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Smart water-soluble polymers and hydrogels are capable to reversibly react to insignificant
changes of the medium properties (pH, temperature, ionic strength, a presence of some substances,
illumination, electric field). The reacting of a system is visible to the naked eye (the formation of
a new phase in a homogeneous solution, or compression of the hydrogel). The properties of such
polymers and hydrogels are considered. For the first time, the stimuli-responsive polymeric hydrogels
based on N-isopropylacrylamide (NIPAAM), 2-hydroxyethyl acrylate (HEA) and acrylic acid (AA) have
been synthesized by free initiation of radical copolymerization. The purpose of the research is to
obtain stimuli-responsive cross-linked terpolymers based on N-isopropylacrylamide, 2-hydroxyethyl
acrylate and acrylic acid and study their physicochemical properties. The physicochemical methods
such as scanning electron microscopy, differential scanning calorimetry, infrared spectroscopy,
gravimetry, cathetometric and thermogravimetric analyses were used in this study. To determine the
thermal and pH — sensitivity of the modified copolymer, the effect of temperature on the NIPAAM-
HEA-AA nets (in different pH media) was studied. They are characterized by a thermally induced
collapse and a dependence on a medium pH. The interaction of copolymers with drugs such as
lincomycin and gentamicin was studied for using the new copolymers as a drug carrier. To study
the antibacterial properties and the transportation of physiologically active substances of hydrogel,
the elimination of specially prepared bacteria by hydrogels with various medicinal ingredients were
conducted.

Keywords: 2-hydroxyethyl acrylate; N-isopropylacrylamide; acrylic acid; hydrogen bond;
gentamicin; lincomycin; hydrophobic interaction.
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YMHble BOZOpPacTBOPMMbIE NOSMMEPbl U ruaporenn cnocobHbl 06paTMMO pearMpoBaTtb
Ha He3HauyuTeNbHble U3MEHEHUA CBOMCTB cpeapl (pH, TemnepaTypa, MOHHAA cuna, NpUCyTCTBUE
ONpeAeNeHHbIX BELLECTB, OCBELLEHHOCTb, 3/IEKTPUYECKOE NOME), MPUYEM PEAKLUA CUCTEMbI JIETKO
BMAHA HEBOOPYKEHHbIM ra3om (06pa3oBaHMe HOBOW $asbl B rOMOreHHOM 4O 3TOrO pacTBope,
pe3koe HabyxaHWe uau cxkatve rugporens). CBoicTBa Nogo6HbIX NOAUMEPOB U rnaporenei 6bian
paccmoTpeHbl B paboTe. Bnepsble 6b111 NOAYYEHbI CTUMYNYYBCTBUTE/bHBIE MOJIMMEPHbIE TMAPOTreNu
Ha ocHoBe N-usonponunakpunamuga (HUMAAM), 2-ruapokcuatunakpmnata (MA) n akpunosoi
Kucnotbl (AK) MeTofoM BeLecTBEHHOro MHULMUPOBAHUA paguKaabHOM conoimmepmsaumu. Lienbto
AaHHON paboTbl ABNAETCA NOJyYeHUE CTUMYIYYBCTBUTE/IbHBIX CLUMTBIX TEPMOJIMMEPOB Ha OCHOBE
N-n3onponunakpunamunaa, 2-ruapoKCcMaTUIAKpUaaTa U akpuUaoBOI KUCNOTbI, U3yyeHune nx Gusnko-
XMMUYECKMX CBOWCTB. B KauecTBe OCHOBHbIX GU3NKO-XMMUYECKMX METOLOB UCCNeA0BaHMA B paboTe
MCMO/Ib30BaHbl: CKaHWPYIOLWAA 3NEKTPOHHAA MUKpockonua, AuddepeHumanbHaa CKaHMpyloLwas
Kanopumetpusa, UK cnekTpockonus, rpaBuMeTpus, KaTeToMeTpuyeckne, TepMorpaBumeTpuyeckmne
aHanusbl. [ins onpeaeneHuns Tepmo- n pH- YyBCTBUTENBHOCTU MOAUPULIMPOBAHHOTO conoanmepa
M3y4yanocb BAUAHME TemnepaTtypbl Ha ceTkn HUMAAM-TIA-AK (B pasHbix cpegax pH). Bbuio
onpeaeneHo, YTo ANA HWUX XapaKTepHbl TEPMOWMHAYLMPOBAHHbIA KOANANC UM 3aBUCMMOCTb OT
pH cpepgbl. UccnepoBaHo WX B3aMMOAENCTBME C NEKAPCTBEHHLIMU BELLECTBAMM, TaKMMM Kak
JIMHKOMMUUMH WU TeHTaMULMH, ANA UCNO/Ib30BaHWA HOBbIX COMOJIMMEPOB B KayecTBe HocUTens
NekapcTBeHHoro cpeactBa. C  uenbilo wccnefoBaHWA aHTMBAKTepManbHOM cnocobHocT W
TpaHcnopTM3aunm GuU3nMONOrMYECcKM aKTUBHbIX BELWECTB ruaporens, 6biam NnpoBesaeHbl UCMbITaHNUA
ONA YCTPaHEeHWA cneuuanbHO MNOArOTOB/AEHHbIX 6aKTepuit rMaporenaMm C  PasanyHbIMU
IeKapPCTBEHHBIMU UHIPEANEHTaMMU.

