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INTRODUCTION

Poor aqueous solubility is usually a major obstacle in the
development of therapeutic agents. Some of the approaches
commonly used to enhance the solubility of poorly soluble
drugs include use of co-solvents (1–2), selection of salt form
(3–4), increase of specific surface area by reduction of particle
size (5), complex formation with excipients such as hydro-
philic polymers and cyclodextrins (6–8), change of crystal
form (polymorphism/amorphism) (9) and preparation of solid
dispersions (10–11). Micellar solubilization is a widely used
alternative for the dissolution of poorly soluble drugs (12–14).
Depending upon the drug hydrophobicity, it can be solubi-
lized in the inner core of the micelle, on the surface of the
micelle or at an intermediate location in the palisade layer.
Solubilization of drugs by surfactant systems has been
reviewed and discussed by many investigators (15–17).

The antidiabetic drugs used in the present work belong
to class II (poor solubility and high permeability) of the
biopharmaceutical classification system (BCS). Improvement
in the solubility of glyburide by solid dispersion technique has
been reported (18). Ammar et al. (19) have shown that the
association of water soluble polymers with glimepiride–
cyclodextrin systems leads to great enhancement in the
dissolution rate of the drug. Complexation with cyclodextrin
has been reported to increase the solubility of gliclazide (20–
21). Surfactants have also been used to enhance the solubility
of antidiabetic drugs (22–23). Alkhamis et al. (22) have
studied the solubilization efficiency and locus of solubilization
of gliclazide for various surfactants. A hydroalcoholic surfac-
tant solution with a relatively low alcohol and Tween-80
content buffered at pH 7.4 has been used as dissolution
medium for glyburide (23). However, detailed studies on
surfactant solubilization of a wide range of antidiabetic drugs
have not been reported. In addition to improving solubility

and bioavailability of drugs, the use of micelles as drug
carriers also presents other advantages such as reduced
toxicity, enhanced permeability and longer residence time in
the system (16). In the present paper an attempt has been
made to enhance the solubility of seven antidiabetic drugs,
gliclazide, glyburide, glimepiride, glipizide, repaglinide, pio-
glitazone and rosiglitazone using cationic, anionic and non-
ionic surfactants and their mixtures.

MATERIALS AND METHODS

Pure samples of sulfonylureas and glitazones were
obtained as gift from M/s USV Pharmaceuticals Ltd., Solan,
H.P., India. Pure repaglinide was a generous gift from Torrent
Pharmaceuticals Ltd., Gujarat, India. All other reagents were
of analytical grade. Water used was double distilled in an all
glass apparatus.

Drug Analysis

Drug estimation was done using ultraviolet absorption
spectroscopic technique. Due to the poor solubility of drugs
in water/aqueous buffer, 0.1 M NaOH and 0.1 M HCl were
used as solvents for drug analysis in the case of sulfonylureas
(gliclazide, glyburide, glimepiride, glipizide) and glitazones
(pioglitazone, rosiglitazone), respectively. Phosphate buffer
(0.1 M), pH 7.4 was used as solvent for repaglinide since the
drug had sufficient solubility in aqueous buffer. Standard drug
solutions in the appropriate solvent were prepared in the
concentration range 10–100 μM and the ultraviolet absorp-
tion spectra were measured against solvent blank. Extinction
coefficients in the relevant solvent, determined from the
absorbance at wavelength corresponding to absorption max-
ima (λmax) versus drug concentration plots, were used to
calculate unknown drug concentrations using Beer Lambert
law. λmax values used for drug analysis were 226, 228, 275,
280, 269, 317 nm in the case of giclazide and glyburide,
glimepiride, glipizide, repaglinide, pioglitazone and rosiglita-
zone, respectively.
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Solubility Determination

For the determination of solubility, excess of drug was
placed in contact with 5 mL of solvent in sealed conical flasks.
The flasks were maintained at 25°C and the contents were
stirred on a magnetic stirrer for 24 h. The solution was
centrifuged and the supernatant was filtered through 0.45 μm
filter. The absorbance of the clear solution was determined at
λmax of the drug after suitable dilution with the appropriate
solvent. The concentration of drug was determined from Beer
Lambert law using extinction coefficients, determined in the
relevant solvent. The solubility was calculated by multiplying
the drug concentration, so obtained, by the appropriate
dilution factor. The reported data are an average of three
determinations. The standard error of mean (SEM), calculat-
ed using statistical software SPSS for Windows, was less than
±0.01 mg/mL in most cases.

