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Abstract—The review summarizes studies on modification of fish collagen and pectin to obtain the branched
and three-dimensional structures. They are biodegradable and biocompatible sealants prepared via radical graft
copolymerization under photocatalysis in the presence of a RbTe, sW, ;04 complex oxide of a -pyrochlore struc-
ture, including the variation of composition of a initial reaction mixture, and via the isolation stage by intro-

duction of known modification additives.
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INTRODUCTION

Biodegradable and biocompatible sealants for
medical purposes occupy a special place in practice.
They are materials to cover wound and burn surfaces,
disposable absorbent products, fasteners in the treat-
ment of fractures, scaffolds for cell technologies, etc.
The natural polymer materials are widely used for
these purposes: proteins and polysaccharides or syn-
thetic biocompatible polymers. Currently, the devel-
opment of biodegradable and biocompatible compos-
ite structured materials based on natural polymers,
among which collagen or its denatured analogue (gel-
atin) and polysaccharides occupy the leading posi-
tions, is preferred [1—10]. An environmental advan-
tage of a starting material (natural renewable raw
materials, most often industrial waste, and the pros-
pects for widespread use in various fields) is added to
those of new materials. This is also typical of collagen,
which is obtained from waste of processed integumen-
tary tissues of animals and fish, and of many polysac-
charides [2, 11]. Pectin, a polysaccharide discussed in
this review, is extracted from waste of processed vege-
tables and fruits [12, 13].

The aim to develop the structured composite mate-
rials based on natural fibrillar polymers is to create a
three-dimensional architecture of macromolecules
while maintaining biocompatibility/biodegradability
and controllable degradation time to acquire new
mechanical properties [1—11]. The preparation of
three-dimensional structures in the case of collagen and
pectin is possible only via modification of a starting nat-
ural polymer. A branched and three-dimensional archi-
tecture of macromolecules is created by various chem-
ical agents or under physical action [2, 7, 14, 15].

Moreover, the “cross linking” to form covalent and
ionic bonds is possible. One interesting technique for
this purpose is the synthesis of copolymers. A variety
of approaches are used, but it is more practical to use
radical block and graft copolymerization processes of
natural polymers with synthetic fragments with the
addition of cross-linking agents [1, 2, 16—22]. The pri-
ority areas in this case are studies consistent with the
principles of a “green chemistry,” in particular, photo-
catalysis in the presence of complex metal oxides.
They are assigned to an environmentally friendly alter-
native to chemical sources of active particles in reagent
transformations. The compounds with a perovskite
structure and their derivatives were described initially in
review papers [23]. Later, the structure and properties of
pyrochlore compounds were studied actively [24, 25].

Despite the fact that titanium dioxide was previ-
ously used most often in water- and air-purification
devices [25, 26], it is assigned to wide-gap semiconduc-
tors, whose bandgap is within 3.0—3.4 eV depending on
formation method. This leads to its intense absorption of
light only in the ultraviolet region of optical spectrum.
Ultraviolet radiation in the solar spectrum, however,
accounts for about 5% of the energy [27]. The develop-
ment of new active photocatalysts capable of absorbing
visible radiation is an important direction in the theory
and practice of heterogeneous photocatalysis from the
point of view of efficient use of solar energy. These
include B-pyrochlore type complex oxides. Photocata-
lytic oxidation with their participation in visible light is
known for the decomposition of various pollutants in
water and air [28, 29]. The use of photocatalysis to pro-
duce polymer materials has been less studied [30—34],
although it seems to be promising and interesting.
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Fig. 1. MMD curves of initial collagen and grafted
PMMA/PBA—collagen copolymers.

When an aqueous dispersion of complex
B-pyrochlore structural type oxides is irradiated with
visible light, the reaction volume contains various
active particles—charged particles, radicals, singlet
oxygen, and hydrogen peroxide—which are capable of
destroying organic and any other compounds [35].

The aim of this review is to summarize the studies
on modification of fish collagen and pectin to obtain
the branched and three-dimensional structures via
radical graft copolymerization using photocatalysis in
the presence of a RbTe, sW, ;04 complex oxide with a
pyrochlore structure. This also included the variation
of a composition of a initial reaction mixture and the
isolation stage via introduction of known modification
additives.

1. THEORETICAL BACKGROUND
OF CONCEPT OF OBTAINING
THREE-DIMENSIONAL
POLYMER STRUCTURES
UNDER PHOTOCATALYSIS CONDITIONS

The irradiation of a complex B-pyrochlore struc-
tural type oxide upon contact with water leads to the
formation of electron—hole pairs, which can lead to
some transformations including the formation of rad-

