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Abstract

Herein, we report the synthesis of a mesoporous calcium silicate superparamagnetic
nanoparticle as ZnMnFe20s@Fe-CaSiOs core-shell. This core-shell nanocomposite reveals
excellent properties such as mesoporous nanocomposite, superparamagnetic at room temperature,
low toxicity, large surface area, tunable pore size, and easy surface manipulation. The core
nanocomposite (ZnMnFe204) is synthesized by the hydrothermal method, which shows a
superparamagnetic behavior with an excellent saturation magnetization of 52.09 emu/g. The core-
shell structure is prepared by a micellar-assisted sol-gel method, which uses a copolymer to create
pores in the structure of CaSiOs. To improve the magnetic properties of the core-shell structure,
different percent of Fe ions (0%, 5%, and 10%) are doped onto the calcium silicate structure; as
for 10% Fe, i.e., ZnMnFe20s@Fe10-CaSiOs, saturation magnetization and coercive magnetic field
are 34.543 emu/g and 10Oe, respectively. In this configuration of nanocomposite, the pore volume
and superparamagnetic property increase simultaneously. In addition, the core-shell mesoporous
ZnMnFe204@Fe-CaSiOs nanocomposite reveals comparable mesoporous channels (3.4-6 nm),
while the amorphous structure of CaSiOs has not been changed. These core-shell mesoporous

superparamagnetic nanocomposites are evaluated in terms of drug loading and release using



a v A~ W N

~

epirubicin (EPI) as a model drug. It is found that the increase of iron ions improves the capacity to
stabilize the pH environment. Additionally, the mesoporous Fe-CaSiOs nanostructures
demonstrate a sustained drug release property that could be useed in local drug delivery therapy.
Therefore, these mesoporous superparamagnetic nanostructures would be a promising
multifunctional platform for local drug delivery, magnetic resonance imaging, magnetic

hyperthermia, and bone tissue regeneration.

Keywords: core-shell nanoparticles; superparamagnetic; mesoporous; epirubicin (EPI); drug

delivery
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1- Introduction

Nowadays, the targeted delivery of drugs is highly regarded as a successful and important
method in the treatment of certain diseases. Targeted drug delivery involves specifically carrying
and releasing the drug into the tumor area or damaged tissues and reducing drug leakage into other
healthy tissues or cells. This method not only reduces adverse effects but also improves therapeutic
effectiveness and decreases treatment costs compared to the conventional methods [1-3]. In drug
targeting, drug molecules accumulate in a target organ or tissue selectively such that the drug
concentration at the disease site is high while its concentration in non-targeted organs and tissues
is low (preferably below a specific threshold level to prevent any adverse effects) [4, 5]. An ideal
target should be druggable, meaning effective, safe, and meeting clinical and commercial

requirements [6].

Superparamagnetic nanoparticles are one of the most important substances that can be used in
targeted drug delivery systems due to their ability to control drug delivery and release by an applied
magnetic field [7, 8]. Besides, they have demonstrated significant potential applications in
biomolecule separation [9], as a contrast agent in magnetic resonance imaging (MRI) [10, 11],
and, most notably, in hyperthermia cancer therapy [8, 12]. Although their bioproperties are limited,
the main disadvantage of these magnetic carriers is their limited drug loading capacity because of
their small specific surface area [13]. Different biomaterials, such as organic (polymers) and
inorganic (silica, calcium silicate) materials, can cover superparamagnetic nanoparticles to create

a solution for the aforementioned issues [14-16].

Wollastonite (WS), which is a calcium silicate mineral (CaSiOs), has been considered a
potential candidate for dental roots, drug delivery, and bone tissue engineering due to its excellent
biocompatibility, biodegradability, and bioactivity [17, 18]. Furthermore, literature reports have
revealed that WS nanoparticles loaded with ibuprofen [19, 20], an anti-cancer docetaxel (DTX)
drug [21], or proteins [22] can show a sustained, slow, and controllable release behavior without
any surface modification with organic functional groups. Furthermore, micro-mesoporous WS
nanoparticles were loaded with a relatively high amount of epirubicin (EPI), and its release
behavior investigation revealed a sustained, slow, and pH-responsive release (described in our
previous work) [23]. Wu et al. [24] demonstrated that mesoporous WS can load an extremely high

amount of ibuprofen (2.29 g/g (drug/carrier)), owing to the chemical nature and porous structure
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of WS. Therefore, porous WS nanoparticles are promising for their application in various drug
delivery systems with controlled release. Besides, it is well acknowledged that WS has shown
excellent bioactivity and biocompatibility in comparison with other inorganic biomaterials (such
as silica) and are able to transform into bone-like apatite or hydroxyapatite in phosphate buffered
saline or simulated body fluid [25]. Hence, it is suitable for bone-implantable drug delivery

applications too.

