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Abstract—Hydrogels, nanogels, and nanocomposites have attracted much attention as drug delivery systems
during the past decades. In this work, a novel drug delivery system was synthesized by incorporation of nano-
gel into multi responsive hydrogel nanocomposite. At first, nanogel was prepared by copolymerization of
N-isopropylacrylamide (NIPAM) and (2-dimethylamino)ethyl methacrylate (DMA). Then it was embedded
it into pH, thermo, and magnetic responsive hydrogel nanocomposite including graft copolymerization of
poly(2-dimethylamino)ethyl methacrylate (PDMA) onto salep (PDMA-g-salep) and Fe;O, nanoparticles
(NPs). The synthesized samples were characterized by Fourier transform infrared spectroscopy (FTIR),
thermo gravimetric analysis (TGA), X-ray diffraction (XRD), scanning electron microscopy (SEM), vibrat-
ing sample magnetometer (VSM), and atomic force micrographs (AFM). The sensitivity of the synthesized
sample to temperature, pH, and magnetic field was studied using the swelling experiments. The drug release
ability of the sample was also investigated at different pH, temperatures, and magnetic field. Finally, different
kinetic models were used to discuss about the mechanism of drug release from the prepared sample.
Our results represented the high efficiency of this kind of hydrogel nanocomposite for applications in cancer

therapy.

DOI: 10.1134/81560090419030047

INTRODUCTION

Anticancer drugs play important roles in cancer
treatment [1]. However, these drugs have many disad-
vantages such as poor solubility, high toxicity, and
serious side effects like hair loss, nausea, and vomiting
[2—5]. To overcome these drawbacks, many attempts
have been made to develop novel controlled drug
delivery systems [4, 5]. They can encapsulate of the
drug and release it to the cancer site without leaking
into other sites [6—8]. The employment of multi-
responsive hydrogels as an drug delivery system have
advantages over other drug delivery systems because of
their ease of preparation, high efficiency, high-water
content, tunable physical, and biological properties
[9, 10]. The most advantage of these hydrogels is a vol-
ume phase transitions in their cross-linked three-
dimensional networks as exposure to external stimuli
such as temperature, pH, pressure, electric field, mag-
netic field, and light [11]. In particular, polysaccha-
rides like starch, salep, alginate, carrageenan, dextran,
heparin, gum Arabic, and agarose have a great poten-
tial for the development of multi-responsive hydrogel
owing to their low toxicity, good biocompatibility,

! The article is published in the original.

excellent biodegradability, clinical tolerability, and
efficient absorption [12—15].

Besides, all these advantages, multi-responsive
hydrogels based on polysaccharides suffer from some
serious limitations like relatively rapid release of drugs
from hydrogel, low stability, and low mechanical
property for their further application in biomedical
field [16—18]. The relatively rapid release of drug from
hydrogel is due to their high water content and large
pore sizes [19]. Some researchers reported that the
incorporation of microgel or nanogel into the hydrogel
eliminated the initial burst release of hydrogel and
improved the kinetic drug release profile [20—22]. Gil
et al. synthesized cisplatin-bearing chondroitin sulfate
nanogels (CS-nanogels), and incorporated them into
pH- and temperature-responsive bioresorbable
poly(ethylene glycol-poly(b-aminoester urethane)
hydrogels for cancer cell-specific delivery of cisplatin
(CDDP) [20]. Their results showed that the CDDP
released slowly from the hydrogels at pH 7.4, whereas
the CDDP release was triggered at pH 5.0. Our results
showed that the formation of Fe;O, NPs into hydrogel
networks leads to innovative materials with excep-
tional characteristics not present in either component
[21]. They found that the obtained hybrid hydrogel
enables the release of the dextrin nanogel over an
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extended period, paralleling the mass loss curve due to
the degradation of the material. Lehmann et al. pre-
pared thermosensitive composite hydrogels that con-
sist of a poly(acrylamide) hydrogel matrix with
embedded micrometer-sized poly(/N-isopropylacryl-
amide) microgel as promising models for complex,
heterogeneous gels [22]. They investigated mobility of
nanoscopic dextran tracers within the gels and showed
the mobility of dextran tracers inside the embedded
microgel beads is hindered compared to those in free
beads and in the surrounding gel matrix.

