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Abstract⎯A new method for the synthesis of guest–host inclusion complex of moxifloxacin (MF) with
2-hydroxypropyl-β-cyclodextrin (HPCD) by supercritical f luid technology in the rapid expansion of super-
critical solutions (RESS) mode was suggested for developing new drug formulations with improved bioacces-
sibility. The MF–HPCD complex was synthesized by this method as particles of 2–4 μm, which is the opti-
mum size for creating the oral and inhalation MF drug forms. According to the scanning electron microscopy
data, the morphology of MF–HPCD particles (irregular polyhedra) obtained by RESS processing differs
from that of the starting components and from that of unbound MF and HPCD obtained by lyophilization
from aqueous solution. According to X-ray diffraction data, the crystallinity of MF decreased from 95% to
20–30% after the formation of the HPCD complex. The IR spectroscopic and equilibrium dialysis data
showed that RESS provides higher efficiency of drug inclusion in the complex with HPCD compared with
that of conventional methods such as lyophilization or mixing of solid components.
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INTRODUCTION

Moxifloxacin (MF) is a fourth-generation antibac-
terial drug from the group of f luoroquinolones (FQs);
they inhibit the DNA gyrase of bacterial cells [1, 2] with-
out affecting the DNA topoisomerase of mammal cells.
The mechanism of action of FQs differs from that of
other antibacterial drugs, which allows them to be effec-
tively used in the therapy of resistant forms of tuberculo-
sis [3–6]. The use of MF, however, is associated with side
effects such as gastrointestinal upset, phototoxicity,
hemodynamic disorder, and thrombosis [6]. This prob-
lem is most acute in the case of serious infections such as
tuberculosis when long-term medication using high
doses of drug is needed. The side effects of MF can be
reduced by decreasing the therapeutic dose of the drug by
optimization of its pharmacokinetic characteristics and
creating new drug delivery systems.

The pharmacokinetic properties of MF can be
optimized by creating inclusion complexes of MF with
β-cyclodextrin (CD) and its derivatives. Cyclodextrins
are widely used in pharmacy as complexing agents that
increase the solubility of hydrophobic drugs in water,
increase their bioavailability, and provide controlled
release of the drug [7]. Cyclodextrins are absorbed into
the gastrointestinal tract (GIT); their macrocyclic ring

does not decompose in the stomach and small intes-
tine, but gradually degrades in the large intestine,
which makes it possible to create drugs with prolonged
therapeutic effect. Currently there are more than 30
CD-containing drugs of various groups, e.g., itracon-
azole (antifungal agent), hydrocortisone (antiallergic),
diclofenac (anti-inflammatory), mitomycin (antitu-
mor antibiotic), etc. [8, 9].

The classic methods for the synthesis of inclusion
complexes of FQs with CDs are [8]:

(i) solid-state mixing with grinding;
(ii) lyophilization of an aqueous solution of a mix-

ture of components; and
(iii) evaporation of the solvent from the aqueous

solution of the mixture of components.
Previously, we studied in detail the physicochemi-

cal properties, structure, and stability of complexes of
some f luoroquinolones (levofloxacin, ofloxacin, and
moxifloxacin) with the derivatives of β-CD obtained
by lyophilization from aqueous solution [10, 11]. The
dissociation constant of various FQ complexes is 8 ×
10–4–1 × 10–3 M. Complexation with hydroxypropyl-
cyclodextrin (HPCD) increases the solubility of f luo-
roquinolones two- to fivefold depending on the drug.
This approach is promising for developing new drug
1193
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forms of f luoroquinolones with improved pharmaco-
kinetic characteristics.

However, the efficiency of drug inclusion in com-
plexes by lyophilization of an aqueous solution of a
mixture of components is generally insufficiently high
(20–60%). The obtained drugs contain residual water,
which decreases their stability during storage [12] and
significantly limits the potential of this approach for
creating drug delivery systems.

The new approaches that use supercritical f luid
technologies (SCFTs) make it possible to overcome
the problems arising when creating new drug forms.
SCFTs have a number of undeniable advantages over
the conventional technologies used in modern bioen-
gineering: one-stage process and avoiding the use of
solvents (including water). The absence of purification
and drying stages significantly facilitates the prepara-
tion of the desired product [13–19].

This study is aimed at developing a new, highly
effective method for the synthesis of inclusion com-
plexes of moxifloxacin and 2-hydroxypropyl-β-cyclo-
dextrin using SCF. For the synthesis of guest–host
complexes of FQ with cyclodextrins, the most effec-
tive method seems to be rapid expansion of supercriti-
cal solutions (RESS): a dry mixture of the components
of the system is dissolved in supercritical (SC) f luid, in
particular, in SC-CO2, and is subsequently sprayed via
a nozzle of a certain diameter into a vessel in which
atmospheric pressure is created. SC-CO2 is a solvent
capable of effectively dissolving various substances
[20, 21]. Due to the unique properties of SC fluids
(low viscosity, absence of surface tension, high rate of
mass exchange) and by optimizing the physicochemi-
cal parameters of synthesis (pressure and tempera-
ture), it is possible to shift the thermodynamic equilib-
rium toward complexation and increased efficiency of
interaction of the components [20, 22–24].

In the present study, we investigated the possibili-
ties of increasing the efficiency of inclusion of the MF
drug in a complex with 2-hydroxypropyl-β-cyclodex-
trin using the RESS technique. The physicochemical
properties of these complexes were studied in compar-
ison with the those of the complexes obtained by lyo-
philization of an aqueous solution. The results will be
used for creating new MF drug delivery systems with
improved pharmacokinetic characteristics for treating
the resistant forms of tuberculosis.

