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ABSTRACT The solubility of fenofibrate in pH 6.8 Mcllvaine buffers
containing varying concentrations of sodium lauryl sulfate was determined.
The dissolution behavior of fenofibrate was also examined in the same
solutions with rotating disk experiments. It was observed that the enhance-
ment in intrinsic dissolution rate was approximately 500-fold and the
enhancement in solubility was approximately 2000-fold in a pH 6.8 buffer
containing 2% (w/v) sodium lauryl sulfate compared to that in buffer alone.
The micellar solubilization equilibrium coefficient {k'') was estimated from the
solubility data and found to be 30884 ±213 L/mol. The dififusivity for the free
solute, 7.15x10 ^ cmVs, was calculated using Schroeder's additive molal
volume estimates and Hayduk-Laurie correlation. The diffusivity of the drug-
loaded micelle, estimated from the experimental solubility and dissolution
data and the calculated value for free solute diffusivity, was 0.86 x 10"^ cm^/s.
Thus, the much lower enhancement in dissolution of fenofibrate compared to
its enhancement in solubility in surfactant solutions appears to be consistent
with the contribution to the total transport due to enhanced micellar
soiubilization as well as a large decrease {-^8-fold) in the diffusivity of the
drug-loaded micelle.
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INTRODUCTION
Fenofibrate (isopropyl ester of 2-[4-(4-chloro-benzoyl) phenoxy]-2-methyl-

propanoic acid) is a widely used hypolipidemic drug. Its pharmacological
activity consists in reducing triglyceride and cholesterol concentration in
plasma (Adkins & Faulds, 1997; Balfour et al., 1990; Genest et al., 2000; Guay,
1999; Kosoglou et al., 2004; Packard, 1998).

Solubihty and permeability are the fundamental parameters controUing the
rate and extent of drug absorption. Amidon and co-workers devised a
Biopharmaceutics Classification System (BCS) that categorized drugs into four
classes according to their solubility and permeability properties (Amidon et al.,
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1995). The objective of the BCS is to predict in vivo
pharmacokinetic performance of drug products from
measurements of permeability and solubility. Corre-
lations or non-correlations with the in vivo process
may be explained by evaluation of these parameters of
a drug product (Wu & Benet, 2005). According to the
BCS, fenofibrate is a Class II, low solubility, and high
permeability drug.

It is well known that dissolution of a drug in vivo is
affected by the environmental changes in the gastro-
intestinal tract such as pH, surfactant, ionic strength,
buffer capacity, or viscosity (Dressman et al., 1998). A
prerequisite for drug absorption and clinical success
for all drugs given orally in a solid dosage form is its
dissolution within the gastrointestinal tract, which in
many cases can be the rate-limiting step in the in vivo
overall absorption process (Remon et al., 1983).

It is generally accepted that the dissolution media
are not completely representative of gastrointestinal
(GI) conditions (Horter & Dressman, 1997), yet it is
proposed in guidelines that a good method will
employ a dissolution media that is physiologically
meaningful or closely mimics in vivo conditions
(Skelly et al., 1993).

The in vivo dissolution rate for many poorly water-
soluble drugs is enhanced due to the presence of
micelle forming surfactants in the intestinal fluid (del
Estal et al., 1993). Aqueous micelle solutions are
structurally "simple" and are often used as models for
the more complex and metastable biological mem-
branes as their interfaces are structurally similar (He
et al., 1989).

The upper intestinal region in the fasted state has
bile salt concentrations of--5 mM (Tangerman et al.,
1986). It is proposed that for low solubility neutral
compounds, the concentration of solubilizing com-
pounds in bile salts or in meals is the prime deter-
minant of solubility and, hence, dissolution behavior
(Galiaetal., 1996).

It has been suggested that inclusion of surface active
agents in dissolution media is important for poorly
soluble compounds because lack of a surface tension
lowering agent would result in poorer wetting and in
vitro dissolution rates that are not representative of in
vivo rates (Galia et al, 1999). The FDA has promoted
the use of surfactants in media for conducting
dissolution studies of poorly soluble compounds
(Noory et al., 1999; Shah et al., 1995).

