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Abstract

New graft copolymers of methyl methacrylate with cod collagen were derived with Azobisisobutyronitrile
(AIBN) enhancement. The author studied the copolymer’s composition, molecular weight characteristics,
morphological properties, and cytotoxicity, these indicating the successful grafting of synthetic fragments
onto the collagen. It was demonstrated that the curves of the copolymer’s Molecular Weight Distribution
(MWD) were shifted towards the area of high Molecular Weights (MW), whereas the values of its
molecular weight increased relative to the original collagen. At that, the nitrogen content-nitrogen was
originally present only in the collagen-was noticeably lower in the copolymer compared to that in pure
collagen. A new, structurally-textured organization of the copolymer was demonstrated by comparison
of sample sponges of the copolymer’s with the original collagen, using the Scanning Electron Microscopy
(SEM). Water-diluted copolymer solutions (~1-2%) showed no cytotoxicity. The results indicate the
promising character of this approach for the development of new materials based on graft copolymers
of Methyl Methacrylate (MMA) with Cod Collagen (CC) for use in coatings for medical wound healing and
in scaffolds.

Keywords: Cod collagen; Methyl methacrylate; AIBN; Graft copolymer; Cytotoxicity; Regenerative
medicine

Abbreviations: MWD: Molecular Weight Distribution; MW: Molecular Weights; SEM: Scanning Electron
Microscopy; CC: Cod Collagen; GPC: Gel Permeation Chromatography; MM: Molecular Mass; HDFs: Human
Dermal Fibroblasts; DMSO: Dimethyl Sulfoxide

Introduction

Studies of environmental problems related to the processing of captured aquatic wildlife
are relevant and attract the attention of biologists, chemists and other scientists [1-5]. Wastes
from fish product processing, such as skin, bones, air bladders, etc. contain the natural
protein, collagen. Isolation of collagen from commercial fish processing solves an important
environmental problem of production waste. Furthermore, such waste is a technical
renewable raw material. Collagen from fish skin is an especially promising resource for use in
food, medical, and cosmetic products [6-11]. For medical purposes, the use of fish collagen is
becoming more popular than collagen derived from other animal tissues. Unlike animal skins,
there are no known fish skin viruses that can be passed from fish to humans, thus excluding
the possibility of corresponding infections. Moreover, fish collagen is 96% similar to human
protein, and characterized by hypoallergenic and transdermal properties, and, furthermore, its
use does not contradict specific religious considerations [6,12,13]. Due to its biocompatibility,
biodegradability and low antigenicity, it is already widely recognized and used in dressings
and coatings [12-19]. The development of new technologies requires new materials with
certain performance characteristics. In this regard, research is being conducted to create
hybrid materials based on collagen and synthetic polymers for regenerative medicine [20-
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30]. The fundamental distinctive feature of such studies is their
development at the intersection of medicine, biology, physics,
chemistry, and other sciences.

The purpose of this study is to derive data on the chemical
properties and cytotoxicity of graft copolymers using scaffold
precursors based on MMA and CC with enhancement by the
frequently-used radical initiator AIBN. In previous studies, the
author obtained graft copolymers of acrylic monomers based on
cod collagen using photocatalysis, either involving rather complex
RbTe, W .0, oxide enhancement and irradiation with visible light
A=400-700nm atatemperature of 20-25 °C [31-33], or with catalysts
based on trialkylboranes [34,35]. The visualized morphology of
the lyophilized samples of such graft copolymers allowed their
morphological peculiarities to be established and compared to
the original collagen, indicating the inclusion of synthetic polymer
fragments in the fibrillar collagen structure. This was confirmed
by the results of testing the elemental composition and molecular
weight characteristics. The low level of cytotoxicity of such samples
allows them to be considered as promising precursors for the
manufacture of new biomedical products.

