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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

Cross-linked polyampholyte nanogels consisting of neutral N-isopropylacrylamide (NIPAM), negatively
charged sodium salt of 2-acrylamido-2-methylpropanesulfonate (AMPS), and positively charged (3-acryl-
amidopropyltrimethylammonium chloride (APTAC) monomers were synthesized via conventional redox ini-
tiated free radical copolymerization using N,N-methylenebis(acrylamide) (MBAA) as a cross-linking agent.
The resulting nanogels were characterized by means of FTIR and *H NMR spectroscopy, dynamic light scat-
tering (DLS) and zeta-potential measurements. Surface morphology was analyzed using scanning electron
microscopy. Due to the presence of thermally responsive NIPAM units and varying molar ratios of anionic
(AMPS) and cationic (APTAC) units, the resulting nanogels were responsive to multiple stimuli in aqueous
media and can be used for controlled delivery of dyes. Thus, the NIPAMg,-APTAC; 5-AMPS, 5 nanogel with
an excess of the cationic units was chosen for immobilization of the anionic dye, methyl orange (MO),
whereas the NIPAMg-APTAC, s-AMPS; 5 nanogel with an excess of the anionic units was chosen for immo-
bilization of the cationic dye, methylene blue (MB). The release kinetics of the dyes from the nanogel was
studied depending on the phase transition temperature and the salt content. Mechanism of the dye release
from the nanogel matrix was determined using the Ritger-Peppas equation. Disappearance of the ionic con-
tacts between the charged groups of the nanogels and the ionic dyes was suggested to be the main reason for
the diffusion of the dyes through the dialysis membrane into the external solution.

Keywords: polyampholyte nanogels, methyl orange, methylene blue, polyampholyte-dye complex, phase
transition temperature, dye release.

Introduction

Interaction between polyelectrolytes and low molar mass ionic dyes leads to the formation of polyelec-
trolyte-dye complexes with modified physical and chemical properties. The main driving force for this
complexation is electrostatic binding. To develop novel materials with desired properties, which can be used
in chemical separation, drug delivery, or waste treatment, it is necessary to deepen our understanding of the
molecular interactions between dyes and polyelectrolytes.

Thus, the effect of the molecular architecture of synthetic polycations has been demonstrated using a
complex formed between anionic dye, methyl orange (MO), and either linear strongly charged poly(diallyl
dimethyl amine hydrochloride) (PDADMAC) or branched poly(ethyleneimine hydrochloride) (PEI). The
complex formation is first determined by long-range electrostatic interactions accompanied by hydrophobic
and n-m interactions on shorter distances [1].

Barcellona et al. [2] describe the release of three pseudo-drug molecules (caffeine, methylene blue or
metanil yellow) from a nonfouling polyampholyte hydrogel based on [2-(acryloyloxy)ethyl]trimethyl-
ammonium chloride (TMA) and 2-carboxyethyl acrylate (CAA) depending on the density of the hydrogel,
cross-linking agent, pH and the ionic strength () of the solution. Release of the neutral caffeine molecule is
influenced only by diffusion, while the release of the charged methylene blue (MB) or metanil yellow is con-
trolled by their interaction with the charged groups of TMA and CAA. pH and p influence the rate and de-
gree of release of the charged pseudo drugs.

Cryogels based on sulfobetaine monomer 2-(N-3-sulfopropyl-N,N-dimethyl ammonium)ethyl methac-
rylate and dicationic cross-linking agent N,N,N',N'-tetramethyl-N,N'-bis(2-ethylmethacrylate)-propyl-1,3-
diammonium dibromide are effective adsorbents for MO and MB [3]. The degree of MO adsorption is higher
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than that of MB, and hence, anionic dyes may have a higher probability of being captured by the cryogel.
Sulfobetaine groups have an advantage based on the stabilization of the hydrogel structure, which can be
used in wastewater treatment [4].

Polyelectrolyte membranes, which remain solvated and functional in concentrated salt solutions or un-
der strong acidic/basic conditions, are widely applied to separate dyes from wastewater by adjusting the
polyelectrolyte-dye interaction [5-7]. For example, interactions between poly(2-acrylamide-2-methyl-1-
propanesulfonic acid) (PAMPS) and poly(diallyldimethylammonium) chloride (PDDA) and cationic dyes
MB and MO have been used to treat colored wastewater by polymer-enhanced ultrafiltration method
(PEUF) [8].

Polyampholyte microgels based on the N-isopropylacrylamide backbone containing methacrylic acid
and 2-(dimethylamino)ethyl methacrylate have been used to absorb and release cationic surfactants. Depend-
ing on the type of surfactant and pH of the medium, the absorption mechanism is determined by a combina-
tion of electrostatic and hydrophobic interactions, as well as H-bonding [9].

