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New insights into two ciprofloxacin-intercalated
arrangements for layered double hydroxide carrier
materials+

Nawal Fodil Cherif, d

Qualid Hamdaoui,

b Vera Regina Leopoldo Constantino,
€ Fabrice Leroux'2'? and Christine Taviot-Guého 2/ *@

This paper describes the intercalation of ciprofloxacin (CIP), a bactericidal antibiotic, into the interlayer space
of layered double hydroxides (LDHs). To counter the problem of bacterial resistance and also to improve the
properties of the CIP drug, the drug carrier approach promises significant benefits. Through the tight control
over the synthesis parameters, particularly the amounts of CIP with respect to aluminum ions, two different
LDH-CIP-intercalated structures were obtained with significantly different interlayer distances, namely,
21 and 32 A The samples were fully characterized in terms of composition, structure, and morphology.
Interestingly, the structure with the largest interlayer distance incorporated both CIP anions and Al(CIP)z
complex, exhibiting the possibility to increase the CIP drug loading beyond the anionic-exchange capacity
of the LDH carrier. In vitro release in a simulated intestinal fluid (phosphate-buffered solution at pH 7.5)
confirmed that LDH was a potentially efficient carrier to deliver CIP in a sustained manner via the anion-
exchange mechanism. Different release rates were observed depending on the intercalated structure,

which were also influenced by the morphological characteristics.

Introduction

In the recent years, a number of studies have addressed the use
of organic-inorganic hybrid materials as smart drug carriers to
promote the sustained and target-specific delivery of bioactive
species in organisms.'™ In this area, layered double hydroxides
(LDHs) have attracted considerable attention as host materials
for functional species.”™” In particular, a wide variety of phar-
macecutical drugs have been intercalated into LDHs, namely,
antibiotics, anticancer drugs, vitamins, anticardiovascular agents,
diabetes drugs, antifibrinolytic agents, antihypertensives, anti-
mycotic agents, anticoagulants, osteoporosis, antioxidants,
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immunosuppressant corticosteroids, nonsteroidal antiinflam-
matory drugs, and nucleosides.®” Intercalated drugs can be
released either by deintercalation through anion exchange with
the surrounding external anions by mass action law or by the
acidic dissolution of LDH layers. When compared with other
carrier systems, LDHs are simpler to synthesize in the laboratory,
cost-effective, have good biocompatibility, high drug-loading
capacity, high drug-transportation efficiency, low toxicity to the
target cells or organs, and can offer excellent protection to the
loaded molecules from undesired enzymatic degradation."”
The present work focuses on the intercalation of ciprofloxacin
(CIP), a fluoroquinolone antibiotic, into the interlayer space
of LDHs. CIP (4-oxo-7-(1-piperazinyl)-6-fluoro-1-cyclopropyl-1,4-
dihydroquinoline-3-carboxylic acid) exhibits potent broad-
spectrum bactericidal activity against most Gram-positive cocci
and Gram-negative bacteria, and it is frequently used to treat
urinary tract infections, respiratory infections, otitis media treat-
ment, and external ocular infections."™* To counter the problem
of bacterial resistance and improve the pharmacokinetic and
pharmacodynamic properties of CIP drugs, approaches involving
nanosized drug carriers promise significant benefits.'*** CIP-
Loaded polymeric and lipid nanoparticles have, therefore, been
described in the recent years."*™” There have also been a few
reports in using two-dimensional nanomaterials such as syn-
thetic silicate clays,"™® " layered single hydroxides (LSHs),>" and
LDHs.** *® Most of these works deal with CIP hydrochloride



salts (CIPy(y), the most commonly used form of CIP in oral and
parenteral formulations. Its solubility in water is about two
orders of magnitude higher than that of the zwitterionic form
(CIP,,).2"* These two types of CIP drugs can demonstrate
different efficiencies, as shown in the treatment of respiratory
infections.2*°

Only a few studies have been reported so far on the intercalation/
loading of CIP in LDHs and they have revealed differing results **
Hesse et al. performed in vivo tests and concluded that more
upstream work is needed on the CIP release from LDH carrier
before considering its biomedical applications.?® Therefore, the
present study aimed to provide a better comprehension of the
synthesis of LDH-CIP hybrid materials and their structural
features, as well as to identify the key parameters to ultimately
produce improved materials. Both CIP hydrochloride salts and
CIP zwitterions were used as the reagents to intercalate drugs
into Mg,Al and Zn,Al LDHs by the coprecipitation method. By
varying the amounts of CTP with respect to AI**, an interplay
was observed between the precipitation and complexation
reactions, leading to two different LDH-CIP-intercalated struc-
tures. In order to explain the formation mechanisms, investi-
gate the arrangements of CIP drug confined in LDH interlayer
space, and examine the morphology and surface characteris-
tics, a set of complementary techniques were used: chemical
elemental analysis (CHNS); inductively coupled plasma atomic
emission (ICP-AES); energy-dispersive X-ray (EDX); X-ray powder
diffraction (XRD); thermogravimetric analysis (TGA); UV-visible
(UV-vis) absorption spectrometry; Fourier-transform infrared
(FTIR) and Raman (FT-Raman) spectrometries; solid-state
HC nuclear magnetic resonance (**C NMR); scanning (SEM) and
high-resolution transmission electron (HRTEM) microscopies;
surface area analysis (Brunauer-Emmett-Teller, BET); and zeta
potential measurements. A thorough investigation of the
XRD data allowed the detailed description of such LDH-CIP
assemblies. Finally, the in vitro evaluation of the release per-
formed in simulated intestinal fluid (phosphate-buffered
solution (PBS) at pH 7.5) showed kinetics and release rates
depending on the LDH-CIP-intercalated structure, as well as
that on the surface characteristics.