Wetting is an important factor in the dissolution
process, both in vitro and in vivo (Gibaldi & Feldman,
1970; Luner et al., 1996). Veiga and Ahsan (2000)
observed that the addition of SLS to the dissolution
media enhances the dissolution efficiency of the
poorly water-soluble drug, tolbutamide, by acting as
a wetting agent (Luner & VanDer Kamp, 2001).

Surfactants often need to be used in the in vivo-
in vitro correlations (IVIVC). Lake et al. (1999) found
a favorable IVIVC of carbamazepine immediate
release tablets with the parameters primary related to
the absorption phase when a 1% w/v aqueous solution
of SLS was used as the dissolution testing medium
(Lakeetal., 1999).

A variety of surfactants have been used to adjust the
surface tension and solubilizing capacity of dissolution
media (Abdou, 1989; Crison et al., 1996). The dissolution
rate of poorly water-soluble drugs thus becomes a func-
tion of the solubilization of drug molecules into mi-
celles, as well as the diffusivity of the drug-loaded micelles.

In this study, compressed rotating disks of fenofi-
brate with a constant surface area were used to
investigate the effect of sodium lauryl sulfate (SLS)
on the intrinsic dissolution rate (J) of this compound,
an un-ionizable, water-insoluble drug. Also, the
equilibrium solubility (S) of fenofibrate was deter-
mined in aqueous phosphate buffer solutions con-
taining different concentrations of SLS.

MATERIALS AND METHODS

Chemicals

Fenofibrate and 99% pure SLS, were purchased from

Sigma Chemical Company (St. Louis, MO, USA). Dis-

tilled, filtered water was used for all dissolution experiments.

Dissolution Experiments
The rotating disk method was used to determine the

J of fenofibrate. Fenofibrate powder (200 mg) was
compressed in a rotating disk die into non-disintegrat-
ing disks at 1000-pound pressure for 3 min in a hy-
draulic laboratory press (Fred S. Carver, Inc., Summit,
NJ). The rotating disk die was constructed of stainless
steel with a tablet radius of 0.55 cm. The stainless steel
die was then screwed onto a Plexiglas shaft connected
to an overhead synchronous motor (Cole-Palmer
Scientific, Niles, IL). The dissolution experiments were
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carried out in a water-jacketed beaker maintained at
37±1.0'^C with a circulating water bath. The dissolu-
tion media consisted of Mcllvaine buffer at pH value
of 6.75, prepared by mixing appropriate quantities of
0.1 M citric acid and 0.2 M disodium hydrogen
phosphate, and contained SLS as a pharmaceutical
surfactant at concentrations of 0, 0.05, 0.5, 1.0, and
2.0% (w/v). All dissolution media were degassed prior
to use and 200 mL of each medium was placed in the
jacketed beaker. It was assumed that sink conditions
were maintained throughout the entire experiment
because of the low concentrations (less than 10% of the
saturation solubihty) measured in the dissolution cell.
The dissolution medium was continuously circulated
through ultraviolet (UV) spectrophotometer flow cells
at 8 mL/min using a peristaltic pump (Masterflex,
Cole-Palmer Instrument Co., Chicago, IL). The
absorbance was recorded at predetermined intervals
at 290 nm (Perkin-EImer Lambda 3B UV/VIS Spec-
trophotometer, Oak Brook, IL). The rotating disk-
dissolution experiments were conducted at 50, 100,
and 200 rpm in triplicate. The intrinsic dissolution
rates were estimated with the slope of the regression
line (0.9868<r>0.9996) of the plot dissolved amount
of fenofibrate (mg/cm^), as a function of time (min),
multiplied by the volume of the medium (200 ml),
divided by the surface area of the compact disk (0.950
cm ), using linear regression assuming zero intercept.
Values of 0.007 cm^/s and 0.0076 cmVs were used for
the kinematics viscosity for aqueous phosphates buffer
solution and all surfactant concentrations studied,
respectively (Lee et al., 2005).

