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Temperature and Salt Responsivity of Anionic, Cationic and Amphoteric Nanogels
Based on N-Isopropylacrylamide, 2-Acrylamido-2-Methyl-1-Propanesulfonic Acid
Sodium Salt and (3-Acrylamidopropyl) Trimethylammonium Chloride

Three different nanogels possessing anionic, cationic and amphoteric character were synthesized via conven-
tional redox initiated free radical copolymerization of N-isopropylacrylamide (NIPAM), 2-acrylamido-2-
methyl-1-propanesulfonic acid sodium salt (AMPS) and (3-acrylamidopropyl) trimethylammonium chloride
(APTAC). The negatively charged [NIPAM]:.[AMPS] = 90:10 mol.%, positively charged [NIPAM]:[APTAC] =
=90:10 mol.%, and charge-balanced amphoteric nanogels [NIPAM]:[APTAC]:[AMPS] = 90:5:5 mol.% ab-
breviated as NIPAMoo-AMPS10, NIPAMgo-APTAC10, and NIPAMgo-APTACs-AMPSs, respectively, were
characterized by FTIR spectroscopy, TGA, UV-Vis spectroscopy and DLS measurements. The temperature
and salt responsive properties of nanogels in aqueous and aqueous-salt solutions were studied in the tempera-
ture range of 25-60 °C and ionic strength (p) of 0.001-1.0 M NaCl. Anionic NIPAMgo-AMPS10 and cationic
NIPAMgo-APTAC10 nanogels, exhibit a pronounced polyelectrolyte effect in aqueous-salt solution due to
screening of the negative or positive charges by low-molecular-weight salt. Whereas the charge-balanced
amphoteric nanogel NIPAMgo-APTACs-AMPSs exhibits an antipolyelectrolyte effect due to the screening of
electrostatic attraction between opposite charges by low-molecular-weight salt. The difference between the
temperature-dependent behaviors of anionic, cationic and amphoteric nanogels is explained by shrinking
(polyelectrolyte effect) and expanding (antipolyelectrolyte effect) of macromolecular chains in aqueous-salt
solutions.

Keywords: polyampholyte nanogels, poly-N-isopropylacrylamide, ionic monomers, volume phase transition
temperature, amphoteric nanogel, anionic nanogel, cationic nanogel.

Introduction

Nanogels are three-dimensional structures that have the properties of both nanomaterials and hydro-
gels [1]. The main advantages of nanogels are their small size (from 1 to 100 nm), high degree of swelling in
water, high stability, biodegradability, adjustable toxicity, stimuli-sensitivity etc. [2—6].

Thermoresponsive nanogels respond to changes in ambient temperature. The temperature at which the
nanogel acquires the largest and sharpest change in hydrodynamic diameter due to swelling/deswelling is
called the volume phase transition temperature (VPTT). Nanogel swells in water at temperatures below
VPTT, and shrinks at temperatures above VPTT [7, 8]. Hydrophobic fragments attached as side chains in the
main chain impart thermoresponsive properties to the nanogel [1]. For example, Judah et. al. synthesized
nanogels based on NIPAM, N-hydroxyethylacrylamide and N-acryloyl-I-proline by high dilution radical
polymerization using DMSO as a solvent. The temperature-responsive properties have been studied in vari-
ous buffer media and their dependence on the chemical structure of the polymer network has been proven. A
slight change in the chemical structure of the side chains of monomers from branched isopropyl groups to
linear propy!l groups leads to a decrease in the VPTT value by about 10°C [9].

The most common thermoresponsive polymer is poly-N-isopropylacrylamide (PNIPAM), which con-
tains in structure hydrophilic amide and hydrophaobic isopropyl groups [10]. NIPAM-based nanogels can be
modified by incorporating various comonomers and cross-linking agents, which can reduce or increase
VPTT [11]. Copolymerization of NIPAM and various ionic monomers makes it possible to obtain ther-
moresponsive nanogels with increased VPTT [12, 13]. It is possible to control the VPTT and use the result-
ing nanogels for controlled drug release by modifying a PNIPAM-based nanogel with different amounts of
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acrylic acid (AAc) [14]. The PNIPAM-co-AAc nanogels showed two volume phase transitions and the
VPTT increased with AAc content.

The authors [15] describe the synthesis of thermoresponsive nanogels based on NIPAM and allylacetic
acid (AAA) by radical polymerization. The DLS data at various pH values demonstrate that the phase transi-
tion temperature of the microgel shifts towards higher temperatures with an increase in the amount of
comonomer AAA.

Zhou et. al. synthesized nanogels based on NIPAM and strongly ionic 2-acrylamido-2-methyl-1-
propanesulfonic acid sodium salt (AMPS) by precipitation polymerization in the presence of Fe;O.. The re-
sulting nanogels have thermoresponsive and paramagnetic properties, which allows them to be used as draw
agents in forward osmosis [16].