Mesoporous core-shell magnetic iron oxide-WS nanoparticles were synthesized by B.-Q. Lu
et al. [26]. The in-vitro cytotoxicity tests of the DTX-loaded core-shell magnetic Iron Oxide-WS
have revealed that the synthesized nanoparticles have the ideal anti-cancer ability. However,
saturation magnetization of the core-shell nano carriers was only 6.2 emu/g [26]. Basically, the
magnetic properties of nanoparticles are reduced by covering them in the core-shell configuration
[27]. To address this issue, a suitable magnetic nanoparticle (for example, iron) can be doped into
the WS shell structure. Iron is found in red blood cells and plays a crucial role in the functioning
of the human body [28]. Moreover, magnetic mesoporous Fe—CaSiOs materials could generate
heat in an alternating magnetic field for potential application in hyperthermia treatment to treat
bone defects caused by bone tumors [29]. Zhang et al. synthesized magnetic mesoporous Fe—
CaSiOs nanoparticles [29]. Then, they showed that the magnetization of the nanoparticles
increased with the level of Fe substation in the structure and it had not shown any cytotoxic effects
on MC3T3-E1 cells [30].

In the present work, superparamagnetic ZnosMnosFe204 (ZMFO) nanoparticles were
successfully synthesized by the hydrothermal method. Then, the nanoparticles were coated with
calcium silica by the sol-gel method. Fe ions (0%, 5%, and 10%) were doped onto the calcium
silicate structure, P123 was used as the template for the porous structure, and iron was added. The
XRD pattern has confirmed the formation of a magnetite phase and an amorphous silica structure.
Also, the results of FTIR and TEM analysis show that the coating of nanoparticles (ZMFO) by Fe-
CaSiOs has been done well. BET analysis and nitrogen gas absorption have shown that the
synthesized nanocomposites have a mesoporous structure with a high specific surface area of
34543 m?/g and a high pore volume of 0.204 cm®g for 10% Fe in shell sample
(ZnMnFe204@10%Fe-CaSiOs). VSM analysis has confirmed the superparamagnetic property of

nanoparticles with a high Ms of 37.22 emu/g and a low Hc of 1 Oe. These high specific surface



1 area and pore volume, and high Ms and low Hc of the sample cause these composites suitable for
2 targeted drug delivery and biosensor applications. In this configuration of nanocomposite, the pore
3 volume and superparamagnetic property are increased simultaneously. A comparison of the drug
4  release of epirubicin (EPI) at pH 5.5 and 7.2 has shown that drug release occurs faster at pH 5.5,
5  which is similar to cancer cells in the human body.
Loaded Drug
/ ‘\\ EPI Drug Local
\
Superparamagnetic Y .
ZnMnFe,0, & . Hyperthermia
P NI g
Drug Loaded ~~-4>.____ ~ Gene Delivery
ZnMnFe,O,@Fe-CaSiO
A :0.@ 3 Blood Vessel MRI
Mesoporous
Fe-CaSiO, | I
Cancer Cell ‘ =
‘ Bone Tissue
Normal Cell Regeneration
<
ZnMnFe,0 @Fe-CaSiO;
Nanoparticle
7 Schem. 1. The schematic illustration of ZnMnFe20s@Fe-CaSiOs nanoparticle and its applications in
8 medical.
9
10 2- Experimental
11 Materials:
12 Zinc nitrate hexahydrate (Zn(NOs)2. 6H20), manganese nitrate hexahydrate (Mn(NOs)2.
13 6H20), ferric nitrate nonahydrate (Fe(NOs)s. 9H20), calcium nitrate tetrahydrate (Ca(NOs3)2.
14 4H20), Merck), and TEOS (C2Hs0)4Si were used as raw materials. Besides, PEG-PPG-PEG
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triblock copolymer (P.123, EO20-PO70-EO020, Sigma-Aldrich) was used as the template for
porous structure. Feridex was the supplier to MEENA Pharmaceutical.