EXPERIMENTAL
In the study, we used moxifloxacin (Sansh Bio-

tech, India), buffer salts, hydrochloric acid (Gal-
akhim, Russia), hydroxypropyl-β-cyclodextrin (Zibo
Industries, China), carbon dioxide (analytical grade);
State Standard GOST 8050-85; Balashikha Oxygen
Plant, Balashikha, Moscow oblast). A sample of the
MF–HPCD complex obtained by RESS was kindly
supplied by the Institute of Problems of Laser and
RUSSIAN JOURNAL O
Information Technologies, Russian Academy of Sci-
ences. The sample was synthesized using SC-CO2 as a
solvent; the working parameters of the process were
80°C, 200 atm.

To obtain a mechanical mixture, the components
(MF and HPCD) taken in a molar ratio of 1 : 1 were
mixed until a homogeneous powder was obtained; then
the mixture was ground in an agate mortar for 15 min.

The synthesis of MF–HPCD complexes by lyo-
philization was performed in the following way. An
MF sample (0.5 g) was dissolved in a 1 mM solution of
hydrochloric acid (20 mL, pH 3) and mixed with aque-
ous HPCD in a molar ratio of MF : HPCD = 1 : 1. The
mixture was stored at 30°C for 24 h. The resulting
solution of the complex was dried at –60°C for 24 h
using a lyophilizer (Thermo Scientific, United States).

The particle morphology and the presence of
unbound MF and HPCD in the resulting samples
were determined by scanning electron microscopy
(SEM) using a SUPRA 40 scanning electron micro-
scope (Carl Zeiss, Germany) by the procedure
described in [19]. To achieve the limiting resolution, the
pressure in the vacuum chamber in which the samples
were placed was brought to less than 5 × 10–6 mbar. The
samples were placed on a current-conducting (car-
bon) Scotch tape and coated with a thin (~15–20 nm)
layer of pure gold to remove the electric charge that accu-
mulated during the analysis. Gold was applied by plasma
magnetron sputtering in a Z-400 unit (Leybold, Ger-
many). The size analysis of micronized particles was per-
formed using Fiji software. Five micrographs were taken
and processed from various regions (center and periph-
ery) of the coating for each sample. Thirty particles on
average were processed on one micrograph.

The IR spectra of MF and its solid complexes were
recorded on an Impact 410 spectrometer (Nicolet,
United States). The spectra of MF powders or its com-
plexes with HPCD mixed with KBr powder (fourfold
excess by weight) were recorded. The spectra were
measured at a resolution of 2 cm–1 (64 scans) and pro-
cessed with the OMNIC program.

The IR spectra of MF and its complexes with
HPCD in aqueous solution (15 mM sodium phos-
phate buffer, pH 7.5) were recorded on a Tensor 27
IR-Fourier spectrometer (Bruker, Germany) equipped
with an MCT detector cooled with liquid nitrogen
using the procedure described in [10, 19]. The mea-
surements were performed in a thermostatted frus-
trated total internal reflection cell (FTIR, BioATR-II,
Bruker, Germany) using a ZnSe single reflection crys-
tal at 22°C and constant rate of blowdown of the sys-
tem with dry air of the Jun-Air apparatus (Germany).
A 30-μL sample was deposited on the crystal of the
FTIR cell; the spectrum was recorded three times in
the range 4000–950 cm–1. The spectrum resolution
was 1 cm–1; 70 scans with averaging. The background
was recorded in a similar way. The spectra were pro-
cessed and analyzed with the Bruker Opus 7.0 program
F PHYSICAL CHEMISTRY B  Vol. 12  No. 7  2018
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by the following procedure: atmospheric compensa-
tion, linear correction of the baseline (three itera-
tions), location of the fundamental absorption bands.
Deconvolution of absorption bands was performed by
the following procedure: analysis of the second deriv-
ative of the spectrum to find the main components of
the absorption band, their number and position;
Lorentzian curve fitting of peak decomposition with
an acceptable RMS error of 0.005.

The rate of dissolution of MF–HPCD complexes
was studied by circular dichroism (CD) according to
the procedure of [19]. The measurements were per-
formed using a Jasco J-815 CD spectrometer (Japan)
at 25°C in a quartz cell with a thickness of 1 mm at an
MF concentration of 0.05–0.20 mg/mL in solution.

The MF release was studied by equilibrium dialysis
via the Serva membrane, which is penetrable mainly
for molecules with a molecular mass of less than 3 kDa.
A sample of the solution of the MF–HPCD complex
(4 mg/mL for MF) in dilute hydrochloric acid (pH 4)
was placed in a dialysis bag and subjected to dialysis
with an equal volume of hydrochloric acid solution
(pH 4) at 37°C for 3 h while taking samples of 30 μL
for recording the CD spectra.

The spectra were studied by XRD analysis on a D2
PHASER diffractometer (Bruker, Germany) using
CuKα radiation. The powders were placed in a cell of
organic glass without additional treatment and flat-
tened without adding any components and molding.
All the diffraction patterns were recorded at a step of
~0.02 in the range of 2θ from 4 to 50 deg at 15 rpm and
storage time of 0.5 s at a point. The components in the
samples were analyzed using the EVA program and the
PDF-4 Organic database.

