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A Novel Drug Delivery System
Based on Nanoparticles of
Magnetite Fe;0, Embedded in an
Auto Cross-Linked Chitosan
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and Mohammed Bervada

Abstract

Recently, chitosan (CS) was given much attention as a functional biopolymer
for designing various hydrogels for industrial, environmental and biomedical
applications, but their biomedical use is limited due to the toxicity of the crosslinker
agents. To overcome this inconvenience, we developed an auto cross-linked mate-
rial based on a chitosan backbone that carries an amino and aldehyde moieties.
This new drug delivery system (DDS) was designed by using oxidized chitosan
(OCS) that crosslinks chitosan (CS). In the first part, a simple, rapid, low-cost and
eco-friendly green method was introduced to synthesize magnetite nanoparticles
(Fe304-NPs) successfully. These nanoparticles Fe;0, have received a great deal of
attention in the biomedical field. Especially in a targeted drug delivery system,
drug-loaded Fe;04-NPs can accumulate at the tumor site by the aid of an external
magnetic field and increase the effectiveness of drug release to the tumor site. In the
second part, we have incorporated the Fe;0,4-NPs into chitosan/oxidized chitosan
solution because of their unique magnetic properties, outstanding magnetism,
biocompatibility, lower toxicity, biodegradability, and other features. Three drugs
(5-Fluorouracil (5-FU), Caffeine and Ascorbic acid)) were embedded into the
magnetite solution that became quickly a hydrogel. The successful fabrication of the
hydrogels and ferrogels was confirmed by (FT-IR), (TGA), (SEM), (VSM) analysis
at room temperature. Finally, results showed that our hydrogels and ferrogels may
be technologically used as devices for drug delivery in a controllable manner.

Keywords: magnetic nanoparticles, ferrogel, oxidized chitosan (OCS), chitosan
(CS), controlled drug delivery
1. Introduction

Nowadays, the global increase in the number of people with chronic diseases
as “cancer, diabetes, etc.” have affected the health and quality of life of many citi-

zens around the world. For example, cancer is considered a public health problem
because of its high incidence and mortality. The World Health Organization (WHO)
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estimates 27 million cases of cancer and 17 million deaths disease for the year 2030 [1].
Therefore, study on cancer treatment has attracted many scientists. Among therapies,
cancer chemotherapy is widely used despite its disadvantages. Chemotherapy usually
causes serious side effects because of the low selectivity of anti-cancer drugs, which
affects not only cancer cells but also normal cells [2]. Thus, increasing attention is
being paid to targeted drug delivery systems, which have been used to increase the
efficiency of drug delivery to specific tissues and to decrease the associated side effects.

The most efficient solution is to use nanoparticles embedded in the hydrogel;
this innovative-targeted drug delivery strategy involves coupling the drug to mag-
netic nanoparticles (NP;) that can be guided to the target using external magnetic
fields [3]. Once they reach the target, the nanoparticles release the drugs under
the influence of an alternating magnetic field [4]. Nanoparticle (NP) targeting has
shown great potential for cancer drug delivery applications over the past decade.
From nanoparticle targeting, magneto-particle have been widely studied because of
their ability to target when an external magnetic field is applied [5].

An increasing population causes serious environmental pollution, waste produc-
tion is also increasing and major proportion of by-products generated by contem-
porary food remains underused which may often contain precious substances. The
crucial problem confronting by industries and society in food processing is the
elimination of food waste. Chitin is an important natural resource and the world’s
annual production of it is approximately 10'°~10"* tons [6]. This latter is princi-
pally produced by mollusks, arthropods (crustaceans and insects) and fungi [7].
However, chitin and its derivatives have a high economic impact due to their numer-
ous applications in the pharmaceutical [8], food [9, 10], cosmetics [11], textile [12],
wastewater treatment and agricultural sectors [13].

In the past few decades, drug delivery systems (DDS) have been of great interest
and resulted in many efforts to realize the effectiveness and targeted drug delivery
tendency as well as to reduce the associated side effects [14]. However, DDS provide
several advantages as compared to conventional dosages in terms of improved
efficacy, reduced toxicity, improved patient compliance, and convenience [15].
Thus, the carriers used for drug release are generally biodegradable polymers which
are extensively used for designing the control drug delivery systems [16].