Five surfactant systems; a cationic (CTAB), anionic
(SDS) and a non-ionic (Tween-80) surfactant as well as
equimolar mixtures of cationic+non-ionic (CTAB+Tween-
80) and anionic+non-ionic (SDS+Tween-80) surfactants were
studied. Fifty millimolar micellar concentration of surfactant
(Cmicellar=Csurf−CMC, where Cmicellar, Csurf and CMC are the
micellar, total and critical micellar concentrations of surfac-
tant, respectively) was employed in each case. The medium
used for the preparation of surfactant solutions was water,
0.15 M NaCl and 0.1 M phosphate buffer, pH 7.4 (PB).

RESULTS AND DISCUSSION

Solubilities of the antidiabetic drugs used in this work in
water, 0.15 M NaCl and 0.1 M phosphate buffer, pH 7.4 are
given in Tables I, II. Solubility, less than 0.1 mg/mL in most
cases, indicates poor solubility of drugs in these media.
Sulfonylureas and repaglinide, being acidic drugs, solubility
in phosphate buffer (pH 7.4) was higher than that in water.
The presence of salt also increased solubility in most cases.
Alkali and halide ions are known to be water structure
breakers (24). A layer of water molecules beyond the primary
hydration shell which is less ordered than the bulk water, may
be available for drug dissolution resulting in small increase in
drug solubility in the presence of salt.

Due to a large difference in the CMC of cationic, anionic
and non-ionic surfactants, for the same total surfactant
concentration, the fraction of surfactant in micellar form can
be quite different. Since concentration at CMC is approxi-
mately equal to the monomer surfactant concentration, total
surfactant concentration minus CMC can be taken as a
measure of the micellar concentration of surfactant. Solubility
of various drugs in the presence of 50 mM micellar
concentration of an anionic (SDS), cationic (CTAB) and
non-ionic (Tween-80) surfactant, determined at 25°C in
water, is given in Tables I, II. Large solubility enhancement
was observed in each case. Since the solubility of a drug
molecule in water is likely to depend on various diverse
structural factors and physico-chemical properties such as the
size, shape, hydrophobicity of substituent groups and their
effect on the water structure, degree of ionization and other
solute–solute and solute–solvent interactions, the relative
solubility increase by various surfactants was found to vary
with the nature of drug. Non-ionic surfactant (Tween-80) was

found to be a better solvent as compared to ionic surfactants
in the case of most of the sulfonylureas (gliclazide, glyburide,
glimepiride) and repaglinide. The low CMC of non-ionic
surfactants, combined with the low toxicity, makes this class
of surfactants particularly important for solubilization and
delivery of drugs. Solubility of glipizide, pioglitazone and
rosiglitazone, on the other hand, was found to be higher in
ionic surfactants as compared to the non-ionic surfactant.
Amongst ionic surfactants, gliclazide, glyburide, glimepiride
and rosiglitazone had higher solubilization efficiency in cationic
surfactant (CTAB) as compared to the anionic surfactant
(SDS). Glipizide, pioglitazone and repaglinide were more
soluble in anionic surfactant (SDS). The diverse solubilization
behaviour of drugs could not be correlated to the structure and
commonly used physico-chemical properties.

Effect of the Presence of Salt on Solubility Enhancement

The CMC of ionic surfactants decreases in the presence
of electrolytes due mainly to decrease in the electrical
repulsion between ionic head groups. The screening of

Table I. Solubilities of Sulfonylureas in Various Surfactants at 25°C

Drug/surfactant

Solubility (μg/mL) in various surfactantsa

Medium

Water 0.15 M NaCl Buffer

Gliclazide 37.32b 119.21b 175.06b

SDS 583.47 798.20 –
CTAB 825.27 780.97 14,733
Tween-80 2,465.4 4,177.1 3,139.3
SDS+Tween-80 8,991.9 (1,524.4) 4,908.3 (2,487.7) –
CTAB+Tween-80 14,483 (1,645.3) 4,621.1 (2,479.0) 13,731