Experimental
Chemicals

Magnesium nitrate hexahydrate (Mg(NOj3)» 6H-0, Acros Organics,
98%]), aluminum nitrate nonahydrate (Al(NO;);-9H,0, Acros
Organics, 99%), zinc nitrate hexahydrate (Zn(NO;),-6H,0, Acros
Organics, 98%), sodium hydroxide (NaOH, Acros Organics, 98%),
acetone (CH3;COCH;, VWR Chemicals, 99%), and potassium
phosphate monobasic (KH,PO,, Sigma-Aldrich, 99%) were used.
Cy7H3gFN;0; (CIP, 4-oxo-7-(1-piperazinyl)-6-fluoro-1-cyclopropyl-
1,4-dihydroquinoline-3-carboxylic acid, Sigma-Aldrich, 98%) and
ciprofloxacin hydrochloride monohydrate Cy7H;gFN;05 HCLH,O
(Sigma-Aldrich, 99%), abbreviated as CIP,,, and CIPyc, respectively,
were used as received.

Syntheses

Attempts to intercalate CIP into MgAl and ZnAl LDH materials
were performed using both anion-exchange and coprecipitation
methods. Moreover, two forms of CIP drugs were used: the
hydrochloride salt CIPug and the zwitterionic CIP,, CIP molecule
possess a carboxylic acid group (pK. = 6.1) and a piperazine basic
group (pKa, = 8.7). Therefore, CIP can exist in different ionic states as
a function of pH, Le., cationic at acidic pH (pH < 5.0), zwitterionic at
pH encompassing the pK, (6.0 < pH < 8.5), and anionic at basic
pH (pH > 9.2).*' To obtain CIP in its anionic form, CTPy¢
and CIP,,, were dissolved in ultrapure Milli-Q water at pH 10.7
by the slow addition of 0.1 mol L™! NaOH.

Preparation of LDH-NO; precursors. Mg,Al-NO; and Zn,Al-NO;
LDH having a M*"/Al*" molar ratio of 2 (M* :Mg*" or M*": Zn*")
intercalated with nitrate anions were prepared by NaOH-induced
coprecipitation from solutions containing Mg(NO;),-6H,0/
Al(NO;)53-9H,0 or Zn(NO;),-6H,0/Al(NO;);-9H,0. The pH value
was fixed to 9 for Mg,Al-NO,; and 7 for Zn,Al-NO,. After an
ageing step of 24 h under a N, atmosphere at room tempera-
ture, the precipitates were washed with deionized water and
dried at 40 °C in air.

Anion-exchange intercalation procedure. Approximately
50 mg of finely ground LDH-NO; precursors were dispersed into
50 mL water containing different excesses of CIP as compared
to the LDH anion-exchange capacity (5 times molar excess at 2.0
and 1.0). The experiments were carried out under a N, atmo-
sphere at room temperature. The pH of the exchange medium
was adjusted to 10.5 by the slow addition of 0.1 mol L™" NaOH.
The mixtures were stirred for 24 h. The resultant products were
collected by thoroughly washing the precipitates with deionized
water/acetone and were dried at 40 °C in air.

Coprecipitation intercalation procedure. Here, 20 mL aqu-
cous solutions containing 2 mmol M*(NQ,),-6H,0 and 1 mmol
Al(NO,),-9H,0, leading to a M**/AI** molar ratio equal to 2,
were added dropwise (0.11 mL min™?) using peristaltic pumps
to a stirred reactor vessel containing 100 mL CIP solutions in 2
different concentrations as compared to the amount of Al**
(CIP/Al = 0.5 and CIP/Al = 1.0). With CIP,,, duc to its low
solubility,*® the syntheses were performed only for CIP/Al = 0.5.
The pH value was maintained constant during the reaction at a
value of 10.5 by the simultancous addition of 0.5 mol L™ NaOH
solution. The resulting slurry was aged for 24 h at room temperature.
The solids recovered by centrifugation were washed 3 times with
deionized water and dried in air at 40 °C. These samples were
denoted as M*SAlCIPhaiges, M2HANCIPhgge, and M5AL
CIP,w@o.5 where the “@0.5/1.0" notation referred to the CIP/Al ratio.

Elemental analysis

The percentages of carbon, nitrogen, and hydrogen in the
hybrids were determined using a Flash 2000 CHNS elemental
analyzer from Thermo Fisher Scientific. The metal contents of
the samples were measured by an ICP-AES instrument from
Jobin Yvon Horiba ULTIMA C and by SEM with EDX performed
on a field-emission scanning electron microscope, namely,
Zeiss SUPRA 55VP. For the ICP-AES analysis, approximatively



5 mg of the samples were dissolved in 5 mL concentrated nitric
acid before dilution and measurement. For the SEM-EDX
analysis, the samples were deposited on double-sided tapes
and then Au was metalized by sputtering in a vacuum. TGA was
conducted using a PerkinElmer TGA7 apparatus. Powdered
samples (~20 mg) were placed in alumina open pans. The tem-
perature was scanned at 5 °C min~ ' from 25 to 800 °C under an air
atmosphere. Mass-coupled thermal analysis (TGA-DSC-MS) was
performed using a Netzsch TGA/DSC 490 PC Luxx thermal analyzer
coupled to an 403 C Aéolos mass spectrometer at the heating rate
of 5 °C min~" under an air atmosphere (air flow: 50 mL min™").

Structural and morphological characterizations

XRD patterns were recorded using a Philips X'Pert Pro diffracto-
meter equipped with an X' Celerator detector that used Cu-Kat »
radiation. The instrument was used in the #-f reflection mode,
fitted with a nickel filter, 0.04 rad Soller slits, 10 mm mask,
1/2° fixed divergence slit, and 1/4” fixed antiscatter slit. The XRD
data were measured over a 26 range of 2-80° with a step size of
0.0167° and a total counting time of about 3 h. The Le Bail method
comprising the full-pattern decomposition of the XRD pattern of
the powdered sample was used to determine the cell parameters of
Zn,ACIPhago assuming the R3m space group, which is typical
for LDH materials, and to determine the intensities of the diffrac-
tion peaks. The refinement was carried out using the FullProf
software.** The pseudo-Voigt Thompson, Cox, and Hastings profile
functions were selected to analyze the peak profiles.*® The one-
dimensional electron density distribution along the ¢-stacking axis
was calculated for Zn,Al-CIPuaigio from the intensity of the 00/
diffraction lines according to the following equation (in the
case of centrosymmetric structures):

2 cos2n/
P(Z):EZFW-( B )-COS‘PM (1)

!

where ¢ is the unit cell parameter, z is the fractional coordinate
along the c-stacking axis, Fyy are the structure factors, and
ooy is the “phase” of the 00! reflection equal to 0° or 180°.*° Here,
11 isolated 00/ diffraction lines were used for caleulating the 1D
plots. The signs of the structure factors, ie., the phases, were
obtained from the scattering contributions of the hydroxide layers
by assuming a relatively small contribution of the intercalated
molecules. The Patterson map for Zn,Al-CTPygg, o was calculated
using the GFourier program®” by employing the observed struc-
ture factors, Fyps, extracted from the Le Bail whole-powder diffrac-
tion pattern decomposition and plotted in the form of contour
plots summed from 0 to 1 along the a/b-axis.