Kniouesble cnosa: 2-ruapoKcnMaTunakpunat; N-u3onponunakpunammua; akpuaosas KMcioTa;
BOZOPOAHbIE CBA3M; TeHTaMULMH; TMHKOMULMH; ruapodobHble B3aumoaeincTeme.
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Cyna epwuTiH «akblngbl» MOAMMepaep MeH rMAaporenbAepai iWwiHae OpTaHblH, a3gafaH
e3repictepiHe (pH, TemnepaTypa, MOHAbIK Ky, apHalbl KOCbIFaH 3aTTap, ¥KapblK, 3NEKTp epici)
ayan 6epeTiH rugporengepAi anlTambi3 KoHe Kyhegeri esrepicTepdi KanbinTbl Kafganaa
na baikayfa 6onaabl (6actankbl romoreHai epiTiHaige »KaHa dasaHbiH, Ty3inyi, KeHeTTeH icCiHy
Hemece ruAporenbAiH, CbifblNybl). MymbicTa OCbiHAAW NOAMMEpP MeH rMaporenfiH, KacuerTtepi
KapacTblpblAabl. 3aTTblK MHULMUPAEHTEH pPaguKanabl COMOAMMEpNey dAicimeH, anfaw pet
N-uso-nponunakpunamug (HUNAAM), 2-ruapoKkcuatunakpunat (FDA) KoHe aKpua KbIWKbIAbI
(AK) HerisiHaeri ctumyncesimtan nosnvmepni rugporenbaep anbiHAbl. yMbICTbIH,  MaKkcaTbl
— N-usonponunakpunamua, 2-ruapoKCUSTUNAKPUNAT KIHE aKPUA  KblWKbIAbl  HerisiHaeri
CTUMyACe3iMTan TOpAbl Tepnoaumepnepai any, onapablH,  GU3NKA-XMMUANBIK  KacueTTepiH
3epTTey. KymbicTa 3epTTeydiH, Herisri  GU3MKa-XMMMANBIK a4icTepi peTiHAe cKaHepaeyLwi
3N1eKTPOHAbI  MUKpOCcKonusA, AuddepeHuManabl  cKaHepaeywi Kanopumetp  agici, WK-
CMEeKTPOCKONUA, TPAaBUMETPUSA, KaTETOMETPIK, TEPMOrPaBUMETPUANBIK Tangaynap KoaAaHblabl.
MopuduumpneHreH conoanmepaiH, Tepmo- KaHe pH-cesimTanaplfblH aHbIKTAay MaKcaTbiHAA,
anbiHFaH aHa HWMNAAM-IOA-AK TopnapbiHa (sp Typni pH opTaga) TemnepaTypaHbiH acepi
3epTTenreH. Onapfa TEPMOUHAYUMPAIK KONNANCTbIH, TOH €KeHi XaHe opTaHblH, pH-Ha Tayenginiri
aHbIKTangbl. OnapablH, reHTAMULUUH XKaHEe NIMHKOMUUMH CUAKTbI A9PiNiK 3aTTapMeH apeKkeTTecyi
3epTTengi. KyMbICTbIH NPaKTUKaablK MaHbI3AblbIFbl, KaHa CoOMNoAMMepaepai Apinik 3aTTbl
TacbiMangaylwsl peTiHae KongaHy. lenbaepain, pusmnonoruansik 6enceHai 3atrapabl Tacbimangay
KaHe baKTepuaFa Kapcbl KabineTiH 3epTTey maKcaTbiHAA KypamblHAA TabuFaTbl ap TYpAi A3piniK
3aTbl 6ap ruaporenbaepaiH apHayabl AalbiHAANFaH BaKTEPUANAPAbI KOO CbiHAKTapbl XKypPrisingi.

