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Abstract: Increasingly, scientists are turning to the study of marine, or fish, collagen, which is increasingly
replacing collagen of terrestrial animals, due to the fact that it is hypoallergenic, since it is 96% identical to
human protein. Materials based on fish collagen have a number of advantages over their analogue of animal
origin: it is not a carrier of infectious diseases of animals transmitted to humans, it has a greater structural
similarity to human collagen, which provides a higher level of biocompatibility. Materials based on collagen
copolymers with synthetic monomers are promising. The use of hybrid materials also helps to reduce the
consumption of non-renewable natural resources. Synthesis of grafted collagen copolymers with polybutyl
acrylate was carried out at azobisisobutyronitrile initiation and triethyl borane — oxygen system initiation un-
der comparable conditions under intensive stirring of aqueous solution dispersion of collagen and butyl acry-
late. After the synthesis, the aqueous and organic phases of the reaction mixture were analyzed by composi-
tion and molecular weight parameters using infrared spectroscopy and size-exclusion chromatography.
Changes indicating the formation of a copolymer are observed in the copolymer isolated from the aqueous
phase, more pronounced in the triethyl borane — oxygen system. It is assumed that the formation of copoly-
mer macromolecules for azobisisobutyronitrile and organoelement initiator takes place according to different
schemes. Schemes for the formation of copolymer macromolecules for AIBN and an organoelement initiator
are proposed. Only polybutyl acrylate is present in the organic phase. Biological studies were carried out for
fungal resistance and bactericidal activity of the obtained copolymers.
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CuHTe3 npMBUTOro cononumepa nonubytTunakpunarta
Ha pPbIOHbLIW KOnnareH

M.A. YpomuueBa, 10.J1. KysHeuoBa, H.6. BaneToBa,
A.B. MutuH, J1.J1. CemeHbiueBa, O.H. CmupHoBa

Hwxeropoackun rocyaapcTBeHHbI yHuBepceuTeT um H.A. Jlobayesckoro,
HwxHuin Hosropopg, Poccwuiickas Pepepauus

Pe3rome: Ce200Hs y4eHble gce Hauwe obpawaromces K uccriedo8aHuo MOPCKOZ0, Unu pbiIbHO20, KosliazeHa,
KOmMOoPpbIl y8EPEHHO 8bIMECHSEM KOJf1a2eH Ha3eMHbIX XUBOMHbIX, 88UQY MO20 YMO OH s18Misilemcs auroari-
nepaeHHbIM, mak Kak Ha 96% udeHmu4eH derosedeckomy bernky. Mamepuarsi Ha ocHoge pbibHO20 Kornna-
e2eHa umerom uesnbil psd rnpeuMyu,ecme rno CPasHEeHUK C aHasloeoM XXUBOMHO20 MPOUCXOXOEHUS: OH He
8/19emcsi 1ePeHOCHUKOM UHGEKYUOHHbIX 3abornegaHull XXUBOMHbIX, nepedaroluxcsi 4yesiogeKky, umeem
bonbwee cmpykmypHoe cxo0cmeo C KosilazeHOM 4Yeriogeka, obecrequsaruwee 6oree 8bICOKULU YpPO8EHb
buocosmecmumocmu. lNepcnekmueHbl Mamepuarsibli Ha OCHO8€ COrNO/IUMEPO8 KOsslageHa C CUuHmemuye-
CKUMU MOHOMepamu. Vicrionb3ogaHue 2ubpudHbIX Mamepuasios, KpoMe mozo, M0380JI9em CHU3UMb [10-
mpebrieHue Hee80300HOBISIEMbIX MPUPOOHbLIX pecypcos. CuHmes npueumoezo corosiumepa nonaubymunak-
pusiama Ha KosnazeH rnposodursiu npu UHULyuUposaHuu QUHUMPUIIOM a3ou3oMacsissHolU Kuciomsl U UHUYUU-
pyrowel cucmembl mpusmunbopaH—KUCIopod 8 cpagHUMbIX YCII08USIX MPU UHMEHCUBHOM repemewiusaHuu
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oducriepcuu 800HO20 pacmeopa pbibHO20 KonnazeHa u bymunakpunama. locne nposedeHus cuHme3a 800-
HYI U OpeaHUYecKyro hasy peakuyuoHHOU CMecu aHanuauposaru o cocmasy U MOJSIEKYsPHO-Macco8biM
napamempam memodamu UHGbpakpacHol CrieKmpoCcKomnuu U eefb-rpoHuUKarwel xpomamoespaguu. B ebi-
OerneHHoOM u3 800HOU (basbl cornosiumepe Habmodanucb UIMeHeHUsi, caudemernbcmeyruwue ob obpasosa-
Huu cononumepa, 8 crydyae cucmembl mpuamunbopaH—Kuciopod bornee SPKO 8bipakeHHble. BbidguHymo
rnpednonoxeHue, 4mMo hopmMupo8aHUe MaKpoOMOeKys cornonumepa 0ns QuHUMPpuUIa a3ou3omacsiaHou Kuc-
niombl U 351eMeHmMopaaHUYecKo20 UHULuuamopa npoxooum no pasHbiM cxemam. [pednoxeHbl cxembl ¢hop-
MUpOB8aHUsI MaKpoOMOJIEKY cornonumepa Orsi OUHUMpPUIa a3ou3oMacsisiHol KUCiomsl U 311eMeHmopaaHuye-
CKO2o UHuuuamopa. B ebideneHHOU opeaHuyeckol ghaze rnpucymcmeyem mosibko nonubymunakpunam.
Takxe 6binu npoeedeHbl 6uono2udeckue uccriedosaHusi MoslyYeHHbIX COMouUMepo8 Ha GhyHaulUudHbIe
ceolicmea u bakmepuuyudHyo akKmueHOCMb.

