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This work describes synthesis of biocompatible magnetic iron oxide nanoparticles/hydrogel based on
salep (MION-salep hydrogel) by a facile one-pot strategy. The prepared sample was characterized by
techniques like scanning electron microscopy with energy dispersive X-ray analysis (SEM-EDAX), trans-
mission electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), thermal gravimetric
analysis (TGA), and vibrating sample magnetometer (VSM). The obtained MION had an 8 nm diameter
with a narrow size distribution and was superparamagnetic with large saturation magnetization at room
temperature. The most attractive feature of the obtained sample was its swelling properties under exter-
nal magnetic field (EMF), different temperatures, and pHs. Moreover, MION-salep hydrogel showed
ability to deferasirox release at pH=7 with non-Fickian diffusion mechanism. An in vitro cytotoxicity
study implied that the as-synthesized sample is nontoxic.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetic iron oxide nanoparticles (MION) have received much
attention over the past decade because of their unique magnetic
properties such as small size (Qin, Li, Hu, Shen, & Ye, 2009), limited
toxicity (Figuerola, Corato, Manna, & Pellegrino, 2010), low cost of
production (Goloverda, Jackson, Kidd, & Kolesnichenko, 2009), ease
of separation and detection (Mahmoudi, Sant, Wang, Laurent, &
Sen,2011; Monson et al., 2013). They have been extensively used in
various applications, for instance, nanoprobes for in vivo imaging
(Krukemeyer, Krenn, Jakobs, & Wagner, 2012), contrast agents in
magnetic resonance imaging (Andreas et al., 2012), immobilization
of enzyme (Jain et al., 2009), magnetizable implants for targeted
drug delivery (Vu-Quang et al., 2011; Likhitkar and Bajpai, 2012),
stimuli-responsive systems (Figuerola et al., 2010), hyperthermia
treatments (Xu et al., 2011), environmental analysis and magnetic
separations (Parham, Zargar, & Rezazadeh, 2012; Parham, Zargar,
& Shiralipour, 2012). However, the MION tend to form large
aggregates owing to the strong magnetic dipole-dipole attractions
among particles (Gordon et al., 2011; Jayapaul et al., 2011). To
improve their stability and biocompatibility, the surface of MION
have been modified with various surfactants (Jiang, Fu, Zhu, Tang,
& Sheng, 2012), oxide (Easo & Mohanan, 2013) or polymeric
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compounds (Calmon et al., 2012; Cole, David, Wang, Galban,
Hill, et al., 2011; Lai, Yeh, & Chen, 2012; Schweiger, Pietzonka,
Heverhagen, & Kissel, 2011; Vu-Quang et al., 2012). In fact, poly-
mers with more than one group capable of binding to particle
surfaces (multidentate ligands) provide mechanical and chemical
stability to the MION. Furthermore, three-dimensional networks
of cross-linked polymers which are called hydrogels enable the
encapsulation of MION (Fuhrer, Athanassiou, Luechinger, & Stark,
2009; Hernandez & Mijangos, 2009; Rubio-Retama et al., 2007; Yu,
Hsieh, et al., 2013). It is expected that the combination of MION
and hydrogels constitute a novel functional composite keeping
both hydrogel and MION properties.

Hydrogels are hydrophilic polymeric materials that are able to
retain the large amounts of water needed or biological fluids in their
three-dimensional networks without being dissolved (Guo et al.,
2013; Luo, Teng, Wang, & Wang, 2013; Paques, Linden, Rijn, & Sagis,
2013). The hydrophilicity of the network is due to the existence of
chemical residues such as —OH, —COOH, —NH,, —CONH,, —SO3H,
and others that can be found within the polymer backbone or as lat-
eral chains. Their soft, flexible nature, resemblance of natural living
tissue and inherent biocompatibility have made hydrogels as suit-
able carrier for pharmaceutical applications such as oral drug deliv-
ery (Palmer et al., 2013; Perez-Moral & Gonzalez, 2013), wound
dressing (Jovanovic et al., 2013), tissue engineering (Gajendiran,
Gopi, Elangovan, Murali, & Balasubramanian, 2013), and so on. In
addition, hydrogels make a volume change with water filled in
the cavity of networks or drained by the shrinkage of networks
accompanying with the variation of the extra condition, such as pH
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Fig. 1. A portion of the glucomannan repeating unit.

(Debrassi et al., 2011; Gui, Wan, Jin, Li, & Zhou, 2013; Yu, Wu, et al.,
2013), light (Cursaru, Teodorescu, Boscornea, Stanescu, & Stoleriu,
2013; Pichayakorn & Boonme, 2013), temperature (Shirsath et al.,
2013; Tang, Huang, Qian, & Benicewicz, 2013), and ionic strength
(Matalanis & McClements, 2013). This stimuli-responsive property
makes them having many potential applications, such as smart
drug delivery systems, that release drugs by diffusion through their
porous structure under specific stimulation.

