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Novel composite hydrogels representing interpenetrating polymeric networks (IPN) have been synthesized and
consisted of Gluconacetobacter xylinus cellulose (GxC) and poly-1-vinyl-1,2,4-triazole (PVT) with Cu®. The com-
posite hydrogels’ mesostructure has been studied from 1.6 nm to 2.5 pm by small-angle and ultra-small-angle
neutron scattering methods. It has been found that IPN complexes have three types of inhomogeneities: GxC,
PVT, and PVT complex with Cu®. The amount of the absorbed ions can be tuned as confirmed by electron
paramagnetic spectroscopy. Besides, three hierarchy levels of GxC remained in the supramolecular structure of

composite hydrogels. Reveling structure formation in these composite hydrogels is essential in fabricating hybrid
polymeric materials for regenerative medicine, involving antibacterial or antifungal applications.

1. Introduction

Recent interest in organic-inorganic composites has seen phenomenal
growth. It focuses on the potential applications of these hybrid materials
in various fields, such as optoelectronics, nanomedicine, cosmetics, and
the textile industry [1-3]. Cellulose-based composites are intrinsically
biodegradable and biocompatible, making them more attractive from this
point of view. Cellulose is one of the most abundant naturally occurring
biopolymers on Earth. It can be synthesized by plants, bacterial species, or
even animals like marine invertebrates of the subphylum Tunicata. The
“not so green” aspects of cellulose extraction from plants, especially wood,
can be overcome using bacterial cellulose. In particular, the supramolec-
ular structure (SMS) of the cellulose produced by Gluconacetobacter xylinus
differs markedly from the cellulose structure obtained from wood, cotton,
or species of algae such as Valonia ventricosa [4-6].

G. xylinus cellulose (GxC) nanogel films are widely used as a matrix for
various organic-inorganic composites. GxC-based composites are well

known to be able to contain nanoparticles of silver, gold, selenium, TiOq,
SiO,, CdSe, and calcium phosphate [7-10]. Previously [11,12], we
investigated the size and the phase composition of Se° or Ag® nanoparticles
stabilized by the polymer in nanogel films of bacterial cellulose (BC) using
SAXS, electron diffraction, and electron microscopy, proposing the
network model of GxC intercalated by drug nanoparticles using notions of
R. Malcolm Brown Jr. [13] and Fink H.—P. et al. [14]. BC could, therefore,
function as a scaffolding to regenerate a wide variety of tissues, eventually
becoming an excellent platform for medical nanotechnologies [1,15].

As previously shown [16-18], BC can be an excellent matrix for
mechanically reinforcing hydrogels based on polymers such as poly-
acrylamide. The presence of the hydrophilic synthetic polymers in a
material like an interpenetrating polymer network (IPN) gives it elas-
ticity and creates the required degree of swelling, while the rigid-chain
scaffold, namely, cellulose, provides strength to the composite. The
composite hydrogels reinforced by BC are close to various types of nat-
ural articular cartilage in water content and the level of mechanical
characteristics. For these reasons, it can be used for damaged cartilage
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Abbreviations

BC bacterial cellulose

G. Gluconacetobacter

GxC G. xylinus cellulose

IPN interpenetrating polymer network
MPC metal-polymer complex

PVT Poly(1-vinyl-1,2,4-triazole)

SANS small-angle neutron scattering
SMS supramolecular structure

VT 1-vinyl-1,2,4-triazole

USANS  ultra-small-angle neutron scattering

replacement [19]. Moreover, such an IPN can be used as a bone tissue
precursor [20], with lanthanide ions or nanoparticles introduced for
biovisualization [21,22].

The main idea of this work has been to use N-containing heterocyclic
units in the polymer chain, which increases the sorption properties of
crosslinked copolymers in aqueous electrolyte solutions and makes them
highly selective for heavy metal ions. It occurs because of pyridine ni-
trogen atoms in N-containing polymers. These atoms are capable of
donor-acceptor interactions with metallic ions and are prone to partici-
pate in intra- and intermolecular structuring caused by hydrogen or ionic
bonds. One such polymer is poly-1-vinyl-1,2,4-triazole (PVT), which has
a high complexing ability [23,24]. It is a unique biocompatible hydro-
philic synthetic polymer. Poly-1-vinyl-1,2,4-triazole has a stimulating
effect on the growth of granulation fibrous tissue and moderate reac-
togenicity [25]. Poly-1-vinyl-1,2,4-triazole is non-toxic polymer. The
lethal dose, LDsy, is higher than 5000 mg/kg [26,27]. We have previ-
ously found that homo- and copolymers of 1-vinyl-1,2,4-triazole (VT)
successfully stabilize silver, gold, and copper nanoparticles [24,28-30].

