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nanomaterialt
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Inorganic nano-layered double hydroxide (LDH) materials are used in the catalytic field, and have
demonstrated great applicability in the pharmacological fields. In the current study, we report Zn—Al LDH

as an adsorbent for levofloxacin (levo). The physical and chemical properties of the prepared material

before and after adsorption were monitored using X-ray diffraction, Fourier-transform infrared (FT-IR)

spectroscopic analysis, energy dispersive X-ray spectroscopy (EDX), Brunauer—Emmett—Teller (BET)

surface area measurements, high-resolution transmission electron microscopy (HRTEM), and field

emission scanning electron microscopy (FESEM). Density functional theory (DFT) calculations for levo
and its protonated species were studied at the B3LYP/6-311G (d,p) level of theory. The removal

percentage of levo was 73.5%. The adsorption isotherm was investigated using nine different models at
pH 9, where the obtained correlation coefficients (R?) using the Redlich—Peterson and Toth models were
0.977. The thermodynamic parameters AS°, AG® and AH° were estimated and discussed in detail. Also,
to support the adsorption research field, the applicability of the formed waste after the adsorption of
levo onto Zn-Al LDH was investigated for medical purposes. The toxicity of levo in both nhormal and
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nanocomposite form was studied. Neither toxicological symptoms nor harmless effects were exhibited

throughout the in vivo study. The oral anti-inflammatory activity, tested using 6% formalin to produce
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1. Introduction

In the 20" century, the discovery of antibiotics was one of the
most relevant achievements, resulting in a great revolution in
both human and veterinary medicine." However, their residual
presence in the environment poses a threat to human health
and the ecological system. These residues may lead to prolif-
eration of antibiotic-resistant strains of bacteria.>* Scientists
found that the presence of traces of these drugs or their
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edema in the footpad, was manifested as a significant increase of 37% in the anti-inflammatory effect of
the Zn—Al LDH/levo nanocomposite compared to levo in its normal form.

presence in sub-lethal concentrations in sewage is more than
enough to have a harmful impact, as these traces can induce the
evolution of antibiotic-resistant bacteria, which increase the
risks to human health.>® The residual antibiotics enter the
environment through different pathways as wastewater effluent
discharge, agricultural runoff, and leaching.”® One of these
antibiotics is levofloxacin (levo), which has been detected in
wastewater and river water of rural Shandong province, China,
at concentrations 12.5 and 0.5 ng L', respectively. The risk
quotient (RQ) for the estimated ecological risk of antibiotic
resistance selection was found to be >1 (=2.587) in wastewater,
illustrating its high ecological risk for the development of
resistance.’ Although, many techniques have been used to
remove these antibiotic residues from the sewage system, such
as conventional treatment processes, for example adsorption,
and non-conventional methods, they suffer from some limita-
tions. Conventional treatment processes (filtration, floccula-
tion, sedimentation, coagulation or ozonation)*™ fail to
remove these residual antibiotics completely due to their high
solubility and polarity and low degradability in water,"* which
then enables their passage through the filtration steps in the
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treatment process so that they reach our drinking water.
Moreover, ozonation is high in cost and requires high energy
and the need for backwashing. Non-conventional methods
include reverse osmosis, nano-filtration, ion exchange, chlori-
nation and oxidation. Nano-filtration through graphene-based
nanomaterial membranes™ and reverse osmosis are tech-
niques that have shortcomings because the membranes are
susceptible to malfunction when they come into direct contact
with oxidants.’ Chlorination processes are limited due to the
evolution of dangerous by-products.’” Under different condi-
tions, the adsorption processes are considered to be one of the
most effective techniques in the removal of pollutants such as
heavy metals and residual antibiotics from wastewater effluent
due to their known merits such as: the ease of applicability for
the removal of different types of pollutants, either soluble or
insoluble, its low cost, simplicity of use, and the reusability of
the adsorbents in different aspects."™'® Since layered double
hydroxide (LDHs) have unique properties such as a high surface
area, low cytotoxicity, good compatibility, magnetism, a porous
structure and are easy to synthesise’ so, this improves the
action of the adsorption process.'®' Besides this, its efficient
role as a nano-delivery system means that it allows the
manufacturing of drugs at the nanoscale level, facilitating drug
delivery to the different parts of the body and enhancing their
pharmacological functions without any alterations, when
compared to pure drugs.”*** Moreover, LDH nanoparticles, if
compared to other inorganic nanoparticles, have no significant
cytotoxic effect at exposure times of 72 h and below a concen-
tration of 250 ug mL~" which is far too high for use in a drug
delivery system.”® On the other hand, the influence of freely
ionized metal ions such as AI** on the absorption of the anti-
biotic levofloxacin in the small intestine of rats was investigated
in terms of the inhibition of levo absorption in the small
intestine of the rats and how it affects its anti-inflammatory and
antibacterial activity. This is due to the strong adsorption of levo
by the aluminum free ions in the aluminum hydroxide, which
reduces its absorption in the small intestine and inhibition of
its activity occurs, so on using the stable synthesized LDH, we
could overcome this problem. Besides the enhancement of both
the absorption and the activity of levo,”® many research studies
have revealed the significant and effective role of the adsorption
technique, such as the effectiveness of a magnetic carbon
nanocomposite for the removal of levo from wastewater.** Also,
the adsorption of levo from aqueous solution has been studied
using a humic acid treated zeolite, which showed efficient
adsorption of levofloxacin.”® Also, activated carbon, silica gel
and LDHs have been used for the treatment of wastewater.*
Moreover, the adsorption of levo onto the surface of Fe;0, and
Fe;0,@Si0, nanomaterials has been studied and the maximum
adsorption capacity of levo on Fe;O, nanoparticles was esti-
mated to be in the range of 6.094 to 6.848 mg g~ '. Yu et al.*”
applied agricultural waste corn bracts (CBs) modified by zirco-
nium cations as promising adsorbent materials for the removal
of levo. Also, Yi et al.*® used rice husk (RH) and wood chip (WC)
biochars in the removal of levo from aqueous solution, esti-
mating the maximum adsorption capacities of the biochars to
be in the range of 1.49 to 7.72 mg g . Also, Limbikai et al.*®
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successfully removed levo from water using a low-cost adsor-
bent prepared from coconut coir impregnated with alumina
nanoparticles, which showed a removal percentage in the range
of 56.6-64%. Low cost natural waste adsorbents such as acti-
vated carbon, barley husks and eggshells have also been used to
remove levofloxacin from wastewater, with removal efficiencies
of 74, 71 and 42%, respectively.*®

Independent of its antibacterial activity, levofloxacin has
been found to have anti-inflammatory effects because of its
immunomodulatory activity on cytokine production. In human
epithelial cells, levofloxacin has shown a dose dependent
decrease in interlukin-6 and interlukin-8 concentrations.** In
peripheral blood mononuclear cells, levofloxacin suppressed, in
a concentration dependent manner, the production of inter-
lukin-1p, resulting from their stimulation by
lipopolysaccharides.??