Wide ranges of hydrophilic polymers have been examined to
synthesize MION/hydrogels. Among them, polysaccharide-based
hydrogels have received a great deal of attention because of their
low cost (Chung et al., 2012), low toxicity (Shen et al., 2011),
biocompatibility (Liang, Zhang, Jiang, & Li, 2007), biodegradabil-
ity (Hernandez & Mijangos, 2009), and nontoxicity (Dias, Hussain,
Marcos, & Roque, 2011). Liang et al. have fabricated biocompatible
polysaccharide-based hydrogels with stimuli-responsive proper-
ties by the copolymerization of maleilated carboxymethyl chitosan
with N-isopropylacrylamide, and then embedding of MION into
the porous hydrogel networks (Hezaveh & Muhamad, 2012). Their
resultant hybrid hydrogels could retain the pH- and temperature-
responsive characteristics of their hydrogel precursors. Hernandez
et al. reported in situ oxidation of iron cations coordinated to
semi-interpenetrating polymer network based on alginate and
poly(N-isopropylacrylamide) with response to temperature and
magnetic fields (Easo & Mohanan, 2013). Many other works have
also been reported in the case of preparation of MION/hydrogels
based on agarose (Dias et al.,, 2011), carrageenan (Hezaveh &
Muhamad, 2012), dextran (Brunsen, Utech, Maskos, Knoll, & Jonas,
2012), heparin (Lee et al., 2012), gum Arabic (Roque, Bicho, Batalha,
Cardoso, & Hussain, 2009), alginate (Nishioa et al., 2004), salep
(Saeidian et al.,, 2009) and starch (Cole, David, Wang, Galban,
& Yang, 2011). In all the above prepared MION/hydrogels, two
main approaches have been applied. In the first method, hydro-
gel and MION have been prepared separately and then were mixed
together. By this method, the structure and component of the
hydrogels can be controlled seperately but the obtained MION
are not stable and it may leach from the polymer matrix with-
out strong anchoring. In the second method, the preformed MION
have been initially incorporated into the polymer by mixing and
then MION/hydrogels have been prepared by in situ cross-linking.
The most drawback of this method is the easily aggregation of pre-
formed MION in the hydrogel network which may be harmful for
biological application. Moreover, in the mentioned methods, var-
ious crosslinkers such as ammonium persulfate, glutaraldehyde,
bis(sulfosuccinimidyl)suberate, D,L-glyceraldehyde, and genipin
have been used to crosslink polysaccharide solutions. Although
the treatment by chemical reagents is effective in yielding a high
degree of crosslinking, the chemical residuals are highly cytotoxic,
which restrict their potential applications in the biomedical field
(Kuckling, Harmon, & Frank, 2002; Shen, Duan, & Frey, 2007). In
addition, preparation of sited MION/hydrogels required number of
processing steps and time.

Recently, Zhou, He, and Zhang (2012) successfully synthesized
magnetic poly(vinyl alcohol) (mPVA) gel beads by dropwise addi-
tion of mixed aqueous solution of iron salts and PVA solution
into alkaline (e.g., ammonia, NaOH, and KOH) solution. This syn-
thetic process is facile and fast because of the MION and gels were
achieved in the same reactor by one step process. Therefore, this
is an effective approach to scalable synthesis of MION/hydrogels
without using any chemical crosslinking agent. Also, simultane-
ous in situ formation of MION and crosslinked PVA chains leads to
the stable and uniform dispersion of MIONs in PVA matrix. How-
ever, to the best of our knowledge, preparation of MION/hydrogels
based on polysaccharides has not been reported by aforementioned
method.

