
Plant cell wall is the source of the great number of

carbohydrate structures that are built mainly on the base

of ten types of polysaccharide backbones. The diversity of

cell wall polysaccharides, including polysaccharides with

the same type of backbone apparently correlates with

their “functional fitting” [1]. However, the criteria defin-

ing cell wall polysaccharide “functional fitting” have not

yet been determined. The ability to form supramolecular

structures with certain physical, chemical, and mechani-

cal properties could serve as one of these criteria. The

result of this ability, in particular, is the formation of var-

ious types of gels by individual polysaccharides. The way

of gelation and the properties of the formed gel can differ

not only for structurally distant polysaccharides, but even

among polysaccharides formed based on the same type of

backbone [2-5].

Pectins including polygalacturonic acid and

rhamnogalacturonan I and II take a key place among the

well-characterized gel-forming polysaccharides of higher

plants. The ability of pectin to form gel is mainly related

with the presence of high- and low-methoxylated poly-

galacturonic acid in their structure [6-8]. It is considered

that rhamnogalacturonans of higher plants, in the

absence of homogalacturonan structure fragments, do not

form gels [9], although for some of these polysaccharides

the ability to aggregate due to modifying groups and/or

neutral side chains was demonstrated [10-13]. Unusual

associates of pectin molecules that do not contain poly-

galacturonan fragments were characterized for tissue-

and stage-specific flax fiber rhamnogalacturonan I pres-

ent at the stage of tertiary cell wall formation. Such cell

walls are typical for many plant fibers and named as

“gelatinous” due to their gel-like image. A peculiarity of

the spatial organization of the cell wall rhamnogalacturo-

nan I associates of flax fiber is that the charged polysac-

charide backbone, built of alternating dimers [→4)-α-D-

GalpA-(1→2)-α-L-Rhap(1→], is located at the surface,

and the neutral galactan chains, interacting with each
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Abstract—Rhamnogalacturonans I are complex pectin polysaccharides extremely variable in structure and properties and

widely represented in various sources. The complexity and diversity of the structure of rhamnogalacturonans I are the rea-

sons for the limited information about the properties and supramolecular organization of these polysaccharides, including

the relationship between these parameters and the functions of rhamnogalacturonans I in plant cells. In the present work,

on the example of rhamnogalacturonan I from flax gelatinous fibers, the ability of this type of pectic polysaccharides to form

at physiological concentrations hydrogels with hyperelastic properties was revealed for the first time. According to IR spec-

troscopy, water molecules are more tightly retained in the gelling rhamnogalacturonan I from flax fiber cell wall in compar-

ison with the non-gelling rhamnogalacturonan I from primary cell wall of potato. With increase in strength of water bind-

ing by rhamnogalacturonan I, there is an increase in elastic modulus and decrease in Poisson’s ratio of gel formed by this

polysaccharide. The model of hyperelastic rhamnogalacturonan I capture by laterally interacting cellulose microfibrils, con-

structed using the finite element method, confirmed the suitability of rhamnogalacturonan I gel with the established prop-

erties for the function in the gelatinous cell wall, allowing consideration of this tissue- and stage-specific pectic polysac-

charide as an important factor in creation of gelatinous fiber contractility.
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other, form the core and hold the molecules in associates

[13]. In gelatinous layers of the cell wall, such associates

are “entrapped” between laterally interacting cellulose

microfibrils. This causes the effective microfibril tension

and as a result the appearance of contractile properties

that are characteristic for fibers [14-18]. Localization and

function of rhamnogalacturonan I under pressure, occur-

ring as a result of cellulose microfibril interaction, suggest

that this polysaccharide has certain elastoplastic proper-

ties. Due to the special type of secretion of Golgi vesicle

content during tertiary cell wall formation [19], rhamno-

galacturonan I can also be isolated before incorporation

into the cell wall [20].

