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ABSTRACT

The work is devoted to the synthesis and characterization of gels based on the monomers pentaerythritol
triaacrylate (PETriA) and 2,2 '-(ethylenedioxy)diethanethiol (EDODET) by thiol-ene "click" polymerization. The
properties of the obtained gels were investigated by IR, Raman spectroscopy, mechanical analysis. Sol-gel
analysis of obtained networks was carried out and the degradability was investigated. The results of IR
spectroscopy confirmed the presence of -C = O and -C-O-C- groups in the composition of the obtained gels.
The presence of unreacted C = C bonds conjugated with C = O, as well as thiol groups, varies depending on
the composition of the initial monomer mixture (IMM). Raman spectroscopy results correlate well with IR
data. Raman spectra also show C-S, S-S and SH characteristic bands that are difficult to identify by IR
spectroscopy. It was found that the composition of MM affects the physicochemical properties of the
synthesized gels. The highest yield of the gel fraction of obtained polymers was found in samples with an
equimolar composition of IMM. The analysis of mechanical properties showed that gels with an excess of
PETriA exhibit more elastic properties, and an excess of EDODET leads to the formation of networks with a
higher crosslinking density. The study of the ability of obtained PETria-EDODET gels to degrade in a 3%
solution of hydrogen peroxide showed that the polymer network degrades by 12% within 60 days. This
property of the obtained gels can find application in the creation of targeted drug delivery systems with their
prolonged release.
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"click" polymerization.
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Introduction

The popularity

materials with residual unreacted functional groups
both in the bulk and on the surface. The presence of
unreacted thiol groups on the surface of
nanoparticles as a result of nonstoichiometric thiol-

thiol-ene "click"

polymerization for the synthesis of various polymer
materials is growing every year. These reactions are
very versatile and can be carried out using radical
conditions including photochemical initiation, or can
simply be promoted with polar solvents such as N,
N-dimethylformamide (DMF) [1].

Thiols and unsaturated compounds are often
used in stoichiometric ratios (1:1) to achieve
complete conversion and increase the mechanical
properties of the target product by thiol-ene
polymerization [2]. However, the resulting materials
usually have inactive surfaces with such a ratio of the
starting components. The work [3] reports the first
use of nonstoichiometric thiol-unsaturated
compound ratios leading to the production of

ene interactions can impart mucoadhesive
properties to materials - the ability to adhere and
retain on the surface of the mucous membrane due
to the formation of disulfide bonds with cysteine
residues of mucins [4].

Recently, the use of thiol-ene polymers is mainly
concentrated in the biomedical field, mostly in the
form of gels [5]. A wide variety of polymer systems
have been successfully synthesized using various
types of multifunctional unsaturated compounds
and thiols [[6], [7]]. Biodegradable thiol-ene systems
are of particular interest [8]. Biodegradation in the
case of biomaterials for medical use focuses on
biological processes within the body that cause
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gradual destruction of the material [9]. The
following  mechanisms of destruction are
distinguished: hydrolytic and enzymatic [10]. In this
work, we studied polymeric materials that contain
hydrolysable bonds in the polymer chain, such as an
ester group, and, accordingly, degrade by a
hydrolytic mechanism.

Experimental part

Materials. Pentaerythritol triaacrylate (PETriA)
manufactured by Aldrich Chemical Co (USA),
containing 350 ppm of hydroquinone monomethyl
ester as an inhibitor, was used without further
purification.

2,2'-(ethylenedioxy)diethanethiol (EDODET)
manufactured by Aldrich Chemical Co (USA) was
used without additional purification.

N,N-Dimethylformamide (DMF) manufactured
by Aldrich Chemical Co (USA) was used without
additional purification.

