Open Access Article. Published on 23 October 2020. Downloaded on 6/16/2026 2:10:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2020, 10, 39008

Received 11th August 2020
Accepted 16th October 2020

DOI: 10.1039/d0ra06916g

pH-Sensitive magnetite mesoporous silica
nanocomposites for controlled drug delivery and
hyperthermiat

Hasan Keshavarz, {92 Alireza Khavandi,? Somaye Alamolhoda & *
and M. Reza Naimi-Jamal ©°

In clinical applications, chemotherapy and hyperthermia are commonly used together. To achieve this, we
synthesized multifunctional magnetite mesoporous silica nanoparticles (MMSNs) coated with a chitosan
hydrogel. pH-Responsive chitosan hydrogels (cross-linked glutaraldehyde) were used to cover
mesoporous silica pores. The infrared spectroscopy (FT-IR) and electron microscopy images (SEM and
TEM) confirm that a hydrogel layer and a silica shell were formed. By applying alternating magnetic fields
(AMF) to nanogels, heat generation (43 °C) occurred within a short time. The drug release (tamoxifen) of
nanogels was studied for 72 h at different pH and temperatures. Drug release at pH 7.4/T = 37 °C
(simulating physiological condition) and pH 5/T = 43 °C (pH simulating endosomes/hyperthermia) were
15 and 70%, respectively, so, drug release was increased with hyperthermia. To determine the
biocompatibility of the nanogels, an MTT assay of L929 cells was performed for 24, 48 and 72 h. The
results show high biocompatibility of nanogels even at high concentrations (over 80% cell viability after

rsc.li/rsc-advances 72 h for all concentrations).

1. Introduction

Nanotechnology has made significant advances in various fields
such as drug delivery. Chemotherapy is one of the common
ways to control and treat cancer. Chemotherapy drugs are
usually highly toxic and their use can cause various side effects
for patients, such as hair loss and nausea. Magnetic nano-
particles are one of the attractive options for delivery of drug
molecules because by applying an external magnetic field the
nanoparticles can be transferred directly to the target tissue.
Among the benefits of using targeted magnetic systems are
reducing the side effects of the toxic drug, reducing the need for
drug use and reducing treatment costs.'

Magnetic nanoparticles with different nuclei are used, such
as MFe,O, (M = Co, Mn and Zn) and iron oxides (such as
magnetite and maghemite). Mn, Co cores are not widely
considered due to their intrinsic toxicity. Superparamagnetic
iron oxide nanoparticles (SPIONs) especially magnetite nano-
particles are very popular for biomedical applications.** The
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most common method for the synthesis of these particles is co-
precipitation of iron salts (Fe*" and Fe**) as follows:*

Fe?* + 2Fe’* + 8OH™ — Fe;0, + 4H,0 (1)

Surface modification of SPIONs nanoparticles could improve
their biocompatibility for use in biomedical applications.
Coating of magnetite nanoparticles can: prevent agglomeration
of nanoparticles, increase biocompatibility, increase the time of
circulation of nanoparticles in the body and prevent oxidation
of magnetite nanoparticles. Mesoporous silica is one of the
most attractive coatings for biomedical applications. Advan-
tages of silica shell:*”

M Silica shell can be easily controlled by changing reaction
parameters (modified Stober method).

B Silica coatings have high drug absorption due to their
high surface area and high pore volume.

B Biocompatible.