On the other hand, with the rapid development of technology much attention
has been given to use biopolymer based hydrogels in many applications including
pharmaceuticals [17, 18], cosmetics [19], agriculture [20] and biotechnology [21,
22]. However, porous biomaterials fabricated from natural polymers “chitosan”
were given significant attention for years. Chitosan is a unique natural cationic
biopolymer produced by N-deacetylation of chitin and is the second most abun-
dant natural polymer after cellulose [23]. Chitosan has been widely used in the
biomedical field due to its superior properties including good biodegradability [24],
biocompatibility [24], low toxicity [25, 26], mucoadhesive properties [27], anti-
bacterial activity [28] and low cost [24, 29]. Chitosan is an excellent candidate for
different applications particularly it has been employed in various FDA (Food and
Drug Administration) approved biomedical applications. The -NH, group of the
(CS) chains is a pH-sensitive polymer with pK, around 6.5 due to variation of charge
density at the pH range of 6-6.5, which is useful for wide range of pharmaceuticals
applications. The pH value of the soluble-insoluble transition in the range 6-6.5
[30]. At pH levels beneath the pK,, high charge density of chitosan results in poly-
electrolyte formation, in contrast at neutral pH, the low charge density of chitosan
eases the intracellular release of biomolecules and contributes to its low cytotoxicity
[31]. Chitosan has increasingly been used in the pharmaceutical field as it is one of
the excellent choices for the Schiff’s base linkages to form an injectable hydrogel due
to the nature of abundant amino groups on its backbone. Hydrogels from chitosan
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are usually prepared through physical interchain interaction or chemical reaction
of the free amine groups with crosslinker agents (e.g. glutaraldehyde, glyoxal [32]).
The disadvantage of these crosslinking agents, especially glutaraldehyde [33],
benzaldehyde [34] and glyoxal is their toxicity to human tissues even at small traces
[35], which has limited the use of chitosan hydrogels as scaffolds for drug delivery.

However, this paper discusses the recent trends in drug delivery systems (DDS)
applications using macroscopic hydrogels. Hydrogel has received extensive atten-
tion due to its interconnected cross-linked porous hydrophilic polymer networks
which can absorb large amounts of water or biological fluids. Additionally, hydro-
gels can be divided into three categories according to their size: macroscopic gels,
nanogels (<200 nm), and microgels (0.5-10 pm). Hydrogels are promising, fashion-
able, intelligent and “smart” drug delivery vehicles that meet specific requirements
for targeting drugs to specific sites and controlling drug release. The hydrogel-based
drug carrier loaded with 5-fluorouracil (5-FU) drug for an up to 36 days sustained
delivery has been studied by Xueyun Chen et al. [36].

Hydrogels are trendy, promising, intelligent and ‘smart’ drug delivery vehicles
have become a great search field for targeting drugs to the specific sites and control-
ling drug release. Among several hardware platforms, ferrogels (FG) have a high
potential for use in drug delivery. Ferrogels (FG) are consisting mainly of a polymer
matrix embedded with magnetic micro and nano-particles (Fe;04) [37-39]. Upon
the application of an external magnetic field, the polymer matrix of the ferrogel can
deform due to the magnetic force generated by the embedded magnetic particles,
which would allow actuation and magnetically driven drug release on demand. The
main advantage of ferrogels is that a larger quantity of drug can be loaded, com-
pared to that transported by simple magnetic dispersion nanoparticles.

Ferrogel (FG) are typically prepared by incorporating magnetic particles into
hydrogels [40]. Magnetic nanoparticles (Fe;0,4) shown in Figure 1, have attracted
much attention in the last few years as carriers for drug delivery systems. The
potential use of nanoparticles as drug carriers has been presented in recent years as
a major challenge, as nanoparticles have been designed to improve pharmacological
and therapeutic effects in terms of reducing their toxic side effects. Besides, mag-
netite (Fe;0,) is considered as an important type of magnetic material with cubic
inverse spinel structure. This property makes it very interesting because of its wide
field of use, including magnetic recording, ferrofluid [41], catalyst [42] and some
biomedical applications like magnetic resonance imaging (MRI) [43], bio separa-
tion [44], in addition to drug delivery system and therapeutic hyperthermia as well,
to treat cancer and tumors [45]. Several methods have been developed recently
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Figure 1.
Model of crystal structure of magnetite (Fe;0,) and spherical Fe;O, nanoparticles.
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0 Drug/Fe;0, @ oOxidized chitosan z Chitosan

Figure 2.
Schematic vepresentation of magnetic drug delivery system under the influence of external magnetic field.

for preparing magnetic nanoparticles, such as co-precipitation [46], sol-gel [47],
solvothermal [48], sonochemical and chemical vapor deposition phase (CVD) [49].
Among these methods, co-precipitation is considered as the simplest, most effi-
cient, and most economic method.

Ferrogels characterized by the presence of magnetic particles incorporated in
polymer gels, are the subject of extensive research due to those magnetic particles and
magnetic fields which have an extended application and clinical acceptance [50, 51].
Recent studies have shown controlled release of many drugs from ferrogels subject to
magnetic fields [52, 53]. Ferrogels (FG) have made also injectable and biodegradable.
However, typical drug delivery ferrogels have a disadvantage due to the cross-linking
agent toxicity, which limits the macroporous biomaterials synthesis [37].

There are only a few reports in the literature on the synthesis of Fe;O, by co-
precipitation method. In this paper, a macroporous ferrogel which is sensitive to
magnetic field was studied. Furthermore, we are probably the first scientific team
that reports the preparation of novel hydrogels and ferrogels based on chitosan and
oxidized chitosan as cross-linking agent embedded Fe;04/drug (5-FU, caffeine and
ascorbic acid). Figure 2 shows the magnetic drug delivery system under the influ-
ence of external magnetic field. The kinetics and in-vitro drug release profile of the
drugs were studied in PBS pH (7.4) buffered solution at 37°C.