Despite some progress in the field of complex formation between polyelectrolytes and dyes, there is lit-
tle information about complexes formed between amphoteric nanogels and dyes. In our previous study, the
interaction of polyampholyte hydrogels consisting of (3-acrylamidopropyl) trimethylammonium chloride
(APTAC) and sodium salt of 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) with MB and MO was
investigated. Hydrogels containing an excess of negative and positive charges effectively absorb up to 80—
90 % of dyes owing to the electrostatic binding [10]. In this article, we describe synthesis and characteriza-
tion of polyampholyte nanogels based on neutral N-isopropylacrylamide (NIPAM), anionic sodium salt of
2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and cationic (3-acrylamidopropyl)trimethyl-
ammonium chloride (APTAC). Resulting nanogels have random distribution of repeating units, where
90 mol. % of NIPAM units bring in thermoresponsive behavior to the nanogels, while AMPS and APTAC
provide electrostatic interaction. We investigate the immobilization of anionic and cationic dyes within the
matrix of amphoteric nanogels and study the release kinetics of these dyes from the nanogel matrix as a func-
tion of temperature and salt concentration.

Experimental

Materials

Monomers — N-isopropylacrylamide (NIPAM, 97 % purity), 2-acrylamido-2-methylpropanesulfonic
acid sodium salt (AMPS, 50 wt. %), and (3-acrylamidopropyl) trimethylammonium chloride (APTAC,
75 wt. %); the redox initiator — ammonium persulfate (APS, 98 % purity) and sodium metabisulfite (SMBS,
97 % purity); the surfactant — sodium dodecyl sulfate (SDS, 99 % purity); the crosslinker —
N,N-methylenebis(acrylamide) (MBAA, 99 % purity); sodium chloride (NaCl); dialysis tubing cellulose
membrane (12—14 kDa); anionic dye — methyl orange (MO, Amax = 464 nm); cationic dye — methylene blue
(MB, Amax = 662 nm) were purchased from Sigma-Aldrich Chemical Co. and used as received.

Synthesis of nanogels based on NIPAM-APTAC-AMPS
Polyampholyte nanogels of various compositions NIPAMgy-APTAC,5-AMPS,s and NIPAMg,-
APTAC,5-AMPS; 5 were synthesized via conventional redox-initiated free radical copolymerization (Fig-

ure 1).

\>\ \j\ \)\ > s 1 5 :
0P NH 0P NH 07 NH 07 NH et HN’ko‘ HN/gO HN/gO HNlO
KT TR T, UL )R] |

NIPAM _NC E/S% Z

| ST+
a NGOG O O \ N7 0~ ONa e}
cl - m k p
*

Cl

APTAC AMPS MBAAmM

Figure 1. Free radical copolymerization of NIPAM, APTAC and AMPS monomers for synthesis of nanogels
NIPAMgy-APTAC; 5-AMPS; 5 and NIPAMgy-APTAC, 5-AMPS; 5

To obtain the nanogels, required amounts of monomers NIPAM, APTAC and AMPS, MBAA as a
crosslinker, and SDS as a surfactant were dissolved in deionized water with constant stirring until complete
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dissolution of the components (Table 1). Required amounts of APS and SMBS were added to this solution
and stirred for 5 minutes. The solution was then transferred to a sealed round bottom flask. The conventional
redox-initiated free radical copolymerization was carried out at 80 °C for 4 h under an argon atmosphere
with constant stirring of the mixture. The obtained nanogel solutions were dialyzed in deionized water for 14
days to remove unreacted components.

Table 1
Polymerization protocol of NIPAM-APTAC-AMPS nanogels
APS, SMBS, H,0, | Yield,
Nanogel sample NIPAM, g| APTAC, g |AMPS, g mg MBAA, g mg SDS, g mL | wt %
NIPAMg-APTAC;5-AMPS,5|  0.735 0.149 0.082 20 0.11 10 0.35 98.5 88
NIPAMg-APTAC,5s-AMPS;5|  0.735 0.049 0.248 30 0.11 0.23 ' 72

Methods

The chemical structure of NIPAM-APTAC-AMPS nanogels were characterized using FTIR spectros-
copy (Cary 660 FTIR, Agilent, USA). Measurements were carried out on freeze-dried nanogels at room tem-
perature within the 500-4000 cm™* range of wavenumbers. "H NMR spectra were collected with a INN-ECA
Jeol 400 spectrometer (frequency 400 MHz) using D,0O as a solvent. Dynamic light scattering (DLS) and
zeta-potential measurements were implemented by means of Zetasizer Nano ZS90 (Malvern, UK) with a 633
nm laser. Analysis of the surface morphology using MIRA3 LMU scanning electron microscopy (Tescan,
Czech Republic) was performed for 0.1 wt. % solution of nanogels after drying at 25 °C. Absorption spectra
of MO and MB were registered with a UV-Vis spectrophotometer Specord 210 plus (Germany) at 25 °C.

Immobilization of dyes within the matrix of charge-imbalanced amphoteric nanogels

Immobilization of anionic dye, methyl orange (MO) and a cationic dye, methylene blue (MB) into the
matrix of nanogels was performed as follows. 2.5 mL of 1 mM MO solution and 2.5 mL of 0.4 wt. %
NIPAMg,-APTAC,5-AMPS, 5 nanogel were poured into a 50 mL flask. Distilled water was then added up to
the required volume. The final concentration of MO and NIPAMgy-APTAC,5-AMPS, 5 nanogel in the flask
was 5-102mM and 0.1 wt. %, respectively.