The large pore volume of the silica shell makes them
a desirable option for drug delivery applications. Many anti-
cancer drugs on the market are poorly soluble and the use of
mesoporous silica shell can be a good option for the easier
transport of these drug molecules and reduced their side
effects.®” Silica pores do not work smart and the drug loaded on
them begins to release as soon as they are placed in a physio-
logical environment, whether healthy or tumor tissue (burst
effect). The physiological pH of the body is 7.4 but may vary
under different conditions (or locations) such as tumor tissues

This journal is © The Royal Society of Chemistry 2020
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(pH ~ 6.7-7.1) and lysosome (pH ~ 5-5.5).'*'> Smart systems
are one of the most promising systems in the field of targeted
drug delivery. Under special environmental conditions (such as
pH) smart systems respond differently.**** Chitosan is one of
the natural polymers used in pH response systems and has
a high biocompatibility that makes it suitable for biomedical
applications. Chitosan is a natural polysaccharide which is used
in many applications such as drug delivery, tissue engineering
and wound dressing. Chitosan is one of the natural polymers
with special properties such as antimicrobial, antioxidant and
etc.'*®

One of the attractive applications of SPIONSs is hyperthermia.
By raising the temperature in tumor tissues up to 42-45 °C it is
expected that the tumor cells die without harming healthy cells.
SPIONs under alternating magnetic field can be used to reach
the required temperature for hyperthermia.'**!

In this study, we designed a multifunctional carrier for drug
delivery: silica as a drug reservoir, magnetite generates heat in
the alternating magnetic field, and its chitosan coating prevents
drug release into non-target tissues.

2. Materials and methods

2.1. Materials

Chitosan (medium molecular weight), ammonium hydroxide
solution (28% NH; in H,0) and glutaraldehyde solution (25% in
H,0) were obtained from Merck Inc. Sodium hydroxide, tet-
raethyl orthosilicate (TEOS), iron chlorides (Fe** and Fe®*), and
cetyl trimethylammonium bromide (CTAB) were purchased
from Sigma Aldrich (USA). The materials were used without any
further purification. Tamoxifen was purchased from Iran
Hormone Company (Iran).

2.2. Synthesis of oleic acid coated iron oxide

Co-precipitation of iron salts was used to synthesize magnetite.
The deionized water was bubbled under nitrogen gas for 20 min
to remove dissolved oxygen. Iron salts were added to deionized
water at a molar ratio of Fe’"/Fe** = 2:1. The mixture was
stirred for 30 minutes by ultrasonic bath. The 1.1 M NaOH
solution was added dropwise to the salt mixture and the black
precipitate began to form. The reaction mixture was under
a nitrogen atmosphere. Sodium hydroxide was added until pH
reached ~13. The mixture was stirred for 30 minutes and then
heated to 75 °C for 15 minutes. Subsequently, oleic acid was
added dropwise to iron oxide precipitates (oleic acid (OA) was
used to prevent agglomeration and stability of iron oxide
particles). The mixture was stirred for another 4 hours and the
temperature was fixed at 75 °C. Then the precipitates were
collected by centrifugation at 5400 rpm for 15 minutes and
washed several times with deionized water. The precipitates
were dispersed in deionized water and stored at 4 °C.

2.3. Synthesis of amorphous silica thin layer

First, 1 g of SPIONs were added to 80 ml of ethanol, 20 ml of DI
and ammonia solution (28%). The mixture was stirred for 20
minutes in an ultrasonic bath for complete dispersion of the
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particles. The tetraethyl orthosilicate (TEOS) was added drop-
wise (up to 2.5 ml) to the mixture and stirred for 8 hours. After
this time, the particles were separated from the solution by
a magnet and washed with DI water. The particles were dried at
55 °C for 12 h.

2.4. Synthesis of mesoporous silica shell

First, 0.6 g of SPIONs was added to a solution containing 120 ml
of ethanol and 3.5 ml of ammonia (28%) and placed in an
ultrasonic bath for 30 minutes to completely disperse the
particles (mixture 1). 2.5 g of CTAB was added to 160 ml of
deionized water and placed in an ultrasonic bath for 10 minutes
to obtain a homogeneous solution (mixture 2). Then, mixture
(2) was slowly added to mixture (1) and stirring continued for
4 h. After this time, TEOS was added dropwise (up to 3.4 g) and
stirred at room temperature for 8 h, then stirred at 70 °C for
another 4 h. The particles were collected by magnet and washed
with DI water. The particles were dried for 12 h at 55 °C. To
remove CTAB, the particles were heated at 550 °C for 5 h.

