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Abstract. Doxycycline hyclate (DOX) is a highly photosensitive drug, a feature that limits the stability of
the corresponding dosage forms. The main objectives of this work were the preparation and characteri-
zation of an inclusion complex of DOX with B-cyclodextrin (BCD) and to investigate if this approach
could improve the photostability of the drug. Guest-host interactions were investigated using nuclear
magnetic resonance, which were afterwards combined with molecular modeling methods to study the
complex formation and its three-dimensional structure was proposed. A freeze-drying method was applied
to obtain the complex in the solid state, which was further confirmed by thermal and spectroscopic
techniques. To evaluate the complexation effect on DOX integrity, the photostability of the inclusion
complex was studied, with a significant decrease in the photodegradation of DOX being found in aqueous
solution upon complexation. Finally, the photoprotection produced by the complexation was evaluated by
means of an antimicrobial assay. Overall, the presented results suggest that the formulation of DOX
complexed with BCD constitutes an interesting approach for the preparation of pharmaceutical dosage
forms of DOX with enhanced stability properties.

KEY WORDS: p-cyclodextrin; doxycycline hyclate; microbiological assay; molecular modeling;

photostability.

INTRODUCTION

Doxycycline (DOX, Fig. 1a) is a drug that has been
widely used in the treatment of infectious diseases and as an
additive in animal nutrition to facilitate growth (1,2). Often,
the choice of DOX over other tetracyclines in the treatment of
infections is due to its adequate oral absorption and extended
half-life, which allows fewer daily doses (3). DOX is useful for
the treatment of respiratory tract infections produced by atyp-
ical microorganisms, which are becoming increasingly resis-
tant to other classes of drugs (1). Moreover, DOX is
considered the tetracycline of choice in patients with poor
renal function due to its limited clearance by kidneys (4). It
is active against protozoa and can be administered in combi-
nation with quinine in the management of chloroquine resis-
tant Plasmodium falciparum infection, and solutions of DOX
are also used for the treatment of malignant effusion condi-
tions that are often associated with lung, breast, and ovary
lymphomas (3).
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DOX exists in three forms: hydrochloride, monohydrate,
and hyclate, with DOX hyclate being a hydrochloride hemi-
hydrate hemiethanolate species (Fig. 1a), that exist as a yellow
hygroscopic crystalline powder which is freely soluble in water
(3). Unfortunately, as DOX is highly susceptible to light, it is
necessary to use different formulation strategies in order to
enhance its photostability. A commonly applied approach to
increase the stability of drugs is the formation of inclusion
complexes (IC) with macromolecules, of which molecular en-
capsulation with cyclodextrins (CD) constitutes a promising
alternative for the development of new pharmaceutical dosage
forms (5-7). Many natural and modified CD are available for
therapeutic purposes, among which R-cyclodextrin (BCD,
Fig. 1b) constitutes the most widely used macromolecule due
to its low industrial cost. Complexation of drugs with CD has
been used to increase their solubilities and stabilities, as well
as to modulate the organoleptic properties of pharmaceutical
formulations (8-10). The effect of IC formation on the
photostability of different drugs has also been previously stud-
ied, with reports showing that complexation with CD can
significantly affect the light absorption properties of the in-
cluded compound (11). However, there are marked differ-
ences in the stabilizing effects among different CD, a feature
that depends on the shape and volume of the cavity available
for inclusion, and in some cases the complexation has a cata-
lyzing rather than a stabilizing effect on the photodegradation
process (12). For this reason, state of the art computer based
molecular modeling techniques combined with experimental
techniques, potentiates the ability to elucidate and further
predict the IC three-dimensional structures (9,13-15).
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Fig. 1. Chemical structure and proton atom numbering of: a doxycycline hyclate and b pCD

In previous reports, various authors have studied the
inclusion behavior of DOX with methyl and hydroxypropyl
BCD (16-18), with some of these complexes exhibiting prom-
ising properties for the development of new DOX formula-
tions intended for aerosol administration (19) and ophthalmic
delivery (20-22).

Based on above commented aspects, the objective of
the present study was to investigate further the possibility
of obtaining an IC between DOX and RCD in aqueous
solution and in solid state, and to evaluate the effect of
complexation on the photostability of this drug. After the
IC complex was prepared, several experimental and theo-
retical techniques were applied to study in detail the
three-dimensional array of the resulting complex in aque-
ous solution and to characterize the solid product obtain-
ed by a freeze-drying method. In order to assess the
efficacy of the inclusion to protect DOX from degrada-
tion, photolytic and antimicrobial assays were also
performed.