The aim of this work was to establish the physico-

chemical and mechanical features of tissue-specific

rhamnogalacturonan I, determining the polysaccharide

“functional fitting” as an element of tertiary cell wall of

gelatinous fibers. For this, we compared the characteris-

tics of the polysaccharide and high molecular weight

rhamnogalacturonan I isolated before incorporation into

the gelatinous cell wall of flax fibers, as well as rhamno-

galacturonan I of thin primary cell walls of potato that

does not form associates of a particular type. The ability

of the analyzed rhamnogalacturonans I to gel is charac-

terized including features of sorption properties of these

polysaccharides with respect to water as a key factor in

polysaccharide hydrogel formation.

MATERIALS AND METHODS

Plant material. Flax (Linum usitatissimum L., var.

Mogilevski) plants from the collection of the All-Russian

Flax Research Institute (Torzhok, Russia) were used. The

plants were grown in natural condition, in boxes with a

50-cm soil layer, in the open air, under natural light, and

with daily watering. Stem peels (fibrous parts) of 10-cm-

long segments located below the snap point [21] were

taken at the period of rapid growth (40 days after sowing)

and used for rhamnogalacturonan I isolation. Fibers iso-

lated from mature flax stems (100 days after the sowing)

were used for extraction of rhamnogalacturonan I from

the cell wall.

Rhamnogalacturonan I isolation and purification.

Flax fiber rhamnogalacturonan I, which is not incorpo-

rated in the cell wall (RGf), was isolated as a high molec-

ular weight polymer from the supernatant obtained after

tissue homogenization in buffer (10 mM NaOAc, pH 5.0,

10 ml per g of tissue). Polymers present in the clarified

homogenate were filtered and precipitated with ethanol

(final concentration 80%); the pellet was dried, redis-

solved, and chromatographed on a column with

Sepharose CL-4B (12 × 400 mm; Pharmacia, Sweden).

The eluent was 0.01 M pyridine/acetic acid solution,

pH 4.5, flow rate 0.25 ml/min, volume of collected frac-

tions 1 ml. Fractions corresponding to 700-2000 kDa

were taken for analysis [20, 22]. Sugar content in each

fraction was measured by the phenol–sulfuric acid assay

[23]. Pullulans with Mw 1660, 380, 100, and 48 kDa

(Showa Denko, Japan) with low index of polydispersity

(1.09-1.19) were used to calibrate the column.

Rhamnogalacturonan I of gelatinous cell wall

(RGfcw) was isolated from flax fibers and pre-washed by

1% ammonium oxalate and 4 M KOH according to the

procedure developed by Gurjanov et al. [22]. For total cel-

lulose microfibril destruction, solution of 8% LiCl (Merck,

Germany) in N,N-dimethylacetamide (AppliChem,

Germany) dehydrated using molecular sieves and cellulase

(Cellusoft-L; Novo Nordisk Bioindustrrie SA, France; 750

EGU/G) were used. Rhamnogalacturonan I that is the

bulk of the polymer fractions was purified by gel filtration

on a Sepharose CL-4B column (12 × 400 mm; Pharmacia)

under the same conditions that were used for the buffer-

extraction polymer separation. Fractions corresponding to

100-400 kDa were collected for analysis [22, 24].

Commercial (Megazyme, Ireland) rhamnogalactur-

onan I (RGp) from potato primary cell wall was purified

from low molecular mass contaminants using Sephadex

G-25 column (Pharmacia).

Rhamnogalacturonan I gel preparation. Three

approaches were used for preparation of gels from

rhamnogalacturonans I of flax fibers and potato [25]: 1)

the dried polysaccharide sample was saturated by water

(polysaccharide–water ratio 4 : 1 with subsequent

increase in the proportion of water in the sample); 2)

polysaccharide solution was heated on a water bath at

90°C for 5 min and cooled to room temperature; 3) poly-

saccharide solution was heated in a microwave oven at

584 W for 1 min, then filled into blisters with cell diame-

ter of 10.3 mm, and cooled at room temperature until

solidification.

