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Abstract

In this work, the associative behavior of Gum Arabic in aqueous solutions was investi-
gated through dynamic light scattering, nuclear magnetic resonance, and transmission
and scanning electron microscopy. It was shown that in small associates, the spherical
polysaccharide units have predominant sizes of 2–8 and 9–20 nm. The average hydrody-
namic diameter of diffusing structural units, calculated on the basis of NMR experiment,
turned out to be close to 20 nm, which corresponds with electron microscopy data. Based
on geometric considerations and the composition and supramolecular structure of Gum
Arabic, we calculated the parameters of branched chains of Gum Arabic. A possible
“crown” model of polysaccharide chain association into spherical blocks is presented. The
developed model allowed us to describe the effects observed during the time-extended
association of Gum Arabic particles (molecules) in aqueous solutions, leading first to blocks’
swelling, then the appearance of local gelation, and only then to the creation of dense
protective layers on the surfaces. It was established that the tendency of amphiphilic Gum
Arabic molecules to form complexes both among themselves and with various surfaces
and the possibility of forming viscous gel-like layers on the interfaces underly its use in
many natural, food, technical, and technological applications, including emulsification.

Keywords: Gum Arabic solutions; associates; structure; local gelation

1. Introduction
Gum Arabic (GA), or acacia gum, is an exudate, a translucent resin formed by the

drying of juice, secreted by stems and branches of various species of acacia. The gum is
secreted when plant tissue is damaged, forming protective layers, i.e., it acts as a natural
plaster to protect plant wounds from damage, mold, infections, and insects. In commer-
cial quantities, the resin is collected from wild trees, mainly Acacia Senegal and Acacia
Seyal, growing in Africa and western Asia [1–3]. In its composition, GA is a mixture of
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biopolymers formed mainly by anionic heteropolysaccharides of complex composition and
structure, containing calcium, magnesium, and potassium ions, and also a small number
of polypeptide chains linked into protein–polysaccharide complexes [4–7], which usually
strengthen the structure of the original components [8–11]. In terms of its functions, GA
belongs to protective polysaccharides, the main purpose of which is to modify the prop-
erties of the environment when external conditions are changing [12]. This feature of GA
suggests that it is particularly useful in various technical and technological applications.

GA dissolves well in water, forming a neutral or slightly acidic solution widely used
in various technological processes (primarily in food preparations) [13,14]. The gum is
widely used in food, pharmaceutical, and cosmetic industries as an emulsifier, thickener,
and stabilizer [15–17].

Gum Arabic has healthful properties and antioxidant activity and can be used in
medicine [6,18–20], e.g., promoting the healing of skin damage [21,22]. As a binder, GA is
used to prepare various compositions, paints, and adhesive compositions and to modify
concrete [22–26]. It is considered a defoamer and also has good film-forming and texturing
properties. These properties allow GA to be used for microencapsulation of medicines and
for creating edible protective coatings [27–29].

GA makes it possible to obtain stable emulsions with oils even in the presence of
electrolytes, and its ability to form highly concentrated solutions with low viscosity makes
it possible to use it in the oil recovery processes and as a component of detergent surfactant
capable of removing oil contaminants [6,30].

An extremely relevant area of development in the technical sphere is the creation of
safe innovative technologies for slowing down the corrosion processes based on the use
of “green chemistry” products. It turns out that GA can be successfully used as a natural
corrosion inhibitor, the effect of which is due to its ability to form a thin protective film on
metal surfaces [31–38].

GA has been successfully applied as a reducing and stabilizing agent in the synthesis
of gold nanoparticles for medical applications [39], as well as in the production of silver
nanoparticles used in safe innovative technologies for slowing down corrosion processes
of metal surfaces [40,41].

Thus, the areas of Gum Arabic application, the beneficial properties of which have
been used for more than five thousand years, continue to expand, as evidenced by the
increasing number of publications on this topic [22]. We assume that the use of GA in
various technological and technical applications is determined by its ability to exhibit
protective functions, which, in turn, depend on the composition and structure of not only
GA molecules but also their associates arising in aqueous solutions. The purpose of this
work is to study the associative behavior of Gum Arabic in aqueous solutions using various
methods, including dynamic light scattering, nuclear magnetic resonance, and transmission
and scanning electron microscopy.