The UV-vis spectra were recorded on a Shimadzu UV-2600
spectrometer equipped with an integrating sphere attachment.
A suspension of LDH-CIP materials (10 mg mL™") was stirred
for 2 h, dropped on a high-quality glass substrate, and allowed to
dry at 50 “C for 2 h. The resulting solid thin films were measured
in the transmittance mode in the range of 200-800 nm. The FTIR
spectra were obtained with a Nicolet 5700 spectrometer in
the range of 400-4000 cm™" at an average of 64 scans at a
resolution of 8 em™" and using the KBr pellet method with

approximately 1% weight of the samples. FT-Raman spectra
were recorded from 200 to 3500 cm™ at room temperature using
a FT-Raman spectrometer (Bruker FRS-100/S) at an excitation
wavelength of 1064 nm (Nd:YAG laser, Coherent Compass 1064-
500 N), laser power of 80 mW, Ge detector, spectral resolution of
4 em™ !, and 256 scans. The *C solid-state NMR experiments
were performed on a 300 Bruker Advance spectrometer operating
at 75.47 MHz at room temperature. The experiments were
carried out under the magic-angle spinning (MAS) condition
at 10 kHz and 4 mm-diameter zirconia rotor. The *C spectra
were obtained by using the proton-enhanced cross-polarization
method (CP; contact time of 1 ms and recycling time of 5 s)
and are referenced to the carbonyl of glycine calibrated at
176.03 ppm. Data were phased using the TOPSPIN software.

The HRTEM images were acquired using a JEOL 2100F micro-
scope operating at an accelerating voltage of 200 kV. The samples
were dispersed in water and subject to ultrasonic treatment
for 5 min. Then, a drop of the suspension was deposited on a
150 mesh Formvar carbon-coated copper grid and dried at
room temperature.

The surface area measurements were performed using the
BET method. N, adsorption/desorption isotherms were collected
using a Micromeritics ASAP2020 analyzer at —196 “C. Prior to
the measurements, the samples were degassed at 80 °C for 12 h.
Photon correlation spectroscopy was conducted to record the
zeta potential of the dilute suspensions of powders using a
Malvern Nanosizer Nano ZS instrument.

Drug release experiments

An accurately weighted amount of Zn,Al@CIP (around 30 mg)
was dispersed in 250 mL PBS (pH 7.5) release medium simulat-
ing the intestinal fluid. The drug release experiments, in
duplicate, were performed at 25 °C under constant stirring
(200 rpm) and under sink conditions, i.e., with maximum CIP
concentrations that were very low as compared to its saturation
solubility at pH 7.5.*® At defined time intervals, 3 mL of the
release medium was withdrawn, filtered, and replaced with an
equivalent amount of fresh PBS. The amount of the released
CIP was determined by UV-vis absorption (Shimadzu UV-2600)
at 4 = 271 nm. The dependence of the absorbance on the
concentration was linear in the investigated range between
1x 10 %and 1 x 10~* mg mL ™. Higuchi and Korsmeyer-Peppas
diffusion kinetic models were employed to fit the drug release
behavior of Zn,Al@CIP nanohybrids in PBS.*

Results
Synthesis and characterization of LDH-CIP nanohybrids

The intercalation of CIP into Zn,Al and Mg,Al LDH was inves-
tigated using the anion-exchange and coprecipitation methods,
starting from different CIP/Al molar ratios (0.5, 1.0, 2.0, and 5.0)
and using two forms of CIP drugs, Le., the hydrochloride salt
(CIPycq) and the zwitterionic form (CIP,,). The pH applied for
all the synthesis tests around 10.5 corresponds to the anionic
form of CIP suitable for its intercalation into the LDH host.



It should be noted that the solubility of CIP,, in water
(0.067 mg mL™" at neutral pH** and approximately 2 mg mL™"
at pH 10.5) is much lower than that of CIPy¢ (30 mg mL™" at
neutral pH);*” then, synthesis with CIP,,, was attempted only for
CIP/Al = 0.5.

The first important result in this study is that all our attempts
to prepare the materials through the anion-exchange method
starting from nitrate or chloride precursors failed. As evidenced
by the XRD analysis (Fig. ESI1, ESIT), either the exchange did not
take place (yielding an XRD pattern similar to the LDH precursor)
or the decomposition/dissolution of LDH layers was observed
with the disappearance of the 110/113 characteristic double peak.
On the other hand, using the coprecipitation method, the inter-
calation of CIP was obtained but only for CIP/Al molar ratios
lower than or equal to 1, which implied sub-excess conditions
as compared to the intercalation capacity of LDH. Moreover,
depending on the CIP/Al molar ratio of 1.0 or 0.5, 2 different
interlayer distances were observed.