Experiments on uniaxial compression. To determine

Young’s modulus and Poisson’s ratio, the gels were sub-

jected to uniaxial compression (Fig. 1). Measurements

were performed by micrometer with a digital computing

device (MCC-25-0.001; Russia), evaluating the change

in the height of the gel on application of pressure.

Various weights (1, 2, 5, 10, 20, 100, and 200 g) were used

as the source of pressure. Before measurement, the sys-

tem was kept for 30 s in the pressure-free state (recovery

of initial gel block height) (Fig. 1a). After placing a

weight on the gel block, the system was held for 20 s to

come to equilibrium; then the magnitude of steady load

was determined (Fig. 1b). The force applied to the gel

block was calculated as the product of the weight mass

and free fall acceleration product, and the pressure was

calculated from the force magnitude and the gel block

surface area.

Young’s modulus and Poisson’s ratio were calculated

according to formulas (1) and (2), respectively:

E = Fl/S∆l,                                (1)
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where E is Young’s modulus, F the force applied to the gel

block, S gel surface area on which the force is distributed,

l gel block height, ∆l module of gel block height change as

a result of elastic deformation (measured in the same

units as the length l);

µ = ε′/ε,                              (2)

where µ is Poisson’s ratio, ε′ gel block deformation in the

transverse direction, ε gel block deformation in longitudi-

nal direction.

IR spectroscopy. IR spectra were obtained using IR

Affinity 1 spectrophotometer (Shimadzu, Japan) in the

range of 700-4000 cm–1 with resolution of 4 cm–1; 128

spectral scans were averaged. Rhamnogalacturonan I

samples were dissolved in water at concentration

10 mg/ml, and 5 µl of a solution was loaded on the surface

of the germanium crystal of a total internal reflection

accessory MIRacle ATR and dried. The film was placed

in a sealed chamber through which the air stream of con-

trolled H2O or D2O relative humidity (RH) was passed.

The temperature during the sample preparation and

measurement was 25°C.

To determine rhamnogalacturonan I sorption prop-

erties in relation to water, IR spectra of films at two RH

values were taken: close to saturation (99%) and close to

zero (over phosphorus pentoxide). The amount of tightly

bound water was determined by the intensity of the resid-

ual band of deformation oscillations of OH-bonds in

water at 1640 cm–1. For this purpose, the spectra of the

individual components corresponding to water and poly-

saccharide absorption bands were resolved. The amount

of weakly bound water was determined by the 1640 cm–1

absorption band area obtained by subtracting the “dry”

sample spectrum from the sample spectrum at saturating

RH.

Accessibility of polysaccharide OH groups and

hydration water for the solvent was evaluated by deuteri-

um exchange rate. Films of the samples were moistened

to saturation in H2O vapors, and then sample was placed

in saturating D2O vapors. Spectra were recorded during

the time required for registration of the total kinetic curve

of H-D exchange.

Computer modeling. Rhamnogalacturonan I cellu-

lose microfibril entrapping was modeled by a finite ele-

ment method using the AnsysWorkbench 15.0 software

system. During model construction, a two-dimensional

structure was designed, including rhamnogalacturonan I,

located between two cellulose microfibrils, one of which

was under pressure corresponding to cell turgor pressure

(0.3 MPa) [26]. Since the cellulose microfibrils have lin-

ear elasticity, the literature characteristics for flax cellu-

Fig. 1. Equipment for experiments on uniaxial compression. Gel block of rhamnogalacturonan I from flax fiber cell wall with corresponding

micrometer readings before (a) and after (b) pressuring.

a                                                  b
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lose were used in the course of a given construction mod-

eling: microfibril length 6 µm, diameter 3 nm [27, 28],

Young’s modulus 130 GPa [29], Poisson’s ratio 0.4 [30].