2. Materials and Methods
2.1. Material

We investigated solutions of dried natural Gum Arabic obtained from the stems
and branches of natural strains of Acacia Senegal, used as a protective response to stress
conditions or damage to plant tissues. The studied commercial samples of exudate were
translucent, amber-colored pieces of dried gum (Figure 1, left). Before use, the GA pieces
were washed with water to remove dust and dirt adhering to their surface, dried, and
then milled. The resulting GA powder was diluted to the required concentration with
Milli-Q water purified with the “Arium mini” ultrapure water system (Sartorius, Gottingen,
Germany). No additional purification of GA solutions was carried out.
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Figure 1. (Left): commercial GA samples. (Right): putative molecular structure for A. senegal gum:
A = arabinosyl; (•) = 3-linked galactose (galactose attached); (◦) = 6-linked galactose (galactose or
glucuronic acid attached), or end group; R1 = rhamnose-glucuronic acid (rhamnose may be absent or
replaced by Me); R2 = galactose-3arabinose; R3 = arabinose-3arabinose-3arabinose.

Structural studies carried out earlier by using various experimental methods have
shown that the natural gum is a mixture of calcium, magnesium, and potassium salts
of polysaccharide (arabic acid), i.e., it is a complex anionic polysaccharide consisting of
hyperbranched polysaccharide chains. During acid hydrolysis, GA is broken down mainly
into arabinose, galactose, rhamnose, and glucuronic acid. Its structural units also contain a
small portion of protein, which binds polysaccharide chains into protein–polysaccharide
complexes [42–44].

Despite the fact that the obtained molecular structures do not have the uniformity that
bacterial and fungal polysaccharides have, which include clearly defined repeating units
of polysaccharide assemblies, the structural variations of each series of samples are small.
There is a certain commonality in the composition and structure of the substance under
study. The approximate (suggested) scheme of the GA chain structure, proposed in [45], is
shown in Figure 1 (right).

According to Kersten et al. [46], on average, GA samples contain 10.5% rhamnose,
27.3% arabinose, 42.4 galactose, 9.3% glucuronic acid, and 0.7% 4-O-methylglucuronic acid
in the dry mass (which gives 90.2% total carbohydrates in dry mass). In addition, available
literature data [43,46] indicate that the samples include approximately 2.5% protein and
4.0% minerals in dry matter. The molecular weight of the three main GA fractions varies
significantly, ranging from approximately 250,000 to over 1,000,000 Daltons [45,47,48].
However, the bulk of the gum (~90%) corresponds to the fraction that has a molecular
weight close to MW = 2.5 × 105 Da. The polydispersion index of GA typically ranges
from 1.5 to 2.5, which reflects its heterogeneous nature and broad distribution of molecular
weights [22,46].

2.2. Dynamic Light Scattering

The study of hydrodynamic radii of emerging structures and their size distribution
was carried out using the dynamic light scattering technique using the multi-angle particle
size analyzer DLS Photocor Complex (Photocor, Moscow, Russia) equipped with a helium–
neon laser (λ = 632.8 nm). Measurements were performed at the 20◦ scattering angle. For
better mixing, the prepared solutions were subjected to ultrasound treatment (Bandelin
SONOREX TK52 ultrasonic bath (Bandelin, Berlin, Germany, 100 W, 35 kHz) for 30 min,
after which measurements were carried out.
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2.3. Electron Microscopy

The TEM and SEM experiments were carried out in the Interdisciplinary Center
“Analytical Microscopy” (Kazan Federal University, Kazan). The morphology of freeze-
dried samples was analyzed by means of scanning electron microscopy (SEM) with the help
of the field emission scanning electron microscope “Merlin” (“Carl Zeiss”, Oberkochen,
Germany) at accelerating voltage of 5 kV. The fractured xerogel sections were covered with
gold/palladium (80/20) for SEM observations. The initial polysaccharide solution was
additionally diluted 10 and 100 times.

To obtain images of structures arising in dilute solutions, transmission electron mi-
croscopy (TEM) was performed using the Hitachi HT7700 Exalens electron microscope
(Hitachi, Tokyo, Japan). Before measurement, a polysaccharide solution with a concentra-
tion of 0.1 mg/mL was placed on a copper grid covered with a formvar film. Then, the
sample on the grid was dried for 24 h at room temperature.