Solubility Determinations
The solubility of fenofibrate in different concen-

trations of surfactant was determined by placing excess
of fenofibrate (the aqueous solubility of fenofibrate
was determined using powder obtained after grinding
and then sonicading the suspension for 1 h) in 20 mL
scintillation amber vials containing solution, and
gently agitating on an orbital shaker-water bath (LAB-
LINE Instruments INC., Melrose Park, IL). After 72 h.
so that the equilibrium could be achieved, the contents
were filtered through a 0.45 )im filter (Acrodisc" 13
GHP, Gelman Laboratory, Ann Arbor, MI) and
assayed. Fenofibrate concentrations in solutions with
SLS concentrations highest to 0.5% w/v were measured

at 290 nm with a Perkin Elmer-Lambda 3B UV/VIS
spectrophotometer. Fenofibrate concentrations in
aqueous or 0.05% w/v SLS solutions were assayed using
high performance liquid chromatography (HPLC). The
concentration of fenofibrate was calculated by refer-
ence to predetermined standard curves. All solubilities
were measured in triplicate at 37±1°C and reported
as the mean ± the standard deviation of the mean.

HPLC Analysis
The chromatographic system consisted of a pump

(model 501, Waters Associates, Milford, MA) operated
at 1 mL/mi, a sample processor (WISP Model 712,
Waters Associates, Milford, MA), a variable wave-
length UV detector (Spectroflow 783 Absorbance
detector, Kratos Analytical Instruments, Ramsy, NJ)
set at 290 nm, and connected to an integrator (HP 3396
Series II, HP Company, Avondale, PA). The mobile
phase consisted of a mixture of acetonitrile and 0.02 M
phosphoric acid solution (70:30, v/v). The analytical
column used was a LiChroCART" column (250 x
4 mm I.D.) packed with LiChrospher" 100 RP-18,
5 |im particle size (EM Science, Gibbstown, NJ)
preceded by a LiChroCART" guard column (4 x
4 mm) of the same packing material. The retention time
of fenofibrate under these conditions was ^-5.7 min.

RESULTS AND DISCUSSION

Effect of SLS on Solubility
and Dissolution

Figure 1 shows the enhanced solubility (total
solubility divided by aqueous phosphate buffer

2500

2000-

0.04

[SLS], Molar

006 0.08

FIGURE 1 Fenofibrate Solubility Enhancement [S,oiai (Total
Solubility)/Swater (Aqueous Solubility)] as a Function of the
Surfactant Concentration.
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FIGURE 2 Flux of Fenofibrate at Different Concentrations of
SLS as a Function of the Square Root of the Rotational Speed of
the Disk (4 0.5% w/v SLS; • 1.0% w/v SLS; • 2.0% w/v SLS).

solubility) of fenofibrate in different concentrations of
SLS plotted as function of surfactant concentration.

Enhanced solubility was observed at surfactant
concentrations > 0.5% (0.017 M), which is well above
the critical micelle concentration (cmc) reported in the
literature for pure SLS in water (approximately 0.008
M). In aqueous media, fenofibrate exhibits very poor
solubility at 37°C (<0.0002912 mg/ml). A 2% w/v
solution of SLS (0.069 M) increased the solubility
of fenofibrate more than 2145-fold, indicating that
the incorporation of fenofibrate into the micelle
was significant.

The equilibrium coefficient, k:'-'., was determined by
fitting the data to the following equation:

TABLE 2 Intrinsic Dissolution Rate 200 rpm, Flux and
Reaction Factor as a Function of SLS Concentration

— 1 + « (1)

where S is the solubility and C;«(̂ ) is the molar
concentration of SLS.

The equilibrium coefficient, ^*, was found by linear
regression to be 30884±213 L/mol.

The Levich equation (Levich, 1962) describes the
intrinsic dissolution or flux of a drug dissolving from a
rotating disk for a diffusion-convection controlled
dissolution process

where Js is the flux, Ds is the diffusion coefficient of
the diffusing compound, v is the kinematics viscosity,

TABLE 1 Diffusivity of Free Solute (Ds) and Effective Diffusiv-
ity of Free Solute and Drug-Loaded Micelle {Df,n) as Function of
SLS Concentration (x 10

0.0 0.0173

7.15 1.02

"^cm

SLS,

/̂sec)

molar

0.0347

0.97

0.0693

0.83

SLS, molar Flux, (mg/cm^/s)x10"

0
0.0173
0.0347
0.0693

0.0153
0.2187
0.4290
0.7724

0) is the angular velocity of rotation, and C, is the
initial concentration of the diffusing epecies.