2. Materials and methods
2.1 Materials

Chitosan (in powder form was prepared in our laboratory from exoskeletons
of shrimp waste and purified, with degree of deacetylation >90% was deter-
mined by conductimetric titration), iron (II) sulfate heptahydrate (FeSO,.7H,0,
sigma-Aldrich), iron (III) chloride (FeCl;.6H,0, Sigma-Aldrich), Caffeine (sigma-
Aldrich), 5-Fluorouracil (sigma-Aldrich), Ascorbic acid (Fluka), Sodium metaperi-
odate (NalOy, sigma-Aldrich), Hydrochloric acid (sigma-Aldrich), Ethylene glycol
(sigma-Aldrich), Acetic acid (sigma-Aldrich), Sodium bicarbonate (Panreac),
Sodium hydroxide (Sigma-Aldrich).
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2.1.1 Synthesis of oxidized chitosan (OCS)

Oxidized chitosan (Figure 3) was prepared according to a previously reported
method [54, 55]. The purified chitosan (1 g) ([GlcN] = 5.34 mM) was dispersed in
50 ml Hydrochloric acid solution HCI (10> M) at pH ranging from 4 to 5, and kept
under magnetic stirring at 4°C for 30 min. Then 1 ml aqueous solution of sodium
periodate 0.534 mM, Py = 0.1 (P = moles of NalO, x moles of GlcN) was added
to the mixture. The reaction system was covered with aluminum foil to prevent
photo induced decomposition of periodate ion. The reaction lasted for 30 min at
4°C and it was interrupted by the addition of 1 ml ethylene glycol to inactivate any
unreacted periodate in a molar ratio of 1:1. The oxidized derivative was washed by
distilled water for 5 h and the dry product was obtained by freeze-drying.

2.1.2 Preparation of oxidized chitosan (OCS)/chitosan (CS) hydrogels

The procedure for preparation of the hydrogel was as follows: chitosan (0.1 g)
was dispersed in 10 ml of (1% acetic acid) at pH = 4.8 in an ice bath under
magnetic stirring until a clear solution was obtained. Afterwards, the drug (5-FU
10 mg, Caffeine 10 mg or Ascorbic acid 10 mg) was added into the solution and
gently stirred until the complete dissolution for 30 min. The oxidized chitosan
(60 mg) was added to the solution of chitosan soluble drug under continuous
stirring to facilitate crosslinking between amino of chitosan (NH,) and aldehyde
groups of chitosan (OCS). Then the 6% (w/v) NaHCO; solution was slowly
added to the solution in an ice bath under magnetic stirring to get homogeneous
mixture at pH = 7 [56], and a transparent gel was obtained as shown in Figure 4.
The hydrogel was washed with ethanol, and filtered to remove traces of unre-
acted reagents.
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Figure 3.
Schematic representation of reaction between chitosan (CS) by sodium periodate.
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Figure 4.
Schematic representation of the chemical (CS)/(OCS) cross-linking mechanism and the formation of the
hydrogel.
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2.1.3 Synthesis of magnetite nanoparticles (Fe304) by co-precipitation

According to the previous work, magnetite (Fe;04) nanoparticles were synthe-
sized by chemical co-precipitation method. Magnetic Fe;04 NPs were synthesized
by dissolving 50 mL of FeCl;.6H,0 and 25 mL of FeSO,.7H,0 in 350 mL of distilled
water under nitrogen atmosphere under vigorous stirring. Upon addition of (35 ml)
NaOH, the pH was adjusted to about 10, the solution turned black, indicating the
formation of magnetite nanoparticles. Further stirring is continued for 1 h to uni-
formly disperse the magnetic nanoparticles. After raising the reaction temperature
to 80°C. Then, a formed black precipitate was collected with an external magnet,
washed several times with ethanol and distilled water, and dried in vacuum at 60°C.
The entire reaction is given by the equation as shown in Figure 5.

2.1.4 Synthesis of ferrogel

Firstly, chitosan solution was prepared by dissolving 0.1 g chitosan (CS) in
10 mL acetic acid solution (1%). 50 mg iron oxide nanoparticles were mixed with
chitosan solution and stirred for 2 h at 40°C to give chitosan coated magnetic
nanoparticles (CS-Fe;O4). Then, the drug (5-FU 10 mg, Caffeine 10 mg or Ascorbic
acid 10 mg) was added into the solution (CS-Fe;0,) and gently stirred for 30 min.
60 mg of oxidized chitosan (OCS) was added as crosslinking agent and were mixed
with (CS-Fe;0,) solution. The reaction mixture was stirred at 0°C for 3 hours. The
pH of the solution was adjusted to pH = 7 with 6% (w/v) NaHCO;. The product
(CS-Fe;04-0OCS) was washed with deionized water. Figure 6 shows a representation
of the prepared drug delivery ferrogel.

