molecules

Article

Chitosan/Gamma-Alumina/Fe;O0;@5-FU Nanostructures as
Promising Nanocarriers: Physiochemical Characterization and
Toxicity Activity

Narges Ajalli 1, Mehrab Pourmadadi !, Fatemeh Yazdian *, Hamid Rashedi 1*{7, Mona Navaei-Nigjeh 3

and Ana M. Diez-Pascual 3*

check for
updates

Citation: Ajalli, N.; Pourmadadi, M.;
Yazdian, F.; Rashedi, H.;
Navaei-Nigjeh, M.; Diez-Pascual,
A M. Chitosan/Gamma-
Alumina/Fe;O04@5-FU
Nanostructures as Promising
Nanocarriers: Physiochemical
Characterization and Toxicity
Activity. Molecules 2022, 27, 5369.
https://doi.org/10.3390/
molecules27175369

Academic Editors: Gianina Dodi and
Abbas Rahdar

Received: 16 July 2022
Accepted: 16 August 2022
Published: 23 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Chemical Engineering, Faculty of Engineering, University of Tehran, Tehran 1417935840, Iran
Department of Life Science Engineering, Faculty of New Science and Technologies, University of Tehran,
Tehran 1439956191, Iran

Pharmaceutical Sciences Research Center, Institute of Pharmaceutical Sciences (TIPS), Tehran University of
Medical Sciences, Tehran 1417613151, Iran

Department of Pharmaceutical Biomaterials, Medical Biomaterials Research Center, Faculty of Pharmacy,
Tehran University of Medical Sciences, Tehran 1417614411, Iran

Universidad de Alcala, Facultad de Ciencias, Departamento de Quimica Analitica, Quimica Fisica e Ingenieria
Quimica, Ctra. Madrid-Barcelona, Km. 33.6, 28805 Alcala de Henares, Madrid, Spain

*  Correspondence: yazdian@ut.ac.ir (F.Y.); hrashedi@ut.ac.ir (H.R.); am.diez@uah.es (A.M.D.-P.)

Abstract: Today, cancer treatment is an important issue in the medical world due to the challenges and
side effects of ongoing treatment procedures. Current methods can be replaced with targeted nano-
drug delivery systems to overcome such side effects. In the present work, an intelligent nano-system
consisting of Chitosan (Ch)/Gamma alumina (yAl)/Fe3;Oy4 and 5-Fluorouracil (5-FU) was synthesized
and designed for the first time in order to influence the Michigan Cancer Foundation-7 (MCF-7) cell
line in the treatment of breast cancer. Physico-chemical characterization of the nanocarriers was
carried out using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), vibrating
sample magnetometry (VSM), dynamic light scattering (DLS), and scanning electron microscopy
(SEM). SEM analysis revealed smooth and homogeneous spherical nanoparticles. The high stability of
the nanoparticles and their narrow size distribution was confirmed by DLS. The results of the loading
study demonstrated that these nano-systems cause controlled, stable, and pH-sensitive release in
cancerous environments with an inactive targeting mechanism. Finally, the results of MTT and flow
cytometry tests indicated that this nano-system increased the rate of apoptosis induction on cancerous
masses and could be an effective alternative to current treatments.

Keywords: drug delivery; cancer; chitosan; gamma alumina; Fe3Oy; fluorouracil

1. Introduction

Today, on hearing the name of cancer, a person becomes frightened and worried
and loses hope in life. Generally, different kinds of cancer are caused by the abnormal
proliferation of cells in the body. Millions of cells are grouped to make different tissues
and organs of the human body. The genes of each cell give it the necessary instructions,
some of which are vague, so the cell behaves abnormally, causing the circulation of a
group of abnormal cells in the blood or immune system with the potential to turn into a
malignant tumor or cancer [1-3]. The body’s cells die during a regulated process and are
replaced by new cells. Sometimes this normal process is dysregulated and the worn cells
do not disappear, forming a mass that can turn into a tumor and become malignant or
cancerous [4-6]. There are several ways to treat this dangerous disease. Surgery, as one of
the treatment methods, faces drawbacks such as slowed down digestion [7]. It can also
affect the patient’s eating behaviors. Chemotherapy is one of the most common methods for
cancer treatment. It is based on slowing down or stopping the development of fast-growing

Molecules 2022, 27, 5369. https:/ /doi.org/10.3390 /molecules27175369

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules27175369
https://doi.org/10.3390/molecules27175369
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-8460-0841
https://orcid.org/0000-0001-7405-2354
https://doi.org/10.3390/molecules27175369
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27175369?type=check_update&version=1

Molecules 2022, 27, 5369

2 of 25

cancer cells. However, it also damages intact body cells, which in turn causes other side
effects [8-11]. Radiotherapy is another cancer treatment method. However, since it damages
cancer cells, it harms healthy cells as well. It may also cause nutritional problems [12-15].
Finding a treatment with minimal side effects, reduced cost and minimal impact is a
challenging task in the medical field. Therefore, scientists recently developed new methods
for cancer treatment using nanoscience. Nowadays, nanoscience is gaining considerable
attention in various fields of medicine, including cancer treatment. Nanotechnology has
been utilized for the diagnosis and treatment of diseases through the use of nanoparticles
and the development of targeted drug delivery methods [16-22].

Nanoparticles can be used for therapeutic purposes due to their unique properties,
including high surface-to-volume ratio and nanometer size, comparable to that of the
wavelength of light. They can be combined with several support components as well
as pharmaceutically active compounds due to their larger size compared to traditional
chemotherapeutic agents or biological macromolecular drugs. These dissolution compo-
nents facilitate protection against degradation, imaging, targeting, and stimulus-based
activation. On the other hand, the processing of nanoparticles in the body is different
from that of traditional drugs. Nanoparticles exhibit unique hydrodynamic properties and
bio-distribution profiles. It is worth noting that interactions taking place at the nano-bio
level can be used for improved drug delivery [16,22].

Polymer nanoparticles are made of biodegradable and biocompatible polymers as
pharmaceutical carriers. In recent years, their biodegradable nature has received consid-
erable attention as potentially suitable systems for drug delivery due to their ability to
release drugs gently and to load large amounts of drugs and prevent their degradation.
In these systems, the drug is loaded or linked by a covalent bond to the polymer matrix.
Polymer nanoparticles are used to improve surface quality and increase drug adsorption
efficiency. In the pharmacotherapeutical treatment of cancers, drugs can be selectively
delivered to suitable sites through the development of controlled drug delivery techniques.
The potential use of nanoparticles as drug carriers (so-called nano-carriers) was identified
as an important challenge over the past few years. Nano-carriers increase drug absorption.
Frequently, drug resistance leads to the failure of anti-cancer drugs during cancer treatment.
Many experts recommend using several drugs simultaneously [23-28].

