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Abstract Oxolinic acid (OXA) is a first-generation
quinolone antibacterial agent, known to cause drug induced
photosensitivity. In the present work its photoinduced
degradation was monitored under simulated solar irradia-
tion. The effect of photoprotecting agents on OXA stability
was also assessed by drug complexation with hydroxy-
propyl--cyclodextrin (HPSCD). The complex was studied
by UV-Vis and 'H (2D) NMR Spectroscopy. A photosta-
bility indicating chromatographic method was developed
and validated. Because OXA is insoluble in acidic solu-
tions, and because an acidic solvent is necessary for
successful chromatographic separation, a procedure was
developed to pre-treat the sample. This method is suitable
for the separation of degradation products from OXA and
from each other. The method was also evaluated in the
presence of HPSCD, in order to ensure that inclusion
complexation did not generate inaccuracies. Investigation
of OXA photodegradation profiles confirms first order
kinetics and acceleration at higher initial sample concen-
trations. A 94% photostabilization upon complexation
with HPBCD was achieved. Furthermore, molecular self
association phenomena were determined by self titration
experiments, using '"H NMR Spectroscopy and suggestions
were made for the photostabilization mechanism of
cyclodextrins.
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Introduction

Oxolinic acid (OXA) is a first-generation quinolone anti-
bacterial agent (Fig. 1). It is commonly prescribed for the
treatment of Gram-negative urinary tract infections and is
generally used in veterinary applications [1]. Quinolones
inhibit DNA gyrase (topoisomerase II), a bacterial enzyme
involved in DNA replication, recombination and repair.
Quinolones attack only the bacterial gyrase-DNA complex,
binding neither the gyrase nor DNA. The gyrase-DNA
complex is responsible for the supercoiling of bacterial
DNA and thus necessary for bacterial replication. The
gyrase, an enzyme consisting of two subunits of gyrA and
two subunits of gyrB, binds and then cuts the double-
stranded DNA. Both strands are then moved so that
supercoils are inserted. Quinolones disrupt this process
thus resulting to bactericidal activity [2, 3].

Quinolone drugs in general must be protected from light,
during preparation procedure, packaging, storage and
administration as they are known to be photolabile molecules
and cause drug-induced photosensitivity [4]. OXA has pro-
ven to be a potent, safe and well-tolerated drug; however
during its exposure to light it undergoes photodecomposi-
tion, leading to possible side effects [5, 6]. Therefore, it is
important to study the rate of its photodecomposition, and
further investigate the effect of photostabilizing additives, in
an attempt to improve the drug stability.

Cyclodextrins (CDs) are often used as photostabilizing
excipients [7-11]. They are shallow truncated cone-shaped
cyclic oligosaccharides. They are formed from six, seven,
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Fig. 1 Chemical structure and numbering of oxolinic acid

eight or more bp-glucopyranose units, linked with
o-(1 — 4) glucosidic bonds [7]. CDs contain a central
hydrophobic cavity into which guest molecules can be
inserted, forming noncovalent host—guest inclusion com-
plexes. Complexation with these biodegradable excipients
can significantly improve solubility, chemical stability,
palatability and bioavailability of the guest molecules [8,
9], making CDs very useful for drug formulations, foods
and cosmetics. In this work, the effect of photoprotecting
agents on OXA stability was assessed by drug complexa-
tion with hydroxypropyl-f-cyclodextrin (HPSCD), a highly
soluble synthetic derivative of SCD.

Although OXA photostability has been previously
investigated [12, 13] any specific photostability indicating
method could not be found in the literature. In the present
work, an HPLC method, reported for OXA determination
was firstly applied [14], however it failed to provide an
acceptable resolution of degradation products from oxo-
linic acid and from each other. Therefore, a photostability
indicating chromatographic method was developed and
validated. Because OXA is insoluble in acidic solutions of
mobile phase (non-ionized form), and because an acidic
solvent is necessary for successful chromatographic sepa-
ration, a procedure was developed to pre-treat the sample.
This method is suitable for the separation of degradation
products from OXA and from each other.

Analytical methods based on the spectrophotometric
data, very often present accuracy problems when applied to
cyclodextrin complexes [15—17] since inclusion in the CD
cavity affects the UV absorptivity of the guest molecules,
leading to Beer’s law deviations. Consequently, the new
HPLC method was also evaluated in the presence of
HPfCD, in order to ensure that inclusion complexation did
not generate inaccuracies.