The MB immobilization is identical to the procedure described above: 2.5 mL of 1 mM MB and 2.5 mL
of 0.4 wt. % NIPAMg-APTAC,s-AMPS; 5 nanogel were poured into a 50 mL flask; the required amount of
water was added obtaining 5- 10> mM MB and 0.1 wt.% NIPAMgy-APTAC, s-AMPS; nanogel.

The NIPAMg-APTAC, s-AMPS; 5 nanogel with an excess of the positively charged APTAC monomer
was chosen for the immobilization of the MO anionic dye. Whereas the NIPAMg-APTAC,5-AMPS; 5
nanogel with an excess of the negatively charged AMPS monomer was chosen for immobilization of the cat-
ionic dye MB. Since the determination of the composition of the nanogel-dye complexes presents a certain
experimental difficulty, we first carried out the conductometric titration of an aqueous solution of the linear
terpolymer NIPAMg,-APTAC, 5-AMPS, s with the anionic dye MO and the linear terpolymer NIPAMg,-
APTAC,5-AMPS; 5 with the cationic dye MB at polymer concentrations 1-10™" mM and dye concentrations
1 mM (Figure 2).

In the case of the NIPAMg,-APTAC; s-AMPS; 5 linear terpolymer, the inflection point corresponds to
the composition of the complex [NIPAMg-APTAC,5-AMPS, s]/[MO] = 1:0.8 mol/mol, which is close to the
equimolar =~ 1:1. In case of the NIPAMg,-APTAC, s-AMPS; 5 system, the inflection point corresponds to the
composition of the complex [NIPAMg-APTAC,5-AMPS;5]/[MB] = 1:1 mol/mol. Thus, linear NIPAM-
APTAC-AMPS polyampholytes with an excess of positive (APTAC) or negative (AMPS) monomers form a
1:1 equimolar complex with ionic dyes (MO and MB). For this reason, further study of the dyes release from
the volume of the NIPAM-APTAC-AMPS nanogels was carried out for equimolar nanogel-dye composi-
tions found for linear polyampholytes.

Figure 3 represents the electrostatic binding of anionic and cationic dyes by charged groups of ampho-
teric nanogels NIPAM-APTAC-AMPS with release of NaCl.
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Figure 2. Conductometric titration of linear terpolymer NIPAMgy-APTAC; 5-AMPS; 5
with anionic dye MO (1) and linear terpolymer NIPAMg-APTAC, 5-AMPS; 5 with cationic dye MB (2)
at a polymer concentration of 1-10 mM and concentration dyes 1 mM
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Figure 3. Formation of equimolar complexes between amphoteric nanogels and ionic dyes

Determination of phase transition temperatures for NIPAM-APTAC-AMPS nanogels

The phase transition temperatures (T,.:) of nanogels based on NIPAM-APTAC-AMPS in aqueous and
aqueous-salt solutions were determined by observing the change in transmittance of the solution upon in-
creasing temperature. Below the lower critical solution temperature (LCST), aqueous and agqueous-salt solu-
tions of NIPAM-APTAC-AMPS nanogels are transparent. The solutions become milky white above the
LCST when the polymer dehydrates and becomes more hydrophobic hence less soluble in water and trans-
mittance decreases. Phase transition experiments were carried out at A = 700 nm at a NIPAM-APTAC-
AMPS nanogel concentration of 0.1 wt.%, a heating rate of 0.5 °C min™, and a temperature range of 25—
60 °C, as described in [11]. Ty of NIPAM-APTAC-AMPS nanogels in aqueous NaCl solutions with the
ionic strength w = 1; 1-10%; 1-10% 5-10° and 1-10° mM correspond to the minimum points on differential
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curves. Figure 4 illustrates the examples for the NIPAMg-APTAC,s-AMPS, s nanogel at different p. It
demonstrates that added salt screens the polymer charges. When p = 1-10° mM, electrostatic interaction is

totally screened and the nanogels behave similarly to pure PNIPAM. For the NIPAMg,-APTAC, 5-AMPS; 5
nanogel, the experiments were carried out identically.
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Figure 4. Integral (1) and differential (2) curves of temperature-dependent phase behavior
of the nanogel NIPAMgo-APTAC, s-AMPS, 5 at different p

Release of dyes from NIPAM-APTAC-AMPS nanogels

The release (or diffusion to the outer solution) of dyes was carried out using a simple “glass in a glass”
device with constant stirring, as shown in Figure 5. For this, the inner glass, the bottom of which was cov-
ered with a dialysis membrane (molecular weight cut off is 12-14 kDa), was filled with a mixture of 10 mL
of dye (MO or MB) with 5.102mM concentration and 0.1 wt. % of nanogel (NIPAMgy-APTAC,5-AMPS; 5
or NIPAMg-APTAC,5-AMPS, ;). It was dipped in the outer vessel containing 20 mL of distilled water or
aqueous NaCl solution (i = 1, 1-10" and 1-10*> mM). All measurements were carried out under stirring at
25 °C and at Ty of nanogels determined as described above. Covering the bottom part of the inner glass
with a dialysis membrane retains the nanogel in the inner vessel and keeps the concentration of nanogel con-
stant. At the same time, pores of the dialysis membrane did not prevent diffusion of the released dye mole-
cules (MB or MO) into the outer beaker. At certain time intervals, 2 mL of sample was taken from the outer
beaker for the UV-Vis analysis. The experiments were performed under the sink conditions: to keep the vol-
ume of the solution constant, the 2 mL solution taken for analysis was compensated by adding 2 mL of dis-
tilled water or aqueous-salt solution.

