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Lecithin, a major phospholipid component of human bile, is instru-
mental in the formation of mixed micelles in vivo, with implications
for the dissolution and absorption of poorly soluble compounds ad-
ministered orally. Hydrocortisone, a poorly aqueous soluble drug
(S.q = 1.08 X 1073 M), was chosen to compare the rate and mech-
anism of dissolution in a NaTC/lecithin (mixed micelle) system with
its NaTC-only (simple micelle) counterpart. Surface tension, solu-
bility studies, contact angles, rotating disk dissolution rates, and
powder dissolution rates were compared for hydrocortisone be-
tween solutions containing NaTC/lecithin (4:1) and NaTC-only un-
der conditions representative of the small intestine (0-30 mM NaTC,
pH 5.5, 0.1 M NaCl). At all concentrations, the solubility of hydro-
cortisone in NaTC/lecithin was slightly higher (up to twofold) than in
the corresponding NaTC-only solutions. At low NaTC concentra-
tions, initial powder dissolution rates were faster in the NaTC/leci-
thin solutions than in corresponding NaTC-only solutions. In con-
trast, at high NaTC concentrations, initial powder dissolution rates
in the NaTC-only solutions were faster. Results indicated that in the
NaTC-only system wetting effects predominated for dissolution,
while in the NaTC/lecithin system, the dissolution rate of hydro-
cortisone was enhanced mainly via solubilization.

KEY WORDS: hydrocortisone; bile salts; sodium taurocholate; lec-
ithin; micelles; dissolution rate; solubility; contact angles; wetting.

INTRODUCTION

A common explanation for improvements in the absorp-
tion of poorly soluble drugs taken with food is that their
dissolution is enhanced by the presence of bile (1). Bile salt
surfactants, along with other components of biliary secretion
including phospholipids, cholesterol, triglycerides, pig-
ments, and ions, interact not only with each other, but also
with dietary components such as fatty acids and triglycerides
to modify drug bioavailability.

Using indomethacin and phenylbutazone as model com-
pounds, Miyazaki et al. (2,3) attempted to discern the mech-
anism by which simple bile salt systems enhance the disso-
lution of poorly soluble drugs. Results suggested that phe-
nylbutazone dissolution in simple bile salt solutions was
augmented mostly by improving wetting, while indometha-
cin dissolution was improved mainly via micellar solubiliza-
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tion. Recently, Bakatselou et al. (4)® investigated the mech-
anism by which the powder dissolution rate of five steroids,
including hydrocortisone, was improved in sodium tauro-
cholate (NaTC) solutions. Wetting, diffusivity, and solubili-
zation were studied over a range of NaTC concentrations
representative of fasted (near S mM NaTC) and fed states
(near 15 mM NaTC) in the human gut (5). Like the Miyazaki
studies, data indicated that the mechanism by which disso-
lution was enhanced varied between compounds. Dissolu-
tion of danazol, a highly lipophilic steroid (log p = 4.5) (4),
was predominantly facilitated by solubilization. In contrast,
improvement in the dissolution of hydrocortisone and other
moderately lipophilic steroids was mediated mainly via wet-
ting effects.

The current study focuses on the ability of lecithin to
modify the mechanism of dissolution of hydrocortisone in
the presence of NaTC. After the bile acids, the most abun-
dant group of organic compounds in human bile is the phos-
pholipids, of which lecithin (phosphatidylcholine) is the ma-
jor component (6). Phospholipids are required for the forma-
tion of mixed micelles, which act as solubilizing vehicles for
nonswelling amphiphiles such as long chain fatty acids, and
cholesterol. Mixed micelles are required to keep cholesterol
in solution in bile (7) and are necessary for the absorption of
both cholesterol and the fat-soluble vitamins (8). It is, there-
fore, important to investigate the combined effects of bile
salts and lecithin on the dissolution of poorly soluble drugs.

The ratio of lecithin to total bile salt varies with bile
output in healthy human subjects (9). At low output, the bile
salt/lecithin ratio is approximately 2.5:1, while at high out-
put, the ratio increases to 5:1. Hence, an intermediate value
of 4:1 was selected to represent usual conditions in the in-
testine. The bile salt chosen was NaTC, a prevalent bile salt
in the small intestine (5). Because NaTC has a pK, near 2
(10), this assures its complete ionization at pH 5.5, the pH of
the test system. Therefore, variations in bile salt solubility,
degree of bile salt ionization, or micelle aggregation number,
which might otherwise arise from minor experimental vari-
ations in pH,> are avoided. Hydrocortisone was selected as
the model compound due to its low aqueous solubility, 1.08
x 1073 M (4), which may contribute to its incomplete bio-
availability upon oral administration (11).

MATERIALS AND METHODS

Hydrocortisone and NaTC were purchased from Sigma
Chemical Co. (St. Louis, MO). To circumvent modifications
in powder dissolution rates due to particle size variation, Lot
38F-0863 was used exclusively in NaTC-only studies, while
Lot 118F-0818 was used exclusively in NaTC/lecithin stud-
ies. Surface areas for Lots 38F-0863 and 118F-0818 were
3.88 = 0.04 and 2.772 + 0.002 m?/g, respectively, as mea-
sured by two-point BET analysis (Micromeritics, Norcross,
GA). L-a-Egg lecithin (99% pure) in chloroform was pur-
chased from Avanti Polar Lipids (Pelham, AL). Upon arrival

3 Except for the surface tension studies, NaTC-only results have
been published previously (4). They are presented again in Table I,
and in some of the figures, to facilitate comparison of the behavior
of hydrocortisone in the two types of surfactant media.

