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Abstract: The elemental composition and structural features of the junction zones of a strontium-—
alginate hydrogel and their alteration under the intercalation of multi-walled carbon nanotubes
into the hydrogel structure were studied. It was shown that the crosslinking with Sr?* cations
due to electrostatic interactions leads to the association of polymer chains into junction zones with
incompletely filled cells. It was found that in strontium alginate, the average cell occupation number
of Sr?* cations is less than 1 and approximately equal to 0.64. In nanocomposite hydrogels including
multi-walled carbon nanotubes, its increase to 0.81 indicates the appearance of a more ordered
structure of alginate chains in junction zones. The information about the most preferred types of egg-
box cells for binding with Sr?* cations was analyzed. The existence of Sr>* cations in nonequivalent
positions was established. The possibility of separating the contributions of chemical adsorption
due to ionic bonds with alginate chains and physical adsorption due to the appearance of local
energy minima near alginate chains, leading to the appearance of ordered secondary structures, was
demonstrated. It has been shown that the addition of carbon nanotubes to a hydrogel changes their
sorption capability, leading, first of all, to an increase in the possible sites of physical adsorption.

Keywords: strontium-alginate hydrogel; multi-walled carbon nanotubes; elemental analysis; structure

1. Introduction

In food industry, biocompatible natural carbohydrates find extensive applications,
where they are commonly used as thickeners, moisture-retaining, emulsifying, structur-
ing, gelling or foaming agents [1-4]. Recently, the technologies for their usage in med-
ical, pharmaceutical and cosmetic industries, for tissue engineering, creation of films
and coatings, development of bio-inspired materials and in many other fields have been
widely developed [5-13].

It is known that natural polysaccharides can also be used for the adsorption and
binding of various contaminants from effluent and wastewater. The solution to similar
problems is also important for biomedical applications, for example, for the introduction
and subsequent controlled release of drugs. Biopolymer chains of polysaccharides contain
carboxyl, hydroxyl and other active functional groups that can react with heavy metals
via ion exchange [14-17]. Metal-polysaccharide microspheres prepared via ion-induced
gelation [18] and micro fibrils of ionotropic gels are even more effective sorbents of heavy
metals and toxic organic compounds. Obtained during ion-induced gelation using divalent
metal salts, these materials can be used both as immobilizing carriers to maintain the
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biological activity of microorganisms and enzymes [19,20] and as adsorbents capable of bio
sorption of heavy metal ions [21,22] and hazardous organic compounds [23-27].

Alginate gels, prepared with divalent alkaline earth metals, primarily calcium and
strontium, are among the most promising materials for environmental and biomedical
applications. Natural strontium appears as a composition of four stable isotopes. It is
included in growers and organisms and is a low-toxic element, which in its properties
is an analogue of calcium. Strontium alginate is less studied. Apparently, this is due
to the fact that calcium is a much more prevalent element of the earth’s crust and the
environment than strontium. However, the low toxicity of strontium and its properties
similar to some extent to those of calcium, but still different, are used to create composite
materials with unique properties. In particular, strontium is the key chemical element in
the technologically important perovskites [28]. For biomedical applications, it is essential
that Sr?* is an osteogenic divalent ion, which is beneficial to bone growth and regeneration,
available for the creation of the bone regeneration biomaterials [29-32]. Osteogenic ions of
strontium and zinc in trace amounts are known to accelerate bone healing due to their role
in the regulation of osteoblasts and osteoclasts in addition to their antibacterial properties.
The formation of strontium-alginate hydrogel films may be used as a method to introduce
these ions through alginate composites for bone tissue engineering [33].

When drops of sodium alginate enter a concentrated solution of strontium chloride
salt, the neighboring polymer chains are connected due to the formation of ionic bonds,
coordination and complexation between strontium ions and the carboxyl groups of alginate
chains, leading to the transformation of solution droplets into gel microspheres [34,35].
Modification of solutions used by the addition of nanoparticles and the creation of compos-
ite hydrogels can significantly transform the properties of developed materials and expand
the scope of their possible application [20,36—40].

The purpose of this research was to study the structural features of polysaccharide
alginate chains’ association in gels obtained by the crosslinking of alginates with alkaline
earth metal (Sr?*) cations, to determine the most probable structure of their connection
zones and to evaluate the sorption capability of strontium-alginate hydrogels, includ-
ing ones incorporated with multi-walled carbon nanotubes (MWCNTs) Taunit added to
enhance their mechanical strength [41-44]. This study was carried out on the basis of
elemental analysis and electron microscopy data using combinatorial methods. The effect
of nanoparticles on the elemental composition of metal-alginate hydrogels has not been
previously considered.

