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Abstract (Polish) 

Ściana komórkowa roślin jest wysoce uporządkowaną i wyspecjalizowaną siecią, 

utworzoną głównie z polisacharydów, glikoproteinów, związków fenolowych, minerałów i 

enzymów. Główne funkcje ściany komórkowej roślin są stosunkowo dobrze znane - kontrola 

morfogenezy roślin, jej architektury, zarządzanie reakcjami mechanicznymi, wytrzymałością, 

elastycznością, odpornością, wzrostem, komunikacją międzykomórkową itp. Pomimo 

niespójności relacji między strukturą a właściwościami ściany komórkowej roślin, która jest 

tematyką dyskusyjną od końca lat 60-tych XX wieku, rola interakcji celuloza-hemiceluloza w 

odniesieniu do mechanobiologii ściany komórkowej roślin nie jest kwestionowana. Celuloza 

jest głównym składnikiem ściany komórkowej roślin przenoszącym obciążenia, a właściwości 

mechaniczne ściany komórkowej roślin są zależne od interakcji pomiędzy włóknami celulozy, 

w których pośredniczą hemicelulozę. 

Pomimo znaczącego w ostatnich latach postępu z badaniach ściany komórkowej, wciąż 

pozostaje wiele pytań dotyczących właściwości fizykochemicznych polisacharydów ścian 

komórkowych roślin i ich właściwości mechanicznych. Istnieje kilka podejść metodycznych 

w tej kwestii. Ściana komórkowa roślin może być badana bezpośrednio poprzez 

dekompozycję jej składników w ścianie komórkowej (in muro), hamowanie biosyntezy, 

rozpuszczenie in vitro lub modyfikację chemiczną. Jednak ocena właściwości mechanicznych 

ściany komórkowej roślin jest poważnie ograniczona przez stosowane techniki 

eksperymentalne, co sprawia, że wyniki są zmienne i uzależnione od kontekstu badań. 

Manipulowanie materiałem ściany komórkowej roślin jest również wyzwaniem, gdy chodzi o 

badania pojedynczych komórek, gdyż wyniki są uzależnione od lokalizacji materiału 

badawczego w ścianie komórkowej roślin. Opracowanie analogów ściany komórkowej roślin 

w postaci celulozy bakteryjnej i hemiceluloz ściany komórkowej roślin może służyć jako 

narzędzie do uzyskania uproszczonych reprezentacji ściany komórkowej roślin w makroskali, 

które mają jednorodną strukturę i są powtarzalne. Dotychczas, podobne podejście umożliwiło 

skatalogowanie wpływu głównych polisacharydów ściany komórkowej roślin na strukturę i 

właściwości mechaniczne analogów ściany komórkowej roślin, oraz zdefiniowanie 

mechanizmów interakcji polisacharydów z celulozą. Jednak, konwencjonalne techniki 

laboratoryjne sprawiają trudności z określeniem sił adhezji pomiędzy włóknami celulozy, co 

jest kluczowe dla mechanobiologii ściany komórkowej roślin. Modelowanie numeryczne in 

silico pozwala na przybliżenie struktury i właściwości mechanicznych ściany komórkowej 

roślin w odniesieniu do składu, parametrów przestrzenno-czasowych i właściwości 

fizykochemicznych polisacharydów ściany komórkowej roślin. Pozwala to również na 

uzyskanie wglądu w strukturę i mechanikę sieci w odniesieniu do specyfiki jej tworzenia, 

gęstości, lokalizacji i siły połączeń pomiędzy celulozą a hemicelulozami oraz roli innych 

polisacharydów ściany komórkowej roślin. 

W niniejszej rozprawie doktorskiej dokonano przeglądu wiedzy dotyczącej właściwości 

mechanicznych celulozy bakteryjnej, hemiceluloz (ksylanu, arabinoksylanu, ksyloglukanu i 

glukomananu), dwuskładnikowych (celuloza bakteryjna-hemicelulozy) i trójskładnikowych 

(celuloza bakteryjna-hemicelulozy-pektyn) analogów ściany komórkowej roślin oraz 

przedyskutowano je z uwzględnieniem określonych polisacharydów, ich pochodzenia, metod 

produkcji, stosowanej obróbki oraz różnych podejść metodologicznych do syntezy celulozy 

bakteryjnej. 

W dalszej części rozprawy doktorskiej skupiono się na analizie podstaw teoretycznych 

istniejących modeli numerycznych ściany komórkowej roślin w odniesieniu do struktury sieci 

włókien, jej właściwości supramolekularnych i powinowactwa wiązania polisacharydów. W 

tym celu przeprowadzono przegląd istniejących koncepcji struktury ściany komórkowej 

roślin, co pozwoliło na włączenie pewnych fizycznych i biomechanicznych aspektów 
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architektury ściany komórkowej roślin do zrozumienia mechanizmów, które pozwalają 

kontrolować mechaniczne odpowiedzi ściany komórkowej roślin. 

W kolejnym etapie pracy zbadano właściwości mechaniczne i molekularne celulozowo-

hemicelulozowych analogów ściany komórkowej roślin w celu określenia wpływu 

właściwości fizykochemicznych różnych hemiceluloz (ksylan, arabinoksylan, ksyloglukan i 

glukomannan) na ogólną wydajność mechaniczną celulozowo-hemicelulozowych analogów 

ściany komórkowej roślin pod względem deformacji sprężystej i plastycznej. Przeprowadzone 

badania potwierdziły, że właściwości mechaniczne celulozowo-hemicelulozowych analogów 

ściany komórkowej roślin determinowane są głównie przez odkształcenie włókien celulozy, w 

łączeniu których pośredniczą hemicelulozy. Podczas gdy odkształcenie sprężyste celulozowo-

hemicelulozowych analogów ściany komórkowej roślin jest uwarunkowane drganiami 

rozciągającymi wiązań strukturalnych celulozy i hemicelulozy, odkształcenie plastyczne jest 

związane ze zmianami na poziomie supramolekularnym zachodzącym w strukturze 

celulozowo-hemicelulozowych analogów ściany komórkowej roślin. 

W dalszej części rozprawy doktorskiej skupiono się na opracowaniu modelu 

numerycznego celulozowo-hemicelulozowych analogów ścian komórkowych roślin. 

Opracowano model numeryczny z użyciem metody gruboziarnistej dynamiki molekularnej, 

gdzie włókna polisacharydów modelowano przy użyciu kulek i sprężyn. Aby zweryfikować 

model i wyjaśnić strukturalną i mechaniczną rolę hemiceluloz, celulozę bakteryjną 

syntetyzowano w obecności różnych stężeń ksylanu, arabinoksylanu, ksyloglukanu lub 

glukomannanu i poddano analizom strukturalnym i mechanicznym w nano i makroskali. 

Uzyskane dane wykorzystano do interpretacji wpływu każdego rodzaju hemicelulozy na 

właściwości mechaniczne celulozowo-hemicelulozowych analogów ściany komórkowej 

roślin w oparciu o czułość modelu. Uzyskano zgodność strukturalną pomiędzy modelem a 

zsyntetyzowanymi analogami ściany komórkowej roślin. Zaobserwowano, że właściwości 

mechaniczne celulozowo-hemicelulozowych analogów ściany komórkowej roślin nie są 

determinowane przez odkształcenie samej hemicelulozy, ale głównie przez odkształcenie 

włókien celulozowych, w którym pośredniczą hemicelulozy. Takie mediatory, koncepcyjnie 

podobne do biomechanicznych hotspotów występujących in muro, zmieniają siłę 

oddziaływania między włóknami, będąc głównym czynnikiem wpływającym na właściwości 

mechaniczne celulozowo-hemicelulozowych analogów ściany komórkowej roślin. Ponadto na 

siłę oddziaływania między włóknami wpływ mają także cechy morfologiczne celulozowo-

hemicelulozowych analogów ściany komórkowej roślin, takie jak szerokość/długość/moduł 

włókna. Wykazano również, że uzyskane eksperymentalnie właściwości mechaniczne 

celulozowo-hemicelulozowych analogów ściany komórkowej roślinnej odpowiadają 

właściwościom symulowanych sieci, co potwierdza przydatność opracowanych modeli do 

badania mechanobiologii sieci włókien celulozowych. 

W ramach badań uzupełniających przeprowadzono badania wpływu specyficznych 

enzymów degradujących hemicelulozy na strukturę i właściwości mechaniczne celulozowo-

hemicelulozowych analogów ściany komórkowej roślin. Badania wykazały, że hemicelulozy 

zawarte w sieci włókien celulozy bakteryjnej istnieją jako dostępne i niedostępne dla 

enzymów. W konsekwencji oceniono, że hemicelulozy niedostępne dla enzymów są 

kluczowe dla trendów zmiany właściwości mechanicznych analogów, podczas gdy  

hemiceluloz dostępne dla enzymów powodują fluktuację danych. 

Słowa kluczowe: celuloza bakteryjna, hemicelulozy, analogi ściany komórkowej roślin, 

właściwości mechaniczne, symulację dynamiką molekularną. 
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Abstract (English) 

The plant cell wall is a highly ordered and specialized network, formed mainly of 

polysaccharides, glycoproteins, phenolic compounds, minerals and enzymes. Being the most 

widespread and probably the most complex structural network in Nature, the main functions 

of plant cell wall are relatively clear - determination of plant morphogenesis, architecture, 

management of mechanical responses, strength, flexibility, growth management, defense 

responses, intercellular communication etc. Despite the inconsistency of the relationships 

between structure and properties of plant cell wall, which has been debated since the late 

1960
s
, the role of cellulose-hemicellulose interactions with respect to mechanobiology of 

plant cell wall is undisputed. Modern theory supports the notion that cellulose is the main 

load-bearing component of plant cell wall, while the key component of plant cell wall 

mechanical properties - interfiber adhesion - is determined by the hemicellulose-mediated 

interactions. 

Despite recent progresses, there is still much to consider on physicochemical properties of 

plant cell wall polysaccharides and the mechanical properties of plant cell wall. But how can 

the respected results be achieved? Plant cell wall may be studied directly by either 

decomposition of its constituents in plant cell wall (in muro), inhibition of biosynthesis, in 

vitro solubilization or chemical modification. However, evaluation of the mechanical 

properties of plant cell wall is severely limited by the experimental techniques used, making 

the results variable and context-dependent. Sample processing is also challenging in 

single-cell studies, and even when processed, results are mainly site-dependent. The 

development of plant cell wall analogues of interconnected bacterial cellulose and plant cell 

wall hemicelluloses can serve as a tool to achieve a simplified macroscale representations of 

plant cell wall that have a homogeneous structure and are repeatable. Such an approach has 

already made possible to catalogue the effects of the main plant cell wall polysaccharides on 

the structure and mechanical properties of the plant cell wall analogues and to define the 

mechanisms of polysaccharide interaction with cellulose. However, conventional laboratory 

techniques are struggling to allow the determination of the interfiber adhesive forces, which is 

undisputedly crucial for the mechanobiology of plant cell wall. In silico numerical modelling 

allows to approximate the structure and mechanical properties of plant cell wall with respect 

to introduced composition, spatio-temporal parameters, and physicochemical properties of 

plant cell wall polysaccharides introduced. It also allows to reach promising insights on 

network structure and mechanics with regard to its formation, density, location and strength of 

cellulose-hemicellulose junctions as well as the nature of the role of other plant cell wall 

polysaccharides. 

In current Ph.D. Thesis, all the crucial theoretical background regarding mechanical 

properties of bacterial cellulose, hemicelluloses (xylan, arabinoxylan, xyloglucan, and 

glucomannan), their binary (bacterial cellulose-hemicellulose) and ternary (bacterial 

cellulose-hemicellulose-pectin) composites has been gathered, and discussed with respect to 

the type of specific polysaccharides, their origin, production methods, applied treatment, as 

well as various methodological approaches to the biosynthesis of bacterial cellulose. 

In the following part of current Ph.D. Thesis, theoretical explorations have been focused 

on the exploration of an existing numerical models of plant cell wall regarding the network 

fine structures, its supramolecular properties and polysaccharide binding affinities. For this 

purpose, extensive revision of an existing concepts of plant cell wall structure has been also 

conducted, allowing to incorporate certain physical and biomechanical aspects of cell wall 

architecture to the understanding of the mechanisms, which allow to control cell wall 

mechanical responses. 
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In the next stage of the following research, mechanical and molecular properties of 

bacterial cellulose-hemicellulose plant cell wall analogues were investigated to determine the 

effect of physicochemical properties of various hemicellulose polysaccharides (xylan, 

arabinoxylan, xyloglucan and glucomannan) on overall performance of bacterial 

cellulose-hemicellulose plant cell wall analogues in terms of elastic and plastic responses. 

Current research supported an idea that mechanical properties of bacterial 

cellulose-hemicellulose plant cell wall analogues are determined predominantly by the 

deformation of cellulose fibers, mediated by hemicelluloses. While elastic deformation of 

bacterial cellulose-hemicellulose plant cell wall analogues is determined by stretching 

vibrations of the structural bonds of cellulose and hemicelluloses, plastic deformation is 

defined by the supramolecular changes occurring within the structure of bacterial 

cellulose-hemicellulose plant cell wall analogues. 