Gel synthesis. Synthesis of gels of various
compositions (the ratio of monomers
[PETriA:EDODET] = [2:1], [1:1] and [1:2] mol/mol)
was carried out in closed glass penicillin vials in a
DMF solvent (50 mass.% solvent and 50 mass.%
monomer mixture) with constant stirring on a
laboratory shaker GFL 3005 (Germany) for 24 hours
at 30°C. The formation of a crosslinked gel structure
was carried out within 24 hours, depending on the
composition of the initial monomer mixture (IMM).
Then the resulting gels were washed from unreacted
monomers for 1 hour in DMF, 6 hours in acetone (3
changes of acetone) and 24 hours in water (3
changes of water). The washed polymers were dried
in a lyophilic freeze-dryer to constant weight.

Physicochemical research methods. The study
of the kinetics and equilibrium degree of swelling in
distilled water was carried out by the gravimetric
method. The equilibrium degree of swelling was
calculated by the formula

— Mswollen—Mdry (1)
Mary

where Mswolien aNd Mgry — Mass of swollen and dry
samples, respectively.

For sol-gel analysis the synthesized gel samples
were washed from unreacted monomers for 1 hour
in a DMF solution, then in an acetone solution (3
changes of solvent), and then in water. After that
washed gels were dried in a freeze-dryer to constant
weight.

The content of sol and gel fractions was
calculated using the formulas

G% = Z4™: 5 100% (2)
Mgynt
5% = 100% — G% (3)

where mgynt — mass of the synthesized gel; mgry
w.= mass of the washed and dried gel.

An analytical balance Sartorius BP 121S
(Germany) with an accuracy of 0.0001 g was used to
determine the mass of synthesized and washed
dried gels. Labconco FreeZone freeze-dryer (USA)
was used for drying the samples.

In order to confirm the chemical composition of
the synthesized samples, the methods of IR and
Raman spectroscopy were used. IR spectroscopy
was performed on a Carry 660 Agilent IR Fourier
spectrometer (USA).

Raman spectroscopy was performed using a
Solver Spectrum setup (Russia). Dried gel samples
with a diameter of 0.5 mm were used for the
analysis.

The physicomechanical characteristics of the
synthesized samples were determined on a
TA.XTplus Stable Micro Systems instrument (UK) in
the compression mode.

Biodegradation degree. The degradability of the
resulting gels was studied in a 3% hydrogen peroxide
solution. The experiments were carried out in closed
glass penicillin vials at a constant temperature of 37
°C in an incubator with occasional stirring
Determination of degradable properties was carried
out in several parallel experiments. The degree of
degradation (DD) was investigated by the
gravimetric method to a constant value of the mass
of the samples and was calculated by the formula:

— mo— My

DD =" % 100% (4)

mo

where my — mass of degraded gel; mg — initial
mass of gel.

Discussion of results

In this work, the thiol-ene "click" polymerization
method was used to synthesize gels based on

pentaerythritol triaacrylate (PETriA) and 2,2'-
(ethylenedioxy)diethanethiol (EDODET) with
different ratios of components in the IMM

[PETriA:EDODET] = [2:1], [1:1] and [1:2] mol/mol in
the presence of DMF.
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The chemical composition of the synthesized
PETriA-EDODET gels was studied by IR and Raman
spectroscopy. IR spectra of dry samples of PETriA-
EDODET gels of various compositions are shown in
Figure 1. All three presented spectra have a high
peak in the range of 1745-1725 cm, which
corresponds to vibrations of the —C=0 group. A
broader peak of lower intensity in the region of
1180-1140 cm™ indicates the presence of (-C-O-C-)
groups in the composition of the resulting gels [11].
It is also worth paying attention to the peaks in the
region of 1640-1630 cm™ for compositions 2:1
mol/mol and 1:1 mol/mol which confirm the
presence of unreacted -C=C- bonds conjugated with
—C=0. At the same time, for the 1:2 mol/mol
composition with a predominance of the thiol
component, no characteristic bands are observed in
this region, which proves that all double bonds have
reacted with -SH groups.

