friried applied
e sciences

Article

New Composite Materials with Cross-Linked Structures Based
on Grafted Copolymers of Acrylates on Cod Collagen

Semenycheva Ludmila *, Chasova Victoria

, Sukhareva Angelina, Fukina Diana, Koryagin Andrey *,

Valetova Natalia, Smirnova Olga and Suleimanov Evgeny

check for
updates

Citation: Ludmila, S.; Victoria, C.;
Angelina, S.; Diana, F; Andrey, K.;
Natalia, V.; Olga, S.; Evgeny, S. New
Composite Materials with
Cross-Linked Structures Based on
Grafted Copolymers of Acrylates on
Cod Collagen. Appl. Sci. 2023, 13,
5455. https://doi.org/10.3390/
app13095455

Academic Editor: Antonino Pollicino

Received: 30 March 2023
Revised: 25 April 2023
Accepted: 26 April 2023
Published: 27 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

The Research Institute for Chemistry, Lobachevsky State University of Nizhny Novgorod, pr. Gagarina 23,
603950 Nizhny Novgorod, Russia; tchasowa.vika@yandex.ru (C.V.); suharewa.ange@yandex.ru (S.A.);
nata-bor-2005@mail.ru (V.N.); biodeg@mail.ru (5.0.)

* Correspondence: llsem@yandex.ru

Abstract: This article presents new composite materials with cross-linked structures based on grafted
copolymers of collagen with acrylates, which were prepared under photocatalytic conditions using the
complex oxide RbTe; 5W( 50¢ and additional modifiers. Cross-linking agents for acrylate fragments
were used. Triethylene glycol dimethacrylate (TEDMA) was used in small volumes, and acrylic acid
(AA) was used in an amount similar to the MMA concentration. The properties of the obtained graft
copolymers were studied. Thus, collagen containing acrylate graft copolymers with cross-linked
structures, which are highly soluble in water, was obtained. Addition of the protein substrate modifier
(polyethylene glycol (PEG)) in an amount comparable to collagen resulted in a coagulate with a
cross-linked structure. The gel easily released water during drying in vacuum and formed a polymer
composite film. According to the results, the new polymer materials which were obtained were
fungi-resistant. Due to observed properties, the obtained polymer samples could be considered as
new materials for medical products, including colloidal solutions, gels, films.

Keywords: cod collagen; PMMA; graft copolymerization; complex oxide RbTe; 5W( 50¢; cross-linked

structure; modification; fungus resistance

1. Introduction

Environmental problems, which are the result of rapid technological development,
concern everyone. The most important problems among them include waste accumulation
and its impact on the environment. Therefore, the creation of a new generation of materials
with the required operational characteristics, including high reliability, is strongly linked
with the use of new approaches in synthesis. Nowadays, the principles of “green chem-
istry” are priority areas in chemistry. Photocatalytic materials based on metal oxides are
environmentally friendly alternatives to chemical sources of active particles in reactions.
They allow us to avoid excipients during synthesis, to reduce the number of stages in
the process, etc. The widely studied photocatalytic processes are water splitting with
hydrogen formation, decomposition of organic compounds, and polymerization transfor-
mations. The photocatalytic preparation of biomedical materials based on natural polymers
is particularly attractive. Modern polymer materials, which are capable of biodegradation
after usage, have less impact on the environment, which is economically beneficial. Such
research represents a new stage in the development of medical technologies that have
emerged at the intersection of medicine, biology, physics, chemistry, etc.

The development of new biodegradable materials requires active research in the field
of polymer chemistry; thus, hybrid materials based on natural and synthetic polymers have
been widely studied in the literature [1-6]. The most often used materials for this purpose
are collagen- or gelatin-based substances [6-9]. Previously, in our studies, grafted copoly-
mers PMMA-CC have been obtained by photocatalysis using complex oxide RbTe; 5sW( 504
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and characterized as promising reagents in green chemistry [10-15]. The composition and
structure analysis of these copolymers indicates the prospects for their use as precursors
for the production of biodegradable materials. In particular, it has been shown that grafted
methyl methacrylate copolymers with collagen undergo enzymatic hydrolysis, but at a
slightly lower rate than collagen [14]. Moreover, the most important characteristic of such
a copolymer is resistance to fungi [16], which leads to the production of fungi-resistant
coatings. However, grafted MMA copolymers on collagen can only be considered only
as precursors of biodegradable materials. The creation of special-purpose materials re-
quires the development of composites by introducing additional components with certain
characteristics [17-35]. Thus, the research on the creation of composite materials with the
inclusion of modifiers is significant and promising.