2.4. NMR Experiments

NMR spectra were obtained using the Bruker Avance III 600 MHz spectrometer
(Bruker, Billerica, MA, USA) equipped with the triple resonance TBI probe, z-gradient, and
the BCU05 temperature control unit. The spectra were recorded at a temperature of 25 ◦C.
Furthermore, 10% D2O was added to NMR samples for magnetic field stabilization. The
self-diffusion coefficients (SDC) of GA were measured using the standard pulse sequence
“stimulated echo” with bipolar gradient pulses stebpgp1s19 (∆ = 50 ms, δ = 10 ms). The SDC
was calculated using integration regions of 3.85–3.89 ppm, 3.67–3.71 ppm, 3.48–3.52 ppm,
and 1.16–1.18 ppm in NMR spectra. Topspin software was used for data processing and
analysis. All NMR experiments were performed at a temperature of 25 ◦C.

3. Results
3.1. Dynamic Light Scattering

It is known that GA has a heteropolymolecular structure, i.e., it is heterogeneous both
in composition and molecular weight, alongside the binding and branching of monomer
units [5,47–49]. First of all, this fact is associated with the natural origin of GA and depends
on its growing conditions, the age of the tree, climatic, soil, and stress conditions, etc.

The complex GA anionic polysaccharide consists of hyperbranched polysaccharide
chains partially bound into protein–polysaccharide complexes. GA dissolves well in
water, forming solutions or gels, and its good solubility, emulsifying, and thickening
properties are widely used in food production. Despite the fact that low-concentration
solutions of high-molecular compounds should not form complex spatial structures, we
decided to check this by studying possible structuring. Dynamic light scattering studies of
structures formed upon GA dissolution in water to concentrations of 2, 5, and 10 mg/mL
are presented in Figure 2. The obtained results showed that structuration is observed at all
studied concentrations, corresponding to three types of supramolecular structures with
hydrodynamic radii Rh: (a) several nanometers; (b) several hundred (~200–300) nanometers;
and (c) about 3 µm and more. Table 1 presents the parameters of particle size distribution,
averaged by intensity, namely the hydrodynamic radius corresponding to the maximum
amplitude of a given peak and the standard deviation.
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Figure 2. Dynamic light scattering results in GA aqueous solution with concentrations of 2 mg/mL
(A), 5 mg/mL (B), and 10 mg/mL (C).

Table 1. Dynamic light scattering results for GA aqueous solution with different concentrations.

Concentration of GA
Maxima of Particle Size Distribution by Intensity Rhmax, nm

Peak 1 Peak 2 Peak 3

2 mg/mL 9 ± 0.8 3246 ± 464 34,000 ± 16,000
5 mg/mL – 240 ± 324 4593 ± 4160

10 mg/mL – 209 ± 344 2894 ± 2004

The results obtained were surprising, as in the transparent low-concentration solutions
we expected either not to see the supramolecular structure formation at all or to see
structures formed by individual molecules or associates of single molecules. However, the
contribution of small structures of 9–11 nm was observed only for GA aqueous solutions
with a concentration of 2 mg/mL (Figure 2A). In all other cases, the main contribution was
made by particles with a size of several hundred or even more nanometers. It is known that
the associative behavior of GA strongly depends on the sampling prehistory. Therefore, the
observed discrepancies may be associated with time differences between measurements,
as the samples were prepared simultaneously and the measurements were performed
sequentially (15 min after each other) as the concentration increased. It should also be
noted that the starting material itself has a heteropolymolecular structure. GA’s associative
behavior leads to even greater heterogeneity of the resulting supramolecular structures.
The device software made it possible to calculate the polydispersity index of the entire
system as a whole. However, the presence of several levels of hierarchical organization of
GA, which is confirmed by the existence of several peaks in the size distribution, led to a
large value of the polydispersity index (~4–5).

3.2. Transmission Electron Microscopy

The DLS experimentally revealed features of structure formation and aggregation
of GA particles that can be explained on the basis of data obtained through transmission
electron microscopy. This method has already been used in the study of GA solutions, but
the authors used higher concentrations [50]. During the TEM study of GA solutions, we
first identified two areas containing the most characteristic small structural formations,
shown in Figure 3. All formations consist of the set of spherical blocks, which we identify
as polysaccharide units of GA colloidal structures, including a small part with protein
content, as was shown earlier [5]. This fact allows us to conclude that the polysaccharide
parts of GA molecules have an almost spherical shape.
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Figure 3. TEM images of conglomerates and associates of small structures formed in various parts
(A,B) of aqueous GA solution.

