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

AFM Atomic force microscopy

AX Arabinoxylan

CGMD Coarse-grained molecular dynamics

CNW Cellulose nanowhiskers

DE Degree of esterification

DSC Differential scanning calorimetry

GGM Galactoglucomannan

HG Homogalacturonan

MLG Mixed-linkage glucan

NFC Nanofibrillar cellulose

PASCNW  Phosphoric acid swollen cellulose
nanowhiskers

QCM-D Quartz crystal microbalance with dis-

sipation monitoring

RC Regenerated cellulose

RGI Rhamnogalacturonan I

RGII Rhamnogalacturonan II

SEM Scanning electron microscopy

SPR Surface plasmon resonance

SS-NMR  Solid-state nuclear magnetic resonance
XG Xyloglucan
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CHARACTERISTIC OF INTERACTIONS

Introduction

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

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

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

Crystalline core

Disordered domains

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

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

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

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

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

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

Importance of plant cell wall polysaccharides
structure

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

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

For example, similar to cellulose, the most abun-
dant hemicellulose in dicots, i.e. xyloglucan, is com-
posed of B-1,4 linked glucose molecules substituted
by a-D-xylosyl residues. In most dicots and gymno-
sperms, xylose units can be decorated by galactose
or galactose-fucose units. Xyloglucans undergo only
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Fig. 2 Simplified schematic diagram of the structure of plant cell wal

1 polysaccharides. A more detailed description is to be found in

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

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

@ Springer

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

Adsorption method in the investigation
of interactions between polysaccharides

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

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

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

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

AG = AH — TAS (1)

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

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

After determination of the time after which the
equilibrium in the adsorption system is achieved,

@ Springer

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

4,bC,

q, = TbCe )

where b is the adsorption constant of the process,
q,, i1s the maximum adsorption (adsorption capac-
ity), q. is the amount of adsorbed non-cellulosic
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polysaccharides per mg of cellulose, and C, stands for
the equilibrium concentration.

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

1
4. = bC: 3)

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

qmbCeexp< O;i )

9Qe= """ — “)
1+bCeexp<%>

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

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

Adsorption of hemicelluloses on cellulose

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

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

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

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

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

The research conducted by Zykwinska et al. (2005)
also showed that the adsorption of xyloglucan on
native plant cellulose is two times higher than on
microcrystalline Avicel cellulose, which may prove
that the crystallinity of cellulose can influence the
interaction between cellulose and hemicelluloses.
The influence of the morphological structure of cel-
lulose on the efficiency of xyloglucan adsorption was
investigated (Benselfelt et al. 2016; Gu and Catch-
mark 2013; Kiemle et al. 2014). For example, the
interaction of two forms of cellulose: highly crystal-
line cellulose nanowhiskers (CNW) and amorphous
PASCNW (phosphoric acid swollen cellulose nano-
whiskers) with xyloglucan was analyzed (Gu and



Cellulose (2023) 30:9221-9239

9231

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

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

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

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

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

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

Fig. 4 Model representing
the adsorption of hemicellu-
loses on cellulose depend-
ing on the molecular weight
(M,,) of hemicellulose (a),

a) Low M, hemicelluloses

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

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

b) High M,, hemicelluloses
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glycosylated and fucosylated xyloglucan for cellulose,
and these xyloglucan motifs represent a minor part of
apple XG (Chen et al. 2022). The Table summariz-
ing the amounts of adsorbed hemicelluloses taking
into account the adsorption conditions and cellulose
sources is presented as Supplementary Material.

Adsorption of pectins on cellulose

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

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

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

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

Adsorption of hemicellulose and pectins
on cellulose

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

Conclusions and future prospects

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

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

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

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