—_—"21" -C=0 -CH=CH:2 -C-0-C
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Figure 1 - IR spectra of PETriA-EDODET gels with various
compositions of the IMM. [PETriA-EDODET] = [2:1], [1:1]
and [1:2] mol/mol

It is known from the literature that the
determination of -SH groups content requires the
use of Raman spectroscopy, since thiol groups show
a weak signal in the IR spectra. Figure 2 shows the
results of Raman spectroscopy of PETriA-EDODET
based gels. It was found that peaks at 700-650 cm™
are responsible for vibrations of the C-S bond. The
peak at 525 cm indicates vibrations of the S-S
bonds. The absorption band at 2590-2550 cm
confirms the presence of SH-groups, which indicates
an excess of EDODET in the PETriA-EDODET gel with
a monomer ratio of 1:2 mol/mol.

The absorption bands in the region of 1680 cm™?
are responsible for the vibrations of the -CH=CH,
bond which confirms the presence of alarge number
of multiple bonds characteristic of PETriA-EDODET
gels structure obtained with an excess of PETriA in

the composition of the IMM (2:1 mol/mol) and
correlates with IR spectroscopy data.

Based on the results obtained by IR and Raman
spectroscopy a mechanism for the formation of
crosslinked gel structure was proposed. During the
polymerization reaction, the interaction of
monomers with the formation of covalent bonds
occurs through the reaction of functional groups
such as double bonds of PETriA and thiol groups of
EDODET. With an excess of PETriA in the IMM, gels
with unreacted multiple bonds in their composition
are formed, while an excess of EDODET leads to the
formation of gels with unbound thiol groups. Thus,
in this work, the formation of such gel structures was
confirmed by the data of IR and Raman
spectroscopy.
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Figure 2 - Raman-spectra of PETriA-EDODET gels with
various compositions of the IMM. [PETriA-EDODET] =
[2:1], [1:1] and [1:2] mol/mol

Sol-gel analysis is one of the main characteristics
of gels. This method allows determination of the
polymer network yield. According to the results of
sol-gel analysis of PETriA-EDODET gels (Figure 3), the
highest yield of gel fraction is observed for the gel
sample with the IMM composition of 1:1 mol/mol.
This may be due to the fact that for the given IMM
composition, the starting monomers PETriA and
EDODET are taken in an equimolar ratio. When the
ratio of monomers PETriA and EDODET in IMM is 2:1
or 1:2 mol/mol, the yield of the gel fraction
decreases. It is likely that with a lack of one of the
monomers in IMM, the amount of reacted monomer
molecules decreases. Then, unreacted monomers
are washed out of the polymer network during
washing. In this case, the yield of the gel fraction at
1:2 mol/mol monomer ratio in the IMM is higher
than at 2:1 mol/mol ratio. This may be due to the
high activity of thiols to form disulfide bonds, which
leads to the formation of PETriA-EDODET gel of a
higher crosslinking density with an excess of 2,2 '-
(ethylenedioxy) diethanethiol in the IMM.
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Figure 3 - Dependence of sol and gel fractions yield of
PETriA-EDODET gels on IMM composition

In this work, the swelling ability of obtained
PETriA-EDODET gels in distilled water was
investigated. Figure 4 shows data on the change in
the swelling degree of PETriA-EDODET gels over
time. It can be seen from the results obtained that
the ratio of the starting monomers affects swelling
rate of the gels. With an increase in the content of
2,2'-(ethylenedioxy) diethanethiol, the swelling
capacity of PETriA-EDODET gels decreases. This
behavior may be due to the high content of —SH
groups in the gel structure, which form additional
disulfide bridges and increase the density of the
polymer network.
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Figure 4 - Dependence of the swelling rate of PETriA-
EDODET gels on IMM composition in distilled water

The study of the mechanical characteristics of
the gels makes it possible to draw conclusions about
the mechanical strength of the gels and indirectly
judge their composition. In this work, the
mechanical strength of the synthesized gels based
on PETriA-EDODET in the compression mode was
investigated. Figure 5 shows the deformation curves
of PETriA-EDODET gels of various compositions. It
was found that all gel samples are sufficiently strong
and elastic and do not undergo significant

mechanical destruction. The figure also shows a
noticeable effect of the ratio of monomers in the
IMM on strength of the resulting gels. The presence
of an excess amount of EDODET in the composition
of the IMM contributes to a slight decrease in
elasticity of the polymer network and an increase in
its strength (hardness). This is probably due to the
formation of a larger number of crosslinks in the gel,
which reduce the mobility of macromolecules. Gels
with an excess of PETriA in the IMM composition are
more elastic, which may be due to the presence of a

larger number of multiple bonds in the gel
composition.
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Figure 5 - Deformation curves of PETriA-EDODET gels of
various IMM compositions