MATERIALS AND METHODS

Materials

Doxycycline hyclate was provided courtesy of Unido
Quimica Indtstria Farmacéutica (Brazil), and RCD (MW=
1,135) was kindly supplied by Roquette (France). The D,O
99.9 atom% D was used for the NMR experiments (Sigma-
Aldrich®), with all other materials and solvents being of
analytical reagent grade. A Milli-Q Water Purification System
(Millipore®, Bedford, Massachusetts, USA) generated the
water used in these studies.

NMR Studies

NMR experiments were performed on a Bruker®
Avance II High Resolution Spectrometer, equipped with a
Broad Band Inverse probe (BBI) and a Variable Temperature
Unit (VTU). The spectra were measured at 298 K and the
value of the pD found for the samples was 2.3. The operating
frequency for protons was 400.16 MHz, with the chemical shift
of the residual solvent at 4.8 ppm being used as the internal
reference. Induced changes in the 'H chemical shifts for DOX
and BCD (Ad), which originated due to its complexation, were
calculated using the following equation (Eq. 1):

(1)

46 = 6c0mplex —Ofree

The geometry of the inclusion complex was studied by
two-dimensional rotating frame Overhauser experiments (2D
ROESY), with spinlock for mixing phase sensitive, using 180x
180-x pulses for polarization transfer. The spectra were mea-
sured with a relaxation delay of 2 s, p15 pulse for ROESY
spinlock of 20 ms and 14, spinlock loop, (p15/p25x2)=400.
Before Fourier transformation, the matrix was zero filled to
4,096 (F2) by 2,048 (F1), and Gaussian apodization functions
were applied in both dimensions.

Molecular Modeling Studies

The initial structure of DOX was constructed using the
Gabedit software (23), after which a systematic conformation-
al search was carried out in order to obtain the minimum
energy conformation. The minimization protocol was conduct-
ed applying a semiempirical method (AM1), with the final
minimum energy conformation being optimized using an ab
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initio (HF-6-31G) method as implemented in Gaussian03 (24).
The initial structure of pCD was obtained from the Cam-
bridge Structural Database (code BCDEXD10), which was
used for docking studies as downloaded.

Molecular docking assays were performed using software
packages designed by OpenEye Scientific Software (25), with
the protocol including three main stages: (a) conformer library
generation, (b) rigid exhaustive docking and (c) visualization
and analysis of the results. In the first stage (a), the minimum
energy conformation of DOX was used to generate a library
of conformers using OMEGA software (26,27), by applying
the MMFF94 force field and an energy threshold of 40 Kcal/
mol. For the second stage (b), this library of conformers was
subjected to molecular docking using the FRED3 and the
OEDocking software suites (28-30) and performing an ex-
haustive evaluation of the docking poses by means of the
Chemgauss3 scoring function. In the third stage (c), a cluster-
ing analysis was performed in order to identify the main
binding conformations, which were afterwards subjected to
molecular dynamics (MD) simulations.

To obtain the MD trajectories, the complexes predicted
by molecular docking were parameterized using the general
amber force field (GAFF) and the GLYCAMO6 force fields,
for DOX and BCD, respectively (31,32). The parameterized
complexes were afterwards solvated with a pre-equilibrated
TIP3P octahedric water box, considering a minimum distance
between the edge of the box and the simulated system of 10 A..
After this setup was applied, an initial minimization of the
solvent (keeping 3CD restrained) followed by a minimization
of the whole system were carried out by combining the
steepest descent (5,000 steps) and conjugate gradient methods
(5,000 steps). The minimized systems were then heated to
300 K for 200 ps under constant volume conditions, and this
was followed by an equilibration run (1 ns) under constant
pressure conditions. After the equilibration phase was fin-
ished, production runs were performed for 10 ns, using a
timestep of 2 fs and with the SHAKE algorithm being applied
to restrain bonds involving hydrogen atoms. The MD proce-
dures were performed using the Amberl2 software package
(33).

Energetic decomposition analyses were performed using
the Molecular Mechanics Poisson-Bolzmann Surface Area
(MM-PBSA) modules of Amberl2 (34), which were applied
over the entire trajectory (10 ns), with individual snapshots
being sampled every 10 frames. The corresponding structures
and figures were constructed using VMD (35) and VIDA
software (36).

Molecular dynamics trajectories were obtained using
CUDA designed code (pmemd.cuda), with computational fa-
cilities provided by the GPGPU Computing group of the
Facultad de Matematica, Astronomia y Fisica (FAMAF),
Universidad Nacional de Cérdoba, Argentina.

