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*Highlights (for review)

Highlights of the article

>

Successful intercalation of ciprofloxacin into a smectite clay (Li-fluorohectorite)
with potential pharmaceutical and biomedical applications.

Structural characterization of the raw material and the clay-drug composites.
Demonstration of the temperature-controlled drug release abilities of a colloidal

suspension of the clay-drug composite, following pharmaceutical standards.
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Abstract

Clays have shown to be good candidates as drug delivery carriers. In the present paper, we
use the temperature-dependent swelling of smectite clays to produce clay-drug composites with
sizable drug load capacity. Specifically, we obtain a fluorohectorite-ciprofloxacin (Fh-Cipro)
composite, in which a true intercalation of the drug between the clay interlayers has been verified
by various experimental techniques. We evaluate the thermally activated drug release from a
colloidal suspension of nanosized composite particles in water as well as in synthetic gastric juice
from 37°C (body temperature) to 85°C. The temporal profiles of drug release from the clay fulfil
the pharmaceutical standards for these systems. In this work, we have been able to produce a
clay-based Temperature Controlled Release System (TCRS) with potential biomedical

applications.
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1. Introduction

Temperature-controlled drug release is desirable in many scenarios: for example, when the
local body temperature varies during different stages of a disease, or in response to external
stimuli. To date, just a few materials able to release an active principle as a function of
temperature have been investigated. In recent years, hydrogel-based composites have been
created to release proteins [1,2], as well as microscale polymers able to release small molecules
and nanoparticles within a certain temperature range [3].

In the last years, different porous materials have been used as drug hosts [4,5]. Among clay
minerals, montmorillonite is the most commonly used for drug delivery applications [6,7],
although kaolin and laponite have been also investigated [8]. Most of them have been typically
used as hosts for pH-controlled release.

Synthetic hectorites show a number of advantages as drug hosts, like controllable pore size
distribution, purity and composition, which result in higher reproducibility. In addition, these
materials have been shown to be non-toxic for trans-dermal application and oral administration
[5,9]. Their swelling transition [10], on the other hand, suggests their potential as hosts of large
molecules of pharmaceutical interest and their temperature controlled release. However, few
reports about the use of fluorohectorite, a commercially available synthetic smectite, as a drug
hosting material, can be found in the literature [5,6,11]. From the structural point of view, in their
dry form, the layers assemble to form stack-of-card like particles. Figure 1a shows the atomic
structure of lithium fluorohectorite (LiFh) clay. The stacks are held together by van der Waals
forces, and by electrostatic forces in the case of clays with negative layer charges. In the
interlayer space of these clays there are positive counter-ions, leading to an attractive interaction

similar to a salt bridge [12,13], and they can also take up water between lamellae [14,15].
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Figure 1. Schematic representation of the atomic (a) and molecular structure (b) of the LiFh clay

and ciprofloxacin drug, respectively.

In order to take advantage of the temperature-dependent swelling property of these

materials, we attempted to incorporate drugs with molecular dimensions of the order of the



interlayer space reached when the clay is thermally activated, and different structural features. In
the present work, we have successfully incorporated the antibiotic ciprofloxacin (a
broadspectrum antibacterial agent for oral administration used to treat various bacterial
infections) into a Li-fluorohectorite (LiFh). Figure 1b illustrates the Cipro molecular structure. X
ray diffraction (XRD) data suggests a true intercalation of the drug molecules between the clay
layers. In addition, thermogravimetric analysis was performed as a complementary method, and
the obtained results confirm the observation from the scattering data. We have also investigated
the release of the drug molecules from the colloidal clay suspension, which shows a temperature-
controlled release of the drug. The release profiles meet the pharmaceutical standards for these
kinds of systems. We will call the obtained composites Temperature Controlled Release Systems

(TCRS).

2. Material and methods

2.1 Sample preparation and characterization

Sample preparation

The chemical composition of fluorohectorite synthetic 2:1 smectite clay is My(Mgs.
xLix)F4SigO29, where M denotes the exchangeable cations. These clay particles are polydisperse
with lateral dimensions of the order of um and they possess a net negative surface charge (x e~
per unit cell), which is balanced by counter ions localized between clay lamellar sheets. Ideally x
=1.2[16].

We purchased Li-fluorohectorite (LiFh) from Corning Inc., New York, which we
characterized by X-ray diffraction (XRD) and Atomic Absorption Spectrometry (AAS) using the

procedures described in the next section. From those studies we conclude that the purchased



material contains about 80% by mass of LiFh clay with nominal formula Liy(MgexLix)SigO20F4
with x = 1.2, and about 20% of Li,0-2S10, impurities.