The following part of current Ph.D. Thesis was focused on establishing of the numerical 

model of bacterial cellulose-hemicellulose plant cell wall analogues following the principles 

of coarse-grained molecular dynamics, with fibers modelled using the bead-spring approach. 

To validate the model and explain the structural and mechanical role of hemicelluloses, 

bacterial cellulose was synthesized in the presence of different concentrations of xylan, 

arabinoxylan, xyloglucan, or glucomannan and subjected to nano- and macroscale structural 

and mechanical characterization. The data obtained were used to interpret the effects of each 

hemicellulose on the mechanical properties of bacterial cellulose-hemicellulose plant cell wall 

analogues based on the sensitivity of the model. Current part of the work showed an 

agreement between simulated networks and synthesized plant cell wall analogues. It was 

observed that mechanical properties of bacterial cellulose–hemicellulose plant cell wall 

analogues are not determined by the deformation of hemicelluloses itself, but mainly by the 

deformation of cellulose fibers, mediated by hemicelluloses. Such a mediates, conceptually 

similar to biomechanical hotspots occurring in muro, change the force of interfiber 

interaction, being the main factor affecting the mechanical properties of bacterial cellulose–

hemicellulose plant cell wall analogues. In addition, force of interfiber interaction is also 

defined by the morphological features of bacterial cellulose–hemicellulose plant cell wall 

analogues, such as fiber width/length/modulus. It was also shown that mechanical properties 

of bacterial cellulose–hemicellulose plant cell wall analogues correspond to those of 

simulated networks, confirming applicability of the latter for the exploration of the 

mechanobiology of cellulose–based fiber networks. 

As a supplementary research, exploration of the effect of hemicellulose–specific enzymes 

on the structure and mechanical performance of bacterial cellulose–hemicellulose plant cell 

wall analogues was conducted. Current research supported showed that hemicelluloses, 

incorporated in bacterial cellulose fiber network exist as both enzyme–accessible and 

enzyme–inaccessible. It results in enzyme–inaccessible hemicelluloses are defining trends on 

data change of the mechanical properties of the respected plant cell wall analogues, while 

enzyme–accessible hemicelluloses are defining data fluctuation. 

Keywords: bacterial cellulose, hemicellulose, plant cell wall analogues, mechanical 

properties, molecular dynamics simulation. 
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1. Introduction 

1.1. Exploration of plant cell wall in terms of its structure and composition 

The primary plant cell wall (PCW) is still discussed as an independent dynamic 

organelle, but it is assumed to be a highly ordered and specialized network. According to the 

methods of chemical treatment, PCW is a material that remains insoluble after extraction with 

buffers and organic solvents (Brillouet et al., 1988). Being the most widespread and probably 

the most complex structural network in nature, the main functions of PCW are relatively clear 

– determination of plant morphogenesis, architecture, control of mechanical reactions, 

strength, flexibility, growth control, defense reactions, intercellular communication, etc. (B. 

Zhang et al., 2021). 

In terms of modern agriculture, exploration of PCW functionality is one of unapparent 

cornerstones. As PCW ensures sufficient structure and impact response of plant tissue, leading 

to its uniform shape and texture, it results in PCW exploration in terms of agricultural safety 

of humankind (Sarkar et al., 2009; Tenhaken, 2015). It includes exploration of PCW 

composition and structure as a matter of plant genotype (Allison et al., 2011; Cone & Engels, 

1993), maturity (Goto et al., 1991; Wallsten & Hatfield, 2016), cultivation conditions (Hori et 

al., 2020; Houston et al., 2016), etc. Another point of PCW study in terms of agriculture and 

horticulture is an exploration of cost-effective biorefinery in connection to PCW composition 

and ultrastructure (Himmel, 2008). It includes both techniques of genomic modification of 

PCW (Bhatia et al., 2017; Carpita & McCann, 2020), as well as various treatment techniques 

(Bichot et al., 2018; C. O. G. Silva et al., 2018). In addition, PCW adaptation/resistance 

mechanisms to abiotic stresses makes exploration of PCW morphology of the high priority to 

define morphological, physiological and biochemical mechanisms of plant survival in 

changing climate (Le Gall et al., 2015). 

Such important functionality of PCW in plants and a broad potential in green-industry 

development is ensured by its relatively simple chemical composition. The main component 

of PCW is water, which accounts for up to 65% of its volume (D. S. Thompson, 2005). The 

dry matter of PCW consists mainly of polysaccharides (up to 90% of the dry matter), while 

the other components are glycoproteins, phenolic compounds, minerals and enzymes (up to 

10% of the dry matter). According to the structural composition, PCW polysaccharides are 

divided into cellulose, hemicelluloses (xyloglucan, mannan, xylan, etc.) and pectin 

(homogalacturonan, rhamnogalacturonan) (Rose, 2003). According to its mass distribution, 

PCW generally consists of 15–40% cellulose, 30–50% pectin and 20–30% hemicelluloses 

(Cosgrove & Jarvis, 2012). Regarding the proportion of hemicelluloses and pectin in PCW, 

three general types of PCW are defined – Type I (containing predominantly pectin, 

xyloglucan and/or galactoglucomannan), Type II (rich in arabinoxylan and pectin) and Type 

III (rich in mannan, low in pectin) (Carpita, 1996; Carpita & Gibeaut, 1993; G. B. Silva et al., 

2011). 

Cellulose, which is a paracrystalline array of (1→4)–β–D–glucans, is the main building 

block for the formation of PCW (Carpita, 2011). It consists of approximately 7000–15000 D–

glucose units oscillating at an angle of 180º and exhibiting a twofold helical conformation 

(Berglund, 2018; Gibson, 2012). Equatorial (1→4)–β linkages and surface hydroxyl groups 

force the cellulose chain to form an inter– and intramolecular cellulose–cellulose hydrogen 
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bond network (Fig.1), which organizes the microfibres into a ribbon–like structure (Martinez-

Sanz, Pettolino, et al., 2017; Matthews et al., 2006). 

 

Fig.1. Molecular network of cellulose polysaccharide chains. Redrawn after (Douglass, 

2010). 

In plant cell wall (in muro), cellulose biosynthesis takes place in terminal complexes and 

is led by a cellulose synthase protein (CESA). About 36 proteins are already known in the 

CESA group that catalyze the elongation of the (1→4)–β–D–glucan polymer chains with their 

further random tedding and crystallization (Braidwood et al., 2014; Endler & Persson, 2011; 

Fernandes et al., 2011; Pauly et al., 2013). The deposition of fibers in muro is a consequence 

of the movement of CESA proteins movement along the plasma membrane (McFarlane et al., 

2014). Cellulose in the fibers does not consist of a single chain, but is rather an assembly of 

parallel organized chains. Individual units (18 according to modern computational models, 24 

and 36 in previous references) may coordinate to form microfibers with a diameter of 3–4 nm, 

which may form crystalline, paracrystalline, and non–crystalline domains (Martinez-Sanz, 

Pettolino, et al., 2017). According to the structural pattern, cellulose fibers in planta may 

range from 2–5 nm up to 40 nm in diameter (Newman et al., 2013; Thomas et al., 2013). 

In muro, cellulose fibers are structurally heterogeneous with two main crystalline forms – 

Iα and Iβ. Since all the hydroxyl groups in cellulose are equatorial, the sides of the cellulose 

chain are polar and may form regular crystalline packing via interchain hydrogen bonding and 

hydrophobic sides interrelations. Such packing may lead to the formation of a phase with a 

triclinic system with one chain per unit cell (Iα cellulose) and a more stable monoclinic 

system with two chains per unit cell (Iβ cellulose). Such heterogeneity in the arrangement and 
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structure of the cellulose packing could represent a match between stiffness and flexibility of 

the PCW skeleton (Matthews et al., 2006). There are several other possible options of PCW 

architecture related to cellulose chain length and crystallinity, but the fundamentals are similar 

in different plants (Burton et al., 2010). 

Hemicelluloses are a group of neutral or acidic polysaccharides with predominantly 

glucose, mannose and xylose (1→4)–β–linked backbones. The sidechains are also decorated 

with some neutral/acidic saccharide sidechains, such as arabinose, fucose, xylose, glucuronic 

acid, ferulic acid, etc. (Scheller & Ulvskov, 2010). It is assumed that its biosynthesis takes 

place in the Golgi through polymerization of activated nucleotide monosaccharides (Pauly et 

al., 2013). 

Xyloglucan is the most widely distributed hemicellulose among the dicotyledons (Park & 

Cosgrove, 2015). It is a (1→4)–β–D–glucan chain of glucose, galactose, and xylose with an 

average degree of polymerisation (DP) of 300–3000, as well as other, minor substituents – L–

arabinopyranose, L–arabinofuranose, D–galacturonic acid, L–fucose, etc. (Nishinari et al., 

2007; Park & Cosgrove, 2015; Tuomivaara et al., 2015; K. Uhlin, 1990; York et al., 1990). 

The relative molecular weight of xyloglucan varies from 9 kDa (extracted from Golgi) to 

>1000 kDa, with an average of 100–300 kDa (Lima et al., 2004). Xylosyl residues can be 

substituted with other glucosyl and non–glucosyl constituents depending on the plant family, 

tissue specification and germination state of the cell (Nishinari et al., 2007; Pauly & Keegstra, 

2016). According to the systematic approach of xyloglucan structure definition, an 

unsubstituted glucosyl residue (Fig.2, G) and a glucosyl residue with xylosyl substitution at 

the O6 position (Fig.2, X) are defined as the basic structural patterns of xyloglucan. Pattern X 

has 17 other identified backbone structures, which are also encoded with single–letter 

abbreviations (Fig.2) (Tuomivaara et al., 2015). According to the aforementioned naming 

convention, the most common xyloglucan oligosaccharides are XXXG, XXFG, XXLG, 

XLXG, XLFG, XLLG, XXGG, XXGGG (Park & Cosgrove, 2015; York et al., 1993). The 

biosynthesis of xyloglucan is localised in the Golgi and is thought to be related to the CESA–

like C protein family (McDougall & Fry, 1989; Schultink et al., 2014). Patterns of sidechain 

substitutions have been found to be driven by different glycosyltransferases depending on the 

site of substitution (Schultink et al., 2014). Many of the genes related to xyloglucan 

biosynthesis have already been identified and characterised, while some are still under 

exploration (Tuomivaara et al., 2015). 
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Fig. 2. Chemical structure of xyloglucan oligosaccharides: structures of naturally occurring 

xyloglucan oligosaccharides encoded with one–letter abbreviations, and structure of the 

XXXG oligosaccharide. Monosaccharide substitutes are marked with specific colours. 

Redrawn after (Park & Cosgrove, 2015; Tuomivaara et al., 2015). 

Mannans are the second common group of hemicelluloses, consisting of linear mannan, 

galactomannan, glucomannan and galactoglucomannan (GGM) (Fig.3). Linear mannan 

are homopolysaccharides of (1→4)–β–D–mannopyranose with a low amount of galactose 

substitutes (Mestechkina et al., 2000). Galactomannan consists of polymeric (1→4)–β–D–

mannopyranose with >5% mass of (1→6)–β–galactopyranose substitutes (Teramoto & 

Fuchigami, 2000). For galactomannan, mannose to galactose ratio varies from 1:2 to 20:1, 

with the tendency for (1→6)–α–linked galactose to affect galactomannan solubility and 

viscosity, as well as integrity with other matrix polysaccharides. For GGM, a ratio between 

galactose, glucose and mannose of 0.1÷1:1:3÷4 has been reported (Berglund et al., 2019). 

Glucomannan consists mainly of (1→4)–β–linked mannopyranose and glucopyranose in a 

ratio of 1.6÷2.3:1 (Lerouxel et al., 2006). The incorporation of glucose and mannose into 

glucomannan is thought to be determined by their actual concentrations in Golgi, but there is 
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no in vivo validation (Scheller & Ulvskov, 2010). Biosynthesis of mannans is also catalyzed 

by certain proteins (mannan synthase, galactosyltransferase) of the CESA–like family 

(Rodriquez-Gacio et al., 2012). 

 
Fig.3. Chemical structure of mannan oligosaccharides: a) linear mannan, b) 

galactomannan, c) glucomannan, d) galactoglucomannan. (1→4)–β–D–mannopyranose units 

marked with black, (1→6)–β–galactopyranose substitutes – with red, (1→4)–β–

glucopyranose units – with blue colour). 

Arabinoxylan is a common PCW hemicellulose of monocotyledons consisting 

predominantly of (1→4)–β–D–linked xylose units with O2 and/or O3 arabinose substitutes. 

The arabinose sidechains are irregularly distributed along the xylan backbone and are 

generally defined by three possible structural patterns – O2–substituted, O3–substituted and 

O2–O3–substituted (Fig.4). The average molecular weight of arabinoxylan ranges from 65 to 

5000 kDa, depending on PCW type, plant species and extraction method. Arabinoxylan is 

synthesized by arabinoxylan synthase (xylan backbone), arabinosyl transferases (arabinose 

sidechains) and arabinoxylan feruloyl transferase (ferulic acids). 
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Fig.4. Chemical structure of arabinoxylan oligosaccharide. (1→4)–β–D–xylose backbone is 

marked with black, O2 and/or O3 arabinose substitutes are marked with red colour. 