Necessary parameters for rhamnogalacturonan I model-

ing (Young’s modulus, Poisson’s ratio, the Mooney–

Rivlin constants) were obtained from uniaxial compres-

sion experiments; rhamnogalacturonan associate diame-

ter – 40 nm [13].

To determine the C01 and C10 Mooney–Rivlin con-

stants, formulae (3) and (4) were used:

where σ is experimental strain generated in the sample

(defined by formula (5)), λ the degree of the sample

deformation (λ = h/h0), h0 the initial height of the gel

block before pressuring, h the height of the gel block after

pressuring, n the number of experimental points;

Felast
σ = 

______
,                    (5)

S

where Felast is an elastic force arising during the gel defor-

mation (defined by formula (6)), S gel block surface area

through which the force is distributed;

Felast = –k∆l ,                                (6)

where k is gel stiffness (defined by formula (7)), ∆l defor-

mation value;

ES
k = 

_____
,                      (7)

L0

where E is Young’s modulus, S gel block surface area

through which the force is distributed, L0 gel block

height.

RESULTS

Establishing rhamnogalacturonan I gel-forming abili-

ty. On saturation of flax fiber and potato rhamnogalactur-

onans I with water in the ratio 4 : 1, all polysaccharides

absorbed water completely without dissolution. Addition

of more water to samples resulted in rhamnogalacturonan

dissolution; in this case, gels were not formed even after

keeping a sample at 4°C, regardless of the polysaccharide

concentration. However, flax and potato rhamnogalact-

uronan I solutions obtained through water saturation

were visually different: RGp solution was a liquid regard-

less of the concentration, but RGf formed a viscous syrup

at water ratio 1 : 2.5, and RGfcw formed gel-like grainy

pastes. The polysaccharides behaved similarly during

water bath heating.

After electromagnetic radiation exposure in a

microwave oven, the flax fiber rhamnogalacturonans I

formed gels at room temperature, the minimal polysac-

charide concentration required for gel formation being

4%. Visually, the gel formed by RGf was softer than the

gel from RGfcw. The state of potato rhamnogalacturonan

I after microwave heating did not change. This polysac-

charide did not form gel either after subsequent sample

cooling and keeping at 4°C, or addition of Ca2+

(0.62 mM) to the polysaccharide solution [31], as well as

maximal increase in the concentration by drying. In all

cases, for RGp only two states were revealed – a viscous

solution or a film.

Elastoplastic properties of rhamnogalacturonan I gels

of flax fibers. To establish elastoplastic properties of flax

fiber rhamnogalacturonan I, an uniaxial compression

experiment was performed. The parameters of the factors

applied on RGf and RGfcw gels are presented in Table 1.

Based on the results of the experiment, the dependence of

the degree of gel deformation on the magnitude of the

applied pressure was established, as well as the Young’s

modulus (a physical quantity that characterizes the prop-

erties of the material to resist stress/strain during elastic

deformation) and Poisson’s ratio (the ratio of the relative

transverse compression to the relative longitudinal exten-

sion) were calculated.

Stress–strain curves for flax fiber rhamnogalacturo-

nan I gel have concave shape (Fig. 2) typical for water

(3)

,      (4)

,  

Fig. 2. Stress–strain curves for gel blocks of RGfcw (1) and RGf

(2) samples.
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gels, in particular for gels based on hyaluronic acid [32].

This curve is characterized for materials that are

destroyed before beginning to flow under pressure, such

as elastomers.

Young’s modulus and Poisson’s ratio for the RGf gel

defined on the basis of parameters obtained from experi-

ments on uniaxial compression, according to formulas (1)

and (2), were 9.3 kPa and 0.495, and for the RGfcw gel –

13.7 kPa and 0.483, respectively. Such values of the

parameters show that the gels of these polysaccharides are

hyperelastic materials (they have low Young’s modulus

together with Poisson’s ratio above 0.48 [33]).