2. Materials and Methods
2.1. Materials

For hydrogel preparation, we took sodium alginate of medium viscosity (A-2033
Sigma, Burbank, CA, USA). This naturally occurring anionic polysaccharide is found in
brown (Phaeophyta), red (Phodophyta) and some green algae and is produced by some
bacterial species (e.g., Azotobacter vinelandii). Linear alginic acid molecules are built from
residues of 3-D-mannuronic (M units) and x-L-guluronic acids (G units) [45-47], jointed
by 1, 4 linkages.

In fact, alginate is a natural copolymer having an irregular block structure consisting
of M and G units, where the number of M units usually prevails over the number of G ones.
Typically, the ratio (M/G) is about 1.5-2. Alginate used by us was reported to have the
ratio of M/G equal to 1.56 [48,49]. The alginic acid has chemical formula (CgHgOg)n, which
reflects the composition of both M units and G units. The spatial structures formed by the
MM, MG, GG blocks differ quite strongly.

Strontium chloride SrCl, (Tatkhimprodukt, Russia) was used to prepare metal-alginate
microspheres. For solutions, the purified water prepared in the “Arium mini” ultrapure
water system (Sartorius, Gottingen, Germany) was employed, as well as medical ethanol
(95%, Rosbio, Russia). To modify the alginate hydrogel, we used MWCNTs of carbon
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nanomaterial Taunit produced by NanoTechCenter (Tambov, http:/ /www.nanotc.ru) with
an average diameter of 20-40 nm and a length of several hundred nanometers.

2.2. Preparation of Supernatant (MWCNTs Solution in Ethanol)

For preparation of MWCNT ethanol solution, 100 uL of 95% ethanol was added to
1.5 mg of MWCNTs, and the resulting mixture was kept for 20 min in an ultrasonic bath
(35 kHz, 100 W) at 35 °C. The resulting solution was centrifuged for 10 min (10,000 g); in
further work, the supernatant with an MWCNT content of 0.3 mg-mL™! was used.

2.3. Preparation of Strontium—Alginate Microspheres

The sodium alginate aqueous solution with concentration 2 wt.% was prepared in
accordance with stereotype procedure [17,18]. Sodium alginate was dissolved at tempera-
ture of 70 °C for 3 h, followed by swelling until the next day in a switched off, gradually
cooling thermostat (15 h). The next day, 10 uL of supernatant of MWCNT ethanol solution
was added to 500 puL of aqueous sodium alginate solution (2 wt.%). The weight ratio of
alginate and MWCNTs were 3300:1. Next, the samples with and without MWCNTs were
warmed and processed to ultrasound (35 kHz, 100 W) at a temperature of 70 °C during
60 min in a water bath of the Bandelin SONOREX TK52 ultrasonic disperser (Germany). To
obtain hydrogel microcapsules, a hot (2 wt.%) sodium alginate solution was dropped into a
quenching bath with strontium chloride solution (1 M) at a temperature of 20-23 °C using
a syringe. When drops of sodium alginate solution entered the salt solution, microcapsules
of crosslinked hydrogels with a diameter of about 2 mm were instantly generated, in which
monovalent sodium ions were interchanged by divalent metal ions. After dripping, the
microcapsules were kept in solution for 20 min, then rinsed twice and frozen in liquid
nitrogen for freeze-drying.

2.4. Scanning Electron Microscopy

Freeze-dried microspheres were examined using scanning electron microscope Auriga
Crossbeam Workstation (Carl Zeiss AG, Oberkochen, Germany) in the Shared Research
Center of Kazan National Research Technical University “Applied Nanotechnology” (Kazan
National Research Technical University).

2.5. Energy Dispersive X-ray Spectroscopy

The good analytical method for elemental analysis is energy-dispersive X-ray spec-
troscopy. It was performed using field emission scanning electron microscope Auriga
Crossbeam Workstation (Carl Zeiss AG, Oberkochen, Germany), equipped with INCA
X-Max silicon drift detector for energy dispersive X-ray microanalysis (Oxford Instruments,
Abingdon, OX, UK). SEM images of the surface and internal cells of freeze-dried micro-
capsules were investigated, their elemental composition was determined and the chemical
formula satisfied to present composition was found.

3. Results
3.1. Theoretical Background

Sodium alginate biopolymer chains are polyelectrolytes because both M and G units
contain carboxyl groups capable of dissociation. In solution, monomeric structural units form
a bent polymer chain that forms negatively charged cavities of various depths (Figure 1).