PEG is the most well-known and widespread modifier of the protein properties of
substrates in medical and pharmaceutical practice [17-20]. The Society for Nutrition and
Medicines of the USA (FDA) allows the use of PEG as a substance in medicine (production
of medicines), food, and cosmetology [17]; it is also used as a food additive (E1521) in the
EU and the Russian Federation [36]. The modification of proteins using PEG (pegylation)
leads to changes in the properties of the peptide substrate. For example, covalent bonds of
PEG with fragments of the amino acids lysine and arginine (carboxyl groups) prevent the
cleavage of modified molecules during proteolysis [22]. Covalent coupling with protein
often occurs with the nitrogen in the lysine amino group or with the histidine imidazole
group. Moreover, such bonds activate the PEG hydroxyl groups. In addition, materials
modified by PEG can form hydrogen bonds due to the hydrogen atoms of the main PEG
chain, significantly increasing its hydrodynamic radius. Other modifiers besides PEG are
also used.

Along with PEG, other modifiers are also used. Natural collagen (gelatin) is character-
ized by low chemical and mechanical stability, so, when “cross-linked” with various chem-
ical agents or physical exposure, its strength and elasticity are usually increased [23-34].
Moreover, “crosslinking” is possible with the formation of covalent [8,20,23,25-30,32-35]
and ionic [8,19,24,26,30] connections.

Changing the properties of natural polymers by adding chemical agents and modifiers
is promising for the creation of new materials. Thus, the aim of this work was to obtain
a composite material of a cross-linked structure based on grafted copolymer MMA and
collagen. The synthesis was carried out under photocatalytic conditions, with complex
oxide RbTe; 5W( 506 modifying the reaction mixture with additives at the start and at the
isolation stage. Thus, the following investigations were been carried out.

Adding PEG, which is the property modifier of protein substrates, allowed us to
control the composition and property changes of the resulting composite in comparison
to the PMMA-CC copolymer. Adding a cross-linking agent for acrylate formulations
(TEDMA and AA) in the initial reaction mixture led to the formation of an additional ionic
“crosslinking” in the composite after neutralization of the final product. A comparison of
the composition and properties of the resulting composite and the PMMA-CC copolymer
was presented. Neutralizing the solution of the final product allowed us to obtain coagulate
in the mixture. An analysis of the fungus-resistant properties of the new composite material
was performed.

2. Materials and Methods
2.1. Materials

Commercial reagents were used: acetic acid (analytical grade, Lega, Dzerzhinsk, Rus-
sia), sodium hydroxide (pure for analysis, Reahim, Moscow, Russia), acrylic acid (pure for
analysis, Sigma Aldrich, Burlington, MA, USA), triethylene glycol dimethacrylate (Him-
tranzit, Dzerzhinsk, Russia), and polyethylene glycol (M,, = 4000, Norkem, Dzerzhinsk,
Russia). A monomer, methyl methacrylate (pure for analysis, Sigma Aldrich, USA), was
used; it was purified from the stabilizer by sequential washing with sodium hydroxide
solution and with cold water until reaching a neutral pH. Then, it was dried using calcium
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chloride and distilled in a vacuum (1.33 Pa) at 40 °C. The complex oxide RbTe; s W 50¢
was obtained by the solid-state method, as described previously [37].

2.2. Isolation of Cod Collagen

Collagen was isolated according to the method described in [38] by extraction with
acetic acid for one day at room temperature. The resulting acetic acid dispersion was dried
to a constant weight under vacuum (1.33 Pa) at 50 °C.