2.5. Synthesis of chitosan hydrogel

First, 0.5 g of Magnetite Mesoporous Silica Nanoparticles
(MMSN) was dissolved in 25 ml of acetic acid (3%, v/v) and
placed in an ultrasonic bath for 5 minutes to obtain a homo-
geneous mixture. Then, 0.5 g of chitosan (medium molecular
weight) and 25 ml of acetic acid (3%, v/v) were added to the
mixture and placed in an ultrasonic bath for 5 minutes (mixture
1). 0.4 ml glutaraldehyde was dissolved in 5 ml of acetic acid
solution (3%, v/v) (mixture 2). Mixture (2) was added dropwise to
the mixture (1). The mixture was stirred for 24 hours. The final
product is a blackish brown gel due to the presence of MMSN
particles. Then, the 6 M NaOH solution was slowly added to the
gel for 1 h to neutralize the acidic solution. The gels were
insoluble in neutral solution and easily separated by vacuum
filtration and washed several times with ethanol. The resulting
gel was divided into smaller sections and dried at room
temperature.

2.6. Drug loading and release

Phosphate-buffered saline (PBS) (pH 7.4) was used to load the
drug into MMSN particles. The drug studied was tamoxifen.
Tamoxifen (TMX) is used in the treatment of breast cancer.
MMSN particles were added to PBS solution (pH 7.4) containing
1 mg ml " of the drug. The mixture was placed in an ultrasonic
bath for 30 minutes then stirred with a magnetic stirrer for
another 24 hours. After this time, the particles were collected by
centrifugation at 8000 rpm for 10 minutes and washed several
times with PBS to remove uncharged drug. PBS solution (pH 5,
7.4) was used to determine drug release. The drug release study
was performed for 72 hours. To determine drug release, at
specific times, 5 ml of supernatant was poured into a Falcon
tube and centrifuged at 8000 rpm for 20 minutes. Ultraviolet-
visible spectroscopy (at 278 nm) was used to determine the
concentration of the unknown drug solution. Determination of
drug release for each sample was repeated 3 times and standard
deviation was determined for each profile.

RSC Adv, 2020, 10, 39008-39016 | 39009
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2.7. Invitro study of hyperthermia

Alternating magnetic field (frequency = 315 kHz, intensity =
14.2 kA m™") was used to study hyperthermia samples. The
study was performed for MMSN particles and chitosan hydro-
gels. At first, a concentration of 15 mg ml~* was prepared from
the samples. The samples were placed in a suitable location and
a magnetic field was applied. Temperature/time changes were
recorded by computer.

2.8. Cellular assay

In this study, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to evaluate the biocompatibility
of MMSN/chitosan hydrogels. The murine fibroblast cell line
(L929, Pasteur Institute, Tehran, Iran) was used for this evaluation.
10 000 cells per well were incubated with 150 ul of medium in 96-
well plates for 24 h (medium was DMEM containing 10% FBS,
incubation conditions was CO, = 5%, T = 37 °C). After this time,
100 pl of the sample was added to cell wells and the cells were
incubated for 24, 48 and 72 h treatment. A medium without any
sample was used as control. After treatment, 100 pl of MTT (0.5 mg
ml ") was added to the cells and incubated for 4 h. Then, Isopropyl
alcohol was added to cells for dissolve formazan (for 20 min).
ELISA (STAT FAX 2100, USA) was used to determine the concen-
tration of wells (at 545 nm).

