J Sol-Gel Sci Technol (2016) 79:466-474
DOI 10.1007/s10971-016-4022-3

CrossMark

@

ORIGINAL PAPER: NANO-STRUCTURED MATERIALS (PARTICLES, FIBERS, COLLOIDS, COMPOSITES, ETC.)

Synthesis, evaluation and release studies of NIPA nanopolymers
presumed for temperature-controlled drug delivery

Monika Gasztych' « Julija Volmajer Valh? - Vanja Kokol® - Antoni Jacek Szumny” -

Agnieszka Gola' - Witold Musiat’

Received: 1 August 2015/ Accepted: 14 March 2016/ Published online: 25 March 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract The copolymers of N-isopropyl acrylamide
(NIPA) have been studied extensively as drug carriers for
antibacterial, cardiovascular, cytostatic, local anesthetic,
and nonsteroidal anti-inflammatory agents, to deliver the
required therapeutic effect. The aim of this work was to
evaluate the effect of a series of newly synthesized ther-
mosensitive polymeric NIPA derivatives on the release rate
of naproxen sodium (NS) from hydrogels composed of
hydroxypropyl methylcellulose (HPMC). NIPA derivatives
P1-P4 were synthesized by precipitation polymerization
without an emulsifier, and their structures were evaluated
by NMR spectroscopy. Four formulations were prepared
with NS (FP1-FP4), and rate of NS release from these
systems was evaluated using a modified pharmacopeial
method at 22 and 42 °C. The release rate of NS followed a
similar trend in all four of the formulations assessed at
22 °C, which was the same as the reference formulation.
However, the release rate of NS at 42 °C was clearly faster
in the samples containing the thermosensitive polymers
P1-P4 compared with the reference formulation. These
results clearly demonstrate that the use of thermosensitive
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polymeric derivatives of NIPA can increase the release rate
of NS from hydrophilic gels based on HPMC.

Graphical Abstract Diversity of release courses of
naproxen sodium evaluated in formulation containing
poly(ethylene glycol) dimethacrylate (PDA, left), and
comparison of half-release times (Tyg, right) of naproxen
sodium formulations containing various thermosensitive
polymers P1-P4.
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1 Introduction

Research toward the development of targeted and con-
trolled drug delivery systems capable of carrying thera-
peutic agents to their required site of action has grown
considerably during the last decade, because these systems
offer a potential reduction in off-target effects. A variety of
different methods have been evaluated to date for the
preparation of specific polymeric drug carriers, including
both bottom-down and bottom-up methods such as sur-
factant-free precipitation polymerization, surfactant-free
emulsion polymerization and electrospinning [1, 2].
N-Isopropyl acrylamide (NIPA) is an interesting monomer
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that has been applied extensively as a research tool for the
development of new polymeric drug carriers [3]. The
popularity of this material in scientific research can be
attributed to the unique features of poly-NIPA (pNIPA)
particles, which exhibit a sharp and reversible volume
phase transition at a volume phase transition temperature
(VPTT) of 32 °C [4-6]. The temperature of this process is
especially important because it corresponds well with the
range of normal human and animal body temperatures [7,
8]. At temperatures below the VPTT, these macro-
molecules become swollen when they are mixed with
water. In contrast, at temperatures above their VPTT, these
particles become hydrophobic and form compact structure,
resulting in the dehydration of the material [9, 10]. The
synthesis of polymeric NIPA derivatives with comonomers
uses an initiator, and the particles prepared in this way may
be stabilized by sulfate groups derived from the persulfate
ion of the attached initiator molecule [11]. It is noteworthy
that a wide variety of structures may be formed during the
synthesis of pNIPA macromolecules [12]. A diverse range
of comonomers has been applied to the synthesis of NIPA
derivatives, including acrylic acid [13], methacrylic acid
[14], fumaric acid [14], acryl amide [15], maleic acid [16]
and N-t-butyl acryl amide [17, 18]. The copolymers of
NIPA have been studied extensively as drug carriers for
antibacterial, cardiovascular, cytostatic, local anesthetic
and nonsteroidal anti-inflammatory agents, to obtain the
required therapeutic effect [19]. Although NIPA deriva-
tives are widely recognized as potential drug carriers and
nanocarriers, their practical application has been limited by
their poor biodegradability. NIPA derivatives have been
used effectively in the field of topical medicine, as exem-
plified by their use in several other studies [20-22].