The low stability and low mechanical property of
hydrogel is attributed to preparing hydrogel with
chemical crosslinking agent like N, N-methylene-bis-
acrylamide (MBA) [23, 24]. To resolve this problem,
Fe;O,4 nanoparticles (NPs) are mixed with the poly-
meric network to form physical crosslinking with
polymer chains through hydrogen bond, ionic bond or
coordination bond [25, 26]. Fe;O,NPs are one of the
most common iron oxide materials that reveal won-
derful physico-chemical properties owing to the pres-
ence of both Fe(II) and Fe(IIl) in its structure [27].
In addition, they are non-toxic materials, bio-com-
patible, and biological degradable for use in biomedi-
cal applications such as MRI contrast enhancement
agents, hyperthermia treatment, and drug delivery
system [25—27]. For example, Zhou et al. explored the
use of Fe;O, NPs as a crosslinking agent to form
poly(vinyl alcohol) (PVA) gel and used the prepared
gel for drug delivery application [28]. In this processes
the mixed aqueous solution of iron salts and PVA solu-
tion were added dropwise into alkaline solution to
simultaneously formation of Fe;O, NPs and cross-
link of PVA chains. In our previous works, we synthe-
sized various biocompatible hydrogel nanocomposites
based on salep, kappa carrageenan, and starch using
Zhou et al. method for targeted drug release [29—31].
Our results showed that the formation of Fe;O, NPs
into hydrogel networks leads to innovative materials
with exceptional characteristics not present in either
component. However, their drug release behavior was
required to enhance in order to extend its applications
in biomedical areas.

Therefore, we encouraged to design and to synthe-
size a novel drug delivery system by incorporation of
nanogel into multi responsive hydrogel nanocompos-
ite. In this work, at first, we prepared nanogels by copo-
lymerization of N-isopropylacrylamide (NIPAM) and
(2-dimethylamino) ethyl methacrylate) (DMA) and
then incorporated them into pH, thermo, and mag-
netic responsive hydrogel nanocomposite including
graft copolymerization of PDMA onto salep (PDMA-
g-salep) and Fe;O, NPs. The structures and various
properties of the prepared samples were systematically
characterized by Fourier transform infrared spectros-
copy (FTIR), thermogravimetric analysis (TGA), X-ray
diffraction (XRD), scanning electron microscopy
(SEM), vibrating sample magnetometer (VSM), and
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atomic force micrographs (AFM). The swelling
behavior of the obtained hydrogel nanocomposite was
investigated at different times, temperatures, and pH.
In addition, their application for controlled release of
doxorubicin hydrochloride (DOX) drug was investi-
gated. This study will be useful for further research and
practical applications of the hydrogel nanocomposite
in drug delivery systems.

EXPERIMENTAL
Materials

Salep was purchased from a supplier in Kordestan,
Iran (M, = 1.17 x 10°, M,, = 1.64 x 10° (high M,),
PDI = 1.39, eluent = water, flow rate = 1 mL/min,
acquisition interval = 0.43 s from GPC results).
Reagents including sodium dodecylsulfate (SDS),
MBA, NIPAM, DMA, ferric chloride hexahydrate
(FeCl, - 6H,0), ferrous chloride tetrahydrate (FeCl, -
4H,0), and DOX were purchased from Sigma-
Aldrich, Germany. Ammonium persulfate (APS) was
obtained from Fluka, USA. All chemicals were at least
of analytical reagent grade and used as received. Dou-
ble distilled water was used in all the processes of aque-
ous solution preparations and washings.