ical particles [35]. The HO;, O;, and HO' particles are
radicals. Nevertheless, only a hydroxyl radical has a
tendency to radically interact with organic substrates
[36, 37]. Its characteristic reaction is the elimination
of a hydrogen atom from an organic substrate to form
water and the corresponding radical [38]. If the pro-
cess proceeds in water in contact with air, the addition
of an oxygen molecule to form a peroxide radical and
the subsequent oxidation of an organic substrate are
quite possible. If the process is performed in an inert
gas atmosphere, a radical of an organic substrate,
much more stable than hydroxyl one, is capable of
radical transformations: the recombination, addition
to a multiple bond, etc. [39]. The structural units of
collagen and pectin are fragments with hydrocarbon
sections and ones containing a hydroxyl group. Colla-
gen and pectin macroradicals are formed after the
elimination of a hydrogen atom from these fragments.
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The addition of synthetic polymer fragments to
natural polymer macroradicals or the grafting of syn-
thetic fragments onto a natural polymer macromole-
cule is quite possible during the dispersion of water
and vinyl monomer in inert gas atmosphere. A
branched copolymer will be obviously formed during
grafting if chain termination proceeds through a dis-
proportionation reaction (a reaction characteristic of
methyl methacrylate [39]) or chain transfer to poly-
mer. Cross links can be formed between macromole-
cules of a natural polymer due to the termination reac-
tion of polymer chains of synthetic fragments via
recombination. This reaction is typical for butyl acry-
late [39]. Section 2 describes experimental data to
realize such grafting.

2. SYNTHESIS OF GRAFTED ALKYL
METHACRYLATE COPOLYMERS
ON FISH COLLAGEN AND APPLE PECTIN
UNDER PHOTOCATALYSIS CONDITIONS

Polymethyl methacrylate (PMMA) and polybutyl
acrylate (PBA) copolymers grafted onto fish collagen
were prepared under photocatalysis in the presence of
RbTe, sW, ;04 and characterized. These monomers
were chosen due to the fact that alkyl methacrylate
(AMA) copolymers are widely used in medical prac-
tice. Composite materials containing AMA are already
widely used in medicine, in particular, in dentistry for
artificial jaws and teeth, for fillings, and in manufac-
ture of prostheses, contact lenses, and artificial lenses
[40]. Natural polymer copolymers with AMA (hyal-
uronic acid [41, 42] and collagen [43, 44]) are used as
fillers in cosmetology for decades. The materials based
on copolymers of various synthetic monomers and
natural polymers were prepared for regenerative med-
icine in recent years [31, 32].

The graft copolymerization process was performed
in aqueous dispersion of a mixture of natural poly-
mers, dissolved in aqueous phase, together with
methyl methacrylate (MMA) and butyl acrylate (BA)
organic monomers at temperatures of 20—25°C. Nat-
ural polymers dissolved in water are also nonionic
emulsifiers [45—50]. Cod collagen isolated according
to the method of [51] and Pudov commercial apple
pectin (used without additional purification) were
used as natural polymers.

The analysis of a polymer product isolated from the
aqueous phase indicates that the grafted copolymers
are formed. The fact that synthetic fragments are
grafted onto a natural polymer is provided by the fol-
lowing data.

(1) An increase in total mass of a polymer product
in comparison with native natural polymer by
13—30%.

(2) An increase in molecular weight of the grafted
copolymer compared to native natural polymer. Fig-
ure 1 shows such changes (collagen as example):
MMD curves of initial collagen and the copolymers
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grafted with PMMA and PBA. This shift appears due
to the grafting of synthetic fragments onto collagen.

(3) In the case of grafted collagen copolymers, the
amount of nitrogen decreases compared to that of ini-
tial natural polymer (Table 1). It is worth noting that
the amount of copolymer grafted with PMMA and
PBA remains almost unchanged.

(4) The microstructure of copolymers was studied
with a scanning electron microscopy (SEM) (Fig. 2).
Comparison of photographs of collagen sponges
(Fig. 2a) and its copolymers grafted with PMMA
(Fig. 2b) and with PBA (Fig. 2c), as well as pectin
sponges (Fig. 2d) and its copolymer grafted with
PMMA (Fig. 2e), shows a noticeable difference in
morphology, which is seen clearly in the compaction
of fibers of structural matrices in the grafted copoly-
mers. They appear as films in SEM photographs,
because the surface of synthetic fragments has no spa-
tial shape. In addition, the cellular structure of the
copolymers with interpenetrating pores of different
sizes is clearly visible. Moreover, if a clear fibrous
structure is visible on collagen films dried in vacuum

617

Table 1. Properties of polymer products

No.| Starting substrate Ma_ss fraction Ampunt of collagen
of nitrogen, % in sample, %
1 | Collagen 16.2+ 1.6 100
PBA—collagen 11.8 £ 1.2 66.3+7
3 |PMMA-—collagen| 12.1 £1.2 68 +7

(Fig. 2h), the PMMA—collagen graft copolymer film
has a more complex surface (Fig. 2i): the formation of
bulky three-dimensional structures is due to cross+
linking. IR spectroscopy data showed that collagen
film has the absorption bands characteristic of pro-
teins: 1600—1700 cm~! (NH and C=0 bonds), 1510—
1570 cm™! (in-plane deformation vibrations of an NH
bond), 1200—1350 cm~! (deformation vibrations of
C—N and NH bonds), and 1720—1730 cm™! (valence
vibrations of a carboxyl group C=0). The IR spectrum
of PMMA also has an absorption band at 1720—
1730 cm™! assigned to valence vibrations of a carboxyl
group C=0. A comparison of the IR spectra of the

Fig. 2. SEM images of lyophilically samples: (a) initial cod collagen (CC), (b) graft copolymer of collagen with PMMA, (c) graft
copolymer of collagen with PBA, (d) initial pectin, (e) graft copolymer of pectin with PMMA, (f) CCC-1, (g) CCC-2, (h) colla-
gen films, and (i) films of graft copolymer of collagen with PMMA.