TyiiiH ce3gep: 2-r1MAPOKCUITUNAKPUAAT; N-M30MPONUNAKPUAAMUA,; aKPUA KbILWKbIbI; CYTEKTI
6alinaHbIC; reHTaMULMH; AIMHKOMUUMH; TnapodobTbl apekeTTecynep.
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1. Introduction

In recent years, so-called “smart materials” (smart or
intelligent materials) attract much attention of researchers.
Under this name, materials that can react to small changes in the
external environment in a preprogrammed manner are
combined [1]. Among the water-soluble polymers and hydrogels,
“intelligent” systems can be named that react reversibly to small
changes in the properties of the medium (pH, temperature, ionic
strength, the presence of certain substances, light, electric field),
the response of the system being easily visible to the naked eye
(the formation of a new phase in a solution homogenous before
this, a sharp swelling or contraction of the hydrogel). Among
synthetic polymers, the polymer systems based on
N-isopropylacrylamide (NIPAAM) having characterized by the
lowest critical dissolution temperature (LCDT) in water are
characterized by thermal sensitivity [2]. Homa- and copolymers
of NIPAAM are readily prepared by radical polymerization in
aqueous or organic solvents [3,4].

Of great interest to researchers are stimuli-sensitive
hydrogels because of their successful application in various
fields, from biomedicine and pharmaceuticals to industrial
applications [5].

Poly-NIPAAM is soluble in acetone, formamide, dioxane,
tetrahydrofuran, lower alcohols, cold water; it forms a separate
phase at a temperature of about 32°C, and the LCDT is almost
independent of the molecular weight (M) [4].The solubility of
poly-N-isopropylacrylamide (PNIPAAM) below 32°C is due to the
availability of hydrophilic functional groups (> NH group), but the
precipitation is higher than the temperature of the LCDT,
indicating that the composition contains hydrophobic functional
groups (isopropyl group) [6].

The relevance of the study is due to the fact that the
copolymers obtained on the basis of NIPAAM-GEA-AA can be

used as a promising material in the preparation of a system of a
drug substance separating agent or a macromolecular
therapeutic system as a depot.

Objects of study are triple stimuli-responsive copolymer
based on N-isopropylacrylamide (NIPAAM), 2-hydroxyethyl
acrylate (HEA) and acrylic acid (AA).

The purpose of this work is to obtain the stimuli-responsive
cross-linked terpolymers based on NIPAAM, HEA and AA and
study of their physicochemical properties.

2. Experiment

Methods of investigation: IR spectroscopy (Satellite FTIR
spectrophotometer, Mattson, USA) [7], free radical
copolymerization [8], gravimetric measurements (ISO 9001
analytical  scales, Sartorius, Germany), catethometric
measurements ( cathetometer V-630, Russia), thermogravimetry
(TGA/SDTA851e, METTLER TOLEDO, Switzerland), differential
scanning calorimetry (NETZSCH DSC200 PC model, Perkin elmer,
USA); scanning electron microscopy (Carl-Ziess SMT, Germany).

Crosslinked copolymers based on NIPAAM-GEA-AA were
synthesized by the method of radical copolymerization at a
temperature of 333 K. Copolymerization was carried out in an
ampoule made of molybdenum. For removing oxygen from the
reaction mixture, which was in the ampoule for 20 min, it was
blown with argon gas. As an initiator, ammonium persulfate was
used, and bis-acrylamide was used as the cross-linking agent.
The resulting gels were washed with distilled water for 20 days.