In general, despite the progress in the field of synthesis and study of stimuli-responsive polymers, in-
formation on comparative study of thermo- and salt responsive polyelectrolyte and polyampholyte nanogels
is limited. This article describes the synthesis and characterization of anionic, cationic and amphoteric nano-
gels based on N-isopropylacrylamide (NIPAM), (3-acrylamidopropyl) trimethylammonium chloride
(APTAC) and 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt (AMPS). The volume phase transi-
tion behavior of nanogels was studied in aqueous and aqueous-salt solutions depending on the charge of ion-
ic monomers.

Experimental

Materials

The following chemicals were used: N-isopropylacrylamide (NIPAM, 97 % purity), 2-acrylamido-2-
methylpropanesulfonic acid sodium salt (AMPS, 50 wt.%) and (3-acrylamidopropyl) trimethylammonium
chloride (APTAC, 75 wt.%) as monomers; ammonium persulfate (APS, 98 % purity) and sodium metabisul-
fite (SMBS, 97 % purity) as redox initiator; sodium dodecyl sulfate (SDS, 99 % purity) as surfactant; N,N-
methylenebis(acrylamide) (MBAA, 99 % purity) as crosslinking agent; sodium chloride (NaCl) and dialysis
tubing cellulose membrane (12-14 kDa) as further materials. All chemicals were purchased from Sigma-
Aldrich Chemical Co. and used as received.

Methods

Synthesis of nanogels based on NIPAM, APTAC and AMPS

Nanogels NIPAMg-APTAC15, NIPAMg-AMPS;, and NIPAMgo-APTACs-AMPSs were synthesized
via conventional redox initiated free radical copolymerization.

The required amounts of monomers (NIPAM, APTAC and (or) AMPS), MBAA and SDS, listed in Ta-
ble 1 were dissolved in deionized water with constant stirring. Further, the required amount of APS/SMBS
redox system was added to the solution and stirred until complete dissolution. The solution with dissolved
monomers, crosslinking agent, surfactant and redox system was transferred to a round bottom flask and heat-
ed on a water bath. Free radical copolymerization was carried out at 80 °C for 4 h in an inert atmosphere
with constant stirring of the solution. The resulting solutions of nanogels of the indicated compositions were
dialyzed against deionized water for 14 days to remove unreacted residues.

Table 1
Ratios of NIPAM, APTAC and AMPS for nanogels synthesis

NIPAM, | APTAC, | AMPS, | APS, | MBAA, | SMBS, | SDS, | H20, | Yield,
Nanogel sample
g g s mg g mg g mL | wt%
NIPAMgo-APTACo 0.83 0.225 - 50 0.125 0.35 97 90
NIPAMgo-AMPS19 0.815 - 0.367 30 0.123 10 0.23 | 975 72
NIPAMgo-APTACs-AMPSs 0.735 0.099 0.165 30 0.11 0.23 | 985 70

FTIR spectroscopy. Chemical structure of nanogels was characterized using Cary 660 FTIR spectrosco-
py (Agilent, USA). Before measurements, nanogels were freeze-dried for 24 h until moisture was removed.
The FTIR spectra were measured at room temperature within the 7004000 cm™ wavenumber range.

TGA analysis. Thermogravimetric analysis of nanogels was carried out using LabSys Evo device (Seta-
ram, France) in the temperature range 25-500 °C (heating rate is 10 °C-mint) in an inert atmosphere. The
maximum decomposition temperature of the nanogels was determined from the differential thermal analysis
(DTA) curve.
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VPTT determination for NIPAMg-APTAC10, NIPAMgo-AMPS1o and NIPAMgy-APTACs-AMPSs nanogels
in agueous and aqueous-salt solutions. The method for determining the volume phase transition temperature
was described in our previous studies [17, 18]. Experiments were carried out at A = 700 nm at a nanogel con-
centration of 0.1 wt.%, in the temperature range of 25-60 °C (0.5 °C-min’! heating rate). The VPTT of
NIPAMg-AMPS15, NIPAMg-APTAC1o and NIPAMg-APTACs-AMPSs nanogels in NaCl solutions with
pn=0.001; 0.01; 0.1; 0.5 and 1 M corresponds to the minimum points on the DTA curves.

DLS measurements. Dynamic Light Scattering (DLS) data were obtained using Zetasizer Nano ZS 90
(Malvern, UK) with a 633 nm laser beam. The mean hydrodynamic radius (Rn) was measured in a 0.1 wt.%
solution of nanogels in the temperature range from 25 to 60 °C with an interval of 5 °C and at p = 0.001; 0.1
and 1 M NaCl.

Results and Discussion

Synthesis and characterization of NIPAMgo-AMPS10, NIPAMgo-APTAC:0 and NIPAMgo-APTACs-AMPSs
nanogels

The NIPAMg-AMPS19, NIPAMgo-APTAC10 and NIPAMg-APTACs-AMPSs nanogels were synthe-
sized via conventional redox initiated free radical copolymerization (Scheme 1).
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Scheme 1. Nanogels synthesized by free radical copolymerization of NIPAM, APTAC and AMPS monomers
in the presence of MBAA

The NIPAMg-AMPS;o and NIPAMg-APTAC0 hanogels contain either anionic or cationic monomers;
NIPAMg-AMPSy, is negatively charged, while NIPAMg-APTAC is positively charged. The NIPAMgp-
APTACs-AMPSs nanogel has an equal molar ratio of cationic (APTAC) and anionic (AMPS) monomers,
therefore, it belongs to charge-balanced nanogel.