Levofloxacin is not only used as an antibacterial or anti-
inflammatory material but is also used with meloxicam in
a combined treatment in order to enhance the immunolocali-
zation of the ABCG-2 transporter protein found in rabbit retinas
(adenosine triphosphate-binding cassette (ABC) sub-family G
member-2 (ABCG-2)) which is involved in multi-drug efflux from
tissues.* So, in the present study we aim to remove levofloxacin
present in wastewater effluent by loading it on a Zn-Al LDH,
thereby eliminating the threat of antibiotic resistance, and
utilize the formed novel nanocomposite to sustain release,
improve the activity and avoid the risks associated with dose
escalation to obtain the desired anti-inflammatory action.
Despite the prevailing opinion that the therapeutic effect of
drugs is concentration dependent, the anti-inflammatory action
was improved by the levofloxacin nanocomposite even though
the amount loaded on the Zn-Al LDH was lower than that of
pure levofloxacin used during in vivo experiments.

2. Experimental
2.1 Materials

Zinc chloride (ZnCl,) and aluminum chloride (AICl;) were
purchased from Sigma-Aldrich. Twice distilled water was used
in all preparations. Sodium hydroxide and ethanol with a purity
of 99.8% from Sigma-Aldrich and hydrochloric acid (ACS BASIC
Scharlau) were of HPLC analytical grade. Diclofenac sodium
(Voltaren®, 75 mg/3 ml NOVARTIS Pharmaceuticals) and levo
were obtained from Aarti Drugs Ltd pharmaceutical company.

2.2 Synthesis of Zn-Al LDH

Zn-Al LDH with a molar ratio 3 : 1 (Fig. 1) was prepared using
a co-precipitation method reported in previous work.** In the
co-precipitation method, aqueous solutions of Zn*>* and Al** are
mixed, then, NaOH (0.5 mol L") solution is added through
a titration system under continuous stirring until pH 10.0 is
reached. The obtained precipitate is then aged for 24 h at 70 °C.
The resulting suspension was centrifuged to separate the
precipitate, which was washed several times using distilled
water, and finally with ethanol until pH 7 was reached, and the

This journal is © The Royal Society of Chemistry 2020
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formed precipitate was left at 50 °C in an oven for 24 h until it
was completely dry.

2.3 Characterization of the Zn-Al LDH

The prepared adsorbent was characterized using different tools
A PANalytical (Empyrean) X-ray diffractometer equipped with
a Cu-Ka radiation source (wavelength 0.154 nm) operated at
a current of 35 mA and voltage 40 kv, and scanning at a rate of
8° min~"' from 5° to 80° (26) was used to determine the crys-
tallinity and structural composition of the synthesized Zn-Al
LDH. An amount of 0.50 mg of the prepared material was
homogenized in an agate mortar with 300 mg of optically high
purity KBr, vacuumed for 5 min then pressed under 10 ton per
cm? for 15 min to form a KBr pellet, the area of which was 1.13
cm’® (Zeiss standard). A light grey transparent pellet without
visually noticeable grains was obtained and its IR spectra were
recorded using a Bruker-Vertex 70spectrometer (Germany) in
the wavenumber range of 4000-400 cm™ % Also, the micro-
structure and morphology of the synthesized Zn-Al LDH were
investigated using a high-resolution transmission electron
microscope (HRTEM, JEOL JEM-2100) with an acceleration
voltage of 200 kV) and a field emission scanning electron
microscope (FESEM). The Brunauer-Emmett-Teller (BET)
analysis of the specific surface area, pore size distribution and
specific pore volume of the prepared sample were determined
(TriStar II 3020, Micrometrics, USA).

2.4 Adsorption study

To perform this experiment, we used a batch operating system
at ambient temperature using a standard stock aqueous solu-
tion of levo with a concentration 150 ppm, which allowed the
preparation of a series of diluted concentrations to obtain an

View Article Online

RSC Advances

pe (c) Levo

*

Intensity(%)

*
—~
=

=

20 30 40 50
2 Theta(degree)

80

Fig. 2 XRD patterns of the (a) Zn—-Al LDH, (b) Zn—Al LDH/levo and (c)
levo.

ideal calibration curve (5-100 ppm). Firstly, five 50 ml Falcon
tubes were prepared by placing in each: 0.05 g of the synthe-
sized catalyst (Zn-Al LDH) and pollutant (levo) with a concen-
tration of 15 ppm, and then the pH of the five tubes was
adjusted to 3, 5, 7, 9, and 11 using 0.1 N NaOH or 0.1 N HC],
recorded using a pH meter (Metrohm 751 Titrino).

The same previous steps were performed in another five tubes,
but including the catalyst. This experiment was performed in the
absence of light and the tubes were placed on an orbital shaker (S-
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Fig.1 EDX spectrum of the prepared Zn—Al LDH in which the inset shows the elemental composition percentage.
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Table 1 Main crystal plane spacing and lattice parameters calculated
from XRD patterns of the Zn-Al LDH and the Zn-Al LDH/levo
nanocomposite

d(003)  d(006) d(110)
XRD patterns (A) (A) &) aA) c@A)
Zn-Al LDH 7.65 3.79 2.71 5.42 22.95
Zn-Al/levo nanocomposite ~ 7.72 3.76 2.70 541  23.17
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Paper

0330-Pro), leaving them overnight for =20 h at 250 rpm until
equilibrium was reached. A syringe filter (Millipore, Nylon, 0.22
um pore size) was used to filter the prepared solution before
measurements. The residual concentration of the pollutant (levo)
was measured using a double beam UV-visible spectrophotometer
(UV-2600 UV-Vis Spectrophotometer, Shimadzu) at a wavelength of
289 nm.**** The amount of levo adsorbed per gram of Zn-Al LDH
(Q) and the removal percentage were calculated according to the
following equations:
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Fig. 3 FTIR spectra of levo, Zn—-Al LDH/levo and the Zn—Al LDH.
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Table 2 Band frequencies from the FTIR spectra of levofloxacin, the Zn—Al LDH and Zn—Al LDH/levo