2.9. Characterization method

X-ray diffraction (XRD, PHILIPS, PW1730) was used to investigate
the crystalline properties of the samples. The samples were dried
in oven at 55 °C for 24 h before analysis. The FTIR spectra of the
samples were obtained from a Shimadzu spectrometer (Thermo,
AVATAR, USA). Transmission electron microscopy (TEM, PHILIPS,
CM120) and scanning electron microscope (SEM, TESCAN, Vega II)
was used to investigate the morphology and size of the samples. To
prepare the samples, they were dispersed in an ultrasonic bath for
30 minutes, then a drop was poured onto the copper grid. TEM
operating at 100 kV. Thermogravimetric analysis (TGA, Bahr, STA
504) was used to evaluate the thermal behavior of the samples. To
investigate the hyperthermia of the samples (in vitro), an alter-
nating magnetic field (f= 315 kHz, field intensity = 14.2 kA m™")
was used. VSM analysis (at room temperature and field of 15 000
oersteds) was used to determine the magnetization of the samples
(Meghnatis Daghigh Kavir Co., Kashan, Iran). Brunauer-Emmett-
Teller (BET, BEL, BELSORP MINI II) analysis was used to deter-
mine the specific surface area of the samples. The pore size
distribution curves were determined using the Barrett, Joyner, and
Halenda (BJH) method. Ultraviolet-visible spectroscopy (UV/VIS,
Shimadzu, Mini 1240 single beam) was used to determine the
concentration of unknown solutions.

3. Results and discussion

Simultaneous use of chemotherapy and hyperthermia can
improve cancer treatment, so hydrogel containing MMSNs were
used in this study. Schematic representation of the hydrogel
synthesis steps is shown in Fig. 1. Magnetite nanoparticles were
used as agents that could cause magnetic manipulation and
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hyperthermia. Magnetite nanoparticles were synthesized by co-
precipitation method and coated with a very thin oleic layer to
stabilize and prevent agglomeration.” The silica coating was
prepared using the modified Stober method. Glutaraldehyde
cross-linker was used to prepare chitosan hydrogel.

The SEM image of oleic acid-modified magnetite nanoparticles
shows that the nanoparticles have a spherical morphology and
a narrow size distribution, with an estimated size of about 20-
30 nm (Fig. 2(a)). The SEM and TEM image clearly shows the
spherical morphology of the magnetite mesoporous silica nano-
particles. The average size of MMSNSs is about 150-160 nm, which
is suitable for biomedical applications® (Fig. 2(b-d)). In the TEM
image, presence of the iron oxide particles in the structure of
MMSN was clearly visible (Fig. 2(g)). The SEM image of the
hydrogel also shows the presence of new coating on the surface of
the nanoparticles. It could be observed that due to the high
adhesion of chitosan, the nanoparticles are not well separated
(Fig. 2(e)). TEM images also confirm the presence of a chitosan
coating on the surface of the MMSNs (Fig. 2(f-i)). The hydrogel
showed good stability over a period of 6 months (this is longer than
coatings like PEGF*) and no precipitation was observed which
could be due to their hydrogel properties. The prepared hydrogel
have unique properties such as drug delivery and response to
stimuli such as pH, temperature, and magnetic field (for hyper-
thermia and magnetic manipulation) that make them novel
among other coatings (these properties of hydrogels have been
investigated). Fig. 3 shows a schematic illustration of the proposed
mechanism for the formation of chitosan hydrogel with glutaral-
dehyde cross-linkers.>*?>*

3.1. Characterization of MMSN nanoparticles (FTIR)

FTIR analysis was used to investigate the surface modification
of magnetite nanoparticles with oleic acid and their coating
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Fig. 1 Step by step schematic illustration of synthesis magnetite
mesoporous silica hanoparticles and coating with chitosan for use as
drug carrier (release was studied under different pH and temperature
conditions).
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Fig. 2 (a) SEM image for OA-FezO4 nanoparticles (b) SEM image of
MMSN nanoparticles, (c) size distribution histogram for MMSNs (d and
g) TEM image of selected MMSN particles (e) SEM image of
MMSN@chitosan hydrogel (f and h) TEM image of the MMSN/chitosan
hydrogel at different magnifications (i) is a selective particle of MMSN/
chitosan hydrogel that illustrates how the chitosan chain is bound by
glutaraldehyde during the hydrogel process.

