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The effect of the combined use of randomly methylated p-cyclodextrin (RAMEB), chitosan (CS), and bile
components (dehydrocholic (DHCA) or ursodeoxycholic (UDCA) acids and their sodium salts) on solubil-
ity and permeability through Caco-2 cells of oxaprozin (a very poorly water-soluble non-steroidal anti-
inflammatory drug) has been investigated. Addition of CS, bile acids, and their sodium salts increased
the RAMEB solubilizing power of 4, 2, and 5 times, respectively. Drug-RAMEB-CS co-ground systems

geyword's: showed very higher dissolution rate than corresponding drug-RAMEB systems. Addition of bile compo-
Sc))(liﬁt))ri(l)ii;n nents further improved drug dissolution rate. The CS presence enabled a significant increase in drug per-

meability through Caco-2 cells with respect to drug-RAMEB systems. Moreover, CS and NaDHC showed a
synergistic enhancer effect, enabling a 1.4-fold permeability increase in comparison with systems with-
out bile salt. However, unexpectedly, no significant differences were found between physical mixtures
and co-ground products, indicating that drug permeation improvement was due to the intrinsic enhancer
effect of the carriers and not to drug-carrier interactions brought about by co-grinding, as instead found
in dissolution rate studies. The combined use of RAMEB, CS, and NaDHC could be exploited to develop
effective oral dosage forms of oxaprozin, with increased drug solubility and permeability, and then
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improved bioavailability.
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1. Introduction

Dissolution rate in gastrointestinal fluids and permeability
through biological membranes are considered as the most impor-
tant factors in determining the bioavailability of orally adminis-
tered drugs [1-3]. In spite of their potentially good therapeutic
efficacy and low toxicity, a high percentage of drug candidates
are destined to fail in preclinical and clinical phase due to
inadequate absorption properties [4,5]. In particular, it is estimated
that the percentage of poorly soluble substances coming from
combinatorial chemistry research and/or from biologically based
high-throughput screening is up to 60% of the total, and it is
progressively increasing [6]. The development of effective carrier
systems capable of overcoming such problems, and thus increasing
bioavailability of these drugs, is gaining increasing attention and is
a crucial challenge for industry and academia institutions,
especially due to the difficulties encountered over the last years
in the area of drug discovery. Moreover, also already well-known
active pharmaceutical ingredients could exploit the beneficial ef-
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fect of these carriers, obtaining an improvement of their biophar-
maceutical properties and thus of their therapeutic effectiveness.

Oxaprozin [3-(4,5-diphenyl-1,3-0xazol-2-xyl) propionic acid] is
a non-steroidal anti-inflammatory drug, mainly used for the treat-
ment of inflammatory disorders such as, in particular, osteoarthri-
tis and rheumatoid arthritis. Oxaprozin belongs to the Class II of
the Biopharmaceutics Classification System (BCS), since it is a
highly permeable but very low soluble drug [7]. Moreover, in spite
of its acidic nature and differently from most of the other acidic
NSAIDs, it complies with the BCS low solubility criteria over the
entire pH range from 1.2 to 7.4 [7]. Therefore, a proper improve-
ment of oxaprozin solubility, possibly succeeding in obtaining its
promotion to Class I drugs, is particularly advisable. In fact, the
enhancement of drug dissolution rate would enable to increase
its absorption rate and bioavailability, and reduce its dosage, thus
reducing the risk of adverse cardiovascular and/or gastrointestinal
events [8].

With this aim, in a previous work, we studied and compared the
effectiveness of several cyclodextrins in improving oxaprozin dis-
solution properties, and the randomly methylated B-cyclodextrin
(RAMEB) was selected as the best one [9]. However, it is known
that the pharmaceutical use of cyclodextrins, and particularly of
the methylated ones, is limited, mainly by problems of potential
toxicity [10]. Therefore, it should be useful to increase their
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solubilizing effect by the addition of suitable auxiliary substances,
in order to reduce the amount of cyclodextrin to use [11-14].

Chitosan [(1 — 4)-2-amino-2-deoxy-B-d-glucan] is a cationic
polysaccharide of natural origin obtained by N-deacetylation of
chitin, resulting in a copolymer of N-acetyl-d-glucosamine and
d-glucosamine [15]. It is presently in development as a safe excip-
ient in drug formulations in virtue of its high biocompatibility, bio-
degradability, and lack of toxicity associated with bioadhesiveness,
dissolution, and permeation enhancer properties [15-17]. Further-
more, its antiacid and antiulcer activities can be exploited to
reduce gastric irritation caused by active compounds, such as
anti-inflammatory drugs [18]. Finally, a synergistic effect of cyclo-
dextrin and chitosan in improving solubility and/or permeation
properties of some drugs has been recently shown [19-21],
indicating such a polymer as a good potential partner of
cyclodextrins.