Water sorption by rhamnogalacturonans I. IR spec-

troscopy was used to compare rhamnogalacturonans I

with different gel-forming capability according to their

water sorption characteristics. Figure 3 shows the spectra

of the dry and wet films of RGf, RGfcw, and RGp sam-

ples. The spectra of adsorbed water were obtained by

determining the difference between the spectra of dry and

wet samples. The form and intensity of the absorption

bands in the area of valence vibrations of the adsorbed

water can be considered as the sum of at least three com-

ponents with maximum frequency in area of 3240, 3400,

and 3560 cm–1 (Fig. 3). The positions of the maximums

are due to differences in the strength of hydrogen bonds

formed by water molecules in the polysaccharide matrix

[34]. In the RGf and RGfcw samples, the relative inten-

sity and number of spectral components of weakly remov-

able water are almost identical. The intensity of the RGp

water absorption is significantly higher, and the band

form is distorted by extended absorption in the low-fre-

quency region up to 2500 cm–1, which is characteristic for

water adsorbed on charged acidic groups [35]. Intense

bands at frequencies 1608 and 1410 cm–1 indicate high

content of ionized acid residues in RGp. At the same

time, the amount of tightly bound water, determined by

the residual absorbance at 1640 cm–1 in the dry sample

spectra, was less in RGp than in RGf and RGfcw.

Estimation of availability of OH groups of rhamno-

galacturonan I for solvent. The availability of OH groups

to the solvent was estimated by the rate and degree of pro-

ton/deuteron substitution. The rate of proton replace-

ment in the OH groups depends on several factors [36],

the most important of which, other conditions being

equal, are steric limitations due to hydrogen bonding or

to density of polymer chain spatial packing. In Fig. 4,

kinetic curves of H-D exchange are shown, representing

the dependence of the absorption intensity at 3400 cm–1

on the exposure time in D2O vapors for RGf, RGfcw, and

RGp samples. The dependence was approximated by the

sum of three exponentials, and the approximation param-

eters are shown in Table 2.

Mass, g

1

2

5

10

20

100

200

RGfcw

0.125 ± 0.03

0.132 ± 0.04

0.154 ± 0.05

0.174 ± 0.04

0.234 ± 0.05

0.379 ± 0.05

0.571 ± 0.07

Table 1. Deformation characteristics of rhamnogalacturonan I gels of flax fibers (RGf and RGfcw) in experiments on

uniaxial compression

RGf

0.153 ± 0.03

0.197 ± 0.03

0.250 ± 0.03

0.317 ± 0.04

0.362 ± 0.06

0.592 ± 0.04

0.780 ± 0.07

Pressure applied
on gel block, kPa

0.118

0.237

0.592

1.183

2.366

11.832

23.664

Force applied
to gel block, N

0.010

0.020

0.049

0.098

0.196

0.981

1.962

Deformation of gel block, mm/mm

Sample

RGf

RGfcw

RGp

Table 2. Approximation parameters of the kinetic curves of H-D exchange by exponential components. Band of

valence vibrations of OH groups (3400 cm–1) in RGf, RGfcw, and RGp samples normalized to the band maximum

Time
constant 3, s

–

840

–

Time
constant 2, s

77

58

60

Time
constant 1, s

13

10

10

Weight
of component 1

0.68

0.34

0.87

Weight
of component 2

0.32

0.53

0.13

Weight
of component 3

–

0.13

–
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The number and relative weights of the components

for flax fiber and potato rhamnogalacturonans I are sig-

nificantly different. So, RGf and RGp approximation

parameters of the H-D exchange kinetic curves are

described by two exponential components, while

RGfcw are describe by three. The overlap of the absorp-

tion bands of OH groups of water and polysaccharides in

the 3400 cm–1 region makes difficult component classifi-

cation. However, the absorption in the 1640-cm–1 region

is due only to the contribution of water absorption; the

exchange kinetics recorded at this band has only one

component with time constant close to the lowest value

given in Table 2. Thus, the most rapid proton exchange

reaction occurs in the weakly bound water molecules, and

probably in part of the polysaccharide hydrated OH

groups that are not included in a system of hydrogen

bonds. Slower exchange is characteristic for polysaccha-

ride and water OH groups involved in hydrogen bond for-

mation. The third, largest, value of time constant is

observed only in the RGfcw sample and describes proton

replacement in very slowly exchangeable OH groups.