2.1.5 Fourier transform infraved (FTIR) spectra of hydrogel

Fourier transform infrared (FTIR) spectra of the chitosan, oxidized chito-
san, CS/OCS hydrogel, CS/drug/OCS lyophilized hydrogel, Fe;04 NPs and the

Fe?* +2Fe?** +80H  —» Fe;04 +4H,0

Figure 5.
Representation of superparamagnetic magnetite nanoparticles synthesis technique.

M Crosslinking Release drug © m °
°

37°C ° ° e
we_{ Chitosan (CS) . Oxidized chitosan (OCS) 0 FesO4/Drug

Figure 6.
Representation of superparamagnetic drug delivery hydrogel.
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freeze-dried CS/Fe;0,/OCS ferrogel were obtained from discs containing 2.0 mg
dry sample in approximately 198 mg potassium bromide (KBr). The measurements
were recorded by a Perkin-Elmer FTIR spectrophotometer at the resolution of

4 cm™" in the wave number region 400-4000 cm ™.

2.1.6 Thermogravimetric (TGA) analysis

The thermal properties of lyophilized hydrogel, pure chitosan, oxidized chi-
tosan, Fe;0, NPs and CS/Fe;0,/OCS lyophilized ferrogel were investigated by
thermogravimetric analysis (TGA). Samples were placed in the balance system and
heated from 40 to 800°C at a heating rate of 10°C/min using a TA Instruments TGA

(Qs00) device.
2.1.7 Magnetization studies using (SQUID) analysis

The saturation magnetization of Fe;04 NPs, CS-Fe;0,4-OCS ferrogel was
measured by vibrating sample magnetometer VSM (SQUID model MPMS XL 7)
from Quantum at room temperature between magnetic fields of —14,000 (Oe) to
14,000 (Oe).

2.1.8 Scanning electron microscopy (SEM)

The chitosan-based hydrogels cross-linked with oxidized chitosan was frozen at
—75°C for 24 h and then lyophilized (by Alpha 1-2 LD,,,;;) for 48 h. The lyophilized
sample was obtained and then examined by a scanning electron microscopy (SEM)
(Mini SEM Hirox SH-4000).

2.1.9 Hydrogel swelling

Freeze-dried CS/OCS hydrogel were immersed in phosphate-buffered saline
(PBS) at 37°C (pH = 1.2, pH = 5.8 and pH = 7.4). The samples were weighed before
being put into PBS (W). After the vial was sealed and held at 37°C for 24 h, and
the excess solution on the surface of the hydrogels was quickly absorbed with filter
paper [55]. The equilibrium-swelling ratio (SR) was calculated using the following
equation:

SR% =——19, 1
b=—15 ey

where, Wj is the weight of dry hydrogel after lyophilization and W is the weight
of swollen hydrogel.

2.1.10 In vitro drug velease from the hydrogels and ferrogels

(5-FU, caffeine or ascorbic acid) was selected and used as a model drug in
the release experiments. In vitro drug release test was performed in a phosphate
buffer solution PBS (pH 7.4 at 37°C) under shaking. The hydrogels and ferrogels
(m =114 g) (3cm x4 cm) were placed in a cartouche before immersing in
1000 mL of phosphate-buffered saline (PBS). At predetermined time intervals,
5 mL of release medium was withdrawn. Then 5 mL of fresh buffer was added
to the original to maintain the total volume. The drug release was determined by
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UV-Vis spectrophotometry at Apax (5-Fluorouracil (266 nm), caffeine (273 nm)
and ascorbic acid (265 nm)). The concentration of the active ingredient in

the (PBS, pH = 7.4 at 37°C) has been achieved from the calibration curve, and
the amount of drug released at time t (M,) was calculated by accumulating the
total active ingredient release up to that time. In vitro drug release tests were
performed in triplicate (n = 3). There are a few steps, which mainly control
drug release phenomena from the polymer matrix, dissolution of the drug,
liquid penetration into the matrix and diffusion of the drug from the drug
encapsulated in the matrix. In order to understand the release kinetics and the
mechanism of the active ingredient release, release kinetics data obtained in
vitro using ferrogels and hydrogels are fitted with kinetics model. The release
data are best fitted with the Korsmeyer—Peppas (KP) model. The (KP) model
deal with Eq [57]:

M
%Cumulative release =—-x100 (2)
0

where “M,” is the amount of drug released at time (t), “M,” is the maximal
amount of the drug released at maximum interval. It is interesting to note that
three drugs (5-FU, caffeine and ascorbic acid) in hydrogels exhibit a Fickian nature
of drug diffusion. However, the interaction of the drug molecules with the matrix
play an important role in the drug release kinetics occurring through a diffusion
mechanism.

2.2 Statistical analysis

The experimental data are expressed as the mean values of at least three rep-
licates + standard deviation (SD). The results were analyzed and showed usage
Kaleida graph.