This work reports on novel organic-inorganic composite hydrogels
based on GxC and PVT and their complexes upon adding copper (II) ions.
In this case, BC is a rigid-chain polymer, and PVT is a flexible-chain one.
All hydrogels form nano-gel films with interpenetrating polymer net-
works (IPN), which possess both the strength of BC and PVT elasticity
together with the ability to coordinate binding with ions of various
metals. Copper complexes were produced as a result of the high sorption
affinity of PVT. Moreover, as similar composite hydrogels can be essen-
tial in fabricating hybrid polymeric materials for regenerative medicine,
one of the ideas to use copper (II) ions is their following reduction up to
Cu(0)-nanoparticles. Our motivation is based on the fact that Cu(Il)-ions
stimulate regeneration processes as in stabilizing epidermal cells [31]
and preventing secondary contamination of wounds. However, Lans-
down ABG [32] showed that demands for copper are specifically low in
normal wound healing in the rat model. Thus, it is hoped that converting
copper (II) ions to nanoparticles could achieve the effect when admin-
istering Cu(Il)-ions in biotic doses facilitates metabolism, acting as ver-
satile biological agents. Shende S et al. [33] reported that the synthesized
Cu(0)-nanoparticles demonstrated significant inhibitory activity against
Escherichia coli, followed by Klebsiella pneumoniae, Pseudomonas aerugi-
nosa, Propionibacterium acnes, and Salmonella typhi. Among the plant
pathogenic fungi tested, Fusarium culmorum was found to be most sen-
sitive, followed by F. oxysporum and F. graminearum. Stabilizing copper
nanoparticles and protecting them against oxidation involve synthesizing
a copper-biopolymer complex: In Ref. [34], chitosan was used as a
biopolymer. Thus, one of the tasks of our work is to show the prospect of
creating an organic-inorganic composite material for medical purposes
containing copper (II) ions using another type of biopolymer (cellulose)
and synthetic polymer-ligand (PVT). The approach presented in this
paper is only the first step toward obtaining a composite that would
contain copper (0) nanoparticles in its composition.

It should be noted that a similar composite hydrogel based on BC and
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another flexible-chain polyacrylamide polymer turned out to have good
biocompatibility with muscle, cartilage, and bone tissues, not to cause
perifocal inflammation, and to have effectively functioned as prosthetic
articular cartilage until the end of the study period [35]. Tissue reactions
to introducing these hydrogels were studied in 48 laboratory mongrel rats
and 24 chinchilla rabbits. An essential property of new-type organic im-
plants is their ability to biodegrade and, for example, bone reintegration.
Indeed, we have shown that composite hydrogels based on BC and poly-
acrylamide reintegrate with bone tissue. Moreover, calcium phosphate
formation occurs in situ [35,36]. However, it should be noted that the
purpose of the newly synthesized interpenetrating networks containing
PVT is not to obtain material for implants. So, one of our main tasks is to
show how much the supramolecular structure (SMS) of bacterial cellulose
affects the formation of the synthesized hybrid materials based on GxC,
PVT, and copper (II) ions. This study uses small-angle neutron scattering to
investigate the SMS formation of organic-inorganic composite hydrogels
and their complexes at the mesoscopic level.

2. Materials

1-vinyl-1,2,4-triazole synthesized according to the method [28] was
used as starting reagents to synthesize hydrogels. Azobisisobutyronitrile
(AIBN) was recrystallized twice from ethanol and dried in a vacuum to
constant weight. N,N’-methylene-bisacrylamide (MBA, from Fluka) and
CuS04-5H,0 with a chemically pure grade were used without further
purification.

Synthesis of bacterial cellulose. At first, G. xylinus (strain N2 1629
CALU) was cultivated using an original technology reported in works
[37,38]; Baklagina [39].

Then, the nanogel film of BC was cleaned to chemical purity, and the
obtained pure cellulose (GxC) was air-dried at 50 °C to use as a reference
sample (S0).