Knrodesnlie crniosa: komnnazeH, mpusmunbopaH, bymunakpunam, 6akmepuyudHbll nonumep, npusumas
cononumepu3ayusi

BnazodapHocmu: Paboma npoeodunack Ha obopydosaHuu, rnpedocmasneHHoM LleHmpom KonekmugHo-
20 nonb3oeaHusi «Hoeble Mamepuarnbl U pecypcocbepezaroujue mexHonoauu» Huxezopodckozo 2ocydap-
cmeeHHo20 yHugepcumema um. H.U. Jlobayesckozo.

Ana yumupoeaHus: Ypomnyea M.A., Ky3sHeuosa 0.J1., Banetosa H.b., Mutun A.B., CemeHbiueBa J1.J1.,
CwmupHoBa O.H. CuHTE3 npuBMTOro cononumepa nonubyTtunakpunaTa Ha pbiOHbIV konnareH. M3gecmusi 8y-
308. lNpuknadHas xumusi u buomexHornoeus. 2021. T. 11. N 1. C. 16-25. https://doi.org/10.21285/2227-2925-

2021-11-1-16-25

INTRODUCTION

The use of secondary resources of the food in-
dustry is an important task. Waste from the fishing
industry: skin, fins, tail contains collagen [1, 2]. Ma-
terials based on fish collagen have a number of ad-
vantages compared to the analogue of animal
origin: first of all, it is a greater structural similarity
with human collagen, providing a higher level of bio-
compatibility [1, 3-5].

Hybrid materials with the inclusion of collagen
and polymers of another nature are widely used in
medicine [6, 7], pharmacy [8], cosmetology [9, 10].
To obtain copolymers of collagen and its denaturant
— gelatin with synthetic monomers, radical initiators
of various nature are most often used [11-13], in-
cluding trialkyl boranees [14-16]. Grafted copoly-
mers [17] of polymethyl methacrylate and gelatin in
aqueous dispersion were synthesized and charac-
terized in the presence of tributyl borane and traces
of oxygen. In terms of practical use, it is important
that samples of the new material are biodecom-
posed, i.e. have the destruction prospect in the
presence of microorganisms.

The aim of this work is the synthesis of grafted
copolymer of polybutyl acrylate (PBA) with fish col-
lagen in the presence of various initiators: azobisi-
zobutyronitrile (AIBN) and the initiating triethyl bo-
rane (TEB) — oxygen system. The main task of the
research is to determine the composition of grafted
copolymers and molecular weight characteristics.