No. Name Wavelength Functional Groups
1 Levo 1085 cm ™" C-halogen group
1294 cm ™! Amines (C-N)

1730 em™*, 1645 cm ™!
1250-1200 cm !
2800-3076.28 cm ™ *
3278.35 cm ™!
3412.78 ecm™*

2 Zn-AlLDH  723.14 cm™ ', 614 cm ™' and 416 cm ™!
1355.96 cm ™!
1630 cm™*
2970.38 cm ™t
3447.03 cm ™!

3 Zn-Al levo 1089.63 cm™ ', 1036 cm !
1362-1505.04 cm ™"
2073 ecm ™!
3446.72 cm ™t

(Co—C)V

0= W

C - G

C. x 100

Removal percentage =

Carbonyl group

C-0O-C of acrylates and ethers

Aromatic group

N-H stretching vibration indicative of the C=0 stretching of the esteric group
Hydroxyl groups of -COOH

Stretching vibrations of M-O and M-O-H

C-0 asymmetric stretching due to carbonate ions

O-H bending vibration

Bonding between CO;>~ and hydrogen in water

Adsorbed water and O-H groups

C-halogen group

C-0 asymmetric stretching due to carbonate ions

vc-o-c of acrylates and ethers

Hydroxyl groups of ~-COOH of adsorbed levo and O-H of LDH

in mg L after adsorption at time ¢ (min), W is the weight of the

®) catalyst in grams and V is the volume of the levo solution (L).
The point of zero charge (PZC) of the Zn-Al LDH was
@) measured by adding 0.05 g of the synthesized LDH to a 25 mL
aqueous solution at different pH values (3, 5, 7, 9 and 11).>*

where Q is the amount of levo adsorbed per gram, C, is the Then, the solution was left for 24 h to reach the final pH. The
initial concentration of levo, C, is the levo concentration difference between the final and the initial pH was plotted
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Fig. 4 FESEM images of the (a) Zn—-Al LDH, (c and d) Zn—Al LDH/levo and (b) HRTEM of the Zn—Al LDH.
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Fig. 5 Adsorption—desorption isotherms of N, for the Zn—AlLDH at 77 K, where the inset figures show (A) the pore width distribution and (B) the

particle size distribution.

Table 3 Surface and porous structure parameters of the Zn—-Al LDH
nanomaterial”

Surface area (m* g™ ") 40.65 m> g
Total pore volume (cm® g™") 0.04 cm® g !

The monolayer capacity Vi, 6.45 cm® (STP) g~
Average pore diameter (nm) 5.63 nm

“ STP = standard temperature and pressure.

versus the initial pH. The PZC is equal to the initial pH at which
ApH = 0. The effect of the dose of the adsorbent was studied at
a constant concentration of levo (15 ppm) and different weights
of adsorbent (0.0125 g to 0.20 g), adjusting the pH of each tube
at pH = 9 (an optimal condition that was obtained from the
effect of pH). Also, the effect of pollutant concentration was
studied by adding a constant weight of the adsorbent (0.125 g
which was obtained under optimal conditions of the dose of the
absorbent), and different concentrations of levo ranging from
5 ppm to 50 ppm, adjusting the pH of each tube to the optimal
pH then the two, three and four parameter isotherm models
were applied. Finally, the effect of different temperatures was
examined at 15, 25, 35, 45 and 55 °C and the thermodynamic
parameters were calculated.

27638 | RSC Adv, 2020, 10, 27633-2765]

The remaining samples from the above adsorption experi-
ments were collected and centrifuged to obtain a precipitate
containing the Zn-Al LDH/levo nanocomposite, then the ppt
was washed several times using twice distilled water and the
washed precipitate was dried in the oven at 50 °C for 24 h until
completely dry. Finally, we used the dried Zn-Al LDH/levo as
a safe anti-inflammatory treatment.

A potentiometric titration was carried out to investigate the
dissociation constants of levo using a Metrohm 686 titropro-
cessor with a 665 dosimat (Switzerland-Herisau) attached.
Glass-calomel combined electrodes (Metrohm) and a thermo-
metric probe were used. The titroprocessor and the electrode
were calibrated with standard buffer solutions. The ionic
strength was maintained at 0.1 mol dm ™~ with sodium nitrate.**
Levofloxacin solution was prepared in its protonated form
(H,L**) by dissolving it in HNO; solution. The acid dissociation
constant of the protonated form of the ligand was determined
by titrating 1.25 mmol of it with a standard 0.05 M NaOH
solution. The detailed method and calculation of the formation
constant and the concentration distribution diagram as a func-
tion of pH have previously been described elsewhere.*

2.5 In vivo study in experimental animals

Animals used for testing the anti-inflammatory effects were
obtained from the faculty of veterinary medicine, Beni-Suef

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04898d

Open Access Article. Published on 23 July 2020. Downloaded on 10/31/2025 6:59:12 AM.

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

[{ec

View Article Online

Paper RSC Advances

Fig.6 The optimized structure of protonated levo (HsL2"), the vector of the dipole moment, and the natural charges on the active centers of the
ligand using the B3LYP/6-311G(d,p) functional.

H(N1)L*

Fig. 7 MEP surface of L™ and zwitterionic H(N3)L* calculated using B3LYP/6-311G(d,p).

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 27633-27651 | 27639
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Table 4 Calculated energies of levo and its protonated and un-
protonated forms at the B3LYP/6-311G(d,p) level of theory

E HOMO” LUMO° E,  Dipole moment‘e
L -1262.71  —1.16 175  2.91  24.64
HL®  -1263.16  -3.71  -1.94 177 30.81
H,L'  -1263.48  —6.01  —560  0.40  46.46
H,L”* -1263.88 —11.53 -7.82  3.71 3125

“ E: the total energy (a.u.). > HOMO: highest occupied molecular orbital
(eV). ¢ LUMO: lowest unoccupied molecular orbital (eV). ¢ Ey = Erumo —
Enomo (V). ¢ Dipole moment (Debye).