Two different modified forms, Na-fluorohectorite (Na-Fh) and Cu-fluorohectorite (Cu-Fh)
were prepared according to the ionic exchange procedure described in [17]. Ciprofloxacin
hydrochloride, acetaminophen and ibuprofen —pharmaceutical-grade according to
Pharmacopoeia [18}— were the model drugs studied; and they were used as received from the
Cuban pharmaceutical industry.

For the interactions, 50 ml of drug solutions at 3 mg/ml (pH near 4.5) were put in contact
with 0.5 g of each clay, resulting in a colloidal suspension. The experiments were carried out at
room temperature and at 65°C + 5°C during 4 h and 24 h, in order to study the influence of
temperature and time on the amount of drug captured by the clays. All these studies took place
under agitation with a magnetic stirrer. By the end of the interactions, the pH of the Cipro-clay
suspensions was around 8. In the case of drug adsorption in the suspensions, the drugs
concentrations before and after the contact with the clays were analyzed and quantified by
ultraviolet spectroscopy (UV), according to standard procedures [18] (the drug-clay suspensions
were centrifuged, and the drug contents in the supernatant was determined by UV relative to
calibration curves for the pure drug solutions). The UV spectra were collected by means of a
Rayleigh UV-2601 spectrophotometer in the wavelength interval 200-400 nm (including the
adsorption maxima at 276, 245 and 273 nm for the ciprofloxacin, acetaminophen and ibuprofen,
respectively). Each composite LiFh-Cipro, NaFh-Cipro and CuFh-Cipro was prepared in several
batches, in order to check repeatability. As demonstrated below, the UV studies show that,
among the drugs investigated, only Cipro is significantly captured by the clay, so further

characterization was performed only on Cipro-clay composites.



Characterization

Each Cipro-clay suspension was centrifuged, and the resulting supernatant fluid was
analyzed by means of atomic absorption spectroscopy to determine the ionic contents. A PYE
UNICAM SP9 atomic absorption spectrophotometer was employed.

The X-ray diffraction (XRD), for the different clays before and after the drug sorption, were
conducted at a Philips Xpert diffractometer, using Cu Ka radiation (A = 1.54 A). The 20 range
was from 2 to 40°.

The solid clay samples were analyzed by Thermal Gravimetric Analysis (TGA) and
Infrared Spectroscopy (IR) before and after interaction with the Cipro. TGA was performed on a
NETZSCH STA 409 PC/PG thermal analyzer under dry air flow (50 ml/min), and a heating rate
of 10°C/min, from 20 up to 800 °C. The sensitivity of the thermobalance is +1 pg. To perform IR
analysis, the solids were dried overnight in an oven at 100 °C and 65°C for the native clay and the
clays-drug composites, respectively (the lower temperature used in the case of the composite
avoids Cipro decomposition). A Nicolet AVATAR 330 Fourier-transform IR spectrometer, in the
wavenumber interval 400-4000 cm™, was used. The samples were prepared using the KBr

pressed-disk technique, with 0.8% inclusion of the material to be analyzed.

2.3 Drug release

The studies of Cipro release from the composites were carried out for LiFh clay. Colloidal
suspensions were obtained by putting in contact approximately 30 mg of the powdered composite
(equivalent to 8.3 mg of ciprofloxacin determined by UV as described before) with 50 ml of
synthetic gastric juice without pepsine at 37 £ 1°C —according to the method reported in the
Pharmacopoeia for this kind of systems [18], and 100 rpm stirring. Release studies under

identical conditions but at 65 + 5°C were also carried out in order to evaluate the temperature



dependence of the Cipro release from clay. For both temperatures, aliquots of the solutions were
collected at scheduled intervals and centrifuged. Each time, the supernatant was removed and
replaced with 2 ml of synthetic gastric juice. The drug concentration in the solution as a function
of time was measured by UV spectroscopy. The experiments were made in triplicate and the

average values are reported.

3. Results and Discussion
3.1 Drug intercalation

The UV measurements demonstrated that, among the three drugs investigated, only Cipro
shows a significant affinity with the LiFh clay. No clay—drug interaction could be detected in the
case of acetaminophen and ibuprofen under the conditions described above.

When sampled by UV at 4 h and 24 h, the same amount of drug incorporation was
measured (277 mg of Cipro per gram of clay; equivalent to 8.3 mg of Cipro per 30 mg of
composite).Thus, in the following we use 4 h as the sorption time for our samples.

