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ARTICLE INFO ABSTRACT

This research exhibits a novel approach to constructing the ZnAl layered
double hydroxide (ZnAl-LDH) as a shell on the core of Fe,O, nanoparticles,
followed by the intercalation process of an antibiotic drug, ciprofloxacin
(cip). Also, the advantages of the synthetic Fe,O 4@ZnAl-LDH as a delivery
agent model are investigated. The obtained biocompatible nanostructures
were characterized by a range of techniques such as FT-IR, XRD, EDX,
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Keiy words: ) FE-SEM, and TGA. Based on the X-ray diffraction results, the increase in
Ciprofloxacin the interlayer space indicated successfully intercalation of cip (ZnAl-LDH-
Drug release cip 95.87 % and Fe,O,@ZnAl-LDH-cip 94.48 %,). The surface morphology,
Layered double hydroxide examined by the scanning electron microscopy imaging, displayed the
Nanohybrid stacked sheets of LDH. In addition, the drug release properties, studied

in PBS buffer (pH=7.4) at 37 'C, illustrated a sustained release profile. The
great rates of 81.27 % and 82.43 %, were found after 24 h for ZnAl-LDH-
cip and Fe,O,@ZnAl-LDH-cip, respectively. The studies showed that the
as-synthesized Fe,O0,@ZnAIl-LDH can be used as an efficient nanocarrier
in the targeted and controlled drug release systems.
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INTRODUCTION

Nowadays, nano has made great progress in
drug delivery, reduction of side effects of drugs,
early diagnosis of diseases, and treatment of
incurable diseases [1, 2]. Organic and inorganic
nanoparticles can also be used in drug delivery
systems, which have been of great interest in
recent years [3—6]. Layered or two-dimensional
composites whose crystal structures are formed
by the juxtaposition of two-dimensional units by
weak forces, have engrossed the consideration of
scientificcommunities due to their high potentialin
industrial usage, controllability, and the possibility
of partial deformation in the interlayer space.

* Corresponding Author Email: Mansournia@kashanu.ac.ir

The basic structure of layered double hydroxides,
indicated by the abbreviation LDH, is based on the
structure of brucite Mg(OH) with the characteristic
of anion exchange. In such structure, cations are
placed inside the layers and anions along with
water molecules are placed between the layers.
The general formula of LDHs is [M" M" (OH),]
X*[A"'x/n]*’.mHZO, where the practical importance
of them is due to the high charge density of their
layers [7-9]. Also, easy, cheap and changeable
synthesis, and renewable source have attracted
a lot of attention to the use of these compounds.
Positively charged LDHs as the host compounds
for the synthesis of organic-mineral nanolayers
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can place negatively charged biomolecules
between their layers [10]. The high ability of these
layered structures to exchange anions has caused
applications of these compounds in various fields
such as pollutant absorbers [11], catalysts [12,
13], ion exchangers [14, 15], drug carriers [16—18],
electrochemistry [19-21], and reinforcing agents
in polymer materials [22].

Delivering the drug to the desired tissue causes
accumulation and thus increases the activity of the
drug, and on the other hand, minimizes the toxicity
of the drug on other tissues, which is defined
as a targeted release. In addition, the carriers
have led to improved stability and solubility of
drugs [23, 24]. Recently, LDH-based drug delivery
systems have been reported for ciprofloxacin
(cip), which is effective in the treatment of
various microbial infections [25, 26]. On the other
hand, the cores in core-shell nanostructures can
be made from various materials with different
sizes, shapes, and properties. In the meantime,
magnetite nanoparticles as the most important
category of magnetic particles have received very
consideration due to their great characteristics;
ideal size and suitable biocompatibility. [27-30].
In this research, a new approach is utilized for
the synthesis of Zn-Al layered double hydroxide
nanostructures using an ammonia atmosphere.
Since the ability to control the drug carrier by the
external magnetic field improves its targeting and
reduces its possible side effects in the patient’s
body, the synthesis of a delivery system with the
core-shell structure consisting of a magnetic core
is also carried out. Further, the potential of the as-
obtained nanostructures for the loading and then
releasing of ciprofloxacin drug are investigated.