1.2. Concepts of cellulose–hemicellulose interactions in muro 

The matrix components of PCW may transmit its architecture in different ways, 

depending on the individual interaction patterns of cellulose, hemicellulose and pectin 

(Martinez-Sanz, Pettolino, et al., 2017; Thomas et al., 2013). In vivo, the arrangement of 

cellulose fibers ensures the presence of microspaces filled with matrix polysaccharides, 

depending on the cell type (Ochoa-Villarreal et al., 2012). In addition, cellulose fibers have 

randomly distributed hydrophilic and hydrophobic zones that allow them to form interactions 

with PCW matrix hemicelluloses and pectin (Broxterman & Schols, 2018; Doineau et al., 

2020; Martinez-Sanz, Pettolino, et al., 2017). Up to early 2010
th

, xyloglucan was thought to 

be the major hemicellulose forming the cellulose–hemicellulose network in PCW, forming 

20–40 nm long connections between contiguous fibers (Albersheim et al., 2011; Park & 

Cosgrove, 2015; York et al., 1986). At that time, the stiffness of PCW was assumed to be 

defined solely by these connections, leading to the development of numerous PCW models. 

However, the other possible mechanisms of xyloglucan–cellulose binding were revealed, such 

as xyloglucan entrapment during cellulose crystallization, interfiber hydrogen bonding, 

xyloglucan adsorption, tethering, covalent linking, etc. (Carpita & Gibeaut, 1993; Keegstra et 

al., 1973; Probine & Barber, 1966; Talbott & Ray, 1992). As for direct cellulose–xyloglucan 

bonds, visual bonds have been observed in poplar cells, but they have no justified effect on 

the PCW mechanobiology (Itoh & Ogawa, 1993). Other microscopy studies on the uppermost 

lamellae of epidermal tissue of Allium cepa showed that xyloglucan covers the cellulose 

fibers in reasonable amounts, allowing the definition of PCW mechanobiology with these 

adsorbed mediators (Zheng et al., 2018). 

Significant progress in understanding the role of cellulose–xyloglucan interactions in 

muro was demonstrated by in vivo suppression of xyloglucan biosynthesis. Some discoveries 

state that the absence of xyloglucan in Arabidopsis thaliana single mutants result in only 

minor phenotypic changes, suggesting that the aberrant form of xyloglucan could not be 

detected by standard methods or that it is replaced by a modified β–glucan backbone or some 

pectin components (Cavalier et al., 2008). Continuing along this path, research on a 
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xyloglucan–deficient Arabidopsis thaliana double mutant show significant phenotypic 

changes. These manifest in an altered organization of cellulose microfibers, a possible 

decrease in cellulose content and a sensitivity of the mutant to external mechanical changes. 

Atomic force microscopy and field emission scanning electron microscopy studies reveal 

wavy linear patterns of separate cellulose fibers, suggesting the role of xyloglucan in the 

homogeneous distribution of cellulose fibers in PCW as a means of strengthening the 

microfibers. A bilateral explanation for the absence of xyloglucan affect cellulose organization 

both physically and by deactivating PCW integrity sensors (Xiao et al., 2016). 

Recent advances in the study of xyloglucan–related PCW integrity are related to the 

enzymolysis of PCW with substrate–specific xyloglucanases to study its degradation. 

Introductory studies in this field have shown that both xyloglucan endotransglycosylase/ 

hydrolase (XEGH) enzymes break non–covalent hemicellulose–cellulose interactions, 

hydrolyze xyloglucan and cut off its non–bonded parts (Eklöf & Brumer, 2010; Farkas et al., 

1992; Miedes et al., 2010; J. E. Thompson & Fry, 1997). Substantial work on this approach 

was carried out by Park and Cosgrove, who reported that XEGH treatment process about 50% 

of the mass of Allium cepa PCW xyloglucan without reducing its strength. The other half of 

the xyloglucan appear to be unprocessable, resulting in tight cellulose–xyloglucan–cellulose 

junctions, with xyloglucan layered between individual cellulose fibers. The other prediction is 

based on the formation of highly disordered zones with deeper xyloglucan penetration and 

multiple cellulose–xyloglucan splicing, such that the cellulose fibers intertwine with a built–

up hydrogen bonding network (Park & Cosgrove, 2012a). Based on aforementioned 

assumptions, biomechanical hotspot PCW model was proposed, so that defining a vector of 

further exploration of PCW mechanobiology. 

The role of mannan in PCW is relatively minor, due to its lower content, compared to 

xyloglucan. Mannan hemicelluloses may be predominantly found in secondary plant cell wall, 

as well as some Type I and Type III PCW. Thus, entrenched thoughts on the role of 

xyloglucan in binding cellulose fibers may be questioned by the ability of glucomannan to 

form cross–links with cellulose (Cosgrove, 2000). Theoretical predictions state that 

xyloglucan is not necessarily a structural hemicellulose in Type I PCW with substantial 

amounts of GGM (Carpita & Gibeaut, 1993). Like xyloglucan, mannan can also form 

hydrogen bonds with cellulose in muro depending on the degree of substitution (DS) (Kabel et 

al., 2007). The more challenging fact is that galactomannan with different degrees of 

galactosylation may bind cellulose differently, which is crucial for the mechanobiology of 

PCW. Galactose substitution increases the solubility of mannan and enhances water uptake, 

which is critical for seed germination. Conversely, linear mannan provides seed hardness and 

good storage properties due to its high hydrophobicity (Reid & Bewley, 1979). In vivo results 

declare mannan from the endosperm of Schizolobium parahybae not as a reserve 

polysaccharide, but as a structural one. The absence of cellulose, the presence of mannan and 

the almost constant amount of mannan during germination declare mannan as a structural 

polysaccharide instead of cellulose (Petkowicz et al., 2007). 

Due to the specific patterns of PCW formation, GGM may reduce the crystallinity of 

cellulose and increase its flexibility. However, studies on Arabidopsis thaliana mutants 

lacking detectable glucomannan reported minor changes in PCW strength. The basic idea is 

that plants may adapt to the lack of a particular PCW polysaccharide by replacing it with 
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another or by changing its own structure (Goubet et al., 2003). In this case, the lack of 

mannan may be compensated by an increased synthesis of other β–glucans (Mora-Montes et 

al., 2007). 

The patterns of interaction of arabinoxylan with other polysaccharides have been 

reported to vary, such that a single arabinoxylan chain may contain domains bonded with 

cellulose as well as other arabinoxylan molecules and/or unbonded domains (Hartley et al., 

1990). When the arabinoxylan content in muro is high, the PCW properties are also 

influenced by the degree of arabinosylation, the distribution of substitutes within the xylan 

backbone, and the number of ferulic acid cross–links. The multipath structure of arabinoxylan 

is thought to be a predominant factor for poor cellulose–arabinoxylan binding in vitro, leading 

to the suggestion that arabinoxylan–cellulose and arabinoxylan–arabinoxylan hydrogen 

bonding in muro is possible especially with low–arabinosylated arabinoxylan (Toole et al., 

2009). Nevertheless, covalent arabinoxylan–lignin and cellulose–xylan hydrogen bonds have 

been reported for some plant cell walls (Popper & Fry, 2008). In addition, arabinoxylan 

branching has been reported to be related to the remodeling of PCW in wheat endosperm 

during grain filling, thus altering its mechanobiology. It is hypothesized that the overall 

decreasing degree of arabinosylation during grain filling is due to two different mechanisms: 

incorporation of low–arabinosylated arabinoxylan in muro or remodeling of an existing 

branched arabinoxylan. 

1.3. Studies of bacterial cellulose–hemicellulose interactions in plant cell wall 

analogues 

In terms of origin, structure and preparation methods, cellulose materials are divided into 

four main categories: crystalline nanocellulose (3–20 nm in diameter, 0.05–5 μm in length), 

cellulose nanofibers (tangled nanofiber network, usually plant–isolated), bacterial cellulose 

(BC; highly porous, randomly oriented fiber network), and hairy nanocellulose (rod–like, 

disordered structure) (Chi & Catchmark, 2017; Van De Ven & Sheikhi, 2016). 

Bacterial cellulose (BC) is produced by a number of bacterial genera, such as 

Agrobacterium, Aerobacter, Rhizobium, etc. (Andrade et al., 2010; S. Q. Chen et al., 2018). 

Komagataeibacter xylinus (up to 2012 – Gluconacetobacter xylinus) is commonly used for 

BC biosynthesis due to the similarities of biosynthesis with that in planta, the ultrafine fiber 

network structure and its chemical purity (S. Q. Chen et al., 2018; Mikkelsen & Gidley, 

2010). In planta, cellulose in the cell wall matrix precipitates with constant composition, and 

the same effect is achieved with BC biosynthesis. Cellulose synthesizing complexes are 

located on the bacteria surface near the cell membrane pores, where cellulose is extruded and 

forms a ribbon consisting of about 46 nanofibers (Lin et al., 2013). Subsequently, the ribbons 

aggregate into microfibers by crystallization of the glucan chains (Andrade et al., 2010). The 

development of composites of interconnected bacterial cellulose (BC) and PCW 

hemicelluloses can serve as a tool to achieve a simplified macroscale representations of 

PCW that have a homogeneous structure, are pure, chemically similar to PCW and 

repeatable. In addition, its production, handling and storage are more straightforward, 

as compared to PCW extracted materials. Such a parallels between in planta and bacterial 

synthesis of cellulose fiber networks allow researchers to modify the “cell wall environment” 

by studying the effects of each specific matrix polysaccharide on the properties of the 
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cellulose fiber network. Moreover, such BC–based PCW models are cultured in macroscale so 

that their mechanical performance can be studied in details. Despite several limitations of this 

approach, it is translucent enough to understand the major processes occurring in PCW 

(Mikkelsen & Gidley, 2010).The very first studies exploring the interaction patterns of BC 

and hemicelluloses reported that mainly all PCW polysaccharides with (1→4)–β–linked 

backbone may alter BC morphology (Haigler et al., 1982). Later research confirmed that 

hemicellulose in PCW fuses with cellulose, co–crystallizes and defects the fiber structure, 

resulting in a decrease in fiber width due to its greater affinity for the cellulose domain 

structure (K. I. Uhlin et al., 1995). Further studies in this field have shown that the 

physicochemical properties of hemicelluloses, such as DP, DS, monosaccharide composition, 

lead to different cellulose–hemicellulose interaction patterns, so that a differentiated approach 

should be taken in further research, according to the structural pattern of each hemicellulose. 

Preliminary studies show that the addition of xyloglucan with different degree of 

polymerization (DP) and the degree of substitution (DS) hinders the aggregation of 

microfibers by adhering to their surface (Hirai et al., 1998). In addition, adhesion may be 

drastically limited by the solubility of xyloglucan and the diffusivity associated with DS. 

Another possibility is that xyloglucan with high DP forms a broad cross–linking with BC and 

thus improves fiber attachment (Whitney et al., 2006). The same has been observed for an 

high DP xyloglucan with a fucose substitutes (Lopez et al., 2010). 

The role of xyloglucan in ternary cellulose–xyloglucan–pectin PCW analogues is complex 

and is largely determined by its ratio to pectin. A low ratio leads to thinning of cellulose 

fibers, while an inverse ratio reduces the crystallinity of cellulose and promotes the formation 

of longer cellulose chains (Cybulska et al., 2010, 2011; Szymańska-Chargot et al., 2017). One 

possible mechanism is that pectin makes it more difficult for xyloglucan to coat the cellulose 

fibers, along with competitive invasion into the fibers (Szymańska-Chargot et al., 2011). 

Other data suggest that xyloglucan and pectin do not mix at high polysaccharide 

concentration, but form microdomains with majority/minority of one of these components 

(Zykwinska et al., 2008). Some parallels are reported for cellulose–xyloglucan and cellulose–

arabinoxylan binding patterns, as both xyloglucan and arabinoxylan domains exist on the BC 

surface and interact with it through non–specific adsorption mechanisms (Martinez-Sanz et 

al., 2016). Other studies show that the affinity of arabinoxylan to cellulose generally increases 

with decreasing DS and increasing DP. However, a further decrease in DS limits the solubility 

of arabinoxylan, which may lead to phase separation (Winter et al., 2005). 

Mannan hemicelluloses are shown to bind bacterial cellulose in multiple ways – both by 

cellulose binding (Whitney et al., 1998), co–crystallization with cellulose (Park et al., 2014), 

adsorption on its surface (Tan et al., 2016), adhesion to it (Mikkelsen & Gidley, 2010), as well 

as cellulose cross–linking (Berglund, 2018). Research on co–crystallization of BC and 

mannan confirms that mannan binds BC in a soft manner, which is due to the limited 

solubility of high DP mannan (K. I. Uhlin et al., 1995). Mannan inhibits tight aggregation of 

cellulose ribbons during aggregation of multiple subelementary fibers and/or ribbon formation 

(Tokoh et al., 2002). Although mannan reduces the crystallinity of cellulose, it does not 

greatly alter cellulose fibers because the structural differences of mannan and cellulose 

prevent association processes (K. I. Uhlin et al., 1995). In BC cultured in acetylglucomannan 

medium, a reduction of DSAc affects the solubility of mannan by preventing aggregation 
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and/or co–crystallization of mannan chains, resulting in the formation of intertwined cellulose 

fibers gathered in loose bundles (Berglund, 2018; Brown, 1982). Here, mannan is reported to 

form an amorphous substance, molded in BC corresponding to the looseness component. 