RESULTS AND DISCUSSION
Particle Size and Morphology of MF–HPCD Complexes

Figure 1 shows the micrographs of the powders of
the starting MF, MF–HPCD mechanical mixture,
and complexes obtained by lyophilization and RESS
treatment at 80°C and 200 atm. The SEM micro-
graphs of MF after RESS treatment under similar
conditions are presented for control.

An analysis of the micrographs shows that the
starting MF is represented by prismatic elongated
crystals with a length of 8–12 μm (Figs. 1a and 1b).
After the RESS treatment, the MF particles are poly-
hedral thin plates with sizes of 10–20 μm and their
aggregates of up to 50 μm (Figs. 1i and 1k). The mor-
phology of MF particles after RESS treatment differs
from that of the starting MF sample, which indicates
that MF was recrystallized in SC-CO2. Note that the
samples obtained after the RESS treatment of MF at
40°C and 100 atm, on the one hand, and at 80°C and
200 atm, on the other, differ from each other. Thus at
40°C and 100 atm, MF is mainly physically removed
from the dissolution chamber; at 80°C and 200 atm,
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
the size and morphology of the resulting particles dif-
fer those of the starting MF. This suggests a consider-
able effect of pressure and temperature on the solubil-
ity of MF in SC-CO2, which is important from the
viewpoint of increasing the efficiency of complexation
using the RESS method. Similar results were obtained
for some other substances [25].

The mechanical mixture of MF and HPCD con-
sists of elongated prismatic parallelepipeds with sizes
of 8–12 μm (Figs. 1c and 1d) corresponding to those
of MF particles (Figs. 1a and 1b) and of spheres with a
porous surface with sizes of 10–15 μm corresponding
to those of free HPCD particles. HPCD particles of
similar size and morphology were observed in [8]. In
addition to MF and HPCD particles, spherical parti-
cles with a smooth surface form in the mixture of MF
and HPCD with sizes of 3 or 4 μm (Figs. 1c and 1d),
most probably corresponding to HPCD with adsorbed
MF. The formation of complexes of drug substances
with CD during the solid-state mixing of components
was reported in [11].

For the MF–HPCD complex obtained by lyo-
philization, a similar picture was observed, but the
contents of free MF and HPCD relative to the parti-
cles corresponding to the MF–HPCD complex are
smaller than in the mechanical mixture when visual-
ized in the SEM micrographs (Figs. 1e and 1f).

After the RESS treatment, the picture observed for
the MF–HPCD mixture differs substantially from
that obtained for the mechanical mixture of the com-
ponents and the lyophilized complex. Thus, after the
RESS treatment, the articles corresponding to free
MF and HPCD are not observed on micrographs. A
new phase forms, which is represented by fragments in
the form of irregular polyhedra with sizes of 3 or 4 μm
(Figs. 1g and 1h). This phase is evidently the MF–
HPCD complex. Importantly, after the RESS treat-
ment, the sample has no free MF particles nor the
spherical particles of free HPCD (Figs. 1i and 1k),
which retains its morphology after the RESS treat-
ment [8]. The data obtained indicate that the RESS
treatment leads to the interaction of MF with HPCD,
but not to crystallization of each component of the sys-
tem. The size and morphology data for the MF–HPCD
complexes are given in Table 1.

Structure of Solid Complexes According
to IR Spectral Data

To confirm the formation of an MF complex with
HPCD at a molecular level and study the structural
characteristics of the complexes, we used solid-state
IR spectroscopy. This method makes it possible to
observe the changes in the microenvironment of the
functional groups of MF during its interaction with
HPCD directly in microparticles, while the compo-
nents do not interact with the solvent. Figure 2 pres-
ents the spectra of MF, HPCD, a mixture of MF with
l. 12  No. 7  2018
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Fig. 1. SEM micrographs of MF–HPCD complexes: (a, b) the starting MF; (c, d) the mixture of MF and HPCD; (e, f) MF–
HPCD complex obtained by lyophilization; (g, h) MF–HPCD complex obtained by RESS; and (i, j) MF after RESS treatment.
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HPCD, and MF–HPCD complexes obtained by lyo-
philization and RESS.

The most intense absorption bands in the IR spec-
trum of MF (curve 1, Fig. 2) are as follows:

(i) the bands at 1720–1700 cm–1 and 1622–1610 cm–1,
which correspond to the C=O bond stretching vibra-
tions (νC=O) in the carboxyl and carbonyl groups of
quinolone, respectively;

(ii) the group of bands at 1540–1510 cm–1 and
1475–1425 cm–1 corresponding to the stretching
vibrations of the C=C bond and aromatic structure of
MF overlapped by the C–H bond deformation vibra-
tions (νC–CAr + δCH +  + ) [10, 26, 27].

These bands are most intense and masked by other
bands but slightly; they are of greatest interest for ana-
lytical purposes.

The main absorption bands of HPCD (curve 2,
Fig. 2) lie in the range 1200–900 cm–1, where the most

δ
2CH δ

3CH
RUSSIAN JOURNAL O
intense peaks at 1100 and 1172 cm–1 correspond to the
stretching vibrations of the C–O–C bond and the C–H
and C–O–H bonds of the polysaccharide framework,
respectively [10]. Table 2 presents the assignment of the
characteristic IR absorption bands of MF, HPCD, and
MF–HPCD complexes obtained by various procedures.

According to the data of Figs. 2 and 3, the com-
plexation of MF with HPCD led to considerable
changes in the absorption range of the functional
groups of both MF (1800–1400 cm–1) and HPCD
(1200–970 cm–1).