Salep as a polysaccharide backbone has a several merits, includ-
ing non-toxic (Pourjavadi, Hosseini, & Fakoorpoor, 2013; Wang
et al., 2008), low cost (Bardajee, Hooshyar, & Jafarpour, 2013; Li
et al., 2011), abundant in nature (Ktistis & Georgakopoulos, 1991),
and gelling properties (Pourjavadi, Doulabi, Soleyman, Sharif, &
Eghtesadi, 2012) which are explored for a variety of life science
and drug delivery applications (Bardajee, Hooshyar, & Rezanezhad,
2012;Haetal., 2011). Salep as a source of glucomannan is obtained
from dried tubers of certain natural terrestrial orchids. It has
attracted considerable attention because of its nutritive and demul-
cent properties (Gao, Guo, & Nishinari, 2008; Kaya & Tekin, 2001;
Ktistis & Georgakopoulos, 1991). The glucomannan of salep (Orchi-
daceae) has a linear chain of heteropolysaccharide with 1:3.8 ratios
of glucose and mannose, in which hexopyranoses are connected
together by 1 — 4 linkages. Fig. 1 depicts the chemical structure of
glucomannan. Glucomannans can help to normalize blood sugar,
reduce stress on the pancreas, and discourage blood sugar abnor-
malities such as hypoglycemia (Hozumi et al., 1995). It can also
operate as a preventative of chronic disease (Vuksan et al., 1999),
a weight control agent (Ha et al., 2013; Reffo, Ghirardi, & Forattani,
1990; Walsh, Yaghoubian, & Behforooz, 1984) and is considered
to be a useful advance in treatment of chronic constipation in
adult patients (Marzio, Bianco, Donne, Pieramico, & Cuccurullo,
1989). The compositional components and rheological behavior as
a function of concentration and temperature for salep in Iran were
investigated (Farhoosh & Riazi, 2007). In addition to glucomannan,
the results showed that salep also contains starch (2.7%), nitroge-
nous substance (5%), moisture (12%) and ash (2.4%) (Farhoosh &
Riazi, 2007; Kaya & Tekin, 2001; Wang, Liao, Huang, & Cheng,
2011).

In this study, we attempted to prepare MION-salep hydrogels in
a facile one-pot strategy without using any chemical crosslinkring
or usual initiators. Physicochemical properties of the MION-salep
hydrogel such as swelling behavior, morphology, and thermal sta-
bility were investigated. Furthermore, their biological properties
and cytotoxicity were evaluated. On account of MION-salep hydro-
gel properties and a facile fabrication procedure, the MION-salep
hydrogel are expected to have marvelous prospects as scaffolds for
biological field.
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Scheme 1. Schematic illustration of synthetic procedure for the MION-salep hydrogel.

2. Experimental
2.1. Chemicals and reagents

Salep (Mp=1.17 x 108 g/mol, My, =1.64 x 10% g/mol (high My,),
PDI=1.39, eluent=water, flow rate=1mL/min, acquisition inter-
val=0.43s from GPC results) was purchased from a supplier
in Kordestan, Iran. Ammonium hydroxide (NH4OH, from Schar-
lau, 25% (v/v)), iron (II) chloride tetrahydrate (FeCl,-4H,0, from
Sigma-Aldrich) and anhydrous iron (III) chloride (FeCls, from
Sigma-Aldrich) were analytical grades and used without further
purification. Deferasirox was received from Osveh pharmaceutical
Co., Tehran, Iran as a gift. Gram-negative Escherichia coli (E. coli) and
gram-positive staphylococcus aureus (S. aureus) bacteria were pre-
pared from NIGEB Bacterial Bank (Tehran, Iran). Phosphate buffered
saline (PBS), trypsin, dimethyl sulphur oxide (DMSO), Luria Bertani
(LB) agar powder, and MTT formazan powder were purchased from
Sigma-Aldrich. Double distilled water (DDW) was used throughout
the experiments.

2.2. Syntheses of MION-salep hydrogel

The procedure for the synthesis of the MION-salep hydrogel was
followed as Scheme 1. Typically, a homogeneous solution of salep
(1.00 g salep in 40.00 mL DDW) was prepared in a 2-neck reactor
equipped with a mechanical stirrer (600 rpm) which was placed
in a thermostated water bath preset at 80°C. After cooling solu-
tion, variety of FeCls /FeCl,-4H, 0 concentrations (0.37/0.1,0.74/0.2,
1.1/0.3, 1.5/0.4, 1.85/0.5, and 2.23/0.6 mmol) were mixed in 20 mL
of DDW and added drop wise to homogeneous solution of salep at
room temperature with vigorous stirring. After 30 min stirring, by
adding 20.00 mL of NH40H, the color of solution was changed from
yellowish to black. To purify the hydrogel nanocomposite (remov-
ing the uncrosslinked salep, monomer and so on), the product was
remained into 100.00 mL of ethanol for 2h and then chopped to
small pieces for further drying. In a continuation, it was allowed
to completely swell for overnight in plenty of DDW (400.00 mL)
and then dewatered in ethanol (200.00 mL, 2 h) again. The dewa-
tered gel particles were filtered and dried in oven (at 50 °C) for 24 h.
After grinding, the obtained powder was stored in the absence of
moisture, heat, and light for further experiments.