The photodegradation profiles of OXA were studied in
the presence and absence of HPSCD using the previously
prepared OXA:HPBCD complexes, characterized by 'H
NMR Spectroscopy [18].
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Materials and methods
Materials

OXA was obtained from Sigma-Aldrich Co. (St Louis,
USA), stored in a cool place under light protection, and
used without further purification. Trifluoroacetic acid
and other reagents were of analytical grade and were
purchased from Merck (Darmstad, Germany). Tetrabu-
tylammonium bromide was purchased from Fluka (Buchs,
Switzerland). All solvents used were of HPLC grade and
were purchased from Carlo Erba Reactifs SDS (Val de
Reuil CEDEX, France). Water used was deionised and
filtered through a Milli-Q Plus water purifying system
from Millipore (Bedford USA). Deuterated solvents for
NMR were purchased from Euriso-top (Gif-Sur-Yvette,
France).

Equipments

Liquid chromatography experiments were carried out using
a high-performance liquid chromatograph consisting of a
Waters 1515 Isocratic HPLC Pump (Waters Co, Milford,
MA, USA), equipped with a constant temperature oven, a
Waters 996 Photodiode Array Detector, and a Waters 717
Plus auto sampler. The software package Empower from
Waters was used for acquisition and analysis.

The photodegradation experiments were performed with
a Suntest CPS, Accelerated Exposure Xenon Burner
Machine, from Atlas Material Testing Technology LLC
(Chicago, Illinois, USA), which accurately simulates the
wavelength distribution of solar radiation and meets
guidelines established by ICH, the International Confer-
ence on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use for light
source characteristics [19].

"H-NMR spectra were recorded on a 400 MHz Bruker
DRX-Avance spectrometer, operating at 400.13 MHz. The
2D-ROESY spectra (two-dimensional Rotating Frame
Nuclear Overhauser Effect spectroscopy) were acquired
with 2,048 points in the 7, dimension and 256 increments in
t; with a spin lock time of 250 ms. The HDO signal was
suppressed by low power presaturation (60 dB) during the
relaxation delay and the mixing period. For the elucidation
of the association pattern, the probe temperature was held
constant at 298 K.

UV-Vis spectra were recorded on a Perkin-Elmer
Lambda 7 spectrometer, in wavelength ranging from 200 to
300 nm. For the determination of the formation constant of
the complexes (Kjy) the absorption changes for OXA were
monitored and they were measured at A,,, = 268 nm, in
the presence and absence of HPSCD.
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Liquid chromatography method
The new developed method

Separation of photodegradation products from OXA and
from each other was performed on a 3.5 pm XBridge™
Cis 3.0 x 150 mm column (Waters Co., Milford, MA,
USA). A mixture of 20% acetonitrile/80% aqueous solu-
tion of 0.005% tetrabutylammonium bromide (TBA)
adjusted to pH 3.5 with trifluoroacetic acid (v/v) was used
as mobile phase. Flow rate was adjusted to 0.5 mL min~".
The detector wavelength was set at A,,x = 268 nm and the
injection volume was 20 pL.

Samples used for method development were irradiated
until degradation of 20-30% of the OXA concentration was
achieved.

Method development
Column selection

A Cg XTerra, 3.5 um (4.6 x 150 mm) chromatographic
column was first tested. The results were not satisfying,
since coelution of degradation products was observed. The
following columns with a C;g stationary phase were then
tried: C;g XTerra, 3.5 um (4.6 x 150 mm), C;g Atlantis,
3 um (4.6 x 150 mm), C;g3 XBridge, 3.5 pm (3 x 150
mm) (all from Waters Co), and polar embedded C;g Syn-
ergi 4u Fusion-RP 80A column, 4 pm (2.00 x 150 mm)
(Phenomenex, USA). The Atlantis column gave good
results, probably because the remaining free silanol groups
of the stationary phase can interact with retained OXA
and its photoproducts. Satisfactory separation was also
achieved with the polar embedded C;g3 column. However,
for both Atlantis and Phenomenex columns, the pH of the
mobile phase that gave the best results was outside of the
manufacturer’s specifications. The C;g XBridge column
gave the best results. Moreover, the XBridge stationary
phase shows the necessary stability at the selected pH (3.5).