According to the mechanical analysis data, the
elastic modulus was also calculated for each gel
sample presented in Table 1. The elastic modulus
was calculated as the slope of the initial straight
section of the gel deformation curve obeying
Hooke's law. It was found that an increase of
EDODET concentration in IMM composition of
PETriA-EDODET gel promotes an increase in the
elastic modulus.

Table 1 - Values of the elastic modulus of PETriA-EDODET
gels of various compositions of IMM

IMM composition Elastic modulus, Pa

[PETriA:EDODET], mol/mol

2:1 17500
1:1 21428
1:2 25745

It is known from the literature that in the human
body in places of inflammation, including in places of
formation of oncological tumors of various thiology,
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hydrogen peroxide is released in small quantities.
The release of hydrogen peroxide prevents the
spread of infection and serves as a signal to attract
leukocytes [12]. Various concentrations of hydrogen
peroxide can be found in the literature to study
oxidative degradation in vitro, mimicking in vivo
conditions. While the ISO 10993-13 standard implies
the use of 3 wt.% (approximately 1 M) H,0,, Cosgriff-
Hernandez and colleagues used 20% H,0; with
0,1 M CoCl;, Sun and colleagues used 5 mM H,0,
with 50 MM CuS04[13]. In this work, the degradation
degree of gels based on PETriA-EDODET was studied
in 3% hydrogen peroxide solution. Based on the data
obtained, a graph of the dependence of the
degradation degree of gels on the residence time in
solutions was plotted, which is shown on Figure 6.
This figure shows that the degradation of the sample
with a composition of 2:1 mol/mol occurs after 40
days and the stage of swelling precedes the
degradation of the gel. In the first week, the gel
swells rapidly, that can be noticed by a significant
increase in its mass, then it decreases and the
degree of degradation increases, respectively, this
behavior correlates with the research data [13],
where the degradability of gels based on
pentaerythritol tetrakis (3-mercaptopropionate)
and tri-/tetraacrylates synthesized by thiol-ene
"click" reaction was studied. The degree of
degradation of gels based on PETriA-EDODET by day
60 amounted ~ 12%. Polymers with hydrolyzable
bonds generally undergo slow degradation from
several weeks to a year [14].
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Figure 6 - Dependence of the degree of degradation of
PETriA-EDODET gels on time in a 3% solution of
hydrogen peroxide

Conclusions

In this work, gels based on the monomers
pentaerythritol triacrylate (PETriA) and 2,2 '-
(ethylenedioxy) diethanethiol (EDODET) in various
ratios and in the presence of a solvent
dimethylformamide (DMF) were synthesized by the
thiol-ene ‘"click" polymerization method. The
properties of the obtained gels were investigated by
various physicochemical methods. The results of IR
spectroscopy confirmed the presence of —-C=0
(1745-1725 cm), -C-O-C- (1180-1140 cm™) groups
in the composition of the obtained gels. Bands in the
region 1640-1630 cm™ for compositions 2:1 mol/mol
and 1:1 mol/mol established the presence of
unreacted C=C bonds, conjugated with C=0,
whereas for 1:2 mol/mol composition with a
predominance of the thiol component, there are no
characteristic peaks in this region. Obtained results
of Raman spectroscopy correlate well with IR
spectroscopy results and confirm them. Raman
spectra also show C-S, S-S and -SH characteristic
bands that are difficult to identify by IR
spectroscopy. It was found that IMM composition
affects  physicochemical properties of the
synthesized gels. Analysis of mechanical properties
showed that gels with an excess of PETriA exhibit
more elastic properties, while an excess of EDODET
leads to the formation of networks with a higher
crosslinking density.