2.3. Degree of swelling

Swelling capacity of the MION-salep hydrogel was determined
gravimetrically. In this way, 0.50 g of MION-salep hydrogel placed
in a tea bag (i.e. a 100.00 mesh nylon screen) and immersed
entirely in 100.00mL of DDW or desired pH phosphate buffer
solutions (pHs=2-10) for definite times. In order to remove the

excess solution, the tea bag was hung up for 5 min. The degree of
swelling was determined from equation:

Weight of swollen gel
Weight of dried gel

Swelling (g/g) = (1)

2.4. Drug loading and releasing studies

Drug loading can be performed by one of the following ways: (1)
adding of the drug into the hydrogel during the preparation of the
hydrogel, (2) allowing the hydrogel to swell in the drug solution
until reach to equilibrium swelling (Ali & AlArifi, 2009; Gupta &
Shivakumar, 2010). In this work, the later method was adopted to
drug loading because of the problems in purification of the drug
loading in the former method.

Typically, deferasirox was loaded into MION-salep hydrogel by
dispersing 0.05g of MION-salep hydrogel in 5.0 mL deferasirox
solution with various concentrations (0.033, 0.038, 0.043, and
0.048 mg/mL) which was shaken in a rotary shaker (200 rpm) at
37°C. For drug loading tracing, the amount of loaded drug was
determined at favored times by UV spectroscopy (Amax) using a
calibration curve constructed from a series of drug solutions with
known concentrations. After that the loaded MION-salep hydro-
gel was dried in oven at 50 °C. For drug releasing study, the dried
gel was dispersed in 20.0 mL phosphate buffer (pH=2 and 7) in a
rotary shaker (200 rpm) at 37 °C. At specific intervals, 1.00 mL fil-
tered samples were withdrawn to measure the optical density of
drug release. Finally, the amount of drug releasing was calculated
at 297 nm by UV-vis spectrophotometer.

2.5. Cytotoxicity evaluation of MION-salep hydrogel

For cytotoxicity assays, human bladder epithelial cell line HTB
5637 (ATCC HTB-9) was grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine
serum (HyClone, Logan, UT). The cells then were trypsinized,
counted and in each well of 96 ELISA plate, 5000 cells were seeded
and different concentration of MION-salep hydrogel were added to
the cells. After 24 h, the MTT assay was done. The culture of control
cells was carried out under similar conditions in a culture medium
without added MION-salep hydrogel. The cells were observed by
an inverted microscope, in order to assess their morphology and
to check their overall health after exposure to MION-salep hydro-
gel.

2.6. Instrumentation

Fourier transforms infrared (FT-IR) spectroscopy measurements
were carried out at room temperature on a Jasco 4200 FT-IR
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Scheme 2. Proposed mechanism for preparation of MION-salep hydrogel.

spectrophotometer. TGA was performed by heating the samples
under N, flow at a rate of 25 mL/min using a TA instrument 2050
thermo-gravimetric analyzer with a heating rate of 20°C/min.
Scanning electron microscopy (SEM) with energy dispersive X-ray
analysis (EDAX) (Hitachi S-5200 SEM) and transmission electron
microscopy (TEM; Hitachi H-700 CTEM) were used to examine the
morphology and dimensions of hydrogel nanocomposites. UV-vis
absorption spectroscopy measurements were performed on a Shi-
madzu UV-visible 1650 PC spectrophotometer using 1cm path
length quartz cuvettes. Magnetic studies at room temperature were
carried out using vibrating sample magnetometer (VSM) (Model
880 from ADE technologies, USA). Carl Zeiss inverted microscope
(Germany) was used for cell culture procedure.

3. Results and discussion
3.1. Synthesis and mechanism aspects

Scheme 2 shows the mechanism of in site synthesis of MIONs
which was carried out in a salep solution. Salep was employed as a
splitting medium for MION clusters and a stabilizer for fabricated
MIONSs. Soluble salep, which is mainly containing of glucomannan,
is a straight-chain polymer formed by a-(1-4) linkages between
[-glucose units, with a small amount of branching. Its hydroxyl
groups are the best chelating sites to form complexation with Fe3*
and Fe2* ions. This step which is called nucleation can be fol-
lowed by growth step with adding NH4OH aqueous solution. In this
step, growth of MION was controlled by straight-chain polymer.
These formed MION in the polymeric chain acted as crosslink-
ing agent and formed three network structures. Therefore, the
second step was highly dependent on the amount of salep in
the solution. In fact at the higher concentration of polymer, the
macromolecules came close and that ease to form cross linking.
This suggested mechanism is consistent with similar studies on
the preparation of nanoparticles in other solutions (Gordon et al.,
2011).

