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Abstract. Of particular interest to scientists is creating ways to ensure continuous
delivery of necessary components for treating specific diseases. Some diseases require a
consistent supply of essential elements for treatment. Often, conventional forms of medi-
cation, such as tablets or capsules, might not get adequately absorbed by the body and end
up being eliminated without much effect. To address this, the use of polymer-based dosage
forms that degrade in the body, releasing medicinal substances gradually, extends their
impact. Employing polymer carriers offers the advantage of targeting precise areas within
the body, enhancing the efficient utilisation of the drug substance. Pentaerythritol tetra ac-
rylate and pentaerythritol tetrakis (3-mercapto propionate) (PETA-PEMP) based gels form
through thiol-ene click polymerisation mechanisms. The functional groups present in these
gels enable the development of materials that can degrade within diverse biological and
physiological settings alongside improved mucoadhesive characteristics. These attributes
promise future applications in targeted delivery systems for various medical substances.
This study marks the initial creation of cross-linked polymer gels using varying composi-
tions of PETA and PEMP. The major physicochemical properties of gels were determined
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through sol-gel analysis, IR and Raman spectroscopy, and optical and scanning electron
microscopy. Results revealed that gels containing an excess of PETA initially showcased a
porous structure, while higher proportions of PEMP monomers led to developing a denser
network structure. The degradation behaviour of these gels in different environments was
also investigated. Specifically, gels placed in enzyme solutions exhibited immediate deg-
radation, whereas degradation in hydrogen peroxide solutions underwent a swelling stage
before breaking down.

Keywords: biodegradable polymers, drug delivery systems, gels, thiol-ene
polymerisation, biodegradation
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AnHoTtanus. benrini Oip aypynapasl emaeyre KaKeTTi KOMIIOHEHTTEP Il
Y3IIKCI3 KETKI3y/ll KaMTaMachl3 €Ty KOJJIAPBhIH KYpy 3epTTeYLIIEPal €peKIne
KbI3BIKTBIpabl. Keibip aypymnap emaey yIIiH KaKeTTI AJIeMEHTTEP/IH TYPaKThI
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KeTKi3imyiH Tanan ereni. KeOinece TabieTkamap HeMece Karcyjajgap CHSKTHI
JOCTYPIIl  TOpI-TOPMEKTEp JICHere AYphIC CIHOSHI JKOHE KOIl ocep eTIEeCTEH
JKOMBUTAAbl. AF3ala BIABIpAYbl MYMKIH, JOPUTIK 3aTTapAbl IIbIFApaThiH
MOJIMMEPJTT JOpUTIK dopMasiapAbsl KOJAaHy OJapJblH aF3ara y3aK ocep €TYiHe
piKnan ereni. [lomumeprni TackMangaymbliapasl KOJAAHYIBIH apTHIKIIBUIBIFbI
JOPUTIK CYOCTaHIIMSHBI THIMJII TMaimanaHyabl >KCHUIIETETIiH JeHeHIH Oenrim
Oip aiimakTapbiHa OarbITTanFaH. [leHTtasputpuron terpaakpunat (II3TA) xone
MeHTadpuTpuTon Terpakuc (3-mepkanromnponuonar) (II9MII) moHomeprepine
HETI3JICTeH TeNbJEPAiH TY31LIyl THOJIBI-0acy (THOJICH-KIWK) TOJUMEpICY
Mexanusmjepine  HerizgenreH.  [IDTA-IIOMII  Herizimgeri  rempaepiae
(GYHKIIMOHAIABIK TOMTAPIBIH OOJybIHA OAMIaHBICTBI OPTYPJII OMOJIOTHSIIBIK KOHE
(bU3HONOTHUSIIBIK OpTaJa bIAbIpald alaThIH JKaKCAPTHUIFAH IIBIPHIIITHI XKaOBICKAK
KacueTTepi Oap Marepuanmapasl amyra Oomaapl. byn kacwerrep KeHiHipek
MEAMIMHAMA KEHIHEH KOJJAHBUIATBIH OPTYpPJi 3aTTapIblH MaKCaTThl KETKI3y
JKYHeNnepiHae KOJIaHbUTYbl MYMKiH. byn 3eprreyme optypmi [IDOTA-TIOMIIT
HET131HAer KOMIIO3ULUsIap bl KOJIAaHy apKbUIbl aifkacmaibl MOJIUMEpIIi TebIep
ManbHAANael. ['enbaepai Herisri (HU3UKa-XUMUSIIBIK KAaCUeTTepl 30JIb-TeNbIi
tangay, UK >xone PAMAH cnexkTpocKONMsChl, COHBIMEH KaTap ONTHKAJIBIK
JKOHE CKaHEpJIEYIIl JIEKTPOHIbI MUKPOCKOMHS apKbUIbI aHBIKTANIbl. HoTmxkenep
KypambiHaa apteik [I9TA OGap rempaepaiH KeyeKTi KYpbUIbIMBI Oap EKeHiH
kepcerTi, an [IOMII KypaMbIHBIH >KOFapbliaybl TBIFBI3 TOPJbl KYPBUIBIMHBIH
JaMybIHa OKeJeai. by renbaepniH opTypil opTanapAa bIAbIpaybl Ja 3epTTeINI.
Aram aiiTKkaHza, GepMEHT epiTiHIIIEpiHe CaJbIHFaH reibaep OIpAeH bIIABIPAYIbI
KOPCETTI, al CyTeri aCKbIH TOTBIFbI €PITIHAIIEPIHACTI BIIBIPAY OJIaH AJIJIbIH 1ICIHY
CaTBICBIHAH OTTI.