Bile acids and their salts are biocompatible biosurfactants,
widely used as carriers for hydrophobic drugs in virtue of their
dissolution and permeation enhancer properties [22-24]. How-
ever, it should be also noticed that, above their critical micellar
concentration (CMC), bile acids can associate with phospholipids
of cell membranes, causing a membranolytic effect which is di-
rectly related to the intensity of their enhancer effect [25,26].
Otherwise, their combined use with other suitable components,
such as, for example, fatty acids, phospholipids, or polyamines,
improved their effectiveness and allowed a reduction in their con-
centration, thus lowering risks of toxicity toward the intestinal
mucosa [27-29].

On the basis of all these considerations, the purpose of the
present study was to investigate the potential advantages of the
combined use of cyclodextrin, chitosan, and bile components
(dehydrocholic and ursodeoxycholic acids and their sodium salts),
with the aim of better exploiting their favorable carrier properties
and evaluating their possible synergistic effects on dissolution and
absorption behavior of oxaprozin.

2. Materials and methods
2.1. Materials

Oxaprozin (OXA) (Mw 293.3, pKa 4.3, melting point 162-163 °C,
log P 4.8 at pH 7.4 [30]) (Fig. 1) was kindly donated by S.I.M.S.
(Incisa Valdarno, Florence, Italy) and used as received. Amorphous
randomly substituted methyl-B-cyclodextrin (RAMEB), with an
average molar substitution degree per anhydroglucose unit of
1.8, was a gift from Wacker-Chemie GmbH (Miinchen, Germany).
Chitosan (CS) (molecular weight 150,000, deacetylation degree
75-85%) was from Sigma Aldrich (St. Louis, USA). Dehydrocholic
acid (DHCA), ursodeoxycholic acid (UDCA), and sodium dehydro-
cholate (NaDHC) were from Polichimica (Bologna, Italy), and so-
dium ursodeoxycholate (NaUDC) from Prod. Chimici e Alimentari
(Alessandria, Italy). Solvents used in the HPLC procedure were of
HPLC grade. All other reagents were of analytical grade.

Fig. 1. Chemical structure of oxaprozin (4,5-diphenyl-2-oxazole-propionic acid).

2.2. Phase solubility studies

Phase solubility studies were performed by adding an excess of
drug (60mg) to 10 mL of pH 5.5 phosphate buffer solutions
containing increasing concentrations (0-5-10-15-20-25 mM) of
RAMEB, alone or in the presence of a fixed amount of CS
(0.0625% w/v) andfor each of the selected bile components
(2.5 mM). The CS amount was selected according to previous stud-
ies that showed no cellular toxicity until this concentration [21].
The bile components concentration was maintained under their
CMC, to avoid risks of toxicity [28]; the CMC values for NaDHC
and NaUDC are 10 and 20 mM, respectively [31] and for DHCA
and UDCA 6 and 7 mM, respectively [32]. Glass containers were
sealed preserved from the light and electromagnetically stirred
(500 rpm) at constant temperature (25 °C). Aliquots were with-
drawn every 24 h until equilibrium (72 h), filtered (0.45-um pore
size), and assayed for drug content by HPLC as described below.
No detectable pH variations of the solutions were observed after
the 72 h. Each test was performed in triplicate (coefficient of vari-
ation (CV) < 3%). The apparent binding constants of OXA-RAMEB
complexes were calculated from the slope of the straight lines of
the phase solubility diagrams [33].

2.3. Preparation of solid systems

Equimolar binary (OXA-RAMEB) or ternary (OXA-RAMEB-bile
component) solid systems, added with a fixed amount of CS
(0.0625% w|w), were prepared by different methods. Physical mix-
tures (PM): obtained by 15 min tumble mixing weighed amounts
of simple components (75-150 um sieve fraction). Co-ground
products (GR): by ball-milling PM 30 min at 24 Hz (high energy
vibrational micro mill Mixer Mill MM 200, Retsch GmbH,
Diisseldolf, Germany). Coevaporated products (COE): by coevapo-
ration in a rotary evaporator (Laborota 4000, Heidolph Milano,
Italy) of a 1:1 v/v EtOH-water solution (added of 5% v/v acetic acid)
of PM. Kneaded products (KN): by adding a small volume of EtOH
to the PM, kneading thoroughly with a pestle to obtain homoge-
neous slurry and continuing until all the solvent was removed.
Sealed-heated products (SH): by heating PM in sealed glass
containers at 90 °C for 2 h, added of 10 pL of bidistilled water.

2.4. Characterization of solid systems

The physicochemical and morphological properties of pure
components and of their different examined combinations were
investigated by differential scanning calorimetry (DSC) and
scanning electron microscopy (SEM) studies.