(8,936.0)
Glyburide 5.96b 9.78b 8.22b

SDS 12.12 22.53 –
CTAB 24.72 29.41 223.31
Tween-80 545.13 174.33 224.46
SDS+Tween-80 425.29 (278.62) 5,236.4 (98.43) –
CTAB+Tween-80 476.02 (284.92) 4,913.2 (101.87) 1,028.3

(223.88)
Glimepiride 6.40b 13.44b 8.63b

SDS 257.31 499.99 –
CTAB 315.81 300.95 8,534.3
Tween-80 407.31 227.70 703.70
SDS+Tween-80 2,591.5 (332.31) 3,771.2 (363.84) –
CTAB+Tween-80 2,759.4 (361.56) 4,267.8 (264.32) 4,039.8

(4,619.0)
Glipizide 10.23b 14.26b 66.48b

SDS 238.27 242.44 –
CTAB 120.10 145.95 2676.0
Tween-80 173.97 71.05 196.04
SDS+Tween-80 533.60 (206.12) 231.73 (156.74) –
CTAB+Tween-80 648.11 (147.03) 224.26 (108.50) 1,929.6

(1,436.0)

aConcentration of surfactants: SDS=58.00 mM, CTAB=51.00 mM,
Tween-80=50.01 mM

b Solubilities in the absence of surfactant
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charges would also lead to micellar growth, resulting in
increased volume in the inner core of the micelle, where
drug would be located. If a drug is solubilized in the inner
core of the micelle, the solubility should increase in the
presence of salt whereas solubilization in the outer palisade
layer should decrease solubility. Thus solubility data in the
presence of salt gives an estimate of the possible locus of
solubilization of a drug in the micelle.

Since even in the absence of surfactant, salt causes a
small change in the aqueous solubility of drugs (Tables I, II),
the effect of salt on surfactant solubilization of drugs has been
discussed with reference to the increase/decrease in the
aqueous solubility in control solutions (without surfactant).
The data is given in Tables I, II. In the case of anionic
surfactant SDS, the presence of salt resulted in increase in
solubilization in all cases except glipizide. The small increase
in the case of glipizide is due to the presence of salt only. Thus
in SDS, all the drugs except glipizide are solubilized in the
inner core of the micelle. In the case of cationic surfactant
(CTAB), the presence of salt resulted in increase in solubility
in the case of glipizide, pioglitazone and rosiglitazone,
indicating thereby that in CTAB these drugs are solubilized
in the inner core of the micelle. Gliclazide and glimepiride, on
the other hand, are solubilized in the outer layer of cationic
surfactant (CTAB). Small increase in the case of glyuburide
and small decrease in the case of repaglinide are due to the
presence of salt only. Alkhamis et al. (22) while studying the
solubilization of gliclazide by aqueous micellar solutions, have

reported that gliclazide is solubilized mainly in the inner core
of the cationic surfactant micelles and in the outer regions of
the anionic surfactant micelles. Our results, however, show a
different behaviour.

In the case of non-ionic surfactant (Tween-80), in all
cases except gliclazide and pioglitazone, the presence of salt
decreased solubility indicating thereby that these drugs are
solubilized in the outer palisade layer in most cases. Since the
antidiabetic drugs used in this work contain a number of
hydrogen bond donors and acceptors, it appears that hydro-
gen bonding interactions between drugs and the polyethylene
oxide (PEO) head groups in Tween-80 are responsible for the
high solubilization capacity of this surfactant. Similar results
have also been reported (16) for the solubilization of non-
steroidal anti-inflammatory drug, ibuprofen.

Combined Effect of Surfactant and Buffer

Although surfactants produced significant solubility
enhancement, the maximum solubility was found to be less
than 1 mg/mL in most cases. It was, therefore, thought of
interest to study the combined effect of surfactant and
buffer. For this purpose phosphate buffer (pH 7.4) was used
as solvent for the preparation of surfactant solutions and
solubility was determined as before. The data is given in
Tables I, II. The combined effect of surfactant and buffer
produced enormous increase in solubility in the case of ionic
surfactants. Higher pH of buffer may be responsible for the
increased solubilization. However, such large increase can-
not be only due to increase in pH of the medium since in the
absence of surfactant, the ratio of solubility in buffer and
water (Tables I, II) is very small. Apparently the presence of
both buffer and surfactant has synergistic effect. It appears
that the presence of buffer affects the micellization process
thereby increasing solubilization of the drugs. Rangel-Yagui
et al. (16) have reported significant reduction in the CMC of
ionic surfactants in phosphate buffer. Since buffer compo-
nents are electrolytes, they decrease CMC due to decreased
electrical repulsion between ionic head groups, thereby
decreasing the CMC and increasing the aggregation number
and volume of micelles (24). Since most of the drugs are
solubilized in the inner micellar core, increased solubiliza-
tion was observed.