When alkaline earth cations Me?* penetrate into the bulk of polysaccharide solution,
their complexes with biopolymer chains are formed, leading to cooperative bindings of
different macromolecules, resulting in ionotropic gel formation [47]. First, the integration
of two linear alginate chains into a dimer occurs (Figure 2a,b). Then, dimers are combined
in a flat sheet of a junction zone (Figure 2d) called the “egg-box” in [50]. Proposed by
Grant et al. [50], the egg-box model characterizes the crosslinking of alginate chains with
divalent ions. Moreover, this term is often used to describe an individual cell formed by
four monomer units and including cation Me?*.
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Figure 1. 3-D-mannuronic (M) and «-L-guluronic (G) acid monomeric units in alginate chain.

Figure 2. Combination of biopolymer chains into a dimer (a); simplified form of a dimer with
completely (b) and partially connected cells (c); types (d—f) of junction zones under the integration of
dimers. Blue spheres correspond to Me?* cations.

Subsequently, in [51-63], the egg-box model was modified. Particularly, it turned out
that the crosslinking of biopolymer chains by divalent alkaline earth metal ions realizes in
some stages [57]. At the first phase, the most energetically favorable process is the cation
incorporation into the cavity formed by the adjacent guluronic blocks of two neighboring
chains. Then, integration of these chains due to the occurrence of ionic bonds and complex
formation is carried out. Such integration leads to the construction of an egg-box cell
formed by the GG block of one chain and the GG block of neighboring chain, connected by
cation built into this cavity. MM and MG blocks constitute shallower cavities. Nevertheless,
the formation of even one reliable bond stimulates further “zipping” of chains. This leads
to complete or partial filling of cells that arise when the chains approach each other with
ions and, thereby, to integration of two neighboring chains into a dimer. It should be noted
that the interaction of various alkaline earth cations with different blocks of alginate chains
has its own characteristics. Nevertheless, in all cases the places in the cells from GG blocks
are the most optimal for cations, and therefore they are always filled.

The combination of two polymer chains into a dimer (Figure 2a) can be conveniently
represented as two nearly spaced guluronic chains consisting of successively connected GG
blocks with Me?+ alkaline earth metal ions embedded in the formed cavities, as described
in [15]. Binding of all GG blocks leads to complete dimer construction (Figure 2b). The
existence of blocks with M units, which are not always optimum for alkaline earth cations
incorporation, leads to dimers with partially empty cells (Figure 2c). As in Grant’s work [50],
the alginate chains in Figure 2b,c are conventionally depicted as zigzag lines. Thus, we
do not take into account the fact of different depths of cells formed by GG, MM and MG
blocks. The lack of binding due to a suboptimal cell configuration is represented as the lack
of divalent cation (blue sphere) in the cell. The resulting surplus charge of carboxyl groups
is neutralized by sodium or hydrogen ions, not shown in the figure.

Farther lateral association of dimers, characteristic for alginates, can lead to appearance
of junction zones in the form of flat egg-box sheets. Fully crosslinked packing (Figure 2d),
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as shown in our work [64], corresponds to the alginates of some transition metals, and
coupled dimers linked by van der Waals interactions and hydrogen bonds are detected
for calcium alginates (Figure 2e) [57]. In the case of calcium alginate, half of the carboxyl
groups are not involved in the construction of bonds. Nevertheless, the possibility of
additional binding of chains by calcium ions in the zones of interdimer association exists,
but the probability of this process does not exceed a few percent [64]. Such situation can be
realized if a GG-GG cell is formed in the interdimer space. Despite the low probability of
the appearance of GG-GG structures in the whole sample, their appearance is important for
gelation, because contributes to the launch of the zipping mechanism for combining chains
into dimers. Barium and strontium alginates are characterized by cross-linked packing of
dimers with partially connected cells that have lost their individuality (Figure 2f) [64].

The investigation of the elemental composition of the junction zones makes it possible
not only to obtain information on the degree of the fill of the egg-box cells but also to draw
derivations about the value of cations’ interaction with polymer chains, to suggest the
nature of the binding of alginate dimers into junction zones and to clarify the knowledge
about the types of the egg-box cells which are the most preferable for binding with these
cations [64]. Since divalent metal cations bind two-by-two monomer units of polymer
chains, the chemical formula of Na-alginate is best considered for a block of two units,
writing it as (C1oH14012Nayp)n. Interaction with metal cations leads to the crosslinking of
chains and construction of junction zones. However, various kinds of divalent cations give
the difference in the composition and microstructure of gels [65-67].