Chitosan (Ch) is one of the most common biopolymers, with high potential for chemi-
cal modification to attain new properties and to produce nanomedicines in the biomedical
field. Ch has interesting properties such as mucosal adhesion, in situ gelling, a cationic na-
ture, antimicrobial action, controlled drug release, and permeation ability due to its primary
amine groups. Ch nanoparticles are common choices as drug carriers because of unique
properties including biocompatibility, low toxicity, biodegradability, and the high loading
capacity for proteins, oligosaccharides and so forth. Moreover, chemical modifications of
this biopolymer have improved its solubility in aqueous media, which further increases
its biological activity and applications [29-35]. For example, a study conducted by Zaki
et al. [36] showed that due to its unique properties, Ch could be very effective in the field
of cancer treatment. The study revealed that it could encapsulate chemotherapy drugs and
increase their solubility, reducing side effects, and could yield better therapeutic efficacy by
controlling the release rate.

Aluminum oxide is an inorganic compound with the chemical formula Al,Os; it is an
important amphoteric oxide and is available under a variety of brands, such as alumina
and corundum. At the nanoscale, alumina is quasi-spherical and has two phases, namely,
alpha and gamma, the second (yAl) being more stable. With high surface area and thermal
stability, YAl nanoparticles can be transformed into a micro-porous spherical structure
or a honeycomb structure of catalysts. Their unique features and properties include
amphoterism, high catalytic activity, good stability, high melting point and hardness. In
addition, these nanoparticles have phase stability when dispersed in water, which makes
them a good choice to be used in the field of drug delivery [37-40].
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A recent study by Fasihi et al. [41] on Al,O3 nanoparticles containing 5-Fluorouracil
(5-FU) showed that they reduced the side effects of 5-FU and also inhibited cell growth
and migration, and hence have great potential to be used for the treatment of colorectal
cancer. On the other hand, the literature review conducted by Denes et al. [42] corroborates
the well-known biocompatibility of alumina. In this study, articles on the biocompatibility
of this inorganic compound according to the ISO 10993-1 International Standard were
examined. In vitro and in vivo tests in animals and humans did not show any abnormal
response to each biological effect mentioned in the standard, such as cytotoxicity, sensiti-
zation, implantation and genotoxicity. In another study developed by Anaya et al. [43],
vAl was modified with long-chain carboxylic acid surface nanocrystals, and biocompatible
polysulfone/yAl nanocomposites with high performance were reported for the first time.
The results showed that some fatty acids were chemically adsorbed on the YAl surface and
formed nanosized self-assembled structures with thermal transitions at high temperatures,
approximately 100 °C above the melting temperature of the pure acids, which were shifted
by approximately 50 °C in the presence of polysulfone. The chemistry involved in the
adsorption was mild and green, complying with strict biosanitary protocols for biocompat-
ible devices. In addition, in a different work [44], biocompatible alumina ceramics were
evaluated for total replacement of the hip joint, and were reported to be ideal materials for
medical applications such as implants owing to their biocompatibility and outstanding
wear resistance. A brief review of the types of alumina used in total hip replacement, the de-
velopment of medical-grade alumina, and the methods for in vivo and in vitro evaluation
of alumina prostheses was presented [44]. Furthermore, important results were obtained
regarding the biocompatibility of alumina and calcium hex aluminate under different con-
ditions based on studies developed by Arbex et al. [45]. To confirm the biocompatibility of
these materials, their biological function, i.e., their interaction with the organism, was inves-
tigated. Preliminary biocompatibility tests were performed via cytotoxicity evaluation. The
results of such study showed that both washed and unwashed alumina were non-cytotoxic
and viable, and hex aluminate revealed slight cytotoxicity under different experimental con-
ditions. In another study, to improve the mechanical and biological properties of alumina
NPs, these were combined with titanium diboride (TiB;) micro powder. The properties of
Al,O3-TiB; nanocomposite coatings with different weight percentages of TiB, (20, 30 and
40% w/w) were studied experimentally. Cytotoxicity was also investigated, in particular
that of Al,O3-30 wt% TiB; as the optimal coating, and the results confirmed its non-toxicity
and biocompatibility [46]. It has also been demonstrated [47] that carbon-doped alumina
is more biocompatible than alumina alone, and it also has improved wear resistance and
a lower surface grain exit percentage. Confocal images and Alamar blue reduction assay
showed good cell attachment and proliferation of human bone marrow-derived mesenchy-
mal stromal cells (hBMSCs). Bone gene and protein expression indicated that Al,O3/C had
higher osteogenic potential than Al,O3. Consequently, the new Al,O3/C nanocomposite
had improved mechanical and biological properties. These findings demonstrated that
the Al,O3/C nanocomposite had better performance than Al,O3 and therefore has more
potential to be used in orthopedic applications [47].

Iron oxide magnetic nanoparticles (Fe304 MNPs) have attracted interest for different
applications such as magnetic resonance imaging (MRI), targeted drug delivery, tissue
repair, tumor targeting, cell isolation, and hyperthermia due to outstanding properties
including nanoscale size, low toxicity, superparamagnetism, and catalytic activity [16,48,49].
At present, several methods including co-precipitation, hydrothermal, and sol-gel are used
to synthesize these MNPs. Co-precipitation is a suitable approach to produce highly stable
MNPs with an ultrafine size distribution, which results in improved magnetic properties.
It is believed that toxicity is reduced by coating the surface of the MNPs with a polymer
layer or by producing two hydroxides. Moreover, biocompatibility may be increased and
aggregation avoided due to the adsorption of coating agents on the MNP surface. On the
other hand, biocompatible compounds such as dextran, polyethylene glycol, polyvinyl
alcohol, and polyvinylpyrrolidone have been used for surface modification or coating of
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MNPs to regulate their properties. The polymer layer applied to modify the MNP surface
should be protein-resistant and non-antigenic to increase blood circulation time [50-54].