EXPERIMENTAL PART

Preparation of initial materials for the experi-
ment. The initial collagen was isolated from cod skin
in the form of acetic dispersion by the method [18].

Butyl acrylate (BA) for purification from the inhib-
itor was washed with 5% soda solution and then
with distilled water to a neutral medium. The washed

butyl acrylate was dried with anhydrous sodium sul-
fate and further purified by vacuum distillation.

AIBN was purified from impurities by recrystalli-
zation of this initiator from alcohol solution. To do
this, it was dissolved in ethyl alcohol at 40 °C in a
water bath. The hot solution was filtered and then
cooled to recrystallize AIBN. The lade-down crystals
were dried in a vacuum at 25 °C.

To improve the safety of operation and storage,
TEB was used in combination with hexamethylene
diamine, which releases the initiator in the acidic
reaction medium.

Fish collagen extraction method. Collagen was
extracted from the cod skin, which was cleaned of
scales, lumps of muscle tissue and fat, washed with
distiled water, frozen. The raw cod skin was
cleaned of scales, lumps of muscle tissue and fat,
washed with water and frozen. Prepared and frozen
raw materialwas crushed with scissors and placed in
3% acetic acid for a day at 25 °C, after which the
resulting the collagen dispersion was separated us-
ing a filter with a pore size of 1 ym from parts of the
crushed fish skin and other impurities. We used the
isolated aqueous solution of collagen in 3% acetic
acid. The mass fraction of collagen in the resulting
solution is 8%.

Method of butyl acrylate copolymer synthesis
with collagen. Synthesis of collagen and butyl acry-
late copolymers with both initiators was carried out,
as follows. The mixture of aqueous 3% solution of
collagen and butyl acrylate in a weight ratio of 1:1
was bubbled by argon for 15 minutes at room tem-
perature and intensive stirring before synthesis. The
initiator in amount of 1% from weight of collagen
was added to mixture and quickly heated to 50 °C,
without ceasing to stir intensively. The synthesis
was carried out for 1 hour in an argon atmosphere.
The organic phase was separated from the aqueous
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layer by decantation. The copolymer is in the aque-
ous phase.

Method of composition determining of the aque-
ous phase of butyl acrylate copolymer with collagen.
The composition of the obtained materials was stud-
ied using infrared (IR) spectroscopy. IR spectropho-
tometer "IRPrestige-21" manufactured by Shimadzu,
Japan, was used to record IR spectra of absorption.
Films on the KBr plate were prepared to record the
IR spectrum. The spectra interpretation was carried
out independently.

Method of composition determining of the organ-
ic phase of butyl acrylate copolymer with collagen.
The organic layer of the synthesized copolymers
was investigated in a chloroform solution by IR-
Fourier-transform  spectrophotometer  Shimadzu
FTIR-8400S in KBr cells with an optical path length
of 0.26 mm in the wave number range 5500-
550 cm™, the error in the determination did not ex-
ceed +0.05cm™. The copolymer composition was
determined using a calibration graph on the charac-
teristic peak area of the analytical band at 1726 cm™,
which corresponds to the presence of a carbonyl
group. The proportion of butyl acrylate was calculat-
ed according to the intensity of this band.

The calibration curve was plotted in the absorp-
tion intensity (optical density) — concentration axes
(Fig. 1) by absorption of poly methyl methacrylate
(PMMA) solution. This method used MMA, not BA
due to polybutyl acrylate is insoluble.

12
:
1t o7
y=1,096x L
0,8 | Y
R*=0,993 -
_.%‘ 0,6 ’/’
& 7
o 04 R
e -
B 02 .
(@]

D 1 1 1 r 1 3
0,0 0,2 0.4 0,6 0,8 L0 12

The percentage of poly methy| methacrylate solution, mol%

Fig. 1. Calibration curve for determining
the copolymers composition

Puc. 1. [pagynpoBoYHbIN rpadounk Ans onpeaeneHns
cocTaBa COMonMmepoB

Spectra of PMMA solutions in chloroform of pre-
cisely known concentration (0.2-1.0% PMMA) were
integrated to plot the curve. Absorption intensity was
determined by the “baseline” method [19]. The error
in determining the concentration of fragments in the
copolymer was +5%.