The chemical formula of complex of divalent metal Me?* with alginate is converted
to the form (C12H14012Mex)n. The symbol X designates the medium amount of divalent
ions per Cyp block, i.e., the average cell occupation number. The limit meaning of this
number is 1. The case X =1 corresponds to the entirely filled egg-box cells of flat zones
from connected alginate chains (Figure 2d). This case is realized for the complexation of
transition metals with alginate, when the long-range electrostatic interactions are added
with the prepotent coordinate-covalent bonding of ions with alginate units [67]. This is
partly due to the small size of transition metal cations, which facilitates incorporation into
the cells of various types.

The formation of complexes between alkaline earth ions and alginate units takes place
only due to ionic bonds, i.e., owing to the electrostatic interaction. For alkaline earth
calcium, when alginate dimers are linked only by van der Waals interactions and hydrogen
bonds without losing their individuality (Figure 2e), there cannot be more than one metal
cation per cell formed by four monomeric units. Therefore, in the absence of metal cations
between dimers, the average number of Me?* ions per Cj, block should not exceed 0.5.
If the dimer cells are not completely filled, the average block occupation number will be
even less. Figure 2e shows a case approximately corresponding to X = 0.35. A similar
experimental result was obtained by us for calcium alginate [64]. If metal ions bond in
the interdimer space, but the cells are not completely filled, this average cell occupation
number can increase to the value X = 0.6 + 0.7 (Figure 2f), corresponding to alkaline earth
barium and strontium [64]. With completely filled cells, the occupation number increases
to the limiting value X = 1 (Figure 2d), which we observed for transition metal alginates
(copper, nickel and manganese). It should be noted that there is a correlation between
the average cell occupation number and the magnitude of cation interaction with alginate
blocks, which is associated with the appearance of additional contribution of coordinate-
covalent interactions in transition metals. Thereby, the medium amount of metal cations per
cell received by elemental analysis with applying the egg-box model produces significant
information on the formation of alginates structure, the kind of their junction zones, and
even on the value of interaction of divalent metal cations with biopolymer matrix.

3.2. Experimental Results for Strontium Alginate

The method of energy-dispersive X-ray spectroscopy does not allow us to determine
the quantitative composition of hydrogen in structural formula. Therefore, all further
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formulas are given without hydrogen, the presence of which is simply implied in the above
proportions as (Ci2Hys).

The image of the elements of a Sr-alginate microsphere and the information on
the elemental analysis of a surface region of this microsphere, received by dropping an
alginate solution into a SrCl, solution, are demonstrated in Figure 3. The received el-
emental composition, contrary to double washing, corresponded to chemical formula
(C120116Cly35r1 8Nag 1)n- The investigation of the elemental composition of the eight
more internal regions of the microcapsules (Table 1) led to similar results, namely, to the
ratio (C1209.1517,06Clp 84Nag g7)n averaged over eight results. A distinctive feature of these
formulas from the theoretical supposition is the attendance of chlorine and a significantly
bigger quantity of strontium atoms per block. This composition displays the presence of
structures inside the sample which are not intrinsic to Sr-alginate.

Figure 3. SEM image of elements of Sr-alginate and its formula corresponding to average result for
eight internal regions after standard wash.

Table 1. Elemental composition of outer and eight inner regions of walls of strontium-alginate
microspheres (weight %) and chemical formula corresponding to this composition.

Spectrum C o Na Cl Sr Chemical Formula

Spectrum out 25.25 32.50 0.40 14.27 27.58 C12011.6Sr965Nag.1 + 1.15(5rCl,)
Spectrum 1 22.76 22.32 0.48 19.81 34.63 C1208'83Sr2.50C13'54Na0.13
Spectrum 2 26.39 27.07 0.00 16.63 2991 C1209 24511 86Cly 56Nag
Spectrum 3 25.17 26.37 0.28 17.59 30.60 C1209_4481‘2.0C12_84Na0_07
Spectrum 4 24.44 26.54 0.27 17.08 31.67 C1209,788r2.13C12,84Na0,07
Spectrum 5 26.45 26.94 0.32 16.33 29.96 C1209_17‘Sr1.86C12_51 Nao.()g
Spectrum 6 25.39 24.63 0.28 18.33 31.36 C1208_7481'2.03C12'94Naovo7
Spectrum 7 24.31 24.62 0.00 18.04 33.04 C1209,128r2,24C13.02Na0
Spectrum 8 27.26 25.67 0.48 16.20 30.40 C1208_488r1.83C12_42Na0.11
Average C1209_1Sr0_64Na0,07 + 142(SI'C12)