Noticeable efforts have focused on studying the effects of coating materials on the
behavior of MNPs. In a study conducted by Nafchi et al. [55], Fe304 nanoparticles were
functionalized by glutaric acid and then combined with carbon quantum dots. Subse-
quently, they were loaded with doxorubicin to treat breast cancer. The physico-chemical
properties and morphology of the nanoparticles were examined, and the results showed
that the synthesized nanocomposites could be used in MRI, targeted drug delivery, and
cell labeling [55]. Chen et al. [56] showed that Fe;O,4 nanoparticles are biocompatible
and have therapeutic effects in combination with magnetic fluid hyperthermia on MCF-7
cancer cells. In that study, Fe304 MNPs were prepared using the simultaneous deposi-
tion method. Blood toxicity, laboratory toxicity and genotoxicity were investigated, and
therapeutic effects were assessed via MTT test and flow cytometry assay. The results
revealed that the toxicity of the MNPs in mouse fibroblast cell lines (L-929) was between
grade 0 and grade 1 and that they had no hemolytic activity. Acute toxicity (LD50) was
8.39 g/kg. The micronucleus test showed no genotoxic effect. Path morphology and blood
biochemistry testing showed that Fe;0, nanoparticles had no effect on the main organs
and blood biochemistry in the rabbit model. MTT assay and flow cytometry disclosed that
Fe30O4 nano-magnetofluid heat therapy inhibited MCF-7 cell proliferation and its inhibitory
effect was dose-dependent according to Fe3O4 nano-magnetofluid concentration [56]. In
addition, in a study developed by Ankamwar et al. [57], the biocompatibility of FezOy
nanoparticles was evaluated by in vitro cytotoxicity assay using normal, glia, and breast
cancer cells. The results of such research revealed that Fe;O, nanoparticles coated with
dipolar surfactant tetramethylammonium 11-aminoundecanoate were biocompatible and
promising for biological applications such as drug delivery, magnetic resonance imaging
and magnetic hyperthermia [57]. A study was performed by Li et al. [58] to investigate the
biocompatibility of Fe;04@Au composite magnetic nanoparticles in laboratory conditions.
The results demonstrated that these modified MNPs were highly biocompatible and safe,
and hence are suitable for further application in tumor hyperthermia. In addition, the
biocompatibility of empty Fe;O4 ferromagnetic nanoparticles (FNs) with human blood
cells, red blood cells, white blood cells and platelets was investigated by Stamopoulos
et al. [59]. For this purpose, FNs at a concentration of 19 mg/mL were dispersed in human
blood samples subjected to a specific maturation process of mild incubation for 120 min at
20 °C. The morphology and specific surface characteristics of the blood cells were analyzed
using optical microscopy (OM) and atomic force microscopy (AFM), in order to obtain
information from the micrometer to the nanometer level. The results obtained from both
techniques led to the same conclusion of high biocompatibility of the Fe304 FNs, even
at the high concentrations investigated in this work. Thus, no blood cell destruction or
significant side effects were observed due to the presence of Fe304 FNs [59].

Considering all the abovementioned studies, in the present work, (Ch)/yAl/Fe3zO4
nanocomposites loaded with 5-FU were synthesized for the first time using specific methods
at different temperatures. To the best of our knowledge, the mentioned nanoformulation
led to the design of highly effective nanoplatforms for breast cancer treatment, as revealed
by MTT assay and flow cytometry studies. These new nanocomposites increased the
effectiveness of cancer treatment by reducing the toxicity and side effects of the pH-sensitive
drug through its slow and controlled release. A general depiction of the experimental
approach is shown in Scheme 1.
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Scheme 1. Formation of a 5-FU-loaded Chitosan/Gamma-Alumina/Fe3;O4 hydrogel nanocomposite
as nanocarrier with induction of apoptosis and DNA damage in the MCF-7 cell line.

Span 80, a non-ionic surfactant with the chemical formula of Cg4H;2404, was used
as an emulsifier. It is a transparent, odorless viscous liquid, an environmentally-friendly
compound based on a natural fatty acid (oleic acid) and sorbitol sugar alcohol with unique
hydrophilicity /hydrophobicity properties. The presence of sorbitan ester is very effective as
a stabilizing agent in water-in-oil emulsion systems. This property is especially useful when
used in combination with ethoxylated derivatives. Because of its biodegradable nature,
its toxicity is very low. It is soluble in water, ethanol, methanol, isopropanol, toluene,
ethyl acetate, and ether, while insoluble in acetone. Moreover, this material is stable in the
presence of most chemical compounds and heat and oxidizes only in the presence of strong
oxidants, and hence does not require special storage conditions. Such unique properties
were the basic motivation for the use this material. In addition, polyvinyl alcohol (PVA), a
synthetic polymer with low toxicity and high flexibility, was used in this study to prevent
the adsorption or accumulation of Fe;O4 MNPs [60].

It is important to mention that Fluorouracil is one of the most important anti-cancer
drugs, and it is increasingly used in chemotherapy for the treatment of various types of
cancer due to its extensive anti-tumor activity as well as its ability to combine with other
anti-cancer drugs. It has an anti-neoplastic effect and inhibits the synthesis of DNA and
RNA. Its effectiveness is highly dependent on intracellular activation, and its applications
are limited because high doses are required to attain good efficacy due to its nonspecific
function and low plasma half-life, which leads to systemic toxicity in the body [61-67].
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2. Materials and Methods
2.1. Materials

Urea, absolute ethanol, acetic acid (99.5%), and Span 80 were provided by Merck
(Darmstadt, Germany). Sulfuric acid (98%), potassium permanganate, dialysis bag (12 kD
cut off), hydrogen peroxide, annexins V- fluorescein isothiocyanate (FITC), Propidium
Iodide (PI), 3-(4,5-dimethylthiazol-2-y1)-2,5-dipheny1 tetrazolium bromide (MTT) Powder,
and 5-FU were obtained from Sigma Chemical Co. Olive oil was purchased from Niri Or-
ganic products (Tehran, Iran). A 1% penicillin/streptomycin solution, phosphate-buffered
saline (PBS), RPMI 1640 and Dulbecco’s modified Eagle’s medium (DMEM) as culture
media were supplied by INOCLON (G. Innovative Biotech Co, Tehran, Iran). Fetal bovine
serum (FBS) was provided by Biochrome (Darmstadt, Germany). MCF-7 human breast
cancer was obtained from the Research Institute of Biotechnology (Mashhad, Iran).

2.2. Synthesis of YAl

The sol-gel method was used to synthesize the yAl. Firstly, 3.9 H,O and 35 g of
Al(NO3) deionized in 35 mL of distilled water were mixed at 22 °C using a magnetic stirrer.
In a second step, 72 g of urea was added to the mentioned mixture and held for 1 h. Ina
third step, impurities were removed using a filter and the saturated aluminum urea solution
was heated at 90 °C for approximately 12 h. Alumina sol was prepared by adjusting the pH
of the solution to 2. Then, the solution was heated for 3 h to produce a gel. Finally, fresh
alumina gel was heated in air at 280 °C for 1 h to remove impurities including urea and
nitrate residues, resulting a porous gamma alumina nano-powder [68].