Optimization of mobile phase pH

In a series of experiments, the pH of the aqueous part of the
mobile phase was adjusted to levels ranging from 2.5 to
9.5. The results showed that in alkaline region, where OXA
is fully ionized (pK, = 6.9), no retention was observed and
the drug substance eluted almost simultaneously with all of
its photoproducts. The adjustment of pH with phosphoric
acid buffer or acetic acid resulted in limited resolution and
detection of fewer degradation products. Addition of
trifluoroacetic acid gave good separation. Optimal resolu-
tion and selectivity were observed at pH 3.5. Moreover, the
addition of TBA at a concentration of 0.005% further

improved the resolution, enabling the separation of peaks
that had previously co-eluted. The effect of higher con-
centrations of TBA was also examined, but no further
improvement was achieved.

Organic modifier effect

The effect of methanol or acetonitrile was studied in a
series of experiments ranging from 10 to 65% (v/v). At
higher concentrations of organic solvents, no significant
improvement in the separation of the degradation products
was observed. Addition of a secondary organic solvent,
such as tetrahydrofuran and methanol (with acetonitrile as
primary organic modifier) or acetonitrile (with methanol as
primary organic modifier) in a 5 to 10% ratio provided no
advantage. Specifically, limited retention of some photo-
products resulted in coelution with the front of the solvent.
The optimum mobile phase composition was 20% aceto-
nitrile/80% aqueous solution of 0.005% TBA adjusted to
pH 3.5 with trifluoroacetic acid (v/v) .

Temperature effect

Column temperature was maintained at 30 °C since coe-
lution occurred at several higher temperatures ranging from
35 to 50 °C.

Overcoming accuracy problems generated from oxolinic
acid insolubility

Over the course of the successive injections required for
the HPLC analysis, microcrystals appeared in the sample
vials during their maintenance in the instrument’s auto-
sampler. To address this difficulty, a sample pre-treatment
procedure was developed.

In the selected acidic pH of the mobile phase, a condition
essential to achieve adequate resolution, OXA exists in its
non-ionized form. In this form, it has very limited aqueous
solubility. The inaccurate quantifications obtained were
therefore attributed to partial precipitation of OXA upon
interaction with the strong acidic media of the mobile phase.
The interaction of mobile phase with OXA occurs firstly,
during sample dilution at the sample vials, in autosampler and
possibly, in the column during chromatographic analysis.

When working with nonpolar analytes in aqueous
solutions, microcrystal formation is a physicochemical
process that often occurs in the cases, the solute concen-
tration is higher than its solubility in the particular media
being used. Sample pre-treatment procedure has often been
proposed as the best solution for this problem challenge.

Several sample pre-treatments were assayed in order to
address the possible formation of OXA microcrystals. Both
the dilution of samples with the mobile phase and the addition
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of small amounts of organic solvents as carriers proved
inadequate. Other techniques were also applied for dissolving
OXA in the samples. None of them resulted in satisfactory
relative standard deviations (RSDs). Addition of 0.1 to 1%
HPSCD in the mobile phase was another technique that was
tested. Unfortunately the presence of CDs in the mobile phase
led to coelution of the analytes. Instead, the addition of
HPSCD to each sample, in approximately equimolar quantity
to the initial concentration of OXA, proved effective.

Sample preparation

In all cases, accurately measured quantities of OXA were
dissolved with an equimolar quantity of NaOH (0.25 M)
solution to prepare an OXA-sodium salt solution. This was
necessary in order to overcome the pronounced insolubility
of OXA in water.

Method validation

To study linearity, two stock solutions were prepared by
dissolving 16.1 and 19.8 mg of OXA in 100 mL water.
From these solutions, with an appropriate dilution scheme,
a calibration curve with the following solution concentra-
tions was created: 0.018, 0.020, 0.247, 0.740, 1.061, 3.452,
6.903, 9.862, 15.161 and 37.902 x 10™> M.

To test method precision, a stock solution was prepared
by diluting 50 mg of OXA in 50 mL water. From this stock
solution, a solution of 1.91 x 10~* M concentration was
prepared. The final dilution was made by combining 5 mL
from the described 1.91 x 107* M OXA solution and
1 mL from a fully photodegraded OXA sample (see
below), and water to 25 mL final volume. To evaluate
inter- and intra-day precision, the above process was
repeated eight different times.