POLYMER SCIENCE, SERIESD Vol.17 No.3 2024
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Fig. 3. IR spectra of (a) (/) collagen, (2) PMMA-—collagen graft copolymer, (3) PMMA obtained using azoisobutyric acid dini-
trile as initiator; (b) (/) pectin, (2) PMMA obtained using azoisobutyric acid dinitrile as initiator, (3) PMMA—pectin graft copo-

lymer.

PMMA—collagen and PBA—collagen grafted copoly-
mers with those of collagen and polyalkyl methacry-
lates indicates that the grafted copolymers exhibit all
the bands characteristic of collagen and synthetic
polymers. Figure 3a shows such comparative data
(collagen and its copolymer grafted with PMMA as an
example). Similarly, the IR spectrum of the PMMA—
pectin graft copolymer (Fig. 3b) shows a characteristic
absorption band at 1720—1730 cm™' assigned to
valence vibrations of a carboxyl group C=0. This also
confirms the structure of PMMA observed there.

The grafting of synthetic fragments of PMMA and
PBA onto natural polymeric macromolecules (colla-
gen and pectin), therefore, leads to the formation of
branched natural macromolecules and cross links
between them. At the same time, it should be noted
that the cross linking formed between the natural

POLYMER SCIENCE, SERIES D  Vol. 17

polymer macromolecules, which distinguishes the
copolymer from starting substrate, does not lead to the
coagulation of the copolymer. The results presented in
this chapter indicate that AMA copolymers grafted on
natural polymers can only be considered as a basis to
obtain three-dimensional structures, the constituent
components of gels.

3. MODIFICATION OF GRAFT COPOLYMERS
UNDER SYNTHESIS CONDITIONS

The formation of gels via introduction of additional
components with certain properties is the most com-
mon method. The most widespread modifier of the
properties of protein substrates in medical and phar-
maceutical practice is a polyethylene glycol (PEG)
[52, 53]. The US Food and Drug Administration

No.3 2024
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(FDA) approved PEG as a substance for use in medi-
cine (production of drugs), food, cosmetology, and as
an E1521 food additive in the EU countries and in the
Russian Federation [54]. The modification with PEG
(pegylation) changes the properties of a peptide sub-
strate primarily due to hydrogen bonds of hydrogen
atoms of a PEG main chain, which significantly
increases its hydrodynamic radius. Considering low
natural chemical and mechanical stabilities of colla-
gen (gelatin), it is “cross linked” with various chemical
agents to improve these characteristics or its strength,
firmness, and elasticity are increased by physical
impact. A change in properties of a PMMA copolymer
grafted on collagen was studied under photocatalysis
in the presence of a Rble, sW,;0, complex oxide
during the modification of a composition of a initial
reaction mixture and during the isolation stage
through the introduction of known modification addi-
tives. The following techniques were used.

(1) A modifier of properties of protein substrates
(PEG) was introduced into starting reaction mixture,
and its influence on the composition and properties of
a resulting composite was monitored in comparison
with a PMMA-—collagen copolymer.

Growing
MMA radical

Grafted copolymer
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(2) The composition of a starting reaction mixture
was supplemented with a cross-linking agent for acry-
late compositions (triethylene glycol dimethacrylate
(TEDMA) and acrylic acid (AA)) to form an ionic
“cross link” besides the natural one for proteins in the
composite after neutralization of a final product.
Their influence on the composition and properties of
the resulting composite was assessed in comparison
with a PMMA-—collagen copolymer.

(3) The solution of a final product was neutralized
to obtain a coagulate in the mixture.

The changes in structure and properties of
PMMA-—collagen grafted copolymers due to the
action of modification additives were controlled by
physicochemical properties.

Cross-linking agents for acrylate fragments
(TEDMA and acrylic acid) were added to a starting
reaction mixture to obtain cross links between colla-
gen fibers. Cross links are formed in accordance with
the introduced additives: TEDMA forms a transverse
fragment (Scheme 1), and an additional ionic “cross
link” in the composite containing acrylic acid frag-
ments is formed after neutralization of the aqueous
dispersion of the final product (Scheme 2) [49].

Transverse
covalent A
cross linking

Scheme 1.

of collagen and PMMA
Acrylic acid
o residue
\ C//0 y //O
N\, \OON?IT

HoN—(H,C)y

Lysine residue

The aqueous phase is a stable homogeneous solu-
tion of a white polymer product color after synthesis
with a ratio of CC : acrylic monomers : TEDMA =1 :
2:0.007 (CCC-1) and a twofold increase of collagen
in starting reaction mixture in comparison with
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Scheme 2.

YDissociation
in aqueous_q8
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Cross -7,

linking
HoN—(H,C)4

CCC-1 (CCC-2). It remains in this state after neutral-
ization with sodium hydroxide (Fig. 4a) [49]. An
amount of nitrogen in the CCC-1 and CCC-2 samples
is comparable to that in the PMMA-—collagen graft
copolymer (Fig. 4c¢). The comparison of SEM images
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analysis data.

(Fig. 3) of the CC, CCC-1, and CCC-2 samples
(Figs. 3a, 3f, 3g) indicates that a matrix with a fine cel-
lular structure was formed in the sample due to addi-
tional cross linking. It is clearly visible that the colla-
gen fibers are compacted with a grafted synthetic frag-
ment [49].