MB release j MO release
—_— -
Kt
membrane membrane membrane membrane
o ©
\ release media / \. release media / \ release media / \. release media /
© - methylene blue - methyl orange
- NIPAMy-APTAC, s-AMPS; 5 - NIPAM;-APTAC, 5-AMPS; 5

Figure 5. “Glass-in-glass” device for dye release from the nanogel matrix
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The concentration of the dyes released into distilled water or agueous-salt solutions was determined us-
ing a UV-Vis spectrophotometer at 464 nm for MO and 662 nm for MB and expressed by Equation 1:

[released dye]

Dye release (%) = W. :

)

Dye release kinetics

Kinetics and mechanism of the dye release from the nanogel matrix was determined using the Ritger-
Peppas model for simple solute release, which is described by Equation 2 [12]:

M,/M_ =kt", 2
where M, — the concentration of dye released at time t; M.,,— the concentration of dye at infinite time t,; k —
the kinetic constant; N — the exponent of diffusion indicating the mechanism of dye transport from the
nanogel matrix.

The values of n can be the following: when n = 0.5, diffusion is the main driving force (Fickian diffu-
sion); when n=1, the dye release is largely controlled by degradation (Case Il transport); when
0.5 <n < 1.0, the dye release is followed by both diffusion and erosion controlled mechanisms (non-Fickian
diffusion or anomalous mechanism of the drug release).

The cumulative release was calculated by Equation 3 [13]:

Volume of sample withdrawn, mL P

Bath volume, mL (t-2)
where P — percentage release at time t; P(;_ 1) — percentage release previous to t.

Cumulative percentage release, % =

+R, 3)

Results and Discussion

Synthesis and characterization of nanogels based on NIPAM-APTAC-AMPS

NIPAMgy-APTAC5-AMPS, 5 and NIPAMg-APTAC,s-AMPS; 5 nanogels were synthesized via con-
ventional redox-initiated free radical copolymerization. Two molar ratios of the anionic (AMPS) and cationic
(APTAC) monomers were used to obtain suitable stimuli-responsive systems with optimal properties for
controlled dye release studies.

FTIR analysis of the nanogels

Figure 6 represents the FTIR spectra of NIPAM-APTAC-AMPS nanogels. The characteristic peaks of
the functional groups found at v = 3290-3500 cm ™ belong to the secondary and tertiary amine groups. Peaks
at v = 2800-3000 cm* and 1460 cm™ are responsible for the CH groups. Peaks at v =1640 and 1540 cm™ are
attributed to the N-substituted groups (amide | and amide I1). S=O groups containing in AMPS fragments
appear at v =1040 cm™.
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Figure 6. FTIR spectra of NIPAM-APTAC-AMPS nanogels
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'H NMR analysis of nanogels

The methylene and methine protons include resonance bands at 1.8 and 2.2 ppm, which also overlap
with the peaks of the methyl and methylene protons of AMPS and APTAC. The suspended protons of the
methyl and methylene groups in AMPS and APTAC include resonance bands at 3.2-3.4 ppm. Since these
signals overlapped, the exact composition of the NIPAMg-APTAC;5-AMPS,5s and NIPAMg-APTAC,5-
AMPS; 5 nanogels could not be accurately determined from the *H NMR spectra (Figure 7). One should note
that the reactivities of used monomers are the same and close to one. Therefore, it can be assumed that the
ratio of the reacted repeating units in the nanogels is practically the same as that of the monomers in feed
[14]. Considering all the reasons above, it can be argued that the NIPAMgy-APTAC,s-AMPS,5 and
NIPAMg-APTAC,5-AMPS; 5 nanogels containing an excess of positively (APTAC) or negatively (AMPS)
charged monomers are charge imbalanced.
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Figure 7.NMR spectra of NIPAMgy-APTAC; 5-AMPS, 5 (1) and NIPAMgy-APTAC, 5-AMPS; 5 (2)
nanogels and identification of proton signals

The mean hydrodynamic radius (R,) and zeta-potentials (¢) of NIPAM-APTAC-AMPS nanogels in
agueous and aqueous-salt solutions
The mean hydrodynamic size was measured in a 0.1 wt.% solution of nanogels in the temperature range
from 25 to 50 °C with an interval of 5 °C in DI water and in NaCl solutions with p = 1, 1-10* and 1-10° mM