Preparation of the DOX:BCD System in Solid State

Freeze-dried system (FD): prepared by dissolving equimolar
amounts DOX and pCD in distilled water. The resulting
solutions were placed in an ultrasonic bath for 1 h and after-
wards frozen at —40°C prior to starting the freeze-drying
procedure (Freeze Dri 4.5 Labconco Corp., Kansas City, MI).
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Physical mixture system (PM): prepared by mixing DOX and
RCD uniformly in a mortar at a 1:1 M ratio.

Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectra of DOX, BCD, the PM system, and
the FD system were collected using identical protocols on
potassium bromide discs on a Nicolet 5 SXC FT-IR Spectrom-
eter. All spectra were acquired and processed using EZ
OMNIC E.S.P v.5.1 software.

Differential Scanning Calorimetry (DSC)
and Thermogravimetric Analysis (TGA)

DSC measurements of the pure materials and the binary
systems were carried out using a DSC TA 2920 (TA Instru-
ments, Inc., New Castle, USA). The thermal behavior was
studied by heating 1-3 mg of samples in aluminum-pinhole
pans, from 30 to 280°C, at a rate of 10°C min™ ! under nitrogen
gas flow. An empty pinhole pan was used as reference, and
Indium (99.98%, mp 156.65°C, Aldrich, Milwaube, USA)
utilized as the standard for calibrating the temperature.

The TGA curves of the different samples were recorded
on a TG TA 2950 (TA Instruments, Inc., New Castle, USA),
using the same conditions as in the DSC studies, but over a
temperature range of 30 to 350°C. The TG temperature axes
were calibrated with the Curie point of Ni (353°C). In both
cases, data were obtained and processed using TA Instru-
ments Universal Analysis 2000 software.

Photostability Studies

Stock solutions of DOX (80 ug/ml), prepared in water in
the absence or presence of BCD (1:1 mol/mol), were used to
study the photodegradation of the drug. These solutions were
positioned 20 cm away from a UV light source at 30°C, with
the corresponding solutions being sampled at specified time
intervals (3.0 and 6.0 h) and the concentration of DOX deter-
mined by a previously validated HPLC assay (37). All results
were expressed as percentages of the remaining DOX. The
HPLC equipment consisted of a Waters system including: a
Waters 1525 pump, a Model 2487 dual wavelength absorbance
detector set at 360 nm, and a Rheodyne Breeze 7725 manual
injector, with a Luna CN (4.6x250 mm, 5 pm) column. The
mobile phase was water:acetonitrile:trifluoroacetic acid
(60:40:0.1), at a flow rate of 1.0 ml/min. Assays were per-
formed at 25°C, by injecting 20 pL of solution in each chro-
matographic run. Under the reported conditions, the retention
time for DOX was 4.7 min.

Microbiological Studies

A Shaker Marconi model MA420 incubator was used for
the incubation of microorganisms, with gases for the bacterial
culture being generated with an ECB Digital 1.2 (Odontobris)
device. For the quantitative determinations, a Beckman spec-
trophotometer model DU® 530 was utilized, with Brain Heart
Infusion (BHI) agar culture medium being used for maintain-
ing the viability of the microorganisms and BHI broth used for
the tests. The culture media were prepared as indicated by
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manufacturer’s guidelines, with media being sterilized by
autoclaving (conditions: 121°C, 1 atm) for 15 min.

The cultures of Escherichia coli were subcultured with a
platinum spatula for BHI broth and maintained for their
development in microbial gases at 35+2°C for 24 h prior to
the experiment. Inoculums were standardized by measuring
their transmittance at 530 nm in a spectrophotometer, with
values of 25+2% being obtained. The standardized culture
medium was prepared on the day of use.

DOX stock (100.0 ng/mL) and standard solutions (4.0,
6.0, and 9.0 pg/mL) were prepared in water. To perform the
turbidimetric assay, 200 L. of DOX standard solutions were
added to 10.0 mL of sterile broth. The tubes were then incu-
bated in a water bath shaker at 35+2°C for 4 h, after which the
growth of microorganisms was terminated by the addition of
0.5 mL of 12% formaldehyde, and the absorbance was mea-
sured at 530 nm. Assays were performed in triplicate.

To assess DOX photodegradation, solutions of free DOX
and DOX:pCD IC were subjected to UV light irradiation at
30°C for 7 days, before quantifying the antimicrobial poten-
cies of the irradiated solutions using the abovementioned
turbidimetric assay.

