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Abstract

The effect of chitosan and of different concentrations of B- or hydroxypropyl-p-cyclodextrins, separately or in various (w/w) combinations, on
the dissolution characteristics of glyburide (an oral hypoglycemic agent subject to incomplete and variable bioavailability) and on its permeability
through Caco-2 cells has been investigated. Cyclodextrins (and particularly the hydroxypropyl-derivative, in virtue of its higher water solubility)
were clearly more effective than chitosan in enhancing the drug dissolution properties: the aqueous glyburide solubility was improved 40-fold in
the presence of 25 mM hydroxypropyl-B-cyclodextrin, 25-fold in the presence of 13 mM B-cyclodextrin (saturation solubility) and only 3-fold in
the presence of chitosan at its saturation concentration (0.5% w/v). When chitosan and cyclodextrin were simultaneously present, a strong
reduction of the cyclodextrin solubilizing efficiency towards the drug was observed, and it was attributed to a possible competition effect of
polymer and glyburide for the interaction with the macrocycle. By contrast, permeation studies revealed that chitosan was more powerful than
cyclodextrins in enhancing the glyburide permeability through Caco-2 cells. This was probably in virtue of the polymer’s favourable effect on the
tight junctions opening, as demonstrated by the significant decrease in the transepithelial electrical resistance recorded in its presence. Moreover,
interestingly, when using the carriers together, conversely from solubility studies, a significant (P <0.05) synergistic effect in enhancing glyburide

apparent permeability was revealed in permeation experiments.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Glyburide; Solubility; Permeability; Caco-2 cells; Cyclodextrins; Chitosan

1. Introduction

Glyburide is an oral hypoglycemic agent belonging to the
second generation of sulfonylureas commonly employed in the
treatment of type II non insulin-dependent diabetes. However,
its very low water solubility can cause incomplete and variable
bioavailability and, consequently, possible bio-inequivalence
among its pharmaceutical dosage forms [1-3]. Over the last
few years, various approaches aimed at enhancing glyburide
dissolution properties have been made, such as drug
amorphization [4], solid dispersion [5-8] or complexation
with cyclodextrins [9,10].

Chitosan [(1->4)-2-amino-2-deoxy-p-D-glucan] is a linear
cationic natural polysaccharide which presents several
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desirable biological properties such as non-toxicity, high
biocompatibility and biodegradability. In recent years it has
been extensively investigated for its potential in the
development of several drug delivery systems, due to its
bio-adhesiveness and transmucosal penetration enhancer
abilities, accompanied by wide availability in nature,
low cost and high flexibility in use [11-13]. Furthermore,
it has demonstrated its effectiveness in improving dissolution
properties and bioavailability of poorly-soluble drugs
[14-17].

On the other hand, the solubilizing capacities of cyclodex-
trins towards a number of drugs are well known [18,19]. In
addition, their possible enhancer effect on drug permeation
through cell membranes has been reported [20-23] and
different mechanisms have been proposed by the various
authors for explaining this effect.

Furthermore, the possible use of cyclodextrins as candidates
for coenhancer effect could be considered. In fact, it has been
shown that the presence of cyclodextrins may promote the
potency of other absorption enhancers [24,25]. However, the
negative effects on drug bioavailability of the combined use of
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cyclodextrins and some hydrophilic polymers has been also
observed [26].

Therefore, in the present work we considered it worthy of
interest to evaluate the effect of cyclodextrins and chitosan,
either separately or in different (w/w) combinations, on both
the solubility and permeability characteristics of glyburide.
Caco-2 cells, a colon rectal adenocarcinoma cell line of human
origin, were selected as the in vitro model for permeability
studies, since they have shown to be a valuable tool to
investigate human intestinal absorption of drugs [27-29].

2. Materials and methods
2.1. Materials

Glyburide (GB) was obtained from Guidotti Laboratori
S.p.A. (Pisa, Italy). Hydroxypropyl-B-Cyclodextrin MS 0.9
(HPBCd) and B-Cyclodextrin (BCd) were a kind gift from
Roquette Italia S.p.A. Chitosan (CS) (molecular weight 150,
000, deacetylation degree 75-85%) was supplied by Sigma
Chem. Co. (St Louis, USA). Solvents used in the HPLC
procedure were of HPLC grade. All other reagents were of
analytical grade.