Characterization

Fourier transform infrared (FTIR) spectra were col-
lected in the wave number ranging from 400—4000 cm™!
using a Jasco 4200 FTIR spectrophotometer. X-ray
diffraction (XRD) was performed using a D/Max-
IITA XRD analyzer equipped with a Cuk,, monochro-
matic radiation source. Thermo gravimetric analysis
(TGA) was measured for powder samples (about 10 mg)
using a TA instrument 2050 thermo-gravimetric (TG)
analyzer at a heating rate 20 grad/min, nitrogen flux.
The UV—Vis absorption spectra of the samples were
recorded on a Shimadzu UV—Vis 1650 PC spectro-
photometer. Scanning electron microscopy (SEM)
examination was achieved on a Hitachi S-5200 SEM
at an acceleration voltage of 10 kV. Vibrating sample
magnetometer (VSM) was performed using the Model
880 from ADE technologies, USA. Atomic force
micrographs (AFM) were obtained using an AFM;
SPI3800, Seiko Instruments, Japan.

Synthesis of PDN-Nanogel and DOX/PDN-Nanogel

PDN-nanogel was synthesized by a facile method
as follows. First MBA (0.1 g), SDS (0.05 g), DMA
(4 mL), and NIPAM (0.5 g) was quickly mixed in
45 mL double distilled water under strong stirring and
Ar purge at to 80°C. After 30 min, APS (0.03gin 2 mL
water) was added to the mixture and the reaction was
allowed to proceed for 4 h. Then, the product was cen-
trifuged and washed with water. The water was used as
solvent and for washing the product as well. Finally,
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the obtained nanogel was dried in a vacuum at 40°C.
Just vacuum was used to dry the final product.

Referring to the preparation procedure of PDN-
nanogel, the mixture of MBA (0.1 g), SDS (0.05 g),
DMA (4 mL), and NIPAM (0.5 g) in 45 mL double
distilled water under strong stirring and Ar purge at to
80°C was synthesized. It was note that the PDN-
nanogel did not dissolve in water. Then, 1 mL DOX
solution (2 mg/mL) was added. The mixture was
stirred for 30 min and then APS (0.03 g in 2 mL water)
was added to the mixture and the reaction was allowed
to proceed for 4 h. Then, the product was centrifuged
to remove unloaded drug. An UV—Vis spectrometer
was used to detect the absorption of the media for
indirect determination of the DOX encapsulation effi-
ciency. After being washed with double distilled water,
the sample was dried in a vacuum at 40°C.

Synthesis of PDN-Nanogel-PDS-Fe;0, NPs
Hydrogel Nanocomposite and DOX/PDN-Nanogel-
PDS-Fe;0, NPs Hydrogel Nanocomposite

At first, 0.2 g of salep was dissolved in 25 mL of
double distilled water with continuous mechanical
stirring (200 rpm) until a homogeneous viscous mix-
ture was obtained. Then, 4 mL of DMA solution and
5 mL of APS (0.2 gin 5 mL water) were added and the
reaction mixture was stirred for 30 min. The reaction
mixture was poured into 100 mL of ethanol and dried
under vacuum at 40°C and then subjected to the
extraction with the double distilled water as solvent to
remove uncrosslinked polymer and/or residual mono-
mer. After that, 15 mL of PDN-nanogel was added to
the mixture and was stirred for 45 min. Then, the mix-
ture was cool at room temperature and then 20 mL of
FeCl;/FeCl, (0.48/0.16 in 20 mL water) was added
drop wise at room temperature. After 30 min stirring,
NH,OH (20.0 mL) was added to the mixture.
Extracted sample was dried again in a vacuum and was
stored in the absence of moisture, heat, and light to
further characterization.

The same method was used to prepare DOX/PDN-
nanogel-PDS-Fe;O, NPs hydrogel nanocomposite. The
only difference was related to use DOX/PDN-nanogel
instead of PDN-nanogel in above method.

Swelling Study

The swelling behavior of each sample was per-
formed by immersing a tea bag (i.e., a 100.00-mesh
nylon screen) containing 0.5 g of sample into 50 mL
solution. At predetermined time intervals, it was
hanged until the last drop of double distilled water was
fallen down and then the swelling degree was calcu-
lated from the following equation [24]:

Swelling degree (g/g) = (Weight of swollen

gel/Weight of dried gel) — 1.
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Absorbency Under Load (AUL)

The swelling degree of synthesized sample under
load was investigated by potting a cylindrical solid
weight (Teflon, d = 60 mm of variable height) with
desired load (applied pressure 0.3 and 0.9 psi) onto
0.5 g sample. This sample was uniformly placed on the
surface of a polyester gauze which was pot in a Petri
dish (d = 118 mm and 4 = 12 mm) containing double
distilled water. The swollen samples were taken out
from swelling medium and were weighed at predeter-
mined time intervals after removing the surface
adhered double distilled water. Then, the swelling
degree of sample was determined using above equa-
tion.