with mesoporous silica (Fig. 4). The peak at 580 cm™ ', which is
visible in all samples, indicates Fe-O bonding and confirms the
presence of magnetite in the sample structure. The absorption
bands at 3425 cm™?, 2933 cm ™}, 2842 cm™ ', 1716 cm ™! and
1286 cm ' corresponding to vibrations of the OH group,
asymmetric and symmetric CH, stretch, stretch vibrations C=0
group, and C-O stretch, respectively. All of these peaks are
related to oleic acid, which confirms the presence of oleic
coating on the surface of magnetite nanoparticles. The
absorption band at 455 em™" refers to Si-O-Si bending vibra-
tions. The peak at 987 cm ™ is related to the vibrations of Si-OH
while the broad band at 1062 cm ™' corresponds to Si-O-Si

Fig. 3 Schematic illustration of chitosan hydrogel cross-linked by
glutaraldehyde.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 FTIR spectra of OA-FezO4 nanoparticles, MMSN nanoparticles
before calcination (with CTAB) and MMSN nanoparticles after calci-
nation (without CTAB).

stretching vibration of mesoporous silica surface groups.”” In
the FTIR spectra of the MMSNs before calcination, the vibra-
tions of CH, group of CTAB can be clearly seen at 2858 cm ™ *
and 2925 cm ™', whereas these absorption bands are lost after
calcination indicating the successful removal of CTAB from the
structure.”®

3.2. FTIR spectra of hydrogel

FTIR spectra of the chitosan, the magnetite mesoporous silica
nanoparticle (MMSN) and the chitosan hydrogel are shown in
Fig. 5. As could be observed in the FTIR spectrum of the chi-
tosan hydrogel, the absorption band at 3456 cm ™" is related to
the OH group in the chitosan (FTIR spectra of chitosan) which
becomes less wider in the hydrogel and has shifted from
3456 cm™ ' to 3411 cm ™' which can be attributed to the reduc-
tion of hydrogen bonds in the hydrogel.”® The absorption band

[ —MMSN —chitosan —MMsN@Cs |

921/9

Si-0-Si stretching

Fe-O bond Si-OH bending

| 1652/9 171476

3411/8

|
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i -OH
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Wavenumber (cm't)

Fig.5 FTIR spectra of MMSN, chitosan and MMSN@chitosan hydrogel.
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at 3411 cm ™ indicates the vibration of OH and NH, groups in
chitosan which cannot be separated due to the overlap. The
band at 2900 cm ™" is related to the CH stretch vibration. In
chitosan bulk due to the large amount of OH group its
absorption band (at 3411 cm ") is intense and wide. A new peak
is observed at 3411 cm ™' in the hydrogel, which represents
which represents C=0 group; due to the self-polymerization of
glutaraldehyde to form large cross-linking chains.*® During the
process of preparing hydrogel, chitosan amino groups cross-
linked and form imine groups (Fig. 5). The removal of the
peak at 1587 cm " in the FTIR spectrum of hydrogel and the
appearance of a new peak at 1652 cm ™' indicate the removal of
NH, bands and formation of C=N (imine) bands, which
demonstrates the success of the chitosan hydrogel processing.**
The absorption band at 580 cm ™' is related to the Fe-O bond,
and the peaks at 921 cm ™' and 1058 cm ™ represent Si-OH and
Si-O-Si groups, which confirms presence of silica nanoparticles
in the hydrogel.