The obtained formula leads to derivation about the availability of strontium atoms
in at least two fundamentally various nonequivalent positions: (a) in the binding of the
neighboring Sr-alginate chains, i.e., functioning as crosslinking factors; (b) in the con-
stitution of SrCl, associates adsorbed by alginate chains. It should be pointed out that
SrCl, structures subsist namely in the format of associates; their probable dissociation in
water should lead to the emergence of chloride ions, which are neutral to the alginate
structure and can be readily deleted by washing [64]. The separation of the contributions
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of nonequivalent atoms shows that approximately 0.64-0.65 Sr** crosslinking ions per each
Cj2 block perform the connection of chains, leading to the formation of the egg-box cells.

Moreover, the data obtained indicate that for each Cj; block of Sr-alginate there
are mean 1.15 associates of strontium chloride SrCl, in the near-surface region and 1.42
associates corresponding to the internal regions of microspheres. Taking into account that
the presence of adsorption abilities is a specific peculiarity of natural carbohydrates, we
supposed that the connecting of SrCl, by hydrogel structures watched in this case is most
likely owing to the existence of local energetically auspicious locations for these associates
beside alginate chains, which accords with physical adsorption. In spite of the thing that
SrCl, associates do not constitute either covalent or ionic chemical bonds with alginate
chains, they can be hold around them due to weaker (mainly van der Waals) interactions. To
detect the elemental composition of the main structures of strontium alginate corresponding
to the near-surface region, we took away 1.15 Sr atoms connected with 2.3 Cl atoms,
obtaining the formula (C120116Srpe5Nag1)n. For internal regions, a similar operation
led to the separation of composition into the main volume corresponding to strontium
alginate (C120g 15rp 64Nag 07)n and additional inclusions of 1.42 SrCl, associates per each
Cy, alginate block.

To examine the hypothesis of the availability of different kinds of strontium ions
connections with alginates, we supposed that the energy of interaction of SrCl, associate
with biopolymer chains accords to the physical adsorption interaction. In this event, it will
not be much more than its thermal motion energy in water. This is indicated by the reduced
concentration of associates in the near-surface regions compared to the inner regions of the
microspheres. Accordingly, it should be expected that a rise in the wash time should lead
to the deletion of weakly connected SrCl, associates. In the event of complex formation
based on ionic electrostatic interactions, the wash will not alter the results.

We conducted an investigation of anew produced and thoroughly rinsed out micro-
capsules of Sr—alginate. The rinsing aqua was varied five times, with an interval of 2 h.
Salt concentration in the rinsing aqua was monitored using an InoLab Cond 7310 SET1
conductometer (Hungary). The wash occurred at room temperature until the electrical
conductivity of the rinsing aqua reached the value of the electrical conductivity of distilled
water (which happened after 6 h of wash).

The SEM images of the Sr-alginate microsphere and elemental analysis data of one
region of this microsphere after additional washings are shown in Figure 4. After an
intensive wash, the strontium-alginate microspheres proved to be much more uniform
in construction and cell dimensions (Figure 4). The approximate cell size was found as
60 x 40 um. The elemental analysis performed for two strontium-alginate microsphere
areas gave renewed results, (a) (C12011.15r970)n and (b) (C12011.351¢ 65)n, which do not
fundamentally vary from the formulas obtained earlier. This points out that the used
calculation of the elemental composition was rather true. The result obtained can be
considered as an oblique confirmation of the physical adsorption of SrCl,.

Early, we suggested [64] that the availability and number of such connecting sites
with hydrogel structures for associates (physical adsorption), can be interpreted by the
sorption capacitance of alginate hydrogels and, hence, can be correlated with it. We showed
that the summary number of feasible connecting sites (of both physical and chemical
nature) in the surface regions of strontium and calcium alginates is approximately idem
being 1.8 per block of two monomeric polymer units. The decrease in the number of
sites at which calcium ions, compared with strontium ions, can enter into the complex
formation reaction, leading to chain integration, increases the number of sites valid for
physical adsorption. This circumstance gives us to include that nontoxic calcium and
strontium alginates can be employed to obtain effective materials for use in environmental
and biomedical technologies. It should so be noticed that when these hydrogels are used as
adsorption materials, heavy metal ions absorbed by them from the environment lead to the
strengthening of their structure [15].
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Figure 4. SEM image of Sr-alginate elements, its formula and elemental analysis data after additional
washings with strontium-alginate formula corresponding to average result.