For dissolution into surfactant solutions, substitut-
ing Ds with the effective diffusion coefficient (/),j//)>
which is a weighted average diffusivity of the free {Ds)
and micelle-bound drug (Z),,w)) modifies Eq. 2 to

where/lotai is the total flux.
Under conditions of constant dififlisivity and area, a

plot of the flux determined from the dissolution rate
as a function of square root of angular velocity should
yield a straight line, as can be seen in Fig. 2.

From the slope of the regression line of the Levich
plot (0.9867<r>0.999), the effective diffusion coef-
ficients were calculated (Table 1).

On the basis of the observed linear relationship and
zero intercept, the dissolution was assumed to be
diffusion controlled according to Eq. 2.

The dissolution rate of fenofibrate in aqueous
phosphate buffer could not be measured due to its
limited aqueous solubility. Therefore, a theoretical
value of diffusivity for the free solute of 7.15 x 10"
cm^/s was calculated from the estimated molal volume
(Reid et al., 1977).

The reaction factor, which is taken as the total flux
divided by the flux of fenofibrate in aqueous

y = 7453.9X + 1
= 0.9885

0.02 0.04 0.06

[SLS], Molar

0.08

FIGURE 3 Reaction Factor for the Film Equilibrium Model as a
Function of Surfactant Concentration.
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TABLE 3 Effective and Micellar Diffusion Coefficients of Fenofibrate

Solubility ratio
P2% w/v 5L5/5o)

Dissoiution ratio,
200 rpm

^2% w/v SLS/-/S)

Ds diffusion
coefficient in

phosphate buffer,
x iO ^cm^/s

Deii effective diffusion
coefficient in

2% w/v SLS, x10"^cm^

Dsm micellar
diffusion coefficient,

x iO ^cm^/s

2144.712 504.41 7.15 0.83 0.85

phosphate buffer (Table 2), was plotted against the
surfactant concentration in Fig. 3. From the slope of
this plot, D^n^ was calculated according to Eq. 4 and
was found to be 0.85 x 10 '̂  cm^/s.

(4)

Drug dissolution in micellar solutions is affected by
two competing factors. The first factor is the
solubilization effect due to the uptake of drug into
the micelles, which enhances the solubility. The
second factor is that the enhancement in the effective
molecular size of the diffusing species reduces its
overall apparent diffusivity. The relative values of the
increased solubility and decreased diffusivity deter-
mine the magnitude of dissolution rate enhancement
(Stella etal., 1998).

In the case of fenofibrate, the lack of corresponding
increase in dissolution rate relative to its solubility
accounts for a decrease in the diffusion coefficient of
this drug (Table 3). The diffusion coefficient in
micellar solution was almost '^8 times lower than of
that of the fenofibrate in aqueous phosphate buffer.
This decrease in diffusivity is due to the higher
molecular weight of [Fenofibrate] m.̂ eiie compared to
that of the free solute (Gibaldi et al., 1970).

CONCLUSIONS
SLS significantly increased the solubility and

dissolution rate of fenofibrate. The solubility enhance-
ment in a 2% w/v SLS solution was ^2000 times
higher than that of fenofibrate in aqueous phosphate
buffer solution and, the enhancement in its intrinsic
dissolution rate was -̂  500-fold. Thus, the much lower
enhancement in dissolution of fenofibrate compared
to its enhancement in solubility in surfactant solutions
appears to be consistent with the contribution to the
total transport due to enhanced micellar solubiliza-
tion, as well as a large decrease (~8-fold) in the
diffusivity of the drug-loaded micelle.

The in vivo dissolution rate for many poorly water-
soluble drugs is enhanced due to the presence of
micelle forming surfactants in the intestinal lumen.
The dissolution of solid dosage forms is a complex
process and involves multiple steps. Each step may
be influenced to some degree by the mixture of sur-
face active agents present in the media (Luner, 2000).
Schott et al. suggested that release of drugs from tablets
would be most influenced by surfactants through the
mechanisms of wetting, micellar solubilization and
deflocculation (Schott et al., 1982). Therefore, the
dissolution results obtained in this study indicate that
the addition of a surfactant agent such as SLS to the
dissolution medium could be a suitable way to mimic
the in vivo dissolution process to predict the oral
absorption of the tested drug through an IVIVC.