MATERIALS AND METHODS
Raw materials

The metal salts of FeSO,.7H,0, Zn(NO,),.6H,0,
AI(NO,),.9H,0, Na,HPO,, KH,PO,, KCl, and NaOH
were purchased from Merck, and ciprofloxacin
were obtained from Sigma-Aldrich. Ammonium
hydroxide 25 %, hydrochloric acid 37 %, and
absolute ethanol were also procured from Merck
Company. All the chemicals were of analytical
grade and used without any further purification.
Phosphate buffered saline (PBS) solution was
prepared using Na,HPO, (2.40 gr), KH,PO, (0.40
gr), and KCI (0.03 gr) per liter deionized water. The
pH was adjusted to 7.4 by hydrochloric acid or
sodium hydroxide 1 M at 37 °C.
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Preparation of Fe O, core

The magnetite nanoparticles were synthesized
via a hydrothermal method based on our previous
procedure [31]. Briefly, two beakers one of them
containing 0.139 gr FeSO,.7H,0 dissolved in 10
ml distilled water and another one comprising 10
ml of the ammonia solution were transferred into
an autoclave (with a capacity of 300 ml), beside
each other. The autoclave was heated at 75 °C for
1h. Then, the black precipitate was collected and
washed with distilled water and ethanol several
times and dried at 75 °C.

Preparation of ZnAl-LDH and ZnAIl-LDH-cip

The ZnAI-NO, LDH was synthesized using the
above hydrothermal method at the ammonia
atmosphere similar to that of Fe O, preparation.
Initially, 10 ml of an aqueous solution including
Zn(NO,),.6H,0 (0.01 M) and AI(NO,)..9H,0 (0.005
M), with the Zn/Al molar ratio of 2:1 under
vigorous stirring in a beaker along with another
beaker containing 10 ml of ammonia solution
were put in an autoclave at room temperature for
1h. The product was separated by centrifugation
and was washed several times with distilled water
and ethanol, respectively, then was dried at 75 °C
for 12 h. For the intercalation of the drug into the
interlayer space of ZnAl-LDH, cip (0.017 gr) was
also dissolved in the initial solution in addition to
the Zn?* and AP nitrate salts. In this regard, the
mole ratio of drug/Al in the preparation of ZnAl-
LDH-cip was 1:1.

Preparation of Fe O,@ZnAl-LDH-cip

In order to coat the magnetite cores with the
drug loaded nanocomposites, ZnAl-LDH-cip,
0.002 gr of the as-made Fe,0, was ultrasound
dispersed in the solution of 0.017 gr of cip, 0.026
gr Zn(NO,).6H,0 and 0.018 gr of AI(NO,).9H,0 in
10 ml distilled water for 30 min. The obtained
mixture was placed in an autoclave, beside the
beaker of 10 ml NH, solution. After standing at
room temperature for 1h, the brown precipitate
was collected by centrifugation, rinsed several
times with distilled water and ethanol to remove
the impurities, and finally dried at 75 °C.

Instruments

The crystal structure of the products was
recognized using X-ray diffraction (XRD) by a
Philips X’'pert pro diffractometer with graphite
mono achromatized Cu ka radiation having A =
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1.5406 A. FT-IR spectra were recorded using a
Magna 550 Nicolet spectrometer and the KBr
pellets in the wavenumber region of 400-4000 cm-
. Furthermore, a field emission scanning electron
microscope (FE-SEM), TESCAN Mira3, coupled to
energy-dispersive X-ray spectrometer (EDX) was
utilized in order to investigate the morphological
and elemental composition of the as-made
samples. The thermogravimetric analysis (TGA)
was carried out using a STA530 instrument with
heating temperature from 0 to 900 ‘C under an
argon atmosphere. The amount of drug loaded

on the as-made LDH carriers and released from
them were estimated by employing a single beam
UV-Vis spectrometer (Advanced spectroscopy CO.
IRAN) in the wavelength range of 200-900 nm
using a quartz cell.

Drug loading capacity

The amount of ciprofloxacin entrapped into the
layered double hydroxide was evaluated as follows:
During the centrifugation step in the preparation
of Fe,0,@ZnAl-LDH-cip, the supernatant was
collected and its absorbance was measured at the
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Fig. 1. FT-IR spectra of the pure ciprofloxacin, and the as-synthesized ZnAl-LDH, ZnAl-LDH-cip, Fe,O, and Fe,0,@ZnAl-
LDH-cip.
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related A__ for cip, 275 nm. Then, the untrapped
amount of the drug was determined based on
the standard absorbance curve, plotted as the
absorbance versus concentration for the different
standard solutions of drug at the aforementioned
wavelength. Finally, the drug-loading capacity was
calculated by subtracting the amount of untrapped
drug from the its initial amount [32]. On this basis,
excellent loading capacities of ZnAl-LDH and

Fe,0,@ZnAl-LDH were estimated as 95.87 % and
94.48 % for the intercalation of cip, respectively.