Synthesis of Zno.4sMnosFe20a:

First, 8.2550 g of iron nitrate was dissolved in 20 mL of deionized water and heated to a
temperature of 37 °C for 30 min. Then, 1.2575 g of manganese nitrate and 1.5023 g of zinc nitrate
were dissolved in 5 mL of deionized water separately. After that, the solutions were mixed together
and stirred for 30 min. Then, 0.404 g of sodium hydroxide were dissolved in 10 mL of deionized
water, and then, was added drop by drop to the mixture for 15 min, and was magnetically stirred
for 30 min at 500 rpm. Then, the mixture was placed in an ultrasonic bath for 10 min. After that,
the mixture was transferred into a 200 mL autoclave and heated at 200 °C for 5 h. After cooling,
the solid material was washed with ethanol and deionized water several times. Finally, the solid
material was dried at 120 °C for 12 h.

Synthesis Zno.4sMno sFe.Os@Fe-CaSiOs:

Zno.sMno.sFe20s@CaSiOs nanoparticles were synthesized by a micellar-assisted sol-gel
method [29]. As a brief summary, 3 g of P123 was mixed with 20.5 mL of HCI and 130 mL of
distilled water at a temperature of 40 °C until the mixture became clear. After that, first 0.1 g of
ZMFO nanoparticles were added, and then, 9.64 g of Ca(NOs)2. 4 H20, and 8.5 mL of TEOS were
added to the mixture. Then, the different percent iron ions (0, 0.82, and 1.65 g) were substituted
into the shell structure to improve the magnetic properties of the samples at values of 0%, 5%, and
10% wit rather than Ca. The mixture was kept under constant stirring for 24 h, and then washed
with distilled water three times. The precipitate was dried for 12 h at 110 °C. Finally, the as-
prepared powder was calcined in air for 3 h at a heating rate of 9 °C/min at a temperature of 600
°C in order to remove the micellar template. These samples were labelled ZMFO, ZMFO@CSO,
ZMFO@F5-CSO, and ZMFO@F10-CSO, which are related to ZnosMnosFe204 core,
Zno.4aMno.6Fe204@CaSiOs, Zno.sMnosFe204@Fe5-CaSiOs, and Zno.4aMno.sFe204@Fe10-CaSiOs,
respectively. The schematic illustration of synthesis of ZMFO and ZMFO@F-CSO nanocomposite

is shown in Schem. 2.
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Schem. 2. The schematic illustration of synthesis of ZMFO and ZMFO@F-CSO.

Measurement and characterization:

Transmission electron microscopy (TEM, CM120, Netherlands) at an accelerating voltage of
100 kV and field emission scanning electron microscopy (FESEM, TESCAN, MIRA Il, Czech
Republic) were both used to study the morphological characterizations. The FESEM system
carried out electron dispersion spectroscopy (EDS). Fourier transform infrared spectroscopy
(FTIR) was recorded using a FTIR-AVATAR (Thermo, USA) with KBr pellets at room
temperature over a frequency range of 4000400 cm™. X-ray powder diffraction (XRD) data were
collected using a copper K radiation source (I = 0.15405 nm, Philips, PW1730, Netherlands). The
porous structural properties of the sample were analyzed by nitrogen adsorption-desorption
isotherms at 77 K using the Belsorp Mini I1, Japan. To perform the N2 measurements, the samples
were previously heated under vacuum for 120 min at 180 ‘C. The pore size distribution of the

samples was calculated by Barrett—Joyner—Halenda (BJH) method from adsorption branch of the



N o o W

10
11
12
13
14

15

16

17

isotherms. The magnetic properties of samples were measured by a VSM system with a maximum
magnetic field of 15 kOe.