2.3. Synthesis of Ch/yAl Nano-Carriers

Firstly, 1 g of Ch was added to 50 mL of 2% acetic acid, and completely dissolved
at room temperature, leading to a homogeneous gel-like solution of 2% Ch. Then, 50 mg
of the YAl powder prepared in the previous step was added to the hydrogel until it was
completely dissolved, and the solution was placed in an ultrasonic bath for 10 min [68,69].

2.4. Synthesis of Ch/yAl/Fe304 and Drug (5-FU) Loading Procedure

In this step, 25 mg of Fe304 nanoparticles was added to the solution and then homog-
enized in a heating stirrer. Subsequently, 5-FU drug was loaded, and the concentration
of the drug in the final hydrogel was 5 pug/mL. The resulting mixture was placed on a
heating stirrer for 30 min, and a uniform Ch/yAl/Fe;O4 hydrogel containing 5-FU was
obtained. Span 80 surfactant (2% v/v) was smoothly added to the hydrogel under constant
stirring. Next, 10 mL of Ch/yAl homogeneous hydrogel containing 5-FU coated with the
surfactant was added dropwise to a hydrophobic phase consisting of 15 mL olive oil and
15 mL oily paraffin under stirring to form a spherical drug-containing nano-carrier in the
hydrophobic phase. After 10 min, 30 mL of polyvinyl alcohol (PVA) (1% w/v) was added
dropwise to the solution under stirring. The resulting suspension was removed from the
stirrer and left for 5 min, so that the layers could be separated, and then the suspension was
centrifuged at 600 rpm for 10 min. Finally, the nanoparticles were stored in a refrigerator at
—20 °C, then transferred for freeze-drying [70-76]. The developed method for the synthesis
of drug-loaded Chitosan/Gamma-Alumina/Fe3;O4 nanocomposites is shown in Scheme 2.
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Scheme 2. Synthesis method for drug-loaded Chitosan/Gamma-Alumina/Fe3;O, nanocomposites.

2.5. Drug Loading and Encapsulation Efficiency

To calculate the content of 5-FU in the nano-carriers, 1 mg of the frozen nano-system
dispersed in 1 mL of PBS solution (pH = 7.4) was added to the solution followed by 1 mL of
ethyl acetate. Separately, the unloaded drug was dissolved in ethyl acetate as a free drug via
stirring the solution. Then, the ethyl acetate phases were isolated and the absorbance of the
dissolved drug was measured using a spectrophotometer at 266 nm. Equations (1) and (2)
were used to estimate the amount of drug loaded and trapped for both nano-carriers,
respectively, with regard to the initial and free amounts of the drug [77-79].

loading Ef ficiency(%)

__ (Total amount of 5—FU )—(Free amount of 5—FU ) 100 1)
- Total amount of nanocomposite x
Entrapment Ef ficiency (%)
_ (Total amount of 5—FU)—(Free amount of 5—FU) % 100 ()

Total amount of 5—FU

2.6. Characteristic Assessment of Nano-Systems

The presence of functional groups in the different nanocomposite components as well
as the interactions between the polymers, Ch/yAl/Fe304, and the drug in the nanocom-
posites was investigated using Fourier-transform infrared spectroscopy (FTIR) analysis
(Thermo, AVATAR, America). KBr pellets of the samples, including Ch, yAl, Ch/vAl,
Ch/vyAl/Fe304, and Ch/yAl/Fe;0,@5-FU, were prepared, and their spectra were recorded
in the range of 400 to 4000 cm~!. The amorphous and crystalline nature of samples in
powder form was studied via X-ray diffraction (XRD) analysis, which also provided infor-
mation on the crystalline phases of the materials and their unit cell dimensions. Diffrac-
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tograms were recorded at 25 °C using a diffractometer (PHILIPS, PW1730, Amsterdam, The
Netherlands). The surface morphology of the Ch/yAl/Fe;04@5-FU nanocomposites was
investigated using Scanning Electron Microscopy (SEM) analysis with a SEM microscope
(TESCAN, MIRA III model, Czech Republic) after coating the samples with a gold overlayer
to avoid charging during electron irradiation. Dynamic light scattering (DLS) analysis
and zeta potential measurements at 25 °C were performed with a particle size analyzer
(Horiba, SZ-100, Japan), which provided information regarding the size distribution of the
drug-containing nanocarrier and its surface charge, respectively. A vibrating sample mag-
netometer (VSM) tool was used to characterize the magnetic properties of the nanoparticles.
Cytotoxicity and cell apoptosis characterization of the nanocomposites was performed via
MTT and flow cytometry assay, respectively.

2.7. In Vitro Study of Drug Release

The membrane diffusion technique was used to evaluate drug release from the nano-
carriers. For this purpose, 1 mL of the nano-carrier solution containing the drug was poured
into a dialysis bag with both ends tightly closed with a thread. Four dialysis bags were
prepared, and each of them was immersed in a 15 mL PBS solution containing ethanol
(20% v/v) at two different pHs (7.4 and 5.4); then, they were placed on a heating stirrer
to keep the temperature at 37 °C. After 0, 12, 24, 48, 72, and 96 h, 300 puL of the solution
was sampled and replaced by the same volume of fresh buffer. The light absorption of the
drug in the samples was measured separately at a wavelength of 266 nm using a UV-Vis
spectrophotometer, and then the concentration of drug released at each time was calculated
using a standard curve, the so-called release diagram. The rate of drug release from the
nano-carriers was calculated using Equation (3) [77,80].

[drug | rel

Drug Released (%) = W

x 100 €)

2.8. Kinetic Modeling of Drug Release
e  Zero-order model

In this kinetic model, the substance release takes place as a function of time. The
process is performed at a constant speed and is independent of the substance concentration.
The model can be used for a variety of drug delivery systems, including skin systems, slow-
release matrices, osmotic systems, and coated systems. Equation (6) shows the relationship
between time and the amount of drug released in this model [81]:

Wo—Wl':kXt (4)
W:
1——=kxt
W =k )
W
WOZKXt%ft:KOXt (6)

where Ky, fi, W, Wi, Wy, and ¢t are the initial amount of drug in the carrier, the remaining
amount of drug in the carrier at a given time, the cumulative amount of drug released at a
given time, the deduction in the cumulative amount of drug released at a given time, fixed
apparent dissolution rate, and time, respectively.

e  First-order model

This semi-experimental kinetic model relates concentration changes over time to con-
centration; this means that the rate of concentration change in the carrier, and consequently
in the environment, is a function of the amount of drug remaining in the carrier and,
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therefore, decreases over time. The first-order model is suitable for describing the release
of soluble active substances from porous matrices [82].