3.2. Swelling study

The MION-salep hydrogels with different concentrations of
FeCl3/FeCl, were allowed to swell in DDW at room temperature
(Fig. 2a). The results indicated that the swelling was increased with
rising FeCls /FeCl;, concentration up to 1.5/0.4 mmol and then it was
decreased. The first increase in swelling capacity of MION-salep
hydrogel was probably due to the higher cross-linking of polymeric
chains. However, more increasing of FeCls/FeCl, concentration
formed a tight and dense structure which hindering the diffusion
of water through the hydrogel and leads to a decrease in water
absorbency (Zhou et al., 2012). In the remainder of this manuscript,
the MION-salep hydrogel content of 1.5/0.4 mmol FeCl3/FeCl, was
chosen as the optimum sample and used for further investiga-
tions.

In a continuation, it was found that the MION-salep hydro-
gel had magnetic responsibility. When a magnet was put near
to the suspension, the MION-salep hydrogel were moved toward
the magnet direction quickly, demonstrating that the MION-salep
hydrogel possess magnetic properties (Fig. 2b). It indicated that this
MION-salep hydrogel can interact with an external magnetic field
(EMF) and be positioned to a specific place. To evaluate more on
the magnetic sensitivity of MION-salep hydrogel, swelling experi-
ments were carried out in the presence and absence of EMF. Fig. 2b
illustrates the effect of EMF on the swelling kinetic of MION-salep
hydrogel in DDW at room temperature. From both curves, at the
starting times (below 90 min), the increase in the weight of the
swollen MION-salep hydrogel was directly related to the time of
swelling. The swelling behavior observed was associated with the
absorption mechanism, which in turn, was determined by the dif-
fusion process. It can be seen from Fig. 2b that swelling increased
sharply upon prolongation of the swelling time up to about 90 min
and then leveled off thereafter. Comparing two curves shows that
the swelling capacity of MION-salep hydrogel is lower in the pres-
ence of EMF.Itis probably due to attract of MION adjacent neighbors
under EMF and so reduce distance between the MION as a result of
attraction force induced by a given EMF. This phenomena cause to
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Fig. 2. (a) Effect of FeCl3/FeCl, concentration (after 90 min at room temperature), (b) effect of EMF (at room temperature), (c) effect of temperature (in DDW after 90 min),
(d) effect of pH on the swelling behavior of MION-salep hydrogel at 37 °C after 90 min, and (e) On-off switching behavior of the MION-salep hydrogel in phosphate buffer

solutions with pH=2 and 7 at 37°C.

produce close-packed shells of MION which can block the diffusion
of water into MION-salep hydrogel. These results were in accor-
dance with those of the reports published by Liu, Hu, Liu, Liu, and
Chen (2006).

The dependence of the MION-salep hydrogel swelling as a func-
tion of temperature over the range from 25 to 45°C is shown
in Fig. 2c. The swelling of MION-salep hydrogel is higher at low
temperature due to the fact that hydrogen bonds between water
molecules and hydrophilic groups lead to the good solubility of
the MION-salep hydrogel at low temperatures. As the temperature
increased up to 45°C, the swelling of the MION-salep hydro-
gel decreased slowly which is due to the overwhelming of the
hydrophobic groups on the hydrogen bonds, and phase separation
occurs. In the other word polymeric chains of salep are expanded
and uncrosslinked in the hydrogel systems, and tend to move
alone (Khan, El-Toni, & Alhoshan, 2012). To more investigation,
this experiment was also repeated in the presence of EMF. It also
clears from Fig. 2c that same behavior with lower rate of swelling of
MION-salep hydrogel is occurred in the presence of EMF. It seems
that presence of EMF slightly prevents the phase separation of
MION-salep hydrogel in high temperature.

Fig. 2d shows the effect of pH on the swelling behavior of
MION-salep hydrogel in 100 mL of buffered solutions with pH=2,
4, 6,8 and 10 at 37°C. As one can see in Fig. 2d, the swelling was
much higher at the pH 7 comparing with the other pHs. The upper
swelling at pH 7 can be attributed to the high repulsion between
hydroxyl groups in the hydrogel networks in this medium. In higher
acidic or basic solutions (pH=2, 4 and 10), ionic strength of the
medium is increased and the repulsion between aforementioned
groups shielded by the counter ions from solution and results
in lower absorbency. In addition, the pronounced acidic or basic
media can catalyzed the hydrogen bond formation which mainly
occurs between hydroxyl groups of polymer networks. This leads
to lower degree of swelling at the supposed pHs (Bardajee et al.,
2012). More experiments were carried out to study the effect of
EMF on the swelling behavior of MION-salep hydrogel at different
pHs. As shown in Fig. 2d, the same behavior with lower swelling
in the presence of EMF was observed, which can be explained as
above mentioned.