3. Results and discussion
3.1 Hydrogel and ferrogel formation

The concept of this study is depicted in (Figure 7). Oxidized chitosan
(OCS) was prepared following a well-known method where chitosan is oxidized
with sodium periodate (NalO,). Oxidization of chitosan created multiple
aldehyde groups all along the polymeric chain using the method described in
literature [54, 58]. The hydrogels and ferrogels (magnetic Fe;0, embedded in
novel hydrogel) were prepared by crosslinking chitosan (CS) with oxidized
chitosan (OCS). The crosslinking of hydrogel and ferrogel was achieved by
(-C=N-) bonds of Schiff-base reaction. Our results indicate that the process
synthesis of the hydrogel and ferrogel was embedded with three drugs (5-FU,
caffeine and ascorbic acid) has successfully loaded in the carrier polymeric. The
schematic representation of smart ferrogel “magnetic hydrogel” was shown in
(Figure 7).

The Figure 8 shows the procedure for preparation of the hydrogel and a photo-
graph of (CS-drug-OCS) hydrogel.
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Schematic representation of (CS-Fe;0,-OCS) ferrogel.
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Figure 8.
Schematic representation of the synthesis process of CS/drug/OCS hydrogel.
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3.2 Fourier transform infrared (FTIR) spectra of hydrogel

The IR spectrum of CS, OCS, (CS/OCS) and (CS/drug/OCS) lyophilized hydro-
gel are listed in (Figures 9 and 10) and major functional moieties are labeled with
wavenumbers was recorded in the region of 4000-40 cm™. The FTIR spectrum of
pure chitosan (Figure 9(a)) shows wide band around 3450 cm™? corresponding to
amine N-H symmetrical vibration and H bonded O-H group. The peak observed
between 3400 and 3700 cm™ corresponding to combination of the band O-H, NH,
intra and intermolecular hydrogen bonding. The peaks at 2920 and 2320 cm ™" are
assigned to the symmetric and asymmetric may be attributed to —CH vibrations of
carbohydrate ring [59]. The bands at 1650 cm ™" and 1545 cm ™ may be attributed to
C=0 stretching (amide I vibration) and N-H bending (-NH, bending of amide II)
in amide group, respectively and 1390 cm™* (N-H stretching or C-N bond stretch-
ing vibrations, amide III vibration) [60]. The peak observed at 1050 cm " has the
contribution to the symmetric stretching of C—O-C groups. The absorption peaks in
the range 900-1200 cm ™ are due to the antisymmetric C-O stretching of saccharide
structure of chitosan. In order to understand the oxidation of oxidized chitosan
(OCS), the FTIR spectra results for (OCS) in (Figure 9(b)) verified successful
oxidation, while a new absorption peak appeared around 1725 cm™* [55], which was
assigned to an aldehyde group (-C=0) bond, indicating that the CS has been success-
tully oxidized by the NalO, [61]. Furthermore, the peak (Figure 9(c) at 1637 cm™
caused by C=0 and C=N is reduced significantly. These differences indicate that the
aldehyde groups of OCS reacted with the amino groups of CS to generate a Schiff
base”imine” [62]. FTIR analysis was performed (Figure 9(d)) exhibits the IR spec-
tra of the prepared nanoparticles. The spectrum of Fe;0, magnetic nanoparticles
shows the formation of two strong absorption bands between 636 cm™ and 592 cm ™.
Furthermore, the band at 592 cm™ was confirmed as the Fe-O stretching vibration
of tetrahedral sites of spinel structure. The absorption bands at 459 cm™, assigned to
tetrahedral and octahedral sites, peaks at 3400 cm™ due to the O-H stretching model
adsorbed on the surface of the Fe;0, nanoparticles [63].

Fe,0, (NP)

~— QCS/CS lyophilized hydrogel
Oxidized chtiosan (OCS)
- Chitosan (CS)

;
/
&
s‘_

636 cm™! 592 em™! (Fe-O stretch)

?

?

\\/ 1637 cm™! (-C=N- schiff base)

1705 cm1 (C=0 stretching)

\\/v ~_ 1075 cm”! (C-O stretch)
3435cm’ (OH,N-H stretch) 1658 cm (N deformation)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

3

Figure 9.
FTIR spectra of (a) chitosan, (b) oxidized chitosan, (c) CS/OCS lyophilized hydrogel, (d) Fe;O, NP
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Figure 10.
FTIR spectra of (a) CS/a.AS/OCS lyophilized hydrogel, (b) CS/CAF/OCS lyophilized hydrogel;
(¢) CS/5FU/OCS lyophilized hydrogel.

For the spectra of three drugs (5-FU, caffeine and ascorbic acid) loaded
(CS/OCS) in hydrogels (Figure 10); exhibited the characteristic absorption of
imine stretching vibration (-C=N-) at 1637 cm™" [54, 64], suggests that the coupling
reaction was occurred between —-CHO of OCS and -NH, of CS.