2.2. Solubility studies

Solubility studies were performed by adding an excess of
drug (70 mg) to 15 mL of water (pH=6.3) or unbuffered
aqueous solutions of CS (from 0.025 to 0.5% w/v) (pH= 6.5),
or Cd (from 5 to 25 mM) (pH=6.2) in sealed glass vials
electromagnetically stirred (500 rpm) at constant temperature
(25 °C) until equilibrium (2 d). An aliquot of solution was then
withdrawn with a filter-syringe (pore size 0.45 um), and the
drug concentration was spectrometrically determined at
300 nm (UV/Vis 1601 Shimadzu). The presence of Cd and/or
CS did not interfere with the assay. Each experiment was
performed in triplicate (coefficient of variation C.V. <2.5%).

2.3. Cell cultures

The Caco-2 cell line was kindly provided by Dr A.
Zweibaum and Dr M. Rousset (INSERM U170, Villejuif,
France). Cells were grown at 37 °C in a 10% CO,/90% air
atmosphere using as culture medium a Dulbecco’s modified
Eagle’s solution (pH 7.4) additioned of 10% fetal bovine
serum (FBS) and 1% non-essential amino-acids (NEAA)
(Life Technologies Eragny, France). Cells at passages 80—85
were seeded at a density of 10” cells/cm” on polycarbonate
filters (area 1.13 cm?) in Costar Snapwell six-well plates
(Costar Europe Ltd, Badhoevedorp, The Netherlands). The
culture medium was added with 110 IU/mL benzylpenicillin
G and 100 pg/mL streptomycin sulphate (Life Technologies
Eragny, France) and changed every second day. Cell cultures
were kept at 37°C in an atmosphere of 95% relative
humidity, 10% CO,. Filters were used for transport studies
21-28 days after seeding [29].

2.4. Transport studies

Test solutions were made up of pH 7.0 buffered Hanks’
balanced salt solution (HBSS) containing 4.0 X 10”2 mM GB
(drug saturation solubility) alone or in the presence of CS
(0.0625% wi/v) and/or Cd (BCd 3.75 or 7.5 mM or HPRCd 7.5,
15 or 25 mM). For the dynamic transport experiments, filters
were placed into Grass-Swettana chambers and pre-incubated
at 37 °C, in the presence of 1.5 mL pH 7.0 buffered HBSS on
both the sides of the chambers in an atmosphere of 95% air and
5% CO,. After equilibration, the medium at the apical (AP)
side of the cells was replaced by 3.0 mL of test solution (donor
compartment). At predetermined times 20 uL. samples, with-
drawn from the basolateral (BL) side (i.e. the acceptor
compartment) and replaced with an equal volume of fresh
HBSS solution, were assayed for drug content by HPLC as
described below (Section 2.6). Results were corrected for
dilution and expressed as cumulative transport as a function of
time. Each experiment was performed on six filters
contemporaneously.

The apparent permeability coefficient was calculated
according to the following equation:

_do11
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where P.,, is the apparent permeability coefficient (cm/s),
dQ/dt (ug/s) the rate of appearance of the drug on the
basolateral side, A the surface area of the monolayers
(1.13 cm?), and C, (pg/mL) the initial drug concentration in
the donor compartment.

In the case of drug alone, additional permeation trials were
carried out at 4°C with the aim of evidencing possible
mechanisms of active transport.

A mass balance calculation was always performed to
determine if phenomena of accumulation, metabolism of the
solute or adsorption to the apparatus occurred [30].

The results of all the permeation experiments, expressed as
average values + SD (n=06), were statistically analysed by one-
way analysis of variance (ANOVA) followed by the Student-
Newman-Keuls multiple comparison post test (Graph Pad
Prism, Version 3). The differences were regarded as
statistically significant when P <0.05.

2.5. Measurement of the transepithelial electrical
resistance (TEER)

Measurement of TEER was performed to evaluate possible
damage of the cellular monolayer during the experiments. The
TEER values were calculated by determining the potential
difference between the two faces of the cell monolayer using a
Millicell® ERS meter (Millipore, Bedford, MA, USA)
connected to a pair of chopstick electrodes [31]. Measurements
started 10 min prior to incubation on the apical side of the cells
with the testing and blank solutions. All experiments were
performed in sextuple in a 95% air and 5% CO, atmosphere at
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37 °C. Average TEER values for untreated cell monolayers
were over 350 QX cm?.