The decreasing degree of galactosylation in galactomannan is inversely related to its 

incorporation into BC. Based on the structural features of galactomannans, kinetic 

(entanglement of BC–BC binding region) and thermodynamic (lowest free energy state) 

controls have been proposed to explain the influence of mannans on fiber association 

(Whitney et al., 1998). It has been observed that both konjac glucomannan and low–galactose 

galactomannan form a highly heterogeneous structure consisting of an indistinguishable BC–

mannan mash, apparent BC–mannan patterns and a separate mannan network (Whitney et al., 

1998). 

1.4. Mechanical properties of bacterial cellulose–hemicellulose plant cell wall 

analogues 

The mechanical properties of BC fiber networks largely depend on several crucial factors, 

such as the amount of fibers, their length, diameter and crystallinity, the homogeneity of fiber 

distribution within the network and the moisture content. In general, BC hydrogels are more 

extensible and have lower failure stresses and elastic moduli compared to dried fiber 

networks. This is due to the moisture–induced lubricating effect, so that the adsorbed moisture 

limits the stiff interactions between the fibers (Sanchavanakit et al., 2006). 

The introduction of hemicellulose into the fiber network may result in a shift in 

mechanical properties of both the stresses and moduli of the corresponding PCW analogues. 

Usually, pectin and xyloglucan additives increase the elongation at break and decrease the 

stress at break compared to bare BC fiber network. The increase in elongation at break is 

explained by the hydration of xyloglucan and pectin, which allows relaxation of the cellulose 

network during elongation (Cybulska et al., 2010). Increased moisture uptake is generally 

reported when hydrophilic and amorphous hemicelluloses are incorporated into the cellulose 

network (Chanliaud et al., 2002). 

Another consideration for the mechanical properties of BC–hemicellulose PCW analogues 

is that matrix polysaccharides may partially take over the load from the cellulose, resulting in 

increased uniaxial extensibility (Chanliaud et al., 2002; Cybulska et al., 2023). However, 

modeling studies consider hemicellulose load–bearing effect as low (Kha et al., 2008). 

Uniaxial compression of BC–hemicellulose PCW analogues shows its viscoelastic and 

elastic behavior at slow strain rate, and elastic at high strain rate (Lopez-Sanchez et al., 2015). 

The presence of any hemicellulose enhances resistance to cramping at slow strain rate. It is 

reported that the compressed structure is highly destructive assuming that the mechanical 

response of BC–hemicellulose PCW analogues is highly dependent on the heterogeneous 

nature of the additives (Lopez-Sanchez et al., 2015). 

1.5. Atomistic modelling of cellulose and hemicellulose chains and their interactions 

Atomistic modeling considers each PCW β–glucan as an ensemble of individual atoms 

coupled by a springs corresponding to a single bonds. In terms of PCW modeling, the current 

approach is crucial to verify and complement experimental measurements of structural and 

energetic properties and to gain a fundamental understanding of interaction patterns. In the 
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PCW simulation, modelling of an intra– and interchain hydrogen bonding patterns of different 

cellulose allomorphs (Iα, Iβ, amorphous) and the interactions with water and other β–glucans 

using molecular modeling (MM) and molecular dynamics (MD) is a high priority. 

The results of all–atom modeling show that cellulose of both Iα and Iβ allomorphs mainly 

forms 𝑂3 − 𝐻 ⋯ 𝑂5 and 𝑂2 − 𝐻 ⋯ 𝑂6 intrachain hydrogen bonds, while interchain bonding 

occurs for every glucose unit via 𝑂6 − 𝐻 ⋯ 𝑂3 mechanism (Poma et al., 2015, 2016). 

Compared to the intra– and interchain hydrogen bonds, intersheet hydrogen bonds are much 

weaker in both allomorphs due to the predominant 𝐶 − 𝐻 ⋯ 𝑂 bonding mechanism combined 

with the local chain perturbations (Mazeau, 2005). However, the binding patterns differ when 

water is introduced into the system. It was observed that Iβ cellulose is stiffer when simulated 

hydrated. Thus, fiber stiffness is related to water–mediated hydrogen bonding and 

conformational disorder of the surface hydroxyl groups (Petridis et al., 2014). Another 

predicted mechanism of cellulose–water interaction could arise from the hydration of non–

polar cellulose surfaces with a top localization of aliphatic hydrogen atoms (Matthews et al., 

2006). Both water binding patterns are thought to be strong enough to limit the diffusion of 

matrix molecules around the cellulose (Matthews et al., 2006). 

While the cellulose chain is considered to be conformationally stable, the hemicellulose 

chains are rather flexible. Modelling results indicate that in hemicelluloses, glycosidic bonds 

of glucose exist in one possible conformation, while those of mannose can exist in two and 

those of xylose – in three possible conformations (Berglund, 2018; Berglund et al., 2016). 

Theoretically, hydrogen bond network could force glycosidic chains into the most rigid 

(energetically strained) conformation, but the effect of moisture presence predominates there. 

The sidechains also provide some additional stiffness to the backbone, but not by hydrogen 

bonding, but rather by changing the conformation of the glycosidic bonds to a more stable 

form (Berglund et al., 2019). 

Such an ensemble of β–glucan chain properties allow the nature and atomistic properties 

of cellulose–hemicellulose interactions to be discovered in silico. In general, the binding 

patterns between cellulose and hemicellulose are highly dependent on hydrogen bonding, van 

der Waals forces and the presence of hemicellulose sidechains (Besombes & Mazeau, 2005; 

Lau et al., 2018). To a large extent, moisture introduced into a system can also influence β–

glucan interactions, presumably by adsorbing to both cellulose and hemicellulose and 

migrating within hydrogen bonds (Vrublevskaya et al., 2017). 

In the early days of the modelling era, it was shown that the planar chain regions of 

xyloglucan are a dominant factor for cellulose binding. The proposed mechanism is that the 

binding of xyloglucan to cellulose is initiated over a short (2–3 monosaccharides) span, 

followed by binding propagation, coupled with backbone and sidechain conformational 

changes (Levy et al., 1997). Conformation–based adsorption is thought to be dependent on 

both the backbone and sidechains (Levy et al., 1997; Q. Zhang et al., 2011; Zhao et al., 2014). 

However, large side chains are highly unlikely to transition to a flat conformation due to steric 

hindrances, so this may potentially determine the desorption of xyloglucan and/or 

readsorption to other cellulose surfaces (Hanus & Mazeau, 2006). The introduction of water 

into a modelling system results in the adsorption of hemicellulose being determined by van 

der Waals forces rather than electrostatic interactions (Q. Zhang et al., 2011). Under these 
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conditions, xyloglucan preferentially binds to the hydrophobic cellulose surface through 

hydrophobic interactions (Zhao et al., 2014). 

Similar to xyloglucan, xylan sidechains (namely glucuronic acid) stabilize the binding to 

cellulose by limiting mobility of the backbone (Pereira et al., 2017) so that leading from a 

threefold to a twofold screw conformation (Martínez-Abad et al., 2017). However, the 

opposite effect is reported for arabinose substitutes (Martínez-Abad et al., 2017). Kinking on 

the cellulose surface is reported for unsubstituted xylan (Li et al., 2015). Another similarity 

between xylan and xyloglucan is that the interactions of xylan with parallel oriented 

sidechains with the hydrophobic cellulose surface are stronger than with the hydrophilic one. 

This is explained by an increasing effect of hydrophobic interactions, which also stabilize the 

xylan backbone (Martínez-Abad et al., 2017). What is of particular interest for xylans is the 

fact that calcium ions generate glucuronic acid crosslinks in the interchain junctions, which 

also stabilize the xylan bonding to cellulose (Pereira et al., 2017). 

Despite progress in understanding the structural and interaction patterns of 

cellulose/hemicellulose, existing models and approaches may not be complete and suitable to 

provide all relevant data, as the agreement between model predictions and experimental data 

is highly context–dependent (Geitmann, 2010). 

1.6. Atomistic modeling of cellulose and hemicellulose chain mechanics 

Atomistic molecular dynamics (MD) simulations of cellulose fibers show that for an 

infinitely long cellulose chain, non–bonded interactions determine the elasticity of the chain 

at low strain values (Wu et al., 2011), such that removal of non-bonded interactions can 

reduce the elastic properties of a chain by up to 40% (Djahedi et al., 2015; Habibi et al., 

2010). In contrast, the bonded interactions determine the elasticity of the chain at high strain 

values. Thus, the effect of hydrogen and covalent bonds on chain stiffness is hidden in the 

effect of cooperative bonding (Altaner et al., 2014). 

Crucial to the mechanobiology of PCW is that the contribution of hydrogen bonds to the 

elasticity of the cellulose chain decreases with increasing DP (Djahedi et al., 2016; Wu et al., 

2011). A comparison of the chain stiffness of I and I cellulose show that for I cellulose, 

the removal of hydrogen bonds lead to a decrease in chain stiffness values compared to I 

cellulose (Eichhorn & Davies, 2006), which could be due to the chain stiffness of I cellulose 

on its hydrophilic side (Glass et al., 2012). However, when modelling the stretching of a 

bundle of cellulose chains, the hydrogen bonds determine poor deformation recovery due to 

the slip–stick behaviour of the newly formed hydrogen bonds (W. Chen et al., 2004). 

Various simulation approaches have reported that the elastic moduli of the simulated 

cellulose fibers are consistent with the experimental values (Djahedi et al., 2016; Glass et al., 

2012; X. M. Zhang et al., 2013). Despite the similarities in the elasticity of different cellulose 

allomorphs, the regulatory mechanisms may differ. For example, the effect of bond stretching 

is predominant in Iβ cellulose compared to II0 and IIII cellulose, while angle bending is 

similar in all three cases, albeit at different atoms (C1 for IIII, O1 for Iβ and II0). This 

important point lead to the understanding that the tensile deformation in the different cellulose 

allomorphs is provided by the main role of one degree of freedom, while the other degrees of 

freedom play a minor role (Djahedi et al., 2015). 



26/201 
 

The other issue affecting mechanical properties of cellulose fiber is its ability to form 

periodical longitude kinks, possibly caused by an energy decrease in kinking zones, coupled 

with torsional and van der Waals interactions (Fan & Maranas, 2015). Such a kinking 

correspond to both predefining locations for the biomechanical hotspots of cellulose–

hemicellulose fiber network (Park & Cosgrove, 2012b), as well as predetermine cellulose I– 

I interconversion (Jarvis, 2000). 

Regarding cellulose–hemicellulose interactions, both interfiber contact area, hydrogen 

bonding, and hemicellulose covalent bonds are defined as a crucial parameters of the stiffness 

of cellulose–hemicellulose interactions (N. Zhang et al., 2015). When cellulose is bridged by 

hemicelluloses, both hydrogen bonds and hemicellulose chains are considered to stretch 

counterforcing shear deformation. As for the loop interactions, hemicellulose contact surface 

acts like a sticker for cellulose, reducing any surface sliding. Random cellulose–hemicellulose 

interactions are assumed to provide too low contact surface, being ineffective to oppose shear 

forces standalone (N. Zhang et al., 2015). 

1.7. Modeling of plant cell wall structures 

Unfortunately, development of a fully–atomistic PCW model won’t be possible in the 

nearest future due to computational limitations. Thus, it allows researches within the field to 

apply particle–based approaches on modelling of both cellulose and hemicellulose fibers. 

Such a modelling approach consider fiber as a beam of separate particles, coupled by an 

imaginary spring which correspond to a reservoir of overall energy of an individual bonds, at 

the same time defining fiber stiffness. And what is known with certainty today is that the 

mechanical properties of PCW are determined by the microstructure and the physicochemical 

properties of the cellulose–hemicellulose fiber network, which, for our luck, can be modelled 

with such a particle–based approach. However, as this was only a hypothesis at the time and 

computational capabilities were limited, fiber networks of a very simple, paper–like structures 

with random length and distribution of fibers began to be developed. Such models were based 

on the finite element method, where the fibers were modeled as homogeneous, linearly 

elastic, straight rods randomly distributed in 2D or 3D. Interfiber connections were generally 

treated as rigid or flexible spring connections. These pioneering researches enabled the 

investigation of patterns of network stiffness (Yang, 1975), axial stress distribution (Rigdahl 

et al., 1984), the role of fiber orientation on opposing mechanical loads (Hamlen, 1991), bond 

strength (Åström & Niskanen, 1993), etc. Subsequent studies confirmed the crucial role of the 

spatial distribution of fibers, curvature and sliding interfiber interactions as decisive factors 

for the mechanical response of the fiber network (Heyden, 2000). The density of the network 

has been found to positively affect its stiffness, but the functions describing this are different 

for 2D and 3D networks. The overall stiffness is negatively related to the fiber curvature, 

which also depends on the network density. The current investigations have been extended in 

the present time, in that the elastic modulus of such a fiber networks increases with increasing 

fiber length, fiber modulus, bond density and network density, but decreases with increasing 

fiber diameter and fiber curvature (Mao et al., 2017). Although such a models of fiber 

networks provided crucial insights into the mechanobiology of PCW, a number of constraints 

critical to PCW organization (type of binding, presence of linkers and matrix constituents) 

allowed such models to be considered idealized. 
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Specific modeling of PCW–like structures began in the late 2000
s
 (Kha et al., 2008, 

2010). Still taking a purely mechanistic view of PCW architecture, tethered and multinet 

network models were conceptually revised. It was found that the role of hemicellulose as a 

load–bearing agent increases with increasing size of PCW, with no suggestions regarding the 

binding and unbinding mechanism of cellulose–hemicellulose interactions. The current 

approach has been extended to the mechanical responses of PCW by revising the role of 

hydrogen bonds, declaring the hydrogen bond between cellulose and hemicellulose as the 

weakest structural component of PCW (Yi et al., 2012, 2013; Yi & Puri, 2012). 