To verify accuracy, two stock solutions were prepared by
diluting 19.5 and 22.6 mg of OXA in 100 mL water. These
stock solutions were appropriately diluted to obtain three
solutions with the following concentrations: A = 10.383,
B=5.191 and C =8.959 x 107> M. Finally, eleven
solutions were prepared by combining 5 mL from A, 1 mL
of fully photodegraded OXA and increasing volumes from
B or C. The total sample volume brought to 25 mL with
water. OXA concentrations analyzed were as follows:
2435, 2.492, 2.700, 2.793, 2.907, 3.115, 3.152, 3.510,
3.868, 4.227,4.585 x 107> M. Some of the above samples
were also spiked with increasing proportions of a
1.2 x 10> M HPBCD solution.

Photodegradation profiles

Experiments with different initial concentrations of the
sodium salt of OXA were conducted. After appropriate
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dilutions, samples with concentrations of 3.0, 6.0 and
15.0 x 107° M were prepared.

Preparation of the oxolinic acid:hydroxypropyl-
p-cyclodextrin complexes

Accurately weighed HPSCD was added to an aqueous
OXA solution (1.26 x 1073 M), in order to obtain a molar
ratio of 1:1. The solution was shaken in a water bath at a
constant temperature of 35 £ 1 °C and 50 rpm. Complex
formation was followed by continuously monitoring the
UV spectra (Fig. 2) since the absorptivity of OXA changes
upon complexation [20]. Equilibrium between free OXA
molecules and complexes [OXA + HPSCD < OXA:
HPSCD] was achieved after 48 h, when the changes
detected at /., and absorbance reached a plateau.

UV-VIS spectroscopy study and binding constant
of the complexes

UV spectra of 3.94 x 107> M OXA solution in the pres-
ence of different HPSCD concentration were studied [21,
22]. The HPSCD concentration varied from 1.89 x 107> to
1.51 x 1072 M. The complex formation constant can be
defined as:

_ [OXA : HPBCD]
7~ [OXA] - [HPBCD]

The K, value for the inclusion complex OXA:HPSCD was
determined according to Scott’s equation (Eq. 1) [21, 22].

[HPBCD]/AA = [HPBCD]/([OXA] x Ag)
+1/([0XA] x Ae x Ky) (1)

where: AA represents the change in OXA absorbance
after addition of HPSCD in different proportions (AA =
Apppcp — Aoxa) and Acg is the difference of the molar
absorptivities for free and complexed OXA. If the resulting
plot of [HPSCD]/AA versus [HPSCD] yield a straight line,
the Ky value can be calculated from the following equation
(Eq. 2):

Fig. 2 Ultraviolet absorption spectra of oxolinic acid solutions at
268 nm, in the presence of various concentrations of hydroxypropyl-
p-cyclodextrin (HPBCD)
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K; = slope/intercept (2)

where: slope and intercept correspond to regression coef-
ficients a and b of the regression equation:

[HPBCD)/AA = a [HPSCD] + b
Photodegradation study

The photodegradation of OXA under xenon lamp irradia-
tion was monitored. The rate constant of photodegradation
was determined at 750 W/m?, the maximum level of light
intensity provided by the instrument. Initial sample vol-
umes and other experimental parameters were kept
constant in all cases. 4 mL aliquots of samples for photo-
degradation experiments were transferred into a 1 cm path
length cuvette (quartz) with Teflon screw cap. According to
ICH guidelines, samples were exposed to forced irradiation
side-by-side with a validated quinine chemical actinome-
tric system to ensure repeatability of the results. At
predetermined time intervals, 200 pL aliquots of the irra-
diated solution were withdrawn from the cuvette. A volume
of HPSCD aqueous solution with approximately the same
molarity as the initial OXA concentration was added to
amber glass vials and immediately diluted with the mobile
phase to a final volume of 800 pL. The samples were then
analyzed by the aforementioned LC method. The photo-
degradation study was performed by monitoring the
remaining OXA concentration.

As a dark control experiment, samples were wrapped in
aluminum foil and treated in the same way as above. The
coexistence of thermal reactions was excluded by testing
the thermal stability of samples stored at 30 °C for 24 h.

