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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-
НEA-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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Умные водорастворимые полимеры и гидрогели способны обратимо реагировать 
на незначительные изменения свойств среды (pH, температура, ионная сила, присутствие 
определенных веществ, освещенность, электрическое поле), причем реакция системы легко 
видна невооруженным глазом (образование новой фазы в гомогенном до этого растворе, 
резкое набухание или сжатие гидрогеля). Cвойства подобных полимеров и гидрогелей были 
рассмотрены в работе. Впервые были получены стимулчувствительные полимерные гидрогели 
на основе N-изопропилакриламида (НИПААМ), 2-гидроксиэтилакрилата (ГЭА) и акриловой 
кислоты (АК) методом вещественного инициирования радикальной сополимеризации. Целью 
данной работы является получение стимулчувствительных сшитых терполимеров на основе 
N-изопропилакриламида, 2-гидроксиэтилакрилата и акриловой кислоты, изучение их физико-
химических свойств. В качестве основных физико-химических методов исследования в работе 
использованы: сканирующая электронная микроскопия, дифференциальная сканирующая 
калориметрия, ИК спектроскопия, гравиметрия, катетометрические, термогравиметрические 
анализы. Для определения термо- и рН- чувствительности модифицированного сополимера 
изучалось влияние температуры на сетки НИПААМ-ГЭА-АК (в разных средах рН).  Было 
определено, что для них характерны термоиндуцированный коллапс и зависимость от 
рН среды. Исследовано их взаимодействие с лекарственными веществами, такими как 
линкомицин и гентамицин, для использования новых сополимеров в качестве носителя 
лекарственного средства. С целью исследования антибактериальной способности и 
транспортизации физиологически активных веществ гидрогеля, были проведены испытания 
для устранения специально подготовленных бактерий гидрогелями с различными 
лекарственными ингредиентами.

Ключевые слова: 2-гидроксиэтилакрилат; N-изопропилакриламид; акриловая кислота; 
водородные связи; гентамицин; линкомицин; гидрофобные взаимодействие.
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Cyдa еpитін «aқылды» пoлимеpлеp мен гидpoгельдеpдің ішінде opтaның aздaғaн  
өзгеpіcтеpіне (pН, темпеpaтypa, иoндық күш, apнaйы қoсылғaн зaттap, жapық, электp өpісі) 
жayaп беpетін гидрогелдерді aйтaмыз және жүйедегі өзгеpіcтеpді қалыпты жaғдaйдa 
дa бaйқaуғa бoлaды (бaстaпқы гoмoгенді еpітіндіде жaңa фaзaның түзілyі, кенеттен ісінy 
немесе гидpoгельдің cығылyы). Жұмыста осындай полимер мен гидрогелдің қасиеттері 
қарастырылды. Заттық инициирленген радикалды сополимерлеу әдісімен, алғаш рет 
N-изо-пропилакриламид (НИПААМ), 2-гидроксиэтилакрилат (ГЭА) және акрил қышқылы 
(АҚ) негізіндегі стимулсезімтал полимерлі гидрогельдер алынды. Жұмыстың мақсаты 
– N-изопропилакриламид, 2-гидроксиэтилакрилат және акрил қышқылы негізіндегі 
стимулсезімтал торлы терполимерлерді алу, олардың физика-химиялық қасиеттерін 
зерттеу. Жұмыста зерттеудің негізгі физикa-химиялық әдістері ретінде сканерлеуші 
электронды микроскопия, дифференциалды сканерлеуші калориметр әдісі, ИҚ-
спектроскопия, гравиметрия, катетометрлік, термогравиметриялық талдаулар қолданылды. 
Модифицирленген сополимердің термо- және рН-сезімталдығын анықтау мақсатында, 
алынған жаңа НИПААМ-ГЭА-АҚ торларына (әр түрлі рН ортада) температураның әсері 
зерттелген. Оларға термоиндуцирлік коллапстың тән екені және ортаның рН-на тәуелділігі 
анықталды. Олардың гентамицин және линкомицин сияқты дәрілік заттармен әрекеттесуі 
зерттелді. Жұмыстың практикалық маңыздылығы, жаңа сополимерлерді дәрілік затты 
тасымалдаушы ретінде қолдану. Гельдердің физиологиялық белсенді заттарды тасымалдау 
және бактерияға қарсы қабілетін зерттеу мақсатында құрамында табиғаты әр түрлі дәрілік 
заты бар гидрогельдердің арнаулы дайындалған бактерияларды жою сынақтары жүргізілді. 

Түйін сөздер: 2-гидроксиэтилакрилат; N-изопропилакриламид; акрил қышқылы; сутекті 
байланыс; гентамицин; линкомицин; гидрофобты әрекеттесулер.
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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 (АА). 

The purpose of this work is to obtain the stimuli-responsive 
cross-linked terpolymers based on NIPAAМ, 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 (DТA)[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 Ion 
Meter 3345 (Jenway LTD., UK) to normalize the pH value in the 
used solutions of 0.1 n HCl 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:

0

0

m
mm −

=α
                                          (1)

where: α –  the degree of swelling of the hydrogel; m – the 
mass of the swollen gel; m0 –  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°С 
(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°С (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 µm 
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 4а), 
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 4а).

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-НEA-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-НEA-AA



24

Вестник КазНУ. Серия химическая. – 2017. – №4(87)

24 Development of new hydrogel material technology...

IMM [NIPAAM-НEA-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-НEA-AA
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IMM [NIPAAM-НEA-AA] = 45-45-10 mol%

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

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

Figure 4 –The change in the volume of the NIPAAM-НEA-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-1 corresponds to the amide group, the bands 3150-
3200 cm-1 per NH-group, the band 1720-1725 cm-1 corresponds 
to the group -COOH acrylic acid (Figure 6), bands corresponding 
to lincomycin 2879 cm-1 (Figure 7) and gentamycin 2424-2357 
cm-1 were detected (Figure 8). To compare the results, the IR 
spectrum table is shown (Table 3).

IMM [NIPAAM-НEA-AA] = 45-45-10 mol%; NaCl (1) 0.9%; 
lincomycin (2); gentamicin (3) 0.05 mol%

Figure 5 – Kinetics of swelling of hydrogel NIPAAM-НEA-AА 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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Table 3 – Comparative table of IR spectra

Designation Structural 
fragments

Wave - number cm-1

IMM [NIPAAM-HEA-AA] 
= 35-35-30 mol%

–ОН 3500-3298
1NH- 3150-3200

–С-Н
–NН-

3095-2900 

-COOH 1717-1725

-CO-NH2 1646-1680

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

hentamycin

–ОН 3500-3338
1NH- 3150-3200

–С-Н
–NН-

3094-2900 

-COOH 1717-1725

-CO-NH2 1645-1680

gentamicin lines 2424-2357

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

lincomycin 

–ОН 3408-3300
1NH- 3100-3200

–С-Н
–NН-

3100-2927

-COOH 1720-1725

-CO-NH2 1641-1680

lincomycin lines 2879

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).

IMM [NIPAAM-HEA-AA]=45-45-10 (№ 1); 40-40-20 (№ 2)mol-%; 
Growth of the fungus S. aureus IMB 3316(gel samples № 1-2 

top to bottom)

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

Table 4 – Antibacterial ability of hydrogels containing medicinal 
substances

№ IMM
[NIPAAM-
HEA-AA], 

mol%

The amount of 
drug included in 
the hydrogel,%

The diameter of the growth 
zone of the test organism 

(control sample),mm

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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