It was impossible to assess the molecular weight
parameters of the resulting CCC-1 and CCC-2 copo-
lymers: they remained on a filter with a pore size of
0.45 um after preparation of the polymer solution for
GPC analysis. The starting CCC-1 not incorporated
into the matrix (its proportion in the solution after fil-
tration was ~98%) and low-molecular-weight collagen
with a molecular weight (MW) ~10 and ~20 kDa
remained in the filtered aqueous phase.

POLYMER SCIENCE, SERIES D  Vol. 17

When the composition of the starting reaction mix-
ture was supplemented with a PEG modifier (CCC-3)
in an amount that multiple of the collagen in the
CCC-2 mixture, the aqueous phase after synthesis
before adding sodium hydroxide solution was a stable
homogeneous solution of the polymer white product
without delamination as in previous cases. The coagu-
lation of the polymer product, however, is observed
after addition of alkali solution to pH ~7 to form a gel
(Fig. 4b). The resulting gel easily releases water during
drying in vacuum and forms a film of a polymer com-
posite. Such a fibrillar gel is in demand as a base in the
medical, pharmaceutical, and food industries.

When PEG is added to the composition, the gela-
tion is due to additional radical processes with its
participation. First, this is due to its interaction

No.3 2024
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during the synthesis process with a hydroxyl radical,
as in the case of collagen, owing to the elimination of
a hydrogen atom from hydroxyl group of PEG
(Scheme 3 (1)) or from a hydrogen atom of a hydro-
carbon part of a PEG molecule (Scheme 3 (2)) to
form radicals in the PEG macromolecule. These new
radicals formed on the PEG surface are active in all
radical transformations in the reaction mixture. They

621

interact with the monomer and form a grafted syn-
thetic fragment or participate in the chain transfer
reaction or disproportionate with another active rad-
ical. In other words, they form additional covalent
bonds in the material. Second, as noted earlier [55],
PEG forms the covalent bonds with fragments of
lysine and arginine amino acids (Scheme 4).

HoN—(H,C)y

Lysine residue

Scheme 4.

The prospect of using the structured collagen
materials in various fields is, as already noted, due to
their biocompatibility and biodegradability. The bio-
degradability plays an important role for various rea-
sons. It is important from environmental point of view
that any materials of this type will be destroyed under
the action of biological substrates in nature: enzymes,
bacteria, etc. When they are used in scaffold technol-
ogies, the destruction of a scaffold under the action of
body enzymes is important during their operation.
Collagen is destroyed much more rapidly: within a few
minutes, to low molecular weight and oligomeric
macromolecules [56—58]. It was important to find
whether fragments of synthetic polymers decrease the
rate of enzymatic hydrolysis in this regard.

Enzymatic hydrolysis was studied in the presence
of proteolytic enzymes for PMMA copolymer samples
grafted onto collagen [46]. PMMA-—collagen was
hydrolyzed with pancreatin in neutral medium, mon-
itoring the change in molecular mass characteristics of
the protein for 3 days. The data obtained allow one to
conclude that synthetic fragments grafted onto a col-
lagen macromolecule do not prevent the hydrolysis of
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peptide macromolecules, but change the destruction
rate of polymers: the destruction proceeds much more
slowly (Fig. 5). The hydrolysis proceeds much more
slowly in the case of grafted copolymers in comparison
with collagen, which decomposes much rapidly and
predominantly to peptides with a molecular weight of
~10 kDa (Figs. 5a, 5b). In addition, the ratio of frac-
tions with MWs of ~10 and 20 kDa differ significantly
less, and they are changed symbatically (Figs. 5c, 5d). An
amount of the polymer with MW of more than 20 kDa is
~70% an hour after the start of the process. Monitor-
ing the process of enzymatic hydrolysis for three days
indicates a gradual decrease in an amount of the poly-
mer with MW of more than 20 kDa to almost zero val-
ues and a decrease in MW to 20 and 10 kDa.

The time of enzymatic hydrolysis of material can be
obviously varied when initial collagen graft copolymer
is modified through the introduction of modification
additives. This allows one to consider the obtained
materials to be promising for medical sealants for clos-
ing wound and burn surfaces and for disposable absor-
bent products, as well as for creating scaffolds in tissue
engineering.
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CONCLUSIONS

A series of studies to modify fish collagen and pec-
tin to obtain branched and three-dimensional struc-
tures via radical graft copolymerization under photo-
catalysis in the presence of a RbTe, sW, ;04 complex
oxide with a pyrochlore structure showed the possibil-
ity of grafting synthetic fragments onto natural poly-
mers under mild conditions and irradiation with visi-
ble light. The variation of the composition and the
introduction of known modification additives into the
starting reaction mixture in the case of collagen as a
initial material made it possible to obtain a fibrillar gel.
Such a material is as a base in demand in the medical
industry and can be widely used to obtain various
forms—films, wound coverings, and components—in
scaffold technologies, and in targeted drug delivery.

Extensive future studies will be required to fully
characterize fibrillar gels to gain a thorough under-
standing of their potential in practical applications.
Their physical, mechanical, and thermodynamic
properties, as well as the study of their biocompatibil-
ity with human tissues, are important.

ACKNOWLEDGMENTS

This work was performed on the equipment of the “New
Materials and Resource-Saving Technologies” Center for

POLYMER SCIENCE, SERIES D  Vol. 17

Collective Use of Lobachevsky State University of Nizhny
Novgorod (Russia).