NMR spectroscopy study

Complex formation was evidenced by one- (1D) and two-
dimensional (2D) "H NMR spectroscopy [18]. The com-
plex stoichiometry was determined by the continuous
variation method (Job plot), constructed from data acquired
by 1D '"H NMR [23]. Furthermore, OXA molecular self-
association phenomena were determined by self-titration
experiments [17], in an attempt to correlate the concen-
tration effect with the modified electronic environment of
drug assemblies, generated at high concentrations.

The stoichiometry of the OXA:HPSCD complexes was
determined according to the Job’s continuous variation
method, by NMR spectroscopy as described by Djedaini
and Perly [23]. According to this method equimolar
1.9 x 1072 M solutions of (1) OXA and (2) HPSCD were
prepared. The two solutions were combined in different
proportions and treated as above to prepare the complexes.
The stoichiometry was determined by taking into account
the chemical shift displacement of selected protons of

OXA. The displacements measured from NMR spectra
were plotted versus molar ratio [OXA]/[OXA] + [CD].

In addition, a 1.9 x 107> M solution of the OXA:
HPSCD complex, prepared as above was used for the
confirmation of complexation with 2D ROESY experi-
ments. For the self titration experiments, eight different
OXA solutions were prepared over a concentration, rang-
ing from solution A, 1.9 x 1072 M to solution H, 0.16 x
107> M.

Results and discussion
Validation of the new HPLC method

The assay showed good linearity between 1.85 x 107’
and 3.79 x 10~* M. Linear regression yielded an r* value
of 0.9993 (slope = 82,336.098 £ 791.199, intercept =
22,735.630 £+ 106,884.199). The limit of detection was
0.59 x 1077 M, while the limit of quantitation was
1.83 x 1077 M. Precision of the method was examined in
two different days at 11 new concentration levels each day
(triplicate injection). The RSD values for within-day pre-
cision were 0.48 and 0.81% and for day-to-day precision
was 0.67%. The experiment was also repeated in the
presence of HPSCD with a determined RSD of 1.09%.
Assaying the accuracy, the mean error across all samples in
different concentration levels was —0.45%.

Binding constant of oxolinic acid:hydroxypropyl-
p-cyclodextrin complexes

Increasing concentration of HPSCD in solutions the
absorbance of OXA in UV-Vis increases. Evaluating the
results, a linear correlation in Scott’s plot at 268 nm was
observed, which confirms the 1:1 stoichiometric ratio. The
slope was 3.4479 £ 0.1047 and the intercept 0.0013 +
0.0006. Using the Eq. 2 the K, value can be calculated.
Kr=2.65x 10°M™".

Photodegradation profiles of oxolinic acid

Examination of the HPLC profiles revealed that the pho-
todegradation of OXA is not catalysed by the presence of
degradation products.

Kinetic order

Photodegradation of OXA follows first-order kinetics at the
concentrations studied. When monitoring the remaining
drug concentration versus time, an exponential decay was
obtained. The kinetic data with their experimental errors
are presented in Table 1. The k values were calculated
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Table 1 Parameters of first order photodegradation of oxolinic acid
(OXA) sodium salt in aqueous solutions

OXA k(x107h™")  Intercept r
(x107° M) (Slope)

3.0 —26.5 (£0.001) 11.572 (£0.018) 0.9907
6.0 —33.6 (£0.039) 12.101 (£0.048) 0.9611
15.0 —37.8 (£0.003) 0.8154 (£0.033) 0.9851
6.0 (with HPFCD 1:1)  —2.0 (£0.000) 4.9179 (£0.004). 0.9413

from the slopes of the straight lines obtained by plotting the
logarithm of concentrations versus time.

Initial concentration effect

Several photochemistry articles conclude that, as initial
sample concentration increases, the measured rate constant
(k) decreases [24-26]. However, other studies contradict
this conclusion [27-30]. In this study, OXA behaves like
the latter group. Photodegradation experiments performed
with OXA samples of different initial concentrations (Cgy)
revealed that any increase in C, lead to higher k values,
until a plateau was reached.