For the mechanical mixture of MF and HPCD,
the absorption bands of the carbonyl and carboxyl
groups of MF shifted toward high frequencies by 8 and
4 cm–1, respectively (curve 4, Fig. 3). This may be due
to the fact that the intramolecular hydrogen bond
between the close-lying –COOH and C=O groups
characteristic of f luoroquinolones in the MF mole-
cule decomposes as a result of its interaction with
F PHYSICAL CHEMISTRY B  Vol. 12  No. 7  2018
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Table 1. Morphology of FQ and HPCD obtained by various methods

Sample Particle shape Particle size, μm Comments on composition

MF

(Figs. 1a and 1b)

Prismatic platelets 9.5 ± 3.5 –

MF–HPCD mixture

(Figs. 1c and 1d)

Prismatic platelets (MF) and 

spheres (HPCD)

9.5 ± 3.5 (MF)

11.2 ± 5 (HPCD)

3.8 ± 1.7 (MF–HPCD)

Mainly MF and HPCD

particles, with occasional 

HPCD–MF particles

MF–HPCD (lyoph.)

(Figs. 1e and 1f)

Spheres 8.8 ± 3.1 (MF)

11.2 ± 5 (HPCD)

3.8 ± 1.7 (MF–HPCD)

Mainly MF and HPCD

particles; HPCD–MF particles 

are also observed

MF–HPCD (RESS)

(Figs. 1g and 1h)

Polyhedra of irregular shape 3.5 ± 2 (MF–HPCD) No free MF and HPCD

are observed

MF (RESS)

(Figs. 1i and 1k)

Thin polyhedral pates 20 ± 10 Aggregates of 40–50 μm

are met
HPCD [27] due to hydrogen bonding with the

hydroxyl groups of HPCD. This effect was observed

earlier for the formation of f luoroquinolone com-

plexes with CD [28–30]. On the other hand, in the IR

spectrum of HPCD in the presence of MF, the C–O–H

absorption band undergoes low-frequency shifts (Fig. 2

and Table 2); this is consistent with the assumption

about the hydroxyl groups of HPCD involved in

hydrogen bonding with the carboxyl group of MF. The

1452 cm–1 band corresponding to the stretching vibra-

tions of the aromatic C–C bonds shifted by 8 cm–1

toward higher frequencies, and the 1516 and 1428 cm–1
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo

Fig. 2. IR spectra of powders: (1) MF, (2) HPCD, (3) MF–
(5) RESS complex.

A, arb. units.

1800 1600 1400
bands vanished. The decreased intensity of the character-

istic absorption bands of MF and their shift toward high

frequencies are typical for fluoroquinolones included in

complexes with CD derivatives, as reported in [29, 30].

Thus, the IR spectral data suggest that for MF and

HPCD, inclusion complexes form already at the stage

of formation of a mechanical mixture. This agrees with

the SEM data (Figs. 1c and 1d) and the literature data

indicating that inclusion complexes of CD with aro-

matic molecules can form during the mechanical mix-

ing of components, e.g., as reported for ofloxacin and

HPCD [1].
l. 12  No. 7  2018
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Table 2. Main absorption bands in the IR spectra of MF and MF–HPCD complexes

Group/peak position, cm–1 νC–C (Ar) νC=C (quinolone) νC=O νC=O in COOH

MF 1428, 1452 1516 1620 1708

MF–HPCD, mech. mixt. 1460 1518 1628 1712

MF–HPCD, lyophilisate 1464 1526 1628 1706

MF–HPCD, RESS 1444, 1472 1532 1636 1706

Free HPCD 1172 1100 1052 970

HPCD in a mixture 1170 1090 1040 970

HPCD in a lyophilized complex 1168 1088 1036 970

HPCD in a RESS complex 1166 1086 1036 970
When an MF–HPCD complex was formed by lyo-

philization, in the region of the characteristic absorp-

tion bands of MF there were some changes similar to

those described above for the mechanical mixture of

components, but these changes were more distinct

(curve 3, Fig. 3). Thus, the absorption band of the car-

bonyl group (1620 cm–1) shifted toward higher fre-

quencies by 8 cm–1; in the region of the νC–C(Ar)

vibrations of the aromatic structure of MF, there is a

high-frequency shift (from 1452 to 1464 cm–1). The

spectrum of the complex obtained by lyophilization

generally differs from the spectrum of the mechanical

mixture of MF and HPCD insignificantly. According

to the SEM data, the morphology of the complexes

obtained by the two methods is also qualitatively the
RUSSIAN JOURNAL O

Fig. 3. IR spectra in the range 1800–1400 cm–1: (1) MF, (2) MF
lyophilization, and (4) a mixture of MF with HPCD.

A, arb. units.

1800 160

C–O– C–O–
carboxyl group carbonyl
same, which indicates that the MF–HPCD com-
plexes have a similar structure, but the efficiency of
MF inclusion in a complex with HPCD increases
during lyophilization.

The spectrum of the complex obtained by RESS
differs significantly from the spectra of the complex
obtained by lyophilization (curve 2, Fig. 3). For the
absorption band of the carbonyl group, the shift
toward higher frequencies was more pronounced (by

16 cm–1) than for the lyophilized complex. In the
region of absorption of the aromatic structure, we can

also observe some characteristic changes: the 1516 cm–1

band shifted toward high frequencies by 16 cm–1 , and

the 1452 and 1428 cm–1 bands shifted also toward

higher frequencies by 20 and 16 cm–1, respectively
F PHYSICAL CHEMISTRY B  Vol. 12  No. 7  2018
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(Table 2). The observed high-frequency shifts in the
IR spectra of MF indicate that the formation of the
MF–HPCD complex involves the following func-
tional groups of MF: the aromatic structure of quino-
lone and the carbonyl and carboxyl groups.