FTIR analysis of the NIPAMgo-AMPS19, NIPAMgo-APTAC10 and NIPAMgo-APTACs-AMPSs nanogels

Figure 1 shows the FTIR spectra of the NIPAMgy-APTAC1, NIPAMg-AMPS1; and NIPAMgo-
APTACs-AMPSs nanogels. The broad absorption band in the region of 3290-3500 cm™ corresponds to the
secondary and tertiary amine groups, and the absorption bands in the region of 2800-3000 cm correspond
to the asymmetric and symmetric vibrations of CH groups. Intensive peaks at v =1640 and 1540 cm belong
to N-substituted groups (amide | and amide 11). The S=O groups containing in AMPS fragments are detected
at v =1040 cm™.
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Figure 1. FTIR spectra of the NIPAMgo-APTAC10, NIPAMgo-AMPS10 and NIPAMgo-APTACs-AMPSs nanogels

TGA and DTA data of the NIPAMg-AMPS10, NIPAMgo-APTAC10 and NIPAMeo-APTACs-AMPSs nano-

gels

Mass loss, %

Figure 2 shows the thermogravimetric and differential thermal analysis data for nanogels from which 3
regions can be defined.
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Figure 2. (a) TGA and (b) DTA curves of (1) NIPAMgo-AMPS1o; (2) NIPAMgo-APTAC ;

(3) NIPAMgo-APTACs-AMPSs nanogels

The sample mass is lost at >100 °C, probably due to the evaporation of physically adsorbed moisture.
The weight loss between 250-300 °C is probably due to the decomposition of NIPAM fragments. Complete
thermal decomposition of nanogels occurs in the temperature range of 410-420 °C. The thermal stability of
nanogels changes in the following order: NIPAMg-APTACs-AMPSs > NIPAMg-AMPS;o > NIPAMgo-
APTAC0. This demonstrates that the charge-balanced nanogel is more stable than the anionic and cationic
ones.
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Volume Phase Transition Behavior (VPTB) of NIPAMg-AMPS1o and NIPAMg-APTAC, nanogels in
agueous and aqueous-salt solutions

Figures 3, 4 show the effect of temperature and salt additive on the phase behavior of the anionic
NIPAMgo-AMPS; and cationic NIPAMgo-APTAC1 nanogels. Since the NIPAMgo-AMPS1o and NIPAMgo-
APTAC; nanogels are anionic and cationic polyelectrolytes, the addition of a salt leads to the screening of
electrostatic repulsion between uniformly charged groups respectively. As a result, the macromolecular
chains tend to shrink. However, there are no changes in the phase behavior of the NIPAMg-AMPS1, hanogel
and the transmittance remain constant at ionic strengths p = 0.001-0.01 M. Only starting from p =0.1 M
NaCl the polyelectrolyte effect is suppressed and the value of VPTT is equal to 42.1 °C (Fig. 3, Table 2). As
a further increase in the ionic strength to u = 0.5 and 1 M NacCl, the VPTT values of NIPAMgo-AMPSy, de-
crease and amount to 36.2 and 31.3 °C, respectively. The VPTT value at u = 1 M is less than the LCST of
pure PNIPAM, which is ~33 °C. It is likely that, at high NaCl concentrations, the screening of electrostatic
repulsion between negatively charged AMPS groups is so effective that the phase behavior and solubility of
NIPAMgo-AMPS;o nanogel is determined by NIPAMg fragments. In case of NIPAMg-APTAC, nanogel
the ionic strength in the range of u = 0.001-0.1 M NaCl does not significantly change the phase behavior of
the NIPAMgo-APTAC:o nanogel and the values of VPTT are equal to 46.4, 47.7, and 45.2 °C, respectively
(Fig. 4, Table 2). Even further increase of the ionic strength up to u = 0.5 and 1 M slightly changes the solu-
bility and phase behavior of the NIPAMg,-APTAC:o nanogel. This is probably due to the stronger polyelec-
trolyte character of NIPAMgo-APTAC, hanogel compared to NIPAMgo-AMPS;o and its less salt-sensitivity.
An increase in temperature enhances inter- and intramolecular hydrophobic interactions between NIPAMg
fragments, thereby causing a shift in the VPTT towards lower temperatures, that are equal to 41.8 and
35.9 °C, respectively.
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Figure 3. Effect of temperature and ionic strength (u)
on transmittance of NIPAMgy-AMPS1 nanogel

Figure 4. Effect of temperature and ionic strength (n)
on transmittance of NIPAMgo-APTAC10 nanogel