FUNDING

This work was financially supported by the Russian
Ministry of Higher Education and Science, project
no. FSWR-2023-0024. No additional grants to carry out or
direct this particular research were obtained.

CONFLICT OF INTEREST

The authors of this work declare that they have no con-
flicts of interest.

REFERENCES

1. U. F. Mukhametov, S. V. Lyulin, D. Yu. Borzunov,
I. F. Gareev, O. A. Beilerli, and G. Yang, “Alloplastic
and implantation materials for bone grafting: A litera-
ture review,” Kreativnaya Khirurgiya Onkol. 11, 343—
353 (2021).
https://doi.org/10.24060/2076-3093-2021-11-4-343-353

. F. Mushtaq, Z. A. Raza, S. R. Batool, M. Zahid,
O. C. Onder, A. Rafique, and M. A. Nazeer, “Prepara-
tion, properties, and applications of gelatin-based hy-
drogels (GHs) in the environmental, technological, and
biomedical sectors,” Int. J. Biol. Macromol. 218, 601—
633 (2022).
https://doi.org/10.1016/j.ijbiomac.2022.07.168

No. 3 2024



10.

11.

13.

SYNTHESIS OF BIODEGRADABLE MEDICAL MATERIALS

H. R. El-Seedi, N. S. Said, N. Yosri, H. B. Hawash,
D. M. El-Sherif, M. Abouzid, M. M. Abdel-Daim,
M. Yaseen, H. Omar, Q. Shou, N. F. Attia, X. Zou,
Z. Guo, and S. A. M. Khalifa, “Gelatin nanofibers:
Recent insights in synthesis, bio-medical applications
and limitations,” Heliyon 9, 16228 (2023).
https://doi.org/10.1016/j.heliyon.2023.¢16228

Yu. Nashchekina, V. A. Konson, M. Yu. Sirotkina, and
A. V. Nashchekin, “structure and stability of composite
gels based on collagen and carboxymethylcellulose,”
Tech. Phys. 67, 1716 (2022).
https://doi.org/10.21883/TP.2022.12.55210.221-22

RashidA. Bin, N.-N. Showva, and M. E. Hoque,
“Gelatinbased scaffolds: An intuitive support structure
for regenerative therapy,” Curr. Opin. Biomed. Eng.
26, 100452 (2023).
https://doi.org/10.1016/j.cobme.2023.100452

W. Huang, Y. Chen, J. Hu, W. Yao, L. You, and
P. C.-K. Cheung, “Algal sulfated polysaccharide-based
hydrogels enhance gelling properties and in vitro
wound healing compared to conventional hydrogels,”
Alg. Res. 65, 102740 (2022).
https://doi.org/10.1016/j.algal.2022.102740

. T. A. Kuznetsova, N. N. Besednova, V. V. Usov, and

B. G. Andryukov, “Biocompatible and biodegradable
wound dressings based on seaweed polysaccharides (lit-
erature review),” Grekov Vestn. Khirurgii 179, 109—
1152020.

https://doi.org/10.24884/0042-4625-2020-179-4-109-115

. E. V. Budko, D. A. Chernikova, L. M. Yampol’skii, and

V. Ya. Yatsyuk, “Local hemostatic agents and ways to
improve them,” Pavlov Ross. Med.-Biol. Vestn. 27,
274—285 (2019).
https://doi.org/10.23888/PAVLOVJ2019272274-285

D. M. Los’, V. M. Shapovalov, and S. V. Zotov, “Appli-
cation of polymer materials for medical products,”
Probl. Zdorov’ya Ekol., No. 2. 5—13 (2020).
https://doi.org/10.51523/2708-6011.2020-17-2-1

K. Gautam, R. Vishvakarma, P. Sharma, A. Singh,
V. K. Gaur, S. Varjani, and J. K. Srivastava, “Produc-
tion of biopolymers from food waste: Constrains and
perspectives,” Bioresource Technol. 361, 127650
(2022).
https://doi.org/10.1016/j.biortech.2022.127650

D. Masilamani, N. Ariram, B. Madhan, and S. Pala-
nivel, “An integrated process for effective utilization of
collagenous protein from raw hide trimmings: Valoriza-
tion of tannery solid wastes,” J. Cleaner Prod. 415,
137705 (2023).
https://doi.org/10.1016/j.jclepro.2023.137705

. B. Ling, H. S. Ramaswamy, J. G. Lyng, J. Gao, and

S. Wang, “Roles of physical fields in the extraction of
pectin from plant food wastes and byproducts: A sys-
tematic review,” Food Res. Int. 164, 112343 (2023).
https://doi.org/10.1016/j.foodres.2022.112343

O. K. Abubakre, R. O. Medupin, 1. B. Akintunde,
O.T. Jimoh, A. S. Abdulkareem, R. A. Muriana,
J. A. James, K. O. Ukoba, T.-C. Jen, and K. O. Yoro,
“Carbon nanotube-reinforced polymer nanocompos-
ites for sustainable biomedical applications: A review,”
J. Sci.: Adv. Mater. Devices 8, 100557 (2023).