Visually, the blocks of smallest conglomerates (highlighted as green circles in Figure 3)
correspond to two fractions with predominant size of 2–8 and 9–20 nm. It is also noteworthy
that many spherical blocks of larger sizes are in contact with one or two also spherical blocks
of smaller sizes. The nature of the conjunctions suggests the presence of a third, thread-like
fraction, as in some cases the connection of spheres is not due to direct contact between the
blocks but at some distance from each other.

The second feature of Figure 3 was the complete absence of individual spherical blocks,
i.e., single polysaccharide spherical blocks were practically absent. Only the conglomer-
ates and larger associates are present, which is very surprising for a low concentration
of 0.1 mg/mL of substance consisting almost entirely of polysaccharides. Based on exist-
ing ideas about the composition and structure of GA molecules [42,43,51–54], it can be
assumed that colloidal structures representing small conglomerates organized by a few
polysaccharide blocks linked by threads (most likely of protein origin) are true molecules,
all parts of which are linked by covalent interactions. Moreover, the conglomerates that
we compare with GA molecules are prone to the formation of associative supramolecular
structures of several hundred nanometers or more in size, which we observe in our studies
using the dynamic light scattering method. Because individual spherical blocks are parts
of molecules or truncated molecules, they are most susceptible to association. Therefore,
they are detected by the nanosizer only in the case of a small GA concentration (Figure 2A).
In more concentrated solutions, the probability of their association with other structures
increases, and therefore they are not observed.

The third feature is the different clearness of the boundaries of the spherical polysac-
charide parts of GA molecules in various places. Where the spherical blocks are located
least densely, i.e., in small colloidal structures or along the loose edges of large formations,
the polysaccharide parts of molecules have a spherical shape with clear edges. However,
as the local density of spherical blocks increases, their edges become blurred, and the
blocks themselves begin to swell and merge into shapeless structures (in Figure 4 these
areas are highlighted with orange circles), indicating the onset of local gelation. Note
that gelation is characterized by the emergence of a three-dimensional network structure
between polymer chains. In this case, gelation occurs in a limited volume, i.e., it is local in
nature. Considering that GA is an anionic polysaccharide, this fact may indicate a large
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role of electrostatic interactions within the associates. In [50], it was noted that the existence
of acidic sugars in the GA’s composition leads to the ability of gums to bind mono- or
divalent cations. The presence of ions associated with biopolymer chains results in changes
in solubility, viscosity, and gel formation ability resulting from pH alteration in the aqueous
dispersion medium.

Figure 4. TEM images of shapeless structures formed in various parts (A,B) of GA aqueous solution.

The fourth feature relates to the largest associates (Figure 4) existing in solutions simul-
taneously with those described above. They consist of swollen, adherent balls of increased
size, forming even more shapeless structures (Figure 4A), which ultimately results in lim-
ited internal gelation and leveling of individual parts of the surface (highlighted by red
circles). Such a variety of GA molecular and supramolecular forms in solutions significantly
complicates its analysis but allows it to perform the main protective (enveloping) function.

Note that due to the peculiarities of the structures formed on the basis of aggregation
of spherical polysaccharide blocks, rather than linear extended chains, the occurrence of
regions of internal local gelation and the increase in their number with a growth in GA
concentration in solution practically do not change the macroscopic rheological properties
of aqueous GA solutions. One of the main reasons why GA is so valued is precisely the fact
that gum dissolving in water does not lead to a significant increase in solution viscosity
or its gelation [50,55]. This fact is explained by the absence of a network of bonds in the
bulk of solution up to high GA concentrations. The emerging bonds are local in nature,
leading to the formation of gel-like microclots floating in water (in a low-viscosity GA
solution). A rheological feature of such systems is the layer-by-layer shear flow, which is
largely determined by the viscosity of the low-molecular layer [56].

It should be noted that the diversity of forms of GA, which exist in solution, is most
likely determined by the sample’s prehistory. Similar effects are characteristic of non-ionic
surfactants, including, in particular, the block copolymer surfactants [57]. Dissolution or
mixing of GA leads to the detachment of molecular subsystems, i.e., the appearance of
small conglomerates of spherical particles bound with protein structures through covalent
interactions. Over time, their further self-association leads to the appearance of increasingly
swelling and sticking formations and reversible local gelation. In this case, some of the
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established local gel-like structures remain in solution along with newly formed ones.
In our case, this fact is understood due to the tenfold dilution and mixing of solution
immediately before performing TEM experiments.