Fluorescent hydrophilic Lucifer Yellow (St Quentin
Fallavier, France) was employed as marker to check the
junction integrity of the Caco-2 cell monolayer during the
experiments. 300 pL. of a HBSS solution of Lucifer Yellow
(3 mg/100 mL) were added to the apical side and, at time
intervals, samples withdrawn from the basolateral side were
assayed using a fluorescence 96-wells plate reader Cytofluor ™
4000 (Perkin—Elmer). Results were corrected for dilution and
expressed as cumulative transport as a function of time.

2.6. High performance liquid chromatography (HPLC) assay

HPLC analyses were performed with a Shimadzu SPD-6A
apparatus equipped with an injector valve with a 20 pL. sample
loop (Mod. Rheodyne) using a C18 Hypersil ODS (5 pum 250 X
4.6 mm) column. The mobile phase consisted of a mixture of
acetonitrile/water (60:40 v/v). The flow rate was 1.0 mL/min
(LC-10AS Shimadzu pump). GB was detected spectrometri-
cally (UV-vis SPD-10A Shimadzu) at 230 nm. No interference
was found for the marker Lucifer Yellow.

2.7. Lactate dehydrogenase (LDH) cytotoxicity text

LDH test was used to evaluate the cytotoxicity of the
tested carriers. LDH is a stable cytoplasmic enzyme normally
present in most cells; it is released into the cell culture
supernatant upon damage of cellular membrane. LDH test
allows determination of LDH release from cells based on a
colorimetric quantitation after an enzymatic reaction [32,33].
LDH leakage from Caco-2 cells was measured by using the
assay-kit provided by Roche diagnostics (Meylan, France).
Briefly, after incubation in the wells, the cells were washed
with pH 7.0 buffered HBSS and then additioned of 200 pL of
medium containing the product to be tested. Spontaneously
released LDH in intact cells (low control) and maximum
LDH released after cell lysis using 1% v/v of Triton®™ X-100
solution (high control) were also determined. The plates were
incubated for 120 min at 37 °C. After incubation, 100 pL. of
supernatant were transferred from each well to a new plate
and added of 100 pL of reconstituted reaction medium. The
wells were incubated at 37 °C for 30 min, and then the
enzymatic reaction was stopped by adding 50 pL/well of 1 N
HCI solution. Absorbance values were measured within 1h
at 4990 nm with the ELISA reader. Cytotoxicity of the
samples was calculated as follows:

A%am e _As on
%cytotoxicity = —mple spont oy

max _Aspom

where Agmpie is the absorbance value for the cells treated
with the sample, Agyonc the value for the spontaneous LDH
release and A, the value in lysed cells in the presence of
Triton®™.
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Fig. 1. Phase-solubility diagram of glyburide (GB) in the presence of increasing
concentrations of HPBCd (@) or BCd (H).

3. Results and discussion
3.1. Phase-solubility studies

The aqueous solubility of GB linearly increased with
increasing the concentration of both native and hydroxypro-
pylated BCd, giving in all cases A type phase-solubility
diagrams [34] (Fig. 1). The apparent 1:1 binding constants of
the GB—Cd complexes, calculated from the slope of the
straight lines of the phase-solubility diagrams [34] were
1873160 M~ for BCd and 1497 +45M ™" for HPRCd. The
slight decrease of the complex stability constant observed for
the BCd-derivative, with respect to that of the parent one,
suggested that the presence of hydroxypropyl substituents
could hinder the inclusion of the drug into the Cd cavity
owing to the partial obstruction of its opening. An analogous
phenomenon was previously observed for other drugs such as
ibuprofen [35] or ibuproxam [36]. On the other hand, our
result disagreed with that of Savolainen et al. who found a
reversed trend for the binding constants of complexes of
HPBCd and BCd with GB [10]. A possible explanation for
these contrasting results could be the very different Cd
concentration range used in phase-solubility studies (0-25 or
0-75 mM, respectively). This same consideration is also true
for the possible formation of GB—Cd complexes of 1:2 mol/
mol stoichiometry, observed in the presence of high ligand
concentrations [10]. However, in virtue of its higher water
solubility, the solubilizing efficiency of HPBCd, calculated as
the ratio between GB solubilities in 25 mM HPBCd aqueous
solution and in pure water, was about 40, clearly greater than
that of the parent compound at its water saturation
concentration (13 mM), which was 25. Also the presence of
CS in the aqueous solution improved the drug’s water
solubility (Fig. 2), but the solubilizing efficiency of the
polymer, calculated at its highest concentration used (0.5% w/
v, i.e. the polymer aqueous saturation solubility), was only
about three.