The calculation of PBA mass fraction in the co-
polymer organic layer was carried out according to
the formula:
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m(BA)
m(CHCl)’

M(BA) . D

M(MMA) 1,095

w(BA) =

were.

D is the optical density of polymethyl methacry-
late, M(BA) is the molar mass of butyl acrylate,
m(BA) is the mass of butyl acrylate, M(MMA) is the
molar mass of methyl methacrylate, according to
which the calibration graph was used, m(CHCI,) is
the mass of chloroform in which the solution was
prepared, 1.096 is the slope of the calibration curve.

The experiment showed that 100% PBA is
formed in the organic layer when both initiators are
used.

Analysis of molecular weight characteristics of
the copolymer of butyl acrylate with collagen. The
molecular weight characteristics of collagen and
collagen-containing copolymers were studied by
size-exclusion chromatography (SEC). This method
is based on the molecule separation by volume siz-
es. Sample preparation was carried out by filtration
using nozzle membranes Millipore Millex-LCR
(PTFE 0.45 um). To do this, a disposable syringe
filed with a collagen aqueous solution was fitted
with a nozzle membrane Millipore Millex-LCR and
filtered at a rate of about 1.2 ml/min.

Method for determining fungal resistance and
bactericidal activity. Tests for fungal resistance were
carried out in accordance with GOST 9.049-91 “Uni-
fied system of corrosion and ageing protection. Po-
limer materials and their components. Methods of
laboratory tests for mould resistance”. Microscopic
fungi, active destructors of polymeric materials,
were used as test cultures: Aspergillus niger, As-
pergillus terreus, Aspergillus oryzae, Chaetomium
globosum, Paecilillomyces variotium Penicillium cy-
cloryspium, Penicillium funiculosum, Trichoderma
viride. Samples were placed in Petri dishes. Then
the surface of the samples was inoculated with a
suspension of micromycete spores and the Petri
dishes with the samples were placed in a thermo-
stat. The test duration is 28 days at a temperature of
2942 °C and a humidity of more than 90%.

The bactericidal activity was determined in
relation to the association of test cultures of
bacteria: Escherichia coli, Staphylococcus aureus,
Pseudomona aeruginosa, Bacillus subtilis. The
presence of bactericidal properties was assessed by
the size of the zone of inhibition of bacterial growth
around the test object placed on an agar MPA
medium. Cultivation conditions — in a thermostat at
37 °C. Exposure time — 24 hours.

RESULTS AND DISCUSSION

In connection with stated objective, the synthesis
of grafted collagen copolymers with PBA was carried
out at the AIBN initiation and the TEB-oxygen initiating
system under comparable conditions. After the syn-
thesis, the resulting copolymer was separated by de-
cantation into an organic viscous layer and a liquid
aqueous layer. 100% of homopolybutyl acrylate was
found in the viscous organic phase.
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The IR spectra of the samples isolated from the
aqueous phase for the studied initiators are shown
in Fig. 2 and Fig. 3 in comparison with the IR spec-
tra of collagen and PBA. For the sample from the
reaction mixture using the AIBN initiator, as in the
case of the TEB initiator, a change is observed
compared to the IR spectra of the original collagen
and PBA.

Molecular weight (MW) characteristics of sam-
ples with different initiators isolated from the aque-
ous phase are presented in the form of molecular
weight distribution MWD curves (Fig. 4, 5) and MW
values in Table.

The MWD curves for samples obtained under
different conditions are offset with respect to the
collagen MWD curve. In the case of copolymeriza-
tion initiation by the TEB — oxygen system, this off-
set is more noticeable. Presumably this indicates a

so{—|— (1) PBA
{2) collagen
50 — (3) copolymer initiator is AIBN

40
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10

greater proportion of PBA grafting to collagen when
initiated by an organometallic initiator. These data
are confirmed by the values of MW of grafted copol-
ymer, obtained using the TEB — oxygen system:
they are higher than the original collagen by a
greater amount than in the case of AIBN.