Drug Release Studies

DOX release from DOX/PDN-nanogel and
DOX/PDN-nanogel-PDS-Fe;O, NPs hydrogel nano-
composite under different temperatures and pH with and
without magnetic field was analyzed using the following
method. Generally, 1.0 mL of DOX/PDN-nanogel and
DOX/PDN-nanogel-PDS-Fe;O, NPs hydrogel
nanocomposite was taken into a dialysis bag. Then it
was carried out in 80 mL of buffer (pH = 5.3 and 7.4)
with different environment temperatures (37 and
42°C). At regular time-points, 2 mL of solution was
collected and was refreshed with 2 mL of fresh buffer.
The amount of DOX released was measured using
UV—Vis spectrometer at 480 nm and pure DOX cali-
bration curve.

RESULTS AND DISCUSSION
Synthesis Mechanism

The synthesis strategy of the PDN-nanogel and
PDN-nanogel-PDS-Fe;O0, NPs hydrogel nanocom-
posite is outlined in Scheme 1. We first prepared
PDN-nanogel by copolymerization of NIPAM and
DMA monomers in the presence of APS at 80°C.
By adding MBA to this solution, three dimensional
polymeric network structures formed and began to
growing. In this time, SDS molecules act as surfactant
and separated polymeric network to form nanogel.
The formation of nanogel was verified by the appear-
ing of turbidity in the solution. In another reaction
container, DMA as a monomer was grafted onto salep
as a backbone by graft copolymerization process.
Then, PDN-nanogel was mixed with the graft copoly-
mer. To obtain PDN-nanogel-PDS-Fe;O, NPs hydro-
gel nanocomposite, iron sources were inserted to the
reaction mixture. The Fe ions were chelated with
nitrogen and oxygen atoms of graft copolymer mono-
mer [29—31]. By adding ammonium hydroxide, Fe;O,
NPs were prepared in solution and act as crosslinking
agents for producing three-dimensional polymeric
network of PDN-nanogel-PDS-Fe;O, NPs hydrogel
nanocomposite [30].
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Scheme 1. (Color online).

Characterization

FTIR spectroscopy was used to characterize the
molecular structure of salep, PDMA, PNIPAM,
PDN-nanogel, and PDN-nanogel-PDS-Fe;O, NPs
hydrogel nanocomposite (Fig. 1a). The main charac-
teristic absorption peaks in the FTIR spectrum of
salep could be identified at 3265 and 1690 cm~!, which
were assigned to hydroxyl functional groups and
stretching modes of the carboxyl groups, respectively.
The FTIR spectrum of PDMA demonstrated two
characteristics at 1165 and 1720 cm~!, which were
responsible for the stretching vibrations of dimethyl-
amino groups and the stretching vibrations of carbonyl in
the ester functional groups, respectively. The FTIR spec-
trum of PNTPAM showed peaks at 3500 and 1635 cm™!
which were assigned to N—H and carbonyl stretching
of the amide groups, respectively. In the FTIR spec-
trum of PDN-nanogel, the peaks at 3500, 1720, 1635,
and 1165 cm~! were observed because of N—H stretch-
ing of the amide groups, carbonyl stretching of the
amide groups, the stretching vibrations of carbonyl in
the ester functional groups, and stretching vibrations
of dimethylamino groups, respectively. These results
implied the existence of PNIPAM and PDMA chains
in the synthesized nanogel. In the FTIR spectrum of
PDN-nanogel-PDS-Fe;O, NPs hydrogel nanocom-
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posite, the presence of characteristic peaks of the
salep, PDMA, and PDN-nanogel confirmed the graft
polymerization of PDMA chains onto salep biopoly-
mer and successfully encapsulated of PDN-nanogel
into the PDN-nanogel-PDS-Fe;O, NPs hydrogel

nanocomposite.