Thermal analysis is a complex of methods for determining
the temperatures at which processes occur, accompanied by the
release of heat (for example, crystallization from a liquid) or its
absorption (e.g., melting, thermal dissociation). Thermal analysis
makes it possible to determine the temperatures of phase

transitions. Heating or cooling the object, measure its
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temperature at small intervals; the measurement results are
plotted graphically, plotting the time along the abscissa axis, and
the temperature along the ordinate axis. The most common type
of thermal analysis is differential thermal analysis (DTA)[9]. We
used the method of thermal analysis, in which the change in the
mass of the sample as a function of temperature is recorded.
Thermogravimetric analysis was carried out using nitrogen gas at
a stable atmospheric pressure at 30-900°C at the rate of
20°C/ min.

Differential Scanning Calorimetry (DSC ) is a method used
to study what happens to polymers upon heating. This method
studies what we call phase transitions of the polymer. Phase
transitions are the changes that occur in the polymer when it is
heated. One example of a phase transition is the melting of a
crystalline polymer. Glassification is also a phase transition. The
glass transition temperature was determined using the DSC
method.

Scanning electron microscopy is a method for analyzing the
surface structure of a solid microobject by means of an electron
microscope, consisting in viewing a reflected “electronic image.”
Scanning electron microscopy allows us to investigate not only
the properties of the sample surface, but also to visualize, as well
as to obtain information about the properties of subsurface
structures buried down to several microns [10].

The reaction of complex formation of copolymers with
drug substances was studied using turbidimetric titration (UV
spectrophotometer, Shimadzu UV/VIS-2401 PC, Japan) at the
wavelength of 400 nm. For this, the same concentrations of
copolymer samples and aqueous solutions of medicinal
substances were used.

The pH value of the solutions was determined on the lon
Meter 3345 (Jenway LTD., UK) to normalize the pH value in the
used solutions of 0.1 n HClI and NaOH, as well as standard
solution buffers.

In the course of the work, in order to study the properties
of the thermal sensitivity of a polymeric network, polymers of a
cylindrical shape with a uniform swelling, with a diameter of
5-7 mm and a height of 2-3 mm, they are placed in a heated cell
with water and kept at a given temperature range.

To determine the degree of swelling of the pH of the
dependent hydrogel, the weight of the polymer was determined
in the time interval. The degree of swelling of the hydrogel was
calculated by this formula:

m, (1)

where: a — the degree of swelling of the hydrogel; m — the
mass of the swollen gel; m — the mass of dry gel.

In order to study the antibacterial ability and the
transportation of physiologically active substances of hydrogel,
tests were conducted to eliminate specially prepared bacteria
with hydrogels with various medicinal ingredients.

The activity of the samples was determined by the degree
of disadaptation of the growth rate of S. aureus IMB 3316

antiseptic inactivation of microorganisms according to the
European standard after antiseptic incubation (European
Standard EN 1040, 1997). Hydrogels and samples with medicinal
substances (lincomycin and gentamicin) were taken as a tablet.

3. Results and Discussion

To determine the physicomechanical properties of a
copolymer of the composition NIPAAM-GEA-AK, a
thermogravimetric analysis method was carried out. In the
composition of the copolymer, the greater number of units of
acrylic acid, the more the intensity line changes. When the initial
monomer mixture (IMM) of acrylic acid is 10% (1), then at a
temperature of 337°C (87.95%) the copolymer loses its initial
weight and completely decomposes.When the initial monomer
of acrylic acid is 20% (2), then at a temperature of 341°C
(88.028%) the copolymer loses its initial weight and completely
decomposes.When the initial monomer of acrylic acid is 30% (3),
then at a temperature of 349°C (86.335%) the copolymer loses
its initial weight and completely decomposes (Figure 1).

The DSC method was performed at a temperature of 30-
400°C and a rate of 20°C/min. If acrylic acid is 10% in the initial
monomer, the glass transition temperature is 154.84°C(1). If the
content of acrylic acid is 20%, Tg=180.14°C (2). And with 30%
acrylic acid, Tg=170.50°C (3).

This means that with the increase in the percentage of
acrylic acid, this copolymer is enriched with them (Figure 2).