3.3. Experimental Results for Strontium—Alginate Eith Carbon Nanotubes

We also studied the structure and elemental composition of strontium-alginate hydro-
gel in the presence of MWCNTs added to hydrogels to enhance their mechanical strength.
The SEM image of the cells of Sr-alginate microsphere prepared with the addition of MWC-
NTs and the formula of strontium alginate corresponding to average over eight internal
regions result for strontium-alginate microsphere after standard washing are shown in
Figure 5.

Figure 5. SEM image of Sr-alginate cells in availability of MWCNTs and formula of strontium
alginate averaged over eight internal regions after standard wash.

Our investigation of the elemental composition of the eight internal regions of the
microcapsules (Table 2), obtained by dropping sodium alginate into a concentrated solution
of strontium chloride, followed by double washing and freeze-drying, corresponded to the
average ratio (C120g51512.78Cl3 93Nag gg)n- The separation of contributions of nonequivalent
strontium ions led to the formula (C1,0g 5151 81Nag 06)n, which shows that for each Cq,
block, on average, 0.81 Sr>* crosslinking ions perform spatial integration of chains.
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Table 2. Elemental composition of eight inner regions of strontium-alginate microspheres (weight %)
prepared with MWCNTs’ addition and chemical formula corresponding to this composition.

Spectrum C o Na Cl Sr Chemical Formula

Spectrum 1 18.58 16.92 0.00 24.04 40.46 C1203.28r3_58C15.26Na0

Spectrum 2 20.84 17.86 0.00 22.59 38.71 C1207_728r3.06C14,41 Nao
Spectrum 3 27.14 26.16 0.46 17.01 29.23 C120g,685r1.77Clp 55Nag 11
Spectrum 4 18.90 17.61 0.00 22.94 40.55 C1208,398r3.53C14_93Na0
Spectrum 5 24.95 26.38 0.41 18.05 30.21 C1209_528r1.99C12,94Na0,10
Spectrum 6 24.80 22.79 0.38 19.86 32.16 C1208,288r2.13Clg.zéNao.lo
Spectrum 7 23.73 23.80 0.53 17.64 34.30 C1209_038r2.38Cl3_02Na0.14
Spectrum 8 18.44 16.89 0.00 22.98 41.68 C1208_25Sr3.72C15,06Na0

Average C1208,518r0.81Na0,06 + 1.96(SrCl2)

Moreover, the data obtained indicate that for each Cj; block of Sr-alginate, there
are also on average 1.96 associates, revealing the presence of additional sites for physical
adsorption near the alginate chains. The shape and size of the cells of strontium-alginate
microspheres, which include carbon nanotubes, do not fundamentally differ from the
system without MWCNTs.

4. Discussion

We considered the fundamental aspects of cross-linking by Sr?* ions and their effect
on the morphology and elemental composition of Sr-alginate hydrogels, including those
reinforced with carbon nanotubes. In the case of alginate, the result of crosslinking with
alkaline earth cations was the pairwise integration of alginate chains and following lateral
integration of crosslinked dimers. These processes led to the formation of flat junction
zones. In the case of strontium alginate, we showed that junction zones corresponding
to Figure 2f appeared in this system. Moreover, the value X = 0.64 of the average cell
occupation number of Sr?* ions for the inner regions of junction zones was obtained for
MWCNT-free hydrogel, but for MWCNT-reinforced hydrogels, this number increased to
X'=0.81. In both cases, the experimental value of X turned out to be greater than 0.5 but less
than 1, which indicates that alkaline earth strontium does not fill all the cells of the egg-box
sheet due to a relatively weak electrostatic interaction [64]. Some of the cells remained
vacant and can be occupied by adsorbed heavy metal ions [15].

To explain the results obtained, we used the available structural data on alginates.
We assumed that the medium number of the cell fillings in the junction zones in the cases
where X < 1 should be determined not only by the type of crosslinking cations but also by
the initial composition of studied alginate. It should depend on the sequential structure of
alginate, primarily on M/G in the alginate chain. We developed an approach [64] based on
combinatorial methods to assess the possible structures of junction zones. Alginate consists
of the units of two uronic acids, M (mannuronic) and G (guluronic), with an irregular
alternation sequence. The spatial structures formed by the MM, MG and GG blocks of
each chain and by pairwise-connected blocks when they are connected into a dimer differ
quite strongly despite the fact that the chemical formula of alginic acid for M and G units
is the same. It was taken into account that the M/G ratio in the used alginate sample is
1.56 [48,49]. From this, for the convenience of calculations, we assumed that, on average,
there are three M units for every two G units, i.e., G:M = 2:3. Based on the variant tabulation
method, the approximate probabilities of block formation from two monomeric units were
calculated. The probabilities of the appearance of blocks GG, GM, MG and MM turned out
to be equal to 16%, 24%, 24% and 36%.