Tyiiin ce3aep: OMOIOTUAIBIK BIABIPANTHIH MOJUMEPIIEP, TOPUTIK 3aTTap bl
JKETKI3Y JKyHemnepi, THOI-9H MOMMEpIIeHy1, Onoaerpaaaius
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Annorauus. OcoOblii WHTEpeC HcCCleoBaTeNe MPeACTaBIsIeT CO3JaHue
cnoco0oB o0ecreueHusl HEeNpephIBHOM JOCTaBKH HEOOXOIMMBIX KOMIIOHEHTOB IS
JieyeHns KOHKPETHBIX 3abosieBanuid. Hexoropwle 3a0oneBaHusl TpeOYIOT MOCTOSHHOTO
CHa0>KEHHsI HEOOXOIMMBIMH JIeMEHTaMU JUIs JieueHus. Yacto 0ObraHbIe POPMBI JIEKAPCTB,
TaKue KakK TaOJETKU WM Karcylbl HE YCBAUBAIOTCS OPraHU3MOM JOJDKHBIM 00pa3oM M
B UTOTe BBIBOIATCS 0e3 ocoboro addekra. [IpuMeneHne moJMMepHbIX JeKapCTBEHHBIX
(hopM, CIOCOOHBIX AETPaANPOBATh B OPraHU3Me, BHICBOOOXK 1asl IEKAPCTBEHHBIC BEIIECTBA,
CHOCOOCTBYET HMX MPOJOHTUPOBAHHOMY JICHCTBHIO Ha opranusM. [IpenmymiectBoM
WCTIONIb30BaHMsl TOJIMMEPHBIX HOCHUTEJIEW SIBISCTCS HaleNMBaHHE Ha KOHKPETHBIC
YYaCTKH OPraHu3Ma, 4TO CIIOCOOCTBYET 3 PEKTUBHOMY HCIIOJIb30BAHHUIO JIEKAPCTBEHHOTO
BemiecTBa. OOpazoBaHue rejieii HA OCHOBE MOHOMEPOB MEHTadPUTPUTON TETpaaKpHiaT
(IT9TAwm nentasputpuron terpakuc (3-mepkanronponuoHar([I9MITpcHoBano Ha
MeXaHHM3MaXxX THUOJICH-KJIMK MoJMMepu3auy. biaronaps npucyTcTBHIO (GyHKIHOHATBHBIX
rpynn B rensx Ha ocHoBe [IDTA-IIOMII MoxkHO monydaTs MaTepHuaibl ¢ yIay4IlIeHHbIMU
MYKOQAr€3UBHBIMH CBOWCTBAMH, CIIOCOOHBIE PasiararbCsi B Pa3iMuHBbIX OMOIOTHYECKUX
1 U3NONOTHYECKUX cpenax. JlaHHbIe cBOWCTBa B JallbHEHMIIEM MOTYT OBITH HCIOJIB30-
BaHbl B CHCTEMax HalpaBICHHOW JOCTaBKH PAa3IUYHBIX BEIIECTB, MMEIOIIUX IINPOKOE
pacmpocTpaHeHHe B MEAWLUHE. B JaHHOM HCCIeJOBaHMHM ObUIM TOJYYEHBI CIIUTHIC
MOJIMMEPHBIE TeJI C HCIOJNb30BAaHMEM pPa3JIMYHBIX KOMIO3MIMKA Ha ocHoBe [IDTA-
[IOMII. OcHOBHBIE (PUINKO-XHUMUYECCKUE CBOWCTBA Teliel OMpEeNesuidi METOIaMH 30-
ne-rens aHanuza, K- u PAMAH cnekTpockomnuu, a Takke ONTHYECKOW U CKaHUPYIOIIEH
AIIEKTPOHHOM MHUKPOCKOMUSIMU. Pe3ybTaThl moKa3anu, YyTo TeiH, colepKaline H30bITOK
[I9TA, nMeroT NOpUCTYIO CTPYKTYPY, B TO BpeMs Kak yBenuueHue conepxxanus [1OMII
MPUBOIUT K Pa3BUTHIO OoJiee TUIOTHOM ceTyaTol cTpyKTypbl. Takke Obuta ncciegoBaHa
Jerpafauusl 3TUX Tejeld B pasIuyHbIX cpedax. B yacTHOCTH, TeiH, MOMEIICHHbIE B
pacTBOpel (PEPMEHTOB, JIEMOHCTPHPOBAIM HEMEMJICHHYIO JErpaialuio, TOraa Kak
Jerpagauusi B pacTBOpax IMEPEKHCH BOAOpPOJA MPOXOIWIIa uYepe3 CTaauio HaOyXaHMs
nepes pa3pyLieHueM.