5 mg of synthetic nanoparticles were mixed with 5 mg of epirubicin in a water environment
and stirred for 48 h. Then the mixture was centrifuged at 14000 rpm for 10 min, and the amount
of unloaded epirubicin in the supernatant was determined through fluorometry (excitation at 488
nm and emission at 555 nm). Drug loading efficiency (Table 1) in the synthesized nanoparticles
was evaluated indirectly according to the following equation:

loaded drug

b loadi .. 04 — 100
rug loading ef ficiency (%) total drug amount*

Release test:

2 mg drug-loaded nanoparticles were dispersed in 10 mL PBS (pH 7.4) and acetate buffer (pH
5.5) separately and shaken on a rotator for 120 h. 2, 4, 8, 12, 24, 48, 72, and 120 h later, a 0.5 mL
sample was removed and replaced with fresh buffer. The drug concentration in samples was
evaluated through fluorescence (excitation at 488 nm and emission at 555 nm). Released drug

percent was evaluated according to the following equation:

(Xn = Total buf fer volume) + Xn — 1
Released drug percent = * 100.
Total amount of drug

where X,, was drug amount determined in 1 mL buffer solution.
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Fig. 1. (a) The XRD patterns, and (b) FTIR spectra of ZMFO, ZMFO@CSO, ZMFO@F5-CSO,
and ZMFO@F10-CSO samples.

3- Results and discussion:

The XRD pattern is used to study the crystal structure properties of the samples, as illustrated
in Fig. 1a. As can be seen in Fig. 1a, the characteristic diffraction peaks at 26 = 29.93°, 35.40°,
36.38°, 42.73°, 52.46°, 56.59°, 61.98°, and 74.95° of ZnMnFe204 correspond to the (220), (311),
(222), (400), (422), (511), (440), and (533) planes of a cubic spinel structure with high crystallinity

9
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(according to JCPDS No. 96-152-8318) (according to JCPDS No. The XRD patterns of the core-
sell samples (ZMFO@F-CSO) show the coating of WS has not changed the core structure.
Moreover, the structure of mesoporous CaSiOs has not changed after doping with Fe, indicating

the substitution of iron ions instead of calcium [29].

The FTIR spectra of samples have been shown in Fig. 1b. As can be seen in Fig. 1b, the broad
absorption peaks at 3384 and 1627 cm™ can be attributed to stretching and bending vibrations of
OH on adsorbed water and the surfaces of samples, respectively [31, 32]. ZnMnFe204
microspheres exhibit typical bands at 578 cm™, which are attributed to Fe-O vibrations from the
magnetite phase [33]. The bands at approximately 3384, 1627, and 578 cm™ are the same main
infrared absorption peaks between ZMFO and various ZMFO@CSO. The peaks at 1487, 1042,
and 857 cm™ belong to amorphous CaSiOs and can be attributed to asymmetric and symmetric
stretching and bending vibrations of Si-O-Si, respectively [33]. These peaks in the ZMFO@F10-
CSO spectrum have shifted to 1423 and 1000 cm™, due to the addition of more Fe. Thus, FTIR

measurements confirm the formation of the samples.

10
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Fig. 2. The TEM images of (a) ZMFO@CSO core-shell nanoparticles, and (b) its magnified, (c)
ZMFO@F5-CSO, and (d) ZMFO@F10-CSO nanocomposites.

The TEM images of the ZMFO@CSO nanoparticle core-shell samples are shown in Fig. 2.
As can be seen in Fig. 2a, the synthesized particles are spherical-shaped and about 100-150 nm in
size with a relatively suitable size distribution (the size distribution of nanoparticles is shown in
Fig. 1S in Supporting Information). The TEM images of the ZMFO@CSO, ZMFO@F5-CSO, and
ZMFO@F10-CSO core-shells have been shown in Figs. 2b—d as magnified, respectively. As can
be observed in Figs. 2a-d, a spherical shell has covered the core homogeneously with a thickness
of about 30-50 nm. In addition, the holes and porous surface of the shell can be observed from
TEM images of the core-shell samples, which makes them suitable for use in medical applications
[29]. The pore size of about 5-6 nm can be observed in all three samples of ZMFO@CSO,

11



1
2

O 00 N O

10

ZMFO@F5-CSO, and ZMFO@F10-CSO, indicating the mesoporous structure of CaSiO3 has not
been collapsed by doping with Fe.

SEMHV:1500kvV  WD:1505mm L+ 3 31333101 MRAWTESCAN
SEM MAG: 5.00 kx Det: BSE 10 um 4
View field: 43.34 um Date(m/d#y): 08/30/22 n

Fig. 3. The SEM images of (a) ZMFO nanoparticles, and (b) ZMFO@F5-CSO nanocomposites.