REFERENCES

Abdou, H. M. (1989). Dissolution, Bioavailability and Bioequivalence.
Mack: Easton, PA, 37.

Adkins, J, C, & Faulds, D. (1997). Micronized fenofibrate: a review of its
pharmacodynamic properties and clinical efficacy in the manage-
ment of dyslipjdaemia. Drugs, 54, 615-633.

Amidon, G. L, Lennernas, H., Shap, V. P., & Crison, J. R. (1995). A
theorical biopharmaceutical drug classification: the correlation of
in vitro drug product dissolution and in vivo bioavailability.
Pharmaceutical Research, 12. 413-420.

Balfour, J. 5., McTavish, D., & Hell, R. C. (1990). Fenofibrate. A review of
its pharmacodiynamic and pharmacokinetic properties and
therapeutic use in dyslipidaemia. Drugs, 40, 260-290.

Crison, J. R., Shah, V. P., Skelly, J. P., & Amidon, G. L. (1996). Drug
dissolution into micellar soiutions. Development of a convective
diffusion model and comparison to the film equilibrium model
with application to surfactant-facilitated dissolution of carbama-
zep\ne. Journal of Pharmaceutical Sciences, 85. 1005-1011.

del Estal, J. L., Alvarez, A. i., Villaverde, C, & Pneto, J. G. (1993).
Comparative effects of anionic, natural bile acid surfactants and
mixed micelles on the intestinal absorption of the anthelmintic
albendazole. International Journal of Pharmaceutics. 91. 105-
109.

Dressman, J. B., Amidon, G. L., Reppas, C, & Shah, V. P. (1998).
Dissolution testing as a prognostic tool for oral drug absorption:
immediate release dosage forms. Pharmaceutical Research, 15.
11-22.

Galia, E., Nicolaides, E., Reppas, C, S Dressman, J. 8. (1996). New media
discriminate dissolution of poorly soluble drugs. Pharmaceutical
Research, 13, S262.

Galia, E., Hbrton, J., & Dressman, J. B. (1999). Albendazole generics—a

921 Fenofibrate in Sodium Lauryl Suifate Solutions



comparative in vitro study. Pharmaceutical Research, 16. 1871-
1875.

Genest, J. Jr., Nguyen, N. H., Theroux, P., Davignon, J,, & Cohn, J. S.
(2000). Effect of micronized fenofibrate on plasma lipoprotein
levels and hemostatic parameters of hypertriglyceridemic patients
with low levels of high-density Iipoprotein cholesterol in the fed
and fasted state. Journal of Cardiovascular Pharmacology, 35.
164-172,

Gibaldi, M,, & Feldman, S. (1970). Mechanisms of surfactant effects on
drug absorption. Journal of Pharmaceutical Sciences 59. 579-
589.

Gibaldi, M.. Feldman, S., & Weiner, N. D. (1970) Hydrodynamic and
diffusional considerations in assessing the effects of surface active
agents on the dissolution rate of drugs. Chemical and Pharma-

, ceuticat Bulletin. 18, 715-723.
Guay. D. R. (1999). Micronized fenofibrate: a new fibric acid

hypolipidemic agent. Annals of Pharmacotherapy, 33, 1083-
1103.

He. Z.. O'Connors, P. J.. Romsted, L. S., & Zanette, D. J. (1989). Specific
counterion effects on indicator equilibria in miceller solutions of
decylphosphate and lauryl sulfate surfactants. Journal of Physical
Chemistry. 93. 4219-4226.

Horter, D,, & Dressman. J. B. (1997), Influence of physiochemical
properties on dissoiution of drugs in the gastrointestinal tract.
Advanced Drug Delivery Reviews, 25, 3-14.

Kosoglou. T., Statkevich, P,, Fruchart, J.-C, Pember. L. J. C, Reyderman.
L, Cutler, D. L, Guillaume, M., Maxwell, S. E., & Veltri, E. P.
(2004). Pharmacodynamic and pharmacokinetic interaction be-
tween fenofibrate and ezetimibe. Current Medical Research and
Opinion, 20, 1197-1207.