DSC analyses were performed with a Mettler TA4000 Star®
system (Mettler Toledo, Milano, Italy) apparatus equipped with a
DSC 25 cell on 5-10 mg samples (Mettler M3 Microbalance)
scanned in pierced aluminum pans at 10 °C/min between 30 and
200 °C under static air. The instrument was calibrated using In-
dium as a standard (99.98% purity; melting point 156.61 °C; fusion
enthalpy 28.71] g™ 1).

SEM photographs were recorded on a S-250 Hitachi (Paris,
France) scanning electron microscope. Prior to examination, sam-
ples were gold sputter-coated to render them electrically conduc-
tive using a fine coat ion sputter JFC-1100 JEOL.

2.5. Dissolution rate studies

Dissolution rate studies of OXA, alone and from the different
systems, were performed at 37 °C in pH 5.5 phosphate buffer
solution according to the dispersed amount method [9]. Briefly,
50 mg of drug or drug equivalent was added to 75 mL of solvent
in a 150-mL beaker preserved from the light and stirred
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(100 rpm) with a glass three-blade propeller. At time intervals (2,
5, 10, 20, 30, 40, 50, 60 min), aliquots were withdrawn, filtered
(0.45-pum pore size), and assayed for drug content by HPLC as de-
scribed below. It was verified that OXA did not absorb to the filter
used for the separation of solid. A correction was calculated for the
cumulative dilution caused by sample replacement with an equal
volume of fresh medium. Each test was repeated four times
(CV < 2.5%). Dissolution was characterized through the percent of
drug dissolved after 10 min (DPoy), as an index of the rate of dis-
solution, and the dissolution efficiency at 60 min (DEgp), as an in-
dex of the totality of the process. DEgy was calculated according
to the following equation [34]:

ty
DE = et 100 1)
Yioo - (2 — t2)

where y is the percentage of dissolved product. DE is then the area
under the dissolution curve between time points t; (0 min) and t;
(60 min) (measured using the trapezoidal rule), expressed as a per-
centage of the area of the rectangle described by 100% dissolution in
the same interval time (y100-(t; — t2)).

The dissolution profile of the plain drug was compared with
those from its different combinations with the examined carriers
by using the following ratio test procedures [35]: ratio of DP;gy
and ratio of DEggy (each value was calculated by the ratios of the
respective DPygy and DEggyvalues obtained for plain OXA and the
other tested products).

2.6. Storage stability studies

Samples of selected drug-RAMEB-CS systems, in the presence
or not of bile salts, were stored for one year in closed glass vials,
preserved from the light, in an air-conditioned room controlled
for temperature (25 + 1 °C) and relative humidity (RH 50%). Every
30 days aliquots were withdrawn and subjected to DSC analysis
and dissolution studies.

2.7. Cell cultures

The Caco-2 cell line was generously given by Dr. A. Zweibaum
and Dr. M. Rousset (INSERM U170,Villejuif, France). Cells were
grown routinely in T-flasks at 37 °C in a 10% CO,/90% air atmo-
sphere. The culture medium was a Dulbecco’s modified Eagle’s
medium (DMEM, pH 7.4) containing 10% fetal bovine serum
(FBS) and 1% non-essential amino acids (Vitrogen/Gibco TM Life
Technologies, Cercy Pontoise, France). All cells were obtained at
passage 8 and used at passages 80-85, according to previously
published procedures [36,37]. The cells were seeded at a density
of 0.9 x 10° cells/cm? on tissue culture-treated polycarbonate
filters (area 4.71 cm?) in Costar Transwell six-well plates (Costar
Europe Ltd., Badhoevedorp, Netherlands). The culture medium,
added with 110 IU/mL penicillin G, 10 pg/mL streptomycin sulfate,
and 25 pg/mL Fungizone (Vitrogen/Gibco TM Life Technologies,
Cercy Pontoise, France), was changed every second day, and cell
cultures were kept at 37 °C in 10% CO,/90% air atmosphere and
95% relative humidity. Filters were used for transport studies
21-28 days after seeding [38].

2.8. Transport studies

Test solutions consisted of 1 x 10~% M OXA samples (alone or as
physical mixture or co-ground system with RAMEB, CS, and
NaDHC, prepared as described in Section 2.3) in Hanks’ balanced
salt solution (HBSS) added with 1% 4-morpholine-ethanesulfonic
acid, adjusted at pH 5.5 with HCI 1 N, thermostated at 37 °C, and

maintained under magnetic stirring until to complete dissolution.
Yellow Lucifer (St. Quentin Fallavier, France), a hydrophilic fluores-
cent dye, was used to check the junction integrity of Caco-2 cell
monolayer during the experiments. After filters preincubation at
37°C in a 90% air-10% CO, atmosphere, 1.5 mL of test solution
and 300 pL of the marker HBSS solution (3 mg/100 mL) were added
to the apical (AP) side of cells (donor compartment) and 2.5 mL of
HBSS solution to the basolateral (BL) one (acceptor compartment).
At given intervals (30, 60, 90, 120, and 150 min), samples with-
drawn from the basolateral side, replaced with an equal volume
of fresh HBSS solution, were assayed for drug and marker content
by HPLC, as described below. Results were corrected for dilution
and given as cumulative transport as a function of time. Each
experiment was performed in sextuple. The apparent permeability
coefficient (Papp) was calculated using the following equation:

~dQ 1 1
PGPP*E'E'C—O 2)

where dQ/dt (pg/s) is the rate of drug appearance on the basolateral
side, A the monolayer surface area and Cp (p1g/mL) the initial drug
concentration in the donor compartment.

A mass balance calculation was carried out to determine
whether accumulation or metabolism of the solute or adsorption
to the apparatus occurred [39].

2.9. Measurement of the trans-epithelial electrical resistance (TEER)

TEER measurements were performed to evaluate possible cellu-
lar damage during experiments. TEER values were obtained by
measuring the potential difference between the two sides of the
cell monolayer with a Millicell® ERS meter (Millipore, Bedford,
MA, USA) connected to a pair of chopstick electrodes [40]. Mea-
surements started 10 min prior to incubation on the cells apical
side with the test and blank solutions. All experiments were per-
formed in sextuple in 90% air-10% CO, atmosphere at 37 °C. Mean
TEER values for untreated monolayers were around 250 Q cm?.

2.10. Lactate dehydrogenase (LDH) cytotoxicity text

LDH test was used to assess the cytotoxicity of the tested carri-
ers [41]. LDH leakage from Caco-2 cells was determined by the as-
say-kit of Roche diagnostics (Meylan, France). Briefly, the cells,
after incubation in the wells, were washed with the Hanks’ bal-
anced salt solution and then added of 200 puL of medium contain-
ing the sample to be tested. The spontaneously released LDH
from intact cells was considered as the low control (LC), while
the high control (HC) was the enzyme released after cell lysis by
addition of Triton®X-100 (1% v/v) solution. After incubation
(120 min at 37 °C), 100 pL of supernatant was transferred from
each well to a new plate and added of 100 pL of reconstituted reac-
tion medium. After 30 min incubation at 37 °C, the enzymatic reac-
tion was stopped by adding 50 pL/well of 1N HCl solution.
Absorbance at 490 nm was measured within 1 h with the ELISA
reader. Cytotoxicity of the samples was calculated by the following
equation:

As — ALC

%cytotoxicity = A -100 (3)

He — Aic

where A; is the absorbance for cells treated with the sample; A;¢
and Ayc are the absorbance values of low control and high control,
respectively.

2.11. High performance liquid chromatography (HPLC) assay

HPLC analyses were carried out with an Elite Lachrom
Merck-Hitachi (Milano, Italy) apparatus equipped with an injector
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valve with a 20-pL sample loop (Mod. Rheodyne) using a Cig
Purosphere (5pum 150 mm x 4.6 mm i.d.) column. The mobile
phase was a mixture of pH 4 phosphate buffer: acetonitrile
(60:40 v/v) [42]. The flow rate was 1.0 mL/min, and OXA was
detected spectrometrically at 285 nm (retention time 3.8 min).
The marker Lucifer Yellow was detected simultaneously, under
the same experimental conditions (retention time 1.2 min).

2.12. Statistical analysis

Results of dissolution and permeation experiments were statis-
tically analyzed by ANOVA (one-way analysis of variance) followed
by the Student-Neuwman Keuls multiple comparison post-test
(GraphPad Prism, version 4). The differences were considered
statistically significant when P < 0.05.

3. Results and discussion
3.1. Phase solubility studies

As a preliminary step, solubility studies were carried out to
evaluate the solubilizing power toward the drug of the different
examined carriers, both alone and in combination, in the absence
of RAMEB.

Bile acids and their salts were tested at 2.5 mM concentration.
Such a concentration, lower than their CMC, was selected to avoid
risks of toxicity, considering that the average concentration of bile
components in human intestinal tract was reported to be 5-15 mM
[43]. Moreover, their jointed use with other carriers should allow
for reducing the dose necessary to manifest their enhancer effect
[27-29]. As for the CS concentration, it was set at 0.0625% w/v
according to previous studies that indicated absence of cellular
toxicity until this polymer concentration [21].

Results of solubility studies indicated that all the considered
carriers improved drug solubility, but only in a limited way, rang-
ing from an about five times increase observed in the presence of
bile acids drug to an about 11-12 times increase observed in the
presence of CS or bile salts (Fig. 2). Moreover, combinations of CS
with bile salts did not show any improvement in drug solubility
with respect to their separated use, indicating the absence of any
synergistic effect.