Unexpectedly, when phase-solubility experiments were
performed with Cds in the presence of 0.0625% w/v CS (i.e.
the polymer concentration used in permeation studies), the
drug solubility improvement was clearly lower than in the
presence of Cd alone, indicating a possible competition effect
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Fig. 2. Phase-solubility diagram of glyburide (GB) in the presence of increasing
concentrations of chitosan (CS) (A).

between polymer and drug for the interaction with
the macrocycle (Fig. 3). In particular, the solubilizing
efficiency of both Cds decreased by about four to five times
passing from 40 to 8 for HPBCd (at 25 mM conc) and from 25
to 6 for BCd (at 13 mM conc) and the apparent stability
constants of the related drug-Cd complexes dropped to 295 and
395 M, respectively.

3.2. Transport studies

Subsequently, in order to evaluate if the examined carriers
(used both separately and in combination) also have some
effect on the GB permeability, we performed a series of
transport studies across Caco-2 cells. This cell line was
selected, since it has shown to be a valuable model for the
evaluation of absorption enhancers, and, in particular, it has
been successfully used for studying the possible effect of CS
[11,29,31,37,38] or Cds [39-42] on drug absorption promotion.
Different Cd concentrations were tested in drug transport
studies, in the presence or not of a fixed concentration of CS
(0.0625% w/v). This latter was selected, on the basis of the
LDH test, as the highest CS concentration with acceptable
cytotoxicity, i.e. about 25%. This limit was selected
considering that values up to 20% toxicity (determined by
LDH test) corresponded to about 100% of cell survival
determined by measurements of mitochondrial dehydrogenase
activity (MTT test) [43]. Neither BCd nor HPBCd were
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Fig. 3. Phase-solubility diagram of glyburide (GB) in the presence of increasing
concentrations of HPCBd (O) or BCd () and a fixed concentration (0.0625%
w/v) of chitosan (CS).

Table 1

Apparent permeability (P,y,,) values across Caco-2 cells at 37 °C of glyburide
(GB) alone or in the presence of 0.0625% w/v chitosan (CS) or different BCd or
HPBCd concentrations, with or without 0.0625% w/v CS (standard deviations
in brackets)

Sample Papp 1073 (cm/s)?
GB alone 2.16 (0.25)
GB+CS 3.4 (0.65)°
GB+3.75 mM BCd 2.1 (0.28)
GB+7.5mM BCd 2.50 (0.40)

GB+3.75 mM BCd+CS
GB+7.5mM BCd+CS

3.30 (0.52)"¢
4.15 (0.57)><4

GB+7.5 mM HPBCd 2.15 (0.26)
GB+ 15 mM HPBCd 2.38 (0.44)
GB+25 mM HPBCd 2.60 (0.57)
GB+7.5 mM HPBCd+CS 3.24 (0.42)>¢
GB+ 15 mM HPBCd+CS 420 (0.67)>4
GB +25 mM HPBCd+CS 4.79 (0.93)><4

% Mean=+SD (n=6).

b Significantly different (P <0.05) from GB alone.

¢ Significantly different (P<0.05) from the corresponding sample without
CS.

4 Significantly different (P <0.05) from sample with CS alone.

cytotoxic to Caco-2 cells, according to the LDH test, even at
the highest concentration used (13 and 25 mM, respectively).

In all cases, the transport of the drug was linear over the time
periods studied. The AP-to-BL apparent permeability values
(Pypp) of GB alone or in the presence of the different carriers
examined, separately or in combination, calculated from
permeation profiles at 37 °C, are shown in Table 1.

The AP-to-BL P,;, value of GB alone determined at 4 °C
was 1.97X10 2 cm s~ 1, i.e. very similar to the value obtained
at 37 °C (2.16 X 10° cm s_l), indicating that mechanisms of
active transport were not involved in the GB cellular
membrane permeation process.

As can be seen from the data in Table 1, the permeation
enhancer power towards the drug of the two types of carriers
(CS and Cd) was in the opposite order than that observed for
their solubilizing efficacy. In fact CS, while used at a very low
concentration (0.0625% w/v) in order to avoid any problem of
cellular toxicity, was clearly effective as absorption enhancer,
giving an about 60% increase of GB apparent permeability. No
significant P, variation (P>0.05) of GB with respect to the
drug alone was instead found at any of the tested concen-
trations of both BCd or HPBCd.