The structure of the junction zones of strontium-alginate hydrogel, according to the egg-
box model and the obtained experimental data, consists of cells of various types (Figure 2f),
and some cells do not contain metal cations. Using the calculated probabilities for the
appearance of certain blocks in each chain, we also found the approximate probabilities for
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combining alginate chains, containing GG, GM, MG and MM blocks, into various egg-box
structures. The results are shown in Table 3.

Table 3. Approximate probabilities of integration of cells GG, GM, MG and MM into different egg-box
structures for alginate with M/G~1.5.

N Type of Structure Probability N Type of Structure Probability

1 GG-GG 16/625 =2.56% 4 GM-GM 72/625=11.52%
B o 5 GM-MG 72/625 =11.52%

2 GG-GM 96/625=1536% ¢ GM-MM 216/625 = 34.56%

3 GG-MM 72/625=11.52% 7 MM-MM 81/625 =12.96%

Next, using the literature data, we tried to guess which cells are filled first. The existing
experimental data indicate that strontium prefers to bind to GG and MG blocks [65,66,68-77].
Some of the blocks, apparently MM, remain unbound by these ions. If, as the most probable
structures containing Sr>*, we select cells that do not include MM blocks, specifically GG-
GG, GG-GM, GM-GM and GM-MG, we receive X = 0.41. The discrepancy between this
quantity and the experimental data indicates that some cells comprising MM blocks can
also include Sr** ions. Particularly, the calculations showed that the filling of the GG-GG,
GG-GM, GG-MM, GM-MM structures gives a total cell filling likelihood equal to 64%.
This allows us to determine the average cells occupation number as X = 0.64, which is close
to the values X = 0.64 =+ 0.65 obtained in our experiments (Figure 3). This means that our
assumption about the filling of these cells may be correct. Thus, despite the fact that the
experimental technique used by us does not allow us to conduct conclusions about specific
crosslinking sites, some considerations about the role of GG, MGand MM blocks in the
binding of Sr** cations by alginate chains can even so be expressed. In addition, this result
means that 36% of free cells can adsorb heavy transition metal ions, which have a high
degree of binding to alginate chains due to the appearance of additional contribution of the
coordinate-covalent bond [67].

A study of gel microspheres reinforced by carbon nanotubes showed a significant
difference in results. In particular, the average cells occupation number in junction zones
increased to X = 0.81, which indicates the emergence of a more ordered structure from
alginate chains when they are connected in flat zones. This result may be related to the
enhancement of electrostatic interactions (including strong Coulomb and weak van der
Waals interactions) of the elements of biopolymer chains, as well as cations, in the presence
of nanoparticles (MWCNTs) polarized in an aqueous medium [44]. The polarization
effect of nanoparticles consists in the formation of double electric layer at MWCNT /water
interface and appearance of bound negative charge on the MWCNTs’ surface [78]. The
polarization of the water boundary layer is expressed in the ordering of arrangement of
water molecules with respect to the surface of nanoparticle, i.e., in the occurrence of a
preferential orientation of dipole moments of water molecules perpendicular to interface.
The combination of emerging effects leads to an increase in the interaction of strontium
cations with biopolymer chains and the emergence of opportunities for incorporation
into cells that were previously not optimal for these cations, for example, GM-GM and
GM-MBG. The results obtained (X = 0.81) make it possible to assume that in the presence
of MWCNTs, only the MM-MM cells remain mostly unoccupied. The complete filling
of all other cells gives a total probability of cells filling equal to 87%, i.e., X = 0.87. The
remaining unoccupied 6% of the cells, corresponding to the difference between the theory
and experiment, are most likely due to some uneven distribution of CNTs in the solution or
their insufficient concentration.

Changes in the structure of the inner walls of strontium-alginate microspheres are
illustrated by Figure 6. In the absence of carbon nanotubes (Figure 6, left), the inner walls
have a very developed microstructure, represented by cells 7-10 um in size. Their walls, in
turn, have an even finer structure with characteristic size about 1 pm. In the presence of
CNTs (Figure 6, right), the microstructure of inner walls demonstrates somewhat larger
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size, 10-12 um with a much less developed internal microstructure. It should be noted that
early we observed similar changes in the structure of protein—polysaccharide hydrogels,
when in the presence of CNTs the network became clearer and more regular and the
cell characteristic sizes slightly increased [42]. The changes in the structure of strontium-
alginate hydrogels do not contradict the assumption that electrostatic interactions between
biopolymer chains are enhanced in the presence of nanoparticles. The changes in the size,
shape and structure of the cell walls should undoubtedly affect the functional properties of
nanocomposite materials.