_ft ke
! ft,max —¢ (7)
m(y— fi >:—ht ©)
t, max

In Equation (8), ft, fi, max, K1, and t, are the fraction of drug released at a given time,
the maximum fraction of drug released during the process, the first-order rate constant,
and time, respectively [83].

e  Higuchi model

The Higuchi model is the most famous and widely used mathematical model to
describe the release of drugs from matrix systems. In the case of homogeneous matrices,
the drug release is controlled and limited by the penetration of solutes into the matrix, and
the release mechanism follows the penetration. The amount released can be calculated
according to the following equation [84]:

My
m—kxﬁ )

where M, is the cumulative amount of drug released at an infinite time, M; is the cumula-
tive amount of drug released at a given time (), and K is a constant that includes different
variables of the system design.

e Baker model

This model describes the behavior of controlled drug release from spherical matrices.
The parameters of this equation are similar to those of the Higuchi equation [85].

2
2 M; \3 M;
e  Weibull model

The model was first proposed by Weibull and then used by Langenbushar to describe
release curves. It is useful to compare the release profiles in matrix systems.

—(t-T)b
m=1-— e(ﬁ) (11)

In this model, a is a parameter that indicates the time scale of the process, T; is a
localization parameter that determines the latency of the propagation process, b is a shape
parameter that specifies the type of rectifier for exponential, sigmoid and parabolic curves
(considered equal to one, more than one, and less than one, respectively), and m is the
cumulative fraction of the released drug.

Since the cumulative amount of drug released over time was exponential for the
Ch/vyAl/Fe30,@5f-FU nano-system, b was considered equal to one. Thus, Equation (11)
becomes [85]:

m=1—e—a") (12)
In(l1—m)= (13)

e  Korsmeyer-Peppas model
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This comprehensive and simple artificial model is used to express release behavior in
polymeric systems:

M; "
fleoo—kxt (14)
In(f1) = In(K) +n x In(t) (15)

where f1, M;, M, K, and n are the fraction of released drug, the amount of drug released
at time t, the amount of drug released under an equilibrium state that is sometimes very
close to the initial amount of drug in the carrier, the release rate constant, and the release
exponent, respectively. Drug delivery systems can be categorized based on the n parameter
according to Table 1 [85].

Table 1. Release kinetics of 5-FU according to the different models.

Sample pH Zero-Order First-Order Higuchi  Korsmeyer Hixson Baker Weibull
R? R? R? R? R? R? R?
74 0.9705 0.9304 0.8996 0.9843 0.9528 0.8887 0.9304
Ch/YAl/Fe304@5-FU 54 0.9129 0.9801 0.9714 0.9698 0.9929 0.9739 0.9801

e  Hixson—Crowell model

This model describes a system in which changes in the surface and diameter of the
drug carrier occur, and is expressed by Equation (16):

M;
3 —_— — J—
L= =1 ket (16)

where M; is the amount of drug released at time ¢, M) is the initial amount of drug in the
carrier and kg is the rate release constant of the model [85].

2.9. MTT Test

The MTT test was used to measure cellular metabolic activity as an indicator of the de-
gree of cytotoxicity. This colorimetric assay is based on the reduction of a yellow tetrazolium
salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT), with formula
C18H16BrNsS, forming purple formazan crystals. The viable cells contain NAD(P)H-
dependent oxidoreductase enzymes, which reduce the MTT to formazan. This test can
detect and estimate cell death or apoptosis when cellular metabolism declines [86,87].

2.10. Flow Cytometry Test to Measure Apoptosis and Necrosis

Flow cytometry was applied to evaluate the extent of apoptosis and necrosis in the
treated and untreated cells (control). Propidium iodide (PI) and Annexin staining kits
were used for this purpose. The cells were first treated with a concentration of 2.8 g/mL
5-FU and incubated for 48 h. Afterwards, the two groups of cells were transferred to
separate falcons after trypsinization and the cells were washed with PBS solution after
centrifugation. The cells were mixed in 100 uL of Annexin/PI buffer for 15 min at 25 °C.
Cellular apoptosis and propidium iodide cell necrosis were measured via Annexin. The
fluorescence of the cell suspension, after being diluted in a 500 pL incubation buffer, was
read using Becton Dickenson (BD) at an excitation wavelength of 488 nm [88,89].

3. Results and Discussion
3.1. Characteristic Analysis

FTIR was used to identify Ch, yAl, Ch/yAl, Ch/yAl/Fe304, and Ch/yAl/Fe;0,@5-
FU functional groups. The spectrum of neat Ch is shown in Figure la. The peaks at
approximately 650 cm ! are related to C-H bending vibrations. The peak at 887 cm ™! is
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assigned to out-of-plane bending of the C—H bond of the monosaccharide ring. The peaks
appearing at 1020 cm ! and 1060 cm~! can be assigned to tensile vibration of the C-O
bond, in agreement with the spectra recorded in previous articles [90-94]. The peak near
1320 cm ! is attributed to the C-N tensile vibration of the ternary amide bond, which is
consistent with the results from other articles [95]. The absorption peaks observed close to
1590 cm ™! are assigned to N-H bending of the primary amine groups [89], and those at
2510 cm ™! and 2856 cm ! can be attributed to the symmetric and asymmetric stretching
of the C—H bond, respectively. These are characteristic peaks of polysaccharides and have
been identified in the spectra of xylene and glycan polysaccharides. The peak found at
3355 cm ! is related to the tensile vibration of the O-H bond [96,97].

(¢) Ch/yAl

—

Transmittance (%)

| (a) Ch
1 i I N 1 N I i I 1
1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm'l)

Figure 1. FTIR spectra of (a) Chitosan (Ch), (b) Gamma-Alumina (yAl,) (¢) Chitosan/Gamma-
Alumina (Ch/vAl), (d) Chitosan/Gamma-Alumina/Fe304 (Ch/yAl/Fe30,), and (e) Chitosan/
Gamma-Alumina/Fe3zO4 @5-FU (Ch/yAl/Fe;0,@5-FU).

The spectrum of y-Al is shown in Figure 1b. The peak at 603 cm ™! is attributed to the
Al-O bending vibrations [98]. In amorphous samples, the tensile vibrations of AI-O(AlO;)
cause a shift of these absorption peaks to 766 cm ! and 824 cm~! [99,100]. The peak at
964 cm ! is related to the location of quadrilateral sites by AI** in the dense cubic structure
of oxide ions in gamma phases [101]. The broad bands at approximately 3450 cm~! belong
to the tensile vibration of the O-H group attached to the AI** ions [58,79]. The peak
appearing at 2800 cm~! may be attributed to the C-H tensile vibration, indicating the
presence of a small amount of urea, which is consistent with the observations reported by
Elahi et al. [68]. The peaks in the range of 1140-2350 cm ! are related to O-H bending
vibrations, indicating the presence of hydration water [102-105].