The thermal stability and thermal decomposition
of salep, PDMA, PNIPAM, PDN-nanogel, and
PDN-nanogel-PDS-Fe;O, NPs hydrogel nanocom-
posite were investigated by TG analysis (Fig. 1b). The
mass loss for all samples occurred in two different tem-
perature ranges. The first decomposition step in the
range of 35—100°C was attributed to water evapora-
tion. The thermogram of salep in the second stage
involved a two-step mechanism in the range of 260—
650°C due to the dehydration of saccharide rings and
breaking of C—O—C bonds in the polymeric chains.
The main degradation stages for PDMA and PNIPAM
occurred at 200—500 and 200—620°C, respectively,
due to the thermal decomposition of the carboxyl and
amide side groups of the polymers. These thermal
decompositions cause to emission of ammonia, car-
bon monoxide, and carbon dioxide. The decomposi-
tion stage for PDN-nanogel started at 180°C and
extended to approximately 410°C with the maximum
decomposition rate at approximately 380°C. However,
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Fig. 1. (Color online) (a) FTIR spectra and (b) TG analyses of (/) salep, (2) PDMA, (3) PNIPAM, (4) PDN-nanogel, and (5)

PDN-nanogel-PDS-Fe;04 NPs hydrogel nanocomposite.

the thermal decompositions of PDN-nanogel-PDS-
Fe;O, NPs hydrogel nanocomposite occurred in the
range of 140—480°C. The difference in decomposition
between the PDN-nanogel and PDN-nanogel-PDS-
Fe;0, NPs hydrogel nanocomposite indicated that the
incorporation of PDN-nanogel into PDN-nanogel-
PDS-Fe;0, NPs hydrogel nanocomposite could sig-
nificantly increase thermal stability of the polymeric
matrix.

The surface morphologies of PDN-nanogel and
PDN-nanogel-PDS-Fe;O, NPs hydrogel nanocom-
posite were studied by SEM images (Fig. 2). A highly
porous interconnected structure could be seen in these

POLYMER SCIENCE, SERIES B

samples. However, PDN-nanogel-PDS-Fe;O, NPs
hydrogel nanocomposite showed improved porosity
with respect to PDN- nanogel due to the proper
effecting of Fe;O, NPs as a crosslinking agent and
presence of salep as a polymeric backbone. These
properties made PDN-nanogel-PDS-Fe;O, NPs
hydrogel nanocomposite as a best choose to absorb
water or drug from around environment.

To more investigation about the morphology and
size distribution of PDN-nanogel and Fe;O, NPs,
AFM of PDN-nanogel and PDN-nanogel-PDS-
Fe,O, NPs hydrogel nanocomposite were obtained

Vol. 61 No.3 2019
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Fig. 2. (Color online) (a), (b) SEM and (c), (d) AFM of (a), (c) PDN-nanogel and (b), (d) PDN-nanogel-PDS-Fe;04 NPs

hydrogel nanocomposite.

(Fig. 2). Both samples showed spherical morphology
with a smooth surface and diameter of about 8.36 nm
for PDN-nanogel and 20.22 nm for Fe;O, NPs.

To more exploration about the presence of Fe;O,
NPs in the PDN-nanogel-PDS-Fe;0, NPs hydrogel
nanocomposite sample, XRD pattern of it was sur-
vived (Fig. 3). In the XRD pattern of PDN-nanogel-
PDS-Fe;O, NPs hydrogel nanocomposite, some
peaks at 20 = 30.1°, 35.4°, 43.0°, 53.5°, 57.0° and
62.5° marked by their indices [(220), (311), (400),
(422), (511), and (440)] were observed. Huang et al.
reported the same results for pure Fe;O, NPs [32].
Therefore, it could be confirmed that the Fe;O, NPs
were successfully fabricated into the hydrogel network.
The size of Fe;O, NPs was calculated to be ~15.51 nm
by Scherrer formula.