Materials and Methods

The following commercially available reagents were used in
the study: MMA was preliminarily purified by washing with a 10%
sodium hydroxide solution to remove the polymerization inhibitor,
then it was purged with water to reach neutrality, dried over
calcium chloride, and distilled under vacuum. AIBN preliminarily
purified by recrystallization in alcohol and then dried to constant
weight was used as the polymerization initiator. Marine collagen
was isolated from cod cover tissues by extraction with acetic acid
over the period of one day at room temperature, in line with the
method used in [36]. Synthesis of the PMMA-CC graft copolymer
was performed in an argon flow by mixing MMA and CC in a mass
ratio of 1:1 (mass fraction of collagen 2.5%). The resulting emulsion
was bubbled with argon for 15 minutes at room temperature in a
magnetic stirrer (stirring at 750rpm). Then, the AIBN initiator
(1% of the collagen mass) was added into the argon flow, and the
emulsion heated to 50 °C while maintaining constant stirring to
allow synthesis over a period of 5 hours. Upon completion of the
reaction, the mixture was separated into aqueous and organic
phases. The resulting aqueous phase, the graft copolymer, was
analyzed by Gel Permeation Chromatography (GPC), SEM and
elemental (CHNS) analysis, while the cytotoxicity was assessed
using an MTT assay.

The molecular weight characteristics of the aqueous solutions
were determined by GPC using a Shimadzu CTO20A/20AC high-
performance liquid chromatograph (Japan) with an LC-Solutions-
GPC software module; the isolation was conducted with a Tosoh
Bioscience TSK gel G3000SWxl device with a pore diameter of
5um; a ELSD-LT II low-temperature light-scattering detector was
used, with 0.5M acetic acid solution used as the eluent at a flow
rate of 0.8ml/min, while narrowly dispersed dextran samples with

a Molecular Mass (MM) range of 1-410kDa (Fluca) were used for
calibration. Examination of the surface of the lyophilized PMMA-
CC graft copolymer on AAD was performed using a JSM-IT300
scanning electron microscope (JEOL Ltd., Japan) with an electron
probe diameter of up to 5nm (operating voltage of 20 kV) and
detectors for low-energy secondary electrons and reverse scattered
electrons, in a low vacuum mode used to discharge the samples.
Elemental analysis of the samples was conducted after evaporation
of the liquid phase to achieve constant weight. CHNS analysis of
the samples on a vario EL cube elemental analyzer provided for
simultaneous determination of the CHNS(0).

To assess the effects of the graft copolymers on both metabolic
activity and cell viability an MTT-assay was performed on
Human Dermal Fibroblasts (HDFs) in passages 5-6. An active,
morphologically homogeneous culture was used with the cells
adheringwell to the plastic. Theimmunophenotype ofthe cell culture
corresponded to the immunophenotype of mesenchymal cells, and
the viability of the culture was 95-98 %. The HDF culture used in
this study was tested for sterility and infection. The MTT-assay is
a colorimetric quantitative test based on the reaction of the water-
soluble dye 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide
(MTT) being converted by living cells to insoluble formazan, which
is purple. This conversion of MTT depends on the metabolic activity
of NADP-H-dependent oxidoreductase enzymes, so, live and actively
dividing HDFs demonstrate a high degree of MTT conversion,
whereas toxically damaged, low metabolic-activity, and dead
HDFs show a low degree of MTT conversion. For the test, Dimethyl
Sulfoxide (DMSO) is added as a solvent and becomes colored by
the intracellular formazan crystals. Quantitative measurement
of the color intensity of the studied samples with added DMSO is
performed on a tablet reader at a wavelength of 540nm. During the
MTT assay the samples were examined in the following dilutions:
Control 0:1: Extract 1:0; extract dilutions 1:1; 1:2; 1:4 and 1:8,
being the ratio of extract to growth medium, respectively. The level
of cytotoxicity was determined by the relative growth intensity
(calculated by the following formula: Average optical density in the
test culture/average optical density in the controlx100%). Here,
0-1 indicates a lack of cytotoxicity, 2-3 shows moderate cytotoxicity,
and 4-5, high cytotoxicity. Characterized Human Dermal Fibroblasts
(HDF) in passages 5-6 with a viability of 98-99% were used as the
test cultures to study the samples with the MTT assay [16,37].