(Table 2).
Table 2
The mean hydrodynamic size of NIPAM-APTAC-AMPS nanogels
Hydrodynamic radius (Rp), nm
T °C NIPAMgo-APTAC; 5-AMPS, 5 NIPAMgo-APTAC, 5-AMPS; 5
' u, mol-L™* (NaCl)
0 1-10* 1-10° 0 1 1-10* 1-10°
1441 1442 1141
25 6.5+1 812 8+1 90 +£12 275420* 480+ 8* 1141 1604£20*
13+1 1242
30 9+1 9+2 7405 138+10 330420* 735410* 13+0.5 120+10
35 843 7+1 7+1 197+1 565+15 740410 265420 170+1
40 68+4 9048 11549 220+10 570+10 74444 270420 17241
45 1104+0.5 14840.5 196+1.5 20145 110£1.5 265+1 650+15 17242
50 1274+0.5 1714+0.5 20147 200+3 135+5 307+0.5 690110 410420
* nanogels in some solutions have a bimodal distribution.
CHEMISTRY Series. No. 3(107)/2022 133



A.Ye. Ayazbayeva, S.Z. Nauryzova et al.

Zeta-potentials of charge-imbalanced NIPAM-APTAC-AMPS nanogels were measured in 0.1 wt.%
aqueous solution at 25 °C. An aqueous solution of NIPAMgy-APTAC-5-AMPS; s with an excess of positively
charged APTAC monomer has § = +4+1 mV. NIPAMg-APTAC,s-AMPS; 5 with an excess of negatively
charged AMPS monomer has £ =—-7+1 mV.

SEM analysis of the nanogels

As is seen from SEM image, the nanogel particles contain glued or stuck aggregates (Figure 8). The
narrow necks connecting the nanogel particles and few nanometer- and micron-sized voids are visible. Mac-
roscopic gelation occurs due to multiple contacts between spherical or wormlike nanogels, which lead to the
formation of a three-dimensional network of nanogels [15].
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Figure 8. SEM images of NIPAMgy-APTAC; 5-AMPS, 5 (1) and NIPAMg-APTAC, s-AMPS- 5 (2) nanogels

Release kinetics of dyes from the matrix of charge-imbalanced amphoteric nanogels

Figure 9 shows the cumulative of release of MO from nanogel NIPAMg,-APTAC;5-AMPS; 5 into de-
ionized water and aqueous-salt solution containing 1, 1-10* and 1-10* mM NaCl. The released amount of
MO from the nanogel matrix is summarized in Table 3.
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Figure 9. Cumulative release of MO from NIPAMg,-APTAC; s-AMPS, s nanogel at 25 °C in different media
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Table 3
The equilibrium release data of MO for nanogel NIPAMgy-APTAC; 5-AMPS; 5 at 25°C

u, mol-L™* (NaCl) | Released amount of MO during 30 h, (%)
0 27.0+0.5
1 30.0+0.5
1-10" 35.0+0.5
1-10° 41.0£0.5

Gradually increasing MO release into the external solution is associated with destruction of the electro-
static interactions between the anionic groups of nanogel and the cationic dye upon increasing p.

The release kinetics of MO from nanogel NIPAMgy,-APTAC;5-AMPS,s were fit using the Ritger—
Peppas equation. The values of n and k are presented in Table 4. The values of n in DI water, 1 and
1-10" mM NaCl are around 1 and indicate a case Il transport release mechanism. When MO is released into
1-10* mM NaCl the n value equals 0.69, which indicates non-Fickian (anomalous) diffusion.

Table 4
The values of n and k of MO for nanogel NIPAMgy-APTAC, 5-AMPS, 5 at 25 °C
Release medium n k-102 Release mechanism
MO+NIPAMg-APTAC; 5-AMPS, 5 into DI water 1.04+0.02 0.09 Case Il transport
MO+NIPAMgy-APTAC; 5-AMPS, 5 into 1 mM NaCl 1.12+0.02 0.05 Case Il transport
MO+NIPAMg-APTAC; s~AMPS, < into 1-10' mM NaCl 1.03+0.02 0.16 Case Il transport
MO+NIPAMg,-APTAC; s~AMPS, < into 1-10°mM NaCl 0.69+0.02 0.50 non-Fickian diffusion

The release kinetics of MB from NIPAMg,-APTAC, 5-AMPS; s nanogel was studied in aqueous-salt so-
lutions at u =1, 1-10" and 1-10*> mM NaCl (Figure 10). When p = 1 and 1-10" mM NaCl (up to 400 min), the
intensive diffusion of MB from the nanogel matrix is observed. This owes to the step-by-step destruction of
the nanogel-dye complex due to screening of the negative charges of the nanogel by NaCl ions. At a time
interval from 400 to 1600 min, the MB diffusion rate reaches a plateau. This indicates the stationary nature
of the release of the dye molecules from the bulk of the nanogel. At p = 1-10°mM NaCl the rate of the dye
diffusion from the nanogel matrix increases linearly, but after 1400 and 1600 min it reaches the limit value.
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Figure 10. Cumulative release of MB from NIPAMg,-APTAC,5-AMPS; s nanogel in different media at 25 °C