The spectrum of Ch/yAl is shown in Figure 1c. The peak related to the O-H stretch-
ing appears at approximately 3566 cm ™!, and is shifted towards higher wavenumbers
compared to those of neat Ch and yAl Similarly, the peaks related to the C-H stretching
vibration of aliphatic bonds are shifted from 2856 cm ! to 2931cm~!. The peak attributed to
C-O stretching of the primary amide is also slightly shifted from 1650 cm~! to 1658 cm 1.
Likewise, the tensile vibration of the C—O bond of chitosan is shifted from 1020 cm~! to
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1018 cm ™! due to changes in the molecular interactions after the addition of YAl These
results are consistent with the studies by Zavareh et al. [106]. The peak at approximately
1319 cm ™! is assigned to C-N stretching vibrations of the ternary amide bonds. The pres-
ence of the characteristic peaks of chitosan in the Ch/yAl spectrum without significant
changes in their wavenumber indicates that the incorporation of y-Al into this biopolymer
had hardly any effect on its structure. The peaks at 659 cm~! and 550 cm ! are attributed
to AI-O bending vibrations. The most intense peaks of Al,O3 appear at 1658 cm~! and
1384 cm~!. The bands in the range of 850-1018 cm ! are ascribed to surface vibrations
of alumina nanoparticles, caused by the loss of free alumina hydroxyl groups. These
observations are consistent with the studies by Prakash et al. [107]. The aforementioned
results corroborate the presence of Al;O3 nanoparticles in the nano-system membranes.

The spectrum of the Ch/yAl/Fe;04 nanocomposite in Figure 1d shows two new
peaks at 647 cm~! and 590 cm ! ascribed to the magnetic nanoparticles. In addition, a
peak is found at 590 cm ! related to the Fe-O tensile vibration. The absorption peak at
580 cm ! is attributed to the Al-O vibration in the Ch/yAl/Fez04 composite. These results
are consistent with the studies by Bozorgpour et al. [108]. The absorption peak at 470 cm ™!
is attributed to quadrilateral and octahedral locations [109,110], and that appearing at
3356 cm ™! is due to the stretching vibration of O-H absorbed on the surface of the Fe3O4
nanoparticles. Chitosan coverage is confirmed by the peak appearing at 2923 cm~!, which
corresponds to the -CH- starching vibration [111,112].

In the spectrum of Ch/yAl/Fe304 with 5-FU shown in Figure le, a new absorption
peak can be found at 1698 cm~!, which corresponds to the vibrations of C=H bonds in
CF=CH [90]. In addition, the absorption peaks at 1658 cm~! and 1077 cm ™! are shifted to
1638 cm ! and 1089 cm ™! [61,112,113].

Overall, the comparison of the FTIR spectra demonstrates that all nanocomposite com-
ponents were present in the developed nano-carrier system. In addition, their interactions,
and the interaction of the drug with the other components, were confirmed.

XRD analysis was performed for Ch, yAl, Ch/vAl, Ch/yAl/Fe304 and Ch/vAl/Fe3z04
containing 5-FU, and the diffractograms are displayed in Figure 2. The XRD pattern of Ch
is shown in Figure 2a. A broad peak is found in the range of 26 = 20° — 21°, indicating
the hydrated crystalline structure of Ch. These results are consistent with those reported
previously [94,114,115].

b e (¢) ChiyAl
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Figure 2. X-ray diffraction patterns of (a) Chitosan (Ch), (b) Gamma-Alumina (vAl,) (c)
Chitosan/Gamma-Alumina (Ch/vyAl), (d) Chitosan/Gamma-Alumina/Fe;04 (Ch/vyAl/Fe3z0y),
and (e) Chitosan/Gamma-Alumina/Fe3;04 @5-FU (Ch/yAl/Fe;0,@5-FU).
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It is clear from Figure 2b that y-Al has a crystalline structure. Intense peaks are
observed at 20 values of 33°, 40°, and 62°, which is consistent with the results reported
by Nematollahi et al. [68]. The diffractogram of Ch/vyAl in Figure 2c shows a broad peak
centered at approximately 21°, significantly wider than that of neat chitosan. This indicates
a reduction in the degree of crystallinity of Ch in the composite compared to that of the
neat polymer, due to the addition of the yAL

The effect of the addition of Fe304 MNPs to the nano-system is shown in Figure 2d.
New peaks were observed at 20 values of 26.9°, 30.35°, 35.65°, 43.3°, 53°, 57.5°, and 62.7°.
Fe304 peaks were identified based on information in the HighScore Plus software database
and the standard range. These peaks confirm the presence of Fe;0y in the Ch/yAl/Fe;0y4
nano-system. The changes in the peak intensity indicate interaction and entanglement with
other components. The peak intensity in the nanocomposite is reduced, indicating the
formation of a nano-system with an amorphous structure [116-118]. The result of placing
5-FU in the nano-system is shown in Figure 2e. Pure fluorouracil has strong peaks at 26 of
22°,19°, and 16°, which indicates the crystalline nature of this drug. The sharpening of the
wide peak in the diffraction pattern of Ch/yAl/Fe304 with 5-FU confirms the presence of
the drug in the nano-system [119-121].

In general, the peaks in the spectrum of the nano-system are broadened, which indi-
cates a decrease in the degree of crystallinity and its approximation to an amorphous state.
Despite comprising crystalline compounds, the final nano-system can be regarded as an
amorphous complex with suitable solubility.

The morphology and size of the Ch/yAl/Fe3O4 nano-system along with 5-FU were
assessed using SEM, and representative micrographs of the nano-system containing the
drug are shown in Figure 3. The nano-systems were found to be solid and dense spherical
structures, with an average diameter on the order of 300 nm. This spherical structure
prevents the uncontrolled release of the drug and has high efficiency among drug delivery
systems.

MIRA3 TESCAN

SEM MAG: 100.0 kx Det: InBeam 11 | | | MIRA3 TESCAN

WD: 4.34 mm BI: 7.00 50 ym
View field: 2.08 ym Date(m/dly): 11/17/19

5pm

Figure 3. SEM images of Chitosan/Gamma-Alumina/Fe;04@5-FU system. Scale bars are 5 um (left)
and 50 pm (right).