Result and Discussion

In accordance with the aims of the study, the synthesis of the
graft copolymers was conducted with AIBN at a temperature of 50
°C. This temperature allows partial denaturation of the collagen
into gelatin [38-41]. However, according to the author’s data [40]
and the results of other scientists [12,41-46], this should not
significantly impact the biomimetic properties of the final product.
CCdissolved in water is a nonionic emulsifier and a macromolecular
component onto which the synthetic fragments become grafted.
The protein macromolecules (collagen) form radical cores due to
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interaction of the initiating radical with the amino acid residues-
the structural elements of collagen, with hydrocarbon fragments,
as shown in diagrams (1) and (2) - as well as with elements
containing hydroxyl groups: (hydroxyproline (~15 %), serine (~4
%), hydroxylysine (~1 %)) [46]. The radical interaction with the
monomer results in PMMA becoming grafted onto the collagen
(Figure 1). The results of physicochemical analysis of the polymers
formed in the aqueous phase confirm the graft formation. A shift
of the MWD curves of the reaction product towards a higher
molecular weight region in comparison with the initial sample
was established by GPC (Figure 2). Overall, there is an increase in
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the reaction product MW compared with the initial sample, and
elemental analysis evidences a decrease in the nitrogen content in
the reaction product compared with the native collagen (Figure 3).
It is obvious that such changes in the molecular weight parameters
and nitrogen content in the copolymer samples are related to the
grafting of synthetic fragments (containing no nitrogen) onto the
collagen. SEM microphotographs of the reaction products differ
significantly from the collagen photographs (Figure 4). Collagen
has clear lines of collagen fibers and well-formed pores (Figure 4a),
whereas the grafted copolymer has denser contours of the collagen
matrix due to the grafted synthetic fragments (Figure 4b).

Figure 1: Scheme of hydroxyl radical’s interaction with a collagen macromolecule on the example of hydroxyproline
(1) and alanine (2).

4 5

= Initial collagen

(7 7
=——PMMA-CC on AIBN

Figure 2: Molecular weight distribution curves of the original collagen and of its AIBN-enhanced PMMA-CC graft
copolymer.
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Figure 3: Changes in the nitrogen and molecular weight content in the PMMA-CC graft copolymer compared to the
initial collagen.

Figure 4: SEM image of lyophilized sponges of initial collagen (a) [31] and PMMA-CC graft copolymer (b).

Medical use of the resulting copolymers as scaffold precursors
requires that there is no cytotoxicity. The study of the cytotoxicity
in the MTT-assay of the PMMA-CC copolymer samples obtained
directly from the aqueous phase of the synthesis (the sample
taken with a collagen concentration of 10 % and a ratio of
collagen: MMA=1:1) demonstrated the expressed cytotoxicity:
here, the relative growth rate of the cell culture was 20%, which
corresponded to a cytotoxicity of level 4. When the samples
were diluted with growth medium (1:1 and 1:2), the cytotoxicity
decreased to level 2. At higher dilutions (1:4,1:8) it was completely
eliminated-the cytotoxicity was 0. A similar change in cytotoxicity
was seen for the reaction product, after being lyophilized and then
washed with chloroform over a period of 10 hours in a Soxhlet
extractor (The result, now termed: PMMA-CC-S). Here, it should be
emphasized that the PMMA-CC-S solution (a lyophilized sample of
PMMA-CC-S dissolved in growth medium) had moderate, level 3,
cytotoxicity. With dilution (1:1 and 1:2), the cytotoxicity decreased
to level 2. With further dilution (1:4,1:8), the cytotoxicity reached
level 1, which indicated an effective lack of cytotoxicity. Based on
these findings, one can conclude that diluted solutions of the graft

copolymer are appropriate for use as precursors for developing
target materials for regenerative medicine.

Conclusion

Thus, the results of the study of the chemical properties and
cytotoxicity of graft copolymers formed from methyl methacrylate
with cod collagen using radical initiator azobisisobutyronitrile,
demonstrate the promising character of the new material for
the production of medical wound healing coatings and scaffolds.
Previously, graft copolymers of acrylic monomers on cod collagen
have been formed using photocatalysis with rather complex
enhancement using RbTe ;W O, oxide and irradiation with
visible light A=400-700nm [31-33] or with catalysts based on
trialkylboranes [34,35]. The advantages of these initiators include
their ability to run the processes at room temperature. In this
study, PMMA-CC graft copolymers were obtained with an initiator
(AIBN) that is widely used in the production of polymeric materials
and represents a much more economic approach to the practical
implementation of producing safe, new medical materials as
demonstrated in this study.
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