Table 2

The effect of the ionic strength on the volume phase transition temperature of NIPAMoo-AMP S0,
NIPAMogo-APTAC10and NIPAMoo-APTACs-AMPSs nanogels

lonic strength, u, mol-L* (NaCl)
Nanogel 0 | 0001 [ o001 0.1 0.5 1.0
Volume phase transition temperature, VPTT, °C
NIPAMgo-AMPS1o - — — 42.1 36.2 31.3
NIPAMgo-APTAC10 48 46.4 47.7 45.2 41.8 35.9
NIPAMgo-APTACs-AMPSs 40.4 39.2 40.4 47.8 45.1 38.3
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Thus, NIPAMg-AMPS;0 and NIPAMg-APTAC:o nanogels exhibit a strong polyelectrolyte effect and
only at higher ionic strength u > 0.1 M NaCl the polyelectrolyte effect is suppressed due to screening of the
electrostatic repulsion between uniformly charged groups by low-molecular-weight electrolytes.

Volume Phase Transition Behavior (VPTT) of charge-balanced NIPAMgo-APTACs-AMPSs nanogel in
agueous-salt solutions

Figure 5 shows the effect of temperature and ionic strength on the phase behavior of the charge-
balanced NIPAMgo-APTACs-AMPSs nanogel. At ionic strengths equal to u = 0.001 and 0.01, the phase tran-
sition temperatures are equal to 39.2 °C and 40.4 °C and shift towards higher temperatures, respectively. The
reason for this phenomenon is the demonstration of the antipolyelectrolyte effect, in which there is a gradual
destruction of ionic contacts between the APTAC and AMPS monomers due to the screening of the electro-
static attraction between oppositely charged fragments by low-molecular-weight salts. The antipolyelectro-
Iyte effect is characterized by the unfolding (swelling) of macromolecules of charge-balanced polyampho-
Iytes in a quasi-neutral state in a low-molecular-weight salt solution due to screening of the electrostatic at-
traction of oppositely charged fragments.

A further increase in ionic strength shifts the VPTT to maximal value 47.8 °C at p = 0.1 M. The VPTT
values decrease to 45.1 and 38.3°C at p = 0.5 and 1 M respectively. At extremely high ionic strengths
(n=0.5 and 1 M), the charged macromolecules approach neutrality due to a sufficient number of counteri-
ons, therefore, complete screening of opposite charges. In addition, probably there is a “salting out” effect of
ionic groups, which leads to a decrease of VPTT. Under these conditions, NIPAMy, fragments determine the
solubility and phase behavior of the charge-balanced NIPAMgo-APTACs-AMPSs nanogel.

It should be noted that at u > 0.1 M, a smaller change in the turbidity of the NIPAMgo-APTACs-AMPSs
solution observed than when the nanogel is in solutions with a lower concentration of salt. This is due to the
dependence of light scattering on the size, density of individual particles and the increase in temperature at
which particles stick together, hence the change in transmittance.
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Figure 5. Effect of temperature and ionic strength (i) on transmittance
of the nanogel NIPAMgo-APTACs-AMPSs

Thus, the addition of a low-molecular-weight salt promotes an increase in the hydrophilicity of ionic
groups of the charge-balanced NIPAMg-APTACs-AMPSs nanogel due to the antipolyelectrolyte effect, as
well as an increase in the hydrophobicity of NIPAM due to enhancement of inter- and intramolecular hydro-
phobic interactions. An increase in temperature reduces the quality of water in relation to NIPAMg, frag-
ments, causing phase separation.

The mean hydrodynamic radius (Rn) of NIPAMg-AMPS1o and NIPAMgo-APTACo nanogels in aqueous-
salt solutions

The mean hydrodynamic radius was measured in a 0.1 wt.% solution of NIPAMg-AMPS;, and
NIPAMgo-APTAC nanogels in the temperature range from 25 to 50 °C with an interval of 5 °C in deionized
water and in NaCl solutions with = 0.001; 0.1 and 1 M.