3.3. X-ray diffraction pattern

Phase identification was performed using X-ray diffraction
(XRD). Fig. S1(a) shows the XRD pattern of magnetite nano-
particles, the diffraction pattern obtained from Fe;O, nano-
particles shows very good agreement with the magnetite
reference card (Fe;O,, reference card JCPDS No. 82-1533). The
diffraction peaks at 26 ~ 30.1°, 35.6°, 43.3°, 53.5°, 57.2° and
62.4° are related to crystalline planes (220), (311), (400), (422),
(511) and (440), respectively. The absence of (300) and (210)
peaks confirms that maghemite (y-Fe,Oj3) is not formed during
synthesis, so we have pure magnetite.** The diffraction pattern
obtained from Fe;O, nanoparticles shows very good agreement
with the magnetite reference card (Fe;O,, reference card JCPDS
No. 82-1533). In the XRD pattern of the MMSN, the broad
diffraction peak at 26 ~ 20.9°, indicates presence of amorphous
silica. Also, the peaks of the magnetite nanoparticles can be
clearly seen in the XRD pattern of the MMSN nanoparticles.

3.4. Vibrating-sample magnetometer (VSM)

To investigate the magnetization of the samples, VSM analysis
was used at field of 15 000 Oe. The magnetization curves of the
iron oxide, oleic acid-modified iron oxide, magnetite meso-
porous silica nanoparticles (MMSN), and MMSN@chitosan
hydrogel are shown in Fig. 6. The synthetic Fe;0, nanoparticles
are superparamagnetic because they do not have any rema-
nence in their magnetization curve. According to previous
reports, the theoretical saturation magnetization for bulk
magnetite is ~92 emu g~ but as shown in the magnetite curve
(Fig. 6) this value is ~59.8 emu g~ which can be due existence
of noncollinear spins at the surface of magnetite.**** The satu-
ration magnetizations obtained from the VSM analysis for the
other samples are summarized in Table 1.

The obtained values for saturation magnetization of
magnetite nanoparticles before and after surface modification
are in consistent with the results of other researches.***

Modifying the surface of the magnetite nanoparticles with
different coatings (oleic acid, mesoporous silica and chitosan

39012 | RSC Adv, 2020, 10, 39008-39016
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Fig. 6 Magnetization results for magnetite, OA-FezO,4, magnetite
mesoporous silica nanoparticles (MMSN) and MMSN@chitosan
hydrogel (measured at 15 000 Oe and room temperature).

hydrogel) the saturation magnetization (M) decreases and M;
reaches its lowest value in the hydrogel.

This decrease in saturation magnetization can be attributed
to the replacement of Fe;0, magnetic with a silica and chitosan
non-magnetic which results in decreasing of the amount of
magnetite in MMSNs and chitosan hydrogel. Also when
magnetite nanoparticles are embedded in chitosan hydrogel
(cross-linked with glutaraldehyde) their alignment along their
easy axis would not be easy. This can also reduce the saturation
magnetization.>***

For biomedical applications such as drug delivery and
hyperthermia a saturation magnetization of ~8-19 emu g~ ' is
required which according to VSM results the synthesized
MMSNs@chitosan hydrogel are wuseful for biomedical
applications.?*3>3¢

3.5. Pore characteristics of MMSN particle

BET analysis was performed for characterization of magnetite
mesopores silica nanoparticles (MMSN) before and after drug
loading. The nitrogen absorption-desorption isotherm and
pore size distribution curve for MMSN and MMSN@TMX is
shown in Fig. S2 and S3.T As shown in Fig. S2(a) and S3(a),T the
isotherm curve of the MMSN and MMSN@TMX particles are IV
type isotherm curve in IUPAC classification which represents

Table 1 The saturation magnetization values of the samples under
15 000 Oe at room temperature

Sample M (emu g )
Fe;0, 59.8
OA-Fe;0, 50.7
Magnetite mesoporous silica nanoparticles (MMSN) 36.1
MMSN@chitosan hydrogel 21.3

This journal is © The Royal Society of Chemistry 2020
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the mesoporous structures. Therefore, the presence of meso-
pore in MMSN and MMSN@TMX particles is confirmed. Both
types of mesoporous-macroporous porosities were observed in
the pore distribution curve and the adsorption and desorption
isotherms of nanoparticles (Fig. S2(a, b) and S3(a, b)}). The
characteristic porosity of samples such as average pore size
(calculated by BJH method), total pore volume, and BET surface
area are presented in Table 2.