Polymer structures can be readily determined nowa-
days using a variety of different physicochemical meth-
ods, such as infrared spectroscopy [23], mass
spectrometry [24, 25], capillary electrophoresis [26] and
liquid chromatography [27]. Furthermore, considerable
progress has been made during the last decade toward the
development of nuclear magnetic resonance (NMR)
techniques for the analysis of natural [28] and synthetic
polymers [29]. NMR spectroscopy represents a simple
and relatively low-cost analytical technique for obtaining
unambiguous structural information, making it a basic
tool in polymer analysis. We previously used NMR to
successfully confirm the esterification of a series of nat-
ural polymers [30-32], as well as the structure of poly-
NIPA microspheres [33].

The aim of the work was to evaluate the influence of our
newly synthesized thermosensitive polymeric NIPA
derivatives on the release rate of naproxen sodium from
hydrogels composed of hydroxypropyl methylcellulose.

2 Experiment
2.1 Materials

Naproxen sodium (NS, conforming to USP standards,
Sigma-Aldrich (Sternheim, Germany)), Hydroxypropyl-
methyl cellulose (HPMC, viscosity 2600-5600 cP, 2 % in
H,O at 20 °C, Ashland, Wilmington, DE, USA), N-iso-
propyl acrylamide (NIPA, 97 %, Sigma-Aldrich), N-t-butyl
acrylamide (NTB, 99 %, Acros organics, Geel, Belgium),
N,N-methylene bisacrylamide (MBA, 99 %, Sigma-
Aldrich), poly(ethylene glycol) methyl ether-acrylate with
nine oxyethylene groups (PEG-MA, Mw = 480 Da, 99 %,
Sigma-Aldrich), poly(ethylene glycol) dimethacrylate
(PEG-DMA, Mw = 2000 Da, Sigma-Aldrich) and potas-
sium persulfate (KPS, 98 %, Sigma-Aldrich) were obtained
from commercial and industrial suppliers and used without
further purification. A dialysis bag with a molecular mass
cutoff (MWCO) of 12,000-14,000 Da was obtained from
Visking Medicell International Ltd. (London, UK). The
deionized water used in the current study was obtained
from an ionic column and conformed to the monography of
the purified water described in the European Pharma-
copoeia. Deutered dimethylsulfoxide (DMSO-dg) for NMR
spectrometry was obtained from Euriso-Top (St Aubin,
France).

2.2 Synthesis and evaluation of polymers

The NIPA derivatives used in the current study were syn-
thesized by precipitation polymerization without an emul-
sifier (i.e., surfactant-free precipitation polymerization,
SFPP). Briefly, the reactor was filled with 600 ml of
deionized water, which was heated at 70 °C. The reactor
was then treated with a solution of 0.5 g of the free radical
initiator KPS in 200 ml of deionized water. The resulting
mixture was then stabilized at 70 °C before being treated
with a mixture of NIPA, cross-linker and comonomer in
200 ml of deionized water. The substrate compositions are
shown in Table 1.

The particles were then purified by dialysis against
deionized water until the conductivity was less than
1 uS cm™'. After 21 days, the purification procedure was
complete and the samples were lyophilized using a Steris
LYOVAC GT2 system (STERIS GmbH, Huerth, Ger-
many) with vacuum values in the range of 10-100 Pa for
32 h. The results of dry mass analysis experiments revealed
that the concentration of the polymers in the resulting
aqueous dispersions was of the order of 0.5 % (w/w).

The NMR spectra of the monomers used in the current
study and the resulting polymers were measured on a
300-MHz Bruker NMR spectrometer (Bruker, City,
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Country) in the Integrated Education and Innovation Cen-
tre of the Faculty of Pharmacy at the Medical University in
Wroclaw, Poland. The progress of each reaction and the
chemical structures of the products were determined by 'H
NMR spectroscopy, as well as the use of several correlative
spectra. All of the NMR experiments were performed at
24 °C using approximately 5 mg of dry polymer in 0.8 ml
of DMSO-dg (Sigma-Aldrich). All of the samples were
highly soluble in DMSO-dg, which avoided the need for
filtration or centrifugation.