We also tested Na-Fh and Cu-Fh, and we observed that the former was able to incorporate
Cipro, while the latter was not, under the present experimental conditions. But in the present

study we will only concentrate on LiFh.

3.2 Chemical and physical characterization of samples

For Atomic Absorption Spectrometry (AAS) measurements, 0.1 g of LiFh was digested
overnight using HCI, HF and HCIO4in 100 ml of water. After that, the dissolutions were analyzed
by mean of standard AAS (PYE UNICAM SP9). The whole process was replicated five times

resulting in a half unit cell chemical formula Liy(MgeLix)SisO20Fs with x = 1.2 for the clay



phase (80% by weight of the sample powder), and Li,0-2Si0; for the impurities (20 % by weight
of the sample powder).

The XRD characterization confirmed the presence of Li,O-2SiO, impurities, and that they
were not involved in the Cipro capture, since its main Bragg peaks [19] did not show any shifts in
positions after contact with the Cipro solution. Using XRD we studied (001) Bragg scattering
from the clay stacks. Figure 2 shows the diffraction patterns for LiFh and LiFh-Cipro composite.
In the case of the native LiFh sample there is one layer of water intercalated in the stacks in
ambient conditions (peak marked as (a) in the figure) [20]. The LiFh-Cipro samples under study
were prepared as described above (4h interaction and pH near 8). The XRD pattern for LiFh-
Cipro shows four peaks marked as b-e in the figure. Peak (b) is likely due to clay stacks in the
composite that only have two layers of water intercalated [20]. Peak (c) represents clay stacks
with Cipro intercalated (Cipro is a much larger molecule than water and produces a much larger
d-spacing increase). Peaks (d) and (e) most likely correspond to one and two layers of water
intercalated in addition to the Cipro, respectively. A sketch of the atomic structure of LiFh with
intercalated Cipro is shown in Figure 3.

IR transmittance spectra for Cipro, LiFh and the LiFh-Cipro composite are shown in Fig. 4.
The characteristic O—H and Si—O bands of the LiFh sample are assigned in the spectrum (see
Fig. 4b): The main Si—O stretching band in-plane at 997 cm™ and the Si—O out-of-plane bending
band at 710 cm™, as well as the Si—O in-plane bending band at 472 cm™ were observed. In
addition we also observed the Si—O stretching out-of-plane at 1086 cm™ [21]. In the Cipro
spectrum, the most characteristic bands are those in the interval of 1800-1200. The band at 1707

ecm™ is ascribed to the carboxylic acid C=O stretching, that of 1624 cm™ to the C=0 stretching



for ketone, and the band at 1271 cm™ for the coupling of the carboxylic acid C—O stretching and

O—H deformation [22-24].
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Figure 2. Diffraction patterns for LiFh and LiFh-Cipro composite.

The band at 1707 disappears in the composite LiFh-Cipro spectrum. A possible explanation
of this is as follow: The natural pH of a pure Cipro solution and the natural pH of the pure clay in
aqueous suspension measured by us is about 4.5 and 10, respectively. We also measure the pH of
the Cipro-clay suspension to be around 8. This high pH value leads to de-protonation of the
carboxylic group, which results in the C=O bond becoming two more or less equivalent C—O
bonds. Therefore, the peak corresponding to —COOH disappears from the LiFh-Cipro spectrum,
and is replaced by two peaks at 1581 and 1390 cm™, which may be assigned to asymmetric
(vasCOQO") and symmetric (vsCOQ") stretching vibrations of the —COO™ group, respectively.
This is attributed to the existence of the ciprofloxacin in zwitterionic form, where the COO ™

group is deprotonated and the piperazinyl group is protonated [25,26]. In addition, due to the



COOH group deprotonation and loss of the carboxylic acid C=O0 stretching, a significant decrease
in intensity the coupled COOH modes at 1271 cm™ was also observed. This behaviour has been

observed previously in similar systems [23,27].
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Figure 3. Sketch of the atomic structure of LiFh with intercalated Cipro.
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Figure 4. IR transmittance spectra for Cipro (a), LiFh (b), and composite LiFh-Cipro (c).

A more direct interaction between Cipro and clay was observed, as follows. A variation in
the frequency of the band assigned to the Cipro from 1624 cm™ to 1631 cm™ after the interaction
with the clay was also observed. The shift of this band in the LiFh-Cipro composite, as compared
to the spectrum of Cipro alone, suggests strong interactions between the structures of Cipro and
the clay via the ketone group. We do not see any evidence that the characteristic IR spectral
bands of the clay are modified by the presence of Cipro in the composite.