The released amount of MB from the nanogel matrix is summarized in Table 5.
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Table 5
The equilibrium release data of MB for nanogel NIPAMgy-APTAC, 5-AMPS; 5 at 25 °C

u, mol-L™ (NaCl) | Released amount of MB during 27 h, (%)
0 14.0+0.5
1 28.0£0.5
1-10 34.0+0.5
1-10° 37.0+0.5

The values of n equal one upon release of MB from the NIPAMgy-APTAC,5-AMPS; 5 nanogel into de-
ionized water and 1-10° mM NaCl solution indicating that the release mechanism is controlled by degrada-

tion, whereas the release into 1 and 1-10* mM NaCl corresponds to the diffusion and erosion-controlled
mechanism (Table 6).

Table 6
The values of n and k for release of MB for nanogel NIPAMgy-APTAC, s-AMPS; 5 at 25 °C

Release medium n k-102 Release mechanism
MB+NIPAMgy-APTAC, 5-AMPS; 5 into DI water 1.2+0.02 0.76 Case Il transport
MB+NIPAMgy-APTAC, 5-AMPS; 5 into 1 mM NaCl 0.7+0.02 1.25 non-Fickian diffusion
MB+NIPAMg,-APTAC, s-AMPS; s into 1-10* mM NaCl 0.9+0.02 0.32 non-Fickian diffusion
MB+NIPAMgy-APTAC, s-AMPS; 5 into 1-10°mM NacCl 1.3+0.02 0.016 Case Il transport

Figure 11 shows the cumulative release of MO from the NIPAMgy,-APTAC;5-AMPS, s hanogel into
NaCl solutions at the phase transition temperatures measured during 5 hours.
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Figure 11. Cumulative release of MO from NIPAMg-APTAC; s-AMPS; s nanogel in different media at T,

The effect of p on the phase transition temperatures Ty and released amount of MO from NIPAMg,-
APTAC;5-AMPS; s nanogel is summarized in Table 7.
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Table 7
Influence of the ionic strength (p) on the phase transition temperatures (T, )
and released amount of MO from NIPAMg,-APTAC; s-AMPS, s nanogel
u, mol-L™* (NaCl) Phase transition temperature, Tyt (°C) Released amount of MO during 5 h, (%)

0 44.0+0.1 17.0+£0.5

1 45.1+0.1 11.0+£0.5

1-10° 44.420.1 24.0£0.5

1:10° 44.3+0.1 31.0+0.5

The amount of released MO into deionized water at 44 °C equals 17 %. However, in a 1 mM solution at
Torr = 45.1°C it decreases down to 11 %. The released amount of MO into 1-10* mM and 1-10> mM solu-
tions at T, equals 24 and 31 % respectively. Therefore, an increase in temperature increases the MO re-
lease from the nanogel into deionized water, 1-10" and 1-10°mM NaCl solutions (Table 6).

The release of MO from nanogel matrix into 1-10* mM salt solution at the phase transition temperature
leads to a decrease in n down to 0.85 and the diffusion mechanism changes to non-Fickian (Table 8).

Table 8
The values of n and k for release of MO for nanogel NIPAMg-APTAC,5-AMPS, s at Ty
Release medium n k-102 Release mechanism
MO+NIPAMgy-APTAC, 5-AMPS, 5 into DI water 1.4+0.02 0.04 Case Il transport
MO+NIPAMg-APTAC; 5-AMPS, 5 into 1 mM NaCl 1.1+£0.02 0.09 Case Il transport
MO+NIPAMg-APTAC; s-AMPS, < into 1-10' mM NaCl 0.85+0.02 0.08 non-Fickian diffusion
MO+NIPAMg-APTAC, 5-AMPS, 5 into 1-10°mM NaCl 0.77+0.02 1.3 non-Fickian diffusion

The effect of the phase transition temperature on the MB release from the NIPAMgy-APTAC,s-
AMPS; s nanogel is shown in Figure 12. The dye release in deionized water did not change during 5 hours as
the temperature increased from 25 to 41.6 °C. The diffusion of MB from the nanogel into NaCl solutions
with different p =1, 1-10*and 1-10?mM at the phase transition temperature increases by 7—15 % (Table 9).
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Figure 12. Cumulative release of MB from NIPAMg-APTAC, s-AMPS; 5 nanogel in different media at T
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Table 9
The equilibrium release data of MB for nanogel NIPAMg-APTAC, 5-AMPS; 5 at Ty«
u, mol-L™* (NaCl) Phase transition temperature, T, .+ (°C) Release amount of MB during 5 hrs, (%)
0 41.6+0.1 11£0.5
1 40.8+0.1 30+0.5
1-10" 41.8+0.1 34+0.5
1-10° 41.420.1 29+0.5

The influence of T, on the change in the diffusion mechanism occurred when the MB was released in-
to a 1 M NaCl. The n value changed to 1 and the mechanism became - Case Il transport (Table 10).