RESULTS AND DISCUSSION

Structural Characterization of DOX:B3CD IC in Aqueous
Solution

NMR Studies

Table I shows the chemical shift displacements for DOX
and pCD protons in their free and complexed states. It can be
observed that in the presence of the macromolecule, almost all
the proton resonances of DOX experienced shifts to higher
ppm values, with the exception of Hy, which exhibited a slight
displacement toward lower ppm values (A5=-0.018). In addi-
tion, marked upfield displacements for H;, Hs, and Hg protons
of the host molecule were observed (A5=-0.0981, —0.1068,
and —0.0427, respectively), which could have been due to the
inclusion of groups that are rich in 7 electrons into the RCD

Table I. Chemical Shifts for the Protons of DOX and BCD in the Free
and Complex Forms

Proton RCD (ppm) DOX:pCD (ppm) AS (ppm)
H; 5.1018 5.0428 —0.059
H, 3.6812 3.6340 —0.0472
H; 3.9967 3.8986 —0.0981
Hy 3.615 3.5576 —0.0574
Hs 3.9095 3.8028 —0.1068
He 3.9095 3.8668 —0.0427
Proton DOX (ppm) DOX:BCD (ppm) 46 (ppm)
H, 4.2804 4.2846 —0.0018
Hya 2.8212 2.8225 0.0153
Hs, 2.5518 2.5750 0.0490
Hg 2.6830 2.7497 0.0667
H, 6.9868 7.0097 0.0326
Hjg 7.5124 7.5444 0.0320
Hy 6.8001 6.8047 0.0059
Hecps 1.4630 1.5153 0.0523

Italics are presented DOX protons to distinguish them from pCD
protons

Kogawa et al.

hydrophobic cavity, such as the aromatic ring of DOX. These
results suggest the formation of an IC between DOX and
BCD in aqueous solution.

Molecular Modeling Studies

To study the corresponding three-dimensional geometry
of the DOX:BCD system, molecular modeling studies were
performed. The docking of DOX was performed by consider-
ing its ionization state and tautomeric equilibrium at pH 2.3, in
agreement with the value observed in the experimental stud-
ies. From these docking results, two main binding modes were
observed (Fig. 2a, b).

In the first binding mode (pose-1, Fig. 2a), ring A was
oriented toward the wide rim of BCD, while rings B, C, and D
were deeply buried into the pCD cavity. In the second binding
mode (pose-2, Fig. 2b), ring A was oriented toward the narrow
rim of BCD, while the ring system comprised of B, C, and D
was completely included in the hydrophobic cavity of the host
molecule.

In order to study which of the two binding poses was most
stable, molecular dynamics studies were performed to obtain
simulation trajectories that included the temperature and sol-
vent effects in the complex conformation. The simulation of
both complexes was adequately equilibrated, with stable ki-
netic, potential, and total energy values being observed. After
the corresponding trajectories were obtained, energetic de-
composition analyses were performed (Table II), which re-
vealed that pose-2 was more stable than pose-1, since higher
contributions from both electrostatic and Van der Waals in-
termolecular interactions were observed. Then, after account-
ing for the corresponding solvation energies, it was found that
the binding of DOX in pose-2 was ~5 Kcal/mol more stable
than pose-1 (—22.84 and —17.96, respectively).

Figure 2c and d show the two most populated clusters of
conformations obtained from the simulated trajectory of pose-
2. As can be seen from the clustering analyses, DOX exhibited
a dynamic behavior in its inclusion into BCD, with the most
populated conformation corresponding to the disposition in
which the fused ring system was deeply buried into the host
molecule hydrophobic cavity (43% of the trajectory, Fig. 2c),
while the most hydrophilic moieties of the molecule (ternary
amine and amide groups) were exposed to the solvent through
the narrow rim of BCD. This alternation in the positioning of
the included ligand was also verified by measuring the dis-
tance from the methyl group bound to ring C to H; and Hg of
BCD (Fig. 3).

The orientations observed in the molecular dynamics tra-
jectories were consistent with the A9 calculated from NMR
studies, in which a marked shielding was observed in the protons
located in the interior of the hydrophobic cavity (—0.0981 and
—0.10675 for H; and Hs, respectively), and that originated due to
the proximity of the electron rich fused ring system. In addition,
a significant shielding was observed in Hg (—0.0427), which
originated in the shielding effect of DOX (mainly in the confor-
mation depicted in Fig. 2d, second cluster).