3.3. NMR Experiments

To estimate the size of structures, we also conducted NMR experiments to determine
the self-diffusion coefficients (SDCs) of particles in aqueous solutions with GA concentra-
tions of 2, 5, and 10 mg/mL. Unlike the dynamic light scattering method, which mainly
records the contribution from aggregates existing in the solution, NMR detects the weighted-
average self-diffusion of individual molecules that exist in all possible structural states
(molecules and different associates) with fast exchange between states [58]. The SDC con-
centration dependence of polysaccharides when describing the diffusion decay with one
and two exponents is shown in Figure 5.

 

Figure 5. The SDC concentration dependence of polysaccharides when describing the diffusion decay
with one (A) and two (B) exponents.

The obtained diffusion decays are close to monoexponential but also may be better
described by two components. The values of the fast and slow components do not differ
much. When described by two exponents, the values of SDCs differ significantly for
different signals. At the same time, the values of the slow component are close to the values
when described by one exponent (Figure 5B).

The Stokes–Einstein formula was used to estimate the particle size R,

DSD =
kT

6πηR
(1)

The value of KSD was chosen to be DSD = 2.3 10−11 m2/s, corresponding to the extrap-
olation of obtained SDC values at zero concentration; k = 1.38 × 10−23 J/K is the Boltzmann
constant, T = 298 K. The value of solvent viscosity was taken to be η = 8.9 × 10−4 Pa·s,
equal to water’s value at corresponding temperatures. According to the calculations, the
average hydrodynamic radius of diffusing particles in the solution is R = 10.6 nm, i.e.,
their diameter is close to 20 nm. This result agrees quite well with the available images,
especially considering the presence of swollen particles shown in Figure 4, evidence of long
lifetimes of individual molecules in comparison with the lifetimes of different aggregates.
The presence of a fast component also makes it possible to assume (as a large assumption)
the presence of smaller units in the solution with sizes 3–8 times smaller than the main
ones, which is quite consistent with the fraction of smaller GA particles. A more detailed
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report on finding self-diffusion coefficients is given in the “How the SDC was measured”
section of the Supporting Information.

We also analyzed the NMR proton spectra of aqueous solutions of GA with concen-
trations of 2, 5, and 10 mg/mL (Figure 6). As a result, we obtained three identical spectra
that did not contain any signs of line width changes or chemical shifts of individual lines.
Thus, it can be concluded that in the studied concentration range, the NMR spectra do not
depend on GA concentration in solution. This fact indicates the absence of strong covalent
interactions within the emerging associates.

 

Figure 6. Proton NMR spectrum of 5 mg/mL GA aqueous solution.

Figure 6 shows the proton NMR spectrum of 5 mg/mL GA aqueous solution. Monosac-
charides H-2 through H-6 protons resonate at 3.5–4.5 ppm, whereas the anomeric H-1
protons can be found at 4.5–5.8 ppm [59]. A signal at 1.2 ppm corresponds to the methyl
group in rhamnose. Signals are numbered according to protons in the arabinose moiety
(green), galactopyranose moiety (blue), and rhamnose moiety (magenta). Assignments are
made based on literature data [60].

4. Discussion
The above-described behavioral features of Gum Arabic in aqueous solutions can be

partly explained within the framework of existing concepts of the structure of its molecules,
taking into account GA’s main functions. It has long been known that acacia gum contains
a portion of protein material covalently bound to the polysaccharide [2,45]. According to
classical concepts [45,47,48,51–53], GA consists of three fractions, namely, arabino-galactan
(AG), glycoprotein (GP), and arabino-galactan protein conjugates (AGPs), differing in the
polysaccharide/protein ratio. They also differ in size and hydrophobicity. These components,
linked by protein chains prone to aggregation, form a three-dimensional multiscale porous



Macromol 2025, 5, 49 10 of 18

structure [54]. In general, the GA structural unit is described by the “wattle blossom” model,
first proposed by Fincher et al. [61], with porous structures of polysaccharides associated with
polypeptide chains. This picture corresponds quite well to our image shown in Figure 3. Note
that the obtained picture also does not contradict the “twisted hairy rope” model by Qi et al. [53],
in which the Gum Arabic molecule consists of a polypeptide backbone of some 400 amino acids
with numerous small polysaccharide substituents attached (~30 sugar residues), linked through
hydroxyproline [14]. Such a molecular structure allows it to be in solution not only in rodlike
but also in pseudospherical conformations.