The magnetic properties of the PDN-nanogel-
PDS-Fe;0, NPs hydrogel nanocomposite were studied
by VSM analysis. As shown in Fig. 3, PDN-nanogel-
PDS-Fe;O, NPs hydrogel nanocomposite had small
ferromagnetic properties due to the narrow hysteresis
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ring. Magnetic features such as magnetization satura-
tion (M), field reversals (H,), and residual magnetiza-
tion (M,) were calculated about 0.06 emu/g, —150—
150 Oe, and —45—45 emu/g, respectively. According
to the literature, these magnetization features are
appropriate for biomedical applications.

Swelling Study

Swelling behavior of hydrogel has become the sub-
ject of increasing interest in many biomedical applica-
tions [23]. When a dry hydrogel material is immersed
in water, water could diffuse into the pre-existing state
and dynamic species between polymeric chains.
Therefore, the materials get bigger and hydrogel
swelled [22]. The swelling behavior of PDN-nanogel-
PDS-Fe;0, NPs hydrogel nanocomposite as a func-
tion of time were determined by placing 0.5 g of these
samples in double distilled water at 25°C and measur-
ing their swelling after a period. The results in Fig. 4
display that the swelling of PDN-nanogel-PDS-Fe;0,
NPs hydrogel nanocomposite increases with time,
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Fig. 3. (Color online) (a) XRD and (b) VSM of PDN-nanogel-PDS-Fe;0,4 NPs hydrogel nanocomposite.

first rapidly and then slowly, reaching a maximum
constant swelling after a 75 min of investigation. It is
also obvious that the swelling capacity of PDN-nano-
gel is a very small (~57 g/g) in comparison to that of
the PDN-nanogel-PDS-Fe;O0, NPs hydrogel nano-
composite.

The effect of AUL on swelling behavior of the
PDN-nanogel-PDS-Fe;O, NPs hydrogel nanocom-
posite in double distilled water were investigated by
varying amount of pressures (0.3 and 0.9 psi) whereas
the other conditions were kept constant. As shown in
Fig. 4, increasing pressure decreases the swelling
degree of PDN-nanogel-PDS-Fe;O, NPs hydrogel
nanocomposite. It was due to the decrease in the pores
dimensions and simultaneously their change shape
[29]. This result suggest that PDN-nanogel-PDS-
Fe;O, NPs hydrogel nanocomposite can swell under
an applied load or controlling force and are very good
in producing a variety of absorbents such as pads and
diapers.

The swelling behavior of PDN-nanogel-PDS-
Fe;O, NPs hydrogel nanocomposite at various tem-
peratures were observed by placing 0.5 g of this sample
in double distilled water with different temperatures
and examining its swelling after 75 min. As can be seen
in Fig. 5a, the swelling of PDN-nanogel-PDS-Fe;0,
NPs hydrogel nanocomposite slightly decreased with
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the increasing of temperature from 20 to 45°C. It might
be due to the breaking of the hydrogen-bonding inter-
action amongst hydrophilic groups and collapsed the
polymeric network of hydrogel nanocomposite at high
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Fig. 4. (Color online) Time dependence of the swelling
degree of PDN-nanogel-PDS-Fe;04 NPs hydrogel nano-
composite at different pressure: (/) 0, (2) 0.3, and (3) 0.9 psi.
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Fig. 5. (Color online) The effect of (a) temperature, (b) pH, and (c) magnetic-filed on the swelling degree of PDN-nanogel-

PDS-Fe3;04 NPs hydrogel nanocomposite.
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temperatures [30]. This data clearly indicate a tem-
perature responsive behavior of the PDN-nanogel-
PDS-Fe;0, NPs hydrogel nanocomposite. In order to
investigate thermo-sensitive property of PDN-nanogel-
PDS-Fe;0, NPs hydrogel nanocomposite, the tempera-
ture-dependent swelling reversibility was tested at 25 and
37°C and results are shown in Fig. 5a. It was observed
that the PDN-nanogel-PDS-Fe;O, NPs hydrogel
nanocomposite had a good swelling-deswelling
behavior, which repeated many times.