RESULTS AND DISCUSSION
Analyses and characterizations

FT-IR analysis was performed to confirm the
formation of ZnAI-LDH and Fe304@ZnAI—LDH,
and the loading of drug molecules on them
leading to the ZnAl-LDH-cip, and also Fe,O,@
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Fig. 2. XRD patterns of the pure ciprofloxacin (a), and the as-made ZnAI-LDH (b), ZnAl-LDH-cip (c), Fe,0, (d) and Fe,O,@ZnAl-
LDH-cip (e).
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ZnAl-LDH-cip nanohybrid (Fig. 1). For the Fe O,
sample, the absorption frequency at 594 cm™ was
ascribed to the stretching vibration of Fe-O. As
seen in the FT-IR spectrum of the as-synthesized
ZnAl-LDH, the strong band recorded at around
the wavenumber of 3452 cm™ is related to the
stretching vibrations of the -OH group on the
surface of layers or interlayer water molecules. In
addition, the absorption band at about 1636 cm™
is related to the -OH bending vibrations of water
molecules, and the band at 1383 cm™ represents
the interlayer nitrate anions. The two absorption
bands specific to LDH, which can be seen at wave
numbers 526 and 426 cm™, are assigned to the
stretching vibrations of the bonding of hydroxyl
groups with zinc and aluminum [33].

The spectrum of ciprofloxacin shows many
absorption bands due to the various vibrational
modes of pure drugs including the aromatic rings,
and carboxylic, phenyl, and pyrazine groups. The

absorptions at 3085 and 2926 cm™ are related to
the aromatic ring connected to the C-H bond. Also,
the strong band appearing at 1707 cm™ belongs
to the carboxylic acid group. The absorption
band in the 1624 cm™ region belongs to the
bond vibration of the phenyl group attached to
COOH. The band at about 1270 cm™ corresponds
to the vibration of the C-F bond. Besides, the
absorption bands in the wave numbers ranges
of 1280-1400 cm™® and 1610-1550 cm™ are
characteristic of the symmetric and asymmetric
vibrations of the O-C-O bond, respectively. The
carboxylic acid group of ciprofloxacin loses its
acidic H in the alkaline environment, and thus, it
binds with LDH layers from its negative end and
replaces the interlayer nitrate anion. In the cases
of cip-loaded samples, as can be observed in
Fig. 1, the appearance of vital absorption bands
of the pristine LDH structure, magnetite core,
and several characteristic vibrations of the bare
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Fig. 3. EDX spectra of the as-produced ZnAI-LDH (a) and Fe,0,@ZnAI-LDH-cip (b).

760

J Nanostruct 16(1): 756-765, Winter 2026
[@)er |



S. Bakhshi Sichani, M. Mansournia / Magnetic Core-Shell Nanostructures for Controlled Release of Ciprofloxacin

drug clearly prove the successful loading of cip
molecules and preparation of the ZnAl-LDH-cip
and Fe,O,@ZnAl-LDH-cip. Also, the presence
of absorption bands related to layered double
hydroxide nanostructures and the structure of the
drug is considered evidence of drug loading [34].
The XRD patterns of the pure drugs, as-prepared
ZnAl-LDH and Fe O, samples, and the intercalated
hybrid materials of ZnAl-LDH-cip and Fe,O0,@
ZnAl-LDH-cip have been compared in Fig. 2(a-e).
In the case of Fe,O, (pattern 2d), the reflection
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peaks at 26 = 30.20°, 35.52°, 43.13°, 57.20°, 62.52°,
derived from the reflection planes of (220), (311),
(400), (422), (511) and (440), respectively, indicate
the good crystalline phase of magnetite with
an inverse spinel structure, according to JCPDS
card No. 19-0629. For ZnAl-LDH sample (Fig. 2b),
the diffraction lines related to the (003), (006),
(012), (015), and (018) crystal planes are located
at 11.77°%, 23.41°, 34.76°%, 39.36 %, and 46.86°, in
agreement with the classical structure described
in the literature (rhombohedral phase, space
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Fig. 4. FE-SEM images of the as-prepared nanostructures: ZnAl-LDH, ZnAlI-LDH-cip and Fe,O,@ZnAl-LDH-cip.
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group R-3m). The high intense and relatively
narrow peak for the (003) plane illustrates the
crystalline LDH [35, 36]. It can be noticed that the
(003) reflection have been shifted to a lower angle
(28) region (below 5°) after the cip intercalation, as
seen in the 2(c, e) patterns. This displacement on
the one hand and the lack of peaks relevent to the
drug on the other exhibit that the nitrate ions are
replaced with cip, and the basal spacing of layered
materials is enlarged. Further, the presence of
characteristic peak of Fe,O,, related to crystal
plane (311), confirms the existence of a magnetite
core [37, 38].