The hydrodynamic diameters (Dy) of the newly syn-
thesized polymers were measured using a Zetasizer Nano
device (Malvern Instruments, Malvern, UK) at a wave-
length of 678 nm in an aqueous dispersion by dynamic
light scattering (DLS). The samples were diluted tenfold
with deionized water and filtered through a 0.2-um PVDF
Whatman nanofilter. The filtered samples were assessed
with a 173° backscatter measurement arrangement using
the Mark—Houwink parameters. Every measurement was
multiplied five times and evaluated using version 5.03 of
the Zetasizer Nano software.

2.3 Preparation of hydrogels with naproxen sodium

The form different hydrogels’ formulations containing NS
(PF1-PF4) were prepared according to the following pro-
cedure. NS (4.0 g) and one of the synthesized polymers
(P1-P4, 0.5 g) were dissolved in deionized water. HPMC
(0.5 g) was added to the resulting solution, and the mixture

Table 1 Substrate compositions of the polymers under evaluation

Substrates (%w/w) Type of polymer

P1 P2 P3 P4

Type of component
Main monomer

NIPA 0.50 0.50 0.50 0.50
Cross-linker

MBA 0.05 0.05 0.05 -

PEG-DMA - - - 0.05
Comonomer

PEG-Ma - 0.05 - -

NTB - - 0.05 -
Anionic initiator

KPS 0.05 0.05 0.05 0.05
Solvent

Water 99.40 99.35 99.35 99.40

NIPA N-isopropyl acrylamide, MBA N,N-methylene bisacrylamide,
PEG-DMA  poly(ethylene glycol) dimethacrylate, PEG-MA
poly(ethyleneglycol) methyl ether-acrylate, NTB N-t-butyl acry-
lamide, KPS potassium persulfate
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was homogenized. The mixtures were then incubated at
25 °C for 24 h and used for the release experiments at
various temperatures. The compositions of the different
hydrogels are shown in Table 2.

2.4 Assessment of release rates of the drug
from thermosensitive polymeric preparations

In vitro drug release experiments were performed using a
dissolution tester (Erweka, Heusenstamm, Germany) to
evaluate the release profiles of NS from the different
materials. These experiments were conducted using a
modified version of the pharmacopeial paddle dissolution
method [34] at a rotation speed of 50 rpm in 1000 ml of
deionized water. The temperature was controlled at
22 + 0.5 or 42 £ 0.5 °C for 2 h. Each run was carried out
using two samples, with one sample in each dissolution
vessel. Small samples (1.5 ml) were withdrawn at prede-
termined time intervals without any replenishment to
evaluate the rate of drug release. The concentration of
released drug was determined spectrophotometrically by
reading the absorbance of the sample at a wavelength of
298 nm using a UV-Vis spectrophotometer (Jasco V-530,
City, Japan).

Following mathematical models, we applied zero-, first-
and second-order rate equations, as well as the Higuchi
equation, to evaluate the kinetics of the drug release pro-
cess from the thermally controlled hydrogels. The data
obtained from the in vitro drug release profiles were sub-
sequently used to calculate the correlation coefficients (+%),
half-release times and release rate constants [35, 36].

3 Results and discussion
3.1 Results

3.1.1 Structural evaluation of the newly synthesized
polymers

The polymerization reactions conducted in the current
study were readily monitored by "H NMR spectroscopy. In
all cases, the vinyl protons belonging to the substrates,
which appeared as multiplets in the region of 5.5-6.4 ppm,
disappeared completely during the course of the polymer-
ization reaction. This observation provided unequivocal
proof that there were no monomer, oligomer or comonomer
units in the product. Furthermore, the "H NMR spectra of
all the polymer products contained signals in the region of
3.75-3.9 ppm, which were attributed to the methyl groups
of the isopropyl groups. The corresponding methyl groups
gave broad signals in the region of 1.12—1.35 ppm, while
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formultions F1_Fp4 with e Formulation  Composiion
newly synthesized polymers, NS (%) P1 (%) P2 (%) P3 (%) P4 (%) HPMC (%) AQ (%)
and the reference formulation
FP1 4.0 0.5 - - - 0.5 95.0
FP2 4.0 - 0.5 - - 0.5 95.0
FP3 4.0 - - 0.5 - 0.5 95.0
FP4 4.0 - - - 0.5 0.5 95.0
REF 4.0 - - - - 0.5 95.5

NS naproxen sodium; P/—4—these polymers were synthesized by SFPP using the compositions presented
in Table 1; HPMC hydroxypropyl methylcellulose; AQ water; REF reference formulation

the ethylene groups were visible as two broad signals
around 1.5 and 2.0 ppm.