The pH dependent swelling behavior of PDN-
nanogel-PDS-Fe;O, NPs hydrogel nanocomposite at
various pHs were examined by placing 0.5 g of this sam-
ple in different pH at 25°C and observing the amount of
its swelling after 75 min. As shown in Fig. 5b, the swell-
ing of sample increased with the rising of the pH from
2 to 6, however, it decreased at pH > 6. In the acid
solution, the low repulsion between negatively charged
carboxylate ions is responsible for the small swelling
[9]. The increase of pH solution in the range 2 < pH < 6
induces high repulsion between ionic groups and con-
sequently the swelling increased [10]. At higher pH
values, the rising concentration of OH in solution dra-
matically decrease the osmotic pressure, restrain the
extending of the tangled molecular chain of hydrogel
networks and cause to decrease their swelling values
[9, 10]. To examine pH-sensitive property of PDN-
nanogel-PDS-Fe;0, NPs hydrogel nanocomposite,
the swelling-deswelling behavior was studied by alter-
nately placing it in pH 2 and pH 6 at 25°C. As can be
seen from Fig. 5b, the PDN-nanogel-PDS-Fe;0,
NPs hydrogel nanocomposites how reversible swelling
in these pHs which is attractive for use it in the con-
trolled delivery of drugs.

The magnetic dependent swelling behavior of
PDN-nanogel-PDS-Fe;O, NPs hydrogel nanocom-
posite in pH 6 at 25°C were examined by placing a
magnet in close to the solutions containing 0.5 g of this
sample and surveying the amount of its swelling after
75 min. Then, the magnet was removed and its swelling
was measured after 75 min. As shown in Fig. 5c, the
swelling of PDN-nanogel-PDS-Fe;O, NPs hydrogel
nanocomposite is decreased in the presence of magnet.
This phenomenon may be attributed to the collecting of
the Fe;O, NPs in the neighbors of magnet [29]. It causes
to reduce distance between the Fe;O, NPs and produce
close-packed shells of Fe;0, NPs which can prevent the
solution diffusion into polymeric network [31]. In addi-
tion, the excellent reversible swelling-deswelling behavior
of PDN-nanogel-PDS-Fe;O, NPs hydrogel nano-
composite was observed for 4 cycles, which is import-
ant advantage for their application in the field of tar-
geted drug delivery.

Drug Release

In order to evaluate the suitability of the synthe-
sized hydrogel nanocomposite as a stimuli-responsive
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Fig. 6. (Color online) Effect of (a) pH: (/) 5.3 and (2) 7.4
(T = 37°C and without magnetic field) (b) temperature:
(1) 42 and (2) 37°C (pH 5.3 and without magnetic field),
and (c) magnetic field: (/) with and (2) without magnet
(pH 5.3 and 7= 37°C) on DOX release from PDN-nano-
gel-PDS-Fe3;04 NPs hydrogel nanocomposite.
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Table 1. Regression coefficient (R?) values of different
kinetics models for DOX release from DOX/PDN-nano-
gel-PDS-Fe;O, NPs hydrogel nanocomposite with and

without magnetic field

Without magnetic| With magnetic
Model field : fielg
Zero-order 0.89 0.87
First order 0.86 0.92
Higuchi 0.93 0.87
Hixson—Crowell 0.89 0.92
Korsemeyer—Peppas 0.98 0.98

drug delivery vehicle, the antitumor drug DOX was
loaded into PDN-nanogel and then DOX/PDN-
nanogel was embedded into hydrogel nanocomposite
as described above. DOX loading efficiency of PDN-
nanogel was approximately 81.50%, which suggesting
high drug loading content.

In vitro DOX release profile from DOX/PDN-
nanogel-PDS-Fe;O0, NPs hydrogel nanocomposite
was performed under different conditions. Figure6a
shows the release profiles of DOX from PDN-nano-
gel-PDS-Fe;0, NPs hydrogel nanocomposite at 37°C
in different pH values (5.3 and 7.4). According to these
results, the DOX release rate dramatically accelerates
when pH decrease from 7.4 to 5.3. It is probably
attributed to the presence of the DMA in the poly-
meric structure of hydrogel nanocomposite [11].
Since cancer cells have acidic environment, these
samples are good chosen for cancer treatment. Thus,
they can reduce the amount of drug release in neutral
environments and improve the drug target to Kkill the
cancer cells.