University. Animals were kept under standard conditions in
terms of animal weights, dosing, anesthesia, drinking, and
feeding. Inflammation induction and treatment were approved
according to the guidelines of the care and use of laboratory
animals of the faculty of veterinary medicine, Beni-Suef
University, and according to the institutional animal care and
ethical committee of Beni-Suef University, Egypt.

About 30 albino rats of both sexes with 200-250 g per b wt
were used for each of the anti-inflammatory activity and LDs,
studies, divided into five groups: control group (administered
orally with distilled water), standard group (administered with
diclofenac sodium at 30 mg per kg per b wt) and three differ-
ently treated groups (G3, G4 and G5) were orally administered
using normal levo, nanocomposite Zn-Al LDH/levo and Zn-Al
LDH, respectively, at doses of 10 mg per kg per b wt, for LDs,
study. All of our treatments were orally administrated after good
dissolution of the materials in twice distilled water.

CHs

Scheme 1 The acid-base equilibria of levo at different pH values.

27640 | RSC Adv, 2020, 10, 27633-27651
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2.5.1. Investigation of the anti-inflammatory activity.
Firstly, inflammation was induced via the subcutaneous injec-
tion of 0.1 mL of formalin (6%) in normal saline into the left
hind paw of all animals and 30 min later the treatments were
orally administrated. Each group was administrated with
specific substances the control group was administered using
distilled water, the standard group using diclofenac sodium at
30 mg per kg per b wt, and the last three groups (G3, G4 and G5)
using normal form of levo, nanocomposite Zn-Al LDH/levo and
the loading vehicle Zn-Al LDH, respectively, at doses of 10 mg
per kg per b wt. The paw thickness was measured hourly in mm
for four hours post administration of the different treatments.
At the end of the observation period, the animals were eutha-
nized using an anesthetic of ketamine (90 mg kg™ ') and xylazine
(5 mg kg™ ") in a ratio of 1: 1 at a dose of 0.1 mL per kg b wt
intraperitoneally (I/P), then samples were collected for histo-
pathological studies (Scheme S17).

2.5.2. Estimation of LD;, for Zn-Al LDH/levo in in vivo
trials. A set of thirty rats was used in the experimental design.
The rats were divided into nine study groups besides the control
group (in each group n = 3). LDs, estimation was carried out in
three phases according to a previous study.”” Rats were
administered orally using the tested Zn-Al LDH/levo nano-
composite in increasing doses as follows: dosing started with
100, 200 and 400 mg per kg per b wt for the first three groups.
While the next three groups were administered with 400, 600,
and 800 mg per kg per b wt, respectively. Finally, in the last
three groups, rats were administered with 600, 800, and
1000 mg per kg per b wt. On the other hand, rats in the control
group were administered using distilled water. Mortality and

This journal is © The Royal Society of Chemistry 2020
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(a) Potentiometric titration curve of an aqueous solution of levo, (b) point zero charge of the Zn—Al LDH, (c) the removal percentage of

levo (15 ppm) by Zn—-Al LDH (0.125 g/50 mL) at different solution pH values and (d) species distribution curves of levo at different pH values (d)

species distribution curve of levo at different pH.

other signs of toxicity were monitored for 24 h post-
administration.
LDs, values were calculated according to the following eqn

(3):

> (4 x B)

LDs, = DM — v 3)

where DM is the dose that results in 100% mortality or the
largest dose that kills all animals, 4, constant factor between
two successive doses representing the dose difference between
two successive groups. Constant factor between two successive
doses representing the dose difference between two successive
groups. B is the mean number of dead animals between two
successive groups, N is the number of animals in each group,
and ) is the summation of multiplying A and B together.
2.5.3. Histopathological findings. After the animals were
euthanized as described earlier, the necropsy technique was
used for sample collection followed by histopathological
examinations. The paws of the ats were collected and fixed in
10% neutral buffered formalin solution for 48 h at room
temperature, then they were trimmed to one cubic centimeter in
size. The collected samples underwent a sequence of routine
histopathological examinations (dehydration using ascending
grades of alcohols, fixation and paraffin embedding at 56 °C in
a hot air oven) microtomy sections of 4-6 in thickness were
obtained, which were then routinely stained using hematoxylin
and eosin, and finally examined using a light microscope.*

This journal is © The Royal Society of Chemistry 2020

2.5.4. Statistical analysis. One-way analysis of variance
(ANOVA), Tukey's post hoc test, and LSD were used for deter-
mining the significance levels using the SPSS software (IBM
SPSS Statistic 20.0, Armonk, NY, USA). Pvalues of less than 0.05
were considered statistically significant.**

2.6 DFT calculations

Density functional theory (DFT) was used to calculate the lowest
energy geometries of levo and its protonated forms using the
Gaussian 09 program* at the B3LYP/6-311G (d,p) level of theory.

3. Results and discussion
3.1 Characterization of the Zn-Al LDH

3.1.1. X-ray diffraction. Significant similarities were deter-
mined between the XRD patterns of the prepared materials and
typical XRD patterns of hydrotalcite-like LDH materials
(Fig. 2).*** The XRD pattern of the prepared Zn-Al LDH
confirmed its high crystallinity via the sharpness of its diffrac-
tion peaks. The native Zn-Al LDH diffraction peaks were in
good agreement with those of a synthetic hydrotalcite-like
compound with the ICDD card no. (00-058-0178). The layered
structure of the Zn-Al LDH, the XRD pattern of which is shown
in (Fig. 2a), was confirmed by the presence of the characteristic
reflections of LDHs, with basal planes of (003), (006) peaks at
low 26 angles, and other peaks for (012), (015), (018), (110), and
(113) planes at high 26 angles.”® Comparing the XRD patterns

RSC Adv, 2020, 10, 27633-27651 | 27641
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before and after the adsorption of levo, it was found that some
significant alterations occurred, such as peak shifting to higher
diffraction angles and a change in the relative intensity of the
peaks, as shown in (Fig. 2b), where some new diffraction peaks
appeared in the XRD pattern after adsorption at 26 angles of
16.82°, 28.61°, 30.71°, and 38.01°, which are characteristic
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Scheme 2 Suggested mechanisms for the adsorption process.
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peaks for levo as shown in its pattern in Fig. 2c. In addition, the
doos of the LDH and the LDH/levo nanocomposite was double
the dyose, illustrating its good layered structure (Table 1).** The
broadening and low crystallinity of the XRD peaks of the
nanocomposite compared with the native LDH illustrated the
successful adsorption of levofloxacin on the Zn-Al LDH without
affecting the stable structure of the LDH.