3.6. Thermogravimetric analysis (TGA)

Thermal properties of hydrogel and MMSNs before and after
drug loading were determined using thermo-gravimetric anal-
ysis (TGA) to obtain information as thermal stability, cross-
linking content of hydrogel and organic groups in the structure
(presence of chitosan coating).*” Fig. S41 shows the TGA results
for MMSN before and after drug loading and MMSN@chitosan
hydrogel (up to 800 °C at a heating rate of 10 °C min~" in air). As
shown in Fig. S4,1 the uncoated MMSNs do not show significant
weight loss except in the range below 200 °C which is due to
physically absorbed water. The drug-loaded MMSN particles
showed a 8% weight loss compared to MMSN without drug
which can be attributed to tamoxifen. Decomposition behavior
of the hydrogel can be divided into three stages. The first stage
occurs at temperatures of 50-185 °C and a ~5% weight loss is
observed, which is due to the evaporation of the physical water
molecules of the hydrogel. In the second stage ~15% weight
loss is observed at temperature of 210-350 °C which can be
attributed to the degradation of hydroxyl group of the chitosan
backbone chain. The third stage which occurs at the tempera-
ture range of 360-520 °C is due to structural degradation of
chitosan main chain and crosslinkers (glutaraldehyde).?*>3*
TGA analysis indicates that chitosan hydrogel with glutaralde-
hyde cross-linkers have been successfully formed.

3.7. Invitro hyperthermia

The results of hyperthermia analysis of the samples are shown
in Fig. 7. Samples were dispersed in physiological saline at
a concentration of 15 mg ml~" and subjected to alternating
magnetic field. For the application of hyperthermia, radio
frequencies in the range of kHz to MHz are used.***° Therefore,
in this study, a frequency of 315 kHz and intensity 14.3 kA m™"
was chosen for a period of 15 minutes. The temperature change
for MMSN nanoparticle and chitosan hydrogel are 25 — 70 °C
and 25 — 58 °C, respectively. The time required to reach the
optimum temperature for hyperthermia (43 °C) for MMSN and
chitosan hydrogel is 3 and 5 min, respectively. The longer time
to reach the desired temperature for the hydrogel can be
attributed to the non-magnetic coating of chitosan on the

Table 2 Pore characteristics of magnetic mesoporous silica
nanoparticles

BET surface Pore volume Pore size
Sample area (m* g ") (em® g™ (nm)
MMSN 745.2 0.62 3.67
MMSN@TMX 436.8 0.34 2.51

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Curve of temperature changes obtained from hyperthermia
(in vitro) for MMSNs and MMSNa@chitosan hydrogel dispersed in
physiological saline with a concentration of 15 mg ml™* under an
alternating magnetic field (f = 315 kHz and intensity = 14.3 kA m™3). (b)
Schematic illustration of magnetic coil and field lines inside it.

nanoparticles, which makes the nanoparticles unable to orient
in their easy axis which reduces the saturation magnetization
and prolongs the heat generation process by the nanoparticles.
Chitosan hydrogel have the ability to generate heat for hyper-
thermia in a short period of time, so their heat generation
characteristic can be used for hyperthermia application. The
following equation which is related to specific absorption rate
(SAR) can be used to calculate the heat capacity of MMSN
nanoparticles and hydrogel:**

Cy AT
SAR(w/g) = A7 (2)
where C,, corresponds to the solution heat capacity (due to the
low concentration of the samples, neglecting their heat capacity
$0 Cy ~ Cps ~ 4139 T kg~ ' °C™"),2 AT/At is the slope of the curve
in the first seconds (up to 60 seconds). m is total amount of
MMSN in solution (solution = MMSN + physiological saline).
The SAR values for MMSN nanoparticles and chitosan hydrogel
are 76.2 w/g and 108.6 w/g, respectively. Comparison of the
results with previous reports indicates that chitosan hydrogel is