The surface morphologies of ZMFO nanoparticles and ZMFO@F5-CSO nanocomposites
were characterized via SEM, as shown in Fig. 3a and b, respectively. As clearly shown in Fig. 3a,
the ZMFO nanoparticles are relatively uniform, and rough. Light shade colors in Fig. 3b represent
shell in ZMFO@F5-CSO and confirm core—shell structure.

12
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Fig. 4. The results of EDS analysis of (a) ZMFO nanoparticles, (b) ZMFO@CSO, (c)
ZMFO@F5-CSO0, and (d) ZMFO@F10-CSO nanocomposites.

The results of the EDS analysis of the samples are shown in Fig. 4. As can be seen in Fig.
4a, the elements Fe, Zn, Mn, and O are observed in the ZMFO sample. Also, the elements Fe, Zn,
Mn, O, Ca, and Si can be seen in ZMFO@CSO, ZMFO@F5-CSO, and ZMFO@F10-CSO
nanocomposite (Figs. 3b-d, respectively). Figs. 4a and 4b exhibit that the intensity of the Fe peak
decreases in ZMFO@CSO, which can be attributed to coated CaSiO3 on ZMFO nanoparticles.
But, in Figs. 4c and d, as expected, the intensity of the Fe peak increases in ZMFO@F5-CSO and
ZMFO@F10-CSO. Here it should be noted that in the EDS analysis, most of the received signals

13
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are coming from the surface of the sample as EDS detector was used in the scanning electron

microscopy.

Fig. 5. (@) The SEM image of ZMFO@F10-CSO nanocomposite, and the elemental mapping of
(b) Fe, (c) Zn, (d) Mn, (e) O, (f) Ca, (g) Si, and (h) all the elements.

The elemental mapping evaluates the uniform distribution of elements on the surface of the
samples. The distribution of elements on the ZMFO@F10-CSO nanocomposite is shown in Fig.
5. Fig. 5a shows the SEM image of the ZMFO@F10-CSO nanocomposite, and Figs. 5b-g illustrate
the distribution of Fe, Zn, Mn, O, Ca, and Si elements, respectively. As can be seen, the elements

have an excellent uniform distribution on the surface. Also, Fig. 5h shows all the elements.

14
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Fig. 6. The N2 adsorption-desorption isotherms (a) and pore size distributions (b) of the samples.

The N2 adsorption-desorption isotherms and their pore size distributions for ZMFO@CSO,
ZMFO@F5-CSO, and ZMFO@F10-CSO have been shown in Fig. 6a and b. The BET surface
area, total pore volume, and BJH pore size of the samples have been represented in Table 1. As

can be seen from the isotherm curves in Fig. 6a, all the isotherms can be classified as type-1V

15
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isotherms, indicating a well-ordered mesoporous structure [34-39]. The sample of ZMFO@CSO
has an H2-type hysteresis loop in the mesoporous region [40]. On the other hand, by substituting
Fe ions into the structure, the type hysteresis loop of the samples (ZMFO@F5-CSO and
ZMFO@F10-CSO in Fig. 6a) has been gradually changed to an H1 type hysteresis loop [41].
Therefore, the inkbottle-like pores with narrow necks and variable size have been changed to
cylindrical pores with both sides completely open by substitution of Fe ions in the structure. This
change in pore shape can be obviously confirmed by comparison of TEM images of ZMFO@CSO
and ZMFO@F5-CSO samples (Fig. 2b and 2c, respectively) which in both cases the TEM
micrograph was taken perpendicular to lateral surface of the pores. The mentioned pore-shape
changes can be due to accumulation of FeO molecules along the pore mouth that resulted in
changing of the hysteresis loop from the H2 type to H1 by increasing the Fe substitution. In
addition, it can result in enlargement of the pore width that is confirmed by the measurements of
BJH pore size as presented in Table 1 and Fig. 6b. The pore size was clearly increased by
increasing the Fe substitution. It could also be noted that the increase in the pore size and change
in the hysteresis loops i.e. pore shape can be due to the larger Fe ion size than Ca ion size, resulting
a greater metal oxygen bond length. Similar results were reported in the literatures when other
types of transition element ions were incorporated in a silica framework [29, 42, 43]. Besides,
increasing the Fe substitution in the structure decreases the BET surface area. The BET surface
areas of 118.750, 55.196, and 34.543 m?/g were obtained for ZMFO@CSO, ZMFO@F5-CSO,
and ZMFO@F10-CSO, respectively.