KnwueBbie cioBa: Ouoperpaaupyemble MOJIMMEpPbI, CHCTEMBI JOCTaBKH
JIEKapCTBEHHBIX BEIIECTB, THOJI-CH MOJMMEpH3aLusl, OMoAerpajaist

Introduction

Biodegradable materials are utilised in various industries, including packaging,
agriculture, and medicine. These materials are categorised into two types: synthetic and
natural biodegradable polymers. Synthetic polymers are made from petroleum-based raw
materials, which are non-renewable. In contrast, natural polymers are derived from renew-
able biological resources. Generally, natural polymers are viewed as having fewer benefits
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than synthetic polymers (Mukherjee et al., 2023: 112068).

Biodegradation is how enzymes or other living organisms break down materials.
First of all, polymers undergo fragmentation via abiotic processes involving microbial
breakdown. Subsequently, microorganisms assimilate these polymer fragments, leading to
their mineralisation. The biodegradability of a polymer depends not only on its inherent
nature but also on its chemical composition and environmental conditions. Various mecha-
nisms and techniques exist to assess the biodegradation of polymers. Additionally, the me-
chanical properties of biodegradable materials are influenced by factors such as chemical
composition, manufacturing methods, storage conditions, processing, ageing, and usage
patterns (Samir et al., 2022: 7).

The authors (Zhang et al., 2021: 116) reviewed biodegradable polymers utilised in
biomaterials. For a polymer to be effective as a biomaterial, it must exhibit three essential
properties: biocompatibility, bioabsorbability, and mechanical strength. Natural polymers,
such as proteins or polysaccharides, which degrade enzymatically, have been prevalent
in biomedical applications for thousands of years. In contrast, synthetic biodegradable
polymers have been used for about fifty years. These polymers are employed in various
applications, including surgical implants for vascular or orthopedic procedures and sim-
ple membranes. Biodegradable polyesters are particularly notable for their durability and
controlled degradation rates, making them extensively used as porous structures in tissue
engineering, especially for constructing scaffolds. Additionally, biodegradable polymers
serve as implantable matrices for controlled drug release within the body and as absorbable
suture materials (Panchal et al., 2020: 4370).