Figure 6. SEM images of Sr-alginate microcapsule walls in the absence (left) and presence (right)
of MWCNTs.

According to our experimental data, in addition to chemical bonds with alginates,
there is the opportunity for physical adsorption of certain associates, which can be retained
near the alginate chains through weaker (generally van der Waals) interactions. The
existence of many optimum but still various connecting sites for metal ions with alginate
chains has also been established by molecular dynamics methods [60,67,75]. The presence
of such sites, some of which remain unoccupied, can lead to the entry of various molecules
there and their binding by Sr-alginates on account of physical adsorption, the connecting
energy of which is less than the energy of the ionic bond of ions with alginate units and is
comparable to their thermal motion energy. Interesting features of hydrogels were revealed
when studying the quantitative composition of excess salts used to prepare microspheres
and remaining in the gel structure after a standard 20 min double washing. It should be
noted that washing leads to the elimination of “extra” ions and associates from the places
of their physical adsorption, but not from all the places of their possible binding, which
determines the sorption capacity of the alginates. In particular, for the internal regions of
strontium-alginate microcapsules the additional physical adsorption of SrCl, associates
was observed, corresponding to a value of 1.42 per each Cy; block, indicating good sorption
capabilities of strontium alginate. In the presence of MWCNTs, the number of sites for
possible additional physical adsorption of SrCl, increased and began to correspond to a
value of 1.96 for per each Cy; block. Thus, the addition of carbon nanotubes to the hydrogel
structure alters their sorption capabilities, leading first of all to an increase in physically
adsorbed molecules.

5. Conclusions

In this work, we studied the elemental composition and structural features of freeze-
dried hydrogel microspheres obtained by the Sr?* crosslinking of sodium alginate chains
in water solutions and MWCNT water dispersions. It was demonstrated that in metal
alginate hydrogels, the average cells occupation number of Me?* cations of different
metals, which theoretically should be equal to 1, in the case of alkaline earth strontium is
approximately equal to 0.64 for strontium-alginate hydrogels without MWCNTs and equal
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to 0.81 in nanocomposite hydrogels containing MWCNTs. It was shown how combinatorial
methods and information on the types of the egg-box cell most preferred for binding to
Sr?* cations can explain the experimentally obtained occupation numbers and relate them
to the structural features of the junction zones.

The study of carbon nanotubes intercalation into a gel showed the availability of a more
ordered and more completely filled structure in comparison with MWCNT-free systems.
This result is associated with the enhancement of electrostatic interactions (involving strong
Coulomb and weak van der Waals interactions) of the elements of alginate chains, as well
as cations, with incorporated nanoparticles (MWCNTSs), polarized in an aqueous medium.
The combination of effects arising during the polarization of nanoparticles leads to an
increase in the interaction of strontium cations with biopolymer chains and the emergence
of opportunities for incorporation into the cells that previously were not optimal for these
cations, for example, GM-GM and GM-MG. The results obtained made it possible to
assume that in the presence of MWCNTs, only the most non-optimal MM-MM cells remain
mainly unoccupied. Thus, the use of combinatorial methods allows us to express some
considerations about the role of various blocks in the crosslinking of alginate chains with
Sr2* ions. It was shown that the introduction of MWCNTs into the hydrogel composition
leads to the changes in its internal structure, in particular, to the change in characteristic
cell size.

Using Sr-alginates as an example, it was determined that the availability of unequal
connecting sites for metal cations with biopolymer chains can lead to the emergence
of ordered secondary structures through the physical adsorption of ions and molecules
from the environment. For the internal regions of strontium-alginate microcapsules, the
additional physical adsorption of SrCl, associates was observed, corresponding to a value
of 1.42 per each Cy; block, indicating good sorption capabilities of strontium alginate. With
the addition of MWCNTs, the number of sites for additional physical adsorption of SrCl,
increased by almost 40% and corresponded to a value of 1.96 per each Cj, block. Thus, the
addition of carbon nanotubes to the hydrogel changes their sorption capability first of all
owing to an increase in physically adsorbed molecules. An additional advantage of using
nanocomposite hydrogels is their significantly improved mechanical properties [41-43].
The obtained information on the structure and properties of the resulting nanocomposite
hydrogel can promote the development of new materials with improved properties for
targeted applications in environmental protection, biotechnology, as well as in any other
relevant areas.
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