However, there is no doubt that these differences cannot cause a major change in the
mesoporous scale when the Fe ions are accurately substituted into the CaSiOs structure as was
revealed by former mentioned analyses. Thus, the mesoporous structure of CaSiOs was not
destroyed after Fe substitution. At P Po! = 0.99, the ZMFO@CSO, ZMFO@F5-CSO, and
ZMFO@F10-CSO samples had single-point adsorption with total pore volumes of 0.2043, 0.2096,
and 0.2234 cm®/g, respectively. Therefore, total pore volume is gradually raised with the increase
of the Fe substitution, which can be due to the increasing of the attributed BJH pore size as
described in Table 1. The results of the sample N2 adsorption-desorption analysis show successful
synthesis of mesoporous calcium silicate nanoparticles. Although the substitution of Fe decreases
their surface area, the mesoporous structure of ZMFO@F10-CSO core-shell nanoparticles with

16
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their large surface area of 34.543 m?/g should be a good candidate as a drug carrier in drug delivery

systems.
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Fig. 7. The magnetization curves of all the samples.

The magnetic properties of the samples have been shown in Fig. 7. The magnetization curves
of all the samples illustrate superparamagnetic behavior at room temperature. The magnetization
saturation (Ms) of 52.09, 30.41, 34.05, and 37.22 emu/g were obtained for ZMFO, ZMFO@CSO,
ZMFO@F5-CSO, and ZMFO@F10-CSO superparamagnetic nanoparticles, respectively. As can
be seen, the measured Ms of the ZMFO@CSO core-sell magnetic nanocomposite is less than that
of the ZMFO nanoparticles by 21.07 emu/g, which can be attributed to the CaSiOs deposited on
the surfaces of the ZMFO microspheres [33]. Despite this, Ms increases with substitution of Fe in
the mesoporous CaSiOs shell, which leads to a Ms of 37.22 emu/g for ZMFO@F10-CSO at room
temperature. The coercive magnetic field (Hc) of the samples was nearly 1 Oe, which is
approximately constant for all the samples. Thus, the core-shell nanoparticles have been obtained,
which, in addition to the mesoporous surface, show superparamagnetic behavior with a high Ms
of 37.22 emu/g and a low Hc of 1 Oe (for the ZMFO@F10-CSO nanoparticle). These excellent

properties make these nanoparticles capable of being used in medicine applications such as bone
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regeneration [33, 44], magnetic hyperthermia [30], the EPI drug as a cancer drug [45], and MRI
[46], due to their fast responses to external magnetic fields.

Loading and release of drug:

The drug was loaded into the mesoporous calcium silica superparamagnetic nanoparticles
after incubation with EPI solution. At room temperature and under physiologic pH, the driving
force for drug loading is the electrostatic interaction between negatively charged mesoporous
calcium silica superparamagnetic nanoparticles (ZMFO@CSO, ZMFO@F5-CSO, and
ZMFO@F10-CSO nanoparticles) and positively charged EPI. Approximately 98, 96, and 93% of
the feeding drug were loaded into different nanoparticulate formulations. It can be attributed to an
increase in pore size. Additionally, the ability of surfaces with more negative charges to more
effectively adsorb positively charged EPI could account for this result. The release profile of EPI
from the nanoparticles was assessed in buffer solutions at pH values of 5.5 and 7.2 to mimic the
pH of tumors and normal tissues, respectively (Fig. 8). During the first two-hour period, at a pH
of 5.5, about 49%, 32%, and 29% of the drug was released from the ZMFO@CSO, ZMFO@F5-
CSO, and ZMFO@F10-CSO nanoparticles, respectively, while it was about 5%, 3%, and 2% at a
pH of 7.4 for them in the phosphate buffer. This occurrence may be due to the fact that the zeta
potential of ZMFO@CSO, ZMFO@F5-CSO, and ZMFO@F10-CSO nanoparticles depends on
pH. On the other hand, in an acidic pH environment, protonation of surface sialon groups may
cause drug epirubicin molecules to release from surface mesoporous calcium silica
superparamagnetic, weakening their interaction with positively charged EPI and resulting in drug
release. After 120 h, the drug release of 86%, 55%, and 54% was obtained for ZMFO@CSO,
ZMFO@F5-CSO, and ZMFO@F10-CSO nanoparticles at pH 5.5 and 31%, 23%, and 20% for
them at pH 7.4. As can be observed in Fig. 8, the drug release behavior of all the materials is the
same. As a result, a drug nano carrier with pH-controlled release that hasn't had its surface altered
has been created. Fig. 8 also shows that the drug is released continuously at the desired rate, which
may be caused by the presence of mesoporous cells. They created a sequestered volume so that
either the drug could be loaded as a single molecule into the mesoporous or the interaction between
the drug and the nanoparticles in this constrained volume could be stronger. It would thus prevent