The dependence of the average hydrodynamic particle size of the NIPAMg-AMPS;, nanogel on tem-
perature and ionic strength is shown in Figure 6. It was previously described that the ionic strength equal to
p = 0.001 M does not affect the phase behavior of the nanogel, the transmittance remains constant (Fig. 3).
Therefore, an increase of temperature does not affect the nanogel particle size, in the temperature range of
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25-50 °C in 0.001 M NaCl solution Ry is ~10-20(=1) nm (Fig. 6a). At p = 0.1 M and temperatures of 25—
35 °C, there are particles with sizes of ~12(%0.5), 60(£1) and 100(=5) nm (Fig. 6b). The VPTT of the nano-
gel ina 0.1 M NaCl solution is 42.1 °C (Table 2); upon reaching 40 °C, in addition to particles with a size of
~12(£0.5) nm, the aggregation of nanogel particles is observed and Ry increases up to 300(x5) nm. At 45 and
50 °C, the Ry particle size is ~250(+2) and 300(£5) nm, respectively.
At 25 °C and ionic strength p = 1 M, the particle size is ~15(x1) nm (Fig. 6¢). Raising the temperature
to 30 °C causes the aggregation of nanoparticles and their size Rn is 240(=5) nm. The VPTT of the
NIPAMg-AMPS1 nanogel in 1 M NaCl is 31.3 °C (Table 2), therefore, an increase in size up to ~550(x10)
nm at 3540 °C is observed. A further increase in temperature to 45-50 °C leads to a decrease in the particle
size to 310-420(+5) nm; probably, the formed nanogel aggregates begin to shrink.
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The effect of temperature and salt additive on the average hydrodynamic particle size of the NIPAMgo-
APTAC o nanogel is shown in Figure 7. At ionic strength u = 0.001 and 0.1 M and in the temperature range
of 25-35 °C, the particle size Ry is ~15(£2), 115(£5) nm (Fig. 7a, 7b). An increase of temperature to 40 °C
leads to a decrease in the size of Ry particles to ~10(£0.5) and 60(+5) nm. At 45 and 50 °C, temperatures
close to VPTT (Table 2), the particle size distribution becomes monomodal and have values ~ 95(=1) nm in
0.001 M NaCl solution and ~ 60(+1) nm in 0.01 M. In solutions with ionic strength p =1 M at room temper-
ature, the Ry is ~10(+0.5) and 90(£0.5) nm (Fig. 7c). With a further increase in temperature from 30 to 50 °C,
the average Ry values are in the range of 60—70 (+5) nm; therefore, at temperatures close to the VPTT, no
significant changes in size occur.

The mean hydrodynamic radius (Rn) of NIPAMgo-APTACs-AMPSs nanogel in aqueous and aqueous-salt
solutions

The mean hydrodynamic size of NIPAMg,-APTACs-AMPSs was measured in a 0.1 wt.% solution of
nanogel in the temperature range from 25 to 50 °C with an interval of 5 °C in deionized water and in NaCl
solutions with p = 0.001; 0.1 and 1 M (Fig. 8).

A particle size of ~ 18(x1) nm is observed in solution with an ionic strength of p = 0.001 M at 25 °C
(Fig. 8a). An increase in the ionic strength to un = 0.1 and 1 M leads to the appearance of particles with sizes
of ~10, 45 and 90 (£1) nm. Most likely, the appearance of large particles leads to the determination of the

antipolyelectrolyte effect, due to unfolding of macromolecules and the aggregation of nanogel particles oc-
curs.
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Figure 8. Effect of temperature and ionic strength (p) on the mean hydrodynamic radius (Rn)
of NIPAM90-APTAC5-AMPS5: p = (a) 0.001, (b) 0.1 and (c) 1.0

An increase in temperature promotes the aggregation of nanogels. Aggregates with R;~560-600
(£10) nm formed in 0.001 M NaCl solution at 35 and 40 °C. Under these conditions, the hydrophobicity of
the NIPAM regions prevails over the antipolyelectrolyte effect. In a 0.1 M salt solution at 47.8 °C, a bulk
phase transition observed (Fig. 8b). An increase of temperature directly proportionally affects the aggrega-
tion of nanogel particles, reaching a maximum at 45.1 °C. A further increase in temperature does not affect
the size and structure of nanogel particles. As the ionic strength increases, the opposing AMPS and APTAC
blocks electrostatically screened. A bulk phase transition observed by NIPAM fragments at p = 1 M, since
the antipolyelectrolyte effect is suppressed (Fig. 8c). The increase in nanogel particles size remained colloi-
dal stable above the VPTT.
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Conclusions

Polyelectrolyte NIPAMgo-AMPS19, NIPAMgo-APTAC 0 and polyampholyte NIPAMgo-APTACs-AMPSs
nanogels were obtained via conventional redox initiated free radical copolymerization with N,N-methylene-
bis(acrylamide) (MBAA) as a crosslinking agent.

The effect of ionic monomers on the volume phase transition behavior of nanogels based on the results
of UV-Vis and DLS measurements was studied. Negatively and positively charged nanogels NIPAMgo-
AMPS10and NIPAMg-APTAC1o demonstrate a volume phase transition at ionic strengths equal to or higher
than 0.1 M NaCl due to the presence of polyelectrolyte effect. The volume phase transition temperature
(VPTT) of the amphoteric nanogel NIPAMgo-APTACs-AMPS:s increases with the addition of salt, which can
be explained by the antipolyelectrolyte effect. With an increase in ionic strength, the general hydrophobi-
zation of macromolecular chains occurs and, as a result, the VPTT of NIPAMg-APTACs-AMPSs decreases.

Acknowledgments

This research has been funded by the Science Committee of the Ministry of Education and Science of
the Republic of Kazakhstan (Grant No. AP08855552). Kudaibergenov S.E. thanks the Horizon 2020 research
and innovation program of the European Union Maria Sklodowska-Curie (grant agreement 823883-NanoPol-
MSCA-RISE-2018) for financial support.