Natural polymers typically degrade within biological systems through a process
involving hydrolysis followed by oxidation. Therefore, when designing synthetic biode-
gradable materials, a primary focus is on incorporating hydrolysable linkages such as am-
ide, ester, urea, and urethane groups. Enzymes that cleave peptides often target specific
sites adjacent to these groups. Hydrophobic surfaces are less conducive to enzymatic re-
actions, primarily in aqueous environments. Interestingly, the fastest degradation occurs
in polymers containing hydrophobic and hydrophilic segments (Kim et al., 2023: 9916).

Other considerations involve the accessibility of polymer chains to enzymes. Syn-
thetic polymers with short repeat units and regular structures tend to pack tightly, making
hydrolysable groups less accessible to enzymes. Experiments with partially crystalline ma-
terials show that amorphous regions decompose first, with decomposition rates influenced
by the size, shape, and number of crystallites present. Although cross-linking reduces crys-
tallinity, it does not improve degradation rates because the cross-links themselves restrict
enzyme access. Conversely, polymers with long repeating chain stretches have a less regu-
lar structure and are more susceptible to degradation. Therefore, aliphatic chains are more
prone to biodegradation than aromatic chains (Chereddy et al., 2016: 223).

The decomposition of polymers, whether in vitro or in vivo, is affected by numer-
ous factors. These include the preparation method, the presence of low molecular weight
compounds such as monomers, oligomers, or catalysts, and the polymer’s size, shape, and
morphology. Polymer physical and chemical properties influence the degradation process
(Hermengildo et al., 2022: 111197). Studies indicate that polymers with lower molecular
weight, greater hydrophilicity, and higher amorphousness degrade more rapidly. Similarly,
copolymers with higher glycolide content show shorter degradation times.

Copolymers can experience either surface erosion or volumetric erosion, depend-
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ing on the conditions, with volumetric erosion typically being the main degradation path-
way. The biodegradation process of polymers involves the random cleavage of ester bonds
within the polymer backbone, occurring uniformly across the entire material. A proposed
three-phase mechanism outlines the degradation stages. Initially, there is a substantial de-
crease in the polymer’s molecular weight without significant mass loss, which leads to the
formation of soluble monomer products. These soluble monomers originate from soluble
oligomeric fragments, marking the beginning of the degradation process. Ultimately, this
sequence culminates in the complete breakdown and degradation of the polymer into sim-
pler, potentially biocompatible components. (Mirjafari, 2018: 2945).

Over the past decade, thiol-ene click polymerisation has been extensively studied
(Lietal., 2019: 485; Gregoritza et al., 2015: 439). This reaction offers several advantages:
it occurs under mild conditions, yields high product quantities, and produces harmless
by-products (Liu et al., 2017: 6182; Ki et al., 2014: 9668). Recently, thiol polymers have
gained attention in biomedical applications, particularly as gels, due to their ability to tailor
physical properties like biodegradability, drug release kinetics, swelling behaviour, and
other crucial characteristics. (Machado et al., 2017: 201).

In thiol-ene click polymerisation, one of the reactants typically contains thiol
groups, while the other contains multiple bonds (Storha et al., 2013: 12275). The main ob-
jective of this work is to create biodegradable drug forms using PETA and PEMP through
thiol-ene polymerisation and then assess their physicochemical properties and biodegrad-
ability. This method enables the rapid and straightforward production of new composite
materials with enhanced properties. Due to the functional groups present in PETA-PEMP-
based gels, it is possible to develop materials that decompose in various biological and
physiological environments with improved mucoadhesive properties. These properties can
be utilised in targeted delivery systems for various substances widely used in medicine.

Materials and methods

Materials

Pentaerythritol tetraacrylate, pentaerythritol tetrakis 3-mercaptopropionate (95
%), porcine liver esterase, N, N-Dimethylformamide (DMF) obtained from Sigma Aldrich
(USA), acetone, Phosphate buffer (fixanal, pH 6.86), saults for phosphate buffer solution
(NaCl, KCI, Na,HPO, u KH,PO,) ReactiveKhimSnab (Russian Federation), hydrogen per-
oxide (3 % solution) from «DosFarm» (Republic of Kazakhstan). All reagents were of
analytical grade and were used without additional purification.