2.3. Synthesis of Graft Copolymers under Photocatalysis Conditions

The emulsion was prepared by mixing 10% solution of CC and PEG with MMA, AA,
and TEDMA at various ratios. The complex oxide was added into the ratio emulsion:
catalyst = 180:1. The mixture was bubbled for 15 min with argon, then stirred (600 rpm)
and irradiated with a visible light LED lamp (LED, 30 W) in the argon current for 5 h.
After polymerization, the reaction mixture was centrifuged at 4000 rpm to separate the
catalyst. Toluene was added to the emulsion for the extraction of the organic phase; then,
the aqueous and organic phases were separated and analyzed. The dried aqueous phase
was washed with chloroform using a Soxlet extractor at 61 °C for 10 h.

All compositions of the obtained samples are presented in Table 1.

Table 1. Compositions of the obtained copolymers.

Sample Content Ratio of Components, wt.% Grafting, %
CCC-1 CC:MMA:TEDMA:AA:water 4.35:4.35:0.03:4.34:86.95 29
CCC-2 CC:MMA:TEDMA:AA:water 8.00:6.00:0.05:6.00:79.95 26
CCC-3 CC:MMA:TEDMA:AA:PEG:water 7.7:3.80:0.05:3.80:7.7:76.88 61

2.4. Analysis of Molecular Weight Characteristics by GPC

Molecular mass characteristics were determined by gel-penetrating chromatography
(GPC). Aqueous solutions were analyzed using a high-performance liquid chromatograph,
manufactured by Shimadzu CTO 20A/20A C (Japan), using LC solutions. Separation
was performed using a Tosoh Bioscience TSKgel g3000swxl column with a pore diameter
of 5 microns and a low-temperature light scattering detector (ELSD-LT II). The eluent
consisted of 0.5 M acetic acid solution, the flow rate was 0.8 mL/min, and narrowly
dispersed dextran standards with a molecular weight range (MW) of 1-410 kDa (Fluca)
were used for calibration.

2.5. Scanning Electron Microscopy

The surfaces of the copolymer samples were studied using a scanning electron mi-
croscope JSM-IT 300 (Jeol Ltd., Tokyo, Japan) with an electron probe diameter of 5 nm
(operating voltage 20 kV), using detectors of low-energy secondary electrons and backscat-
tering electrons in low vacuum mode to prevent the samples from charging.

2.6. Elemental Analysis of Copolymers

The analysis of the samples was carried out by the CHNS analysis method on the
Vario EL cube element analyzer for simultaneous determination of CHNS(O).

2.7. Freeze Drying

The sponges of the samples were obtained by lyophilic drying. The solvent was
distilled under vacuum (1.33 Pa) using deep freezing by liquid nitrogen.

2.8. Tests of Polymer Films for Resistance to the Action of Microscopic Fungi

Tests for fungus resistance were carried out according to GOST [39], using method 1.
Samples of the films were placed in a Petri dish; then, their surfaces were inoculated
with a spore suspension of micromycete test cultures—active decomposers of polymeric
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materials: Aspergillus oryzae F-2096, Aspergillus niger F-1119, Aspergillus terreus F-1025,
Chaetomium globosum F-109, Paecilomyces variotii F-378, Penicillium funiculosum F-1115,
Penicillium chrysogenum F-245, Penicillium cyclopium F-245, and Trichoderma viride
A-1117. Petri dishes containing the prepared samples were placed in a thermostat. The tests
were carried out for a period of 28 days at temperature of 29 & 2 °C and humidity of more
than 90%. At the end of the experimental period, the fungal resistance of the samples was
evaluated on a 6-point scale (Table 2). The area of biofouling and the degree of micromycete
development on the samples were taken into account for fungal resistance evaluations.

Table 2. Evaluation of the fungal resistance of samples.