DLS analysis was performed to characterize the size distribution of the Ch/yAl/Fe304
nano-carrier containing the drug. As shown in Figure 4a, the nanostructures were monodis-
perse with a mean hydrodynamic diameter of 468.3 nm, which is a good value for pharma-
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ceutical applications [122-124]. As expected, this value was larger than that obtained from
SEM analysis (Figure 3), since SEM measurements are carried out in the solid state while
the hydrodynamic diameter is obtained from measurements of the diffusion coefficient of
the nanoparticles in suspension. The hydrodynamic diameter gives information concerning
the core particle, together with any coated material on the particle and the solvent layer, as
it moves under the influence of Brownian motion. On the other hand, the PDI obtained
from DLS analysis had a value of 0.5, indicative of a uniform particle size distribution.
This parameter directly reflects the size homogeneity of the nanoparticles according to the
abovementioned literature review.

80

468.3 nm +48.24 mV
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Figure 4. DLS and Zeta potential of Chitosan/Gamma-Alumina/Fe;0,@5-FU (Ch/yAl/Fe;0,4@5-
FU) nanocomposites.

The surface charge of the Ch/yAl/Fe304 nano-system containing the drug was de-
termined via surface zeta potential measurements, which provide important informa-
tion regarding the physical stability of nano-system and their interaction with cells and
biomolecules [125]. If the suspended particles have a high positive or negative charge, they
will repel each other and will not tend to accumulate. Figure 4b shows the zeta potential
plot of the Ch/yAl/Fe3;O4 nano-carrier containing the drug. The potential of the output
device was + 48.24 mV, which confirms the good stability of the developed nano-system.
The high zeta potential value of the nanoparticles is the result of the amine groups, which
show proper chitosan coverage.

VSM analysis was performed to measure the magnetic properties of the synthesized
Ch/vyAl/Fe;04 nano-carrier as well as the Ch/yAl/Fe304 loaded with 5-FU. According to
the results (Figure 5), no magnetic reversal cycle was observed. The magnetic properties of
the nanoparticles decreased after coating with the chitosan shell due to the formation of a
core skin structure with the non-magnetic polymeric chains on the surface. However, both
Ch/vAl/Fe304 and Ch/vAl/Fe;04@5-FU nanocomposites retained magnetic behavior.
At the maximum applied field, their magnetic values were 3.8 emu/g and 1.4 emu/g,
respectively. These results indicate that the proposed nanostructure could also act as a
targeting system for anti-cancer drugs in the presence of an external magnetic field [76].
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Figure 5. VSM result for Chitosan/Gamma-Alumina/Fe3O4 (Ch/yAl/Fe3;0,) and Chitosan/Gamma-
Alumina/Fe304@5-FU (Ch/vAl/Fe30,@5-FU) nanoparticles.

3.2. Percentage of Drug Loading and Encapsulation Efficiency Results

According to previous studies [76], a high load percentage of the drug can become
attached to the porous structure of the nanoparticles, which can trap more molecules
inside [76]. On the other hand, the addition of YAl to the Ch/Fe3O,4 nano-system provides
more and stronger surface interactions between the polymers, YAl and the drug, due to the
high yAl content. In the present work, the loading and trapping efficiency of the anti-cancer
drug were estimated to be 43% and 88.5%, respectively, and these values are acceptable for
drug delivery applications.

3.3. In Vitro Evaluation of Drug Delivery

The in vitro release of 5-FU from the developed nano-system was investigated to
confirm the successful design of a pH-sensitive and stable nanocarrier for drug release.
The release profile of 5-FU from the nano-carriers was obtained via dialysis in two buffer
media at different pHs at 37 °C for 96 h [126]. According to Figure 6, 12, 27, 45, 87 and
93% of 5-FU were released from the Ch/yAl/Fe;0,4 nano-carrier in an acidic environment
(pH =5.4) after 12 h, 24 h, 48 h, 72 h and 96 h, respectively, while the release percentages in
the biological medium (pH = 7.4) were 24, 45, 78, 95, and 98.5%, respectively. These results
evidence long-term release via stable diffusion for 96 h. The comparison of the values
obtained at the two pHs indicates a higher amount of drug released at acidic pH compared
to that at pH 7.4, which confirms the pH-sensitivity of this drug delivery system. Cancer
cells, due to over-proliferation and lack of sufficient oxygen, move into anaerobic pathways
and produce lactic acid at a pH lower than normal tissues. As a result, this designed drug
delivery system has a controlled and specific release capability. The drug is inactivated in
the acidic environment of cancer cells by the targeting mechanism, thereby reducing the
toxic effects of the drug on non-cancer cells.
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Figure 6. Cumulative 5-FU release from the developed nanocomposite versus time at pH 5.4 and 7.4.

3.4. Modeling the Kinetics and the Mechanism of Drug Release

Drug release data were analyzed with seven models including zero-order, first-order,
Higuchi, Hixson—Crowell, Korsmeyer—Peppas, Baker, and Weibull to determine the drug
release kinetics [94]. The fitting of the drug release data to the indicated models, their
degree of correlation, and the values of n in the Korsmeyer—Peppas kinetic model that
indicate the type of drug release mechanism are shown in Tables 1 and 2. According to
Figure 7 and Table 1, at a pH of 7.4, the Korsmeyer-Peppas model had the highest value
of the R? correlation coefficient. Therefore, it shows the best fit to the release profiles and
indicates the release mechanism of the drug. Table 2 summarizes the values of n that can
be obtained with this model and the corresponding release mechanisms. Given that the
value of n obtained herein (0.43) was in the range 0.4 < n < 0.85, it can be concluded that
the drug release from the prepared nano-carrier follows a polymer swelling mechanism
and drug penetration and diffusion occur outside the structure of the nano-system. Under
these conditions, the rearrangement of the polymer chains is slow and the diffusion process
simultaneously causes unusual time-dependent effects.

Table 2. Classification of release mechanisms in the Korsmeyer—Peppas model based on the release
exponent in different carrier geometries.

Release Mechanism Model Geometry Release Exponent (1)
Planar 0.5
Fickian diffusion Cylinders 045
Spheres 0.43
Planar 05<n<1
Anomalous transport Cylinders 045 <1 <0.89
Spheres 043 <n<0.85
Planar 1
Case I transport Cylinders 0.89
Spheres 0.85
Planar n>1
Super Case II transport Cylinders 7> 0.89

Spheres n>0.85
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Figure 7. Drug release modeling.

On the other hand, according to Figure 7 and Table 1, the data obtained from the
drug release profile at pH = 5.4 indicate that the Hixson-Crowell model, with a correlation
coefficient of 0.9929, was the best to describe the release mechanism. Then, the first-order
and zero-order kinetic models show the next highest R-squared values. In fact, according
to Figure 7, at acidic pH values, the drug release from the prepared nano-carrier takes place
under a controlled and continuous manner.