Synthesis of PETA-PEMP gels in the presence of DMF solvent

Gels with varying compositions ([PETA-PEMP] ratios of 3:1, 2:1, 1:1, 1:2, and
1:3 wt.%) were synthesised in sealed glass vessels. PETA and PEMP monomers were
mixed in a DMF solvent with constant magnetic stirring for the first hour. Depending on
the composition, a cross-linked structure formed within 1-2 hours. The resulting gels were
then washed in DMF for 1 hour, in acetone for 3 hours (with 3 changes of acetone), and in
water for 24 hours (with about 10 water changes). The washed polymers were dried in a
vacuum oven at room temperature.

Physicochemical research methods

The kinetics and extent of swelling were investigated using the gravimetric meth-
od. After measuring the mass of the washed and dried gel, each sample was immersed in
a solution, and its mass was recorded using an analytical balance. Measurements were ini-
tially taken every 15 minutes and later every 30 minutes until the sample’s mass stabilised.
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This analysis used distilled water, isotonic solutions, and buffer solutions. The degree of
swelling (a) of the gels was calculated using formula (1).

o= m -m /m,
where m_is the mass of the swollen gel at a certain point in time, g; m, is the initial
mass of the gel, g.

The gels underwent sequential treatments for the sol-gel analysis: they were im-
mersed in a DMF solution for 1 hour, followed by 3 hours in acetone, and then soaked in
water for 24 hours. Subsequently, the washed gels were dried in a vacuum oven. The yield
of the gel fraction (G %) was determined using formula (2).

G%=m,_,*100 %/m_ . )

where m, , — the mass ‘of washed and dried gel, g; m_ . — the mass of the syn-
thesised and drled sample, g. The yield of the sol fraction (S%) Was calculated using the

formula (3):

S % =100 % - G %, 3)
where G % is the percentage of the gel fraction, %.
The physical and mechanical characteristics of the synthesised samples were ana-
lysed as follows:
The mass of the synthesised and washed dried gels was determined using Sartorius
BP 1218 analytical balances from Germany, which provide accuracy up to 0.0001 g. The
samples were dried in a Binder VD 115 vacuum drying oven (Germany).
To confirm the chemical composition, IR spectroscopy was performed using a
Vertex 70V Bruker IR Fourier spectrometer (USA), which covers wavelengths from 4000
to 500 cm™. Raman spectroscopy was conducted using a Solver Spectrum setup (Russia)
on selected samples with a diameter of 0.5 mm.
Scanning electron microscopy (SEM) was employed with a Quanta 200i 3D sys-
tem (USA) for structural analysis. Samples were freeze-dried before analysis.
Optical analysis of the gels was carried out using a Leica DM 6000M microscope
from Sweden.
These methods were utilised to assess the synthesised samples’ physical properties
and determine mechanical behaviours using a TAXT Texture Analyzer device (UK) in a
compression mode.
Study of the degradation ability of synthesised gels based on PETA-PEMP
The degradation ability of the synthesised 3:1 PETA-PEMP gels was investigat-
ed using three different environments: a buffer solution at pH 7.4, an enzyme solution,
and hydrogen peroxide solutions. For hydrogen peroxide degradation studies, solutions of
varying concentrations (0.1 %, 0.5 %, 1 %, 2 %, and 3 %) were employed. All
experiments were conducted in sealed plastic beakers at a constant temperature of 37 °©
C in a water bath, with intermittent stirring. The assessment of degradability properties
involved multiple parallel experiments. The degree of degradation (DD) was evaluated
using the gravimetric method until the sample mass stabilised and then calculated using
for-mula (4).
DD = (m,—m, )/m,, “4)
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where m_is the mass of the gel at a certain point in time, g; m, is the initial mass
of the gel, g.

Results and discussion

Synthesis of gels based on PETA-PEMP

In this study, gels based on PETA-PEMP were synthesised using thiol-ene
click polymerisation. Different ratios of components in the initial monomer mixture
were used: 3:1, 2:1, 1:1, 1:2, and 1:3 weight per cent, in the presence of a DMF sol-
vent (50 % solvent and 50 % monomers). Figure 1 illustrates the reaction scheme for
forming a cross-linked PETA-PEMP structure. The interaction between monomers
and the formation of covalent bonds occurs through functional groups, specifically
the double bonds in PETA and the thiol groups in PEMP. When PETA is in the mono-
mer mixture, gels with numerous double bonds are produced, whereas an excess of
PEMP results in gels rich in thiol groups. The formation of these structures was con-
firmed through IR and Raman spectroscopy, the details of which are discussed later.
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Figure 1 - Synthesis reaction scheme of gels based on PETA-PEMP.