Besides, the chemical composition of products
was studied using energy-dispersive spectroscopy.
The peaks of Zn and Al as metallic cations of
the as-made LDH, and that of Fe, related to the
magnetite core in the case of Fe304@ZnAI-LDH—
cip, are observed in Fig. 3. Also, the EDX spectra
exhibit the presence of N and O as composing
elements of the as-produced nanocomposites.

The morphology of the LDH samples was
characterized by the FE-SEM microscopic imaging
techniques, before and after cip-loading. As can be
seeninFig.4,theZnAl-LDHnanostructuresillustrate
a layered and plate-like morphology. However, in
the case of ZnAl-LDH-cip, its morphology changes
to the lumpy, because of the adsorption of some
drug molecules on the surface of LDH during the
loading process. According to SEM images, it is

noticeable that the particles of Fe304@ZnAI-LDH-
cip nanohybrid are the LDH sheets that are stuck
together due to their magnetic properties.

The thermogravimetric (TG) curve of Fe ,O,@
ZnAl-LDH-cip reveals four stages (Fig. 5a). In the
first, at about 50 to 150 'C, the water molecules
placed in the layers lost. In the second stage,
the dehydroxylation and in result, the loss of
layered double hydroxide sheets happens at a
temperature range of approximately 300-550
‘C. A lot of heat is released during the thermal
decomposition of the layers. In the following,
we will face the destruction of ciprofloxacin drug
molecules, which according to the evidence, the
melting point of this drug is about 255 °C, while the
thermal resistance of the drug increases by being
placed in the plates of layered double hydroxide
nanostructures. We continue to see the resistance
and non-decomposition of the Fe O, structure
with increasing temperature.

In vitro drug release

For studying the dissolution behavior and total
drug release from ZnAl-LDH and Fe304@ZnAI-LDH
materials, a 20 mg sample of the nanohybrid was
added to 5 ml of the medium solution (phosphate-
buffered saline, pH=7.4) in a dialysis bag. Then, the
bag was suspended in 500 ml PBS at 37 °C, under
constant and continuous stirring. A three-mililiter
sample of the suspension was withdrawn and
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Fig. 5. TGA curves of the as-prepared Fe,0,@ZnAl-LDH-cip sample.
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analyzed by UV-vis spectrophotometer at 275 nm,
and in order to maintain the medium at constant
volume, 3 ml of fresh PBS was added to the
glass. The gradual release profile was measured
for 24 hours until the concentration of the drug
reached to stable level [39, 40]. The procedure
was designed so that the drug concentration in
fully released condition would not exceed 10 %
of its solubility amount in the saturated solution,
referred to as the ‘sink conditions’ [41]. According
to the release profiles of drugs from the fabricated
nanohybrid systems, given in Fig. 6, the high
delivered amounts of 81.27 % and 82.43 % were
found during 24 h for ZnAl-LDH-cip, and Fe,0,@
ZnAl-LDH-cip, respectively. On the other hand, a
more remarkable rate, 82.24 %, at the releasing
time of 6 h in the case of Fe,0,@ZnAl-LDH-cip,
compared to that of ZnAl-LDH-cip, 75.03 %,
indicates that the as-made Fe304@ZnAI-LDH can
better play the role of a promising nanocarrier in
the targeted and controlled drug delivery systems.

CONCLUSION
In summary, ZnAl-LDH and Fe304@ZnAI—LDH

were successfully synthesized through a novel
co-precipitation method at moderate alkaline
media derived from an ammonia atmosphere.
Further, ciprofloxacin was intercalated in the
interlayer spaces of the as-made LDH structures.
The products’ compositional structure,
surface  morphology, porosity, magnetic and
thermostability properties were well characterized
using various techniques. The increase in the space
of interlayer in X-ray diffraction analysis indicated
that the drugs were successfully intercalated into
the LDH nanostructures (ZnAl-LDH-cip, 95.87
% and Fe,O,@ZnAl-LDH-cip, 94.48 %). Also, the
surface morphology, examined by the scanning
electron microscope images showed the stacked
sheet of LDHs. In addition, the drug release
properties were studied in PBS buffer (pH=7.4)
at 37 °C and exhibited a sustained release profile.
The great rates of 81.27 % and 82.43 % were found
after 24 h for ZnAl-LDH-cip and Fe304@ZnAI-LDH-
cip, respectively.
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