https://doi.org/10.1016/j.jsamd.2023.100557

POLYMER SCIENCE, SERIESD Vol.17 No. 3

2024

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

623

S. Chatterjee, S. Mahmood, A. R. Hilles, S. Thomas,
S. Roy, V. Provaznik, E. L. Romero, and K. Ghosal,
“Cationic starch: A functionalized polysaccharide-
based polymer for advancement of drug delivery and
health care system,” Int. J. Biol. Macromol. 248,
125757 (2023).
https://doi.org/10.1016/j.ijbiomac.2023.125757

Yu. A. Nashchekina, O. A. Lukonina, and
N. A. Mikhailova, “Chemical cross-linking agents for
collagen: Mechanisms of interaction and prospects for
use in regenerative medicine,” Tsitologiya 62, 459—472
(2020).

https://doi.org/10.31857/S0041377120070044

E. Garanger and S. Lecommandoux, “Emerging op-
portunities in bioconjugates of elastin-like polypeptides
with synthetic or natural polymers,” Adv. Drug Deliv.
Rev. 191, 114589 (2022).
https://doi.org/10.1016/j.addr.2022.114589

H. Qie, Z. Wang, J. Ren, S. Lii, and M. Liu, “A tough
shape memory hydrogel strain sensor based on gelatin
grafted polypyrrole,” Polymer 263, 125524 (2022).
https://doi.org/10.1016/j.polymer.2022.125524

F. Imani, R. Karimi-Soflou, 1. Shabani, and
A. Karkhaneh, “PLA electrospun nanofibers modified
with polypyrrole-grafted gelatin as bioactive electro-
conductive scaffold,” Polymer 218, 123487 (2021).
https://doi.org/10.1016/j.polymer.2021.123487

T. Brossier, G. Volpi, J. Vasquez-Villegas, N. Petitjean,
O. Guillaume, V. Lapinte, and S. Blanquer, “Photo-
printable gelatin-“graft”-poly(trimethylene carbonate)
by stereolithography for tissue engineering applica-
tions,” Biomacromolecules 22, 3873—3883 (2021).
https://doi.org/10.1021/acs.biomac.1c00687

P. Ghandforoushan, J. Hanaee, Z. Aghazadeh,
M. Samiei, A. M. Navali, A. Khatibi, and S. Davaran,
“Novel nanocomposite scaffold based on gelatin/PLGA-
PEGPLGA hydrogels embedded with TGF-B1 for
chondrogenic differentiation of human dental pulp
stem cells in vitro,” Int. J. Biol. Macromol. 201, 270—
287 (2022).
https://doi.org/10.1016/j.ijbiomac.2021.12.097

J. Nath, A. Ahmed, P. Saikia, A. Chowdhury, and
S. K. Dolui, “Acrylic acid grafted gelatin/LDH based
biocompatible hydrogel with pH-controllable release of
vitamin B12,” Appl. Clay Sci. 190, 105569 (2020).
https://doi.org/10.1016/j.clay.2020.105569

P. Gheysoori, A. Paydayesh, M. Jafari, and H. Peidayesh,
“Thermoresponsive nanocomposite hydrogels based
on gelatin/poly(N-isopropylacrylamide) (PNIPAM)
for controlled drug delivery,” Eur. Polym. J. 186,
111846 (2023).
https://doi.org/10.1016/j.eurpolym;j.2023.111846

D. Atencio, M. B. Andrade, A. G. Christy, R. Giere,
and P. M. Kartashov, “The pyrochlore supergroup of
minerals: Nomenclature,” Can. Mineral. 48, 673—698
(2010).

https://doi.org/10.3749/canmin.48.3.673

N. K. Gupta, H. Viltres, K. S. Rao, and S. N. Achary,
“Pyrochlores: Prospects as a Photocatalyst for Envi-
ronmental and Energy Applications,” In Pyrochlore Ce-
ramics (Elsevier, London, 2022), pp. 339—374.

https://doi.org/10.1016/B978-0-323-90483-4.00010-6



624

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

SEMENYCHEVA et al.

M. Lang, F. Zhang, J. Zhang, J. Wang, J. Lian,
W. J. Weber, B. Schuster, C. Trautmann, R. Neumann,
and R. C. Ewing, “Review of A2B207 pyrochlore re-
sponse to irradiation and pressure,” Nucl. Instrum.
Methods Phys. Res., Sect. B 268, 2951—-2959 (2010).
https://doi.org/10.1016/j.nimb.2010.05.016

H. Anwer, A. Mahmood, J. Lee, K.-H. Kim, J.-W. Park,
and A. C. K. Yip, “Photocatalysts for degradation of
dyes in industrial effluents: Opportunities and chal-
lenges,” Nano Res. 12, 955—-972 (2019).
https://doi.org/10.1007 /s12274-019-2287-0

Y. Sang, H. Liu, and A. Umar, “Photocatalysis from
UV/Vis to near-infrared light: Towards full solar-light
spectrum activity,” ChemCatChem 7, 559—573 (2015).
https://doi.org/10.1002/cctc.201402812

Y.-W. Li and W.-L. Ma, “Photocatalytic oxidation
technology for indoor air pollutants elimination: A re-
view,” Chemosphere 280, 130667 (2021).
https://doi.org/10.1016/j.chemosphere.2021.130667

L. Huang, X. Huang, J. Yan, Y. Liu, H. Jiang, H. Zhang,
J. Tang, and Q. Liu, “Research progresses on the appli-
cation of perovskite in adsorption and photocatalytic
removal of water pollutants,” J. Hazard. Mater. 442,
130024 (2023).
https://doi.org/10.1016/j.jhazmat.2022.130024