Phase solubility studies of RAMEB alone and in the presence of
the different examined auxiliary substances, separately and/or in
combination (all at the same concentrations as in the previous sol-
ubility studies), were then performed to investigate their influence
on the cyclodextrin complexing and solubilizing properties. The
obtained phase solubility diagrams showed in all cases linear
curves classified as A;-type according to Higuchi and Connors

[33] (Fig. 3), which are considered indicative of the formation of
soluble complexes of probable 1:1 mol:mol stoichiometry between
drug and RAMEB, irrespective of the presence and type of added
components.

The combined use of RAMEB with the other carriers showed in
all case a synergistic effect on drug solubility improvement, which
was clearly higher than the corresponding theoretical values given
by the sum of the data obtained with the separated carriers. In fact,
the OXA solubility increase ranged from a minimum of about 170
times (RAMEB-UDCA) up to more than 360 times (RAMEB-
NaDHC-CS), with respect to the only about 60 times increase
obtained with RAMEB alone. In particular, the presence of bile
acids and even more of their sodium salts increased the RAMEB
solubilizing efficiency toward the drug from a minimum of 2.2
times (for UDCA) up to about five times (for NaDHC), as appears
from data in Table 1. This result, mainly imputable to the surfac-
tant and solubilizing properties of bile components [23], reflected
the different solubilizing power toward OXA of the examined bile
components, previously observed in the absence of RAMEB (see
Fig. 2). The better performance of sodium salts than the
corresponding acids is attributable in both cases to their higher
hydrophilicity and hydrosolubility. On the other hand, the better
results obtained with NaDHC than with NaUDC could be related
to their different affinities for interacting with OXA. However, the
actual mechanism responsible for the observed findings remains
to be elucidated, and it will be object of further studies. Moreover,
the possible interaction between bile components and cyclodex-
trins should be also taken into account [44,45]. This could explain
the observed reduction in the stability constant values of OXA-
RAMEB complex (Table 1), as a consequence of a probable
competition effect between drug and bile component for complex-
ation with cyclodextrin.

The presence of CS increased the RAMEB solubilizing efficiency
toward the drug of four times, accompanied, also in this case, by a
stability constant reduction in OXA-RAMEB complex. Recent stud-
ies about the influence of CS on cyclodextrin complexing and solu-
bilizing abilities showed that the presence of this polymer reduced
the cyclodextrin complexing power toward various drugs, irre-
spective of their different physicochemical properties [46]. This
was ascribed to the formation of interactions between CS and
cyclodextrin, which hindered the drug-cyclodextrin complexation,
thus giving rise to the association constant reduction. On the con-
trary, the influence of CS on the cyclodextrin solubilizing power
depended on the drug type; in fact, both favorable (as in the pres-
ent case) or negative or no effects have been obtained [20,21,46].
The concurrent formation of particular drug-CS and/or CS-(drug-
cyclodextrin complex) interactions, distinct for each drug type,
was regarded accountable for these different findings [46].
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Fig. 2. Relative solubility increase of oxaprozin in pH 5.5 phosphate buffer solutions at 25 °C, in the presence of 0.0625% w/v of chitosan (CS), and/or of 2.5 mM bile acids
(UDCA or DHCA) or salts (NaUDC). Each point represents the mean of three determinations (CV < 3%).
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Fig. 3. Effect of increasing concentrations of RAMEB, alone or in the presence of
0.0625% w/v of chitosan (CS), and/or of 2.5 mM bile acids (UDCA or DHCA) or salts
(NauDC or NaHDC) on oxaprozin (OXA) solubility in pH 5.5 phosphate buffer
solutions at 25°C. Each point represents the mean of three determinations
(CV < 3%).

Table 1
Apparent stability constants of 1:1 complexes (K;.1) of oxaprozin with RAMEB, alone
or in the presence of CS (0.0625% w/v) and/or bile components (2.5 mM).

Sample Ki.1 (M) Solubilizing efficiency?®
RAMEB 2340 62.6
RAMEB + CS 1110 255.9
RAMEB + UDCA 1520 141.3
RAMEB + DHCA 1410 179.0
RAMEB + NaUDC 1210 285.6
RAMEB + NaDHC 1110 307.2
RAMEB + CS + NaUDC 900 338.1
RAMEB + CS + NaDHC 1070 363.2

@ Ratio between solubility of drug in the presence of 25 mM RAMEB and/or other
components and drug alone in pH 5.5 phosphate buffer at 25 °C.

A further improvement of RAMEB solubilizing efficiency was
obtained in the simultaneous presence of CS and bile salts (Table
1). Therefore, drug-RAMEB-CS systems, with and without NaDHC
or NauUDC, were selected to continue the study.