For CIP/Al = 0.5, with CIP,, and CIPy;, the XRD data
(Fig. 1A) reveal very similar diffraction patterns with a similar
shift in the 00/ diffraction peaks to low 260 angles (as compared
to the nitrate LDH precursors, Fig. ESI2, ESIf), which are
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Fig.1 PXRD patterns of Zn,Al-CIP and Mg,Al-CIP samples obtained by
coprecipitation at (a) CIP/Al = 0.5 and (b) CIPyo/Al = 1.0. Insets show the
00! diffraction peaks at low 26; the vertical dashed lines denote the
presence of LDH-COs5 and free CIP impurities. The entire diagram for (b)
is shown in Fig. ESI4 (ESIT).

consistent with the enlargement of the interlayer distance d.
Often, with LDH systems, the Zn,Al LDH host composition
leads to better crystallinity than its Mg,Al counterpart. The
observation of the 110/113 double peak at 20 = ~62° confirms
the formation of LDH layers. The d-spacing values estimated
from the position of the first 001/ diffraction line are about
20.8 A for Zn,Al-CIP,ugos, 21.2 A for ZnoAl-CTPucigo.s, 23.3 A
for Mg Al-CIP,ygo.5, and 21.5 A for Mg Al-CIPhcigo.s. In all
the samples, additional peaks can be observed, particularly at
20 =11.6" (7.6 A) and 20 = 22.9” (3.8 A), indicating the presence
of LDH-COj3, which was predictable given the low excess of CIP
used. In fact, LDH-NO, was certainly formed first and turned
entirely or partly into LDH-CO; during the washing and drying
processes; further, it was in contact with CO, gas from the ambient
atmosphere.*” Furthermore, the peak observed at 26 = 6.3° (14 A)
may be attributed to the residual free CIP (Fig. ESI3, EST{).**

For CIP/Al = 1.0, with the Zn,Al LDH host, an important
expansion of the interlayer space was observed on the XRD pattern
(Fig. 1B), leading to an interlayer distance of around 32.0 A. Up to
11 00! diffraction lines are visible for Zn,Al-CIPyc g0, SUZZEStiNG a
rather well-ordered packing in the interlayer space. In contrast,
much lower crystallinity was observed with the Mg,Al host and
there is no clear evidence of CIP intercalation. The first intense
peak located at 20 = 6.3” (about 14 A) on the XRD pattern can be
probably attributed to the CIP salt.

As the first approach, the gallery heights can be calculated
by subtracting the value of the hydroxide layer thickness
(~2.1 A) as well as the hydrogen bonding distance (~2.7 Aj*
from the observed d-spacing values. This leads to values
ranging from 13.3 to 15.8 A for the series of samples prepared
at CIP/Al = 0.5; when compared with the length of the molecule
(11.3 A, Fig. 2), the formation of a monolayer and interdigitated
arrangement can be assumed. A slight variation in the interlayer
water content can explain the different interlayer distances.
On the other hand, for Zn,Al-CIPygg.0, @ much larger gallery
height is obtained, i.e., 24.5 A, indicating the formation of a
double layer without interdigitation.

The relatively high crystallinity of the Zn,Al-CIPycig1.0 sample,
aswell as the absence of impurities, allowed us to obtain the entire
diffraction pattern profile refinement. Our data are consistent with
the R3m space group (Fig. 3), which is often reported for LDH
materials.*® An interlayer distance of d = 32.15 A is deduced from

Fig. 2 Molecular structure of the CIP drug molecule extracted from the
crystal structure of the hydrochloride 1,34-hydrate,42 Quinolone, piper-
azine, and cyclopropane rings are highlighted in pink, purple and green
colors, respectively.
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Fig. 3 Profile analysis of the XRD pattern of Zn,Al-CIPycia10: experi-
mental X-ray diffraction (circles), calculated (line), Bragg reflections (ticks),
and difference profiles. Refinement in a hexagonal cell with the R3m space
group. R, denotes the reliability factor.

the value of the ¢ parameter of the hexagonal cell; c=96.453 (7) A =
3 x d. Moreover, the value obtained for the cell parameter
@ = 3.0746 (3) A indicates a Zn/Al molar ratio of 2.57,* which is
higher than that applied during the synthesis process, namely, 2.
This is not surprising considering the high value of pH (10.5)
during synthesis. Indeed, above a pH of 9, Al can enter back into
the solution as soluble aluminate ions, Ze., A(OH),”, thereby
leading to an increase in the Zn/Al ratio.*” Secondly, the prepara-
tion of hybrid LDHs by the coprecipitation method should be
viewed as a self-assembly process with the possible adjustment of
the composition/charge density of the hydroxide layer for better
accommodation of the interlayer species.*®

The HRTEM images (Fig. 4) show the well-developed layered
structures, and the different distances can be estimated between
the parallel fringes, namely, ~28 A for Zn,Al-CIPyc 1,0 and
19 A for Zn,Al-CIPyqgo 5, which are close to the d-spacing values
determined by XRD, confirming the existence of these two
intercalated structures.

Owing to the better crystallinity observed for the ZnAl-LDH
system, only these phases will be considered in the following
discussion. The chemical compositions listed in Table 1 were
obtained by combining the CHNS, ICP, EDX, and TGA data.
Marginal differences are observed in the Zn/Al molar ratios
between the ICP analysis of the bulk and the EDX analysis

Fig. 4 HRTEM images of (a) Zn;Al-CIPyciq10 (scale bar: 20 nm) (b) and
ZnAl-CIPyci@o s (scale bar: 10 nm).

of the crystals in the case of the Zn,Al-CIP,, 505 and Zn,Al-
CTPycigo.s samples, indicating certain heterogeneity for these
samples related to the presence of Zn,Al-CO4;/NO; impurities,
as evidenced by the XRD data. For expressing the chemical
formula of the Zn,Al-CIP,ugos and Zn,Al-CIPucigo.s samples,
the average Zn/Al ratio of 2.15 was assumed, as determined by
the ICP analyses. The CHNS analysis was used to calculate the
amount of intercalated CIP, also considering the presence of
NO,~ and CO,>~ ions, as well as the residual free CIP as shown
in the XRD data. A relatively good agreement was obtained
between the calculated and experimental values with the com-
positions of the mixtures, as listed in Table 1.

On the other hand, for Zn,Al-CIPycig1.0, the EDX values
were repeatable and similar to the ICP results, confirming the
purity of this sample with Zn/Al = 2.15. Interestingly, this value
is much lower than that deduced from the XRD analysis from
the refinement of the cell parameter a, namely, 2.57. Since the
value of the cell parameter a relates only to the composition of
the hydroxide layers, this discrepancy indicates the presence of
additional AI** ions probably located in the interlayer space.
Furthermore, the CHNS analysis reveals an important amount of
carbon, larger than those measured in the ZnAl-CIPwmhagos
samples and also larger than the amount of CIP needed to
compensate the positive charge of the LDH layers. Therefore, we
could confirm the cointercalation of CIP anions and AI** cations.
One part of CIP compensates the charges of the LDH layer and the
other part, ie., the excess, is associated to the presence of Al**
cations. Hence, the following chemical formula is proposed for
Zn,Al-CTPsci@t.0f ZN2.14Alo.86(OH)s (CIP)o.86(CIP2.0Al)o.14-8.0H,O.