Approximation parameters of the corresponding

kinetic curve for RGp indicate weak intermolecular bind-

ing of OH groups in this polysaccharide, while in RGf

about a third of OH groups, and in RGfcw about half of

OH groups were apparently involved in hydrogen bond

formation, and exchanged at medium rate (Table 2).

More complex form and higher duration of deuterium

exchange kinetics in RGfcw (Fig. 4 and Table 2) indicates

the presence of very slowly exchangeable protons, along

with quickly and slowly exchangeable in these conditions

protons of OH groups of the polysaccharide. Their num-

ber, estimated by comparing the intensity of the OH

group absorption bands in the initially dry and wet sam-

ples with high degree of deuterium exchange, indicates

that about 10% of all OH groups in RGfcw are sterically

inaccessible for the solvent.

Thus, the IR spectroscopy shows that in flax fiber

gel-forming rhamnogalacturonan I samples, water mole-

cules that are more tightly retained by polysaccharides as

compared with a non-gel-forming rhamnogalacturonan I

of potato primary cell wall are present. The increase in

Fig. 3. IR spectra of films of samples: a) RGfcw; b) RGf; c) RGp.

1) Wet sample; 2) dry sample; 3) difference between spectra of wet

and dry samples.
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water retention by rhamnogalacturonan I in this case is

connected with increase in strength of the formed gel and

might be associated with the presence of densely packed

areas in the sample structure.

Modeling of entrapping of rhamnogalacturonan I by

microfibrils of cellulose. To check the suitability of the

rhamnogalacturonan I gel with defined properties for

functioning in a gelatinous cell wall, a model was built

which included the polysaccharide being sandwiched

between two cellulose microfibrils (Fig. 5a). One of the

microfibrils was put under pressure corresponding to the

cell turgor pressure (0.3 MPa) [26]. Due to the fact that

polysaccharide undergoes significant deformation under

such pressure, the Mooney–Rivlin model for hyperelas-

tic materials was used during simulation [37]. The

Mooney–Rivlin C01 and C10 constants needed for model-

ing were calculated using formulas (3) and (4) and were

395.8 and 2751.2 Pa, respectively, for seven points of the

experimental data.

On positioning of RGfcw between two cellulose

microfibrils, one of which is under the pressure corre-

sponding to the cell turgor pressure, a significant com-

pression of this polysaccharide occurred (Fig. 5b).

However, indicators of deformation of RGfcw in the lon-

gitudinal direction demonstrate that there is no complete

“squeezing” of it by microfibrils in this case. Indicators of

stress arising in RGfcw under pressure are close to zero

(0.3 MPa; Fig. 5c), as well as the major part of the defor-

mation (4.98·10–8 µm/µm; Fig. 5d). According to

Hooke’s law, the elastic deformation value (deformation

of hyperelastic RGfcw) is completely determined by

mechanical stresses, i.e. it is proportional to the stress

applied to the body. Stress at RGfcw deformation under

applied pressure (0.3 MPa) was 0.3 MPa. Consequently,

hyperelastic RGfcw with defined mechanical parameters

is not destroyed during exposure of the system to the pres-

sure with level corresponding to plant cell turgor pressure.