In the case of non-ionic surfactant (Tween-80) also
the solubility was higher in phosphate buffer in the case
of all acidic drugs except glyburide. The CMC of non-
ionic surfactants is not much affected by the presence of
buffer (16,24) and therefore, in this case reduction in CMC
is not the cause for increased solubilization. Since the
polyethylene oxide hydrophilic head groups of non-ionic
surfactants interact with water through hydrogen bonds, this
hydrogen bonding ability should decrease in the presence of
buffer, resulting in increased solubilization of drugs in the
palisade layer. In the case of basic drugs, pioglitazone and
rosiglitazone, non-ionic surfactant (Tween-80) was not found
to be a good solvent in aqueous medium; the presence of
buffer had negative effect on the solubilization. The
solubility in relatively alkaline buffered Tween-80 solutions
was lower than the corresponding values in the absence of
buffer.

Table II. Solubilities of Repaglinide and Glitazones in Various
Surfactants at 25°C

Drug/surfactant

Solubility(μg/mL) in various surfactantsa

Medium

Water 0.15 M NaCl Buffer

Repaglinide 39.82b 24.47b 140.86b

SDS 872.05 1,027.5 –
CTAB 835.98 819.47 14,596
Tween-80 980.81 937.08 6,077.6
SDS+Tween-80 1,221.7 (926.43) 919.44 (982.31) –
CTAB+Tween-80 486.45 (908.39) 1,045.0 (878.27) 12,779

(10,337)
Pioglitazone 14.05b 25.70b 10.61b

SDS 417.32 465.11 –
CTAB 89.73 148.13 1,028.2
Tween-80 82.78 112.45 26.40
SDS+Tween-80 565.99 (250.05) 7,065.2 (288.78) –
CTAB+Tween-80 177.34 (86.25) 2,431.3 (130.29) 194.01

(527.29)
Rosiglitazone 30.67b 35.09b 3.79b

SDS 481.19 574.99 –
CTAB 511.94 627.16 3124.8
Tween-80 465.85 416.02 365.22
SDS+Tween-80 168.36 (473.52) 8,253.2 (495.50) –
CTAB+Tween-80 421.66 (488.89) 7,337.8 (521.59) 1,048.7

(1,745.0)

aConcentration of surfactants: SDS=58.00 mM, CTAB=51.00 mM,
Tween-80=50.01 mM

bValues in the absence of surfactant
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Solubilization in Surfactant Mixtures

It is known that mixture of dissimilar surfactants behave
quite differently as compared to single surfactants. The mixed

surfactant systems (ionic+non-ionic) show synergistic behav-
iour and therefore the total quantity of surfactant required is
smaller and physical properties such as CMC and interfacial
tensions are much lower than would be expected based on the