It is generally recognised that Cds act as carriers by keeping
hydrophobic drug molecules in solution and delivering them to
the surface of biological membranes where they partition into
the membrane. Therefore, if the carrier simply acts as a
solubility enhancer and does not interfere with cell membrane
integrity and permeability (since drug permeation occurs by
passive diffusion of free drug reaching the cell surface), the
drug flux will increase with Cd concentration when the drug is
in suspension, and decrease when Cd is in excess [20,44]. Thus,
under the present experimental conditions (drug saturation
solubility), we should observe a reduction of drug permeation
in the presence of Cd, and such an effect should become more
evident with increasing the Cd concentration. On the contrary,
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we found a slight increase, although not statistically significant
(P>0.05), of the drug P, value. As a possible explanation of
such findings, it could be hypothesized that Cd has some
permeation enhancer effect towards GB, but it is almost
counterbalanced by the reduction of free drug available for
absorption, due to the complex formation.

Very interesting results were obtained when CS and Cd
were used in combination. In fact, in spite of the negative effect
observed in solubility studies, the simultaneous presence of the
two types of carriers showed, by contrast, a favorable
synergistic effect in improving drug permeability. The drug
P, values obtained when CS and Cd were present together
were significantly higher (P <0.05) not only than those
obtained with all the corresponding samples with Cd alone,
but also, over a threshold concentration of Cd, than those with
CS alone (Table 1). Moreover, it can be observed that the
threshold concentration was lower for BCd (7.5 mM) than for
HPBCd (15 mM). However, the greater water solubility of the
hydroxypropyl-derivative allowed use of higher concentrations
in its combinations with CS (up to 25 mM), thus obtaining
higher drug P,p, values, up to an about 120% P, increase in
comparison with the drug alone.

In accordance with the previous formulated hypothesis,
these results could be explained by considering that, as found in
phase-solubility studies, CS strongly reduces the GB-Cd
complex stability, thus increasing the free drug amount in
solution and allowing the permeation enhancer effect of Cd to
be put in evidence.

TEER percent variation and Lucifer Yellow P,,, values
obtained for some representative transport experiments are
reported in Table 2. Measurements of the TEER were
performed in order to verify the tightness of the junctions
between cells [31] and as an aid in interpreting the results of
drug permeation studies. No cellular damage occurred during
the experiments, since the TEER values never were below
200 QX cm?, indicative of the integrity of the cell monolayers
[45]. CS was able to both significantly (P <0.05) decrease the
TEER of Caco-2 monolayers and increase the hydrophilic
marker permeability, probably as a consequence of tight
junctions opening [11]. These findings seem to indicate that

Table 2

TEER at 120 min (% of the initial value) and Yellow Lucifer (Y.L.) Py, values
across the Caco-2 cell monolayer during the transport experiments at 37 °C of
glyburide (GB) alone or in the presence of 0.0625% w/v chitosan (CS) or
different BCd or HPBCd concentrations, with or without 0.0625% w/v CS
(standard deviations in brackets)

Sample TEER (%) Y.L ‘Pypp 1076 (con/s)?
GB alone 102 (19) 1.77 (0.05)

GB+CS 69 (12)° 231 (0.27)°
GB+7.5mM BCd 110 (19) 1.64 (0.06)
GB+7.5mM BCd+CS 73 (13)°¢ 2.69 (0.29)*¢

GB+25 mM HPBCd 105 (18) 1.81 (0.04)

GB +25 mM HPBCd+CS 77 (14)°¢ 271 (0.14)>¢

% Mean+SD (n=56).

® Significantly different (P<0.05) from GB alone.

¢ Significantly different (P <0.05) from the corresponding sample without
CS.

the GB permeation enhancement obtained in the presence of
CS could be attributed to the polymer effect on the tight
junctions. In contrast, Cds alone were ineffective, at all the
concentrations used, in opening epithelial tight junctions, as
demonstrated by unchanged (P>0.05) TEER values and lack
of enhancer effect of the marker flux. On the other hand,
possible extraction of cellular membrane components
[39,41,46] or inhibitory effects on drug efflux phenomena
mediated by P-glycoprotein [40,42] could be responsible for
the enhancing effect of Cd on GB absorption. In particular, GB
is, as tacrolimus [42], a substrate of P-glycoprotein [47].