References

1 Ghaeini-Hesaroeiye, S., Razmi Bagtash, H., Boddohi, S., Vasheghani-Farahani, E., & Jabbari, E. (2020). Thermoresponsive
Nanogels Based on Different Polymeric Moieties for Biomedical Applications. Gels, 6(3), 20. https://doi.org/10.3390/gels6030020

2 Vinogradov, S.V. (2010). Nanogels in the race for drug delivery. Nanomedicine, 5(2), 165-168.
https://doi.org/10.2217/nnm.09.103

3 Kohli, E., Han, H.-Y., Zeman, A. D., & Vinogradov, S.V. (2007). Formulations of biodegradable Nanogel carriers with 5'-
triphosphates of nucleoside analogs that display a reduced cytotoxicity and enhanced drug activity. Journal of Controlled Release,
121(1-2), 19-27. https://doi.org/10.1016/j.jconrel.2007.04.007

4 Bhuchar, N., Sunasee, R., Ishihara, K., Thundat, T., & Narain, R. (2011). Degradable Thermoresponsive Nanogels for Pro-
tein Encapsulation and Controlled Release. Bioconjugate Chemistry, 23(1), 75-83. https://doi.org/10.1021/bc2003814

5 lyer, S., & Das, A. (2021). Responsive nanogels for anti-cancer therapy. Materials Today: Proceedings, 44, 2330-2333.
https://doi.org/10.1016/j.matpr.2020.12.415

6 Chen, S., Bian, Q., Wang, P., Zheng, X., Lv, L., Dang, Z., & Wang, G. (2017). Photo, pH and redox multi-responsive nano-
gels for drug delivery and fluorescence cell imaging. Polymer Chemistry, 8(39), 6150-6157. https://doi.org/10.1039/c7py01424d

7 Wang, Y., Xu, H., & Ma, L. (2015). Recent advances of thermally responsive nanogels for cancer therapy. Therapeutic
Delivery, 6(10), 1157-1169. https://doi.org/10.4155/tde.15.63

8 McDaniel, J.R., Dewhirst, M.W., & Chilkoti, A. (2013). Actively targeting solid tumours with thermoresponsive drug deliv-
ery systems that respond to mild hyperthermia. International Journal of Hyperthermia, 29(6), 501-510.
https://doi.org/10.3109/02656736.2013.819999

9 Judah, H.L., Liu, P., Zarbakhsh, A., & Resmini, M. (2020). Influence of Buffers, lonic Strength, and pH on the Volume
Phase Transition Behavior of Acrylamide-Based Nanogels. Polymers, 12(11), 2590. https://doi.org/10.3390/polym12112590

10 Yu, T., Geng, S., Li, H., Wan, J., Peng, X., Liu, W., Zhao, Y., Yang, X., & Xu, H. (2015). The stimuli-responsive multiphase
behavior of core—shell nanogels with opposite charges and their potential application in situ gelling system. Colloids and Surfaces B:
Biointerfaces, 136, 99-104. https://doi.org/10.1016/j.colsurfb.2015.08.049

11 Zhang, Q., Zha, L., Ma, J., & Liang, B. (2009). A novel route to prepare pH- and temperature-sensitive nanogels via a semi-
batch process. Journal of Colloid and Interface Science, 330(2), 330-336. https://doi.org/10.1016/j.jcis.2008.09.077

12 Kaoc, K., & Alveroglu, E. (2015). Tuning the gel size and LCST of N-isopropylacrylamide nanogels by anionic fluoroprobe.
Colloid and Polymer Science, 294(2), 285-290. https://doi.org/10.1007/s00396-015-3779-1

13 Jain, K., Vedarajan, R., Watanabe, M., Ishikiriyama, M., & Matsumi, N. (2015). Tunable LCST behavior of poly(N-
isopropylacrylamide/ionic liquid) copolymers. Polymer Chemistry, 6(38), 6819-6825. doi:10.1039/c5py00998g.

14 Kim, Y.K., Kim, E.-J., Lim, J. H., Cho, H. K., Hong, W. J., Jeon, H. H., & Chung, B. G. (2019). Dual Stimuli-Triggered
Nanogels in Response to Temperature and pH Changes for Controlled Drug Release. Nanoscale Research Letters, 14(1).
https://doi.org/10.1186/s11671-019-2909-y

15 Karg, M., Pastoriza-Santos, |., Rodriguez-Gonzalez, B., von Klitzing, R., Wellert, S., & Hellweg, T. (2008). Temperature,
pH, and Ionic Strength Induced Changes of the Swelling Behavior of PNIPAM—Poly(allylacetic acid) Copolymer Microgels. Lang-
muir, 24(12), 6300-6306. https://doi.org/10.1021/1a702996p

16 Zhou, A., Luo, H., Wang, Q., Chen, L., Zhang, T. C., & Tao, T. (2015). Magnetic thermoresponsive ionic nanogels as novel
draw agents in forward osmosis. RSC Advances, 5(20), 15359-15365. https://doi.org/10.1039/c4ral2102c

22 Bulletin of the Karaganda University


https://doi.org/10.3390/gels6030020
https://doi.org/10.2217/nnm.09.103
https://doi.org/10.1016/j.jconrel.2007.04.007
https://doi.org/10.1021/bc2003814
https://doi.org/10.1016/j.matpr.2020.12.415
https://doi.org/10.1039/c7py01424d
https://doi.org/10.4155/tde.15.63
https://doi.org/10.3109/02656736.2013.819999
https://doi.org/10.3390/polym12112590
https://doi.org/10.1016/j.colsurfb.2015.08.049
https://doi.org/10.1016/j.jcis.2008.09.077
https://doi.org/10.1007/s00396-015-3779-1
https://doi.org/10.1186/s11671-019-2909-y
https://doi.org/10.1021/la702996p
https://doi.org/10.1039/c4ra12102c

Temperature and Salt Responsivity of Anionic, Cationic ...