3.1.2. Fourier-transform infrared spectroscopy. The FT-IR
spectra were recorded to characterize the interactions in the
prepared materials, as shown in Fig. 3. The spectrum of Zn-Al
LDH shows an intense broad band at 3460.67 cm™*, which
might be due to the O-H stretching vibrations of the physically
adsorbed water molecules and the hydrogen bonding of the
-OH interlayer groups. A bending vibration appeared at
1630 cm ™ ',*** and peaks at 723.14, 614 and 416 cm ™' can be
ascribed to the stretching vibrations of M-O and M-O-H.*
Moreover, an intense peak was observed at 1355.96 cm ™', which
might be due to the symmetric and asymmetric stretching
vibrations of the carbonate group (CO;)>~ that may be formed
during the sample preparation. Fig. 3 shows the FT-IR spectrum
of levo, where the obtained data was compared with the stan-
dard pattern of levo.” The peaks at 3278.35 and 3412.78 cm™*
can be attributed to the N-H and ~-COOH stretching vibrations.
The appearance of the bands in the range of 2800-3076 cm ™'
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Fig. 10 Experimental adsorption isotherm data of levo on the Zn-Al
LDH fitted using (a) two-parameter isotherm models and (b) three and
four-parameter non-linear isotherm models.

indicates the presence of aromatic stretching. Also, the peaks at
1085, 1294 and 1730 cm ™" are characteristic of C-halogen, C-N
and (C=0) of aromatic rings, respectively.** The FTIR spectrum
of Zn-Al LDH after levo adsorption shows the interaction
between the LDH and levo as a result of the adsorption process
(Fig. 3) via some features like the broadening of the -OH band at
3400 cm~'. This broadening might be attributed to the O-H
bond stretching vibration of water molecules adsorbed on the
material surface and their interactions with the adsorbed levo
molecules via hydrogen or chemical bonding with LDH. In
general, the decrease in the band intensity or the disappearance
of peaks involved in the H-bond interactions infers the presence
of both intermolecular and intramolecular hydrogen bonding
interactions. From the observed spectra in Fig. 3, the FTIR
investigations confirmed the intramolecular H-bonding among
the LDH/levo components. The hydrogen bonding intensity was
calculated from the ratio of the absorbance bands at 3460.67
and 3421.85 cm ' (for the -OH peak) and 1355.96 and
1347.44 cm ™ (for the C=O0 peak) in Zn-Al LDH and Zn-Al LDH/

This journal is © The Royal Society of Chemistry 2020
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levo, respectively, showing a significant increase in the case of
the Zn-Al LDH/levo nanocomposite (0.55) compared to that of
Zn-Al LDH (0.17), confirming the H-bonding interactions
between the Zn-Al LDH and the Zn-Al LDH/levo.>* Through
FTIR investigations, some levo bands were observed in the Zn-
Al LDH/levo nanocomposite spectrum, which confirmed the
successful loading of levo onto the Zn-Al LDH surface, as
observed in the appearance of peaks at 2037, 1497 and 1087-
1036 cm ™', which are related to C-O-C, C-O and C-F, respec-
tively.?®*72%34-38 Besides this, some peaks were shifted to a lower
wavenumber, as shown in Table 2.

3.1.3. Morphology and surface study (FESEM, HRTEM, and
surface area). FESEM was used to determine the morphologies
of the prepared materials. The FESEM image of the Zn-Al LDH
(Fig. 4a) shows large aggregated layers in lamellar form or
a structure with layers that are compatible with each other.”
Fig. 4b displays the HRTEM micrograph of Zn-Al LDH, illus-
trating its plate-like shape and confirming its layered struc-
ture.®® The FESEM images of Zn-Al LDH/levo (Fig. 4c and d)
show that its overall shape is flower-like with high porosity
besides the layers and the sheet-like shapes. The pore diameter
distribution and the N, adsorption-desorption isotherms are
shown in Fig. 5, which were used to study the porous structure
of the Zn-Al LDH sample. The N, adsorption-desorption
isotherms of the Zn-Al LDH samples can be classified as type IV
according to the IUPAC classification system of adsorption
isotherms, indicating the presence of the micro- and meso-
porous particles, which may be attributed to particle aggrega-
tion, in good agreement with the FESEM (Fig. 4a) and HRTEM
(Fig. 4b) results of the Zn-Al LDH. As shown in Fig. 5, the pore-
size distribution curves of the prepared samples show a range
between 2 and 6 nm. Table 3 includes the experimental values
of the surface structure parameters of the Zn-Al LDH, the pore
diameter, specific surface area and pore volume.

3.2 Molecular DFT calculation of levo

3.2.1. The optimized structures of all forms of levo at
different pH values. DFT calculations were carried out to
calculate the lowest energy geometries of levo and its proton-
ated and un-protonated forms using the Gaussian 09 program
at the B3LYP/6-311G(d,p) level of theory.*

All optimized structures have a chair structure for the
piperazine ring. Fig. 6 shows the optimized structures of
protonated levo (H;L>") as the lowest energy configurations. The
natural charges obtained from natural bond orbital (NBO)
analysis show that the negative active sites are: O1 (—0.574), 02
(—0.518), 03 (—0.656), O4 (—0.491), N1 (—0.437), N2 (—0.405),
N3 (—0.417) and F (—0.367). The three protons are on the O3 of
the carboxylate oxygen, and N3 and N1 of the piperazine ring.
The optimized structure in Fig. 6 shows a strong H-bond
between the N1-H and O1 with a length of 1.896 A.