Similar TGA curves are observed for the Zn,Al-CIP,g0.5 and
ZnyAl-CIPycigo.s samples (Fig. ESIS, EST}) that are both inter-
calated with anionic CIP that start decomposing at 300 °C,
similar to that observed in both the CIP salts.*” On the other
hand, the thermal profile of the Zn,Al-CIP,ucigo.s samples are
very different from that obtained for Zn,Al-ClPycig4,0 in the
250-500 °C range, indicating the influence of the drug arrange-
ment between the layers in the decomposition processes. TG-MS
analysis results of the Zn,AlCIPucigno sample (Fig. ESI6, ESIT)
show pertinent weight loss above 450 °C, which can be attributed
to the release of CO, in large amounts due to the high content of
intercalated CIP. If we consider that fluoride remains and forms
metal fluoride residues, the total weight losses observed by TGA
are consistent with the chemical formulas of the samples, as
shown in Table 1. As reported for the thermal decomposition
of the metal complexes with CIP,** metal cations from the LDH
layers could combine with CIP, probably leading to the formation
of metal oxides or fluoride residues.

In the range of 1700-1300 em™ ', the FTIR spectra of all the
CIP-intercalated LDH samples (Fig. ESI7, ESIT) are rather
similar to the reported spectrum of the CIP solution at pH 9*?
with the main bands at 1628, 1580, 1385, and 1360 cm™!,
confirming the intercalation of the CIP drug in the anionic form
regardless of the salt and CIP/Al ratio. The band assigned to the
12CO0~ vibrational mode is observed as a shoulder at about
1580 cm71, but that related to 1COO™ overlaps with the bands
of nitrate anions (;NOj3) at 1384 em ' and carbonate anions



Table 1 Chemical analysis and proposed formulae for CIP-intercalated samples

ceb NeP Heb Total weight loss? Drug loading”
Zn,Al-samples (wt%) Zn/Al molar ratio® ICP/EDX (wt%)
CIP @05 22.01 (22.08) 5.04 (5.04) 3.63 (3.63) 2.10/2.1-2.6 (2.05) 57.5 (60.4) 41.7 £ 1.0
63% Zn, oAl; o(OH)s (CIP);.0 3.0H0 + 23% Zns oAly o(OH)s (NO3); o 3.0H20 + 9% Zn, »Al, 5(OH)g [COi]m, 2.0H,0 + 5% CIP
CIPucigo.s 22.61 (22.76) 4.96 (4.96) 3.78 (3.78) 2.10/2.1-2.6 (2.11) 1.0 (60.5) 41.9 £ 1.0
66% Zn, oAl; o(OH)g [CIP]I 0 3.5H,0 + 11% Zn, oAl; o(OH)s (NO5); o 3.0H,0 + 19.5% Zn, »Al, g(OH)s [COg]“ 2.0H,0 + 3.5% CIP
ClPua@io 31.00 (31.00) 6.40 (6.40) 4.39 (4.39) 2.15/2.2-2.3 (2.15) 67.60 (71.30) 50.3 + 0.5

Zny 14Aly 56(OH)s (CIP)g 56 CIPg 414l g 14-8.0H,0

@ CHN =+ 0.05 wt%. ” Values in the brackets are deduced from the proposed formulae.
CIP loading calculated considering the total amount of CIP, i.e., intercalated and free CIP.

calculated assuming that the fluoride remain. °

(#73C0;5) at 1360 em ™! from LDH-NO; and LDH-CO4 impurities,
respectively. As a consequence, we could not identify the type of
interaction between the carboxylate function and LDH layers
based on the separation of bands, i.e., Av = 1,,COO™ — 1,CO07,
as proposed elsewhere.’® By comparing the relative intensity of
the bands at 1620 and 1384 em ™" (I g20/11254),>" a lower intensity
ratio can be obtained for Zn,Al-CIP,,g0.5 as compared to that
for Zn,Al-CIPyg go.5, indicating a higher amount of nitrate
anion in the former case. This corroborates the compositions
proposed for these materials, as listed in Table 1. In the
FT-Raman spectra (Fig. ESIS, ESIT), the region between 1480
and 1440 cm ™! is related to the hydrogen deformation modes
of the piperazine group and undergoes modifications whether
the nitrogen atom is protonated or not.** The modifications
observed in this spectral region for LDH-CIP materials are very
similar to those reported in the literature for CIP at pH 11 in an
aqueous solution,* indicating that the terminal nitrogen of the
piperazine group is not protonated in LDH-CIP materials.

The solid-state CP MAS **C NMR spectra of the LDH-CIP
materials and CIP salts are shown in Fig. 5. The assignment of
the chemical shifts (Table ESI1, ESI{) was done by referring to
the NMR characterization of the CIP,,, and the aluminum
complexes of CIP reported by Chattah et al.** The signals in the
BC NMR spectrum of CIP can be classified into three groups
corresponding to the three main components of the drug,
namely, quinolone moiety (C4, C3a), piperazine ring (C2'6'3'5’),
and cyclopropane ring (Cla and C1b). One interesting difference
between CIPycr and CIP,, is with respect to C3a, which appears
at 168 ppm in CIPyy, while it is shifted to higher ppm in CIP,,,
overlapping with C4 resonance at 178 ppm. This difference is
consistent with the carboxyl group deprotonation in the zwitter-
ionic form. The analysis of the intercalated samples, showing the
same three groups of signals as those in the CIP salts, initially
confirms the preservation of the CIP structural integrity upon
intercalation into LDH. Marginal shifts in the positions can be
observed probably due to the confinement of CIP into the LDH
interlayer space. In particular, an upshift in the C3a resonance
could be observed in all the samples from 168 to 172 ppm as
compared to CIPygy; this suggests the deprotonation of the
carboxylic group, which is consistent with the intercalation
of CIP in its anionic form. The splitting observed for the cyclo-
propane ring is due to the presence of other CIP entities since
such splitting cannot be observed by nuclei couplings averaged
by MAS. In the case of the Zn,Al-CIP,,/ucigo.s samples, we can

salt®?