3.2. Characterization of solid systems

Drug-RAMEB-CS solid systems (with or without NaDHC or
NaUDC) were prepared by physical mixing, co-grinding, kneading,
coevaporation, and sealed-heating, in order to investigate the
influence of the preparation method on the final product perfor-
mance. The DSC curves of pure components and of the products
obtained with the different techniques are shown in Fig. 4. The
thermal curve of OXA was typical of a crystalline anhydrous
substance, exhibiting an initial flat profile followed by a sharp
and intense melting peak at 161.3°C (AHgps=121.6]/g). CS,
RAMEB, and NaDHC revealed a thermal behavior representative
of amorphous hydrated substances, displaying only a broad
endothermal effect ascribed to water loss. The DSC curve of NaUDC
presented instead, after the dehydration band between 70 and
100 °C, a broad fusion peak at 117.1 °C (AHg,s = 22.9 ]/g).

In the OXA-RAMEB-CS series, the drug melting peak was still
evident in the physical mixture (Tpeak 145.7 AHgps=39.25]/g),
while it was scarcely detectable in the kneaded product (Tpeak
130.24, AHy,s 8.82]/g) and completely disappeared in all other
systems, indicative of progressive drug amorphization as a conse-
quence of interactions between the components. The whole
absence of the drug fusion peak was observed in the DSC curves

of all products of both the series containing the bile salts, except
in the case of physical mixtures with RAMEB-CS-NaUDC, where
the melting phenomena of both OXA and NaUDC were still
detectable even if at lower temperature and with reduced enthalpy
(Tpeak NaUDC 113.8°C, AHg;s=3.39]/g; Tpeax OXA 140.0 °C;
AHpys = 11.7 ][g).

DSC analysis was also used to monitor the physical chemical
stability of the different products stored one year under ambient
conditions, in closed glass vials preserved from light. In all cases,
no appreciable modifications in the DSC profiles were observed
at the end of the storage period, indicating the stability of all the
samples, and, in particular, the absence of possible drug recrystal-
lization phenomena and of hygroscopicity problems.

Morphological evaluation of samples, performed by SEM analy-
sis, confirmed DSC results, as shown in Fig. 5 for the selected series
of OXA-RAMEB-CS systems. OXA particles appeared as oblong
polyhedric crystals with smooth surfaces, while RAMEB looked as
amorphous spherical particles and CS as amorphous flakes of
rather irregular size. The typical drug crystals, mixed with particles
of both RAMEB and CS, were clearly detectable in the physical
mixture (Fig. 5D), whereas the morphology of both drug and
carriers changed in co-ground and coevaporated products (Fig. 5E
and F), where it was no more possible to distinguish the single
components.

3.3. Dissolution studies

The drug dissolution curves from OXA-RAMEB-CS systems
obtained by different preparation methods are shown in Fig. 6,
while the related dissolution parameters are collected in Table 2.
It is evident that all ternary systems showed very better dissolu-
tion properties than drug alone, and the extent of this effect signif-
icantly depended (P < 0.05) on the system preparation method. In
particular, the observed improvement (in terms of both initial per-
cent dissolved and dissolution efficiency at the end of the test) ran-
ged from a minimum of about 8 times for physical mixtures up to a
maximum of about 33 times for co-ground products. These results
were consistent with those previously obtained for a series of bin-
ary systems of OXA with different cyclodextrins [9], thus confirm-
ing the importance of the binary system preparation method on
the performance of the obtained product. Moreover, the CS pres-
ence greatly improved the RAMEB solubilizing efficacy toward
OXA with respect to the corresponding OXA-RAMEB binary sys-
tems [9], thus corroborating the results of phase solubility studies.
Co-grinding method confirmed its great effectiveness in establish-
ing powerful solid-state interactions between the components
[47], giving rise to the product with best dissolution behavior.
For this reason, co-ground products of systems containing bile salts
were selected for dissolution studies, in comparison with the
corresponding physical mixtures (Fig. 7 and Table 2). The drug dis-
solution behavior from the different physical mixtures was practi-
cally the same, regardless of the presence and/or the type of bile
salt. On the contrary, the co-ground product containing NaDHC
showed significantly better dissolution properties (P < 0.05) than
the corresponding product with NaUDC and also better (P < 0.05)
than the drug-RAMEB-CS co-ground system, giving rise, respec-
tively, to a 40 and 45 times increase of DP;qy and DEgg values with
respect to the plain drug. The results were consistent with the
higher solubilizing efficacy of NaDHC than NaUDC toward the drug,
as found in phase solubility studies.