17 Ayazbayeva, A.Ye., Shakhvorostov, A.V., Seilkhanov, T.M., Aseyev, V.O., & Kudaibergenov, S.E. (2021). Synthesis and
characterization of novel thermo- and salt-sensitive amphoteric terpolymers based on acrylamide derivatives. Bulletin of the Univer-
sity of Karaganda Chemistry, 104(4), 9-20. https://doi.org/10.31489/2021Ch4/9-20.

18 Ayazbayeva, A.Ye., Nauryzova, S.Z., Aseyev, V.0., & Shakhvorostov, A.V. (2022) Immobilization of Methyl Orange and
Methylene Blue Within the Matrix of Charge-Imbalanced Amphoteric Nanogels and Study of Dye Release Kinetics as a Function of
Temperature and lonic Strength. Bulletin of the University of Karaganda Chemistry. https://doi.org/10.31489/2022Ch3/3-22-4

A.E. As36aeBa, A.B. [llaxBopocrtos, C.E. Kynaiibeprenos

N-u30nponuIaKpuwiIaMmu/l, 2-aKpuIaMua0-2-MeTIHJI-1-nponancyab(oH KbIIIKbLIbI
HATPHUH TY3bI KoHe (3-aKpHIaAMHIONPONNJI) TPUMETHIAMMOHHUI XJIOpHAi Herizinaeri
AHUOH/bI, KATHOH/BI )KdHe aM(oTepJIi HAaHOTeJIbAEePAiH TeMIIepaTypara
JK9He TY3Fa ce3iMTaJAbIFbI

N-monpormmakpunamun (HUITAM), 2-akpuimamnmo-2-MeTHINIponancyinbpoHat Harpuii Ty3sl (AMIIC)
JKoHE 3-akpmiamunonponmwitpuMermiaMMmoruid xiopuai (AIITAX) werisinge 60c paauKaIgsl CONONUMEp-
Jiey apKbUIBl aHUOHJIBIK, KaTHOHJIBIK JXKOHE aM(OTepiiK CHUIATTarbl YII TYpJi HaHOTENbAEP CHHTE3IENi.
Tepic 3apsaramran [HUTTAM]:.JAMIIC] = 90:10 wmonb.%, o 3apsnranran [HUIIAM]:[AIITAX] =
=90:10 monb.% >xone amborepiik 3apsa terecripinren [HUTTAM]:[AIITAX]:JAMIIC] = 90:5:5 mo:5.%,
tuicinme NIPAMoo-AMPS10, NIPAMgo-APTAC10 sxone NIPAMoo-APTACs-AMPSs nen KpicKapThUIFaH
Ha"orempaepi MK cnexrpockommsicel, TI'A, Y®-kepinetin cnexrpockonusicsl sxoHe [JIC emmemuepiMer
cumatTangel. HaHorempaepniH cy jkoHE Ty3 CpITIHAUIEpIHIEri TeMmIeparypa MEH Ty3Fa Ce3IMTaIbIK
kacuerrepi 25-60 °C Temmepatypa auana3oHbHAA xoHe MOHIBIK Kymi (i) 0.001-1.0 M NaCl apansirsiana
3eprrengi. AHuoHABIK NIPAMgo-AMPS10 xoHe katnoHABIK NIPAMoo-APTAC10 HaHOTEeNmbAEpi TOMEH
MOJIEKYJIaIBIK CaJMakK TY3bIMEH Tepic HeMece OH 3apsiAThl CKDHHUHTKE OaiJIaHBICTBI TY3 epiTIHIICIHIEe aifKbIH
MOJIMAJICKTPOIIUTTIK dcep KepceTeli. 3apsineH TeHecTipiireH amdorepnik HaHoreab NIPAMoo-APTACs-
AMPSs ToeMeH MOJNEKyJIaNbIK CAIMaKThl Ty30€H Kapama-Kapchl 3apsiaTap apachbIHAAFbl JEKTPOCTATUKAIBIK
TapTBUIBICTBI KOPFayFa OalJIaHBICTHI aHTHIIOJIMAJIEKTPOIUT 9CEPiH KopceTelli. AHMOH/BIK, KaTHOH/BIK KOHE
aM(OTepIIiKk HaHOTENbICPAIH TeMIlepaTypara TOYeNIl OpeKeTiHiH aWbIpMAaIIbUIBIFBl TY3 EpiTiHAiIepiHAeri
MaKpOMOJIEKYJISIPIIBIK Ti30€KTepAiH KbICHUTYBIMEH (MIOJHMAIEKTPOIUTTIK 9cep) jKOHE KCHEIIMEH (aHTHUIIONN-
3IEKTPOJIUTTIK 9Cep) TYCIHIIpineTi.