DISCUSSION

Rhamnogalacturonans I, in terms of structures, are

the most complexly organized class of plant polysaccha-

rides, and they are widely represented in various sources

Fig. 5. Modeling of deformation of rhamnogalacturonan I from flax fiber cell wall on positioning between two cellulose microfibrils, one of

which is under pressure corresponding to the cell turgor pressure. a) Finite-element model of RGfcw; b) finite element model of RGfcw after

pressuring; c) stress in longitudinal direction for RGfcw (MPa); d) RGfcw deformation in the longitudinal direction (µm/µm). Elastoplastic

properties of RGfcw used in the modeling were determined in the experiments on uniaxial compression.
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and cell wall types [15, 38-42]. The described structures

of supramolecular rhamnogalacturonan I are formed

mainly with the involvement of modifying groups and/or

neutral side chains [10-12]. The principal difference of

flax gelatinous fiber rhamnogalacturonan I from rhamno-

galacturonans I of other cell wall types is the ability to

self-association, because of which supramolecular struc-

ture of a special type is formed: the backbone is located

on the surface, and the interacting galactan chains form

the associate core [13]. Such spatial structure of rhamno-

galacturonan I from gelatinous fibers provides: (i) the

ability of the polysaccharide to maintain hydrodynamic

volume after a decrease in molecular mass by enzymatic

digestion (side chains, not crucial for the associate main-

tenance, undergo hydrolysis); (ii) the presence of a

charged surface (GalpA carboxyl groups).

It was shown that at concentrations above 0.08%,

flax fiber rhamnogalacturonan I associates are able to

aggregate to larger particles (142-192 nm) [13], and at a

concentration of ~4% this polysaccharide forms a hydro-

gel with hyperelastic properties, being classified as strong

physical gels [25, 43]. The ability to form such gel distin-

guishes fibers of rhamnogalacturonan I from other

rhamnogalacturonans I, including polysaccharide from

primary cell wall (similar in composition, but functional-

ly distinct) “gluing” neighboring cells to each other. In

this regard, rhamnogalacturonan I gel-forming ability

can be considered as one of the factors of polysaccharide

“functional fitting” in plant fibers.

The mechanism of physical hydrogel formation is

based on the formation of a spatial network of interlacing

polymer chains with the participation of water molecules

as a solvent. In vitro, gels from flax fiber rhamnogalactur-

onans I were obtained only when the polysaccharides

were exposed to electromagnetic radiation in the decime-

ter range (microwave). Microwave radiation is widely

used for promoting chemical reactions in organic chem-

istry. It is believed that the main factor of microwave radi-

ation exposure, in these cases, is the thermal effect due to

motion of water molecules and polar groups of organic

compounds [44, 45]. In the flax fiber rhamnogalacturo-

nan I samples, the presence of water molecules, which are

more tightly retained in comparison with water molecules

in the potato rhamnogalacturonan I sample, can provide

polysaccharide gel-forming ability. Moreover, the

increase in the binding force of water is associated with

the increase in elastic modulus and decrease in Poisson’s

ratio of the gel formed by rhamnogalacturonan I. It is

known that rhamnogalacturonans I with galactan side

chains have higher water-retaining capacity than those

with arabinan ones [46, 47]. The presence of strongly

bound water in the sample of flax fiber cell wall rhamno-

galacturonan I could contribute to the formation of local-

ly ordered zones between polysaccharide galactan chains

involved in gel formation. This hypothesis is confirmed by

the IR spectroscopy results, demonstrating increase in

the degree of structuring of rhamnogalacturonan I of flax

fiber cell wall, which forms the most dense gel.

The elastoplastic properties of flax fiber rhamno-

galacturonan I gel are different from the properties of

classical pectin gel from polygalacturonic acid. Values of

Young’s modulus of the gel formed of polygalacturonan

vary depending on the temperature and the degree of

polysaccharide methoxylation, but do not exceed 10 kPa

[2, 3, 48, 49]. At the same time, Poisson’s ratio of the

polygalacturonan gels is close to that determined for flax

fiber rhamnogalacturonan I one and is 0.4-0.5 [50].

These differences demonstrate that rhamnogalacturonan

I gel is more suitable (more elastic and incompressible in

comparison with polygalacturonan) for the key role of

matrix polysaccharide functioning under high-pressure

conditions.
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