3.3 Magnetization studies using (SQUID) analysis

The measurements of the magnetic field-dependence of the magnetization
of the uncoated and coated magnetite nanoparticles at 25°C are presented in
(Figure 11). The plots indicate that both samples exhibit superparamagnetic
behavior with zero remanence and coercivity. (Figure 11) shows the magnetic
curves as a function of applied field at room temperature obtained for Fe;O,
and CS-Fe;04-OCS ferrogel, respectively. The magnetization saturations were
found to be 60.57 emu/g for Fe;04, 17.25 emu/g for CS-Fe;0,4-OCS ferrogel [65].
The magnetization value decreased after coating due to the existence of oxidized
chitosan and chitosan, which formed polymerized multilayers. It can be con-
cluded that the Ms. value of CS/Fe;04/OCS ferrogel is less than the Fe;04 (NPs)
that can be attributed to the creation of a non-magnetic polymer layer around
Fe;O0, (NPs) in the hydrogel [66]. Taking into account the magnetic properties
of the prepared by ferrogel, it may be able to deliver the drug to the target area in
the presence of an external magnetic field.

3.4 Scanning electron microscopy (SEM)

A perfect injectable hydrogel must have pores in the range of 50-100 pm and a
high degree of interconnectivity to facilitate nutrient and oxygen transport, as well
as cell adhesion and migration. By using SEM, we studied the pore size distribution
in hydrogels (Figure 12). In this study, morphology of freeze-dried hydrogel (CS/
OCS) were observed with scanning electron microscope (SEM). As can be seen
in (Figure 12), the (CS/OCS) lyophilized hydrogel had continuous and porous
structures with interconnecting pores, pores diameter ranging from several tens to
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Figure 11.
The magnetic hysteresis loops for Fe;O, NPs and CS@Fe;0,@OCS hydrogel measured by SQUID at room

tempemture.

Figure 12.
Micrographs of chitosan cross-linked oxidized chitosan hydrogel at low and high magnification.

several thousands of micrometers [55]. Moreover, the more crosslinking between
amino group and aldehyde group, the diameter of the pores are decreased and the
compactness of pores increased. The micrographs of CS/OCS hydrogel it was clearly
observed that the hydrogel had a three-dimensional porous structure, which was
beneficial for drug delivery systems.

3.5 Thermogravimetric (TGA) analysis
To evaluate the thermal stability of the chitosan (CS) oxidized chitosan (OCS)

and (CS/OCS) lyophilized hydrogel, TGA thermograms were obtained as shown in
(Figure 13). The TGA of pure chitosan shows two-stage weight loss in the range 40
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TGA graphs of chitosan (CS), oxidized chitosan (OCS) and (CS/OCS) lyophilized hydrogel.

to 750°C (Figure 13), it is clear that chitosan started to degrade at 40-130°C with
8% weight is due to the loss of water molecules. Initial decomposition around 130°C
for pure chitosan can be attributed to the strong water adsorptive nature of chito-
san. The second stage of degradation occurred at 340°C and continued up to 460°C
[67]. There was 38.43% weight loss occurring in the second stage due to degradation
of pure chitosan biopolymer and the temperature at which maximum degradation
observed was 274.74°C. At the end of 750°C, the total weight loss of sample was
100% [54, 67]. TGA of oxidized chitosan (OCS) showed two steps of degradation
(Figure 13), the first stage ranges between 40 and 130°C and shows about 8.2%
loss in weight corresponded to water release for the initial step. The second stage
decomposition was observed from 300°C and continued up to 460°C, during this
time there was 39% weight loss due to the degradation of chitosan. At the end of
700°C, the total weight loss of sample was 90% [10, 54]. For CS/OCS lyophilized
hydrogel, the degradation starts at a lower temperature compared to chitosan and
oxidized chitosan (Figure 13). For the CS/OCS hydrogel, shows two-stage weight
loss in three stages. The first stages of degradation takes place from 40 to 160°C with
a weight loss of 13% could be due to the loss of both the loosely bound water and
tightly bound water [68]. The free water and hydrogen-bonded water are released
at a temperature between 40 and 100°C. The hydrogel contains many hydrophilic
groups that retain water more tightly in the hydrogel skeleton by polar interaction.
As aresult, it is harder to lose. Thus, this tightly bound water is released in the
temperature region 100-156°C. The second stage of hydrogel degradation started
between 160° C and 385° C with a 41% weight loss. The three-stages of degradation
biopolymers, at the end of 700°C, the total weight loss of sample was 90%. This
phase of the weight loss mainly could be caused by a series of thermal and oxidative
decomposition in the process including dehydration of the sugar cycle, degradation,
N-deacetylation of the molecular chain of the chitosan cracking unit and vaporiza-
tion and removal of volatile products. It can be concluded the TGA curve shows at
about 222°C. This is probably due to the formation of (-C=N-) and this proves that
biopolymer-based Schiff base is thermally less stable.