F. Dumur, “The Future of visible light photoinitiators
of polymerization for photocrosslinking applications,”
Eur. Polym. J. 187, 111883 (2023).
https://doi.org/10.1016/j.eurpolym;j.2023.111883

N. M. Pesqueira, C. Bignardi, L. F. Oliveira,
A. E. H. Machado, V. P. Carvalho, Jr., and B. E. Goi,
“Visible light-induced radical polymerization of vinyl
acetate mediated by organo-nickel N,0O, Schiff-base
complexes,” J. Photochem. Photobiol., A 437, 114443
(2023).
https://doi.org/10.1016/j.jphotochem.2022.114443

L. Breloy, O. Yavuz, I. Yilmaz, Y. Yagci, D.-L. Versace,
“Design, synthesis and use of phthalocyanines as a new
class of visible-light photoinitiators for free-radical and
cationic polymerizations,” Polym. Chem. 12, 4291—
4316 (2021).

https://doi.org/10.1039/D1PY00462J)

Y. Zhang, Y. Xu, A. Simon-Masseron, and J. Lalevée,
“Radical photoinitiation with LEDs and applications
in the 3D printing of composites,” Chem. Soc. Rev. 50,
3824—3841 (2021).
https://doi.org/10.1039/D0CS01411G

X. Luo, S. Zhao, Y. Chen, L. Zhang, and J. Tan,
“Switching between thermal initiation and photoinitia-
tion redirects RAFT-mediated polymerization-in-
duced self-assembly,” Macromolecules 54, 2948—2959
(2021).
https://doi.org/10.1021/acs.macromol.1c00038

D. G. Fukina, E. V. Suleimanov, A. V. Boryakov,
S.Y. Zubkov, A. V. Koryagin, N. S. Volkova, and
A. P. Gorshkov, “Structure Analysis and Electronic

Properties of ATeg s Tet s M®* 04 (A = Rb, Cs, M+ =
Mo, W) solid solutions with B-pyrochlore structure,”

J. Solid State Chem. 293, 121787 (2021).
https://doi.org/10.1016/j jssc.2020.121787

POLYMER SCIENCE, SERIES D  Vol. 17

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Chemeurope, Hydroxylradical https://www.chemeu-
rope.com/en/encyclopedia/Hydroxyl_radical. Ac-
cessed July 26, 2023.

B. Grote, “Application of advanced oxidation processes
(aop) in water treatment,” in Proceedings of the 3 7th An-
nual Queensland Water Industry Operations Workshop,
Parklands, Gold Coast, 2012, pp. 17—23.

P. Gao, Y.-J. Niu, F Yang, L.-N. Guo, and X.-H. Duan,
“Three-component 1,2-dicarbofunctionalization of
alkenes involving alkyl radicals,” Chem. Commun. 58,
730—746 (2022).
https://doi.org/10.1039/D1CC05730H

Handbook of Radical Polymerization, Ed. by K. Maty-
jaszewski and T. P. Davis (Wiley, New York, 2002).
https://doi.org/10.1002/0471220450

A. N. Doinikov and V. D. Sinitsyn, Dental Materials
Science: Textbook (Meditsina, Moscow, 1986) [in Rus-
sian].

R. Gamo, F. Pinedo, J. Vicente, E. Naz, L. Calzado,
D. Ruiz-Genao, E. G. de 1a Fuente, G. Alvarez, E. Ar-
ranz, and J.-L. Lopez-Estebaranz, “Keratoacan-
thomalike reaction after a hyaluronic acid and acrylic
hydrogel cosmetic filler,” Dermatol. Surg. 34, 954—959
(2008).
https://doi.org/10.1111/j.1524-4725.2008.34186.x

D. Wolfram, A. Tzankov, and H. Piza-Katzer, “Sur-
gery for foreign body reactions due to injectable fillers,”
Dermatology 213, 300—304 (2006).
https://doi.org/10.1159/000096193

T. M. Tamer, E. R. Kenawy, M. M. Agwa, S. A. Sabra,
M. A. El-meligy, and M. S. Mohy-Eldin, “Wound
dressing membranes based on immobilized anisalde-
hyde onto (chitosan-GA-gelatin) copolymer: In-vitro
and in-vivo evaluations,” Int. J. Biol. Macromol. 211,
94—106 (2022).
https://doi.org/10.1016/j.ijbiomac.2022.05.061

H. Qie, Z. Wang, J. Ren, S. Lii, and M. Liu, “A tough
shape memory hydrogel strain sensor based on gelatin
grafted polypyrrole,” Polymer 263, 125524 (2022).
https://doi.org/10.1016/j.polymer.2022.125524

L. L. Semenycheva, V. O. Chasova, D. G. Fukina,
A. V. Koryagin, N. B. Valetova, and E. V. Suleimanov,
“Synthesis of polymethyl-methacrylate-collagen-graft
copolymer using a complex oxide RbIel.5W0.506
photocatalyst,” Polym. Sci., Ser. D 15, 110—117 (2022).
https://doi.org/10.1134/S1995421222010166

V. Chasova, L. Semenycheva, M. Egorikhina,
I. Charykova, D. Linkova, Y. Rubtsova, D. Fukina,
A. Koryagin, N. Valetova, and E. Suleimanov, “Cod
gelatin as an alternative to cod collagen in hybrid mate-
rials for regenerative medicine,” Macromol. Res. 30,
212—221 (2022).
https://doi.org/10.1007/s13233-022-0017-9

V. O. Chasova, D. G. Fukina, A. V. Boryakov,
E. V. Zhizhin, A. V. Koroleva, L. L. Semenycheva, and
E. V. Suleimanov, “The effect of methyl methacrylate
transformations during photocatalysis in the presence
of RbTe1,5W0,506 on the change of the complex oxide
surface,” Proc. Univ. Appl. Chem. Biotechnol. 12,
208—221 (2022).
https://doi.org/10.21285/2227-2925-2022-12-2-208-221

No. 3 2024



48.