However, in spite of the more than 40 times increase in both
percent drug dissolved at 10 min and DEgg values obtained with
the best product, ie., the OXA-RAMEB-CS-NaDHC co-ground
system, it was not enough to allow drug promotion to BCS Class
L. In fact, the OXA equilibrium solubility achieved with this system
was 0.324 mg/mL, clearly still lower than its dose-relative
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Fig. 5. SEM micrographs of pure oxaprozin (A), RAMEB (B), and chitosan (C), and their physical mixture (D), co-ground (E), and coevaporated (F) products.

solubility, calculated according to the FDA guidelines (considering The dissolution profiles of OXA-RAMEB-CS co-ground products,
the usual OXA dosage of 600 mg and a medium volume of 250 mL), containing or not NaDHC or NaUDC, after one year storage under
which is 2.4 mg/mL. However, it is reasonable to suppose that the ambient conditions in closed glass vials preserved from light, were
strong improvement obtained in drug solubility should allow a not significantly different in terms of both percent dissolved drug
reduction in its dosage, and consequently, a further approaching (P>0.05) and dissolution efficiency values (P> 0.05) from those

to satisfy BCS Class I solubility conditions. of the corresponding freshly prepared products (data not shown).
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Fig. 6. Dissolution curves of oxaprozin (OXA) alone and from its physical mixture
(PM), kneaded (KN), sealed-heated (SH), coevaporated (COE), and co-ground (GR)
products with RAMEB and chitosan (CS). Each point represents the mean of four
determinations (CV < 2.5%).

This confirmed the physical stability of the products and proved
that the increased drug dissolution rate was maintained over the
entire storage period.

3.4. Permeability studies

OXA-RAMEB-CS, OXA-RAMEB-CS-NaDHC co-ground products,
resulted as the most effective systems in improving drug dissolu-
tion properties, were then selected, together with their corre-
sponding physical mixtures, for performing transport studies
across Caco-2 cells, in order to evaluate their possible effect on
drug permeability. Binary OXA-RAMEB co-ground systems were
also tested for comparison purposes.

The Caco-2 cell line was selected for this study since it showed
to be a valuable model for evaluation of absorption enhancers. In
particular, it has been successfully used for investigating the possi-
ble effect of CS [15,35,36,48], bile salts [22,49], or cyclodextrins
[50,51] on drug absorption promotion.

LDH test, performed to evaluate the cytotoxicity of the tested
carriers, evidenced that, at the used concentration, no one of the
used carriers was cytotoxic. In fact, values of cellular damage high-
er than 20% were never observed, which corresponded to about
100% of cell survival determined by mitochondrial dehydrogenase
activity (MTT test) [53].

In all the experiments, the transport of the drug was linear over
the time period studied. TEER measurements, performed to verify
the tightness of the junctions between cells [40], showed that no
cellular damage occurred during the experiments. In fact, the final

Table 2
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Fig. 7. Dissolution curves of oxaprozin (OXA) alone and from its physical mixtures
(PM) or co-ground products (GR) with RAMEB and CS, in the presence or not of
NaDHC. Each point represents the mean of four determinations (CV < 2.5%).

TEER values after 150 min never were below 200 Q cm? (with a
variation lower than 20% with respect to the initial values), indic-
ative of the integrity of the cell monolayers [52]. The mass balance
was checked, and in all cases, it was higher than 90%.

The AP-to-BL apparent permeability values of OXA, alone or in
its combinations with the examined carriers, calculated from the
slopes of permeation profiles at 37 °C, are shown in Table 3,
together with the corresponding apparent permeability values of
Yellow Lucifer obtained in the same experiments. No significant
Papp variation (P > 0.05) with respect to the drug alone was found
for OXA equimolar binary combination with RAMEB. This result
suggested that, at the used concentration, RAMEB simply acted
as a solubility enhancer and did not reveal any significant effect
in opening epithelial tight junctions, as confirmed by the lack of
improvement of the hydrophilic marker flux.

On the contrary, a significant (P < 0.05) 1.6-fold increase in drug
permeability was observed in systems containing RAMEB-CS com-
binations. The positive influence of CS could be due to its marked
mucoadhesive properties, allowing a better and more prolonged
drug contact with the cellular membranes. Moreover, CS was also
able to significantly (P < 0.05) increase the Yellow Lucifer perme-
ability through Caco-2 monolayers, probably as a consequence of
reversible tight junctions opening [15]. Then, also this effect could
lead to the observed transport increase in the drug through the epi-
thelial cells. The better effect of RAMEB-CS co-administration, with
respect to RAMEB alone, in promoting drug absorption has been
previously reported for other drugs, such as estradiol [19] or
gliburide [21]. The authors explained the obtained absorption
enhancement with a combined mechanism: at first CS interacts
with the epithelial cells, producing the tight junctions opening,

Percent dissolved at 10 min and dissolution efficiency at 60 min, and ratio test values of OXA alone and from its physical mixtures (PM), kneaded (KN), sealed-heated (SH),
coevaporated (COE), and co-ground (GR) products with RAMEB, CS, and bile salts (mean + SD, n = 4).