4. Conclusion

This study has demonstrated that both BCd and its highly
hydrosoluble hydroxypropyl-derivative are clearly more effec-
tive in enhancing the GB dissolution behavior with respect to the
hydrophilic but poorly water-soluble CS. Moreover, when using
the carriers together, a possible competition effect was observed
in solubility studies, with a consequent reduction of cyclodex-
trin solubilizing efficiency towards GB.

On the contrary, the presence of Cds, at all the tested
concentrations, did not significantly increase the GB per-
meability across Caco-2 cells, whereas CS was distinctly more
efficacious enabling a 1.6-fold increase of the drug apparent
permeability.

Furthermore, conversely from that observed in solubility
studies, permeation experiments revealed a significant syner-
gistic effect of Cd and CS in enhancing drug permeability.
Considering that in all transport experiments the drug was not
in suspension but in solution, a possible explanation of such
results could be the marked decrease of the GB—Cd complex
stability constant observed in the presence of CS. In fact it has,
as a consequence, an increase of the free drug amount available
for permeation, and thus, it could render the enhancing effect of
Cd on GB permeation evident.

Further studies are in progress in order to verify these
hypotheses and clarify the mechanisms responsible for these
findings. However, the obtained results suggest that the
simultaneous presence of both these carriers, at suitable
relative concentrations, could be opportunely exploited to
develop suitable oral dosage forms able to simultaneously
improve GB solubility and permeability, and, consequently,
enhance and make less variable its bioavailability.

Acknowledgements

Financial support from MIUR is gratefully acknowledged.

References

[1] L. Groop, E. Wahlin-Boll, K.J. Totterman, A. Melander, E.M. Tolppanen,
F. Fyhrqvist, Pharmacokinetics and metabolic effects of glibenclamide and
glipizide in type 2 diabetes, Eur. J. Clin. Pharmacol. 28 (1985) 697-704.

[2] J.B. Chalk, M. Patterson, M.T. Smith, M.J. Eadie, Correlations between
in vitro dissolution, in vivo bioavailability and hypoglycaemic effect of
oral glibenclamide, Eur. J. Clin. Pharmacol. 31 (1986) 177-182.



246 N. Zerrouk et al. / European Journal of Pharmaceutics and Biopharmaceutics 62 (2006) 241-246

[3] H. Blume, S.L. Ali, M. Siewert, Pharmaceutical quality of glibenclamide
products: a multinational postmarket comparative study, Drug Dev. Ind.
Pharm. 19 (1993) 2713-2741.

[4] D. Cordes, B.W. Miiller, Deactivation of amorphous glibenclamide
during dissolution, Eur. J. Pharm. Sci. 4 (1996) S187 P3.087.

[5] G.V.Bertageri, K.R. Makarla, Characterization of glyburide polyethylene
glycol solid dispersions, Drug Dev. Ind. Pharm. 22 (1996) 731-734.

[6] M. Iwata, H. Ueda, Dissolution properties of glibenclamide in
combinations with polyvinylpyrrolidone, Drug Dev. Ind. Pharm. 22
(1996) 1161-1165.

[7] N.M. Sanghavi, H. Venkatesh, V. Tandel, Solubilization of glibenclamide
with B-cyclodextrin and its derivatives, Drug Dev. Ind. Pharm. 20 (1994)
1275-1283.

[8] M. Valleri, P. Mura, F. Maestrelli, M. Cirri, R. Ballerini, Development
and evaluation of glyburide fast dissolving tablets using solid dispersion
technique, Drug Dev. Ind. Pharm. 30 (2004) 525-534.

[9] R.J.Babu, K.J. Pandit, Enhancement of dissolution rate and hypoglicemic
activity of glibenclamide with B-cyclodextrin, S.T.P. Pharma Sci. 5
(1995) 196-200.

[10] J. Savolainen, K. Jarvinen, H. Taipale, P. Jarho, T. Loftsson, T. Jarvinen,
Co-administration of a water-soluble polymer increases the usefulness of
cyclodextrins in solid oral dosage forms, Pharm. Res. 15 (1998)
1696-1701.

[11] L. Illum, Chitosan and its use as a pharmaceutical excipient, Pharm. Res.
15 (1998) 1326-1331.

[12] O. Felt, P. Buri, R. Gurny, Chitosan: a unique polysaccharide for drug
delivery, Drug Dev. Ind. Pharm. 24 (1998) 979-993.

[13] W. Paul, C.P. Sharma, Chitosan, a drug carrier for the 21th century, S.T.P.
Pharma Sci. 10 (2000) 5-22.