In the IR spectrum of HPCD, during its complex-
ation with MF the absorption bands of the C–O–C,
C–H, and C–O–H bonds of the polysaccharide
framework undergo low-frequency shifts, indicating
that these functional groups of CD are involved in the
interaction with MF (Table 2). The observed changes
are most pronounced for the MF–HPCD complex
obtained by RESS, which suggests higher degree of
MF inclusion in the complex.

The observed changes in the spectra of the complexes
obtained by different procedures and accordingly the dif-
ferences in the efficiency of inclusion of MF in the com-
plex are explained by the fact that in the case of lyo-
philization, the complex forms in aqueous solution,
where the motive force of complexation of MF with
HPCD are hydrophobic interactions [11, 23]. In the case
of RESS, the observed increase in the efficiency of for-
mation of an MF–HPCD inclusion complex during the
treatment with SC-CO2 (80°C, 200 atm) is possibly

caused by the molecular factors given below:

(i) the shift of thermodynamic equilibrium toward
complexation (the process is performed at a pressure
of 200 atm);

(ii) the decrease in the melting and vitrification
points of the drug and HPCD, respectively, after the
increase in the SC-CO2 pressure and the transition of

the mixture components to a molten state [8, 31, 32],
which provides their more effective interaction during
the RESS treatment.

In addition, the solubility of some drug substances
containing an aromatic fragment and polar carboxyl or
carbonyl groups (ibuprofen, acetylsalicylic acid,
budesonide, econazole, etc.) considerably increases in
SC-CO2 when its pressure and reaction temperature

increase. For various substances, the solubility (mole
fraction) in SC-CO2 at 40°C and 100 atm is (2–5) ×

10–3–5 × 10–6 [33, 34]; when the pressure increases to
250 atm, it can increase 20-fold or more [31, 33–36].
A considerable increase in solubility was also observed
when the reaction temperature increased from 40 to
80°C and further to 130°C [36]. This effect is most
conspicuous at 200 atm and more, when reasonably
high density of SC-CO2 is achieved [34–36]. This

increase in the solubility of MF in SC-CO2 evidently

also promotes the interaction of the components, as in
the case of other similar complexes [31, 33].

IR Spectroscopy of MF–HPCD Complexes in Solution
The structural characteristics of the MF–HPCD

complexes obtained by RESS and lyophilization were
studied in detail by IR spectroscopy in aqueous solu-
tion, in which the effect of hydration on the structure
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
of the complex can be taken into account. In addition,
this allows evaluation of the stability of the complexes
in aqueous solution. Figure 4 presents the IR spectra
of the MF–HPCD complexes obtained by RESS and
lyophilization in comparison with the data for the
starting MF in a phosphate buffer (0.15 M, pH 7.5).

The position of the IR absorption bands of the
main functional groups of solid MF and MF in aque-
ous solution is approximately the same. The relative
intensities of these bands differ because of the differ-
ence between the physical and hydrated states. In the
IR spectrum of MF in aqueous solution, the relative

intensity of the band at 1500–1420 cm–1 correspond-
ing to the absorption of the νC–C vibrations of the aro-

matic structure of quinolone increases relative to that
in the solid state. This may be related to the formation
of aggregates of MF molecules in aqueous solution
due to the hydrophobic interactions [6, 7], in which
the aromatic structures of FQ are involved in π-stack-
ing interactions, leading to a change in the molar
absorption coefficient of the corresponding functional
groups. In contrast, the intensity of the bands of the
carbonyl and carboxyl groups decreases (Fig. 4a) due
to hydrogen bonding as a result of hydration.

For the MF–HPCD complexes obtained by differ-
ent procedures, both the intensity and structure of the
bands changed in the IR spectra of MF in aqueous
solution. This effect is most pronounced for the
absorption band of the νC=C vibrations of the aromatic

structure of MF at 1500–1420 cm–1. To determine the
degree of inclusion of MF in the complex with
HPCD, quantitative analysis of the relative integrated
intensities of the components of this absorption band
was performed by deconvolution. Note that the IR
absorption bands of aqueous drugs (MF) are often
multicomponent, with two to five components that
reflect a certain state of the functional group. Thus,
the absorption bands of the carbonyl and carboxyl
groups are extremely sensitive to changes in the degree
of hydration, while the bands of the C–C, C=C, and
C–H bonds are mainly sensitive to changes in the
polarity of the microenvironment and the packing
density of molecules in the case of the formation of
supramolecular structures. Studying the reference
samples of FQs completely involved in the complex
(obtained with a 20-fold mole excess of HPCD) and
recording the dependences of the IR spectra of MF on
the HPCD concentration, we experimentally deter-
mined the ratio of components characteristic of the
functional groups in the state bonded with HPCD.
Thus, in the IR spectrum of MF, the absorption band

at 1500–1420 cm–1 is composite: for free MF, there
are three main components, namely, 1440, 1452, and