Characteristics of gels based on PETA-PEMP
To investigate the yield of products based on the initial ratios of PETA-PEMP
monomers, sol-gel analysis was conducted on the synthesised samples. Figure 2
and Table 1 depict the outcomes of this analysis.

198



OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

G % S %
100 + T 100
90 + T+ S0

G %
80 + + 80
70 + + 70
60 + + 60
50 + + 350
40 1 1 40
30 4+ 4 30
S %
20 + + 20
10 1 T 10
0 + + : + + 0
0 3:1 2:1 1:1 1:2 1:3

[PETA-PEMPI, wt. %

Figure 2 - Dependence of the sol and gel fraction yield of PETA-PEMP gel on the composition of the initial

monomer mixture.

According to Table 1, the highest yield of the gel fraction occurs with the 1:1 com-
position, where the initial PETA and PEMP monomers are present in equal proportions. In
contrast, lower yields are observed at ratios of 3:1 and 1:3 because one of the components
is present in excess or deficiency. When there is an excess of PETA or PEMP, all available
molecules of the other component become fully bound, leaving unreacted monomers that
are subsequently washed out during the washing process. Interestingly, the yield of the gel
fraction at the PETA-PEMP ratio of 1:3 is higher than that at 3:1. This difference is attribut-
ed to the denser structure of gels formed with excess PEMP.

Table 1

Results of sol-gel analysis of the obtained PETA-PEMP gels
Composition of initial monomer mixture, wt. % Ne [3:1] [2:1] [1:1] | [1:2] [1:3]
Gel fraction, % 1 48,65 | 68,94 | 79,30 | 77,09 | 69,71
2 47,32 | 69,71 | 79,58 | 77,04 | 69,91
3 48,90 | 70,23 | 79,27 | 77,63 | 69,25
Average | 48,29 | 69,63 | 79,38 | 77,25 | 69,62
Sol fraction, % 1 51,35 | 31,06 | 20,70 | 22,91 | 30,29
2 52,68 | 30,29 | 20,42 | 22,96 | 30,09
3 51,10 | 29,77 | 20,73 | 22,37 | 30,75
Average | 51,71 | 3037 | 20,62 | 22,75 | 30,38

This study examined gels synthesised from PETA-PEMP using various physico-
chemical methods. The swelling characteristics of these gels were evaluated in three differ-
ent solutions: distilled water, isotonic solution, and a buffer solution with pH 6.86. Figure 2
(A, B, C) illustrates graphs depicting the degree of swelling over time. The gels exhibited
the highest rate of swelling in the isotonic solution. The data collected determined the equi-
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librium degree of swelling in these gels across different compositions (Figure 3). In an iso-
tonic solution, the swelling capacity of the gels remained relatively consistent regardless of
the composition. Conversely, in the buffer solution at pH 6.86, gels with equal proportions
of PETA and PEMP in the initial monomer mixture showed the lowest degree of swelling,
indicating a denser cross-linked network as supported by the gel fraction analysis. As the
PEMP content increased, the swelling ability of the gels also increased, potentially influ-
enced by the presence of -SH groups within the network. No distinct trends were observed
in the influence of composition on the equilibrium degree of swelling in gels immersed in
distilled water.
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Figure 3 - Dependence of the swelling rate of gels based on PETA-PEMP on the composition in distilled
water (A), isotonic (B), and buffer (C) solutions.
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Figure 4 - Dependence of the equilibrium degree of swelling on the composition of gels based on PETA-
PEMP in distilled water (1), in isotonic (2) and buffer (3) solutions.