The Dy values for the different polymers, as well as
their VPTT values, are shown in Table 2. The Dy values of
polymers P1-P3 decreased when the temperature was
increased from 18 to 42 °C. However, the VPTT value P2
was barely detectable under the conditions of the experi-
ment. In contrast to the other polymers, P4 showed an
increase in its Dy value when the temperature was
increased from 18 to 42 °C. However, in a similar manner
to P2, the VPTT was barely visible, as shown in Table 3.

3.1.2 Release rates of NS from the polymeric formulations

All four of the formulations prepared in the current study
showed similar NS release profiles when they were moni-
tored at 22 °C. Furthermore, the NS release profiles of all
four formulations were similar to that of the reference
formulation (Figs. 1, 2a). However, when the temperature
of these experiments was increased to 42 °C, the rate of
release increased considerably in the samples containing
the thermosensitive polymers P1-P4. Notably, increasing
the temperature had a much smaller impact on the rate of
release from the reference preparation, indicating that this
effect was caused by the thermosensitive polymers
(Fig. 2a).

The details of the differences between formulations
FP1-FP4 at various temperatures are shown in Tables 4
and 5, together with the release rate constants for selected
kinetic models. The regression coefficients for the different

kinetic models are also shown in these tables. The results
show that the Higuchi model gave the best fit in most cases.

The half-release times determined for the different for-
mulation experiments at 22 and at 42 °C indicated that the
thermosensitive polymers were having a pronounced
influence on the release of NS from the polymeric hydrogel
(Fig. 2b).

3.2 Discussion

The NMR spectra of the different polymers produced in the
current study were in agreement with data published by
several other authors [37, 38]. The presence of an MBA
moiety in polymers P1-P3 was confirmed by the presence
of broad weak signals corresponding to the methylidene
protons around 4.4 ppm, which were similar to those of the
substrate and chemical shifts published by Zhang et al.
[39]. The PEG-DMA and PEG-DMA cross-linker/como-
nomer structures in the polymers were observed as broad
ethylene (—-OCH,—CH,0-),, signals around 3.52 ppm, as
described previously [40]. Finally, the NTB moieties in the
products were confirmed based on the presence of a narrow
signal corresponding to the methyl protons of the #-butyl
group [41]. A sample spectrum of polymer P4 is shown in
Fig. 3.

The release profiles shown in Figs. la—d and 2a for the
different formulations clearly indicate that the release
process was rather complicated. The extrapolation of the
release data to the y-axis resulted in a y-intercept greater
than zero in all cases, which suggested that some of the

Table 3 Hydrodynamic

diameter (Dy) and volume Polymer Dy at 18 °C (nm) SD Dy at 42 °C (nm) SD VPTT (°C)
phase transition temperature Pl 525.0 12.2 265.7 13 35
(VPTT) values of the a
synthesized polymers P2 838.2 39.6 340.5 22

P3 859.4 15.3 270.9 1.6 28

P4 101.5 5.7 185.3 0.4 4

PI1-P4—polymers were synthesized by SFPP using the compositions shown in Table 1; SD standard

deviation

? No discernible changes were observed in the Dy value of the polymer in the assessed range
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Fig. 1 Cumulative amounts of NS released from the formulations containing the thermosensitive polymers a FP1, b FP2, ¢ FP3 and d FP4 at

22 °C (filled circle) and 42 °C (open circle)
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Fig. 2 a Cumulative amounts of NS released from the reference
formulation containing HPMC and NS at 22 (filled circle) and 42 °C
(open circle). b Half-release times (fy s) for the NS released from the
formulations containing the thermosensitive polymers (FP1-FP4) and