Obtaining a composite hydrogel (samples S1 - S3). Organic-
inorganic composite complexes based on IPN between GxC and poly(1-
vinyl-1,2,4-triazole) have been synthesized by adding the different con-
tent of Cu?* for the first time. An IPN composition was prepared by taking
5.43 g of VT monomer, 0.5 wt% of a radical initiator AIBN, and 0.2 mol%
of a low molecular weight crosslinking agent — N, N‘-methylene-bisa-
crylamide (MBA). The solution was stirred on a magnetic stirrer until the
components were completely dissolved. An initial BC sample of 1.5 x 1.5
x 1.0 cm in size was kept in a monomer solution for 8 h (S1 and S2) and
16 h (83). Then, this piece was fixed between two glass plates, placed in a
bottle, and blown with argon. The bottle was placed in a BINDER BD 53
drying oven (Germany), and polymerization was carried out at a fixed
temperature of 65 °C for 6 h as the next step. After polymerization, the
sample with the obtained hydrogel was repeatedly washed with distilled
water to remove residual monomer and other low molecular weight
impurities. As a result, the gel was swollen to an equilibrium state. The
water content in the cellulose was determined by drying the IPN films in
a vacuum oven at 160 °C to constant weight. The composition of the
composite hydrogel was calculated using elemental analysis. It was found
for samples: S1(%) — C 45.0; H 5.30; N 41.3; S2(%) — C 45.4; H 5.27; N
41.0; S3(%) — C 49.4; H5.34; N 41.5 (see Fig. S1—S3 in ESM). In order to
introduce copper (II) ions into the obtained hydrogels, the samples were
kept for 24 h in aqueous solutions of copper sulfate concentrations: 0.44
mol/L for S1, 0.12 mol/L for S2 and S3. In this case, the color of the
solution changed from saturated blue to light blue, and the BC-PVT
samples turned from opalescent white to blue. The copper content in the
hybrid composite hydrogels under study was measured by atomic ab-
sorption spectroscopy.

3. Methods
Elemental analysis (C, H, N) was performed on a Thermo Finnigan

Flash EA 1112 automatic analyzer (Thermo Fisher Scientific, Cambridge,
United Kingdom). The composition of polymer products was calculated
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from the analysis data for nitrogen; the samples were dried to constant
weight. IR spectra were recorded on a Bruker Vertex 70 spectrometer
(Bruker Corporation, Germany) in the range of 400-4000 cm™. The
copper content was measured using Shimadzu AA-6200 atomic absorp-
tion Spectrophotometer (Shimadzu Corporation, Japan). Microwave di-
gestions were performed in a closed microwave oven system (CEM
Corporation Mars 5, Matthews, NC, USA).

Electron paramagnetic resonance (EPR) measurements were per-
formed using a quartz capillary on a Bruker ELEXSYS E—540 X-band
spectrometer equipped with a Bruker ER 049X microwave bridge.
Spectra were recorded at room temperature with a sweep width of 1000
G, a microwave power output of 6 mW, and a modulation frequency of
100 kHz. The modulation amplitude was optimized to the line width of
the spectrum (of the order of 0.5-2.0 G). No artificial broadening of EPR
spectra was detected at such modulation amplitudes.

SEM. The microstructure of the systems under investigation was also
studied using Carl Zeiss N Vision 40 scanning electron microscope (mi-
crographs were obtained at 1 kV acceleration voltage). For SEM mea-
surements, the samples were not specially treated (e.g., coated with
conducting material).

Neutron measurements. Small-angle neutron scattering (SANS) and
ultra-small-angle neutron scattering (USANS) measurements were car-
ried out at the YuMO (IBR-2 reactor, Dubna, Russia) and KWS-3 (FRM-II,
Garching, Germany) facilities, respectively. The KWS-3 setup is a small-
angle diffractometer operating with a focusing toroidal mirror, making
it possible to achieve a high resolution in the momentum transfer up to
11073 nm! [40,41]. The measurements were carried out at neutron
wavelength 1 = 1.28 nm (A)\/A = 0.2) and sample-detector distance SD =
10 m, making it possible to measure the neutron scattering intensity in
the range of momentum transfer 1.5 ¢ 107> < q < 1.5 « 10! nm™L.
Scattered neutrons were registered by a two-dimensional position--
sensitive scintillation detector based on °Li (the core diameter is 8.7 cm
with a spatial resolution of 0.36 x 0.39 mm?).