Sample DP; oy DEgo DP; oy ratio DEgoy ratio
OXA 0.98 +0.02 1.03 £0.03 - -
PM OXA-RAMEB-CS 8.14+0.19 8.48 +0.21 8.3 8.2
KN OXA-RAMEB-CS 15.51+£0.36 17.05+0.38 15.8 16.5
SH OXA-RAMEB-CS 17.79+0.43 20.27 +0.48 18.1 19.7
COE OXA-RAMEB-CS 23.96 £ 0.58 28.32+0.64 24.4 27.5
GR OXA-RAMEB-CS 32.94+0.75 39.80+0.99 33.6 38.6
PM OXA-RAMEB-CS-NaUDC 7.35+0.17 8.43+0.20 7.5 8.2
GR OXA-RAMEB-CS-NaUDC 35.93+£0.78 42.79 £ 0.80 36.7 41.5
PM OXA-RAMEB-CS-NaDHC 8.67+0.18 8.30+0.19 8.8 8.1
GR OXA-RAMEB-CS-NaDHC 39.40+0.95 45.90 £ 1.05 40.2 44.6




392 F. Maestrelli et al./ European Journal of Pharmaceutics and Biopharmaceutics 78 (2011) 385-393

Table 3

Apparent permeability (Papp) values across Caco-2 cells at 37 °C of oxaprozin (OXA)
alone and from its physical mixtures (PM) and co-ground (GR) products with RAMEB,
CS, and NaDHC and corresponding values of Yellow Lucifer (YL) Papp (n = 6, standard
deviations in brackets).

Sample OXA Papp 107 (cm/s) YL Papp 107 (cm/s)
OXA 2.32 (0.08) 1.12 (0.03)

GR OXA-RAMEB 2.44 (0.09) 1.15 (0.04)

PM OXA-RAMEB-CS 3.79 (0.30) 1.71 (0.12)

GR OXA-RAMEB-CS 3.86 (0.24)* 1.75 (0.15)

PM OXA-RAMEB-CS-NaDHC  5.00 (0.26)*" 2.42 (0.21)*

GR OXA-RAMEB-CS-NaDHC  5.33 (0.34)*" 2.45 (0.25)*"

@ Significantly different (P < 0.05) from OXA alone.
b Significantly different (P<0.05) from the corresponding sample without
NaDHC.

and then RAMEB could more effectively penetrate and extract the
phospholipids from bio-membranes, thus temporarily lowering
their resistance [19].

Moreover, very interesting results were obtained with combina-
tions containing the bile salt. In fact, the simultaneous presence of
CS and NaDHC showed a synergistic effect, giving rise to a 2.3-fold
increase in drug permeability with respect to OXA alone and a sig-
nificant (P < 0.05) 1.4-fold increase with respect to the correspond-
ing systems without NaDHC, accompanied by a further parallel
improvement in the hydrophilic marker permeability (Table 3).
However, differently from previous studies on naproxen-CS sys-
tems [37], where co-ground products were clearly more effective
than physical mixtures in improving drug permeation, suggesting
that the co-grinding treatment gave rise to an activated, more
permeable form of the drug, in the present case, no significant
differences were found between co-ground and simply blended
products. Evidently, the improvement in OXA permeation rate
was due to the intrinsic permeability enhancer effect of the carri-
ers, and not to the presence of drug-carrier interactions, brought
about during the co-grinding process, which, on the contrary, were
responsible for the improved drug dissolution rate (Table 2).

4. Conclusion

This study demonstrated that CS addition improved the RAMEB
effectiveness in enhancing OXA dissolution behavior. Moreover,
the preparation technique of OXA-CS-RAMEB ternary products
highly affected the drug dissolution performance, and co-ground
products gave the best results.

In the same way, OXA-CS-RAMEB systems showed significantly
better (P < 0.05) drug permeation properties through Caco-2 cells
than the corresponding OXA-RAMEB systems. However, in this
case, the effect was directly related to the presence of the carriers,
irrespective of the sample preparation method.

Interestingly, the addition of NaDHC to OXA-CS-RAMEB sys-
tems not only improved drug solubility and dissolution rate, in vir-
tue of the surfactant and wetting properties of bile salts, but also
gave rise to an about 40% drug permeability increase with respect
to the corresponding sample without bile salt, revealing a synergis-
tic enhancer effect between NaDHC and CS.

The obtained results suggested that the use of proper combina-
tions of RAMEB, CS, and NaDHC could be opportunely exploited to
develop suitable oral dosage forms of OXA, able to simultaneously
improve drug solubility and permeability, and, consequently,
enhance and make less variable its bioavailability, and reduce
dose-related side effects.

Finally, based on these findings, it could be envisaged that this
proposed carrier combination could find other useful application as
general enhancer of drug intestinal absorption.
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