Figure 5 displays the IR spectra of synthesised gels composed of PETA and PEMP
in ratios of 3:1, 1:1, and 1:3 wt.%. A prominent peak in the 1745-1725 cm-1 range in all
three spectra indicates the presence of C=O functional groups. A broader peak with lower
intensity in the 1180-1140 cm™! region suggests the presence of (-C-O-C-) groups within
the gel composition. The absorption band observed in the 690-640 cm™! region indicates
the presence of (-C-S) functional groups in the polymer structure. Additionally, the peak
at 1635 cm! signifies the presence of (-C=C) groups, while a small peak in the 1475-1450
cm’' region indicates the presence of (=CH,) groups.

It’s important to note that detecting -SH groups typically require Raman spectros-
copy due to their weak signal in IR spectra. This study employed Raman spectroscopy to
provide a more detailed analysis of the polymer structure. The resulting Raman spectra are
presented in Figure 6.
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Figure 5 - IR spectra of PETA-PEMP gels of ratios [3:1] (1), [1:1] (2), and [1:3] (3).
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Figure 6 illustrates the outcomes of Raman spectroscopy conducted on PE-
TA-PEMP gels. The analysis revealed distinctive bands corresponding to specific
chemical bonds within the polymer structure. The bands observed between 700—
650 cm”-1 are attributed to vibrations of the C-S bond, indicating its presence in
the polymer network. At 2590-2550 cm”-1, a band was identified that confirms
the existence of SH groups, crucial for understanding the gel’s composition and
cross-linking density.

Furthermore, the band observed at 525 cm™ signifies the presence of S-S
bonds, suggesting an excess of PEMP in the gel composition, particularly evident
in the 1:3 wt.% ratio. Bands around 1680 cm™ were associated with vibrations of
the -CH=CH, bond, confirming the presence of multiple bonds characteristic of
gels with an excess of PETA (3:1 wt.%).

These findings from Raman spectroscopy provide detailed insights into
the chemical structure and composition variations across different ratios of PE-
TA-PEMP gels synthesised in this study.
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Figure 6 - Raman spectra of gels based on PETA-PEMP of ratios [3:1], [1:1], and [1:3].

Figure 7 (A, B, C) presents optical microscopy images used to study the
structure and morphology of gels composed of PETA-PEMP. Samples with a diam-
eter of 3 mm were chosen and pre-dried in a vacuum drying cabinet prior to anal-
ysis. The images indicate that gels with excess PETA exhibit a uniform structure.
However, as the concentration of PETA increases in the initial monomer mixture,
there is an observable emergence of crystalline supramolecular structures within
the gels.
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Figure 7 - Microphotographs of gels based on PETA-PEMP of ratios 3:1 (A), 1:1 (B), and 1:3 (C).

SEM was employed to conduct a detailed study of the gels’ structure and
morphology. The results, displayed in Figure 8 (A, B, C), reveal notable differences
based on the composition of PETA-PEMP. Gels with an excess of PETA exhibit
a more porous structure, as observed in the images. This porous nature correlates
with the gels’ swelling properties, where higher concentrations of PETA lead to
increased degrees of swelling.

Conversely, as the concentration of PEMP monomers increases, a denser
network structure becomes evident in the gels. This densification is reflected in
the SEM images, indicating a tighter arrangement of polymer chains and reduced
porosity compared to gels with excess PETA.
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Figure 8 - SEM micrographs of gels based on PETA-PEMP of ratios 3:1 (A), 1:1 (B), and 1:3 (C).

The mechanical strength of the synthesised gels based on PETA-PEMP was
evaluated through compression testing. Figure 9 illustrates that these gels exhibit
significant strength and elasticity. The results evidently show the impact of varying
ratios of initial monomers on the gels’ strength. Gels with a higher proportion of
PEMP show a slight reduction in elasticity but an increase in overall strength. This
effect is likely due to the increased number of cross-links formed, which restricts
the flexibility and movement of the polymer chains within the network.

On the other hand, gels with an excess of PETA in the initial mixture demon-
strate higher elasticity. This elasticity can be attributed to the presence of a greater
number of multiple bonds in their structure, which allows for more flexibility and
resilience under compression.
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Figure 9 - Graph of stress versus strain for gels based on PETA-PEMP of different ratios.