The TGA curves of uncoated Fe;0, and the lyophilized ferrogel (CS-Fe;04-OCS)
are shown in Figure 14. For uncoated Fe;04 NPs (Figure 14(a)), the TGA curve
showed that the weight loss over the temperature range 40-750°C was about 2.2%.
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Figure 14.
TGA curves for a) uncoated Fe;0, b) CS-Fe;0,-OCS lyophilized ferrogel.

Hence, this weight loss is related to removal of the physically adsorbed water and/
or hydroxyl groups on the surface of Fe;0, nanoparticles. For coated nanoparticles
Fe;0,. Similarly, the weight curve of CS/Fe;0,4/OCS (Figure 14(b)) showed a
progressive decrease of 85%. This is due to the degradation of the polymer and
hydrogen-bound water in the temperature range of 40-166°C, which forms the
polysaccharide structure of OCS and CS. In addition, a uniform and steady decrease
in weight loss at 166-630°C is CS/Fe;0,/OCS was observed. This may be partly
attributed to the degradation and decomposition of organic skeletal structure,
amino groups, and other functional groups. By comparing the curves of CS/Fe;0.,/
OCS and Fe;0y, it was observed that Fe;0,4 particles are wrapped into CS and OCS
can enhance the thermal stability of the whole system. A temperature of 630°C

or higher, the remaining material was carbonized completely. The indicated that
chitosan and oxidized chitosan coated Fe;0,4 successfully and penetrated deeply
into in the matrix CS/OCS.

3.6 Hydrogel swelling

To investigate the pH dependent swelling behavior of the CS/OCS hydrogels for
drug delivery, PBS with (pH = 1.2; pH = 5.8 and pH = 74) at T = 37°C were used to
simulate the physiological medium and were used for testing swelling of the hydro-
gels. The results of the equilibrium-swelling ratio are presented in (Figure 15). The
CS/OCS hydrogels showed large differences in swelling behavior at different pH
values. The pK, value of the D-glucosamine residue in chitosan was approximately
6.2 to 7.0. Therefore, the amino groups in the chitosan were protonated and posi-
tively charged in acidic PBS (pH = 1.2 and pH = 5.8), and the electrostatic repulsion
between positively charged -NH>* groups would lead to swelling of the hydrogels. The
% equilibrium swelling values were found to be higher at pH = 1.2, than at pH = 74.
This can be explained by protonation of the unreacted NH, groups of chitosan at
acidic pH, leading to dissociation of the hydrogen bonding involving the amino
groups, and thus facilitating the entry of the solvent into the material. The swelling
process of hydrogels involves the ionization [69]. Furthermore, the Schiff base bonds
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% Swelling of CS/OCS hydrogel in buffer solutions of pH = 1,2, pH = 5,8 and pH = 7,4 at T = 37°C.

between -NH, and -CHO as a cross-linker became weak in PBS (pH = 74 at 37°C); the
swelling ratio of CS/OCS was 350%, resulting in swelling of the hydrogel. Therefore,
the CS/OCS hydrogel in PBS (pH = 1.2 at 37°C) exhibited the largest swelling ratio

of 670%; the swelling ratio (pH = 5.8 at 37°C) was 509%. The decreased swelling
ratio occurred due to increased crosslinking density in the hydrogels. Meanwhile,

the equilibrium swelling ratios of the hydrogels in a pH = 74 solution dramatically
decreased. This is because hydrogels exhibited pH-responsive swelling behavior, and
the hydrogels showed a much higher swelling ratio in an acidic medium than thatina
pH 74 medium.

3.7 In vitro release from the hydrogels

The model drugs (5-FU, caffeine and ascorbic acid) was encapsulated in the
hydrogel matrix used for the release kinetics in PBS (pH = 7.4 at 37°C) are depicted
in (Figure 16). The purpose here was to study whether the release of the drug
trapped in the hydrogels, as well as by the simple diffusion. In a system, where drug
is entrapped in a biodegradable matrix, the release rate depends on three param-
eters: the size of the drug molecule, the drug solubility (soluble-sparingly soluble-
insoluble), the cross-linking density and the degradation rate. The ability of the
chitosan-imine-oxidized chitosan hydrogels to act as matrix for controlled release
was investigated in vitro by monitoring the release profile of the (5-FU, caffeine and
ascorbic acid) three-model drug from system in phosphate buffer of physiological
pH (74), at the human body temperature of 37°C (Figure 16). In order to study the
release behavior of 5-FU, caffeine, ascorbic acid incorporated in the chitosan-based
hydrogel cross-linked by oxidized chitosan, they were incubated in release media
(phosphate buffer pH = 7.4 at 37°C) and evaluated by UV spectrophotometry.
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In vitro velease of 5-FU, caffeine and ascorbic acid embedded in hydrogels (pH = 7,4 at 37°C). Values reported
are an average of n = 3 + standard deviation.