The obtained data testify that BA grafting to col-
lagen in the presence of the TEB — oxygen system
is more visible than for AIBN. This may be due to
the fact that both upon initiation with a metal-
containing initiator and AIBN, grafting is carried out
(2) due to the abstraction of a hydrogen atom by an
active radical (R e, RO @) from a collagen macro-
molecule (1) by active radicals formed in the case of
AIBN due to thermal decomposition of the initiator,
or due to the oxidation of thermopile according to
the known scheme [20].
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Fig. 2. Infrared spectra of collagen (1), collagen and BA copolymer initiated by azobisisobutyronitrile (2),
and polybutyl acrylate (3)

Puc. 2. NHdpakpacHble cnekTpbl konnareHa (1); cononvmepa, MHULMMPOBAHHOTO OUHUTPUIIOM a30M30MacrISiHON KUCMOTbI (2);
nonubyTtunakpunar (3)
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Fig. 3. Infrared spectra of collagen (1), collagen and BA copolymer initiated by the system triethyl borane — oxygen (2),
and poly butyl acrylate (3)

Puc. 3. HdpakpacHble cnekTpbl konnareHa (1), cononmmepa, MHALMMPOBAHHOTO CUCTEMON TPUITUNGOpaH — kucnopos (2),
n nonubyTtunakpunar(3)
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Fig. 4. Collagen (1) weight distribution and copolymer of collagen and butyl acrylate
in the presence of azobisisobutyronitrile (2)

Puc. 4. MonekynsapHo-maccoBoe pacnpegenexuve konnareHa (1) n cononvmepa konnareHa n 6ytunakpunaTta
B NMPUCYTCTBUN ANHUTPUIA a30M30MaCHSIHOW KUCTOThI (2)

Fig. 5. Collagen (1) weight distribution and copolymer of collagen and BA
in the presence of the system triethyl borane — oxygen (2)

Puc. 5. MonekynspHo-maccoBoe pacnpeaenenue konnareHa (1) n cononumepa konnareHa n bA
B NPUCYTCTBUM CUCTEMbI TPUITUNOOPAH — Kucnopos (2)

Collagen molecular weight characteristics and copolymers of collagen and butyl acrylate
in the presence of azobisisobutyronitrile and the system triethyl borane — oxygen

MonekynapHo-maccoBble XapakTepUCTUKM KormareHa U CornonmmepoB KornareHa u 6yT|/|naKp|/|naTa
B NPUCYTCTBUU OAUHUTPUNA a30M30MacrsiHOW KUCNOTbI N CUCTEMBI TpI/ISTI/IJ'IGOpaH — Kucrnopopg

Polymer 3 MWD 3
Mn-10 Mw-10 Mw/Mn
Collagen 182 228 1.3
Copolymer with azobisisobutyronitrile initiator 189 238 1.3
Copolymer with the system triethyl borane — oxygen initiator 239 291 1.2
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However, when the TEB — oxygen system initi-
ates the interaction of TEB with collagen (7) or a
boroxyl radical formed according to the scheme: (6)

P
+Et;B ——>

-EtH
o) C(é

/_\ t
i ®)
O\ o O\Et

N

WOBEQ

Chain breakage by quadratic breakage of grow-
ing radicals leads to breakage of the polymer chain.

CONCLUSION

Grafted collagen copolymers with polybutyl acry-
late were obtained in the aqueous phase of disper-
sion of aqueous collagen solution and butyl acrylate
at initiation of AIBN and TEB — oxygen initiation sys-
tem. The copolymers were characterized on the
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+EtO ® + Et ®

with a growing radical, a labile bond is formed, along
which the growth of the chain can pass through the
mechanism of reversible inhibition (8) [21, 22].

P
%
(7

OBEt,

monomer

composition and molecular weight parameters using
IR spectroscopy and SEC. In case of the TEB — ox-
ygen system, butylacrylate grafting is more pro-
nounced. The scheme for the formation of copoly-
mer macromolecules to organoelement and AIBN
initiator were proposed.

These compositions can be used as mushroom
resistant and bactericidal materials.
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