The samples were placed between quartz glasses. The raw data were
corrected using the standard procedure [42], considering the scattering
by setup equipment, quartz glasses, and the background. The
two-dimensional isotropic spectra obtained were azimuthally averaged
and brought to absolute values by normalizing the cross-section of
incoherent Plexiglas scattering, considering the detector efficiency [42]
and the thickness L for each of the samples. The QtiKWS program was
used to process raw data [43,44].

The YuMO setup is a time-of-flight small-angle spectrometer [45]
operating in a geometry close to a point, using two ring HeS-detectors
located at sample-detector distances SD = 4 and 13 m, respectively. The
flux of thermal neutrons with wavelength A = 0.05 + 0.8 nm was formed
in the collimator system so that neutrons directed to the sample gave a
beam of 14 mm in diameter with an intensity of up to 4x10” neutrons.
The range for the momentum transfer g = (47/4)esin(6/2) (where @ is the
scattering angle) was 0.07-4 nm ™. The experimental data were pro-
cessed using the SAS program [46], allowing the obtained spectrum to be
normalized to an independent vanadium scatterer and subtracting the
background sample data [47].

The SANS and USANS intensity analyzed hereafter was defined as

I(q) =1(q) — T-1(q), @

where I(q) and Iy(q) are the momentum-transferred distributions of
scattered neutrons behind the sample and beam without the sample,
respectively, and

1(0
T:—):exp( —Z - L)

2
10(0 (2)

=

is the transmission coefficient (where X = 05 + 0, is the integral scat-
tering cross-section which includes nuclear scattering o5 and absorption
02).
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The measured value of the SANS intensity, I(q), is related to the
scattering law S(q) through the following expression:

Lg) =l L- / Flq - 41)5(g)dar. ®

where F(q) is the instrumental resolution function approximated by a
Gaussian [48].

Hence, the use of a combination of ultra-small-angle and small-angle
neutron scattering methods yielded the complete pattern of scattering at
BC and samples of composite hydrogels in the momentum transfer range
1.5 ¢ 1073 < g < 4 nm™!, which corresponded to the analysis of the
micro- and mesostructure in the range of characteristic sizes from 1 nm to
a few microns.

4. Results and discussion

Samples of composite hydrogels were synthesized using radical
polymerization of 1-vinyl-1,2,4-triazole in the presence of MBA and
AIBN, which was carried out inside cellulose of a given thickness swollen
in a reaction solution at a temperature of 65 °C, at argon atmosphere
(Scheme 1).

The swelling time varied from 8 to 16 h, which led to the preparation
of composite hydrogels with different contents of PVT. The AIBN con-
centration was 0.5 wt%, and the MBA concentration was 0.2 mol%.

The data presented in Table 1 show that varying the time of swelling
in the reaction solution from 8 to 16 h does not lead to a significant
change in the water, BC, and PVT content in the obtained samples' dry
residue. As the time of hydrogel swelling in the reaction solution varies,
the cellulose content varies from 6.4 to 6.6 wt%, and the incorporated
PVT from 85.3 to 88.3 wt%. The equilibrium water content in these
samples is 80 wt%, corresponding to equilibrium swelling degrees from
1.3to 1.4.

Copper (II) ions from aqueous solutions of its salt (CuSO4 x 5H20) are
easily absorbed into the obtained composite hydrogels of cellulose and
PVT (Fig. 1). The VT heterocycle's nitrogen atom in position 4 provides a
high coordination ability towards the copper (II) ions because it is the
most electronegative atom. PVT is highly active towards metal atoms,
forming charge-transfer complexes [23].

The atomic absorption spectroscopy was used to calculate the copper
content, which is 5.1-8.3%.

The composition of the obtained products was confirmed by the
elemental analysis data for such elements as nitrogen, carbon, and
hydrogen (see Fig. S1—S3 in ESM). The structure of the composite ma-
terials was confirmed using IR spectroscopy (Fig. 2).

In the obtained samples, absorption bands were recorded, inherent in
both cellulose and poly-1-vinyl-1,2,4-triazole. The maxima characteris-
tics of cellulose are retained: 3418-3422 cm™! (VOH groups participating
in intermolecular and intramolecular H-bonds), 2931 cm! (v bonds in
CH and CH, groups), 1639-1643 cm™ (56 HOH bonds), 1063 cm™ (v
C-0), the band at 889 cm-! confirms the presence of $-1.4 bonds [49].
The spectra also contain absorption bands corresponding to the stretch-
ing and bending vibrations of the triazole ring: 3112-3118 cm™! (C-H),
1505-1530 cm™ (C=N), 1434-1441 em™ (C-N), 1276-1287 cm™
(N-N), 1138 (C-H) em™, 1003 em™ (C-H), 659-662 cm™ (C-N). The
PVT formation is evidenced by the absence of an absorption band of the

AIBN (0,5%), MBA (0,2%) n
N 65°C, 6 h
N = N

Scheme 1. Polymerization of VT.
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Table 1
Composition and characteristics of composite hydrogels.