Table III. Surfactant Solubilization Parameters for Various Sulfonylureas

Drug/surfactant

Solubilization parameters

Water 0.15 M NaCl Buffer

χa K $G0
s
a χa K $G0

s
a χa K $G0

s
a

Gliclazide
SDS 33.77 14.63 −6.65 47.05 20.39 −7.47 – – –
CTAB 48.73 21.11 −7.56 45.99 19.93 −7.41 908.79 393.76 −14.81
T-80 150.15 65.06 −10.35 256.01 110.92 −11.67 191.83 83.12 −10.95
SDS+T-80 553.77 239.93 −13.58 301.24 130.52 −12.07 – – –
CTAB+T-80 893.36 387.07 −14.77 283.47 122.82 −11.92 846.82 366.91 −14.63
Glyburide
SDS 0.25 1.03 −0.08 0.67 2.78 −2.54 – – –
CTAB 0.76 3.15 −2.84 0.95 3.94 −3.40 8.80 36.49 −8.91
T-80 21.83 90.53 −11.16 6.82 28.27 −8.23 8.85 36.69 −8.93
SDS+T-80 16.98 70.41 −10.54 211.76 878.22 −16.80 – – –
CTAB+T-80 19.03 78.93 −10.82 198.67 823.96 −16.64 41.39 171.65 −12.75
Glimepiride
SDS 10.23 39.18 −9.09 20.12 77.07 −10.77 – – –
CTAB 12.61 48.31 −9.61 12.01 45.99 −9.49 347.63 1,331.55 −17.83
T-80 16.34 62.60 −10.25 9.02 34.55 −8.78 28.42 108.88 −11.62
SDS+T-80 105.38 403.64 −14.87 153.47 587.83 −15.80 – – –
CTAB+T-80 112.22 429.86 −15.02 173.72 665.38 −16.11 164.42 629.78 −15.97
Glipizide
SDS 10.24 22.30 −7.69 10.42 22.70 −7.74 – – –
CTAB 4.93 10.74 −5.88 6.09 13.27 −6.41 119.66 260.63 −13.78
T-80 7.35 16.01 −6.87 2.73 5.95 −4.42 8.34 18.17 −7.18
SDS+T-80 23.49 51.17 −9.75 9.94 21.66 −7.62 – – –
CTAB+T-80 28.63 62.37 −10.24 9.61 20.93 −7.53 86.16 187.66 −12.97

a χ has been expressed as millimoles of drug solubilized per mol surfactant and $G0
s values are in kilojoules per mole at 298.15 K

Table IV. Surfactant Solubilization Parameters for Repaglinide and Glitazones

Drug/surfactant

Solubilization parameters

Water 0.15 M NaCl Buffer

χ K $G0
s
a χ K $G0

s
a χ K $G0

s
a

Repaglinide
SDS 36.77 20.90 −7.53 43.64 24.80 −7.96 – – –
CTAB 35.18 19.99 −7.42 34.45 19.58 −7.37 643.23 365.53 −14.62
T-80 41.58 23.63 −7.84 39.65 22.53 −7.72 266.80 151.61 −12.44
SDS+T-80 52.23 29.68 −8.40 38.87 22.09 −7.67 – – –
CTAB+T-80 19.74 11.22 −5.99 44.42 25.24 −8.00 562.91 319.88 −14.29
Pioglitazone
SDS 20.53 28.71 −8.32 22.96 32.11 −8.60 – – –
CTAB 3.85 5.39 −4.17 6.83 9.55 −5.59 51.62 72.19 −10.60
T-80 3.50 4.89 −3.93 5.01 7.01 −4.82 0.63 0.88 +0.32
SDS+T-80 28.10 39.29 −9.10 358.93 501.94 −15.41 – – –
CTAB+T-80 8.31 11.62 −6.08 123.05 172.07 −12.76 9.16 12.81 −6.32
Rosiglitazone
SDS 19.03 14.69 −7.53 22.99 17.75 −7.96 – – –
CTAB 20.33 15.69 −7.42 25.19 19.45 −7.37 130.68 100.87 −14.62
T-80 18.38 14.19 −7.84 16.28 12.56 −7.72 14.13 10.91 −12.44
SDS+T-80 5.82 4.49 −8.40 347.29 268.07 −7.67 – – –
CTAB+T-80 16.51 12.75 −5.99 308.63 238.22 −8.00 43.00 33.19 −14.29

a χ has been expressed as millimoles of drug solubilized per mole surfactant and $G0
s values are in kilojoules per mole at 298.15 K
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properties of pure components (25,26). Moreover, since non-
ionic surfactants have relatively less toxicity as compared to
the ionic surfactants, combination with the same total
surfactant concentration will have lower toxicity. It was
therefore, thought of interest to study equimolar mixtures of
a cationic+non-ionic and anionic+non-ionic surfactants at the
same total micellar concentration (50 mM) for solubility
enhancement. The results are given in Tables I, II. In general,
surfactant mixtures were found to be better solvents than
single surfactants. The observed solubility was found to be
much larger than the value calculated for an equimolar
mixture of the two surfactants, in most cases. In aqueous
medium, the solubility increase was found to be 6–9, 7–8, 2–5
times as compared to the calculated value in the case of
gliclazide, glimepiride, glipizide/pioglitazone, respectively. In
the presence of 0.15 M NaCl, surfactant mixtures were found
to be especially good solvents; the solubility was larger by 48–
53, 10–16,19–25, 14–17 times in the case of glyburide,
glimepiride, pioglitazone and rosiglitazone, respectively. In
pH 7.4 buffer medium, the use of surfactant mixtures
produced noticeable increase (about five times) only in the
case of glyburide.