1463 cm–1, their contributions being 59, 35, and 6%,
respectively. For the complex with HPCD, the contri-

bution of absorption at 1452 cm–1 decreases due to the
increased contributions of the other two components.
In an excess of HPCD (HPCD : MF = 10 : 1), the
l. 12  No. 7  2018
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Fig. 4. (a) IR spectra of MF (solid line), MF–HPCD lyophilized complex (dashed line), and MF–HPCD complex (long-dash
line) after the RESS treatment; (b) result of deconvolution of the absorption band at 1500–1420 cm–1 for the starting MF; and
(c) the same for the MF–HPCD complex treated by RESS; conditions: concentration of MF 1.2 mg/mL and of the complex
2.5 mg/mL in 15 mM sodium phosphate buffer, pH 7.5, 25°C.
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contribution of the 1452 cm–1 absorption decreased
almost to zero. It was shown in an independent exper-
iment that the change in the integrated intensity of

absorption at 1452 cm–1 in the IR spectra of the sam-
ples relative to the initial spectrum correlates with the
efficiency of inclusion of MF in the HPCD complex
(determined by equilibrium dialysis) depending on the
synthetic procedure.

For the complex obtained by lyophilization, the

contribution of the 1452 cm–1 band decreases insig-
nificantly, from 35 (in free MF) to 28%. For the com-
plex obtained by RESS, the intensity of the band
decreased to zero due to the increased contributions of
the other two components (Fig. 4c). This suggests that
RUSSIAN JOURNAL O
in this case, the degree of inclusion of MF in the com-
plex is considerably higher than for the complex
obtained by lyophilization.

Kinetics of MF Release from the MF–HPCD Complexes 
in Aqueous Solution

Figure 5 shows the kinetic curves of MF release
from the samples obtained by different methods in
aqueous solution (pH 4). When analyzing these
curves, it was assumed that two time-spaced processes
occurred in the system: MF release into the external
solution through the dialysis membrane and MF dis-
sociation from the complex followed by its release into
F PHYSICAL CHEMISTRY B  Vol. 12  No. 7  2018
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Fig. 5. Kinetic curves of MF accumulation in aqueous solution: (1) free MF (control), (2) mixture of MF and HPCD, (3) com-
plex obtained by lyophilization, and (4) complex obtained by RESS. Conditions: 0.1 mM hydrochloric acid solution, pH 4, 37°C,
initial MF concentration inside the dialysis membrane 4 mg/mL.
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the external solution (which is a slower process). On the
initial section of the kinetic curve (at less than 15 min),
the MF concentration in the external solution rapidly
increases for all the samples, which evidently corre-
sponds to the liberation of MF not included in the
complex. The time interval from 20 to 90 min on the
kinetic curve shows significant differences in the MF
release kinetics depending on the synthetic procedure.
For the MF–HPCD mixture, the amount of MF that
passed through the dialysis membrane into the exter-
nal solution within 60–90 min differs from that of free
MF by 10–15%, which corresponds to the amount of
MF bonded with HPCD.

For the samples obtained by lyophilization and
RESS treatment, a considerable amount of MF is
retained inside the dialysis membrane due to the for-
mation of the complex, whose dissociation is relatively
slow: the retained amount was 25% after 60–90 min
storage in solution in the former case and ~40% of MF
contained in the system in the latter. This suggests that
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo

Table 3. MF dissolution kinetics for MF–HPCD samples ob

Sample

Amount of M

at pH 4

5 min 15 m

MF 13.4 (±1) 16.1 (

MF–HPCD obtained by lyophilization 22 (±1) 22 (

MF–HPCD obtained by RESS 13 (±1) 18 (
an MF complex with HPCD formed in both cases, but
the degree of MF inclusion in the HPCD complex and
the stability of the complex against dissociation in
aqueous solution were higher in the case of RESS
treatment, which agrees well with the IR spectral data.

Dissolution Rate of MF–HPCD Complexes

In drug design, the drug solubility and dissolution rate
are very important characteristics that determine the bio-
availability of the drug. The effect of complexation with
HPCD on the dissolution rate of MF in model media of
intestine and stomach with pH 7.5 and 4, respectively, was
studied. The results are presented in Table 3.

The formation of an MF–HPCD complex by lyo-
philization considerably increases the drug dissolution
rate: the amount of dissolved MF increased twofold
within 5 min in acid medium and sixfold in alkaline
medium. After prolonged (120 min) storage of the
complex in weakly alkaline and acid media, the
l. 12  No. 7  2018

tained by different methods at pH 4 and 7.5

F dissolved

.0 g/L

Amount of MF dissolved

at pH 7.5 g/L

in 120 min 5 min 15 min 120 min

±1) 25 (±1) 5.8 (±1) 13.4 (±1) 32 (±1)

±1) 35 (±1) 34.4 (±1) 34 (±1) 37 (±1)

±1) 24 (±1) 6 (±1) 22 (±1) 32 (±1)
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Fig. 6. XRD patterns of (a) the starting MF, (b) MF–HPCD complex obtained by RESS, and (c) MF–HPCD complex obtained
by lyophilization.
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amount of dissolved MF was higher than for the start-
ing MF by a factor of 1.2 and 1.6, respectively. The dis-
solution rates of the complex obtained by RESS and
the starting MF (Table 3) are comparable over the
whole range of storage times in aqueous solutions.
This result is slightly unexpected because the size of
MF–HPCD particles obtained by RESS (2–4 μm)
was considerably smaller than for the starting MF (15–
20 μm). The observed differences in the MF dissolution
kinetics from the samples obtained by different methods
may be explained by differences in the structure of the
complexes, particle morphology, or crystallinity.