Smart Materials in Medicine 3 (2022) 382-389

Sample  Time of kept in a reaction H,O content in the BC content in the dry PVT content in the dry Degree of equilibrium Cu content, wt
solution, h hydrogel, wt % residue, wt % residue, wt % swelling Q, g/g %

S1 8 80 6.4 85.3 1.3 8.3

S2 8 80 6.6 87.8 1.3 5.6

S3 16 80 6.6 88.3 1.4 5.1

Note: Polymerization time is 6 h. Temperature is 65 °C. AIBN concentration is 0.5 wt %. MBA concentration is 0.2 mol%.

Fig. 1. Sorption of copper (II) ions.

Scheme 2. Sorption of copper (II) ions.
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Fig. 2. IR spectra of the BC-PVT (1), complex [BC-PVT]-Cu®** (2) with copper
(I1) content 8.3% (S1).

vinyl group with a maximum at 1654 cm. In the IR spectra of the
copper-containing polymer complex, [BC-PVT]-Cu?*, by comparison with
the original hydrogel BC-PVT, the bands corresponding to vibrations of
the triazole rings are shifted from 1276, 1434 to 1287, 1441 cml,
respectively. Also, a shift of the absorption band at 1505 cm?, related to
the “pyridine” nitrogen atom, to the short-wavelength region of 1530
cm-! is observed. The latter indicates the formation of a donor-acceptor
polymer complex with the cationic state of metals, a coordination bond
formed between Cu?' and the nitrogen atoms of poly-1-vinyl-1,2,
4-triazole in the fourth position (Scheme 2).

Hybrid composite hydrogels under investigation display the presence
of paramagnetic centers that manifest themselves in a single line in EPR
spectra (Fig. 3). The normalized number of spins indicates the concen-
tration of the spin-bearing charge carriers, i.e., Cu?*, and the corre-
spondence between EPR and absorbance data gives one some confidence
(Table 1). So, using EPR, one could monitor the impregnation of Cu?* in
the IPN of composite hydrogels. The EPR spectra of [BC-PVT] -Cu*
appear structureless due to inhomogeneous broadening: coordinated
cations turn up in different environments. In addition, the fast relaxation
of Cu®* leads to one broad resonance without resolving the copper hy-
perfine interaction.

As can be seen from the SEM image in Fig. 4 b, the morphology of the
reference BC involves the nanoribbons’ network [16] at the mesoscopic
level. At the macroscopic level, the surface is quite rough and fractal. At
the same time, Fig. 4 (a, ¢) shows that the openings of some tunnels come
to the surface [22].

Fig. 5 shows the experimental dependences of neutron scattering
cross-section d2(q)/d€2 on momentum transfer q on a double logarithmic
scale obtained in the experiments with the polymer matrix prepared from
air-dried BC nano-gel film BC (S0) and composite hydrogels [BC-PVT]-
Cu? (S1-3). The samples shown in Table 1 were organic-inorganic
composite hydrogels with different content of Cu?* (2-6 wt. %).

As can be seen from Fig. 5, the observed scattering on S1-3 is
significantly higher than that on SO, which is due to a significant dif-
ference in the mean scattering densities, p, equal to ca. 6-10'° and
1.76-10'° cm ™2, respectively. At the same time, decreasing the copper
concentration and increasing the soaking time in the reaction solution
also leads to an increase in the observed SANS, indicating a decrease in
the nuclear density homogeneity of the hydrogels at the micro- and
mesoscale. This result is consistent with the behavior of the transmission,

g-factor
2.2

2.6

24

2)---- 6.0%
3)— 8.4%
T T T T T T
2600 2800 3000 3200 3400 3600
magnetic field / G

Fig. 3. EPR data for the BC-PVT composite hydrogels for different Cu®* content.
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Fig. 4. SEM micrograph of SO (a, b) and BC-PVT hydrogel (c) of S1.