49.

50.

51.

52.

53.

SYNTHESIS OF BIODEGRADABLE MEDICAL MATERIALS

L. L. Semenycheva, M. A. Uromicheva, V. O. Chasova,
V. O. Chasova, A. V. Koryagin, N. B. Valetova, and
E. V. Suleimanov, “Synthesis of graft copolymer of
polybutyl acrylate on fish collagen using a photocata-
lyst—complex oxide PbIel.5B0.50b,” Izv. Vyssh.
Uchebn. Zaved. Prikl. Khim. Biotekhnol. 12, 97—108
(2022).
https://doi.org/10.21285/2227-2925-2022-12-1-97-108

L. Semenycheva, V. Chasova, D. Fukina, A. Koryagin,
A. Belousov, N. Valetova, and E. Suleimanov, “Photo-
catalytic synthesis of materials for regenerative medi-
cine using complex oxides with B-pyrochlore struc-
ture,” Life 13, 352 (2023).
https://doi.org/10.3390/1ife 13020352

L. Semenycheva, V. Chasova, A. Sukhareva, D. Fuki-
na, A. Koryagin, N. Valetova, O. Smirnova, and E. Su-
leimanov, “New composite materials with cross-linked
structures based on grafted copolymers of acrylates on
cod collagen,” Appl. Sci. 13, 5455 (2023).
https://doi.org/10.3390/app13095455

L. L. Semenycheva, M. V. Astanina, Yu. L. Kuznetso-
va, N. B. Valetova, E. V. Geras’kina, and O. A. Taran-
kova, RU Patent No. 2567171 C1 (2015).

I. G. Nikitin, I. E. Baikova, and L. M. Gogova, “Pe-
gylated drugs: Current state of the problem and pros-
pects,” Lechebnoe Delo, No. 4, 18—24 (2005).

N. N. Porfiryeva, R. I. Moustafine, and V. V. Khutory-
anskiy, “PEGylated systems in pharmaceutics,” Polym.
Sci., Ser. C 62, 62—74.
https://doi.org/10.1134/S181123822001004X

POLYMER SCIENCE, SERIESD Vol.17 No. 3

2024

54.

55.
56.

57.

58.

neutral with regard to jurisdictional claims

625

Medum, E1521 food supplement,
dum.ru/e1521. Accessed July 20, 2023.

S. Zalipsky, US Patent No. 5122614A (1992).

M. N. Egorikhina, L. L. Semenycheva, V. O. Chasova,
I. I. Bronnikova, Y. P. Rubtsova, E. A. Zakharycheyv,
and D. Ya. Aleynik, “Changes in the molecular charac-
teristics of bovine and marine collagen in the presence
of proteolytic enzymes as a stage used in scaffold forma-
tion,” Mar. Drugs 19, 502 (2021).
https://doi.org/10.3390/md 19090502

L. L. Semenycheva, M. N. Egorikhina, V. O. Chasova,
N. B. Valetova, M. V. Podguzkova, M. V. Astanina, and
Yu. L. Kuznetsova, “Enzymatic hydrolysis of collagen
by pancreatin and thrombin as a step in the formation of
scaffolds,” Russ. Chem. Bull. 69, 164—168 (2020).
https://doi.org/10.1007 /s11172-020-2738-2

L. L. Semenycheva, N. B. Valetova, V. O. Chasova,
M. V. Podguzkova, N. S. Zakharycheva, M. N. Egori-
khina, M. V. Astanina, and Yu. L. Kuznetsova, “Mo-
lecular weight parameters of collagen from different
feedstock and dynamics of their change upon enzymat-
ic hydrolysis by pancreatin,” Polym. Sci., Ser. D 13,
235-239 (2020).
https://doi.org/10.1134/S1995421220020203

https://me-

Translated by A. Tulyabaew

Publisher’s Note. Pleiades Publishing remains
in

published maps and institutional affiliations.



	INTRODUCTION
	1. THEORETICAL BACKGROUND OF CONCEPT OF OBTAINING THREE-DIMENSIONAL POLYMER STRUCTURES UNDER PHOTOCATALYSIS CONDITIONS
	2. SYNTHESIS OF GRAFTED ALKYL METHACRYLATE COPOLYMERS ON FISH COLLAGEN AND APPLE PECTIN UNDER PHOTOCATALYSIS CONDITIONS
	3. MODIFICATION OF GRAFT COPOLYMERS UNDER SYNTHESIS CONDITIONS
	CONCLUSIONS
	REFERENCES

		2024-09-12T20:54:30+0300
	Preflight Ticket Signature