In order to consider the pH sensitivity of MION-salep hydrogel
for potential use in site specific delivery of drugs to specific regions,
we investigated their swelling reversibility at pH 2.0 and 7.0 in the



746

. s N
\ | // \\
\ \ ,/,/ L\ A

|\ P ‘

| X / ‘|

\ f{r‘ )

< | A |
- | N\ \
L [y l

l /’J ||

N / ‘

. |
I‘\ // II\[

S
30(‘)0

4000 2000 650

Wavenumber (cm?)
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presence and absence of EMF. According to the presented results
in Fig. 2e, MION-salep hydrogel showed good swelling-deswelling

behavior which makes it as a suitable candidate for controlled drug
delivery systems..

3.3. Spectral characterization

FT-IR spectroscopy was carried out to provide evidences that
the MION-salep hydrogel were made up of salep and MION. In
the spectrum of salep (Fig. 3a), the broad band at 3265cm™! is
due to stretching vibration modes of hydroxyl functional groups.
Two bands at 2930 and 1690 cm~! are assigned to C—H band and
C=0 (ester moiety) stretching modes respectively. The bands at
1158, 1081, and 1014cm™! can be attributed to a C—O band vibra-
tional stretching of salep. In the spectrum of MION-salep hydrogel
(Fig.3b), the bands are very close to the spectrum of salep. Also, con-
siderable displacement occurred in the C=0 band from 1690 cm~!
to the higher wave number side of 1720 cm~1. This displacement
of peaks occurred due to the electrostatic interaction between the
C=0band and MION. The band at 569 cm~! is characteristic adsorp-
tion of iron oxide due to the stretching vibrations of Fe—0, which
is beyond the capacity of our facilities.

TGA was performed on salep and MION-salep hydrogel to deter-
mine the amount of formed MION in the MION-salep hydrogel.
Fig. 4 shows the TGA/DTG/DTA of salep and MION-salep hydrogel.
In detail, the salep has followed three endothermic decomposi-
tion steps and 82% degradation of the salep chains occurred below
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Fig. 4. TGA/DTG/DTA of salep and MION-salep hydrogel.
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590°C, as evidenced by its DTG curve. However, it is noted as
three endothermic degradation steps and only a 48% weight loss
below 590°C in the case of MION-salep hydrogel. The weight loss
or difference in decomposition between the salep and MION-salep
hydrogel represents the amount of MION in the MION-salep hydro-
gel (Bardajee et al., 2012). In this particular sample, it is noted that
there is a 34 wt% of MION content in the MION-salep hydrogel.

SEM analysis was performed to identify the morphology of
MION-salep hydrogel. Fig. 5a clearly indicates the formations
of many close-pores with uniformly distributed in MION-salep
hydrogel structure. These pores are mainly responsible for swelling
of MION-salep hydrogel (Gupta & Shivakumar, 2010). The MION
were not obviously observed with SEM because of the large
scale bar. Nevertheless, EDX mapping of iron showed that the
MION was evenly distributed throughout the MION-salep hydro-
gel (Fig. 5b). To obtain more information about the size of the
MION, TEM was used. Fig. 5¢ depicts the MION formed inside
the MION-salep hydrogel are spherical, highly dispersed, and
low nanometer in size. The related histogram exhibits the nar-
row distribution of particles with average particle size of 8 nm
(Fig. 5d).

The superparamagnetic nature of the MION-salep hydrogel
was determined by VSM at room temperature (Fig. 5e). The mag-
netic measurement studies showed that the MION-salep hydrogel
exhibited superparamagnetic behavior, demonstrated by the sym-
metrical sigmoidal shape of the magnetization curves exhibiting
no hysteresis (Reddy et al., 2011). These results suggest that the
hydrogel matrix acts as effective stabilizer and prevents agglomer-
ation phenomena during MION synthesis, which could have led to

the formation of larger particles resulting in deviation from super-
paramagnetism.