T, of the neutron beam passed through the sample (see Table 2), which is
inversely proportional to the integral scattering cross-section. Its
decrease also indicates increased nuclear density fluctuations in the
composite hydrogels compared to the BC nano-gel film.

At the qualitative level, common to all the studied samples on their
corresponding scattering curves dX(q)/d<, there occurs the presence of
three ranges in the transmitted momentum, g, where the scattering cross-
section behavior d=(q)/d@ obeys the power laws ¢~ with different
values of the exponent indices, A = nj, ny, and ns, respectively. In the
intermediate regions near the crossover points, q., (the transition points
from one scattering mode to the other), the behavior of the SANS cross-
section dX(q)/de is satisfactorily described by the exponential depen-

10° 4
107
10°

10° 3

10* 4

dz(g)/da, (cm™)
g

-
o
N
YT

10 3 dence (Guinier mode). In the region of large g > 1 nm™', scattering ceases
10° 4 to depend on g (becomes a constant). The latter is due to incoherent
y E scattering on hydrogen atoms abundant in BC and composite hydrogels.
107 5 . . . Thus, the observed scattering pattern in Fig. 5 is typical for scattering on
1072 10" 10° three-level hierarchical porous structures [12,50-52] with different

Momentum transfer, g (nm™") characteristic scales R. and types of aggregation for each of the levels.

This trend is similar to that of [21] for air-dried BC and hybrid
organic-inorganic composites based on it, containing Tb>",
metal-polymeric complex, as well as ZrO, nanoparticles.

Fig. 5. USANS and SANS differential cross-section d=(q)/d<2 for the samples of
reference BC (S0) and the complex [BC-PVT]-Cu?* (S1-3). Fits of experimental
data by Eq. (4) are shown as solid lines.

386
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Table 2

Micro- and mesostructural parameters of reference BC (S0) and organic-
inorganic composite hydrogels in the complex with Cu®* (S1-3) as obtained
from SANS measurements.

Sample S0 S1 S2 S3
™ 0.90 + 0.01 0.73+£0.01 0.68+0.01 0.66 + 0.01
G201078 (em™) 0.27 + 0.04 1.5+0.1 0.72+0.05 1.9+0.2
Ry (pm) 1.57 + 0.1 1.12+0.03 115+0.03 1.06 & 0.02
Bye10° (cm 'nm~ 2.0 + 0.4 1.0 +£0.1 1.0 + 0.07 12.0 + 1.0
n2:
)
ny=Dyor6-D,  291+003 —337+ —3.26 + —3.14 +
0.03 0.03 0.03
G10107° (em™) 400 + 30 1.1+£0.2 0.35+0.02 21+0.3
Rg1 (nm) 75+ 3 134+6 127 + 5 131+6
B1e10” (cm 'nm~ 100 £ 5 2.5+ 0.2 1.0 + 0.1 5.8 + 0.7
nl
)
n =6-Dy 328+0.03 3.98+0.03 3.99+003 4.01+0.03
Go (em™) 0.6 +0.1 138 + 13 9146 645 + 60
Rgo (nm) 3.5+ 0.3 16.1 + 1.0 18.6 £ 1.0 21.5 + 2.0
Bpe10* (em lnm” 7.4+ 0.4 22402 1.4 +0.2 0.8 +0.1
n
o)
ng=Dyor6-Dy  2.0+0.2 2.88+0.03 2864002 -
- - - 3.28 + 0.03
Tinc(em™) 0.083 + 0.35+0.03 0.25+0.03 0.33+0.03
0.008

Note: D T — neutron transmission.

Based on the above, a unified exponential-degree expression consid-
ering the presence of three structural levels in the scattering system
[53-56] was used to analyze in detail the USANS and SANS on the
air-dried BC nano-gel film and composite hydrogels [BC-PVT]-Cu?*:

d=(q) _§ TR,
0 - ; G;-exp| — 3 + +B; exp
) qZREM> {%rf(ng,/ Vo))’ ) +1 @
3 q mnc

The summation in (4) is performed through the three structural
levels. In the most general case, expression (4) implies 4 free parameters
for each ith structural level: G; is a Guinier prefactor, Ry; is the radius of
gyration, B; is a power prefactor, and n; is a power exponent. The single
parameter I, is some g-independent constant due to incoherent scat-
tering on the hydrogen atoms of the reference BC and hydrogels. For
obtaining the results (Table 2 and Fig. 5), Eq. (4) was convolved with the
installation resolution function (see Eq. (3)). The experimental de-
pendences of the differential scattering cross-section dX(q)/d€ were
processed using the method of the least-squares over the entire range
under study.