As far as the biomechanical hotspot PCW model was proposed in 2012, research focused 

on defining the molecular (particle–based) principles hidden in PCW mechanobiology rather 

than moving forward with a classical mechanics approach. As a result, current PCW models 

are built according to the principles of MD, particle dynamics or the discrete element method. 

Methodologically, the structure of such a fiber networks is defined both by 

cellulose/hemicellulose/pectin fibers (discretized by beads), spring interactions between 

successive intrafiber beads (with introduction of axial, bending or torsional stiffness) and 

interactions between interfiber beads (with repulsive and attractive potentials). To date, such 

an approach has led to three particle–based examinations of PCW mechanobiology. In the 

very first, Nili et al. investigated a biomechanical hotspot cell wall model, which is almost an 

in silico reduplication of the research of (Park & Cosgrove, 2012a) with XEGH PCW 

degradation (Nili et al., 2015). The results of simulation showed that, on average, 3.75 

xyloglucan links per cellulose fiber is a lowest critical value for PCW integrity, which is 

consistent with Park and Cosgrove's predictions (≈0.3% wt. xyloglucan fraction at a 

cellulose:xyloglucan ratio of 1:1). However, simulations unveiled that cellulose–

hemicellulose PCW network is not sufficient to counteract the turgor pressure by itself, 

suggesting pectin–based mechanisms involved in regulation of PCW stiffness (Yi & Puri, 

2014). The following research was conducted by (Mani et al., 2020), who developed a 

coarse–grained (CG) model of layered PCW based on the dissipative particle dynamics 

technique to investigate the relationships between the fiber movement and the initial phase of 

PCW deformation. Here, the authors modeled cellulose and pectin as bead–spring chains, 

while xyloglucan was modeled as a single bead connecting two fibers. The simulations 

showed that all lamellar components undergo a collective reorientation when force is applied, 

while the cellulose fibers predominantly buckle transverse to the direction of elongation. 

Somehow in contrast to the research of (Nili et al., 2015) the length of the pectin chains, 

simulated over a range of values, showed almost no influence on the movement of the 

cellulose fibers, so that declaring the role of xyloglucan and pectin as cellulose fiber coating 

and background matrix, respectively. A modern CG model of PCW was proposed by (Y. 

Zhang et al., 2021) to simulate the mechanics of epidermal PCW of Allium cepa at the 

nanoscale. In this model, both cellulose, xyloglucan and pectin were randomly distributed in 

separate lamellae, thus mimicking the CESA deposition of PCW components. The current 

research has shown that the cellulose fibers counteract stress most and the sliding of the fibers 

determines the plastic deformation of the PCW. In addition, the structural parameters of 

xyloglucan and pectin hardly determined the mechanical properties of PCW, as they assumed 

the role of cellulose interfiber mediators. 
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2. Research hypotheses and the aims of study 

The above literature review shows a very complex structure of the natural plant cell wall, 

in which hemicelluloses interact with cellulose and the resulting composite acts as the load-

bearing network of the cell wall. Bacterial cellulose provides a useful scaffold into which 

various polysaccharides can be incorporated to mimic the structure of plant cell wall. A major 

advantage of the plant cell wall analogues produced is the possibility of macroscopic 

evaluation of the mechanical properties of the composite. Furthermore, it must be pointed out 

that the model of the plant cell wall is not yet accepted and that an instrument for 

investigating the structural properties of the cell wall still needs to be developed. Therefore, a 

combined approach is proposed in this dissertation, where the experimental study on bacterial 

cellulose-plant hemicellulose composites is used to build and validate the computational 

model of the fiber network, which is representing plant cell wall load-bearing network. This 

approach made it possible to interpret the specific effects of the individual hemicelluloses on 

the cell wall properties. The developed model can be further used (most likely by adding 

pectin into account) to study the structure-related mechanics of the plant cell wall. 

Research hypotheses 

1. Structural properties and mechanical responses of hemicellulose-cellulose composites 

depends on the type of hemicellulose.  

2. Interfiber interaction is the main factor affecting the mechanical properties of 

cellulose-hemicellulose composites. 

Aim of the study 

To create structural model of cellulose-hemicellulose assembly relevant to plant cell wall 

and capable on description of plant cell wall mechanobiology from single fiber to whole fiber 

network. 

Specific aims of the study 

1. To characterize the effect of one of xylan, arabinoxylan, xyloglucan, and glucomannan 

on structural, molecular and mechanical properties of bacterial cellulose-hemicellulose plant 

cell wall analogues on both nano- and macroscale with respect to the content of 

hemicellulose. 

2. To establish a numerical model based on a coarse-grained molecular dynamics that 

evaluates the mechanical properties of bacterial cellulose-hemicellulose plant cell wall 

analogues. 

3. To validate a mechanical properties of a numerical model obtained against the 

nano- and macroscale mechanical properties of bacterial cellulose-hemicellulose plant cell 

wall analogues, depending on specific type of hemicellulose and its content present. 
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3. Results 

3.1. Overview of published studies 

In the published manuscripts P1, P2, P3, P4 and yet unpublished research P5, an 

exhaustive analysis of an existing information on structure and mechanical properties of 

cellulose–hemicellulose fiber networks, concepts of plant cell wall structure, as well as its 

numerical models, was provided. It allowed to proceed with a bacterial cellulose–

hemicellulose fiber networks as a plant cell wall analogues, replicating the patterns of 

cellulose-hemicellulose interactions in muro. Research methodologies were developed in a 

way to provide a full-scale characterization of an established plant cell wall analogues, with a 

focus on its chemical (high-performance liquid chromatography, enzymatic treatment), 

structural (atomic force microscopy), molecular (Raman spectroscopy), and mechanical 

(tensile tests with constant and cyclic strain rates, nanoindentation tests) properties. 

Particle-based modeling of cellulose-hemicellulose fiber networks according to hotspot 

plant cell wall model was achieved by means of coarse-grained molecular dynamics 

simulation. As a key element of a current work, mechanical properties of a simulated network 

were validated according to the structural and mechanical properties of an established 

bacterial cellulose-hemicellulose plant cell wall analogues. In addition, sensitivity analysis of 

an established numerical model was conducted according to its structural (fiber length, fiber 

diameter), and mechanical (force constant of interfiber interaction, fiber modulus) parameters. 

Below, the main conclusions of each publication are summarized. The full manuscripts are 

attached at the end of dissertation. 

3.2. Manuscript P1 (Tailor-Made Biosystems – Bacterial Cellulose-Based Films with 

Plant Cell Wall Polysaccharides) 

Chibrikov, V., Pieczywek, P. M., Zdunek, A., 2023. Tailor-Made Biosystems Bacterial 

Cellulose-Based Films with Plant Cell Wall Polysaccharides. Polymer Reviews, 63(1), 40-66. 

DOI: 10.1080/15583724.2022.2067869 

The aim of the review manuscript P1 was an explicit summarization of an existing 

researches regarding specific paths of the preparation of BC–hemicellulose PCW analogues, 

as well as structural and mechanical properties of the networks of bacterial cellulose, 

hemicelluloses, as well as BC–hemicellulose PCW analogues. A particular overview of 

structural and mechanical properties of hemicelluloses and BC–hemicellulose PCW analogues 

were focused predominantly on xylan, arabinoxylan, xyloglucan and glucomannan 

hemicelluloses as the most distributed one of monocotyledons and dicotyledons. 

BC fiber networks appear as a multi-layered structures of in-plane homogeneously and 

randomly distributed fibers of high chemical purity. Variability of its structural properties is 

largely determined by the network formation, which can be enhanced or limited by biological 

factors (metabolic activity of bacteria strains, presence of other microorganisms), as well as 

chemical (composition of the medium) and physical (viscosity of the medium, cultivation 

temperature, static or dynamic type of cultivation) one. Mechanical response of BC hydrogels 

is generally weaker, compared to dried one, in terms of the stresses applied, being highly 

determined by the moisture-induced plasticization. Collapsing upon drying lead to an 

increased interfiber interaction, thus making the network stronger and less extensible. 
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Casted hemicellulose films oppose stresses in a matter comparable to BC, which rely on 

density of hemicellulose chain packing, and is positively correlated with DP, and the presence 

of sidechain substitutions of hemicellulose backbone. However, strain response of 

hemicellulose casted films is higher, compared to bacterial cellulose, which is determined by 

moisture-induced plasticization of amorphous hemicelluloses. 

Hemicelluloses provide to formation of a fine-structured BC. However, versatility of 

structural and mechanical properties of BC–hemicellulose PCW analogues is determined by 

the patterns of cellulose-hemicellulose interactions, which affect both packaging of cellulose 

fibers, microfibers, and chains. Those interaction patterns include hemicellulose adsorption 

and aggregation on cellulose fiber/microfiber (both reversible and irreversible), cross-link 

formation, intertwining cellulose fibers/microfibers, etc., and are highly dependent of 

polymerization and substitution degrees of subsequent hemicelluloses. As a general trend, 

mechanical properties of BC–hemicellulose PCW analogues are higher for the one with 

hemicelluloses of higher DP (reinforcing effect) and DS (enhanced flexibility and 

interconnectivity). Alteration of the biosynthesis with an addition of hemicelluloses to 

culturing medium is another factor to be considered while establishing BC–hemicellulose 

PCW analogues, being dependent on the viscosity of culturing medium, as well as ability of 

cellulose-synthesizing bacteria to utilize hemicelluloses. 

3.3. Manuscript P2 (In silico studies of plant primary cell walls - structure and 

mechanics) 

Pieczywek, P. M., Chibrikov, V., Zdunek, A., 2023. In silico studies of plant primary cell 

walls-structure and mechanics. Biological Reviews, 98(3), 887-899. DOI: 10.1111/brv.12935 

Review manuscript P2 aimed to overview and generalize existing physical and 

biomechanical aspects of PCW architecture. Since the late 1960
s
, when the first concepts of 

PCW structure were reported, scientific community evolved throughout various suggestions 

of plant cell wall architecture, each defined by a structure- and property-related patterns of the 

main plant cell wall polysaccharides - cellulose, hemicelluloses and pectin. At the very first 

tries, only cellulose fibers were considered to define plant cell wall integrity, while the role of 

hemicelluloses and pectin was neglected to some matrix polysaccharides. The following 

suggestions on plant cell wall structure considered the role of hemicelluloses and pectin, and 

especially interaction of those with cellulose, in defining PCW strength and extensibility. 

While one models suggested hemicellulose (or rather specific one of - xyloglucan) to 

maintain cellulose integrity via road-like tethers (Fig.5c), the other considered plant cell wall 

structure as a sandwich of interconnected cellulose, hemicelluloses and pectin (Fig.5a-b). The 

latest commonly recognized model of PCW architecture is called a biomechanical hotspot 

model (Fig.5d). According to it, plant cell wall integrity is defined by a xyloglucan-linking 

amalgam, located in a close proximity to the contact surfaces of adjacent cellulose fibers. 

Such a cellulose-xyloglucan-cellulose interaction hotspots are short (dozen on nanometers), 

require low amount (appr. 0.3% wt.) of all xyloglucan present in PCW and are thought to 

define PCW strength and extensibility prior to the bulk viscosity of matrix polysaccharides. 
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Fig.5. Models of PCW: a) model with covalently linked matrix, b) multi-coat model, c) 

tethered network, d) biomechanical hotspot model. Red lines represent cellulose fibers, black 

– hemicellulose (xyloglucan), yellow – pectin. Redrawn after (Pieczywek et al., 2023) 

An additional aim of current work was to concisely overview an existing numerical 

models of polysaccharide interactions in PCW with a regard to the fine structure of network, 

its supramolecular properties and polysaccharide binding affinity. The very first assumptions 

on the patterns which define PCW strength and extensibility were explored with a random 

fiber networks, which allowed to define the contribution of fiber stiffness, length, and 

diameter, together with network and bond densities (Fig.6). 
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Fig.6. Timeline showing the development of fiber network and PCW models. The models 

are split into two major categories based on applied modelling methodologies. Both are 

briefly characterized with bullet point descriptions of model/modelling principles. Grey lines 

indicate general models of fibrous structures (paper, nano-paper, other cellulose networks). 

Blue lines indicate models specific to PCWs. CG, coarse grained; CMF, cellulose microfiber; 

FEM, finite element model; HC, hemicelluloses. The pictograms in the circles represent the 

main ideas of how PCW structures are represented in models–from linear continuous 

structures to discrete representation using beads of different shapes. Colours correspond to 

main PCW structural polysaccharides: cellulose (red, blue), hemicelluloses (black), pectin 

(yellow). Redrawn after (Pieczywek et al., 2023).  

