides of apple at different stages of development. 22nd
International Workshop for Young Scientists “BioPhys Spring 2023, 15-
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