Fig. 5 shows TG/DTG curves for Cipro, LiFh and LiFh-Cipro. The Cipro exhibits four
main peaks of mass loss at 154, 299, 319 and 406. The Cipro decomposition is described as a

sequence of three consecutive steps [28]: the first one is related to the loss of CO. The second one



occurs in the range 220-370 °C and is attributed to a loss of [C4HgN,H, + CO] (two peaks in the
DTG curve). The last one, above 370 °C, has been attributed to the removal of the residual drug
as C; HgFNO. The DTG curve for the clay displays two important peaks attributed to desorption
of water (~100 °C and ~150 °C). The LiFh-Cipro composite shows peaks of mass loss in the
region of 80 °C to 200 °C and approximately 350 °C. The peak around 350 °C can be assigned to
the second step of the decomposition process of ciprofloxacin, which evidences its presence in
the composite. When comparing the DTG curve of the Cipro with that of the LiFh-Cipro
composite, it is observed that an increase takes place in the temperature of Cipro decomposition
(at 299 and 319 °C) after the interaction with clay. Thus, its thermal stability is increased in the
composite. The mass loss in the region 80 °C to 200 °C (last panel in Fig 5) could be attributed to
the fact that water desorbs significantly easier from the composite than from the pure clay, which

could be due to increased interlayer space when Cipro is intercalated.
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3.3 Cipro release

Fig. 6 shows the percentage of Cipro released from the LiFh-Cipro colloidal suspension as
a function of time at 37 °C and 65 °C. We observe that the Cipro amount released in SGJ
increases as a function of time. At 37 °C and 65 °C the composite releases approximately up to 10
% and 25 % of the initial drug load (277 mg of Cipro per gram of clay; equivalent to 8.3 mg of
Cipro per 30 mg of composite), respectively within 10 hours. This clearly demonstrates that the
release dynamics of our composite is temperature-controlled, a potentially relevant feature for

biomedical applications.
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Figure 6. In vitro release curve of Cipro from a colloidal suspension of the composite LiFh-Cipro

at 37°C and 65°C in synthetic gastric juice (SGJ).



The actual mechanism of drug capture by such smectite clay is not understood. We suggest
three general alternative scenarios: One possibility could be that the Cipro molecule replaces the
charge-compensating cations, in which case there would nominally be about 1.2 captured Cipro
molecules associated with each unit cell of the clay. Another possibility is that the Cipro
molecules do not replace the cations, but rather are attracted to the cations. So, in this case we can
nominally associate a minimum of about 1.2 Cipro molecules per unit cell of the clay. Thirdly,
and lastly we could imagine that the drug molecules are captured by the clay surfaces, and in this
case there could be about at least 1 Cipro molecule associated with each unit cell, since the unit
cell is the in-plane repetitive unit in the clay structure. In summary, whatever is the mechanism, it
is reasonable to assume that approximately 1.1 £ 0.1 Cipro molecules are captured per unit cell of
the clay as a lower estimate for a clay fully loaded with drug molecules. The unit cell chemical
formula for fluorohectorite is Mx(Mgs.xLix)F4SisO20, where M denotes the exchangeable cations,
giving a unit cell mass of about 754 (atomic mass units) for the clay, for M = Li and x ~ 1.2. The
atomic mass of the Cipro molecule is about 368, which gives an estimate of the Cipro to clay
mass ratio of about 368/754 for a compactly packed clay sample. Our clay samples typically have
40% mesoporosity [29], thus assuming about 1.1 £+ 0.1 Cipro molecules are captured per unit cell
of the clay, we estimate the Cipro drug load to be approximately 0.3+0.03. Our XRD and AAS
characterization suggest that about 80 % of the mass of our powder samples is clay, and that the
remaining 20% are impurities .Our UV results show that the Cipro mass incorporated per unit
mass of sample is approximately 0.3, which translates into 0.35 of Cipro mass incorporated per
unit mass of clay, if we assume that 20% of the impurities do not play a role in the capture of
ciprofloxacin. This suggests that it is reasonable to assume that an important proportion of the

Cipro is captured by the clay in the powder.



To understand the mechanisms involved, six standard models [30] applied to slow release
systems were considered to describe the data. Within the error bars, our data can be well fitted by
the zero order model [30]. Q; =Q. + kot with Q. = 0 and ko= 0,76 and 1,93 for 37 °C and 65 °C,
respectively. This means that, for both temperatures the release follows an anomalous diffusion.
This implies that the composite releases the same amount of drug per unit time, which is an ideal
method of drug release for achieving sustained pharmacological action.