First computation models, focused exclusively on mechanobiology of PCW, examined 

cellulose-hemicellulose scaffold according to both tethered and biomechanical hotspot 

models. Despite gaining insights on structure-dependent response of cellulose-hemicellulose 

scaffold on opposing mechanical loads, the first approaches used were too general. In such a 

studies, clearly mechanistic modeling prevailed, considering cellulose fibers as beams, 

connected by fixed-point hemicellulose trusses. Such a modeling limitations allowed to define 
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a bottleneck of mechanistic approach – modeling of fiber motion, bonding–debonding 

interactions of plant cell wall polysaccharides, and the role of PCW matrix in governing cell 

wall stiffness. 

The following modeling approaches revised PCW architecture by the particle–based 

representations of plant cell wall polysaccharides and were based on the principles of particle 

dynamics simulations. Current techniques granted to consider close–to–atomic nature of plant 

cell wall polysaccharides, as well as to define non–bonded interactions as a part of interfiber 

interaction forces. Up–to–date implementations of particle dynamics simulation techniques 

allowed to investigate the patterns of distribution, arrangement, and deformation of PCW 

polysaccharides, which affect mechanobiology of PCW. However, current modeling 

implementations are far from complete. The role of pectin and arabinogalactan proteins in 

PCW responsiveness is barely revealed, as well as there is no practical approach established 

to simulate growth enhancement and turgor expansion of PCW. 

3.4. Manuscript P3 (Evaluation of elasto–plastic properties of bacterial 

cellulose-hemicellulose composite films) 

Chibrikov, V., Pieczywek, P. M., Cybulska, J., Zdunek, A., 2023. Evaluation of elasto–plastic 

properties of bacterial cellulose–hemicellulose composite films. Industrial Crops and 

Products, 205, 117578. DOI: 10.1016/j.indcrop.2023.117578 

Current research study aimed to investigate the effect of hemicelluloses on the elasto–

plastic properties of BC–hemicellulose PCW analogues. According to the hypothesis of 

current research study, difference in physico–chemical properties of PCW hemicelluloses lead 

to a different elasto–plastic response of respected PCW analogues. In a current research paper, 

results on mechanical and molecular properties of an established BC–hemicellulose PCW 

analogues were presented. 

3.4.1. Preparation of bacterial cellulose–hemicellulose plant cell wall analogues 

BC–hemicellulose PCW analogues were biosynthesized by Komagataeibacter xylinus 

ATCC–53524 bacteria strain in modified Hestrin–Schramm medium with an addition of the 

one of birchwood xylan, wheat arabinoxylan, tamarind xyloglucan, or konjac glucomannan 

hemicelluloses (all – Megazyme, Ireland) at different concentrations. 

3.4.2. Elasto–plastic properties of bacterial cellulose–hemicellulose plant cell wall 

analogues 

Mechanical properties of BC–hemicellulose PCW analogues were accessed by means of 

uniaxial tensile test with cyclic strain rate until failure, with a 0.2% tensile strain increments 

per cycle. Analysis of a strain–stress curves obtained allowed to define purely mechanistic 

parameters, such as maximum modulus, maximum stress and maximum strain. In addition, 

contribution of plastic deformation to overall mechanical response of BC–hemicellulose PCW 

analogues was evaluated via defining its total plastic strain. For BC–hemicellulose PCW 

analogues studied, presence of both xylan and arabinoxylan resulted in a statistically 

significant increase of stresses and moduli, as well as the role of plastic deformation in 

opposing load applied. For xyloglucan, the role of elastic deformation showed moderate yet 
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statistically significant increase, while for glucomannan, applied loads caused predominantly 

elastic deformation of respected plant cell wall analogues. 

3.4.3. Molecular properties of bacterial cellulose–hemicellulose plant cell wall 

analogues 

Raman spectra of BC–hemicellulose PCW analogues appeared similar to those of plant 

cellulose and hemicelluloses, with clearly defined bond vibrations within spectral regions of 

hydrogen bonds (3600 cm
-1

–3200 cm
-1

) and structural bonds of polysaccharides (3000 cm
-1

–

2800 cm
-1

 and 1500 cm
-1

–300 cm
-1

). Most of bond vibrations observed were attributed to 

cellulose, while some weak vibrations at 1580 cm
-1

 wavenumber
 

and 100–800 cm
-1

 

wavenumber range were assigned to the vibrations of the structural bonds of hemicellulose 

monosaccharides. 

3.4.4. Relation between elasto–plasticity and molecular properties of bacterial 

cellulose–hemicellulose plant cell wall analogues 

To evaluate the effect of specific polysaccharide bonds on elasto–plastic properties of BC–

hemicellulose PCW analogues, principal component analysis was applied to establish 

wavenumber–property correlations. It was defined that elastic deformation of BC–

hemicellulose PCW analogues studied were determined by stretching vibrations of structural 

bonds of cellulose and hemicelluloses, while plastic deformation was a matter of molecular 

and supramolecular changes occurring at cellulose–hemicellulose fiber network (Fig.7). 

 
Fig.7. Principal component analysis of spectral data collected from BC–hemicellulose PCW 

analogues showing: a) correlation between loadings and characteristic spectra wavenumbers. 

Grey arrows stand for the loadings of the vibrations of glycosidic bonds, red – for ring bond 

vibrations, green – for hydrogen bond vibrations, blue – for the vibrations of other 

saccharides; b) correlation between loadings and mechanical properties of BC–hemicellulose 

PCW analogues. Arrow direction represents correlation between characteristic spectra 

wavenumber/mechanical property and the PC, and the arrow length represents the strength of 

the relation between characteristic spectra wavenumber/mechanical property and PC. 

Redrawn after (Chibrikov et al., 2023). 
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Correlation matrix allowed to establish overall relations between hemicellulose content in 

culturing medium, mechanical and molecular properties of BC–hemicellulose PCW analogues 

(Table 1). Positive correlations between glucomannan content and vibrations of the structural 

bonds of BC–glucomannan PCW analogues defined its increasing role in elastic deformation. 

In contrast, correlation trends were opposite for BC–xylan and BC–arabinoxylan PCW 

analogues, revealing its predominantly plastic deformation for the loads applied. 
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Table 1 Heatmap representation of Pearson correlation values for the relation of the hemicellulose polysaccharide content and mechanical property or peak of 

characteristic wavenumber. Heatmap colors represent the Pearson correlation ranges, from cyan (negative correlation), passing through white (no correlation), 

to mustard (positive correlation) hues. Abbreviation NA stands for not applicable. Redrawn after (Chibrikov et al., 2023). 

Physical quantity   Molecular structure Functional group 

Hemicellulose 

AX KGM XGY XYL 

Mechanical 

property 

Maximum 

modulus 

    0.38 -0.64 
 

0.75 

  Maximum stress     0.43 -0.74 
 

0.73 

  Maximum strain NA NA  
 

-0.63 
  

  Total plastic strain 
   

-0.63 
  

  Cycle hysteresis     
 

-0.66 -0.35 0.40 

Wavenumber 379 Ring bonds C-C-C, C-O, and C-C-O bending vibrations 
 

0.44 -0.45 -0.47 

  435   C-C-C, and C-C-O bending vibrations 
 

0.60 -0.44 -0.39 

  456   C-C-C, and C-C-O bending vibrations 
 

0.55 -0.49 
 

  1001   H-C-H rocking bending vibrations 
  

0.48 -0.35 

  1035   C-C and C-O stretching vibrations  
 

0.70 0.31 -0.41 

  1060   C-C and C-O stretching vibrations  
 

0.68 
 

-0.60 

  1149   C-C, C-O asymmetric stretching vibrations 
 

0.65 
 

-0.53 

  1314   H-C-C, H-C-H, C-O-H, H-C-O bending vibrations  -0.33 0.51 0.65 -0.65 

  1339   H-C-C, H-C-H, C-O-H, H-C-O bending vibrations  -0.52 0.60 -0.39 -0.56 

  1380   H-C-H, H-C-C, H-O-C, C-O-H bending vibrations 
 

0.67 -0.45 -0.32 

  1458   H-C-H scissoring bending vibrations -0.69 0.47 
  

  2890   C-H and H-C-H stretching vibrations -0.46 0.78 -0.39 -0.64 

  2931   C-H and H-C-H stretching vibrations -0.57 0.65 
 

-0.49 

  3301 Hydrogen bonds Inter- and intrachain hydrogen bonds 
 

0.39 
 

-0.32 

  3335   Inter- and intrachain hydrogen bonds 
 

0.53 -0.37 -0.47 

  3364   Inter- and intrachain hydrogen bonds 
 

0.58 
 

-0.50 

  

 

750 Hemicellulose 

sidechains 

C-O-H, C-C-H, and O-C-H bending vibrations of 

arabinose/galactose/xylose 

0.51 -0.42 0.81 -0.51 
1580  C-O stretching vibrations of galactose 

 

 

 -0.47 0.61  

  518 Glycosidic bonds  C-O-C bending vibrations 
 

0.52 -0.49 
 

  890   C-O-C stretching vibrations 
 

0.71 0.64 -0.33 

  1095   C-O-C asymmetric stretching vibrations 
 

0.63 -0.33 -0.47 

  1125   C-O-C symmetric stretching vibrations 
 

0.55 
 

-0.63 
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3.5. Manuscript P4 (Coarse–grained molecular dynamics model to evaluate the 

mechanical properties of bacterial cellulose–hemicellulose composites) 

Chibrikov, V., Pieczywek, P. M., Cybulska, J., Zdunek, A., 2024. Coarse–grained molecular 

dynamics model to evaluate the mechanical properties of bacterial cellulose–hemicellulose 

composites. Carbohydrate Polymers, 121827. DOI: 10.1016/j.carbpol.2024.121827 

Current research study aimed to establish a numeric model of BC–hemicellulose PCW 

analogues to evaluate its mechanical properties. According to the hypothesis of current 

research study, force of interfiber interaction, which is defined by the hemicelluloses 

mediating such interactions, is the main factor affecting the mechanical properties of 

cellulose–hemicellulose fiber networks. In a current research paper, results on mechanical 

properties of an established BC–hemicellulose PCW analogues were presented. In addition, 

numeric model, based on coarse–grained molecular dynamics, was established, and validated 

according to the structural and mechanical properties of BC–hemicellulose PCW analogues. 

3.5.1. Nanoscale structural and mechanical properties of bacterial 

cellulose-hemicellulose plant cell wall analogues 

Nanoscale structural and mechanical properties of single fibers of BC–hemicellulose 

PCW analogues were accessed by means of atomic force microscopy surface topography 

imaging and nanoindentation tests, respectively. The width of individual fibers decreased 

statistically significant for BC–xylan PCW analogues, while increasing for BC–arabinoxylan 

and BC–glucomannan one. Experimental data of nanoindentation tests were fitted according 

to the Hertz model of the indenter–surface interaction. It showed statistically significant 

increase with the presence of xylan and xyloglucan, and a statistically significant decrease 

with an increasing content of glucomannan in culturing medium. 

3.5.2. Numerical model 

Numerical model was established according to the principles of coarse–grained molecular 

dynamics simulation, with fibers simulated with bead–spring approach (Fig.8). Intrafiber 

interactions were defined via harmonic and angular bond potentials, while interfiber 

interactions – via two–step truncated harmonic potentials. The latter one allowed fibers to 

rearrange against each other, so that producing dynamic attractive–repulsive forces. A narrow 

~1.5 nm range of attractive forces mimicked interfiber interactions according to 

biomechanical hotspot model of plant cell wall. For the generated and equilibrated models, 

uniaxial tensile test was simulated according to the conditions of a laboratory test. Strain–

stress curves of simulation were comparable to those of laboratory tests, with clearly visible 

regions of sample elastic and plastic deformation. Current model showed fibers undergo 

several main types of fiber movements – reorientation, straightening, curving, and sliding 

along the applied force. 
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Fig.8. Stages of fiber network modeling: a) stress–strain curve from simulation, b) atomic 

force microscopy surface topography image of pure BC, c) raw model of BC generated based 

on atomic force microscopy data, d) model of BC after energy equilibration procedure, and e) 

model of BC subjected to uniaxial tensile test at constant strain rate. Redrawn after 

(Chibrikov et al., 2024). 