© TGA analysis + 0.01 wt%. @ Values in the brackets are

2'6'5'3' C1b

CIP
N o 2653 c1a  Clb
CIPHC‘
Zn AP, ; :
ZnALCIP, ..,
200 150 100 50 0
*C Chemical shift / ppm

Fig. 5 Chemical structure of CIP showing the labels used to assign the
3C CP MAS NMR spectra (top). The ¥*C NMR spectra of CIP salts and
ZnzAl-CIP-intercalated samples (bottom).

attribute this to the presence of residual free CIP, as evidenced
from the XRD and chemical analysis data. In the case of the
ZnAl-CIPucigi.o sample, the splitting can be ascribed to the
presence of different environments for these carbon atoms
related to the coexistence of both free and complex forms of
CIP in the interlayer space. Both quinolone and piperazine
moieties also undergo NMR peak broadening upon intercala-
tion. Chemical shifts for CIP are averaged with the presence of
7 electrons in the quinolone backbone. Moreover, the shift
induced by the change in the electrostatic binding on C3a is
effectively transmitted through the quinolone form because of
its partly conjugated structure. The situation is different for the
piperazine *C nuclei that exhibits & bonding. Tt is well known
that the "C NMR peak profile (broadening) in the "*C CPMAS
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Fig. 6 UV-vis spectra of Zn Al-CIPyci@io and ZnzAl-ClPyciao s as solid
thin films and 1 x 10~% mg mL~! CIP,¢ solution at pH 10.5.

300

sequence is related to the efficiency of the magnetization
transfer during the CP time. The relaxation profiles also depend
on the molecular dynamies and associated relaxation disper-
sion of the longitudinal relaxation (spin-lattice) rate. Therefore,
the fact that the signals of the piperazine ring overlap to form
wide resonances in the intercalated samples can be explained
by a higher degree of freedom of motion of the piperazine ring
for Zn,Al-CTPycig1.0, dangling in the LDH interlayer, as com-
pared to the quinolone moieties closer to the layers.

The UV-vis absorption spectra of the Zn,Al-CIPucig1.0 and
Zn,Al-CIPyg @0, Samples are compared to those of the CIPyg
solution at pH 10.5, as shown in Fig. 6. The absorption bands
for CIP appear at 271 nm (band I) and 324/339 nm (band 1I)
corresponding to the 1 — n* and n — w* transitions of the
fluorobenzene moieties and quinolone ring, respectively.”*
The Zn,Al-CIPyci@io sample shows an obvious shift in the
n — m* transition to 289 nm. Similar bathochromic shifts have
already been reported for the complex formation of CIP with
metal cations in an aqueous solution,""*® thereby supporting
the presence of the CIP-Al complex in the interlayer space of
the Zn,Al-CTPycig1.0 sSample.

CIP release tests

In vitro CIP release tests were performed with Zn,Al samples at
25 °C in simulated intestinal fluid at pH 7.5 the using PBS
medium. The drug release profiles, i.e., the percentage of CIP
released into the PBS medium vs. time (Fig. 7a), show the
differences between the Zn,Al-CIP,wmci@o.s and Zn,AFCIPacigi.o
samples. First, the release profiles indicate the occurrence of
bursts in the case of Zn,Al-CIPyqg.o with about 70% of the CIP
released after 1 h, while the lower release of CIP was found with
the Zn,Al-CIP,mcigo.; Samples with the release of 30% after 1 h.
Then, for Zn,Al-CIPyggi.0, the release steeply increases,
reaching 100% after 10 h. On the other hand, the amounts
of CIP released for the Zn,Al-CIP.ygos and Zn,Al-CIPhcigo.s
samples reach a plateau in about 12 h at 50% and 60%,
respectively, and no longer change thereafter.

(a)

100 s d 14 2 4 4
§a§9
804 =
= ¢ .
3 60 . 5 i i % H 1
2 ; R
3 lecu N
g 409 5o° o CIP,/AI=05
. -
el CIP_ /Al =05
20+ 5 CIP, JAI=1.0
04 ; . ' — : - .
0 5 10 15 24 25 26 27
Time'h
(b)
£=-4.6 mV S.A.=5mifg £=3.7mV S.A.=22mifg

Fig. 7 (a) CIP cumulative release percentage (%) profiles for the ZnAl-CIP
samples performed in PBS at pH 7.50. (b) SEM images of ZnAl-CIPycia10
(left) and ZnzAl-CIPc@os (right) with their zeta potential and surface
area values.

It is well known that the kinetic release profiles of the drug
from LDH systems in alkaline or neutral media involve an anion-
exchange mechanism.® In the present case, the first stage of the
release process can be attributed to the release of CIP drug that
is weakly adsorbed on the surface of the particles and/or located
on the external part (edges) of the structure.”” ®° It should be
noted that the presence of 3.5 wt% free CIP for Zn,Al-CTPycig0.5
as deduced from the chemical analysis (Table 1) and probably in
the form of CIPy salt, is, therefore, relatively soluble at pH 7.5.
This may explain the higher release rate observed for this sample
as compared to the Zn,Al-CIPago5 containing 5% CIP that is
probably less soluble in the form of CIP,,, salt. The release in the
second stage is dependent on the anion exchange between the
interlayer CIP and phosphate species in the medium. The large
interlayer distance in the case of Zn,Al-CIPycg, ¢ facilitates the
internal diffusion through the LDH particles and CIP anions
can be completely exchanged/released. These results are com-
parable to those obtained by Xia et al® for a series of LDH-
hypertensive samples exhibiting different interlayer structures
and release kinetics.