(Figure 16) shows release profiles of 5-FU, caffeine and ascorbic acid up to 26 h

of incubation period. As shown in (Figure 16), the chitosan hydrogels showed an
initial burst release of 5-FU, caffeine and ascorbic acid over a period of 3 h for all
incubation media, which was of the order of (5 -FU “52%?7, caffeine “43%” and
ascorbic acid “60%”). This initial rapid release, characterized by a “burst effect»,
because certain quantities of 5-FU, caffeine and ascorbic acid were localized on the
surface of the hydrogels by adsorption which could be released easily by diffusion.
After 3h the release percentages of (5-FU “86%”, caffeine “89%?” and ascorbic acid
“91%7”), respectively [70]. The remaining part of the drug can be trapped in hydro-
gels because the amino functions of chitosan can enter into the Schiff reaction with
the aldehyde groups of oxidized chitosan. Indeed, the hydrogel contained large pore
size, which is beneficial for the diffusion of the drug, this initial bursting effect, a
slower sustained and controlled release occurred throughout the incubation period
and the amount of release. The release profiles confirmed that the (5-FU, caffeine
and ascorbic acid) drugs were encapsulated in hydrogels.

As shown in Figure 17, magneto-hydrogel showed an initial burst release of
(5-FU, caffeine and ascorbic acid) in a period of 5 h, which was in the range of
(37%, 34%, and 42%). The initial burst phase is caused by drug adsorbed on the
surface of the nanoparticles Fe;04 embedded in hydrogel. The release kinetics at
pH = 7.4 at 37°C within 45 h clearly indicated that Fe;0, embedded in hydrogel
influenced drugs release. At pH = 7.4 at 37°C, about (95%, 93% and 97%) amounts
of 5-FU, caffeine and ascorbic acid were release after 45 h, respectively. Due to
the slower swelling rate of nanotransporters in solution, the rate of drug release is
also slower. It is well known that there are a large number of amino and hydroxyl
groups on the surface of chitosan molecules, which provide functional groups and
favorable characteristics for biological molecules. In PBS (pH = 7.4 at 37°C), amino
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Cumulative velease profiles of 5-FU-gel, caffeine-gel, ascorbic acid-gel with external magnetic field. Values
reported are an average of n = 3 + standard deviation.

groups of chitosan mainly attach to the surface of the nanoparticles, so as to reduce
the surface voids and render the pore blockage, lower penetration, and thus slow
down the release rate of the drug [36]. However, due to the magnetic orientation
role of MNPs, magnetic nano-drug carriers could be transported by applying an
external magnetic field and maintain drug concentration for extended periods.
Such rapid transport and slow release of the nanocarriers to the target site may be
desirable for many biomedical applications, minimizing drug leakage to undesirable
sites and reducing the risk of heart attack due to high dose in a short period of time.
These results clearly illustrated that the chitosan hydrogel containing Fe;O, resulted
in a barrier system for the sustained release of 5-Fu, caffeine and ascorbic acid. We
speculate that this barrier structure would block the drug loss in the early burst
release, which is benefit to reduce the toxic side effects.

4. Conclusion

Many conclusions can be made from the present work, the ferrogels (FG) are
cross-linked polymer networks containing magnetic nanoparticles: a) magnetic
magnetite (Fe;0,) were synthesized successfully by chemical co-precipitation
and has been confirmed using FT-IR, VSM analysis, TGA. The advantage of the
co-precipitation method are low cost, rapidity, ease, reproducibility and high-yield
synthesis. b) The hydrogel was formulated by cross-linking chitosan (CS) and
oxidized chitosan (OCS) via the Schiff-base (-C=N-) reaction. Obviously, these
results indicate that this exhibit non-toxic, biodegradable, good injectability, less
expensive and respect the environment, quick gelation time, in vitro pH-dependent
equilibrated swelling ratios, interconnected porosity. c) Magneto-responsive
hydrogels are typically prepared by incorporating magnetic particles into hydrogels
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and has been confirmed using (FT-IR), (TGA), (VSM) analysis at room tempera-
ture. d) The role of Fe;0, embedded in hydrogel, which allows reducing the surface
voids and rendering the pore blockage, lower penetration, and thus slowing down
the release rate of the drug. e) A 5-Fluorouracil (5-FU), caffeine and ascorbic acid
release tests were used to demonstrate the excellent in vitro drug release behavior
of these hydrogels and ferrogels. However, all these results indicate that this type
of biomaterial based on chitosan with oxidized chitosan in the presence of the
three drugs with different solubility for the preparation of hydrogels effective for
the controlled release of the drug. Compared to other hydrogels based on chitosan,
the present study brings to the attention of researchers a novel strategy to design a
non-toxic and biodegradable matrix for drug delivery systems, by the simple use of
appropriate oxidized chitosan without incorporating any crosslinking agents. This
design expands the variety of hydrogel matrices, guiding additional efforts in the
development of the new ideas for pharmaceuticals applications. As a perspective
and future challenges, we will test this type of ferrogels for cancer treatment by
hyperthermia.
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