drug was present in the initial dose. This result therefore
indicated that the drug had been immediately released from
the formulation and that it had not bonded ironically to the
polymeric structure. A similar result to this has been
reported previously for polysorbate micelles containing
hydrocortisone [42]. The results of the kinetic calculations
revealed that the Higuchi model provided the best model
for the release of NS from the different formulations.
Although this model has been used in numerous studies
concerning the release of drugs from polymeric matrices
[43], several other models may also be used to better reflect
the diffusion of drug molecules from the donor to the
acceptor compartment during the release experiments [44].
The regression coefficients obtained in the current study
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indicated that the Higuchi model provided a good fit to the
experimental release patterns. The only exception to this
trend was observed in the case of formulation FP4, which
contained the lipophilic NIPA derivative P4 (i.e., poly-co-
NIPA-co-NTB). The lipophilic modification of this NIPA
polymer could have an adverse influence on the release of
some therapeutic agents, in a similar manner to that
reported for bovine albumin [45]. It is noteworthy that the
release patterns adhered more closely to the Higuchi model
when the temperature of the release experiments was
increased from 22 to 42 °C.

The enhanced release rate of NS from the formulations
prepared in the current study at 42 °C, compared with the
reference formulation, was attributed to the presence of the
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Fig. 3 NMR spectrum of P4, clearly showing the PEG-DMA cross-linker (a) and NTB comonomer (b) signals

thermosensitive polymers. This result was in agreement
with those of several other reports by different authors
pertaining to the use of NIPA derivatives [46, 47]. It is
noteworthy, however, that this study represents the first
reported account of the direct implementation of NIPA
derivatives in a hydrophilic gel composed of nonther-
mosensitive polymers with NS.

The differences between the four different formulations
FP1-FP4 were found to be negligible, which indicated that
the functional groups were having very little impact on
their release patterns. Formulation FP2, which contained a
highly hydrophilic copolymer of NIPA and PEG-MA,
behaved in a similar manner to the classic copolymer FP1
containing NIPA and MBA (FP1). In formulation FP3, the
introduction of the lipophilic copolymer NTB resulted in a
slight increase in the release rate of NS from the polymeric
matrix to the aqueous acceptor fluid at 22 and 42 °C.
Although the introduction of the cross-linker PEG-DMA in
FP4 led to a considerable increase in the release rate of NS,
this was only observed at 22 °C. The biggest difference in
the release rates of NS between 22 and 42 °C was observed
in the case of FP4, where the NIPA derivative was syn-
thesized in the presence of PEG-DMA.

The modified release rates in the formulations contain-
ing the NIPA derivatives may be attributed to the specific
VPTT values of the newly synthesized polymers. At tem-
peratures above the VPTT, the structure of the polymer
collapsed [48, 49], with the potential release of the NS in a
similar manner to that proposed by Gao and Hu [50]. In
contrast, the thermosensitive polymer can modify the
structure of the HPMC hydrogel, leading to an increase in
the diffusion of NS through the polymeric matrix at tem-
peratures over the VPTT. HPMC was selected from a wide
range of additives that have been previously used for the
formulation of topical drugs. HPMC has an advantage over

@ Springer
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Fig. 4 Structure of hydroxypropyl methyl cellulose

methyl cellulose in the sense that it can form highly
transparent hydrogels [51, 52]. Furthermore, HPMC is
characterized by favorable compatibility with NS and has
been used as a carrier in sustained release matrix tablets
[53]. Lastly, HPMC is a cellulose derivative with both
hydrophilic and hydrophobic functional groups, as shown
in Fig. 4.

The VPTT observed for the dispersion of pNIPA parti-
cles was attributed to the formation of hydrophobic and
hydrophilic interactions between the different molecules
dispersed in the water [4]. Furthermore, HPMC particles
bearing a variety of different functional groups could affect
the collapse of the pNIPA structure. These results do
therefore not eliminate the possibility that NIPA deriva-
tives could be successfully used as hydrogels. The poly-
mers synthesized in the current study could also be used in
a variety of other polymeric matrices, such as nanofibers,
microfibers and xerogels [54, 55].

4 Conclusions
The results of this study have shown that the use of ther-

mosensitive polymeric derivatives of NIPA led to an
increase in the release rate of NS from hydrophilic gels
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based on HPMC. The use of PEG-DMA with the NIPA
copolymer, in particular, led to the greatest decrease in the
half-release time of NS. In contrast, NTB and PEG-MA
both had very little impact on the half-release times.
Notably, the release patterns of NS conformed to the
Higuchi model in most cases. The thermosensitive
copolymers of NIPA may be further evaluated as additives
for the modification of release patterns of some pharma-
ceutically active ingredients from hydrophilic therapeutic
gels.
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