The XRD data of the samples recovered after a contact time
of 24 h (Fig. ESI9, ESIT) confirm the total release of the
interlayer CIP anions in the case of the Zn,Al-CIPyq g0 Sample
with important changes for the 00n/ reflections as a result of
the exchange with the phosphate species.®? On the other hand,
only a loss in crystallinity is observed for Zn,Al-CTPycigo.s
with no modification of the position of the 00nl reflections,
indicating the presence of intercalated CIP. In both the cases,
it is worth noting that the 110/113 double peak is still visible,
indicating a preservation of LDH layers after a contact time



Table 2 Kinetic constants obtained for the CIP release from the LDH host
in a PBS medium

Higuchi Korsmeyer-Peppas
M, M,
=kt lo = logk +nlogt

a, Y g(Mo) gh s

R k(% h %% R? n
ZnyAl-ClPycigos  0.935  34.3 0.978 0.178
Eny Al-CIP,wg0.5 0.970  26.6 0.982 0.185
InyAl-ClPycigro  0.982  68.1 0.963 0.139

R, M,, My, t, k, and n are the correlation coefficient, amount of drug
quantity released at time ¢, initial amount of the drug in the pharma-
ceutical formulation, release time, kinetic constant, and diffusional
exponent, respectively.*

of 24 h. The morphological characteristics of the samples are
also informative, explaining the differences observed in the
first step. All the samples display similar and slightly negative
values of the zeta potential, {, namely, ~—4.6 mV for Zn,Al-
CIPyaigo.s and —3.7 mV for Zn, Al-CIPy g, o related to the presence
of CIP anions on the particle surfaces. On the other hand, the SEM
images show the different agglomeration states of the crystallites
(Fig. 7b), stacked in a more compact way in the case of Zn,Al-
CIPyqgne, resulting in a lower surface area of 5 m? g_1 against the
value of 22 m* g~ * for Zn,Al-CIPyigo 5- This higher surface area for
ZnAl-CIPygo5 indicates that the external part of the particles is
more exposed to the PBS medium and it is likely that only CIP
anions located on the surface/edges of the particles participate in the
release process measured for Zn,Al-CIPucigos, as shown in Fig. 7a.
Diffusion kinetic models can be applied to further investigate
the CIP drug release process from the LDH carriers (Table 2 and
Fig. EST10, ESIT).%**° The importance of the process of diffusion
in controlling the release rate of CIP was checked by applying
the Higuchi model. This model fits fairly well with the release
data for all the samples, and the calculated values of the rate
constants indicate a much faster release for Zn,AFCIPycig 0
(68.1% h™%%) than that for ZmAl-ClPuciges (34.3% h™%%).
Interlayer diffusion takes a longer time than surface diffusion;
CIP interparticle diffusion is the rate-limiting step of the release
process and it is dependent on the interlayer distance. The
application of the Korsmeyer-Peppas model also yielded good fits,
confirming the diffusion mechanism. Furthermore, the calculated
values of the diffusional exponent n are less than 0.45 for all the
samples, which means that the CIP release rate is controlled by
diffusion from the interlayer of the particles via anion exchange.

Discussion

Based on the XRD analysis, along with the chemical, TGA,
IR, Raman, "*C NMR, UV-vis, and HRTEM analyses data, the
formation of two Zn,Al-CIP-intercalated structures with very
different interlayer distances of 21.2 and 32.1 A was observed.
Similar results were obtained when using the Mg,Al LDH host,
although the crystallinity of the samples was lower.

As mentioned earlier, there are only a few reports on the
intercalation of CIP into LDH, but some of the published

results are questionable. Silion et al.** were the first to report

the intercalation of CIP by the coprecipitation and ion-exchange
methods in Zn,Al LDH and obtained very close interlayer
distances of 20.61 and 20.37 A, respectively. Both these syntheses
were carried out at pH 7.5, which corresponded to the zwitter-
ionic form of CIP and not the anionic form. Moreover, the
position of the 110/113 double peak observed below 60° (26 with
CuKo) is actually not consistent with the formation of the
LDH phase, but the LSH phase. Hesse et al** implanted ear
prostheses coated with Mg,Al-SO, LDH impregnated with CIP in
white rabbits. Although no characterization of the impregnated
LDH nanoparticles was provided, the study clearly showed the
ability of this LDH/CIP physical mixture to combat local bacterial
infections in the middle ear of rabbits. Similarly, Badar et al**
investigated a physical mixture of CIP and Mg,AlSO, LDH depos-
ited on porous titanium discs as coating implants: a prolonged
drug release was observed in an infected mouse implant. Recently,
Rezvani et al*® reported the preparation of alginate/Zn,Al-CIP and
chitosan/Zn,Al-CIP nanocomposites with Zn,Al-CIP obtained by the
coprecipitation method at pH 8.5 followed by an ageing step at
70 °C. An interlayer distance of 30.04 A was observed, which was
comparable to the length of CIP, leading the authors to propose a
bilaver arrangement. This interlayer is comparable to the value
obtained for Zn,AFCIPycigi.e; however, their XRD diffraction
pattern is very different from that measured particularly with the
relative intensities of successive 00n/ diffraction peaks. Release
studies carried out under different pH values by simulating the
sequences in the gastrointestinal tract (pH 1.2, 6.8, and 7.4)
revealed a faster release rate (92%) for CIP-LDH/alginate than
that for CIP-LDH/chitosan (39%). Finally, Mishra et al ®® reported
the intercalation of a series of antibacterial agents, ie., CIP,
sulfanilamide, and oxazolidinone, into Zn,Al LDH by the anionic
exchange of sulfate anions at pH 10 and 60 “C in a water—-ethanol
solvent mixture. An interlayer distance of 20.7 A was reported as
obtained from the position of the first peak at a lower angle on
the XRD pattern; however, the positions of the subsequent
peaks, which are assumed to be 00n/ harmonics, are not
consistent with the repetition of d-spacing.