[14] S. Shiraishi, M. Arahira, T. Imai, M. Otagiri, Enhancement of dissolution
rates of several drugs by low molecular chitosan and alginate, Chem.
Pharm. Bull. 38 (1990) 185-187.

[15] A. Portero, C. Remuiian-Lopez, J.L. Vila-Jato, Effect of chitosan and
chitosan glutamate enhancing the dissolution properties of the poorly
water soluble drug nifedipine, Int. J. Pharm. 175 (1998) 75-84.

[16] P. Mura, N. Zerrouk, N. Mennini, F. Maestrelli C. Chemtob,
Development and characterization of naproxen-chitosan solid systems
with improved drug dissolution properties, Eur. J. Pharm. Sci. 19 (2003)
67-75.

[17] N. Zerrouk, N. Mennini, F. Maestrelli, C. Chemtob, P. Mura, Comparison
of the effect of chitosan and polyvynilpyrrolidone on dissolution
properties and analgesic effect of naproxen, Eur, J. Pharm. Biopharm.
57 (2004) 93-99.

[18] K.H. Fromming, J. Szejtli, Cyclodextrins in Pharmacy, Kluwer Academic
Publishers, Dordrecht, 1994.

[19] K. Uekama, F. Hirayama, 1. Tetsumi, Cyclodextrin drug carrier systems,
Chem. Rev. 98 (1998) 2045-2076.

[20] M. Masson, T. Loftsson, G. Masson, E. Stefansson, Cyclodextrins as
permeation enhancers: some theoretical evaluations and in vitro testing,
J. Control. Rel. 59 (1999) 107-118.

[21] T. Irie, K. Uekama, Cyclodextrins in peptide and protein delivery, Adv.
Drug Del. Rev. 36 (1999) 101-123.

[22] H. Matsuda, H. Arima, Cyclodextrins in transdermal and rectal delivery,
Adv. Drug Del. Rev. 36 (1999) 81-99.

[23] E. Redenti, C. Pietra, A. Gerloczy, L. Szente, Cyclodextrins in
oligonucleotide delivery, Adv. Drug Del. Rev. 53 (2001) 235-244.

[24] Y. Kaji, K. Uekama, H. Yoshikawa, K. Takada, S. Muranishi, Selective
transfer of 1-hexylcarbamoyl-5-fluorouracil into lymphatics by combi-
nation of B-cyclodextrin polymer complexation and absorption promotor
in the rat, Int. J. Pharm. 24 (1985) 79-89.

[25] K. Uekama, T. Kondo, K. Nakamura, Modification of rectal absorption of
morphine from suppositories with a combination of a-cyclodextrin and
viscosity-enhancing polymer, J. Pharm. Sci. 84 (1995) 15-20.

[26] S.Y. Lin, J.C. Yang, Effect of B-cyclodextrin on the in-vitro permeation
rate and in-vivo rectal absorption of acetaminophen hydrogel prep-
arations, Pharm Acta Helv. 65 (1990) 262-268.

[27] P. Artursson, Cell culture as models for drug absorption across the
intestinal mucosa, Crit. Rev. Ther. Drug Carrier Syst. 8 (1991) 105-130.

[28] H. Lennernis, K. Palm, U. Fagerholm, P. Artusson, Comparison between
active and passive drug transport in human intestinal epithelial (Caco-2)
cells in vitro and human jejunum in vivo, Int. J. Pharm. 127 (1996)
103-107.

[29] AF. Kotzé, B.J. de Leeuw, H.L. LueBen, A.G. de Boer, J.C. Verhoef,
H.E. Junginger, Chitosans for enhanced delivery of therapeutics peptides
across intestinal epithelia: in vitro evaluation in Caco-2 cell monolayers,
Int. J. Pharm. 159 (1997) 243-253.

[30] V. Pade, S. Stavchansky, Link between drug absorption solubility and
permeability measurements in Caco-2 cells, J. Pharm. Sci. 87 (1998)
1604-1607.

[31] G. Borchard, H.L. LueBen, A.G. de Boer, J.C. Verhoef, C. Lehr,
H.E. Junginger, The potential of mucoadhesive polymer in enhancing
intestinal peptide drug absorption. III. Effect of chitosan-glutamate and
carbomer on epithelial tight junctions in vitro, J. Control. Rel. 39 (1996)
131-138.

[32] C. Korzeniewski, D.M. Callewaert, An enzyme-release assay for natural
cytotoxicity, J. Immunol. Methods 64 (1983) 313-320.