The morphology of the obtained copolymer was studied by
scanning electron microscopy. The surface layer of the polymer
is shown in the Figure 3. The photo is given at 20 and 100 um
resolutions. When the mole fraction of acrylic acid in the initial
monomeric mixture is 10% (Figure 3), then on the surface layer
of the copolymer there are many pores, and they are bulky. This
shows that the resulting copolymer is prone to swelling which
confirms the above findings.

It is shown that in the acidic medium (pH 4) (Figure 4a),
when the polymer is swollen in water, depending on the
percentage of acrylic acid, the compression amplitude can be
different. In the composition of IMM, if the volume of acrylic acid
is 10%, then the compression amplitude decreases 6 times; at
20%, the compression amplitude decreases 9 times; at 30% the
lowest compression amplitude was observed. When the volume
of acrylic acid increases in a three-component composition, the
distance of the cross-linking sites is very low, and this is due to
the formation of a very dense cellular structure (Figure 4a).

It was found that at the lower molecular volume of acrylic
acid (10%), the lower number of dissociated groups will be
available. At 30%, it was determined that the carboxyl groups in
the densest grid were only absorbed at the primary temperature
(Fig. 4b, pH =9, curve 3) in the initial temperature range (20-
30°C) because of the ionization capacity of the carboxyl groups.
And 20% is explained by the advantage of electrostatic discharge
(Fig. 4b, pH =9, curve 2).

To use the ternary system as the carrier of the drug sub-
stance, the interaction of the ternary system with drug substanc-
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IMM [NIPAAM-HEA-AA] = 45-45-10 (1); 40-40-20 (2); 35-35-30 (3) mol%

Figure 1 — Results of the thermogravimetric analysis of the copolymer NIPAAM-HEA-AA
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IMM [NIPAAM-HEA-AA] = 45-45-10 (1); 40-40-20 (2); 35-35-30 (3) mol%

Figure 2 — Results of the differential scanning calorimetry analysis of the copolymer NIPAAM-HEA-AA
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IMM [NIPAAM-HEA-AA] = 45-45-10 mol%

Figure 3 — Surface layer of a copolymer by scanning electron microscopy

IMM [NIPAAM-HEA-AA] = 45-45-10(1); 40-40-20 (2); 35-35-30 (3) mol%; pH=4(a); pH=9 (b)

Figure 4 —The change in the volume of the NIPAAM-HEA-AA hydrogel as a function of temperature

es was investigated. As drugs lincomycin and gentamicin were
taken. In the study, all polymer samples swell in lincomycin ad-
ditionally, while sodium chloride and gentamicin weakly swelled
(Figure 5). This is due to the ionization of the carboxyl groups in
the polymer due to the additional swelling of the lattice (Figure
5, curve 2) and a decrease in the swelling of the other two due to
the decrease in the polyelectrolytic effect and the formation of a
complex of polyelectrolytes.

IR spectra of a triple system and samples with medicinal
substances were collected. In the composition of the copolymer,
it was found out that the intensity of the band changes with an
increase in the size of the chain of acrylic acid. There are no
double bonds here. As can be seen from the obtained values, it
is proven that in the spectrum of new samples of the band 1660-
1680 cm™ corresponds to the amide group, the bands 3150-
3200 cm™ per NH-group, the band 1720-1725 cm™ corresponds
to the group -COOH acrylic acid (Figure 6), bands corresponding
to lincomycin 2879 cm™ (Figure 7) and gentamycin 2424-2357
cm* were detected (Figure 8). To compare the results, the IR
spectrum table is shown (Table 3).
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IMM [NIPAAM-HEA-AA] = 45-45-10 mol%; NaCl (1) 0.9%;
lincomycin (2); gentamicin (3) 0.05 mol%

Figure 5 — Kinetics of swelling of hydrogel NIPAAM-HEA-AA in
different media
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IMM [NIPAAM-HEA-AA] = 35-35-30 mol%

Figure 6 — IR spectrum of hydrogel NIPAAM-HEA-AA

IMM [NIPAAM-HEA-AA] = 35-35-30 mol%; comp. lincomycin

Figure 7 — IR spectrum of hydrogel NIPAAM-HEA-AAwith medicinal substances

IMM [NIPAAM-HEA-AA] = 35-35-30 mol%; comp. hentamycin

Figure 8 — IR spectrum of hydrogel NIPAAM-HEA-AAwith medicinal substances
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Hydrogels with a monomeric 10% bond are active, and the
bactericidal zone reached 27 mm (Figure 9). It has been found
that hydrogels that have been combined with lincomycin and
gentamicin solutions exhibit specific antimicrobial activity. It was
found that hydrogels with lincomycin had a higher activity than
with gentamycin, which means that the hydrogel tolerates
lincomycin better than gentamicin (Table 4).