3.5.3. Model sensitivity 

Sensitivity of the model was evaluated according to the four input parameters, which 

contribute mechanical response of fiber network the most – force constant of interfiber 

interaction, fiber modulus, fiber length, and fiber diameter. Increase of fiber stiffness resulted 

stresses of elastic deformation to increase in a statistically significant manner, indicating 

elastic deformation of stiff fiber network is defined by fiber bending resistance. However, 

with a transition to plastic deformation, respected moduli and stresses showed statistically 

significant decrease. It is governed by the fact that plastic deformation of stiff fiber network is 

primarily defined by a number of interfiber contacts (total force of interfiber interaction), 

amount of which is fewer for less entangled structures. Change in fiber diameter showed lack 

of statistically significant changes in mechanical response related to elastic deformation 

within the values tested. In this case, decreasing number of interfiber contacts with an 

increasing fiber diameter was mitigated by an increasing contact area. However, moduli and 

stresses of simulated fiber networks decreased with an increasing fiber diameter. To huge 

extend, it is governed by the logics of the formation of simulated network, in which the 

volume occupied by the fibers was constant. It resulted in a lower number of thick fibers 

within the networks, compared to the network of thin fibers, leading to a decrease in total 

force of interfiber interaction. Extension of fiber length resulted in a statistically significant 

increase in stresses and moduli within the both regions of elastic and plastic deformation, 

which was governed not only by an increase in a number of interfiber contacts (total force of 

interfiber interaction), but also by prolonged phase of fiber reorganization. The most 

prominent changes were observed with the modification of the force constant of interfiber 

interactions. While increase in stresses and strains was linear, changes in Young’s moduli and 

strain hardening moduli were steep for low and high force constants of interfiber interaction, 
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respectively. Rapid initial change in Young’s modulus as some lower force constants of 

interfiber interactions was determined by a network formation conditions, in which increase 

in force constant caused enhanced fiber adhesion up to some practical limit. In contrast, rapid 

increase in strain hardening modulus at some high force constants of interfiber interaction 

defined sensitivity of plastic deformation of such a network structures to supramolecular 

changes occurring. 

3.5.4. Macroscale mechanical properties of bacterial cellulose–hemicellulose plant cell 

wall analogues – explanatory analysis 

Macroscale mechanical properties of BC–hemicellulose PCW analogues were assessed by 

means of uniaxial tensile tests with constant strain rate. Analysis of a strain–stress curves 

obtained allowed to define mechanistic parameters of BC–hemicellulose PCW analogues, 

such as Young’s modulus, strain hardening modulus, strain at elastic limit, stress at elastic 

limit and maximum stress. The results showed that both Young’s modulus, strain hardening 

modulus and maximum stress of BC–xylan and BC–arabinoxylan PCW analogues showed 

statistically significant increase with an increasing content of respected hemicelluloses. In 

contrast, BC–xyloglucan and BC–glucomannan PCW analogues showed lack and moderate 

statistically significant decrease of aforementioned mechanical properties with an increasing 

content of respected hemicelluloses. Data on mechanical properties of BC–hemicellulose 

PCW analogues correlated well with the modeling studies. In major cases, mechanical 

properties of BC–hemicellulose PCW analogues were governed by the force constant of 

interfiber interaction, which, according to biomechanical hotspot model, is defined by the 

presence of interfiber hemicellulose mediates. However, in certain cases (BC–xyloglucan and 

BC–glucomannan PCW analogues) mechanical properties also positively correlated with the 

change in nanostructural (fiber diameter) and nanomechanical (fiber modulus) properties of 

cellulose fibers. 

4. Supplementary research (The effect of hemicellulose–specific enzymes on the 

structure and mechanical performance of cellulose-hemicellulose hydrogels) 

Chibrikov, V., Pieczywek, P. M., Cybulska, J., Zdunek, A. The effect of hemicellulose–specific 

enzymes on the structure and mechanical performance of cellulose–hemicellulose hydrogels. 

4.1. Introduction 

Plant cell wall is highly specialized structure composed predominantly of cellulose, 

hemicelluloses and pectin (Cosgrove & Jarvis, 2012). While cellulose is considered to be the 

main load–bearing element of PCW, hemicelluloses have high affinity to cellulose due to the 

structural similarity, so that mediating interfiber interactions – both directly or indirectly 

(Khodayari et al., 2021). It resulted in numerous studies suggesting various polysaccharide 

arrangements in PCW, defining key role of hemicelluloses in maintaining the entirety of plant 

cell wall scaffold (Carpita & Gibeaut, 1993; Keegstra et al., 1973; Park & Cosgrove, 2012a, 

2012b; Probine & Barber, 1966; Talbott & Ray, 1992). Various approaches have already been 

tested to reveal the insights o cellulose–hemicellulose interactions in muro – decomposition of 

the constituents (Hervé et al., 2009), inhibition of biosynthesis (Park & Cosgrove, 2012b), 

solubilisation (Goulao & Oliveira, 2008), or its chemical modification (Kozioł et al., 2017). 
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In current work, another approach was applied – in vitro enzymolysis of PCW hemicelluloses 

in BC–based PCW analogues. It allowed to investigate the effect of hemicellulose additives 

on the process of biosynthesis, its yield, as well as composition, structure and mechanical 

properties of BC–hemicellulose PCW analogues. It was hypothesized in current work, that 

since hemicelluloses differ in structure and chemical composition, their incorporation in 

cellulose fiber network and enzymatic degradation affect the load–bearing junctions in 

cellulose–hemicellulose PCW analogues, so that affecting its structure and mechanical 

properties. In current work, PCW analogues were studied as a water swollen network, 

providing an analogy to in vivo plant cell wall. 

4.2. Materials and methods 

4.2.1. Sample preparation 

4.2.1.1. Biosynthesis of bacterial cellulose–hemicellulose plant cell wall analogues 

BC–hemicellulose PCW analogues were synthesized in Hestrin–Schramm medium, modified 

with hemicellulose additives of a monosaccharide composition and weight average molecular 

weight, provided in Table 2. Current samples were further defined as raw. 

Table 2. Monosaccharide composition and weight average molecular weight of 

hemicelluloses, used in current study. Abbreviation of Araf stands for arabinose, Gal – 

galactose, Glc – glucose, GlcA – glucuronic acid, Man – mannose, Xyl – xylose. Asterisk sign 

* refers to data from (Franková & Fry, 2021). 

Hemicellulose 

Monosaccharide composition 

(% dry polysaccharide mass) 

Weight 

average 

molecular 

weight (kDa) Araf Gal Glc GlcA Man Xyl Other 

Xylan    11.3  86.1 2.6 158.3 

Arabinoxylan 37.8     61.7 0.5 323.0 

Xyloglucan 2.0 17.0 45.0   34.0 2.0 802.5 

Glucomannan   40.0  60.0   950.0* 

4.2.1.2. Alkali and enzymatic treatment 

To ensure depolymerization and removal of hemicelluloses of bacterial cellulose–

hemicellulose plant cell wall analogues, sequential treatment with 0.1M NaOH and enzyme 

solutions were applied. According to the respected hemicellulose additives (Table 3), BC–

hemicellulose PCW analogues were immersed in 10 U/mL enzyme solutions (1 U stands for 

conversion of 1 µmol of substrate per minute) and treated at both room temperature and 40±1 

ºC for overall 8 h. Pure bacterial cellulose was treated with 0.1M sodium phosphate buffer 

(pH=6) under the same conditions. Enzymolyses were terminated by washing bacterial 
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cellulose–hemicellulose plant cell wall analogues first in respected buffer, followed by 

deionized water. Current samples were further defined as treated. 

Table 3. Hemicelluloses, hemicellulose-specific enzymes used, the composition of the 

enzyme solutions, and the reactions catalysed by enzymes. EC – Enzyme Commission 

number, BSA – bovine serum albumin. 

4.2.2. Determination of monosaccharide composition 

Monosaccharide composition of both raw and treated BC–hemicellulose PCW analogues 

was assessed with high–performance liquid chromatography according to the protocol of (S. 

Zhang et al., 2018) with slight modifications. Determination of monosaccharides and uronic 

acids (arabinose, fucose, galactose, galacturonic acid, glucose, glucuronic acid, mannose, 

rhamnose, and xylose) in BC–hemicellulose PCW analogues was conducted in triplicate. 

4.2.3. Surface topography imaging 

Surface topography imaging of BC–hemicellulose PCW analogues was performed by means 

of atomic force microscopy tapping mode in dry state. Obtained images were processes for 

Hemicellulose Enzyme Solution composition  Reaction catalyzed 

Arabinoxylan 

Endo–β–1→4–

xylanase (EC 3.2.1.8) 

0.1M sodium 

phosphate buffer 

(pH=6), 0.5 mg/mL 

BSA 

Enzymolysis of xylan to 

oligosaccharides 

α–L–

arabinofuranosidase 

(EC 3.2.1.55) 

0.1M sodium acetate 

buffer (pH=4) 

Enzymolysis of α–1→2– 

and α–1→3–linked L–

arabinofuranosyl 

sidechains of 

arabinoxylan 

Glucomannan 

Endo–1→4–β–

mannanase 

(EC 3.2.1.78) 

0.1M sodium acetate 

buffer (pH=4) 

Enzymolysis of β–1→4–

D–mannosidic linkages 

of glucomannan 

Xyloglucan 

Xyloglucan–specific 

endo–β–1→4–

glucanase 

(EC 3.2.1.151) 

0.1M sodium acetate 

buffer (pH=5.5), 

1 mg/mL BSA 

Enzymolysis of β–1→4–

D–glycosidic linkages of 

xyloglucan 

Xylan 
Endo–β–1→4–

xylanase (EC 3.2.1.8) 

0.1M sodium 

phosphate buffer 

(pH=6), 0.5 mg/mL 

BSA 

Enzymolysis of xylan to 

oligosaccharides 
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the correction of data artefacts, and root mean square roughness and an average fiber width 

were evaluated. 

4.2.4. Uniaxial tensile test with cyclic load 

Macroscale mechanical properties of BC–hemicellulose PCW analogues were accessed by 

means of uniaxial tensile tests with cyclic strain rate (Fig.9). Maximum stress and maximum 

strain were defined at the cycle with the highest force. Maximum modulus was defined as the 

maximum value of the slope of the linear part of the stress strain curve in a single test. The 

total plastic strain was given as a sum of the irreversible strains in each cycle. 

 

Fig.9. Uniaxial tensile test with cyclic load of BC–hemicellulose PCW analogues: a) 

schematic three–cycle stress–strain curve. The colored lines, points and areas define 

mechanical properties evaluated, while the annotation on the right provides the definition; b) 

experimental stress–strain curve. The single deformation cycle was divided into a loading (up 

to a maximum stress reached within the applied strain increment), and an unloading (up to 

zero stress reached) stages. Deformation cycles were repeated with the constant tensile strain 

increments up to decrease of maximum force within two consecutive cycles. The maximum 

stress and maximum strain was defined as that, reached at the cycle with the highest stress 

value (marked with red point). 
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4.3. Results and discussion 

4.3.1. Dry yield of biosynthesis of bacterial cellulose-hemicellulose plant cell wall 

analogues 

BC–hemicellulose PCW analogues appeared as a smooth semi–transparent pellicles with a 

dry yield of biosynthesis of 1.2–3.8 g/L on average (Fig.10). An increase in dry yield of 

biosynthesis of BC–hemicellulose PCW analogues was observed, possibly defined by an 

ability of Komagataeibacter xylimus bacteria strain to utilize xylose for bacteria replication 

(Cavka et al., 2013). In contrast, presence of arabinose sidechains suggested to stabilize xylan 

backbone, preventing it from degradation, so decreasing dry yield of biosynthesis of bacterial 

cellulose–arabinoxylan plant cell wall analogues via limited nutrient mobility (Fang & 

Catchmark, 2015; Kiziltas et al., 2015). Presence of both xyloglucan and glucomannan in 

culturing medium showed statistically significant decrease in dry yield of biosynthesis of 

respected plant cell wall analogues, being determined by an increase in medium viscosity, 

limited mobility of nutrients, and medium over supplementation (Gu & Catchmark, 2012; Hu 

et al., 2013; Kishani et al., 2020; Vandamme et al., 1998). 

 

Fig.10. Dry yield of biosynthesis of BC–hemicellulose PCW analogues in relation to the 

presence of a) xylan (XYL), b) arabinoxylan (AX), c) xyloglucan (XGY), and d) 

glucomannan (KGM) in culturing medium. The control sample (BC) is marked with red 

colour. For the estimated parameters, the data points and bars refer to the mean values and 

standard deviation, respectively. Treatments with the same letter show a lack of statistically 

significant differences. 

4.3.2. Monosaccharide composition of raw and treated bacterial cellulose-hemicellulose 

plant cell wall analogues 

Apart from glucose as a main cellulose monosaccharide, other monosaccharides, spesific 

for the respected hemicellulose additives, were denoted for BC–hemicellulose PCW 

analogues (Fig.11). Hemicelluloses incorporated within cellulose fiber network in content–

dependent manner, as evidenced by statistically significant increase in the content of 

respected hemicellulose monosaccharides with an increasing hemicellulose concentration. 

Enzymolysis was considered to be effective, yet not complete, as evidenced by statistically 
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significant decrease but not complete removal of respected hemicellulose monosaccharides 

for treated PCW analogues. It was suggested that some part of hemicelluloses was enzyme–

inaccessible, and was treated as an integral part of respected PCW analogues (Park & 

Cosgrove, 2012a; Pauly et al., 1999). Another crucial conclusion that may be drawn here is 

that no predominant mechanism of cellulose–hemicellulose interactions was observed since 

an amount of both enzyme-accessible and enzyme–inaccessible hemicelluloses were 

increasing in a statistically significant manner with an increasing hemicellulose content. 

 

Fig.11. Monosaccharide composition of raw and treated BC–hemicellulose PCW analogues in 

relation to the presence of xylan (XYL), arabinoxylan (AX), xyloglucan (XGY), and 

glucomannan (KGM) in culturing medium. Subsequent figures represent the content of a) 

arabinose, b) fucose, c) galactose, d) galacturonic acid, e) glucose, f) glucuronic acid, g) 

mannose, h) rhamnose, and i) xylose in samples studied. Raw and treated samples are 

indicated by the bullet points of bigger and smaller sizes, respectively. The control sample 

(BC) is marked with red colour. For the estimated parameters, the data points and bars refer to 

the mean values and standard deviation, respectively. Treatments with the same letter show a 

lack of statistically significant differences. 