It is well known [3,11-14] that native BC contains 99% water and
presented network consisted of nanoribbons. Thus, even SO taken as
reference BC ought to save like SMS. Considering the fitted curve for SO
(Fig. 5), the analysis of neutron scattering cross-section dX(q)/df2 for
large q > 3010-2 A-! shows the Porod exponent ng equal to 2 on the “zero”
hierarchical level (Table 2). This value corresponds to scattering on
flattened inhomogeneities from nanoribbons with the thickness v/12Rg,
equal- to 12 nm [57]. On the next hierarchical level, the surface-fractal
clusters with fractal dimension Ds = 6 — n; = 2.72 and the character-
istic size, R, [(Ds +2)/D; ]1/2 ‘R, of 99 nm are formed (see Fig. 4b)
[58]. On the “second” hierarchical level, volume fractal aggregates are
formed by the surface fractal clusters of the “first” level with dimension
Dy = 2.91 and upper bound of self-similarity R.p &~ 2 pm.

The incorporation of Cu®* (2-6 w. %) to the IPN matrix, giving co-
ordination between pyridine nitrogen atoms in VT-units with copper (II)
ions, accounted for donor-acceptor interactions, leads to the formation of
metal-polymer complexes (MPC). Structural parameters of the supra-
molecular structure of organic-inorganic composite hydrogels in the
complex with Cu?* according to SANS measurements are tabulated in
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Table 2. The analysis of the small-angle scattering data of the composite
BC-[PVT-Cu?] reveals three levels of hierarchical structure.

In going from SO to composite hydrogels with Cu?* (S1-2), a range of
a “zero” structural level varies from 7¢10-2 A-! to 2¢10-2 A-! (Fig. 5). In
this case, the Porod exponents change from 2.0 to ca. 2.9, which indicates
the formation of a volume-fractal structure from a polymeric complex
around BC nanoribbons. (Since the amplitude of the scattering density of
the complex is 3 times higher than that of BC, the scattering is observed
on it.) The upper limit, Ry, of self-similarity for volume-fractal clusters is
21 nm (S1) and 24 nm (S2). The latter suggests that the polymeric coils of
PVT inside IPN form compact MPC with Cu?. It has turned out that the
value of n is a time-variant, and for 16 h of kept in a reaction solution, one
has a surface-fractal structure with a dimension, Dg = 2.72, and the upper
self-similarity boundary, R,, = [(Ds +2)/D;]"/? ‘Rg,, of 28.3 nm (S3)
instead of 8 h when a volume fractal structure is observed. The “first”
structural level presents the Porod surface with the exponent equal to ca.
4.0. At that, the width of the nanoribbon coiled by PVT chains in a
complex with copper (ID) ions is equal to Re, = /5/3R,, =173 (S1), 164
(S2), and 169 nm (S3), that is 164-173 nm. On the “second” structural
level, cellulose nanoribbons form the surface fractal aggregates with a
dimension of 2.63 < D; = 6 — n3 = 2.86 and upper bound of self-
similarity, R, = [(Ds +2)/Ds]"/*- Ry, = 1.49 (S1), 1.51 (S2), and 1.38
pm (S3). Thus, it turned out that the value, R, is greater than or equal to
1.38 pm. So, going to composite hydrogels in complex with Cu?* from
reference BC leads to SMS on the “second” hierarchical level from volume
to surface fractals.

5. Conclusions

Composite hydrogels have been synthesized based on bacterial cel-
lulose and PVT by radical polymerization in the presence of a polymer-
ization crosslinker for the first time. These hydrogels have the IPN
structure and absorb metal ions such as copper (II), forming a hybrid
system. Stabilization of the hybrid system is ensured by the formation of
coordination bonds between copper (II) ions and poly-1-vinyl-1,2,4-
triazole nitrogen atoms in the fourth position. Small-angle neutron
scattering demonstrates that the GxC scaffold plays a significant struc-
tural role in forming such polymeric complex systems, making these
hybrid hydrogels very promising in medicine. The approach presented in
this paper is only the first step toward obtaining composites that would
contain copper (0) nanoparticles since the interpenetrating polymer
networks synthesized can be an effective matrix for reducing copper (II)
to metallic nanoparticles for potential antibacterial or antifungal
applications.
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