Table 10
The values of n and k for release of MB for nanogel NIPAMgy-APTAC,5-AMPS; s at Ty«

Release medium n k-102 Release mechanism
MB+NIPAMg,-APTAC, 5-AMPS; 5 into 1 mM NaCl 1£0.04 0.33 Case Il transport
MB+ NIPAMg-APTAC, s-AMPS; 5 into 1-10°mM NaCl 0.76+0.02 1.3 non-Fickian diffusion
MB+NIPAMg-APTAC, s-AMPS; 5 into 1-10>mM NaCl 1.2+0.02 0.063 Case Il transport

Conclusions

Samples of polyampholyte nanogels NIPAMgy-APTAC,5-AMPS, s and NIPAMgy-APTAC, 5s-AMPS; 5
were obtained via conventional redox-initiated free radical copolymerization in presence of a cross-linking
agent. The structure and composition of the nanogels were investigated through IR-Fourier and ‘*H NMR
spectroscopy.

The Kinetics of release of dyes from the matrix of nanogels has been studied in aqueous solutions at var-
ious temperatures and ionic strengths. The MO release from the NIPAMgy,-APTAC;5-AMPS, s nanogel ma-
trix at 25 °C for 30 hours increases from 27 to 41 % with increasing u. At the phase transition temperature,
the release of MO with p is preserved, except for 1 mM NaCl, for which the release is 11 % and less than in
distilled water. The release of MB from the NIPAMg,-APTAC,s-AMPS- s nanogel within 27 hours rises
from 14 to 37 % with p. The upward trend in the MB release with p persists at the phase transition tempera-
ture as well.

Gradual increase in the dye release from the nanogel matrix into the external solution is associated with
the destruction/screening of electrostatic interactions of the nanogel-dye complex with p. The release of the
dye molecules is enhanced at the phase transition temperature of nanogels. Dye delivery systems developed
in this study may be promising platforms for therapeutic applications.
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3apsa O0MbIHIIA TEHTrepIMCi3 aM@oTep. Iik HAHOTeJIbePAiH MAaTPUIIACHIHA
MeTIWJI KbI3FBUIT CapPbl MEH METHJIEH KOK 00s1yJIapbIH HMMOOMIN3AUAIAY
’KOHe 0J1apAbIH TeMIlepaTypa MeH HOH/IBIK KYIIKe 0ailJIaHbICTHI
0ocamn MbIFYy KHHETUKACHIH 3€PTTey

Tunpodobter (N-monpommnakpmwiamua, HUIIAM), Tepic 3apsaranrad (2-akpriiamMuno-2-METHIIIPOIIAH-
cynbgoHat HaTpuit Ty36I, AMIIC) xoHe OH 3apsiarantaH (3-akpHIaMIIONPONHITPUMETHIAMMOHUH XIOpHUI,
AIITAX) MoHOMEpIEpJCH TYpaThlH ©3apa OaiiaHeicKaH monmamdonutti HaHorembaep N,N-MeTwieH-
Ouc(akpwiaMp) afKacTHIPFBIII areHT pPeTiHAe KONIAHBUIBIN, 00C pagMKaJIAbl IOJHMEpIIEHY >KOJIBIMEH
cuHTe3en . AnsiHraH HaHorenbaep UK-Oypre xoHe 'H samp CIIEKTPOCKOMHACH! 9/icTepiMEH CHIIATTaJI/bI,
6eTTik MOP(OJIOTHsI CKaHEpPJey JIEKTPOHIBI MHUKPOCKOMHS apKbUIbl TanmaaHabl. Tepmocesimran HUITAM
xoHe aHuOHIBIK (AMIIC) sxone katnoHAblK (AIITAX) MoHOMepnepAiH OpTYpJi MOJPIBIK Kod(du-
IIUEHTTEPiHIH apKachIHJA albIHFAH HAHOTENbJAEpP BIHTANAHABIPYFa ce3iMTal-)KyiHelepre me >KOHE OJapibl
OoSFBIITAPABl OaKBUIAHATHIH TYPAE JKETKI3y YIIIH maiiianaHyra Oomazpl. APTHIK KaTHOHABI MOHOMeEpi Oap
NIPAMgy-APTAC;5-AMPS,s  HaHOorenb aHHOHABI  OOSyABI, MeTWI KbBFeUIT  capbelHbl  (MO),
WHKAINCYSIMsIay YIIH, al apThlK aHuoHABl MoHoMepi Oap NIPAMgy-APTAC,5-AMPS;5 HaHOTrenb
KaTHOHMBI Oosynbl, MeTwieH KkekTi (MB) wumMmoOwnmsanusiay ymriH Ttagaangsl. dazanblk  aybicy
TeMIlepaTypachlHa JKOHE Ty3 KocHachlHa OailfIaHBICTEI HAHOTENBAIH MAaTPHIACBIHAH OOSFBINITAPABIH
IIBIFAPbITy KMHETHKACH 3epTTeni, Putrep-Ilenmnac TeHaeyi Heri3iHae HAaHOTeIb MaTPULIACHIHAH OOSIFBIITHIH
IIBIFAPbITy MEXaHU3Mi AHBIKTAJIbl. 3apsATajiFaH HAaHOTENbJASP TONTAPbl MEH HOHJBIK OOSFBIIITAPIBIH
apachIHAAFbl MOHJBIK OaiimaHbICTapABIH OY3BUTYBl IHANN3 MeMOpaHAChl apKbUIBI OOSFBIIITAPABIH CHIPTKEI
epiTiHAIre TapadybIHBIH HeTi3ri ce6e0i 00IbIn TabbUIa kL.