useable in hyperthermia applications.*

3.8. Invitro drug release

pH is one of the key parameters in drug release because.
Temperatures of 42-45 °C can cause apoptosis of cancer cells
without damaging healthy tissue.”*** The in vitro drug release
from MMSN@chitosan hydrogel was determined in two media
with different pH values (pH 7.4 and 5) to simulate the physi-
ological condition and tumor intracellular microenvironment
and two different temperatures (37 °C and 43 °C) to simulate
physiological body temperature and hyperthermia temperature
which caused cancer cell death. Fig. 8 shows the drug release of
the samples within 72 hours. The cumulative amounts of drug
released within 72 h from TMX/MMSN@chitosan hydrogel
samples at pH 7.4 and temperatures of 37 °C and 43 °C are
15.6% and 29.1%, respectively which vary slightly. The hydrogel

RSC Adv, 2020, 10, 39008-39016 | 39013
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Fig. 8 Curve of drug release from MMSN@chitosan hydrogel at
different pH and temperatures over 72 h.

90 A
80 4
70 41

>

£ 60 -

=

= 50 4

s

S 40
30 4
20 1
10 A
0+

Control 10 pg/ml 25 pg/ml 100 pg/ml 200 pg/ml

Fig. 9 Cellular biocompatibility results (MTT) for MMSN@chitosan
hydrogel on L929 cells for 24, 48 and 72 h treatment.

release about 52.2% and 67.3% of the loaded tamoxifen over
a 72 h period at pH 5.0 and temperature of 37 °C and 42 °C,
respectively. The increase in drug release at pH 5.0 compared to
PH 7.4 is due to sensitivity of chitosan to pH. Comparing the
results of drug release from hydrogel (regardless of the
temperature parameter) with previous research shows that
glutaraldehyde cross-linkers have reduced the burst effect about
25-65% due to glutaraldehyde cross-links and the swelling
properties of the hydrogel which prevent burst release.**™**

A schematic illustration of the circulation of chitosan
hydrogel in body to reach the cell and release of drug is shown
in Fig. S5.1

3.9. MITT assay

Biocompatibility is one of the key parameters for biomedical
applications. Systems designed for applications such as drug
delivery should not exhibit significant toxicity; therefore, the

39014 | RSC Adv, 2020, 10, 39008-39016
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MTT assay was used to evaluate synthetic hydrogel. The results
of cell biocompatibility (MTT) for chitosan hydrogel are shown
in Fig. 9. Cellular evaluation was performed on L929 cells and
24,48 and 72 h treatment and different concentrations. The cell
viability of hydrogel at different concentrations was acceptable
and no effective toxicity was observed. Cell viability of hydrogel
is greater than 80% (after 72 h). The synthesized hydrogel is safe
and can be used for drug delivery.

4. Conclusions

SPIONs were synthesized by co-precipitation, and their surface
was modified with a mesoporous silica shell to enhance
biocompatibility and subsequently chitosan was used to
prevent burst effect and drug release into non-target chitosan
tissue. In this study, MMSN/chitosan hydrogel was investigated
for drug delivery and hyperthermia. Drug release studies over
a period of 72 hours show that hydrogels release different
amounts tamoxifen under different pH and temperature
conditions and most release occurs at pH 5.0 (pH simulation in
endosomes) and 43 °C (temperature required for hyper-
thermia). The study of in vitro hyperthermia of hydrogel and
MMSNs shows that the temperature rise in MMSNs is much
higher than that of hydrogels, which could be due to the non-
magnetic coating of MMSNs in hydrogel but the hydrogel can
provide the necessary heat for hyperthermia at approximately 5
minutes which is a reasonable time according to previous
reports. The cell biocompatibility of hydrogel was determined
by MTT assay. The results showed that the hydrogel was not
toxic at the studied durations and concentrations and it can be
concluded that any cell death resulting from the MMSN/
chitosan hydrogel will be due to the release of the toxic drug
(tamoxifen).
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