4.3.3. Surface topography of raw and treated bacterial cellulose-hemicellulose plant cell 

wall analogues 

Surface topography images revealed both raw and treated BC–hemicellulose PCW 

analogues were organized as a network of in–plane randomly distributed fibers (Fig.12-13). 

Fiber width tended not to show statistically significant changes for both raw and treated BC–

xylan PCW analogues (Fig.14a), supposing xylan to be predominantly enzyme–inaccessible. 
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In contrast, increasing content of arabinoxylan in culturing medium resulted fiber width to 

show statistically significant increase, yet with no effect for treated samples (Fig.14b). It was 

suggested that removal of arabinose increase affinity of arabinoxylan backbone to cellulose 

(Mikkonen et al., 2012), leading to lack of statistically significant change of fiber width. Fiber 

width tended to increase for both BC–xyloglucan (Fig.14c) and BC–glucomannan (Fig.14d) 

PCW analogues, yet the mechanisms were suggested to be different. While plateau reached 

for the fiber width of treated BC–glucomannan PCW analogues defined complete removal of 

surface–deposited enzyme–accessible glucomannan, decrease in fiber width of treated BC–

xyloglucan PCW analogues was smooth linear. Data of fiber width is somehow correlated 

with one of surface roughness, which, despite moderacy of statistical differences, was on 

average lower for treated samples, compared to raw (Fig.15). Together with a lower data 

deviation for treated sampled, current data may provide to a conclusion that smoother surface 

of oven-dried bacterial cellulose-hemicellulose hydrogels may be a matter of the removal of 

enzyme-accessible hemicelluloses. 
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Fig.12. Atomic force microscopy surface topography images of raw BC–hemicellulose PCW 

analogues in a dry state. Images are divided into rows according to the type of hemicellulose 

additive, while column indicate the amount of hemicellulose additive (% mass) in culturing 

medium. For each image, abbreviation and scale are provided. 
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Fig.13. Atomic force microscopy surface topography images of treated BC–hemicellulose 

PCW analogues in a dry state. Images are divided into rows according to the type of 

hemicellulose additive, while column indicate the amount of hemicellulose additive (% mass) 

in culturing medium. For each image, abbreviation and scale are provided. 
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Fig.14. Cellulose fiber width of raw and treated BC–hemicellulose PCW analogues with a) 

xylan (XYL), b) arabinoxylan (AX), c) xyloglucan (XGY), and d) glucomannan (KGM) in 

the dry state. Raw and treated samples are indicated by the bullet points of bigger and smaller 

sizes, respectively. The control sample (bacterial cellulose, BC) is marked with red color. For 

the estimated parameters, the data points and bars refer to mean values and standard 

deviation, respectively. Treatments with the same letter show a lack of statistically significant 

differences. 

 

Fig.15. Root mean square roughness of raw and treated bacterial cellulose-hemicellulose 

hydrogels in relation to the presence of xylan (XYL), arabinoxylan (AX), xyloglucan (XGY), 

and glucomannan (KGM) in culturing medium. Subsequent figures represent the content of a) 

arabinose, b) fucose, c) galactose, d) galacturonic acid, e) glucose, f) glucuronic acid, g) 

mannose, h) rhamnose, and i) xylose in samples studied. Raw and treated samples are 

indicated by the bullet points rectangles, respectively. The control sample (BC) is marked 

with red colour. For the estimated parameters, the data points and bars refer to the mean 

values and standard deviation, respectively. Treatments with the same letter show a lack of 

statistically significant differences. 
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4.3.4. Mechanical properties of raw and treated bacterial cellulose-hemicellulose plant 

cell wall analogues 

Moduli and stresses of BC–xylan PCW analogues showed statistically significant decrease 

with an increasing content of xylan in culturing medium, while being statistically higher for 

treated samples, compared to raw (Fig.15). The later fact was suggested to be related to the 

occurrence of direct interfiber interactions, while xylan domains degrade with enzymolysis. 

 

Fig.15. Mechanical properties of raw and treated BC–xylan PCW analogues evaluated by 

cyclic tests: a) maximum modulus, b) maximum stress, c) maximum strain, d) total plastic 

strain. The control sample (BC) is marked in red. Raw and treated samples are indicated by 

bigger and smaller bullet points, respectively. For the estimated parameters, data points and 

bars refer to the mean and standard deviation, respectively. Treatments with the same letter 

show no statistically significant differences. 

In contrast, moduli, and stresses of BC–arabinoxylan PCW analogues showed statistically 

significant increase with an increasing arabinoxylan content (Fig.16). The key role here was 

suggested for arabinose sidechains, which limit arabinoxylan incorporation onto cellulose 

fiber (Martinez-Sanz, Mikkelsen, et al., 2017), adsorbing on cellulose surface (Martinez-Sanz 

et al., 2016). Aforementioned mechanical properties showed statistically significant increase 

for treated BC–arabinoxylan PCW analogues, being consistent with a reinforcing effect, 

coupled with a reduced moisture–induced plastic deformation of low–arabinosylated 

arabinoxylan with low degree of polymerization (Hoije et al., 2008; Sternemalm et al., 2008). 
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Fig.16. Mechanical properties of raw and treated BC–arabinoxylan PCW analogues evaluated 

by cyclic tests: a) maximum modulus, b) maximum stress, c) maximum strain, d) total plastic 

strain. The control sample (BC) is marked in red. Raw and treated samples are indicated by 

bigger and smaller bullet points, respectively. For the estimated parameters, data points and 

bars refer to the mean and standard deviation, respectively. Treatments with the same letter 

show no statistically significant differences. 

Increasing content of xyloglucan in culturing medium resulted in a statistically significant 

decrease in moduli, stresses, and strains of the respected PCW analogues (Fig.17). It was 

considered to be determined by a decreasing number of direct cellulose–cellulose contacts in 

favor to weaker cellulose–xyloglucan interactions. Trends on data change of moduli and 

stresses allowed to assume that increasing xyloglucan content levelled out the effect of 

enzyme–accessible xyloglucan on mechanical response of respected plant cell wall analogues 

in favor of enzyme–inaccessible one. However, the effect of the former one xyloglucan was 

sufficient enough to define statistically significant change on strain component between both 

raw and treated BC–xyloglucan PCW analogues. It allowed to suggest enzyme–accessible 

xyloglucan to some extend defined plastic response of the respected PCW analogues. 

 

Fig.17. Mechanical properties of raw and treated BC–xyloglucan PCW analogues evaluated 

by cyclic tests: a) maximum modulus, b) maximum stress, c) maximum strain, d) total plastic 

strain. The control sample (BC) is marked in red. Raw and treated samples are indicated by 

bigger and smaller bullet points, respectively. For the estimated parameters, data points and 

bars refer to the mean and standard deviation, respectively. Treatments with the same letter 

show no statistically significant differences. 

Increasing content of glucomannan resulted in a statistically significant decrease of the 

mechanical properties of BC–glucomannan PCW analogues – moderate for moduli and 

stresses, and drastic for strains (Fig.18). Such a decrease was defined by a glucomannan 

deposition on cellulose surface, so that preventing direct interfiber slippage (Berglund, 2018; 

Iwata et al., 1998; Tokoh et al., 1998; Whitney et al., 1998). Brittleness and predominantly 

elastic response of BC–glucomannan PCW analogues with an increasing glucomannan 

content was defined by its both direct and indirect effects – increased hydrogen bonding, 

coupled with increased interfiber friction of thick cellulose fibers. Lack of statistically 

significant differences was reported for both raw and treated BC–glucomannan PCW 
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analogues, defining the crucial role of enzyme–inaccessible glucomannan on tuning interfiber 

interactions. 

 
Fig.18. Mechanical properties of raw and treated BC–glucomannan PCW analogues evaluated 

by cyclic tests: a) maximum modulus, b) maximum stress, c) maximum strain, d) total plastic 

strain. The control sample (BC) is marked in red. Raw and treated samples are indicated by 

bigger and smaller bullet points, respectively. For the estimated parameters, data points and 

bars refer to the mean and standard deviation, respectively. Treatments with the same letter 

show no statistically significant differences. 

4.4. Conclusions 

Incorporation of hemicellulose polysaccharides to cellulose fiber network allowed to define 

the patterns of its interactions, with a specific focus on its structure–related nature. The effect 

of xylan presence in respected PCW analogues showed minor statistical changes on its 

structure and mechanical properties. To some extent, removal of enzyme–accessible xylan 

allowed to establish some stiff cellulose–cellulose junctions, so that increasing mechanical 

properties of respected PCW analogues, compared to raw one. The effects observed for BC–

arabinoxylan PCW analogues were quite opposite. It was suggested that mechanical 

properties of raw BC–arabinoxylan PCW analogues were defined by the reinforcing effect of 

arabinoxylan chains. In case of treated PCW analogues, the effects of reduced moisture–

induced plastic deformation, and increase in polysaccharide crystallinity were considered. 

In contrast to xylan and arabinoxylan additives, presence of xyloglucan and glucomannan 

in respected PCW analogues resulted in both increase in fiber width, coupled with a general 

decrease in its mechanical performance. 

The obtained results indicated that with increasing xyloglucan content, the mechanical 

properties of BC–xyloglucan PCW analogues were governed by weaker xyloglucan–cellulose 

interactions rather than stronger cellulose–cellulose interactions, leading to a decrease in its 

stresses and moduli. Removal of enzyme–accessible xyloglucan allowed cellulose–cellulose 

interactions to be re–established, resulting in increase in PCW moduli and stresses. The 

decrease in mechanical properties of BC–glucomannan PCW analogues with increasing 

glucomannan content was attributed to an alteration of fiber network formation via 

glucomannan deposition – both on and within cellulose fiber. It resulted the effect of 

enzymolysis on BC–glucomannan PCW analogues was comparable to that of xyloglucan, but 

less pronounced, supposedly by its higher affinity to cellulose surface. 
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The results obtained supported an idea of enzymolysis of cellulose–hemicellulose fiber 

networks as an applicable tool for an exploration of its mechanobiology. Current results 

provided an evidence for a structure–dependent mechanisms of cellulose–hemicellulose 

interactions, suggesting the specific structural role of the latter. 
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5. Summary 

The literature review has shown that current understanding of the mechanics of plant cell 

wall is insufficient. Therefore, this research focused on the interfiber interaction between 

cellulose and one of the four types of hemicelluloses abundant in plant cell walls. As a model 

for natural plant cell walls, bacterial cellulose-hemicellulose plant cell wall analogues were 

prepared for experimental studies and the numerical model based on coarse-grained molecular 

dynamics was established to test the fiber network properties. By implementing these tools, it 

was possible to verify the research hypotheses and show that the type of hemicellulose plays 

an important role in the structural and mechanical responses of their composites with 

cellulose. In addition, it was possible to evaluate the role of interfiber interactions on the 

mechanics of these composites and to show that the force of interfiber interaction is also 

determined by the morphological characteristics of BC–hemicellulose PCW analogues, such 

as fiber width/length/modulus. The results of these studies contribute to the knowledge of the 

structure and mechanics of plant cell walls and may have implications for the development of 

composites of cellulose and other natural polysaccharides inspired by plant cell walls. 

Based on the results of the conducted research, the following general conclusions can be 

drawn: 

1. Elastic deformation of BC–hemicellulose PCW analogues is governed predominantly by 

the stretching vibrations of structural bonds of cellulose and hemicelluloses. 

2. Plastic deformation of BC–hemicellulose PCW analogues is defined by supramolecular 

changes occurring in fiber network (fracturing of polysaccharide chains, degradation of 

hydrogen bond network). 

3. Presence of xylan and arabinoxylan resulted in an increase in plastic deformation, moduli 

and stresses of the respected plant cell wall analogues, being opposite to the effects of 

xyloglucan and glucomannan. 

4. No predominant mechanism of hemicellulose incorporation in BC fiber network is 

defined. 

5. Hemicelluloses, incorporated in bacterial cellulose fiber network, exist as both enzyme–

accessible and enzyme–inaccessible. Enzyme–inaccessible hemicelluloses define trends 

on data change of the mechanical properties of the respected PCW analogues, while 

enzyme–accessible hemicelluloses define data fluctuation. 

6. Mechanical properties of BC–hemicellulose PCW analogues are not determined by the 

deformation of hemicelluloses itself, but mainly by the deformation of cellulose fibers, 

mediated by hemicelluloses. 

7. Such a mediates, conceptually similar to biomechanical hotspots occurring in muro, 

change the force of interfiber interaction, being the main factor affecting the mechanical 

properties of BC–hemicellulose PCW analogues. 

8. Force of interfiber interaction is also defined by the morphological features of BC–

hemicellulose PCW analogues, such as fiber width/length/modulus. 

9. Mechanical properties of BC–hemicellulose PCW analogues correspond to those of 

simulated networks, confirming applicability of the latter for the exploration of the 

mechanobiology of cellulose–based fiber networks. 
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