3.4. Drug release

For a certain drug delivery system, the in vitro release behav-
ior is a very good indication of the in vivo pharmacokinetics and
biodistribution of the drug after its administration. To this aim,
deferasirox was used as a model drug for loading and releasing
experiments in the present study. Its structure (Fig. 6) show that it
is a tridentate chelator which can coordinate to Fe atoms (Angelucci
et al., 2000; Brittenham et al., 1982; Brittenham, Allen, Farrell,
& Harris, 1989). Furthermore, the drug can be absorbed on the
hydrogel networks by hydrogen bonding between the —OH and
—COOH groups of the drug and —OH groups of salep. It was loaded
into MION-salep hydrogel by swelling of preweighted MION-salep
hydrogel (0.05 g) into the drug solution (5 mL) with different con-
centrations (0.033 (sample A), 0.038 (sample B), 0.043 (sample C),
and 0.048 (sample D) mg/mL). The percentage of loaded deferasirox
into MION-salep hydrogel was determined to be 86,91, 95, and 97%
for the samples A, B, C and D, respectively. These loaded hydrogels
(A-D) were used to investigate the deferasirox release behavior
in pH =7 phosphate buffer. The amount of deferasirox release was
measured by UV-vis spectroscopy. The obtained spectra are shown
in Fig. 7. As shown in Fig. 7, there are no changes in the maximum
absorption peaks of drug before and after releasing by hydrogels. It
confirms the lack of chemical interaction between deferasirox and
MION-salep hydrogel during loading and releasing experiments. To
more investigation, the presence of iron in solution of deferasirox
releases was also analyzed by atomic absorption spectrophotome-
ter. The results showed that there is no iron in the sample solutions
which confirmed that the MION did not leach from the hydrogel
matrix during loading and releasing experiments.
Fig. 8a shows the deferasirox release profiles from the loaded
hydrogels (samples A-D) with different concentrations of drug at
pH="7.To obtain a more quantitative understands of the kinetics of



G.R. Bardajee, Z. Hooshyar / Carbohydrate Polymers 101 (2014) 741-751 747

Surn Spectrum

b

FeFe o
2 3 4 5 6 7 8 9 10

« | Full Scale 49997 cts cursor:0.000 kev

W d
' \

\
! I

4 5 6 7 8 9
Particle diameter(nm)

Magnetization,

(emu/g) 40"(

e

I 1 t t O t + 1 1
-80000-60000-40000-20000 20000 40000 860000 80000

=°T Applied Field (Oe)

Fig. 5. (a) SEM, (b) EDAX, (c) TEM, (d) related histogram, and (e) VSM of MION-salep hydrogel.

the release, the release results were also analyzed using a power
law type semiempirical equation (Debrassi et al., 2011):

log (%> =logk+nlogt 3)
Moo
where (M;/My)=fractional solute release; M;=mass of solute
released at time “t”; My =mass of solute released at equilib-
rium; t=time; k=rate constant characteristic of the system and
n = transport exponent indicating the release mechanism. The val-
ues of k and n are found by fitting the data to the above expression.
For cylindrical shaped matrices, n was found to be around 0.45
implying that the diffusion is the controlling mechanism for drug

O,
OH

Fig. 6. Deferasirox chemical structure.

release which is simply called Fickian type of diffusion. However,
for 0.45 <n <0.89 an anomalous diffusion behavior is followed that
is called non-Fickian type of diffusion and finally for n>0.89, drug
release shows a Case II (relaxational) transport which indicate a
mechanism controlled by polymer relaxation and erosion, involv-
ing a relaxing boundary (dry glassy/hydrated rubbery polymer
interface) moving into the matrix at an increasing rate.

Fig. 8b shows log(M;/Ms,) vs. log t curves for deferasirox release
from the above loaded hydrogels (samples A-D). Good linearity is
shown, indicating that this equation is applicable to the present sys-
tems. By this plot, the release exponents of n, rate constant of log k
and the correlation coefficient R? from the above loaded hydrogels
were obtained and they are listed in Table 1. These data confirmed

Table 1

Release exponent (n), rate constant (logk), and correlation coefficient (R?) for
deferasirox on its release profiles from loaded hydrogels (samples A-D; 0.05 g) at
pH =7 phosphate buffer.

Loaded hydrogels Logk n R?

A 0.658 0.350 0.990
B -1.20 0.480 0.971
C -0.540 0.316 0.983
D —0.486 0.306 0.982
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Fig. 7. Comparison of UV-vis spectra of (a) initial deferasirox, and deferasirox
release from (b) sample A, (c) sample B, (d) sample C, and (e) sample D (loaded
onto 0.05 g MION-salep hydrogels).

that the releases of deferasirox follow diffusion kinetics for hydro-
gel samples A, C, and D, and both diffusion and polymer relaxation
kinetics for sample A.