Lake, 0. A,, Oiling. M.. & Barends, D. M. (1999). in vitro/in vivo
correlations of dissolution data of carbamazepine immediate
release tablets with pharmacokinetic data obtained in healthy
volunteers. European Journal of Pharmaceutics and Biopharma-
ceutics, 48, 13-19.

Lee. H., Park. S. A., & Sah. H. (2005). Surfactant effects upon dissolution
patterns of carbamazepine immediate release tablet. Archives of
Pharmaceutical Research. 28, 120-126.

Levich, V. (1962). Physicochemical Hydrodynamics. Prentice Hall: Engle-
wood Cliffs. NJ, 60-72.

Luner, P. E. (2000), Wetting properties of bile salt solutions and dis-
solution media. Journal of Pharmaceutical Sciences. 89. 382-
393.

Luner. P. E.. & VanDer Kamp, D. (2001). Wetting characteristics of media

emulating gastric fluids. Internationai Journal of Pharmaceutics,
212, 81-91.

Luner, P. E., Babu, S. R,, & Metha, S. C. (1996). Wettability of a
hydrophobic drug by surfactant solutions. Internationai Journal of
Pharmaceutics, 128. 29-44.

Noory, C, Tran, N.. Ouderkirk, L, Brown, S., Perry, J,, Lopez, J., Colon, M.
M,. Faberlle, M., Henry. K., Roberg, J,, All, S. N.. & Sha, V, (1999).
Rethinking the use of water as a dissolution medium. Dissolution
Technologies, 6. 6-7.

Packard, C, J. (1998). Overview of fenofibrate. European Heart Journal.
suppi A. A62-A65.

Reid. R. C, Prausnitz, J, M.. & Sherwood, T. K (1977) The Properties of
Gases and Liquids. New York: McGraw Hill Book Co., pp. 57-59.
567-582.

Remon. J. P,, Belpaire. F., Van Severen, R,. & Braeckman, P. (1983).
Interaction of antacids with antiarrhythmics. Arzneimittel-For-
schung, 33. 117-120.

Schott, H., Kwan, L C, & Feldman, S. (1982). The role of surfactants in
the release of very slightly soluble drugs from tablets. Journal of
Pharmaceutical Sciences. 71. 1038-1045.

Shah, V. P., Noory, A., Noory, C, McCullough, B., Clarke. S., Everett, R.,
Naviasky. H,, Srinivasan. B. N., Fortman, D., & Sketly. J, P, (1995),
In vitro dissolution of sparingly water-soluble drug dosage forms.
International Journal of Pharmaceutics, 125, 99-106,

Skelly, J. P,, Van Buskirk. G. A,, Savello, D. R., Amidon, G, L,, Arbit, H. M.,
Dighes, S.. Fawzi, M. B.. Gonzoiez, M. A., & Malick, W, A. (1993).
Scale up of immediate release oral solid dosage forms.
Pharmaceutical Research, 10. 1800-1805,

Stella, V. J,, Martodihardjo, S., Terada, K., & Rao, V. M, (1998). Some
relationships between the physical properties of various 3-
acyloxymethyl prodrugs of phenytoin to structure: potential in
vivo performance implications. Journai of Pharmaceutical Scien-
ces. 87, 1235-1241.

Tangerman. A,. Shaik. A. V., & Hoek, E, W. V. D. (1986), Analysis of
conjugated and unconjugated btle acids in serum and jejunal fluid
of normal subjects. Clinica Chimica Acta, 159, 123-132,

Veiga, M. D., & Ahsan, F, (2000). Influence of surfactants (present in the
dissoiution media) on the release behaviour of tolbutamide from
Its inclusion complex with (i-cyclodextrin. European Journal of
Pharmaceutical Sciences, 9, 291-299,

Wu, C.-Y., & Benet. L. Z. (2005). Predicting drug disposition via
application of BCS: transport/absorption/elimination interplay
and development of a Biopharmaceutics Drug Disposition
Classification System. Pharmaceutical Research, 22, 11-23.

G. E. Granero, C Ramachandran, and 6. L Amidon 922