The molecular electrostatic potential (MEP) surface was used
to locate the positively (blue color) and negatively (red color, it
represents the loosely bound or excess electrons) charged elec-
trostatic potential in the molecule (Fig. 7), showing that the fully
un-protonated ligand (L) is almost red to yellow in color with

RSC Adv, 2020, 10, 27633-27651 | 27643
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Table 5 The non-linear adsorption isotherm models and their parameters obtained from the fitting results
Adjustable model
Isotherm models Expression parameters* Values R
Two parameter isotherms
Langmuir _ qmaxKLCe Grmax 17 0.93
T 1+ K.Ce Ky 0.08
Freundlich ge = KCM' K; 1.98 0.86
1/ng 0.53
Temkin RT br 651.39 0.93
= —In(ArC,
qe bT 1’1( T e) A 0.72
Dubinin-Radushkevich ge = (qm)exp(—Kpge?), Imax 15 0.95
1 Kpr 0.001
e=RTIn(1+—
< - ce>
Three parameter isotherms
Langmuir-Freundlich Grmax(Kpp Ce ) Irmax 11.87 0.97
e = K; 0.15
1 + (KisC, Bur LF
(KurCe) Bur 1.97
Sips  maKsCe™ Gmax 11.87 0.97
Te= 77 K C."s Ks 0.02
ns 1.97
Redlich-Peterson _ Kgp Ce Kgrp 0.87 0.97
T T awCiw agp 0.0005
Toth e = K.Ce Ke 2.02 0.97
¢ [1+ (KTCe)nT]l/nT Ky 0.01
np 2.30
Four parameter isotherm
Baudu Gmaxbo Ce T Gmax 11.87 0.97
b= T pc b, 0.02
X 0.00
Y 0.96
60 Table 6 The thermodynamic parameters for the levo adsorption
process using the Zn—-Al LDH
55 4
ARP(K] AS°(K]
- T (K) AG° (k] mol ) mol ) mol ' K1)
@ 288 3366.77 —19.57 —79.66
o 464 298 4160.52 —19.57 ~79.66
§ 308 4987.72 —19.57 —79.66
g 40 4 318 5749.68 —19.57 —79.66
o 328 6553.41 —19.57 —79.66
R 36 4
30 4 3.2.2. The optimized structures of all forms of levo at
40 26 % % %% 20 different pH values. From Scheme 1 and Fig. 8d, which show the

Temperature (°C)

Fig.11 The effect of temperature on the levo removal efficiency using
Zn—Al LDH.

the maximum number of loosely bound or excess electrons. The
mono-protonated species (H(N1)L¥) has a positive blue colored
part. The computed total energy, the highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energies, and the dipole moments of the ligands and
complexes were calculated, as shown in Table 4.

27644 | RSC Adv, 2020, 10, 27633-27651

concentration distributions, the tri-protonated H;L** species is
present at low pH up to pH ~6, the dissociation of the first
carboxylic proton occurs at low pH after pH ~4, and H,L' is
predominant between pH ~ 6-8.2. The second proton on N3 of the
piperazine ring is dissociated after pH ~ 6 and HL* is predominant
in the range of pH ~ 8.2-11.8. The last proton on N1 of the piper-
azine ring starts to dissociate after pH ~ 10 (due to H-bonding
between N1-H and O1) and L™ is predominant at higher pH.

3.3 Adsorption analysis study

3.3.1. Effect of adsorption pH. The pH value of the solution
for the addressed polluted is of critical value as it controls the

This journal is © The Royal Society of Chemistry 2020
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surface charges of the Zn-Al LDH and the dissociation degrees
of the dissolved pollutant.®* Therefore, the effect of pH value on
the Zn-Al LDH adsorption system for the adsorption of levo was
considered from pH 3 to 11 (Fig. 8c). The plotted curves show an
increase in the adsorption percentages from around 10.8% to
50.6% upon an increase in the solution pH from 2 to 11, with
the maximum removal percentage achieved at pH 9. The reason
for choosing 9 as the optimum pH and not 7 is that the removal
efficiency at high pH showed a significant increase at that pH
rather than at pH 7, where the surface of the Zn-Al LDH at high
pH (i.e. high alkalinity) is highly negatively charged, facilitating
the adsorption of levo on its surface, and this was confirmed by
the value of the point of zero charge (pH(PZC)), which equals 7
(as illustrated in Fig. 8b) and such reasons provide the LDH
surface with promising surface properties for effective electro-
static attraction with the levo HL™ zwitterions that have
a concentration of 85% at pH 9 (Fig. 8d).°>%

As shown in Fig. 8c, the removal percentage of levo was low
at pH 3, which may be due to the decomposition of the
synthesized LDH in the acidic medium, causing turbidity of the
solution,* However, at a higher pH of 11 (highly alkaline
medium) both the LDH and the pollutant (levo) carry plenty of
negative charges on their surfaces leading to a vigorous

View Article Online
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repulsion force that weakens the adsorption efficacy on the
LDH.**¢ Since theoretically it is preferable to carry out the
adsorption experiments above the levo pK,, therefore, it is
reasonable to experiment within a pH range of 7-9, as shown in
Fig. 8c, where the levo is efficiently adsorbed at pH 9, showing
the highest adsorption capacity, whereas the lowest was ach-
ieved at pH values lower than 5.

3.3.2. Effect of adsorbent dose. The efficiency of the
adsorption process was investigated using various adsorbent
doses ranging from 0.0125 g to 0.20 g/50 mL, as shown in Fig. 9,
illustrating the significant influence of this parameter. As the
Zn-Al LDH dose increases, the adsorption rate sharply increases
up to 0.1 g/50 mL, because the number of active sites respon-
sible for adsorption increases,* but any further increase in the
adsorbent dose shows a constancy of the quantity of levo
adsorbed on the Zn-Al LDH. This may be related to the proper
dispersion of the adsorbent particles in solution, where the
adsorbed and exchanged sites of the materials are possibly
more open.®’

3.3.3. Adsorption isotherms. Adsorption isotherms provide
us with information and data that can explain the mechanisms
implicated in the elimination of the adsorbate by the adsorbent.
The applied adsorption isotherm in our work can be used to
explain and estimate the relationship between the molecules in
the solid and liquid phases at equilibrium (Scheme 2).%®

The equilibrium adsorption of levofloxacin onto Zn/Al LDH
was studied using different concentrations of levo ranging from
5 to 50 ppm. Nine isotherm models were used to fit the data of
the adsorption experiments: four of them were the two-
parameter Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) isotherm models; four used the three-
parameter isotherm models as Langmuir-Freundlich and Sips,
Redlich-Peterson, Toth [T1] ; whereas Baudu used the four
parameters isotherm model [T1]Q15 it has been modified. The
Langmuir isotherm assumes the presence of a homogeneous
surface of the adsorbent and the adsorbate accumulates over it
as a monolayer coverage, where all the adsorption sites are alike
and energetically comparable,”® whereas the Freundlich
isotherm model is suitable for multi-layer adsorption on
a heterogeneous surface of the adsorbent.”®”* The D-R model
can be applied to distinguish between chemical and the phys-
ical adsorption.”” The Temkin isotherm model supposes that