To confirm the feasibility of this sample, the effect
of temperature on drug release was evaluated at pH 5.3
with different temperatures and results are shown in
Fig. 6b. It could be seen that the amount of drug
release increased as temperature changed from 37 to
42°C. It was revealed the temperature responsive con-
trolled release of DOX from these samples, mainly due
to the shrinking of the PNIPAM shells at higher tem-
perature [10].

Lastly, we evaluated the effect of magnetic field on
drug release from this sample at pH 5.3 and 7= 37°C
(Fig. 6¢). The DOX release from this sample increased
in the presence of the magnetic field. This result is
attributed to electrostatic repulsions between amine
groups in their polymeric structure and Fe;O, NPs,
which destabilize polymeric structure and permit sol-
ute diffusion out-of the polymer network [31].

We also analyzed the experimental drug delivery
data according to the four common models: zero
order, first order, Higuchi, Hixson—Crowell, and
Korsmeyer—Peppas models in order to describe how
the encapsulated drugs release from the DOX/PDN-
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nanogel-PDS-Fe;0, NPs hydrogel nanocomposite.
Therefore, we used the generalized forms of these
models as the following equations for fitting the drug
release data [9—12].

Zero-order model: My — M, = kt,
First order model: In(M, — M,)) = —k t,

Higuchi model: M, = k~t
Hixson—Crowell model: (M,)'/3*—(M)'/? = kt,
Korsemeyer—Peppas: M,/M., = k",

where ¢ is the sampling time; M, and M, represent the
cumulative drug mass released out at time t and infin-
ity, respectively; k is the drug release rate constant, and
n display the release mechanism. If » < 0.45, drug
transport is controlled by diffusion and it is called
Fickian diffusion. If 0.45 < n < 0.89, the drug transport
is resulted from the collaborative effect of diffusion
and macromolecular relaxation. If # > 0.85, the drug
transport is resulted from case-II transport [9—12].
All release parameters of these four models with
related regression coefficient (R?) are listed in Table 1.
According to the obtained R?, it can be confirmed that
the Korsmeyer—Peppas model best fits with the exper-
imental data for DOX released from DOX/PDN-
nanogel-PDS-Fe;O, NPs hydrogel nanocomposite
with and without magnetic field. The amount of n for
DOX release from DOX/PDN-nanogel-PDS-Fe;0,
NPs hydrogel nanocomposite in the pH 5.3, T =
37°C, and without magnetic field was about 0.84
which indicated the collaborative effect of diffusion
and macromolecular relaxation for DOX release. The
amount of n for DOX release from DOX/PDN-nano-
gel-PDS-Fe;0, NPs hydrogel nanocomposite in the
pH 5.3, T= 37°C, and with magnetic field was about
1.39 which indicated the case-II transport for DOX
release. Therefore, the DOX releases in these condi-
tions are controlled by polymer structure.

CONCLUSIONS

In summary, a novel drug delivery system was syn-
thesized by incorporation of PDN-nanogel into pH,
thermo, and magnetic responsive PDS-Fe;O, NPs
hydrogel nanocomposite. FTIR spectra and TG anal-
yses studies confirmed the successfully preparation of
PDN-nanogel-PDS-Fe;O, NPs hydrogel nanocom-
posite. SEM images showed the porous structure of
prepared hydrogel nanocomposite. The VSM results
exhibited the magnetic properties of prepared sample.
AFM results showed spherical morphology with a
smooth surface for obtained samples. In addition, the
synthesized PDN-nanogel-PDS-Fe;O0, NPs hydrogel
nanocomposite showed considerable ability to DOX
release at pH 5.3 and 42°C in the presence of magnetic
field. Therefore, it is reasonable to say that the PDN-
nanogel-PDS-Fe;0, NPs hydrogel nanocomposite is
promising for drug delivery systems.
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