Kinm coe30ep: nonmaMponuT HaHOTeINbIep, MOJIH-N-H30IpoIakpriIaMyl, HOHABIK MOHOMEpIIEp, KOJIEeM/IIK
(hasaibIK aybicy TeMIepaTypachl, aM)OTepIIiKk HAHOTEJIb, AHUOHIBI HAHOTEJ1b, KATHOH/IBI HAHOT€JTb.

A.E. As36aeBa, A.B. lllaxBopocros, C.E. Kynaitbeprenon

TemnepatypHasi u coJieBasi YyBCTBUTEJIbHOCTH AHHOHHOI0, KATHOHHOI0
U aM(OTEepHOro HaHOreJ el Ha 0cHOBe N-M30NPONUIAKPHIAMH/A,
HATPHUEBOH COJIU 2-aKPWIAMUI0-2-MeTHJI-1-nponancyib(poHOBOI KUCIOTHI
U (3-akpuIaMHUAONPONMI) TPMMETHIAMMOHUI XJIOPUAA

Tpu pa3nu4HBIX HaHOTENS, 00JaJalOIINX AHHOHHBIM, KATHOHHBIM U aM(OTEpHBIM XapaKkTepoM, ObLIN CHHTe-
3HUPOBaHbl C TMOMOIIBIO OOBIYHONW CBOOOTHOPAIUKAIBHOW CcOMONMMepHU3aui N-H30NpONUIaKprIaMuIa
(HUTTAM), nHatpueBoit coin 2-akpunamuio-2-MeTii-1-nponancyiasponoBoi kucnotsl (AMIIC) u (3-akpmit-
amugonponwia) tTpumerwiammonuii xnopuna (AIITAX). OrpunarensHo 3apsbkeHsslit [HUTTAM]:[AMIIC] =
=90:10 mon.%, monoxurensHo 3apsukeHHb [HUTTAM]:[AIITAX] = 90:10 Mon.% u amdoTepHsIii co cba-
nmancupoBaHHeIM  3apsaom  [HUITAM]:[AIITAX]:[AMIIC] = 90:5:5 mon.%  HaHOTENH, COKpAIIEHHO
NIPAMgo-AMPS10, NIPAMgo-APTAC10 1 NIPAMgo-APTACs-AMPSs, cooTBeTCTBEHHO, OBIIIM OXapaKTepH-
3oBaHsI ¢ nomomsio MK-criekrpockormun, TT'A, Y ®-Buanmoit cnekrpockonun u m3mepenuit JIJIC. Temmepa-
TypHBIE U COJICUyBCTBUTEIbHbIE CBOWCTBA HaHOTeJIeH B BOAHBIX M BOAHO-COJIEBBIX PACTBOPAX M3Yy4aaH B MH-
tepBaine Temnepatyp 25-60 °C u monnoit cunsl () 0.001-1.0 M NaCl. Aunonnsiit HUITAMgeo-AMIICio n
kaTroHHbIi HUTTAMgo-AIITAX10 HaHOTEIHM MPOSABISIOT BHIPAKECHHBIH MTOJMICKTPOIUTHBIH 3G deKT B BO-
HO-COJIEBOM PACTBOPE 3a CUET SKPAHUPOBAHUS OTPULATEILHOTO MM MTOJIOKUTEIBFHOTO 3apsiaa HU3KOMOJIEKY-
JSpHOU conbio. B TO BpeMsi kak 3apsin-cOanmaHcHUpoBaHHBIN am@orepHbIii HaHorens NIPAMoo-APTACs-
AMPSs nposiBIsIeT aHTHIONMNAIEKTPOIUTHEIN 3P (EKT 3a c4eT 3KPaHUPOBAHUS IIMEKTPOCTATHIECKOTO TIPUTS-
JKEHUsST MEXJy HpPOTHBOIOJIOKHBIMU 3apsaaMH HU3KOMOJEKYISIPHOH conblo. Pasnmdme B TeMmeparypHO-
3aBUCHMOM IIOBEICHUH aHHOHHOTO, KATHOHHOTO M aM(OTEPHOT0 HaHOTelel OOBSICHIeTCS CKaThueM (IIOJH-
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ANEKTPONUTHBIH 3((DeKT) u pacipeHreM (aHTUIOIUIIESKTPOIUTHBIN 2P dEeKT) MaKPOMONIEKYISIPHBIX LeMei
B BOIHO-COJICBBIX PaCTBOPAX.

Kniouesgvie cnosa: nonmamdonuTHee HAHOTENH, 110IH-N-H30NPONIIAKPUIaAMH, HOHHbIE MOHOMEpHI, TeMIIe-
partypa 00beMHO-(ha30BOTO Iepexona, aM(poTepHbIH HaHOTeJIb, aHNOHHBIN HaHOTeJIb, KATHOHHBII HAHOT€JIb.
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