Table 7 Determination the LDsq values of Zn—Al LDH/levo after oral administration in rats®

b
Experimental Dose (mg per A
groups kg per b wt) No. of rat/group No. of dead A B AXB X B)
1% 200 5 1 200 1.5 300 2400
2" 400 5 2 200 2.5 500
3 600 5 3 200 3.5 700
g™t 800 5 4 200 4.5 900
50 1000 5 5 200 — —

5 (4% B)

% LDsy = largest dose cause 100% deaths —

= 1000 — 2400/5 = 520 mg per kg b wt. “Minimum lethal dose of Zn-Al LDH/GA =

520 mg per kg per b wt”. Therapeutic dose 1/50™ = 10 mg per kg per b wt.

This journal is © The Royal Society of Chemistry 2020
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the adsorption process features an equal distribution of the
binding energies and that the reduction in the adsorption heat
is linear. The Redlich-Peterson isotherm (R-P) model”*”* can be
applied either in heterogeneous or homogenous systems as it
combines many elements from the Langmuir and the Freund-
lich equations.®® It can be used to estimate the equilibrium of
the adsorption over a wide range of concentrations. The Sips

|Paw thickness 3h after formalin injection

Zn/AI-LDH

Levofioxacin nanocomposite

Levofloxacin

Standard

Control

isotherm model” is a combination of the Freundlich and
Langmuir models. At a low adsorbate concentration, this model
is reduced successfully to the Freundlich isotherm, and does
not obey Henry's law. The Toth isotherm model™ is another
isotherm that helps us to explain the heterogeneous system of
adsorption, satisfying both high and low-end boundaries of the
concentration. At high concentrations of the adsorbate, it

paw thickness 4h after formalin injection

Zn/AI-LDH

Levofloxacin nanocomposite
Levofloxacin

Standard

Control

Fig. 14 Paw thickness (anti-inflammatory activity) of the levo, Zn—Al LDH/levo, Zn—Al LDH, diclofenac sodium (standard group), and non-treated

(control group) groups at 3 and 4 h.
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Fig. 15 Histopathological investigation of the paws of rats carried out 4 h post-inflammation induction in the different groups. The black arrows
refer to the signs of inflammation (congestion, redness), thrombus formation, edema, and the appearance of inflammatory cells like mast cells
and eosinophils in control non-treated, Zn—Al LDH, which were very mild in the standard group. There was the absence of inflammation signs in

the levofloxacin and levofloxacin nanocomposite groups samples.

predicts monolayer sorption capacity at lower surface coverage
and high concentrations of the adsorbate.”” However, the Baudu
isotherm model can be reduced to the Freundlich model
(Fig. 10).

Table 5 shows the parameters of the isotherm models from
the adsorption of levo on the Zn-Al LDH study. The adsorption
process was well fitted by two, three, and four parameters
isotherms. The Redlich-Peterson, Toth, Langmuir-Freundlich,
Sips, and Baudu models displayed high regression coefficients.
So, the Zn-Al LDH can be considered as an ideal adsorbent for
the adsorption process of levo from aqueous solution showing
an adsorption capacity (¢max) of 11.87 mg g~ ', which was ob-
tained using the five best isotherm models: Redlich-Peterson,
Toth, Langmuir-Freundlich, Sips, and Baudu.

3.3.4. Effect of temperature on the adsorption process. The
temperature has a significant influence on the adsorption of
levo onto the Zn-Al LDH. The effect of the temperature on the
adsorption process was investigated under optimal conditions,
which were determined in previous steps (0.125 g dose of
adsorbent per 50 mL, 15 ppm concentration of levo, pH = 9 to
equilibrium) at different temperatures of 15, 25, 35, 45 and
55 °C. As observed from Fig. 11, the removal efficiency
decreased on increasing the temperature due to the exothermic
physisorption process so any increase in temperature favors the
reverse process, i.e. desorption according to Le Chatelier's
principle.*® Therefore, the physisorption decreases with an
increase in temperature. Also, it may be related to the weakness
of the attraction forces and the hydrogen bonding between the
pollutant and the synthesized LDH.”®” The thermodynamic
parameters AH°, AS° and AG° were calculated using the results
of the previous experiments (Table 6) and the values of Ky = (g./
¢.) were also calculated at various temperatures using the Van't

This journal is © The Royal Society of Chemistry 2020

Hoff equation to determine the mechanism of the adsorption
process:*°

In Kq = AS°/R — AH°/RT (4)

where Ky is the equilibrium constant (L mg™'), R is the gas rate
constant (8.314 ] mol~' K™'), AH° is the enthalpy change of
adsorption (k] mol™ '), AS° is the entropy of adsorption calcu-
lated from the intercept and the slope of the straight-line plot of
In K4 versus 1/T (K1), and the Gibbs free energy (AG°) could be
obtained using eqn (7) and (8):

AG° = —RT'In Ky = AH° — TAS® (5)

In K4 = —AH°/R(1/T) + AS°/R (6)

As shown in (Fig. 12) the plot of Gibbs free energy change,
AG°, versus temperature, T, was a linear fitting. The entropy
change, AS° and enthalpy change, AH°, were obtained from the
slope and intercept of a plot of eqn (8).

The thermodynamic studies showed negative values for AH°,
giving a clear idea of an exothermic adsorption experiment, so
increasing the temperature of the system does not favor the
process in certain cases,* whereas AS° showed decreased
randomness during the adsorption of levo onto the surface of
Zn/Al LDH.*” The non-spontaneity of the adsorption process
was detected according to the positive values of the Gibbs free
energy change, AG°. Besides this, any further increase in
temperature was accompanied by an increase in the Gibbs free
energy change AG° values, which may be due to the exothermic
nature of the adsorption process.*
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3.4 Toxicological studies

The LDs, study is the most accurate method for studying the
drug safety or the acute toxicological study, especially in an in
vivo study as it gives information about the degree of safety of
any pharmacological agent.®*

Table 7 shows data for the acute toxicity studies of Zn-Al
LDH/levo in rats after oral administration. Toxic signs such as
arched back, rapid breathing, convulsions, and death were
monitored for 48 h after administration in order to fully assess
the signs of drug safety or death. After the oral administration of
Zn-Al LDH/levo at different doses, the beginning of the
mortality was found to be at 200 mg per kg per b wt. The LDs,
was calculated to be 520 mg per kg per b wt, and 100% mortality
(LD1go) was achieved at a dose of 1000 mg per kg per b wt,
showing no signs of toxicity or mortality in the rats which were
administered by Zn-Al LDH/levo at the normal dose, indicating
its safety.