The Ad observed for the protons located outside the
hydrophobic cavity (H;, H,, and Hy, Table I) may have
been attributed to the conformational change induced on
BCD by DOX upon complexation. In order to quantita-
tively describe this phenomenon, the RMSD of pCD
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Fig. 2. Three-dimensional structures of the binding modes between DOX and pCD as
predicted by molecular docking: a pose-1, b pose-2. Representative structures obtained by
applying a clustering algorithm on the molecular dynamics trajectory of DOX pose-2. ¢
Main cluster conformation (cluster-1) (occupation=43%); d secondary cluster conformation

(cluster-2) (occupation=33%)

respect to the native structure (code BCDEXDI10) was
calculated (Fig. 3b). As can be observed, a significant
conformation change occurred in the RCD three-dimen-
sional structure when DOX was included in the hydropho-
bic cavity, with two stable conformations corresponding to
both the clusters shown in Fig. 3a and b.

Hydrogen bond analyses were performed to identify the
main intermolecular interactions originating the electrostatic
energetic component. As presented in Fig. 3c and d for the
conformation corresponding to cluster-1, the main hydrogen
bond was established between the OH bound to C;,, and Og
from BCD (HB Occ.=39.52%). In the case of cluster-2, the
main hydrogen bond was established between the OH bound
to Cs of DOX and O¢ from RCD (HB Occ.=17.43%). The
downfield displacement observed in the NMR studies for the
H,4 and Hs, protons (deshielding effect) might have been
originated by the presence of hydrogen bond interactions

Table II. Energetic Component Analysis Obtained by MM-PBSA for
DOX:pCD Complex Analyzed by Molecular Dynamics Simulations

Component pose-1 (Kcal/mol)  pose-2 (Kcal/mol)
Electrostatic energy -30.74 —33.05
Van der Waals -9.81 -15.36
Total gas phase energy —40.56 —48.41
Nonpolar solvation -2.77 -3.12
Electrostatic solvation 25.67 28.70
Total solvation 22.59 25.57
Estimated binding energy -17.96 —22.84

between the hydroxyl group bond to Cs of DOX and the
hydroxyl groups of pCD.

ROESY Experiments

The spatial interaction between the host and guest mole-
cules predicted by molecular modeling was confirmed on car-
rying out a 2D ROESY experiment. An expansion of the
ROESY spectrum obtained is shown in Fig. 4, where interac-
tions of the aromatic protons of DOX (ring D) may be ob-
served with both internal protons of RCD (H; and Hs).
Moreover, correlations were revealed between the aromatic
protons of DOX and proton H6 located at the narrow side of
RCD, in agreement with the observation that ring D was
deeply buried into the pCD hydrophobic cavity. These results
are consistent with molecular modeling studies and confirm
the formation of the inclusion complex between DOX and
BCD in aqueous solution.

Characterization of IC in the Solid State

Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of the pure components and the PM
and FD systems are presented in Fig. 5. As may be observed,
the spectrum for the PM system consisted of an overlay of the
pure compound spectra, whereas the spectrum for the FD
system exhibited differences from those of pure components.
The absence or reduction of the intensities of the DOX bands
at 3,449, 3,330, 1,534, 1,479, 1,459, 1,219, 1,129, 881, and
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Fig. 3. a Plot of distance between the methyl groups bound to ring C in DOX and the BCD protons lying
inside the hydrophobic cavity (H; and Hg). b RMSD vs. time for the molecular dynamics trajectory of
DOX:BCD pose-2 (reference: BCDEXD10). ¢—d The hydrogen bond analysis and occupance (%) between
DOX and BCD depicted for: cluster-1 (¢) and cluster-2 (d)
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Fig. 4. Expansion from the 2D ROESY spectrum of the DOX:3CD system
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732 cm ! in the FD system was consistent with the vibrational
constrictions imposed on the included molecule in the CD
cavity. Based on this evidence, it is possible to confirm the
existence of intermolecular interactions between DOX and
RCD in the FD system.