Score Score Characteristic
0 The germination of spores and conidia was not observed under a microscope
1 Germinated spores and slightly developed mycelium were visible under

a microscope

A developed mycelium was clearly visible under a microscope; sporulation

2 could be also observed

3 Mycelium and/or sporulation were barely visible to the naked eye, but
clearly visible under a microscope

4 The development of fungi was clearly visible to the naked eye, covering less
than 25% of the test surface

5 The development of fungi was clearly visible to the naked eye, covering

more than 25% of the test surface

Samples are considered fungi-resistant if the growth of fungi does not exceed a score of 2.

3. Results and Discussion

It has previously been shown that grafting MMA on CC in an aqueous dispersion
under visible light irradiation (A = 400-700 nm) of the complex oxide RbTe; sW( 504 is
associated with a series of transformations:

e  Theirradiated complex oxide generates electron—hole pairs, which leads to different
radical formations [37,40]. There is a possibility of several chemical reactions occurring
in the mixture. Collagen and MMA grafting are associated with an extremely active
hydroxyl radical in the aqueous dispersion (Figure 1).

e  The hydroxyl radical forms oxygen- or carbon-centered radicals, which are more stable
than the HOe radical in the collagen macromolecule. It is related to separation of
the hydrogen atom from the hydroxyl group in the amino acid residue (for exam-
ple, hydroxyproline) or the hydrocarbon part of the amino acid residue molecule
(for example, alanine) [41]. These radicals interact with the monomer and form a
grafted synthetic fragment. Simultaneously, there is MMA grafting on the surface of
RbTe; 5W( 504, and the formation of the MMA polymer is due to the reaction between
hydroxyl radical and monomer [10]. Schematically, the reactions that occurred in a
mixture of catalyst, MMA, and CC are shown in Figure 1.

Evidence of PMMA grafting on collagen was the data of physicochemical analysis
for the polymer isolated from the aqueous phase [10]. The curves of the molecular weight
distribution (MWD) of the PMMA-CC graft copolymer were shifted to the region with high
MW. Moreover, the MW values had increased in comparison to collagen. A comparison of
the IR spectra for the PMMA-CC graft copolymer, collagen, and PMMA indicated that all
of the characteristic bands of collagen and PMMA were observed for the graft copolymer.
According to elemental analysis, the nitrogen content was decreased due to the grafting
of a nitrogen-free synthetic fragment. The SEM results showed a new structural relief
organization of the PMMA-CC graft copolymer in comparison to the initial collagen. This
can be related to the compaction of the collagen fibers of the structural matrices.
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Figure 1. Schemes of different interactions between the hydroxyl radical and the substrate during
photocatalytic polymerization.

The effect of adding modifiers to the structure and properties of collagen with acrylate
graft copolymers was controlled by the same physicochemical characteristics. It is impor-
tant to note that collagen isolated from any natural substrate, even the most delicately as a
high-molecular-weight polymer with MW ~300 kDa, does not have sufficient mechanical
strength. This is related to the destruction of intra- and intermolecular cross-links in a
solution, which are formed during the biosynthesis of collagen in vivo and give its fibrils
a stable structure, mechanical strength, and resistance to enzymes. In this regard, an im-
portant step in the creation of any collagen material is the development of cross-linking
conditions that provide mechanical strength and stability for the duration that the ma-
terial is used. In this case, cross-linking agents were used for collagen fibers of various
natures [23-34].

This work considers collagen with copolymers of acrylates; therefore, a non-traditional
approach was used. Cross-linking agents for acrylate fragments, such as TEDMA and
AA, were added into the initial reaction mixture to form an additional ionic “crosslink” in
the composite after neutralization of the final product. The formation of cross-links was
expected (Figure 2a,b).

The synthesis of copolymer CCC-1 using photocatalysts was carried out similarly to
that described earlier [10], by adding TEDMA and AA. The organic and aqueous phases
were separated after synthesis. The aqueous phase consisted of a stable homogeneous
solution of a white polymer product (Figure 3a). Purification of the grafted copolymer from
AA and TEDMA residues was carried out by toluene extraction, and samples were dried
in a vacuum. Insignificant amounts of organic polymer (less than 1%) were isolated from
toluene extract after synthesis by precipitation with ethanol.