The ability of the obtained PETriA-EDODET gels
to biodegradation in 3% hydrogen peroxide solution
was investigated. It was found that the polymer
network degrades by 12% within 60 days. This
property of the obtained gels can find application in
medicine as a targeted drug delivery system with
their prolonged release.
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2,2 '- (3TMNEeHaNOKCH) ANITAHTUON MEH NEHTA3PUTPUTON TPUAKPUAAT HerisiHge
6uonoruanbik aerpagaumarsa yWbIPaiTbiH }KaHa renbaepaiH, CMHTesi meH

cnnaTramachl

WyneH P.A., Kasbi6aesa [.C.

In-®apabu ameiHOarel Kasak yammelK yHusepcumemi, Aamamel, KazakcmaH

Makana kengj: 06 Koipkyliek, 2021
CapantamagaH eTTi: 15 kasaH, 2021
Kabbinganapi: 30 kapawa, 2021

TYRIHAEME

HKYMBbIC TON-eH «K/MK» NOAUMEPU3ALMACHI aPKbIAbl NeHTaspuTputon Tpuakpunat (M3Tpua) kaHe 2,2 '-
(aTunenpmokeun) amatantron (ELOAIT) moHomepnepi Heri3iHAe renbAepai CUHTe3heyre KaHe onapapl
cunaTtTayfa apHanfaH. AfbiHFaH renbaepaid, kKacuettepi UMK-, PamaH CNeKTPOCKOMUACHI, MeXaHWKanbIK,
Tangay apKblabl 3epTTengi. AnbiHFaH TopAapfFa 30/b-TefibAik Tangay Kyprisingi keHe aerpagauusara
KabinetTiniri 3epTrenai. UK-cneKkTpoCKONUACHIHbIH, HTUXKENEepPi anblHFaH renbaepaiH KypambiHaa -C=0
oHe -C-O-C- TonTapbliHblH, 60naTbiHAbIFbIH pacTagbl. C=0-meH TyiickeH peakuusaFa TycnereH C=C
6aiinaHbicTapbl, COHAAK-ak TWON TonmTapbl 6acTankbl MOHOMeEp KocnacbiHbiH, (BMK) KypambiHa
6aiinaHbiCTbl  e3repesi. PamaH CMEKTPOCKOMUACBIHLIH,  HaTwxkenepi WK aepekTtepimeH  »KaKkcbl
KoppensaumanaHagbl. PamaH cnektpnepi coHbimeH KaTap UK cnekTpocKkonuAcbIMeH aHblKTay KublH C-S, S-S
oHe SH-ToH »KonakTapapbl Kepceteni. BMK Kypambl cuHTe3genreH renbaepaiH, Gusnkanbik-XMMUANbIK
KacueTTepiHe acep eTeTiHi aHbIKTanAbl. ANbIHFAH NONMMEpPNEpAiH renbaik GpPaKUMACBIHbIH, eH ¥Kofapbl
WhifbIMbl BMEK, 3KBUMONAPABIK, Kypambl 6ap yarinepae Tabbingpl. MexaHUKanblK Kacuettepai Tangay
KepceTkeHael, MITpma menwepi apTbiK renbgep cepnimai kKacvetrepre ne, an EAOOIT-TiH, apTbik 60ybl
©3apa TbIfbI34blfbl }KOFapbl TOPAAPAbIH, Nainaa 6onybiHa akenedi. AnbiHFaH M3Tpua-EQOOIT renbaepiHiy,
cyTeri acKblH TOTbIfbIHbIH, 3% epiTiHAiciHAe blablpay KabineTiH 3epTTey NOMMEPIK KeniHiH, 60 KyH iwiHae
12% blablpPaTbIHbIH KepCeTTi. ANbIHFaH renbaepaid, 6yn KacveTi Aspi-49PMEKTEPAiH, TapreTTi (MakcaTTbl)
YKETKI3Y KyienepiH Kypyaa KongaHyfsa 6onaabl.