3.5 Evaluation of the anti-inflammatory effect

Zn-Al-LDH/levo at a dose of (10 mg per kg per b wt) exhibited
anti-inflammatory activity against formalin induced-paw edema
compared with that exhibited by standard diclofenac sodium at
a dose of (30 mg kg ") for 4 h post-administration (Fig. 13 and
14).

The larger the paw thickness the lower the anti-inflammatory
activity due to edema and inflammation signs, so the largest
value was for the control negative non-treated group followed by
the Zn/Al-LDH, the standard, normal levo and the levo-
nanocomposite.

Our novel nanocomposite played a significant role as an anti-
inflammatory material in the inhibition of inflammation in
a rat model of an inflamed paw, which is just as important as
the crucial role played by nitroxyl (HNO) in the inhibition of
induced inflammation in a rat model of gouty arthritis.*

3.6 Histopathological findings

In the histopathological studies, the anti-inflammatory activity
was evaluated through both macroscopic and microscopic
investigation. All the inflammatory signs were still present in
the control non-treated group when viewed microscopically
whereas the rats administered with the Zn-Al LDH in the
standard group suffered from slight congestion. However, all of
the infiltrated inflammatory cells, inflammation signs like
redness, congestion, and subcutaneous edema all disappeared
in both cases where levofloxacin was administered, either in its
normal or nanocomposite form, indicating their anti-
inflammatory effects (Fig. 15). Also, the anti-inflammatory
activity increased significantly in the case of the nano-
composite than for the drug alone. This was determined
microscopically from the significant decrease in the skin size
and edema signs in the case of the nanocomposite treatment
compared with the drug alone, which showed low inflammatory
cells like mast cells with the appearance of a slight congestion,
whereas their absence in the microscopy images of the sample
treated with the nanocomposite treatment might be attributed
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to an increase in the surface area of the levo on the surface of
the Zn-Al LDH. This follows a study on the intercalation of
mefenamic acid with a LDH, illustrating the enhancement in
the anti-inflammatory activity, hemolytic effect, and anti-
nociceptive potential against induced inflammation,* and also
the improvement in the anti-inflammatory activity of non-
steroidal ketoprofen when intercalated with the LDH,*
whereas a significant reduction in cell viability of BXPC3 cells
was achieved when treated with VP-intercalated LDH, resulting
in a 30-fold reduction in the IC5, compared to that of the drug
alone.*® The importance of using a nanocomposite formed via
the intercalation of a drug with a nanoscale LDH was also
clearly illustrated when loading certain antibiotics such as
doxycycline (DOX) and amoxicillin (AMOX) onto the surface of
Mg-Al/LDH, used to prevent ulcer formation and improve
wound healing process in a shorter time than using the drugs
alone.*

Our study determined that Zn-Al LDH/levo can be safely
used in various biomedical purposes, taking into consideration
the previous studies on LDH systems that stated their safety and
biocompatibility,* facilitating their wide use in different phar-
maceutical technologies,” besides their use as drug supports or
drug delivery systems following various previous studies about
the safety of LDHs.>***

In this study, levofloxacin showed a noticeable increase in its
effectiveness and activity as an anti-inflammatory substance
after being loading onto Zn-Al LDH as a result of the increase in
its surface area.

4 Conclusion

In this study, a Zn-Al LDH was synthesized using a co-
precipitation method and used as an efficient adsorbent for
the removal of levofloxacin from aqueous solution. Based on
batch adsorption experiments, it was found that the adsorption
efficiency was greatly influenced by pH, adsorbent dose, and
temperature, showing a high adsorption capacity at pH 9, for an
adsorbent dose of 0.125 g at a temperature of 15 °C. Also, the
adsorption process of levofloxacin on Zn-Al LDH was charac-
terized and confirmed using different techniques such as FTIR
spectroscopy, XRD, FESEM, HRTEM, and surface area
measurements. The equilibrium data were confirmed using
nine isothermal models, where the g,,x was determined to be
11.87 mg g~ . Also, the safety and toxicity of the administered
Zn-Al LDH/levo were investigated, illustrating the safety of the
formed nanocomposite (Zn-Al LDH/levo), and qualifying its use
as a safe anti-inflammatory material.

Abbreviations

LDH Layered double hydroxide

Levo Levofloxacin hemihydrate

DFT Density functional theory

EDX Energy dispersive X-ray spectroscopy
LD Lethal dose
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LDsq The amount of a material, given all at once, which
causes the death of 50% (one half) of a group of test
animals

LD1 g0 The lowest dose of a substance that under defined
conditions is lethal for 100% of exposed animals

b wt Bodyweight

RQ Risk quotient

FDA The Food and Drug Administration

FESEM  Field emission scanning electron microscopy

FTIR Fourier-transform infrared

BET Brunauer-Emmett-Teller

Ppm parts per million

PZC Point of zero charge

H- Hydrogen-bonding

Bonding

IAEC Institutional Animal Ethics Committee

XRD X-ray diffraction

Gmax Maximum adsorption capacity (mg g )

de Refers to the amount of adsorbate in the adsorbent
at equilibrium (mg g™)

Ce The equilibrium concentration (mg L")

K¢ Freundlich adsorption capacity (mg g~ )

br Temkin isotherm constant

Ar Temkin isotherm equilibrium binding constant (L
mg")

Kpr Dubinin-Radushkevich constant

R The gas constant (8.31 ] mol " K™ )

T The absolute temperature (K)

Kip Langmuir-Freundlich equilibrium constant for
heterogeneous solids

1/ng Freundlich adsorption intensity

Ks The Sips isotherm model constant (L mg™")

ng The Sips isotherm exponent

b, The Baudu equilibrium constant

xandy The Baudu parameters

Kq The equilibrium constant (L mg™")

AS° The entropy of adsorption

AHP The enthalpy change of adsorption (k] mol ")

AG® Gibbs free energy
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