Crystallinity of MF–HPCD Complexes

The XRD pattern shown in Fig. 6a corresponds to
crystalline MF. In the MF–HPCD samples obtained
RUSSIAN JOURNAL O
by RESS and lyophilization, the main components are
the amorphous phase and crystalline MF (Fig. 6). The
crystallinity estimated from the integrated intensities
of the amorphous halo and the peaks of the crystalline
phases is of the order of 30% for the complex obtained
by RESS and 20% for the lyophilized complex.

Thus, when the MF complexes with HPCD are
formed by both RESS treatment and lyophilization,
the position of the MF peaks in the XRD pattern
remains unchanged, indicating that MF is not con-
verted into another polymorphic modification. For
MF in the complexes, the fraction of the amorphous
phase, which forms due to the interaction of MF with
HPCD, increased considerably (to 70 and 80%, respec-
tively). The increased fraction of the amorphous phase is
evidently the main reason for the increased rate of disso-
lution in the case of the MF–HPCD complex compared
F PHYSICAL CHEMISTRY B  Vol. 12  No. 7  2018
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with that of the starting MF. An increase in the fraction of
the amorphous phase during the formation of the CD
complex was also observed for other drugs: taxifolin, ibu-
profen, and budesonide, and led, as in the case of MF, to
a considerable increase in the dissolution rate of the sam-
ples [8, 37].

For MF–HPCD particles obtained by RESS, the
rate of MF dissolution changed to a lesser degree com-
pared to that of the starting MF. The differences in the
dissolution rate of MF–HPCD particles obtained by
different methods seem to be due to the differences in
the particle structure and morphology. According to
the SEM data, the use of RESS leads to the formation
of visually dense particles in the form of irregular poly-
hedra; the use of lyophilization leads to loose powder
with spherical particles.

CONCLUSIONS

An effective method for the preparation of MF–
HPCD inclusion complexes by supercritical f luid
technology in the RESS mode has been developed.
The RESS treatment of a mixture of MF with HPCD
leads to the formation of a new phase represented by
particles in the form of irregular polyhedra with sizes
of 3 or 4 μm. An analysis of the shifts of the character-
istic IR bands of MF during the complexation showed
that RESS ensures more effective interaction of the
components, greater degree of drug inclusion in the
HPCD complex compared with lyophilization, and
higher stability of the complexes against dissociation
in aqueous solution (pH 7.5).

The following mechanism of MF complexation
with HPCD in SC-CO2 can be suggested. As a result

of the dissolution of a certain fraction of the drug in
SC-CO2, the MF molecules are included in the pores

of CD due to the distribution of the dissolved drug
between the CS-CO2 phase and the inner void of CD

accompanied by the formation of many-point inter-
molecular contacts, hydrogen bonds, and hydropho-
bic interactions between the MF and CD molecules.
Our previous data obtained by molecular simulation of
moxifloxacin and levofloxacin complexes with CD
derivatives [38] confirm the present conclusions about
the involvement of the corresponding functional
groups of MF and HPCD in complexation.

The size of the obtained MF–HPCD microparti-
cles (2–4 μm) is suitable for both peroral and inhala-
tion forms of the MF-based drug [39]. The results of
this study open up wide prospects for the use of RESS
for developing the MF delivery systems of prolonged
action for treating tuberculosis.

ACKNOWLEDGMENTS

This study was financially supported by the Russian
Scientific Foundation, grant no. 15-13-00063.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
We are grateful to V.K. Popov and G.V. Mishakov
(Institute of Problems of Laser and Information Tech-
nologies, Russian Academy of Sciences) for kindly
providing us with the MF–HPCD complex obtained
by RESS.

The XRD determination of crystallinity was per-
formed in the demonstration hall of Bruker AXS GmbH
in Moscow. We are grateful to S.N. Putilin, Cand. Sci.
(Chem.), the leading specialist on diffractometry, for
help with the experiment and analysis of the results.

REFERENCES

1. N. R. Cozarelli, Science (Washington, DC, U. S.) 207,
953 (1980).

2. F. Schmitz, B. Hofmann, B. Hansen, S. Scheuring, and
M. J. Lückefahr, Antimicrob. Chemother. 41, 481
(1998).

3. A. Bryskier and J. Lowther, Expert Opin. Invest. Drugs
11, 233 (2002).

4. S. H. Gillespie, Eur. Respir. Rev. 25, 19 (2016).

5. M. Fouad and J. C. Gallagher, Ann. Pharmacother. 45,
1439 (2011).

6. E. N. Padeiskaya and V. P. Yakovlev, Fluoroquinolones
(Bioinform, Moscow, 1995) [in Russian].

7. I. M. Le-Deygen, A. A. Skuredina, and E. V. Kudryashova,
Russ. J. Bioorg. Chem. 43, 487 (2017).

8. N. Bandi, W. Wei, C. B. Roberts, L. P. Kotra, and
U. B. Kompella, Eur. J. Pharm. Sci. 23, 159 (2004).

9. E. Fenyvesi, Cyclodext. News 27, 1 (2013).

10. I. M. Deygen, A. M. Egorov, and E. V. Kudryashova,
Vestn. Mosk. Univ., Ser. 2: Khim. 56, 387 (2015).

11. A. A. Skuredina, I. M. Le-Deygen, I. V. Uporov, and
E. V. Kudryashova, Colloid J. 79, 668 (2017).

12. Y. Guo, S. R. Byrn, and G. Zografi, Pharm. Res. 17,
930 (2000).

13. V. N. Bagratashvili, A. M. Egorov, L. I. Krotova,
A. V. Mironov, V. Ya. Panchenko, O. O. Parenago,
V. K. Popov, I. A. Revelsky, P. S. Timashev, and
S. I. Tsypina, Russ. J. Phys. Chem. B 6, 804 (2012).