[33] G. Konjevic, V. Jurisic, I. Spuzic, Corrections to the original LDH release
assay for the evaluation of NK cell cytotoxicity, J. Immunol. Methods 200
(1997) 199-201.

[34] T.Higuchi, K.A. Connors, Phase-solubility techniques, Adv. Anal. Chem.
Instrum. 4 (1965) 117-212.

[35] P. Mura, G.P. Bettinetti, A. Manderioli, M.T. Faucci, G. Bramanti,
M. Sorrenti, Interactions of ketoprofen and ibuprofen with B-cyclodex-
trins in solution and in the solid state, Int. J. Pharm. 166 (1998) 189-203.

[36] P. Mura, N. Zerrouk, M.T. Faucci, F. Maestrelli, C. Chemtob,
Comparative study of ibuproxam complexation with amorphous
B-cyclodextrin derivatives in solution and in the solid state, Eur.
J. Pharm. Biopharm. 54 (2002) 181-191.

[37] P. Artursson, T. Lindmark, S.S. Davis, L. Illum, Effect of chitosan on the
permeability of monolayers of intestinal epithelial cells (Caco2), Pharm.
Res. 11 (1994) 1358-1361.

[38] N.G.M. Schipper, M.V. Kjell, P. Artursson, Chitosan as absorption
enhancers for poorly absorbable drugs.1. Influence of molecular weight
and degree of acetylation on drug transport across human intestinal
epithelial (Caco-2) cells, Pharm. Res. 13 (1996) 1686-1692.

[39] L. Hovgaard, H. Brondsted, Drug delivery studies in Caco-2 monolayers.
IV. Absorption enhancer effects of cyclodextrins, Pharm. Res. 12 (1995)
1328-1332.

[40] K. Yunomae, H. Arima, F. Hirayama, K. Uekama, Involvement of
cholesterol in the inhibitory effect of dimethyl-B-cyclodextrin on
P-glycoprotein and MRP2 function in Caco-2 cells, FEBS Lett. 536
(2003) 225-231.

[41] B. Haeberlin, T. Gengenbacher, A. Meinzer, G. Fricker, Cyclodextrins -
useful excipients for oral peptide administration? Int. J. Pharm. 137
(1996) 103-110.

[42] H. Arima, K. Yunomae, F. Hirayama, K. Uekama, Contribution of
P-glycoprotein to the enhancing effects of dimethyl-B-cyclodextrin on
oral bioavailability of tacrolimus, J. Pharmacol. Exp. Therap. 297 (2001)
547-555.

[43] H. Vihola, A. Laukkanen, L. Valtola, H. Tenhu, J. Hirvonen, Cytotoxicity
of thermosensitive polymers poly(N-isopropylacrylamide), poly(N-
vinylcaprolactam) and amphiphilically modified poly(N-vinylcaprolac-
tam), Biomaterials 26 (2005) 3055-3064.

[44] Z. Zuo, G. Twon, B. Stevenson, J. Diakur, L.I. Wiebe, Flutamide-
hydroxypropyl-B-cyclodextrin complex: formulation, physical character-
ization and absorption studies using the Caco-2 in vitro model, J. Pharm.
Pharmaceut. Sci. 3 (2000) 220-227.

[45] J. Phillips, A. Arena. Optimization of Caco-2 cell growth and
differentiation for drug transport studies, Millipore Corporation Protocol
Note PC1060ENO00, 2003.

[46] T. Yang, A. Hussain, J. Paulson, T.J. Abbruscato, F. Ahsan, Cyclodextrins
in nasal delivery of low-molecular-weight heparins: in vivo and in vitro
studies, Pharm Res. 21 (2004) 1127-1136.

[47] P.E. Golstein, A. Boom, J. Van Geffel, P. Jacobs, B. Masereel,
R. Beauwens, P-glycoprotein inhibition by glibenclamide and related
compounds, Pflugers Arch. Eur. J. Physiol. 437 (1999) 652-660.



	Influence of cyclodextrins and chitosan, separately or in combination, on glyburide solubility and permeability
	Introduction
	Materials and methods
	Materials
	Solubility studies
	Cell cultures
	Transport studies
	Measurement of the transepithelial electrical resistance (TEER)
	High performance liquid chromatography (HPLC) assay
	Lactate dehydrogenase (LDH) cytotoxicity text

	Results and discussion
	Phase-solubility studies
	Transport studies

	Conclusion
	Acknowledgements
	References