an excessively rapid initial release [47]. Additionally, the drug release decreases with increasing
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Fe percent in shell, which can be attributed to the fact that the different dissolution characteristics
of the mesoporous ZMFO@F-CSO materials during drug release might play an important role in
the different release rates from those materials. In similar reports, Zhang et al. [29] showed that
the gentamicin release rate decreased with increasing Fe substitution in Fe—CaSiOs materials.
Moreover, the gentamicin release rate decreased with increasing Sr substitution in Sr—CaSiOs3
materials [48], and this behavior was also reported by Wu et al. for dexamethasone release from
bioactive SrO-SiOz2 glass [49]. Thus, the drug release rate can be to some extent controlled by the
substitution of Fe for Ca in mesoporous F-CSO shell materials, and ZMFO@F-CSO core-shell

nanocomposite has potential as a local drug delivery system.

Table 1. The surface area, total pore volume, and pore size of the samples

Dru
Samples surface area | Total pore | pore radius | d9
oadin
(m?/g) volume (nm) o J
efficiency
(cm?3/g)
(%)
ZMFO@CSO 118.750 0.2043 2.38 93.52+0.3
ZMFO@F5-CSO | 55.196 0.2096 3.97 95.67+0.45
ZMFO@F10-CSO | 34.543 0.2234 6.20 98.39+0.04
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Figure 8. Drug release profile from PBS 7.4 (a) and acetate buffer 5.5 (b) during 120 h.

Conclusion

In this work, we report the synthesis of a mesoporous iron-calcium silica superparamagnetic

nanoparticle as ZnMnFe20s@Fe-CaSiOs core-shell. The structural, morphological, magnetic, and

20



© 00 N o uu b W N R

O T O
N o A W N R, O

18

19

20
21
22
23
24
25
26
27
28
29
30

porosity analysis of the sample reveal a core-shell configuration with excellent properties such as
Mesoporous nanocomposite, superparamagnetic at room temperature, low toxicity, large surface
area, tunable pore size, and easy surface manipulation. The ZnMnFe204 nanocomposite as a core
is synthesized by the hydrothermal method, which shows superparamagnetic behavior with
saturation magnetization of 52.09 emu/g. The core-shell structure is prepared by a surfactant-
assisted sol-gel method to make pores on the surface of CaSiOs. 10% doped Fe onto the calcium
silica structure, i.e., ZnMnFe204@Fe10-CaSiOs, shows a saturation magnetization and coercive
magnetic field of 34.543 emu/g and 1 Oe, respectively. In addition, the core-shell mesoporous
ZnMnFe204@Fe-CaSiOs nanocomposite reveals comparable mesoporous channels (3.4-6 nm),
while the amorphous structure of CaSiOs does not change. The drug loading and release of these
samples is evaluated by Epirubicin (EPI) as a model drug. It is found that an increase in iron ions
improves the capacity to stabilize the pH environment. Also, these nanoparticles contained 98-
93% of the feeding drug. Additionally, the mesoporous Fe-CaSiOs nanostructures demonstrate a
sustained drug release property that could be applied in local drug delivery therapy. Therefore,
these mesoporous superparamagnetic nanostructures would be a promising multifunctional
platform with local drug delivery, magnetic resonance imaging, magnetic hyperthermia, and bone

tissue regeneration.
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ZnMnFe20s@Fe-CaSiOs reveals mesoporous channels with amorphous
structure of CaSiOs

Ms and Hc of ZnMnFe204@Fe10-CaSiOs are 34.543 emu/g and 10e

Increase of iron ions improved the capacity to stabilize the pH environment
ZnMnFe204@Fe10-CaSiOs nanoparticles are contained 98 - 93% of the feeding
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