Figure 7 shows the percentage of ciprofloxacin released from the composite at 6 hours, as a
function of temperature (here, we have just stopped the process at 6 h instead of the step-like
aliquot collection associated to Figure 6). A clear increase in the slope of the curve is observed as
temperature increases, confirming that the release in our system is temperature-controlled. The
inset in figure 7 shows an Arrhenius thermal activation plot of the same data, giving an activation
energy (Ea) of approximately 67 kJ/mol (0.7 eV). The maximum release was observed at 85 °C,
corresponding to 50% of the initial amount of ciprofloxacin. Ea can be viewed as the energy
barrier a drug molecule must overcome to be released from the clay. Energies involved in
physisorption are usually in the range of 5-40 kJ/mol™, while activation energies from 40 to 800
kJ/mol™ are typical of chemisorptions [31,32]. Distinguishing between physical and chemical
mechanisms is not always easy, in particular when the values of activation energies are near the
limit between both phenomena. In the case of chemical adsorption, there is a direct chemical
bond between the adsorbate and the surface; a chemically adsorbed molecule loses its identity on
reaction or dissociation and cannot be recovered by desorption [33]. Physical adsorption does not
involve any chemical bonds: the adsorbate is held by physical forces (i.e., van der Waals and
electrostatic), it usually keeps its identity and, on desorption, returns to its original form. The
value of Ea calculated from our Cipro desorption process is somewhat bigger than the lower limit

typically used to define chemical adsorption (40 kJ/mol). This suggests a weak chemical



interaction mechanism, which is also supported by our IR spectroscopy results, where strong
interactions between the Cipro structure and the clay via the ketone group may take place.
However, our UV data after the interaction of the composite with synthetic gastric juice do not
reveal any chemical interactions of the Cipro molecules with the clay. Finally, the slow release of
Cipro in time suggests either a weak chemical interaction or a strong physical interaction. We are
currently in time performing new experiments and computational simulations in order to shed
light on the precise mechanisms involved in the incorporation and release of ciprofloxacin

hydrochloride into/from clay fluorhectorite.
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4. Conclusion

We have shown the ability of the clay Li-fluorohectorite to readily incorporate the antibiotic
ciprofloxacin, up to 277 mg per gram of material. This amount will increase if the proportion of
impurities in the host material is diminished. The incorporation takes place in the clay interlayer
space, as demonstrated by XRD. In vitro release studies in colloidal suspensions of LiFh-Cipro
show that the clay promotes the slow release of ciprofloxacin, and that the percentage of drug
released increases both with time and with temperature. Thus, we have been able to produce a
Temperature Controlled Release System (TCRS) with several potential biomedical applications.

We are currently working on the incorporation of other types of drugs. Future work will
include experiments combined with simulations aimed to understanding the details of the capture

and release mechanisms.
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Figure Captions

Figure 1. Representation of the atomic (a) and molecular structure (b) of the LiFh clay and
ciprofloxacin drug, respectively.

Figure 2. Diffraction patterns for LiFh and LiFh-Cipro composite.

Figure 3. Sketch of the atomic structure of LiFh with intercalated Cipro.

Figure 4. IR transmittance spectra for Cipro (a), LiFh (b), and composite LiFh-Cipro (c).

Figure 5. TG and differential thermogravimetry (DTG) curves for ciprofloxacin (Cipro), LiFh
and composite LiFh-Cipro, at 10 °C/min.

Figure 6. In vitro release curve of Cipro from the composite LiFh-Cipro at 37°C and 65°C in
synthetic gastric juice (SGJ).

Figure 7. Percent of ciprofloxacin release from the composite LiFh-Cipro at different temperature

and a fixed time in synthetic gastric juice (SGJ).
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Figure 1. Schematic representation of the atomic (a) and molecular structure (b) of the LiFh

clay and ciprofloxacin drug, respectively.
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Figure 2. Diffraction patterns for LiFh and LiFh-Cipro composite.
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Figure 3. Sketch of the atomic structure of LiFh with intercalated Cipro.
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Figure 4. IR transmittance spectra for Cipro (a), LiFh (b), and composite LiFh-Cipro (c).
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Figure 5. TG and differential thermogravimetry (DTG) curves for ciprofloxacin (Cipro),
LiFh and composite LiFh-Cipro, at 10 °C/min.
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Figure 6. In vitro release curve of Cipro from a colloidal suspension of the composite LiFh-
Cipro at 37°C and 65°C in synthetic gastric juice (SGJ).
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Figure 7. Percent of ciprofloxacin release from the composite LiFh-Cipro at different

temperature and a fixed time in synthetic gastric juice (SGJ).