Based on the mechanical analysis data, each sample’s elastic modulus was
calculated and presented in Table 2. The elastic modulus was determined by cal-
culating the tangent of the slope of the initial linear portion of the compression
curve. Increasing the concentration of PEMP in the gel composition was observed
to contribute to an increase in the elastic modulus. This indicates that gels with
higher proportions of PEMP exhibit greater stiffness and resistance to deformation

under compression.
Table 2
Values of elastic modulus for gels of PETA-PEMP compositions at different ratios of initial monomers

Ratios of initial monomers Modulus of elasticity, Pa
3:1
7727
2:1 18633
1:1 29518
1:2 34519
1:3 11670

Study of the degradation ability of synthesised gels based on PETA-PEMP

An essential criterion for using polymers for drug delivery systems in med-
icine is their ability to biodegrade within the body. Biodegradation ensures that
once the active substance in the medication is depleted, the polymer carrier can be
naturally broken down and eliminated from the body, preventing any unnecessary
accumulation. This process is crucial for sustained drug release and reducing the
frequency of medication intake.

In this study, the biodegradation of the synthesised PETA-PEMP gels was in-
vestigated using a phosphate buffer solution containing pig liver esterase enzymes.
Esterase enzymes catalyse the hydrolysis of ester bonds, which are common in
organic compounds found in the human body. The experimental results, depicted
in Figure 3.3.1, indicate that the gels began to degrade immediately in the presence
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of enzymes.

When analysing the degradation of PETA-PEMP gels in a buffer solution
simulating physiological fluid (pH = 7.4), no significant weight loss was observed.
However, swelling of the gels was noted, suggesting a response to the environment
similar to that of human bodily fluids. This underscores the potential biocompati-
bility of these gels as drug carriers in medical applications.

-15 & —a—3%H202 ——0,1%H202
== enzyme solution =4=—buffer solution

Figure 10 - Dependence of the degree of destruction of PETA-PEMP gels at a ratio of 3:1 wt.% on time in
various solutions.

In areas of inflammation and oncological tumour sites, hydrogen peroxide
is naturally released in small quantities. This release serves a dual role: it helps
prevent infection and signals to attract immune cells, such as leukocytes, to the
affected area (Shuler, Kazybayeva, 2021: 29).

This study investigated how gels based on PETA-PEMP degrade in solu-
tions with varying concentrations of hydrogen peroxide. The experiment continued
until the mass of the gels stabilised. Based on the results, a graph was generated
to illustrate how the degree of degradation of the gels changes over time in these
solutions (Figure 10). The graph indicates that higher concentrations of hydrogen
peroxide accelerate the degradation process. The degradation primarily involved
swelling of the gels before reaching a stable mass.

These findings underscore the potential of PETA-PEMP gels for applica-
tions where controlled degradation in response to hydrogen peroxide levels could
be advantageous, such as in localised treatments for inflammatory conditions or in
targeted drug delivery systems.

Conclusion

In this research, gels were synthesised using PETA and PEMP monomers
in various ratios in the presence of DMF solvent. The synthesised gels underwent
comprehensive characterisation using multiple analytical methods. Sol-gel anal-
ysis determined the yields of the sol and gel fractions, providing insights into the
polymer network formation. The water absorption capacity of the gels was evalu-
ated by assessing their degrees of swelling in different media.
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Structural analysis using IR and Raman spectroscopy revealed distinctive
vibrations in the spectra of gels with an excess of PEMP, indicating the presence
of -SH groups. Morphological studies conducted via optical and scanning elec-
tron microscopy highlighted those gels with excess PETA exhibited a more porous
structure, whereas those with excess PEMP showed a denser morphology. Mechan-
ical testing using compression mode demonstrated that gels enriched with PETA
were more elastic and resilient, whereas those with more PEMP were stronger and
harder. The degradation behaviour of the synthesised gels was investigated in buf-
fer solutions with pH=7.4, enzyme solutions, and hydrogen peroxide solutions of
varying concentrations. No degradation was observed in buffer solutions, whereas
enzymatic degradation with esterase and degradation in hydrogen peroxide solu-
tions showed distinct effects. The concentration and type of H202 solution signifi-
cantly influenced the rate and extent of degradation of the PETA-PEMP gels.

Overall, these findings contribute to understanding how the composition of
PETA and PEMP monomers affects the properties and degradation behaviour of the
synthesised gels, which is crucial for their potential applications in controlled drug
delivery and biomedical devices.
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