The controlled release of deferasirox from the MION-salep
hydrogel was also studied at pH=2 for 6 h followed by at pH=7
for 8 h for sample B, as shown in Fig. 9a. Result revealed that the
in vitro drug release of deferasirox at pH 2 for first 6 h was very slow
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Fig. 8. (a) Effect of loading, and (b) plots of log(M;/M,,) vs. logt for deferasirox on
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buffer.
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Fig. 9. (a) Deferasirox release from sample B, and (b) plots of log (M;/M,,) vs. logt
for this sample in different media at 37 °C in the presence and absence of EMF.

followed by sustained release at pH 7 without significant initial
burst release. The relatively low amount of deferasirox released
from the MION-salep hydrogel at pH 2 solution was probably
related to the comparatively low swelling degree of MION-salep
hydrogel at pH 2 (Fig. 2d). At pH 7, the amount of deferasirox
released increased significantly because the swelling of the hydro-
gel network increased at neutral pH. This experiment was also
done in the presence of EMF and results are shown in Fig. 9a.
Compared to former experiment, deferasirox release occurred
slightly lower than the release in the absence of EMF. This lower
deferasirox release at pH 7 suggests that the EMF has a more
marked influence on the release process (Liu et al., 2006). To better
investigation of mechanisms in these experiments, Eq. (3) was
used. Fig. 9b shows log(M;/My,) vs. logt curves for deferasirox
release from MION-salep hydrogel (sample B) in different media at
37°Cin the presence and absence of EMF. Table 2 summarizes data
of Fig. 9b. Both values of n for deferasirox at pH 2 are greater than
0.89, indicating that the releases of deferasirox are super case-II
transport. For the deferasirox release at pH 7 and in the absence of
EMF, the n values are greater than 0.45 and much smaller than 0.89,
corresponding to anomalous transport. In this case the polymer
relaxation time is comparable to the diffusion time and the release
behavior follows both diffusion and polymer relaxation controlled
kinetics. For the deferasirox release at pH 7 and in the presence
of EMF, the n values are very close to 0.89, which corresponds to
anomalous transport. In this case, this n value emphasizes that
the deferasirox release tends to be more controlled by polymer
relaxation than diffusion. This phenomenon may be attributed to
the tendency of magnetic moments of the MION to align with the
external magnetic fields for producing a bulk magnetic moment.
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Table 2
Release exponent (n), rate constant (log k), and correlation coefficient (R?) for deferasirox release from MION-salep hydrogel (sample B) at 37 °C in the presence and absence
of EMF.
Condition pH=2 pH=7
Logk n R? Logk n R?
Absence of EMF —5.23 1.829 0.962 -1.20 0.480 0.971
Presence of EMF -4.08 1.605 0.927 -1.82 0.665 0.983

salep-10mg/mi

salp-5mg/mi

MION-salep-10mg/mi

MION-salep-5mg/mi

Control

/i

o 20 40
Viability (%)

60 80 100

Fig. 10. Inverted microscopic view of cytotoxicity test of (a) HTB 5637 cell line before treatment, (b) after 24 h treatment with MION-salep hydrogel, and (c) cytotoxicity
investigation of MION-salep hydrogel on HTB 5637 cells. (For interpretation of the references to color in citation of this figure, the reader is referred to the web version of

this article.)

Therefore, MION tempt to aggregate and reduce porosity size of
hydrogel which prevent diffusion of deferasirox from MION-salep
hydrogel (Liu et al., 2006; Zhou et al., 2012).

3.5. Cell biocompatibility

It is well known that materials with cell viability more than
80% are often recognized as biocompatible (Ying & Hwang, 2010).
In our experiment biocompatibility of the MION-salep hydrogel
was investigated using MTT assay and the percentage cell viabil-
ity results are illustrated in Fig. 10. The changes in the color of
Fig. 10a-c are attributed to reaction of MION-salep hydrogel and
MTT with HTB 5637 cells. As shown in Fig. 10d the viability analysis
indicated values of MION-salep hydrogel are 91.28 and 89.64% for
5 and 10 mg/mL, respectively, which are slightly lower than salep.
These results confirm that the MION-salep hydrogel exhibits good
biocompatibility at high concentration, which are in good agree-
ment with the previous reported results (Mahmoudi et al., 2011). It
makes MION-salep hydrogel suitable for biomedical applications.

4. Conclusions

In conclusion, MION-salep hydrogel was successfully prepared
by simultaneous formation of MION and salep hydrogel in one-pot
method. The structural analysis of the MION-salep hydrogel con-
firmed the presence of the feed components in the MION-salep
hydrogel. Thermal stability of the salep was increased about 34%
at 700 °C by increasing the MION in salep which more confirmed
the presence of MION in salep hydrogel. The results of VSM

exhibited that the MION-salep hydrogel has a superparamagnetic
property. The considerable temperature, pH, and EMF sensitiv-
ity of MION-salep hydrogel was used for the in vitro release of
deferasirox. The MTT assay of MION-salep hydrogel exhibited a
reasonable biocompatibility. Based on these experiments, we sug-
gest that the one-pot synthesis of MION/salep hydrogel presented
in this paper canrepresent a new method for constructing magnetic
carrier for drug delivery systems and it will enable expanding appli-
cations to construct other types of magnetic drug delivery systems
in the future.
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