TyiiH ce3gep: (2,2 '- (3TMNEHANOKCH) SUETAHTUOA, MEHTA3PUTPUTON TPUAKPUAAT, renb, buogerpagaums,
TUON-EH KKAUK» NOANMEPAEHYI).
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CUHTE3 U XapaKTepUCTUKaA HOBbIX Buoaerpagupyembix reneii Ha ocHose 2,2’-
(3TMneHaMoOKCH) AUITAHTUONA U NEHTA3PUTPUTON TPUAAKPUAATA

WyneH P.A., Ka3sbibaesa A.C.

Kasaxckuli HayuoHanbHeil yHUsepcumem um. anb-®apabu, Aamamel, KasaxcmaH

Moctynuna: 06 ceHmabpa 2021
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MpuHaTa B neyatb: 30 Hos6pAa 2021

AHHOTALUMA

Pabota nocesAlleHa CUHTE3y M XapaKTepUCTUKE reneil Ha OCHOBE MOHOMEPOB MNEHTA3PUTPUTON
Tpuaakpunat (N3TpuA) u 2,2'-(atmneHgmokcu) austantvon (3A0A3T) METoAoM TUOM-EH  «KAMK»
nonumepusaumm. CBOWCTBA MOMYYEHHbIX rene 6biAn  uccnegosaHbl  mMetogamu  UK-,  PamaH
CNEKTPOCKOMMUU, MEXaHUYECKMM aHanu3om. bbiin nposeaeHbl 30/1b-refib aHaM3 MONYYEHHbIX CETOK U
nccaepoBaHa cnocobHoOCTb K Aerpagdaumu. Pesynbtatel MK-cnektpockonun noareepannmn Hannumne —C=0 n
-C-O-C- rpynn B coCTaBe NoJsiy4yeHHbIx renei. Haanumne Henpopearvposaslumx C=C cBsA3el, CONPAKEHHbIX C
C=0, a TaKXe TMONbHbIX rPynn BapbMpyeTca B 3aBUCMMOCTM OT COCTaBa MCXOLHON MOHOMEPHOW CMeCH.
Pe3ynbTaTbl PamaH-CNeKTpOCKONMM XOPOLLO KOPPENUpPYHOT € AaHHbIMKU MK-aHann3a. PamaH-cnekTpbl Takxke
nokasblBatoT C-S-, S-S 1 SH- xapaKTepucTUYecKmne No0Cbl, KOTOPbIE TAXKENO0 UAEHTUPULMPYIOTCA METOAOM
NK-cnekTpockonuu. YCTaHOBNEHO, YTO COCTaB MCXOAHOM MOHOMepHoM cmecn (MMC) BaunseT Ha ¢usmKo-
XMMUYECKMEe CBOWMCTBA CUHTE3MPOBaHHbIX resneil. Hambonblumit Bbixod renb Gpakuum MoayYeHHbIX
nonMmepos obHapy»KeH y 06pasLoB C 3KBUMONbHbIM cocTaBou MMC. AHanm3 mexaHUYecKMx CBOMCTB
NnoKasan, 4to reau ¢ usbbitkom MITpMA npoasnatoT 6onee anacTMyHble CBOMCTBA, a M3bbiTok 4043T
nNpMBOAMT K 06pa3oBaHWUIO CETOK C 6oAblueit NAOTHOCTBbIO clumMBaHMA. MccnegoBaHue CnocobHOCTU
nonyyeHHbix renen N3Tpuna-34003T K aerpagaumm B 3% pactBope NepeKkucu BoAOpoLa NOKA3ano, Yto
noMMepHan ceTka Aerpaampyet Ha 12 % B TedeHum 60 cyToK. [laHHOe CBOMCTBO NOJIyYEHHbIX reNei MOXKeT
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HalTM MNpUMeHeHWe MpU CO34aHMM CUCTEM TapreTHOW [OCTaBKM JIEKAapCTBEHHbIX CPeACTB, C WX
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