14. V. N. Bagratashvili, S. E. Bogorodskii, A. M. Egorov,
L. I. Krotova, V. K. Popov, and V. I. Sevast’yanov,
Russ. J. Phys. Chem. B 10, 1123 (2016).

15. M. J. Whitaker, J. Hao, O. R. Davies, G. Serhatkulu,
S. Stolnik-Trenkic, S. M. Howdle, and K. M. Shakesheff,
J. Control. Release 101, 85 (2005).

16. M. Sauceau, E. Rodier, and J. Fages, J. Supercrit. Flu-
ids 47, 326 (2008).

17. A. M. Vorobei, O. I. Pokrovskiy, K. B. Ustinovich, L. I. Kro-
tova, O. O. Parenago, and V. V. Lunin, Russ. J. Phys. Chem.
B 10, 1072 (2016).

18. K. Moribe, Y. Tozuka, and K. Yamamoto, Adv. Drug
Deliv. Rev. 60, 328 (2008).

19. E. V. Kudryashova, I. M. Deygen, K. V. Sukhoverkov,
L. Yu. Filatova, N. L. Klyachko, A. M. Vorobei,
O. I. Pokrovskiy, K. B. Ustinovich, O. O. Parenago,
E. N. Antonov, A. G. Dunaev, L. I. Krotova, V. K. Popov,
and A. M. Egorov, Russ. J. Phys. Chem. B 10, 1201
(2016).
l. 12  No. 7  2018



1204 SUKHOVERKOV et al.
20. S. R. Rudrangi, W. Kaialy, M. U. Ghori, V. Trivedi,
M. J. Snowden, and B. D. Alexander, Eur. J. Pharm.
Biopharm. 104, 164 (2016).

21. A. H. Al-Marzouqi, B. Jobe, A. Dowaidar, F. Mae-
strelli, and P. Mura, J. Pharm. Biomed. Anal. 43, 566
(2007).

22. S. R. S. Rudrangi, V. Trivedi, J. C. Mitchell, S. R. Wicks,
and B. D. Alexander, Int. J. Pharm. 494, 408 (2015).

23. A. H. Al-Marzouqi, I. Shehatta, B. Jobe, and A. Dowa-
idar, J. Pharm. Sci. 95, 292 (2006).

24. T. Toropainen, S. Velaga, T. Heikkila, L. Matilainen,
P. Jarho, J. Carlos, et al., J. Pharm. Sci. 95, 2235 (2006).

25. M. Charoenchaitrakool, F. Dehghani, and N. R. Fos-
ter, in Proceedings of the 5th International Symposium on
Supercritical Fluids, Atlanta, USA, 2000.

26. S. Sahoo, C. K. Chakraborti, S. C. Mishra, U. N. Nanda,
and S. Naik, J. Pharm. Res.4, 1129 (2011).

27. V. L. Dorofeev, Khim.-Farm. Zh., No. 38, 45 (2004).

28. K. P. Sambasevam, S. Mohamad, N. M. Sarih, and
N. A. Ismail, Int. J. Mol. Sci. 14, 3671 (2013).

29. N. F. A. Dsugi and A. A. Elbashir, Spectrochim. Acta A:
Mol. Biomol. Spectrosc. 137, 804 (2015).

30. S. D. Bhise, Int. J. Res. Pharm. Biomed. Sci. 2, 596
(2011).

31. M. Charoenchaitrakool, F. Dehghani, N. R. Foster, and
H. K. Chan, Ind. Eng. Chem. Res. 39, 4794 (2000).

32. M. Charoenchaitrakool, F. Dehghani, and N. R. Fos-
ter, Int. J. Pharm. 239, 103 (2002).

33. T. A. Martin, N. Bandi, R. Schulz, C. B. Roberts, and
U. B. Kompella, AAPS Pharm. Sci. Tech. 3, 3 (2002).

34. P. Coimbra, D. Fernandes, M. H. Gil, and H. C. J. de
Sousa, Chem. Eng. Data 53, 1990 (2008).

35. F. M. Gumerov, A. A. Sagdeev, and D. G. Amirkha-
nov, Substance Solubility in Supercritical Fluid Systems
(Lap Lambert Academic, Saarbrücken, 2016) [in Russian].

36. A. H. Al-Marzouqi, A. Solieman, I. Shehadi, and
A. J. Adem, Incl. Phenom. Macrocycl. Chem. 60, 85
(2008).

37. S. Zu, L. Yang, J. Huang, C. Ma, W. Wang, C. Zhao,
and Y. Zu, Int. J. Mol. Sci.13, 8869 (2012).

38. I. M. Le-Deygen, A. A. Skuredina, I. V. Uporov, and
E. V. Kudryashova, Anal. Bioanal. Chem. 409, 6451
(2017).

39. L. Gradon and T. R. Sosnowski, Adv. Powder Technol.
25, 43 (2014).

Translated by L. Smolina
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 12  No. 7  2018


	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	Particle Size and Morphology of MF–HPCD Complexes
	Structure of Solid Complexes According to IR Spectral Data
	IR Spectroscopy of MF–HPCD Complexes in Solution
	Kinetics of MF Release from the MF–HPCD Complexes in Aqueous Solution
	Dissolution Rate of MF–HPCD Complexes
	Crystallinity of MF–HPCD Complexes

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