Cyclodextrin effect

Aqueous solutions of OXA as free drug and as a complex
with HPSCD were irradiated. The logarithm of the
remaining OXA concentration under both forms was
comparatively studied versus time. In both cases, a linear
correlation was obtained (Table 1). The calculated & values
showed that a 94% photostabilization upon complexation
with HPSCD was achieved. The corresponding plots are
depicted in Fig. 3. The remarkable photostabilization upon
complexation led us to hypothesize that in this case, the
separation of drug molecular assemblies, either by sample

11.6 -
- 114 11:
a8 *
o M27 ¢ *
»E l
T @ 11.0 - ]
55
o c 10.8 - =
£
£ 106 + with HPRCD
5 1041  mwithout HPBCD
10-2 T T T T 1
0 5 10 15 20 25

time (hours)

Fig. 3 Photodegradation plot in the presence and absence of
cyclodextrins showing the stabilization effect of cyclodextrins
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dilution or by inserting them in a CD cavity, has a pro-
tective effect.

Knowing that, in some cases, molecular assemblies that
exist at high sample concentrations affect chromatographic
behavior, and in light of the above results, a new approach
was described. The observed acceleration of photodecom-
position at higher concentrations and the enhanced stability
in the presence of HPSCD led us to hypothesize that inter-
and intramolecular interactions, occurring at higher initial
concentrations, induce molecular modifications capable of
altering molecular behavior under irradiation, such as
relaxation time and pathways.

NMR study
Oxolinic acid self-assemblies

The planarity of the quinolone ring and the nature of the
functional groups present in the OXA molecule suggest the
possibility of several types of intra- and intermolecular
interactions. Intermolecular interactions are known to
weaken upon dilution and in most cases induce downfield
shifts of nearby protons, as a result of monomer formation.

The self-association phenomena of OXA were studied to
further investigate possible OXA molecular aggregation.
The concentration-dependent chemical shift displacements
of the OXA aromatic protons are listed in Table 2. The
chemical shift changes of the most affected proton, H-4,
are plotted versus sample concentration. A linear correla-
tion was obtained: Ad = [0.090 (£0.018)] x Coxa —
[0.011 (£0.002)]. The 1” value was 0.998, showing a rather
uniform effect upon dilution, due to separation of OXA
molecules. The spectra from self-titration experiments are
shown in Fig. 4. The above-mentioned results confirm the
presence of OXA molecular assemblies in aqueous
solutions.

Table 2 Chemical shifts (ppm) of oxolinic acid (OXA) solution (A)
1.9 x 1072 M and solution (H) 0.16 x 1072 M

OXA (A) H) A0 = 0y — Oa
protons 1.9%x1072 0.16x1072 (ppm)
M (6 ppm) M (6 ppm)
H-2 5.9213 (s, 2H) 5.9725 0.0512
H-4 6.9235 (s, 1H) 7.0792 0.1557
H-6 8.1043 (s, 1H) 8.1448 0.0405
H-9 7.3234 (s, 1H) 7.4444 0.1210
H-(CH,3) 1.2462 (t, 3H, 1.2910 0.0448
J ~ 7 Hz)
H-(CH,;)  4.0794 (q, 2H, 4.1790 0.0996
J ~ 13 Hz,
J ~ 7 Hz)
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H

Fig. 4 Chemical shift displacement of H-4 and H-9 protons of
oxolinic acid in eight different concentrations ranging from solution
A =19 x 107> M to solution H = 0.16 x 107> M

Oxolinic acid-hydroxypropyl-fB-cyclodextrin inclusion
complex formation and stoichiometry

Proton NMR spectroscopy is commonly used for the
investigation of the nature of CD complexes in solutions
[23]. In order to examine the inclusion of OXA in HPSCD,
2D ROESY and titration experiments were conducted.
Evaluation of the 1D NMR data revealed spectral
modifications of the H-9 of OXA upon complexation in
both shape and resonance frequency. The H-9 proton is
affected not only by complexation with CD but also by
changes in the neighboring C-8 carbonyl group occurring
as a result of OXA insertion in CD cavity. In the free drug
spectrum, a single peak at 7.32 ppm can be assigned to H-
9; in the presence of HPSCD, an asymmetrical double peak
from 7.46 to 7.51 ppm was observed. The strong downfield

shift of H-9 could be attributed to the change in environ-
ment of this proton upon complexation. The two
resonances of H-9 in the soluble complex probably repre-
sent pure OXA and the complexed form of OXA in a slow
exchange regime on the NMR time scale at 298 K. The
downfield shift of H-9 in the presence of HPSCD may be
attributed to proton interactions of CDs and the
approaching OXA carbonyl group, which weaken the car-
bonyl group’s effect on the neighboring H-9. These
chemical shift displacements, in addition to the observed
interaction with CD, confirm that the H-9 of OXA is
located inside the CD cavity.