Differential Scanning Calorimetry and Thermogravimetric
Analysis

The thermal behavior of the DOX, pCD, PM, and FD
systems is shown in Fig. 6. The endothermic peak (25-
100°C) observed in the DSC curve of BCD corresponded
to its dehydration, with decomposition taking place above
300°C as evidenced by the mass loss observed in the TGA
curve (Am=11 and 77%, respectively). The DSC curve of
DOX had an endothermic peak at 168°C, which
corresponded to its melting and was followed by an exo-
thermic peak at 223°C originated by its decomposition. The

? 8CD
§ | DOX
8 1 -~~~ DOXBCDPM
v ! DOX BCD Complex
F |
& )
24
3 : . . . .
30 80 130 180 230
Exo Up Temperature (°C)

280
Universal V3.9A

TGA curve of DOX presented two weight loss events, the
first of which was in the 125-175°C range (Am=7%)
whereas the second occurred near 200°C, (Am=36%).
The analysis of the DSC and TGA curves corre-
sponding to the PM system revealed identical thermal
events than those observed for the pure compounds. In
the case of the FD system, the TGA curve exhibited
three weight loss events, the first being in the 25-100°C
range (Am=7%), the second event occurring between
175 and 225°C (Am=15%), and the third at 228°C
(Am=35%), while the mass loss observed for DOX and
PM between 125 and 175°C was not present in the IC
curve. In addition, the DSC curve confirmed that the
endothermic peak of pure DOX at 168°C was not pres-
ent in this system, indicating that the melting event did
not take place, which might have been due to changes in
the crystalline form of the solid or to an inclusion com-
plex formation. This behavior was consistent with the
formation of an inclusion complex between DOX and

b
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Fig. 6. DSC (a) and TG (b) curves of DOX, pCD, physical mixture system (DOX:3CD PM), and freeze-dried system (DOX:3CD complex)
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Table III. Absorbance Values of DOX in Free and Complex Forms

Without degradation in UV light

With degradation in UV light

Free form Complex form Free form Complex form
DOX Conc. (ug/mL) A A CV (%) A A CV (%) A A CV (%) A A CV (%)
4 0.807 2.14 0.806 1.24 1.139 2.26 0.885 0.28
6 0.584 411 0.53 427 1.045 3.12 0.684 2.88
9 0.504 3.48 0.412 7.18 0.609 0.78 0.493 0.88
“ Absorbance Average
RCD in the solid state when the system was prepared by CONCLUSION

the freeze-dried method.

Photostability Studies

In order to enhance the photostability of DOX, the effect
of pCD inclusion was assayed in aqueous solution. Then, the
photodegradation of pure DOX and DOX:BCD complex was
analyzed by an HPLC method after its exposure to UV light
for 3 and 6 h. Free DOX showed a fast degradation as a result
of UV light, with recovery percentages being 84+2% and 68+
1%, at 3 and 6 h, respectively, which is consistent with the
reported photolability of this drug. On the other hand, the
DOX:pCD complex showed an increased stability, with recov-
ery percentages of DOX of 99+1% and 96.8+0.9%, at 3 and
6 h, respectively. These results demonstrate that the inclusion
of DOX into the BCD cavity had a photoprotective effect on
this drug stability.

Microbiological Studies

The objective of this study was to compare the activity
between the IC and free DOX, by applying a turbidimetric
microbiological technique. In addition, taking into account
that the photodegradation of DOX produced a significant loss
of potency, a second objective of this study was to compare the
activity of the IC and free DOX after the exposure of both
products to UV light. Three different concentrations of DOX
and IC solutions were tested, while pure BCD solutions were
analyzed as control. After incubation, the tubes containing
solutions of DOX showed a comparable turbidity to the cul-
ture medium with the tubes containing solutions of IC
(Table III), indicating that the in vitro antibacterial activity
of DOX present in the IC was not lowered as a consequence
of the complexation. The BCD solutions used in the test, after
the incubation period, showed absorbance values equal or
higher than those of the positive control, confirming that the
RCD did not have any antimicrobial activity.

Finally, DOX and IC solutions were exposed to UV light
for 7 days before being analyzed by the turbidimetric method.
Table I1I shows the absorbance values of DOX and IC subject
to UV light irradiation, with the tubes containing solutions of
free DOX showing a higher turbidity of the culture medium
than the tubes containing solutions of IC, thus confirming the
photoprotective effect of 3CD on DOX observed during the
photostability studies.

The preparation of an IC between DOX and pCD in the
solid state by a freeze-drying method was confirmed by spec-
troscopic and thermal techniques. In addition, it was possible
to combine molecular modeling studies with experimental
spectroscopic studies to elucidate the molecular basis of the
interactions between the guest and host molecules. The IC
exhibited an enhanced photostability compared to the free
DOX, which in turn originated a better antimicrobial activity
when both species were exposed to UV light. These observa-
tions suggest that the formulation of DOX with pCD may
have overcome the stability problems currently described for
the drug, and also provides an interesting alternative for the
preparation of pharmaceutical dosage forms of DOX.
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