Surfactant mixtures were found to be particularly good
solvents for very poorly soluble antidiabetic drugs such as
glyburide, glimepiride, pioglitazone and rosiglitazone which
could be dissolved up to 5.24, 4.27, 7.06 and 8.25 mg/mL at
25°C. A very high solubility (>10 mg/mL) could also be
attained for gliclazide. The mixed surfactant systems are
known (25,26) to show nonideal synergistic behaviour result-
ing in substantial reduction in CMC and interfacial tensions,
higher aggregation number and larger micellar size compared
to the pure components. Large increase in the drug solubili-
zation efficiency of mixed micelles shows that the drugs are
solubilized in the inner core of mixed micelles. The increase
in solubility in the presence of salt in most cases of surfactant
mixtures also indicates solubilization into the inner core of
mixed micelles.

Surfactant Solubilization Parameters

Usually, the solubility of a drug molecule by a surfactant
can be evaluated based on two descriptors: molar solubilization
capacity, χ, and micelle–water partition coefficient, K: � ¼
Stot � Swð Þ=Cmicellar (where Stot is the total drug solubility, Sw is
the water drug solubility, Cmicellar is the micellar concentra-
tion of surfactant), is defined as the number of moles of drug
that can be solubilized by one mole of micellar surfactant. It
characterizes the ability of the surfactant to solubilize drug.
The micelle–water partition coefficient, K ¼ Stot � Swð Þ=Sw ,
is the ratio of the drug concentration in the micelle to the
drug concentration in water for a particular surfactant
concentration. From the thermodynamic point of view, the
solubilization can be considered as a normal partitioning of
the drug between micelle and aqueous phase and the
standard free energy of solubilization, $G0

s can be repre-
sented as $G0

s ¼ �RT lnK , where R, T and K are the
universal gas constant, temperature and molar partition
coefficient between micelle and aqueous phase, respectively.
χ, K and $G0

s values for the solubilization of different drugs
in various surfactants are given in Tables III, IV. In general, χ
and K values, which give quantitative estimate of the

solubilization efficiency of surfactant, were found to be higher
for non-ionic surfactant (Tween-80) as compared to the ionic
surfactants and equimolar ionic+nonionic surfactant mixtures
as compared to the individual surfactants. The sign and
magnitude of $G0

s values indicated the effect of the nature of
drug, nature of surfactant system and the medium (water/
sodium chloride/buffer) on the spontaneity of the solubiliza-
tion process.

SUMMARY AND CONCLUSIONS

Micellar solubilization of seven poorly soluble antidia-
betic drugs, gliclazide, glyburide, glimepiride, glipizide, repa-
glinide, pioglitazone and rosiglitazone has been studied using
cationic (CTAB), anionic (SDS) and non-ionic (Tween-80)
surfactants and cationic+non-ionic and anionic+non-ionic
surfactant mixtures in the absence and presence of salt
(0.15 M NaCl)/phosphate buffer (0.1 M, pH 7.4). In general,
non-ionic surfactant was found to be a better solvent as
compared to ionic surfactants. The combined effect of
surfactant and buffer as well as solubilization in ionic–
non-ionic mixed surfactant systems was synergistic and large
solubility enhancement could be attained. The presence of
salt resulted in increased solubilization in single and mixed
surfactant systems in most cases. In general, drugs are
solubilized in the inner core of ionic surfactants as well as
mixed surfactant systems and the outer core of non-ionic
surfactant. Very poorly soluble antidiabetic drugs such as
glyburide, glimepiride, pioglitazone and rosiglitazone could
be dissolved up to 5.24, 4.27, 7.06 and 8.25 mg/mL and for
gliclazide, a very high solubility up to about 15 mg/mL could
be attained. Surfactant solubilization parameters; molar
solubilization capacity, χ, micelle–water partition coefficient,
K and standard free energy of solubilization, ΔG0

s , gave
quantitative estimate of the solubilization efficiency of the
surfactant system.
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