The obtained results for the molecular sizes allow us to supplement them with some
calculations obtained from geometric considerations. According to literature data [51], the
main part of gum, constituting ~90% of its total amount, corresponds to the fraction with
a molecular weight close to MW = 2.5 × 105 Da. The radius of gyration Rg (from GPC
MALLS) and the hydrodynamic radius Rh (from dynamic light scattering) for this fraction
have values of ~10 and ~15 nm, respectively, consistent with our data. The Rg/Rh ratio
indicates a compact spherical structure. The second component, representing ~10% of the
total amount, contains ~10% protein. It has a molecular weight several times greater and,
according to many authors, it is a composite. The third component, corresponding to only
~1% of the total amount, mainly contains protein content. Detailed studies of the major
molecular fractions and polypeptide backbones, taking into account the number of charges
coming from polysaccharidic moieties (i.e., glucuronic acids) and polypeptidic backbone,
were carried out in [52].

Thus, for the analysis of the obtained data, it can be considered in the first approxima-
tion (excluding polydispersity) that the main structural units in GA solutions are identical
spherical blocks of polysaccharide chains with a mass of MW = 2.5 × 105 Da. Taking into
account polydispersity, it is generally considered that the molecular weight of gum is in the
range MW = 2.5 × 105 ÷ 1.45 × 106 Da [51]. They are connected by protein chains into a col-
loidal structure (actually a GA molecule), which can take both rodlike and pseudospherical
forms with all sorts of intermediates.

For comparison with our data and taking into account the spherical shape of GA
polysaccharide units, we can estimate the diameter D of the sphere occupied by blocks
with indicated molecular masses. For the estimate, we use the formula for calculating the
volume of sphere V through its diameter, as well as the relationship between volume, mass
MW, and density ρ, which allows us to write a formula for calculating the diameter in the
case of dense packing of chains and the absence of water inside of blocks,

D =

[
6m
πρ

]1/3
(2)

Polysaccharide units float in water, so their average density can be taken as the density
of water. The mass MW must be converted to the SI system, where 1 Da = 1.6605 × 10−27 kg,
so m = 4.15 × 10−22 kg. Substituting the available data, we find the diameter of polysaccha-
ride unit D = 9.26 nm.

Note that the calculations did not take into account the presence of water inside
of the sphere. The presence of water content can be taken into account as follows. If
water occupies 50% of the volume in the spheres under consideration, the mass of the
polysaccharide unit would increase by two times. This means an increase in diameter by
21/3 = 1.26 times, which gives an average diameter value of D ~ 12 nm, which, taking
into account polydispersity, reaches 21 nm. This result is quite consistent with block
diameters shown in Figure 3. Accordingly, it can be concluded that the water content in the
composition of spherical polysaccharide units occupies at least 50%.
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At the next stage, we tried to estimate the length of expanded GA polysaccharide
chains by an order of magnitude. For linear polysaccharide chains, such a problem is solved
simply. Based on knowledge of the chemical formula, which for cellulose, for example, has
the form (C6H10O5)n, we can calculate the molecular weight of one monosaccharide unit
mW = 162 Da and then find the number of units, equal to n = MW/mW. Then, taking into
account that on average one monosaccharide unit has a linear size of l = 0.515 nm [62], the
total chain length L can be calculated using the formula

L =
MW
mW

l. (3)

In the case of branched chains, the situation becomes more complicated. For calcu-
lations, it is necessary to know the average unit size of polysaccharide and to take into
account the presence and length of side chains. To estimate the average cell size of polysac-
charides, we considered another substance, namely, the disaccharide sucrose, consisting
of two units and having the formula C12H22O11. Sucrose crystallizes in the monoclinic
space group with the room temperature lattice parameters a = 1.08631 nm, b = 0.87044 nm,
and c = 0.77624 nm [63]. Accordingly, the size of one unit is 0.54 nm. Because this value is
almost the same as the cellulose unit length, and the formula of many other polysaccharides
coincides with the formula of cellulose, we decided to take the value l = 0.515 nm for the
following calculations.