Kinm ce30ep: monnaM(poIuT HAaHOTENi, METHJI KBI3FBUIT Capbl, METHJICH KOK, MOTHaM(OIUT-00SFHIIT KEeIIeHi,
(azanbIK aybICy TeMIeparypacsl, GOSFBIITHI 6ocarty.
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NmMmo0uIu3anusi METUJI0BOI0 OPAHKEBOI0 U METHJIEHOBOI0 CHHEr 0
B MaTpuny aMm(pOTEePHBIX HAHOTeJIeH ¢ HeCOATAHCMPOBAHHBIM 3aPAI0M
U U3yYeHHe KHHETHKH BbICBOOOKICHUS KpacuTeseH
B 3aBHCHMMOCTH OT TeMIIEPATYPbl 1 HOHHOI CHJIBI

Comtsie monmuaM(OTUTHRIE HAHOTEIH, COCTOsIIHe 13 THapododHoro (N-m3onpommnakpuiamun, HUTTAM),
OTPHLATEIHHO 3aPHKCHHOTO (HATpHEBas COJb 2-aKpHiIaMUI0-2-MeTuiponancyibdonara, AMIIC) u noo-
JKUTEIIBHO 3apspkeHHoro (3-akprimamuponponunTpuMermiaMmonns xiopun, AIITAX) moHOMepoB, Obun
CHHTE3MPOBaHbBl METOZOM CBOOOIHOpAIMKAIBHOM monuMepu3amuu ¢ N,N-MeTHIeHOUC(aKpHuIaMUIoM)
(MBAA) B kauecTBe crmBaromero areHta. [lomyyeHHnbsie HaHOrenu oxapaktepu3oBanbl merogamu MK-Oypobe
v H SIMP-cniektpockomniy, MOpQoIorusi MOBEPXHOCTH IPOAHANU3MPOBAHA C MOMOIIBIO CKaHUPYIOIIEH
3IEKTPOHHOM MUKpockonuu. M3-3a mpucyTcTBus TepMouyBcTBUTENnsHOr0 HUITAM 1 pa3snudHbIX MOJISIPHBIX
cootHomeHuit aHnoHHBIX (AMIIC) u katnoHHBIX (AIITAX) MOHOMEPOB, MMOTy4YEeHHbIE HAHOTENU MPEACTaB-
JSTIOT CO00M CTHMYIJ-4yBCTBHUTEIBHBIE CHCTEMBI  MOTYT HCIIOJIB30BAThCS U KOHTPOIHPYEMOH JOCTaBKU
kpacuteneir. Hanorens ¢ n30bITKOM KaTHOHHOTO MoHOMepa (NIPAMgy-APTAC;5-AMPS,5) Obl1 BBIOpaH
JUISl MHKAICYJIMPOBAaHMsI aHMOHHOTO KpacuTensl MeTHIoBoro opamkeBoro (MO), a HaHOTeNlb ¢ M30BITKOM
aanonHoro MoroMmepa (NIPAMgy-APTAC,5-AMPS; 5) Obu1 BEIOpaH 111 NMMOOHIM3AIIMN KaTHOHHOTO Kpa-
curenst metuwieHoBoro curero (MC). HccnenoBana KHHETHKa BHICBOOOXKICHUS KpacuTellei n3 oobeMa HaHO-
reis B 3aBHCHMOCTH OT TeMIIepaTypsl (a30BOro mepexoia M cojeBol JH00aBKH, ONpeneieH MEXaHH3M BbI-
CBOOOXICHHSI KpacuTelel M3 MaTpuIbl HaHOTeNs Ha OCHOBe ypaBHeHHs Putrepa-Ilemmaca. Paspymienue
MOHHBIX KOHTAaKTOB MEXy 3apsLKEHHBIMU TPYNIIAaMU HAaHOTeNeH M HOHOT€HHBIMH KPACHTEISIMU SIBIISIETCS OC-
HOBHOM IprunHO# qu¢dy3nun KpacuTenel depes IHaTH3Hy0 MeMOpaHy BO BHEIITHUH PacTBOP.

Kniouesvie cnosa: HO.III/IaMCbOJII/ITHLIS HaHOIcJIu, METHUIIOBBIH OpaHX(CBBIﬁ, METHJICHOBEIT CI/IHHFI, KOMIIJICKC
«HOJ'II/IaM(i)OJ'[I/IT—KpaCI/ITeJ'IB», TEMIIEpaTypa (1)2130B01"0 nepexona, BI)ICB060)KI[€HI/IC KpaCUuTeJIsd.
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