il

IMM [NIPAAM-HEA-AA]=45-45-10 (Ne 1); 40-40-20 (Ne 2)mol-%;
Growth of the fungus S. aureus IMB 3316(gel samples Ne 1-2
top to bottom)

Figure 9 — The microbial effect with gentamycin on the hydrogel
NIPAAM-HEA-AA

Table 3 — Comparative table of IR spectra

Designation Structural Wave - number cm?
fragments
-OH 3500-3298
INH- 3150-3200
IMM [NIPAAM-HEA-AA] —-C-H 3095-2900
=35-35-30 mol% —NH-
-COOH 1717-1725
-CO-NH2 1646-1680
-OH 3500-3338
INH- 3150-3200
IMM [NIPAAM-HEA-AA] -C-H 3094-2900
= 35-35-30 mol%; comp. —NH-
hentamycin -COOH 1717-1725
-CO-NH2 1645-1680
gentamicin lines 2424-2357
-OH 3408-3300
INH- 3100-3200
IMM [NIPAAM-HEA-AA] —-C-H 3100-2927
= 35-35-30 mol%; comp. —NH-
lincomycin -COOH 1720-1725
-CO-NH2 1641-1680
lincomycin lines 2879

ISSN 1563-0331

Table 4 — Antibacterial ability of hydrogels containing medicinal
substances

Ne IMM The amount of  The diameter of the growth
[NIPAAM- drug included in zone of the test organism
HEA-AA], the hydrogel,% (control sample),mm

1%
Mot Staphylococcus aureus IMB
3316

1 45-45-10 gentamicin, 10 52

2 40-40-20 gentamicin, 10 52

3 35-35-30 gentamicin, 10 55

4 45-45-10 gentamicin, 20 55

5 40-40-20 gentamicin, 20 53

6 35-35-30 gentamicin, 20 53

7 45-45-10 lincomycin, 15 Growth completely

eliminated

8 40-40-20 lincomycin, 15 Growth completely

eliminated

9 35-35-30 lincomycin, 15 Growth completely

eliminated

10 45-45-10 lincomycin, 30 Growth completely

eliminated

11 40-40-20 lincomycin, 30 Growth completely

eliminated

12 35-35-30 lincomycin, 30 Growth completely

eliminated
13 45-45-10 distilled water 27
14 40-40-20 distilled water 0
15 35-35-30 distilled water 0

4. Conclusion

For the first time, stimulus-sensitive polymers hydrogels
based on N-isopropylacrylamide (NIPAAM), 2-hydroxy-
ethyl acrylate (HEA) and acrylic acid (AA) have been
synthesized by free radical copolymerization.

To determine the physicomechanical properties of a
copolymer of the composition NIPAAM-HEA-AK, a
thermogravimetric analysis method was used. The morphology
of the obtained copolymer was studied by scanning electron
microscopy.

To determine the thermo- and pH-sensitivity of the
modified copolymer, the effect of temperature on the net of
hydrogels (in different pH media) of NPAAM-HEA-A was
investigated. New polymer hydrogels are characterized by
thermally induced collapse and it has been found that it depends
on the pH of the medium.

The use of the triple system as a carrier of a drug substance,
its interaction with drugs has been studied. The study found that
all samples of water-soluble polymers additionally swell in
lincomycin, compared with sodium chloride and gentamicin. IR
spectra of a triple system and samples with medicinal substances
were carried out. In the composition of the copolymer, it is found
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that, with an increase in the size of the chain of acrylic acid, the
intensity of the band changes.

The activity of drug-immobilized hydrogels was determined
by the degree of slowing of growth of S. aureus 3316 fungi. It has
been found that hydrogels that have been combined with
lincomycin and gentamicin solutions exhibit specific antimicrobial
activity. It was found that hydrogels with lincomycin had a higher
activity than with gentamicin, which means that the hydrogel
tolerates lincomycin better than gentamicin.
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