Our results suggest the occurrence of parallel and competi-
tive reactions of precipitation and complexation, which have
not been observed in earlier studies. For the synthesis carried
out for CIP/Al > 1, the formation of the LDH layer is prevented
by the predominance of complexation reactions between CIP
and the present metal cations. Indeed, CIP is known to form
metal complexes at high pH values of the solution and the
formation constant of CIP chelates decrease in the order of
AP > Fe'' > cu” > Zn*' > Mn®' > Mg*".*” The CIP binding
to AI** is stronger than that to other metals, and a substantial
increase in the solubility of fluoroquinolones subsequent to
complexation was reported.® On the other hand, for CIP/Al less
than or equal to 1, the precipitation of the cations in their
hydroxide forms is found to prevail, leading to the formation of
an LDH phase intercalated with CIP in its anionic form. Finally,
for CIP/Al close to 1, an interplay between the precipitation and
complexation reactions would enable the cointercalation of
CIP in its anionic form and AI’" cations, leading to drug loading
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Fig. 8 Schematic arrangement of CIP anions in the interlayer space of
ZnzAl-CIP,,@ps and a representative of the structure of all the samples
prepared with CIP/Al = 0.5.

higher than that solely achievable by anion exchange. Interest-
ingly, the amount of excess CIP and that of A’ correspond
exactly to the reported® stoichiometry of the aluminum CIP
complex of (HCI-CIP);Al, thereby suggesting the intercalation
of both CIP anion and (CIP);Al complex in Zn,Al-CIPycig1.o-
The presence of this complex is also supported by the UV-vis
absorption measurements.

The full characterization done on the Zn,Al-CIP,wgos and
ZnyAl-CIPycigo.s samples did not show any differences in the
features of intercalated CIP in its anionic form in both the
cases. A similar d-spacing of about 21 A was obtained probably
resulting from a monolayer and interdigitated arrangement of
the CIP anions, as reported by Latip et al.?* for layered zinc
hydroxide (LZH) nitrate (Fig. 8).

In the case of Zn,Al-CIPyag1o, the large number of 00/
diffraction peaks (almost eleven are visible) allowed us to probe
the structure of the interlayer space by the calculation of a one-
dimensional electron density map from the analysis of the
integrated intensities of the 00/ peaks extracted from the above
Le Bail profile decomposition and Fourier transformation.*®
This approach has been successfully applied to the structural
characterization of several intercalative nanohybrids.®® The
resulting 1D plot is shown in Fig. 9a. The most intense peaks
are due to the hydroxide layers containing elemental Zn and Al
The carboxylate groups result in small maxima on the outer parts
of the interlayer space at a distance of about 3.0 A from the
inorganic layers, which is consistent with hydrogen bond inter-
actions. The central minimum supports the bilayer arrangement
with the CIP ions positioned on either side of the center. This
minimum is framed by two small maxima attributable to the
piperazine ring, and its distance from the carboxylate groups
(~10.5 A) permits the slightly inclined orientation of the CIP
species with respect to the hydroxide layers. The Patterson map
was also calculated by considering all the integrated intensities
extracted from the Le Bail fitting. As shown in Fig. 9, the electron
density in the interlayer space of the Zn,Al-CIPy g, o sample is
fairly low; nonetheless, it shows distribution in different planes
perpendicular to the ¢-stacking direction and the z-coordinates
are consistent with the positions of the maxima noted on the
1D plot. The spreading of the density observed for each of these
planes indicates the orientational disorder of the CIP ions. Water

Fig. 9 Structural model for Zn,Al-CIPycia10 deduced from (a) the one-
dimensional electron density projected along the c-stacking axis and (b)
Patterson contoured map summed from O to 1 along the b-axis (the
electron density scale shown on the right-hand side is in arbitrary units).
Both were calculated from the profile refinement of the XRD data.

molecules are most certainly located near the LDH layer in the
same plane as that of the carboxylate groups, forming hydrogen
bonding with the OH groups of the LDH layers. The quasi-
absence of electron density in the middle of the interlayer space
confirms the bilayer arrangement. In addition, the observation
of the pronounced local maxima on a plane located between the
ketone group and carboxylate function may be attributed to the
presence of heavy atoms, such as AI** cations. This location is
consistent with the participation of these two groups in the
coordination to aluminum, as that reported for the (HCL-CIP);Al
complex.*

The intercalation of metal cations in the interlayer space of
LDH via chelation with organic ligands, e.g., ethylenediamine-
tetraacetate (EDTA) or nitrilotriacetate (NTA), has already
been reported.”® In some cases, complex formation leads to an
excessively positive charge in the LDH, which is compensated by
the intercalation of the additional anions present in the solution.
On the other hand, LDH compounds belonging to the wermlandite
group” have also shown the ability to intercalate hydrated
cations such as Na*, Ca** and, more recently, Li* and K™ in the
presence of sulfate and carbonate anions.”™

Conclusions

The intercalation of CIP, a broad-spectrum antibiotic, into the
interlayer space of Zn,Al and Mg,Al-LDH has been comprehen-
sively investigated. By exercising tight control over the synthesis
parameters, particularly the CIP/Al molar ratio, we identified
the interplay between the coprecipitation and complexation
reactions, leading to the formation of 2 different LDH-CIP-
intercalated structures with significantly different interlaver dis-
tances, namely, ~21 A for CIP/Al = 0.5 and 32 A for CIP/Al = 1.0.
A careful analysis of the data obtained from several characteriza-
tion techniques, such as CHNS, ICP-AES, SEM-EDX for elemental
analysis, TGA, IR-Raman, NMR, and UV-vis spectrometry, and
HRTEM, as well as a detailed analysis of the XRD patterns



(whole-pattern fitting and Fourier electron density map),
allowed us to perform an accurate physicochemical and struc-
tural investigation of both these structures. Remarkably, the
structure with the largest interlayer distance incorporated both
CIP anions and Al(CIP); complex. This is a novel result and
extremely interesting for drug delivery applications since it
reveals the possibility to increase the CIP drug loading beyond
the anionic-exchange capacity of LDH carriers. In vitro CIP
release tests performed in simulated intestinal fluid indicated
that the release rate was controlled by diffusion and dependent
on the intercalated structure. A fast and complete CIP release
could be achieved in less than 10 h by the anion-exchange
mechanism for the structure with the largest interlayer distance,
while only a surface reaction took place during the 24 h of the test
for the other structure. The results obtained here can certainly be
extended to other LDH compositions (Ca>', Ccu®™, Fe¥', etc.)
associated to other CIP metal complexes.
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