Evidence of the drug-CD complex formation can be
obtained by detection of intermolecular interactions
between the protons of the CDs internal cavity and the
protons of the drug. Such interactions of OXA aromatic
protons and H-3 and H-5 of cyclodextrin internal cavity,
were indeed detected (see below) and demonstrate that,
inclusion does take place.

A partial 2D ROESY spectrum for the OXA:HPSCD
complex is presented in Fig. 5. Cross peaks between H-9 of
OXA and H-3, H-5 and H-6 of HPSCD were clearly seen.
Intermolecular interactions of protons H-3 and H-5 of the
CD cavity with the drug’s protons are particularly impor-
tant as they indicate that OXA is inserted into the CD
cavity (inclusion complex formation). Crosspeaks between
H-4 and H-6 of OXA with H-1 (anomeric protons) of
HPSCD were also observed, which simply verify the
molecular proximity. The possible structure of the complex
is depicted in Fig. 6.

Fig. 5 Partial spectrum of H-6. OXA H-4,0XA
400 MHz ROESY . ]
(1.9 x 107> M oxolinic acid H-9, 0XA
sodium salt solutions in D,O) }t
illustrating the intermolecular ppm
interactions between oxolinic
acid and hydroxypropyl-f |
cyclodextrin protons - 3.2
~ 3.4
H-5,CD
- 3.6
H-6,CD ]
H-3,CD i - 3.8
il +
= 4.0
H-1,CD 0 f
= 4.2
4.4

Ll L] L] L] I I T T

8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 ppm
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Fig. 6 The proposed structure of oxolinic acid:hydroxypropyl-f-
cyclodextrin complex

Complex stoichiometry

Chemical shift displacement of drug protons in the pres-
ence of HPBSCD complexes is a physical parameter
directly related to the concentration of the complex and
therefore can be measured for a set of samples with
continuously varying molar fractions of the components.
The maximum concentration of the complex will be
present in the sample where the molar ratio corresponds
to the complex stoichiometry [23]. A continuous variation
plot (Job’s method) showed the maximum value at a
molar fraction of 0.5 and had a highly symmetrical shape,
revealing the existence of an OXA:HPBCD complex with
1:1 stoichiometry (Fig. 7).
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Fig. 7 The 1:1 stoichiometry of the oxolinic acid:hydroxypropyl-f-
cyclodextrin complexes. Job plot obtained using chemical shift
variations from the selected proton H-9 of oxolinic acid
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Conclusions

A new HPLC method for measuring OXA photostability
was developed and validated. The new method, enabling
the separation of degradation products from OXA and from
each other, was found to be specific and suitable for
photostability studies of OXA, according to ICH guide-
lines. The addition of appropriate amounts of HPSCD as a
sample pre-treatment procedure proved adequate to over-
come OXA insolubility at the pH of the mobile phase. The
guiding principle of the demonstrated method was that in
order to solve the problem of OXA insolubility with the
addition of CDs, it was essential to have an HPLC method
compatible with CDs available.

Investigation of OXA photodegradation profiles con-
firms first order kinetics and acceleration at higher initial
sample concentrations. A 94% photostabilization upon
complexation with HPSCD was also achieved.

Our study of the complexation of OXA with HPSCD
yielded two important observations. First, it is likely that
OXA complexation with CDs competes with the molecular
assembly phenomenon, reversing the effects seen at high
concentrations of OXA in solution. This allows us to
assume that the dissociation of the drug dimers or aggre-
gates, by sample dilution or by inserting them in a CD
cavity, has similar photoprotective effect.

Secondly, the crucial photostabilizing effect of CDs on
OXA leads us to conclude that other techniques that enable
the separation of molecular assemblies into monomers may
reveal new and unique methods for photostabilization and
will be important sources for investigation in the future.
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