The study of the nitrogen content in the polymer product, isolated and neutralized
from the aqueous phase, indicated the formation of collagen along with acrylate graft
copolymer formation (Figure 4). This value, as well as that of the collagen content, were
close to that of a copolymer without cross-linking additives. The results of the elemental
analysis did not change after washing the copolymer with chloroform in the Soxlet extractor.
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Figure 2. Scheme of (a) covalent cross-linking involving TEDMA; and (b) ionic cross-linking in a
composite with acrylic acid fragments after neutralization of the final product.
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Figure 3. Photographs of (a) CCC-1 solution and (b) CCC-3 gel.
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Figure 4. The contents of nitrogen and collagen in the samples, according to elemental analysis.

The most interesting information can be gathered from the SEM results of CCC-1
(Figure 5c¢,d) in comparison to the CC (Figure 5a) and PMMA-CC graft copolymers
(Figure 5b). It is likely that, due to ionic cross-linking (Figure 2b) during the polymer
solution neutralization and to the use of TEDMA, a matrix with a fine cellular structure
was formed. Examples of such cross-linking have been described previously in the
literature [24,26]. At high magnification, collagen fibers densified by the grafted synthetic
fragment can be observed (Figure 5d).

The CCC-1 copolymer in water is a homogeneous phase, as shown in Figure 3a, and no
coagulation occurs when an acidic solution is neutralized by alkali. At the same time, it was
not possible to estimate the molecular weight parameters of the resulting CCC-1 copolymer,
because it was retained on a filter with a pore size of 0.45 um during the preparation
of the polymer solution for GPC analysis. The filtered aqueous phase contained CCC-1
(~98% of the polymer product in solution), which was not integrated into the matrix, and
low-molecular-weight collagen with MM ~10 kDa and ~20 kDa.

In the next series of experiments, the CC content was increased in order to suppress
the formation of a synthetic polymer. In the case of the copolymer CCC-2, after synthesis,
the organic phase was absent. This is extremely important because the process did not
require an organic phase separation step. The aqueous phase, as in the previous experiment,
consisted of a stable homogeneous solution of a white polymer product. The increase in
CC in the reaction mixture led to a slight increase in the nitrogen content in the polymer
in comparison to the first synthesis, as well as a corresponding decrease in the content of
the synthetic fragment in the polymer. The organic polymer was not isolated from toluene
extract after synthesis by precipitation with ethanol. A comparison of the SEM results
for the CCC-2 samples (Figure 5f) with those previously described (Figure 5a—d) showed
the formation of a matrix with a fine cellular structure. This can be explained by ionic
cross-linking during the neutralization of the polymer solution with TEDMA, just as in
the case of the CCC-1. It can be noted that the scatter of cell sizes was greater than that
in the CCC-1 samples. Moreover, it was not possible to estimate the molecular weight
parameters of the resulting CCC-2 copolymer because it remained on a filter with a pore
size of 0.45 pm during the preparation of the polymer solution for GPC analysis. CCC-2
(~99% of the polymer product in solution) was observed in the filtered aqueous phase.
It was not integrated into the matrix nor the low-molecular-weight collagen, with MM
~10 kDa and ~20 kDa.
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Figure 5. SEM images of (a) native collagen [10], (b) PMMA-CC graft copolymer [10], (c,d) CCC-1
graft copolymer, (e) CCC-2 graft copolymer, and (f) CCC-3 graft copolymer.

At the ratio of components in the CCC-3 copolymer, the organic phase was absent after
the synthesis, just as in the case of CCC-2. Before adding the sodium hydroxide solution,
the aqueous phase, as in the previous examples, consisted of a stable homogeneous solution
of a white polymer product without delamination. However, after adding an alkali solution
up to a pH of ~7, coagulation of the polymer product was observed with the gel formation
(Figure 3b). The resulting gel easily released water; then, it was dried in a vacuum and
formed a film made up of a polymer composite.