To account for the side chains, we decided to use Figure 1, which shows a putative
molecular structure for an A. Senegal gum. Here, we notice that for every 7 cells in the
backbone, there are 30 more side cells. This corresponds to an increase in the mass of the
chain cell by 37/7 times. Therefore, taking into account Figure 1, the approximate number
of cells n in the backbone of the polysaccharide chain and its length L can be found as

n =
7

37
MW
mW

= 292, (4)

In the next stage, knowing the basic geometric parameters of the polysaccharide chain,
it was necessary to develop a model that would describe the effects observed during the
association of GA particles in aqueous solutions, leading first to swelling of the blocks and then
the appearance of local gelation. In fact, it was necessary to invent a spherical block structure
that would allow for rapid swelling (increase in the space between the polysaccharide chains),
which is the basis for local gelation. Note that neither a spiral nor a coil allow for a rapid
increase in size (swelling). However, a structure resembling a sinusoid wrapped around a
cylinder or sphere (something similar to a “crown”) allows for rapid stretching.

Because the average diameter of a polysaccharide block calculated by us (and con-
sistent with Figure 5) is D ~ 12 nm (without taking into account polydispersity), the
polysaccharide chain forming it should bend only 12 times. Thus, schematically, the
polysaccharide block may look as shown in Figure 7A, only, in the three-dimensional case,
the six sections shown in the foreground will correspond to six more in the background, as
if forming a “crown”. The width of the chain will be determined by the number of cells in
the side chains. In accordance with Figure 1, where side chains of six cells are shown, the
maximum width of the chain will correspond to 3 nm. However, when connected into a
block (when forming a crown), the side chains will interpenetrate each other or be directed
to the center of the spherical structure. In a similar manner, but with increased scale, larger
blocks can be built.
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Figure 7. Schematic representations of a single polysaccharide block (“crown” model) of a high molec-
ular fraction of A. Senegal gum in its initial state (A) and with increasing water content (B); possible
pseudospherical conformation of the colloidal structure of branched polysaccharide chains covalently
linked to a polypeptide chain in aqueous solution (without taking into account polydispersity) (C).

Figure 7C shows a possible pseudospherical conformation of the colloidal structure
from polysaccharide blocks covalently linked to a polypeptide chain in aqueous solution.
Due to polydispersity, the sizes of spherical blocks in Figure 7C may vary.

Indirect confirmation of the “crown” model of the spherical structure of the polysac-
charide block developed by us is provided by the results of Sanchez et al. [64], in which a
combination of methods, including atomic force microscopy, showed that the morphology
of the polysaccharide block can be described as a porous disk-like structure with a central
intricate “network” with a diameter of 20 nm and a thickness below 2 nm. Note that the
polysaccharide block organized according to the “crown” model, as a result of drying, will
turn into a disk of similar dimensions, very similar to that described in [64], and, therefore,
the results of that work do not contradict the assumptions put forward by us.

The initial shape and size of a block (Figure 7A) are probably determined during gum
formation in response to stress conditions. The compact shape of the spatially separated
blocks linked by the polypeptide chain is maintained in solution mainly by ionic interac-
tions. There is no reason for ions to leave their blocks as long as the molecule (“wattle
blossom”) is single. However, the integration of several molecules into an associate leads
to a convergence between the blocks and even their contact, which allows the ions to leave
the block volume and distribute themselves within an associate space. This process causes
the side chains to turn to the area outside of the block. Accordingly, the forces holding the
“crown” in a compact state become weaker, which leads to stretching of the crown and an
increase (swelling) of the block (Figure 7B) up to partial fusion with neighboring blocks
of the associate. In fact, local gelation begins. GA starts to perform its main protective
and enveloping function. Based on the SEM image (Figure 8), it is clear that GA can create
dense protective layers on the surface.
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Figure 8. SEM image of lyophilized GA solution.