3.5. MTT Test

MTT testing was applied to examine the cytotoxicity of the samples. In this test,
the toxicity of the free drug, Ch, Ch/yAl, blank Ch/yAl/Fe;O, (without drug loading),
and Ch/vAl/Fe;04@5-FU incubated with MCF-7 cells after 72 h was investigated. An
untreated control group was used to compare the cell survival of the abovementioned
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samples. An equivalent drug concentration of 5 ug/mL was used in all the drug-containing
formulations.

The results showed that cell treatment with the free drug reduced cell survival com-
pared to the control group. In addition, Ch/yAl/Fe304 decreased cell survival and had a
statistically significant effect compared to the control group, indicating that these nanopar-
ticles have anti-cancer properties. However, without 5-FU, it did not have a significant
effect on cell death, which confirms the biocompatibility of these nanoparticles for drug
delivery applications. Figure 8 shows the increasing effect of the anti-cancer drug 5-FU
in the nanocomposite. The final drug-containing nanocomposite had the greatest effect
in inhibiting the proliferation of cancer and inducting cancer cell death. From this result,
combined with the targeted and controlled release of the drug, it can be concluded that the
synthesized nanocomposite was able to increase the impact on cancerous masses along with
reducing restrictions on the use of the free drug [126]. One of the possible mechanisms of
the toxicity of the nanoparticles is the induction of reactive oxygen species and subsequent
oxidative stress in tissues and cells. Therefore, testing the interaction of nanoparticles
with proteins and different types of cells should be considered part of the toxicology assay.
Except for aerosols delivered to the lungs, information on the biological fate of nanoparti-
cles, including distribution, accumulation, metabolism, and specific organ toxicity, is still
scarce [127]. yAl and Fe30y4, similarly to other nanoparticles, may induce toxicity, especially
at high concentrations, and this should be considered in the toxicology assay. In order to
decrease YAl toxicity, a biocompatible biopolymer (Ch) was used, which improved the cell
viability and pH sensitivity of the developed nano-carriers via surface functionalization
of the drug-loaded nanoparticles. In addition, double emulsion methods and span 80 as
a surfactant were used to increase the stability and uniformity of the nanocarriers and to
prevent the precipitation of the nanoparticles during delivery through the body [68,128]. In
contrast, based on the MMT assay, 4.8 pg.ml~! of the free drug led to IC50 on the MCF-7
cell line (more than 50% cell death) [126], which is consistent with our study.
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Figure 8. Comparison of in vitro cytotoxicity of Control, Chitosan, Chitosan/y-Alumina, Chitosan/y-
Alumina/Fe3Oy4, Chitosan/y-Alumina/Fe3;O0,@5-FU, and 5-FU (*** means p-value < 0.001 in com-
parison with Control, and ### means p-value < 0.001 in comparison to Chitosan, Chitosan/y-
Alumina/Fe;0,@5-FU with 5-FU).
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3.6. Flow Cytometry Results

Flow cytometry testing was used to evaluate the effect of the synthesized nanocompos-
ite on the rate of apoptosis and cell necrosis. Figure 9 shows the outcome of the free drug,
Ch, Ch/vAl, Ch/vAl/Fe304, Ch/yAl/Fe304 @5-FU and control groups on the apoptosis
and necrosis of the MCF-7 cell line. The transfer of polar heads of serine phosphatide
from the inner monolayer of the plasma membrane to its outer surface was considered an
indicator of the early stages of apoptosis. Annexin V protein showed high binding affinity
to phosphatidylserine, a phospholipid of the membrane. On the other hand, by increasing
the permeability of the cell membranes in the delayed phases of apoptosis and necrosis, PI
dye entered the cell.

Free 5-Fu

24% 510%

Cs/y-Alumina Cs/y-Alumina/Fe;0, @5-FU

',4".v Q2 Wi 02 R 02
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Figure 9. Cytotoxicity analysis of Control, Chitosan, Chitosan/y-Alumina, Chitosan/y-
Alumin/Fe30y, Chitosan/y-Alumina/Fe;0,@5-FU, and free 5-FUtoward MCE-7 cells for 72 h.

Examination of the cultured control sample after the tests showed that 86.6% of the
cells were in the living cell phase, 6.21% in the necrosis phase, 4.66% in the primary phase
of apoptosis, and 4.55% in the secondary phase of apoptosis. The effect of the free drug on
the cancer cells was investigated to compare with that of the synthesized nanocomposite.
A substantial increase in the percentage of cells in the necrosis phase, which reached 22.4%,
was found compared to the control group. Furthermore, a significant effect was evident
on the apoptotic secondary phase cells with a 5.10% increase. Apoptotic cells in the early
stages reached 3.63%. The developed nanocomposite increased the percentage of living
cells to 25.9% and decreased that of necrotic cells to 3.24%. The effect was significant on
the apoptosis-phase cells, and the primary and secondary apoptosis-phase cells reached
2.49% and 68.4%, respectively. These results demonstrate that this nanocomposite induced
apoptosis at the highest rate. When the drug is released steadily over a long period and at an
almost constant concentration, the cancer cell can enter the programmed death cycle; hence,
the rate of apoptosis can be increased, since it is influenced by the drug release mechanism.
The results demonstrate the high potential of the synthesized nanocomposite to increase
apoptosis, or induce programmed death, in cancer cells and reduce malignancy, or sudden
cell death, to prevent inflammation and reduce the destructive effects on non-cancerous
cells, which are the ultimate goals of a drug delivery system [126].
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4. Conclusions

Undoubtedly, cancer patients need new combination of therapies with better perfor-
mance and minimal side effects. Selective and effective targeted drug delivery can direct
chemotherapy agents to the target site, reducing systematic toxicity and improving the
therapeutic effect. Therefore, in this study, a Ch/yAl/Fe3O4 nano-system was synthesized
and characterized for the first time, and the anti-cancer drug 5-FU was loaded into the
nanostructure. The physical, chemical, and magnetic properties of the nano-system were
structurally and biologically analyzed through several tests. The morphology and size of
the system containing 5-FU were studied using scanning electron microscopy images. The
average diameter of the nano-carriers was on the order of 300 nm. The results from zeta po-
tential analysis demonstrated the high stability of the developed nano-carriers. An increase
in the percentage of drug loaded and trapped in the shell-core structure of the developed
drug delivery systems was found when adding Fe3;O,4. The designed nano-systems also
enabled controlled and pH-sensitive drug release in the environment, and did not produce
any toxicity, which confirms the biocompatibility of the nanoparticles as drug carriers.
Experimental results show that the developed nano-carrier could release 43% of the drug
within the first 12 h. Therefore, with 65% cancer cell death, the controlled and targeted
release provided by the developed nano-carrier reduced side effects and killed cancer cells
selectively compared to non-targeted drugs. Overall, the nano-systems developed in this
study could be used as efficient drug delivery systems for cancer treatment.
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