Gelation after PEG addition to the composition can be explained by additional radical
processes. Firstly, it can occur due to interactions between PEG and hydroxyl radicals
during synthesis, as in the case of collagen. Secondly, it can observed due to the detachment
of a hydrogen atom from the hydroxyl group in PEG, according to scheme (1) (Figure 6).
Finally, the hydrocarbon portion of the PEG molecule, according to scheme (2) (Figure 6),
can form radicals in the PEG macromolecule.
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These radicals were active in all radical transformations in the reaction mixture. They
were able to interact with the monomer and form a grafted synthetic fragment, participate
in the chain transfer reaction, or in the disproportionation reaction with another active
radical, i.e., form additional covalent bonds in the resulting material. Moreover, as noted
earlier [22], PEG formed covalent bonds with amino acid fragments of lysine and arginine
(Figure 7).
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Figure 7. Scheme of the PEG interaction with amino acid residues of collagen, with the example
of lysine.

In all cases, PEG acted as a neutral hydrophilic component to ensure steric stabilization
of the polymer composite [17-22]. The chemical interactions during the preparation of new
materials and the neutralization of the reaction mixture led to gel coagulation.

The addition of PEG into the reaction mixture led to a noticeable decrease in the
nitrogen content and, accordingly, collagen in the polymer, in comparison to the previously
obtained samples. SEM results for the CCC-3 (Figure 5f) samples showed a matrix with a
fine cellular structure in comparison to CCC-1 and CCC-2 (Figure 5c—f). This was related
to cross-linking chemical reactions in the reaction mixture occurring during the polymer
solution neutralization. It can be noted that the morphology of CCC-3 was very similar to
CCC-1 in terms of the cellular structure’s uniformity.

Similarly to the previous cases with cross-linking agents in the synthesis, it was not
possible to estimate the molecular weight parameters of the resulting CCC-3 copolymer,
because it remained on a filter with a pore size of 0.45 um while the polymer solution was
prepared for GPC analysis. The filtered aqueous phase contained CCC-3 and PEG, which
were not integrated into the matrix (with the ratio of graft copolymer to PEG being 1:1).

It is important to note that materials based on natural polymers, including those
that contain collagen, are easily damaged by biological agents, such as microscopic fungi,
under operating conditions [42,43]. It has already been determined that the PMMA-CC
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copolymer has fungal resistance due to the content of RbTe; sW( 504 oxide particles in
micro-amounts, with sizes of <100-200 nm [16]. It was necessary to determine whether the
fungus-resistant properties of the material were preserved after adding specific components
into the composite, such as PEG, AA, and TEDMA. The presence of dispersed catalyst
particles can be seen in all SEM images in Figure 5. During the experiments, it was shown
that the growth of fungi on polymer films CCC-1, CCC-2, and CCC-3 was 0 points. This
suggests that these materials are not a food source for fungi.

Biostability is a critical property of medical polymer composites, because it determines
the long-term function of a particular biomedical device.

4. Conclusions

The properties of collagen with graft copolymers of acrylates synthesized using pho-
tocatalysis with the complex oxide RbTe; sW( 504 and the addition of different known
modifying additives were studied.

It was shown that the synthesis of cod collagen with acrylate graft copolymers, after
adding triethylene glycol dimethacrylate in small volumes and acrylic acid in amounts
comparable with the concentration of methyl methacrylate after neutralization, leads to the
formation of a cross-linked polymer material that is readily soluble in water.

It has been established that the synthesis of cod collagen with acrylate graft copolymers
after adding triethylene glycol dimethacrylate in small volumes, acrylic acid in an amount
comparable with the concentration of methyl methacrylate, and polyethylene glycol in an
amount comparable with the amount of collagen after neutralization, leads to a coagulate
with a cross-linked structure. The gel easily releases water while being dried in a vacuum,
and forms a film of polymer composite.

Composite materials based on fish collagen with modifiers such as TEDMA, AA, and
PEG, obtained by photocatalysis, are fungus-resistant.

Thus, the results indicate the feasibility of using modified materials based on copoly-
mers of methyl methacrylate and fish collagen, prepared by photocatalysis in the presence
of RbTe; 5W( 504 oxide, to obtain a wide range of medical products, including colloidal
solutions, gels, and films. The fungal resistance of materials during product operation is
especially important.
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