Partial confirmation of the “crown” model can be provided by the remarkable emul-
sifying properties of colloidal structures (molecules) of GA, which can be explained on
the basis of local gelation. The high emulsifying capacity of gum is due to the presence
of protein material covalently binding hydrophilic carbohydrate blocks [65]. Therefore,
during emulsification, proteins containing non-polar groups are adsorbed at the boundaries
of oil microdroplets, and polysaccharide blocks bound by them are turned in one direction
(the water side), which leads to their convergence and the emergence of conditions for
local gelation. Due to local gelation (swelling of the blocks), layers are formed consisting
of swollen spherical polysaccharide blocks, which form a layer with increased viscosity
between the oil microdroplets and the dispersion medium. Thus, HA forms thick steric
stabilizing layers around the oil microdroplets, performing both an emulsifying and a
stabilizing role [46,65–67]. This situation is somewhat analogous to the change in water
viscosity near ionic surfactant micelles [68,69].

The effect of GA as a corrosion inhibitor can be explained in a similar way; protein
chains are adsorbed on metal surfaces, and the polysaccharide blocks facing the water swell
and merge, forming protective layers.

Thus, we have a process that is extended over time, allowing nature to realize its
functions. At the initial stage, GA associates are permeable to water and the water-soluble
medicinal and protective preparations. Over time, on the contrary, a dense gel-like cushion
is created, protecting the wound’s surface from unfavorable external conditions.

In [54], it was noted that self-association of GA’s initial molecular structures into
large-scale formations leads to a strong multi-scale structure that extends throughout the
solution, which is mainly influenced by concentration and ionic repulsion. To the above,
we add the need to take into account the time characteristics of the sample, which was also
noted in [50].
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5. Conclusions
We studied the associative behavior of Gum Arabic in aqueous solutions using dy-

namic light scattering, nuclear magnetic resonance, and transmission and scanning electron
microscopy. Microscopic methods reveal the smallest formations corresponding to conglom-
erates of polysaccharide blocks covalently linked by protein chains, which are essentially
true GA molecules, as well as their associates. It is shown that in small associates, spherical
polysaccharide units can be related to two fractions with predominant sizes of 2–8 and
9–20 nm. It is established that in places with the highest concentration of polysaccharide
blocks, their boundaries begin to blur and merge, indicating the occurrence of local gelation.

To estimate the size of structures contributing to diffusion motion, the NMR experiments
were conducted to determine self-diffusion coefficients of colloidal structures in aqueous
solutions with concentrations of 2, 5, and 10 mg/mL of GA. Extrapolation of the SDC values
to zero concentration allowed us to calculate the average hydrodynamic diameter of diffusing
structures, which turned out to be close to 20 nm, which corresponds quite well to the available
images. The presence of a fast component in self-diffusion data also makes it possible to
assume the presence of smaller units in the solution with sizes 3–8 times smaller than the
main ones, which is quite consistent with the fraction of smaller GA particles.

Based on geometric considerations and ideas about GA’s composition and structure
and considering that the main structural units in GA solutions are spherical protein–
polysaccharide blocks of biopolymer chains with a mass of MW = 2.5 × 105 Da, we calcu-
lated the geometric parameters of branched GA polysaccharide chains. A possible “crown”
model of chain association into a polysaccharide block is proposed, which allow us to
describe the effects observed during the association of gum particles in aqueous solutions,
leading first to the swelling of blocks, then to the appearance of local gelation, and only
then to the creation of dense protective layers on the damaged surfaces. The association
process, extended over time, allows to implement its functions in nature. At the initial
stage, GA associates are permeable to water and water-soluble medicinal and protective
preparations. Over time, on the contrary, a dense gel-like cushion is created, protecting the
wound’s surface from unfavorable external conditions. Thus, a correct consideration of the
processes occurring in GA solutions requires us to take into account time characteristics,
i.e., taking into account the sample’s prehistory.

The above leads to the conclusion that the basis of the GA properties necessary for
natural, food, technical, and technological applications are as follows:

• Structural features of the amphiphilic GA molecule, which is a colloidal structure of
hydrophilic anionic polysaccharide blocks linked together by a polypeptide chain that
includes hydrophobic fragments (“wattle blossom” model);

• Mobility of parts of the GA molecule and their tendency to form associates and
complexes both among themselves and with surfaces;

• Structural features of the polysaccharide blocks (“crown” model), allowing for rapid
swelling and local gelation emergence with an increase in their local concentration
while maintaining low solution viscosity up to fairly high GA concentrations;

• Interfacial activity of amphiphilic GA molecules, creating the possibility of forming
viscous layers on interfacial surfaces.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/macromol5040049/s1, Figure S1: GA diffusion decay approximated
by one (black) and two (red) exponentials.
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