0724-8741/93/0600-0865$07.00/0 © 1993 Plenum Publishing Corporation



866

and monthly, lecithin purity was monitored by thin-layer
chromotography (13). Prior to experimental use, excess sol-
vent was blown off in a rotary evaporation apparatus (Ro-
tavapor-R, Brinkman Instruments, Westbury, NY). Head-
spaces of partially used lecithin vials were replaced with
helium before re-storing at — 10°C. Test media were adjusted
to pH 5.5 with NaOH or HCI, to reflect duodenal pH in the
fed state (14). Ionic strength was adjusted to 0.1 M with
NaCl (Mallinckrodt, Paris, KY).

Surface Tensions

Surface tensions were determined for NaTC-only and
NaTC/lecithin solutions both in the absence of hydrocorti-
sone and after saturating with hydrocortisone. Surface ten-
sion was measured (n = 5, ~25°C) using a Rosano surface
tensiometer (Roller-Smith) with a Wilhelmy plate apparatus
(15). Since bile salt micelles form over a concentration
range, CMCs were determined as the intersection of the two
linear portions of the surface tension-versus-taurocholate
concentration curves (16) (0.0-3.0 and 7.43-29.73 mM for
NaTC only, 0-0.1 and 3.0-6.0 mM for NaTC/lecithin).

Solubility, Contact Angles, Rotating Disk, and
Powder Dissolution

These procedures have been previously described (4).
In NaTC/lecithin, solubilities (» = 3) were monitored for 48
hr, with equilibrium attained between 4 and 12 hr. Initial
rotating disk dissolution rate (IRDDR) was studied as a func-
tion of both concentration (200 rpm) and rotational speed in
NaTC/lecithin medium. To maximize the possibility of de-
tecting reaction-controlled dissolution, experiments were
conducted in concentrated solutions (i.e., 15 mM NaTC/lec-
ithin) (17), at speeds ranging from 50 to 300 rpm. At least
three experiments were performed at each concentration and
rotational speed. For powder dissolution studies in
NaTC/lecithin solutions, n = 6 at each bile salt concentra-
tion.

Calculation of Diffusion Coefficients

Higuchi (18) used a film model to describe diffusion lim-
ited dissolution in a surfactant system. The equilibrium ex-
pression for the reaction between the free drug and surfac-
tant may be written

nD + surfactant 4——p surfactant — nD

where D represents the drug in the system and n = 1. If
equilibrium is assumed to be rapidly established in the
boundary layer, the diffusion coefficient in the Levich equa-
tion can be replaced by the experimentally measured diffu-
sion coefficient, D.,,. The diffusion coefficient of micellar
associated drug, D.;., may be calculated from Eq. (1),
where C, is the saturation solubility of the drug in surfactant
solution, C, is the aqueous solubility of the drug, C, is the
solubility of the drug in the micelles (C;, — C,), and D is the
diffusion coefficient of the drug in water.

(DicCric) + (DoCop)
Dexp = C
S

)
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Analytical Methods

Samples were analyzed by ultraviolet (UV) spectros-
copy (Perkin Elmer Lambda 7, Danbury, CT) at the wave-
length of maximum absorption, \,,. For hydrocortisone in
the NaTC/lecithin solutions, \,,, Was determined to be 248
nm, a shift of 1 nm from 247 nm, the \,, in NaTC-only
solutions. Molar absorptivities were linear over the range of
concentrations obtained, indicating compliance with the
Beer—Lambert law.

RESULTS AND DISCUSSION

Critical Micelle Concentration (CMC), Solubilization Effects

In the presence of lecithin, the CMC of the NaTC
dropped from 4.7 to 0.25 mM NaTC (~25°C; NaTC/lecithin
ratio, 4:1; 0.1 M NaCl). According to Carey and Small (18),
this can be expected due to the ‘‘more effective solubiliza-
tion capacity of the mixed micelle.”” Direct comparison to
other literature values is difficult, as CMC is dependent on
experimental parameters, including the type of bile salt used,
pH, temperature, and counterion concentration. Bakatselou
et al. (4) obtained a CMC of 3.3 mM for NaTC in lecithin-
free solutions at 37°C using a Wilhelmy apparatus, while
Carey and Small reported CMCs of 4.0 mM NaTC (0.15 M
NaCl, 37°C) for NaTC only and 0.77 mM NaTC at a 5.7:1
NaTC/lecithin ratio (0.15 M NaCl, 37°C) using a spectral
shift technique (18).

Upon saturation with hydrocortisone, the CMC of
NaTC in the presence of lecithin decreased further, to 0.18
mM (T = 27.352, P < 0.0001; Fig. 1), implying some inter-
action between hydrocortisone and NaTC/lecithin micelles.

In NaTC-only solutions (Table I), the solubility of hy-
drocortisone improved modestly with increasing NaTC con-
centration (C; = 0.01[TC] + 0.35; r* = 0.99), at levels
above the CMC (7.44-30 mM NaTC). Similarly, in mixed
micelle solutions, hydrocortisone solubility increased lin-
early with taurocholate concentration above the CMCR
(3.72-15 mM NaTC; C, = 0.02[TC] + 0.35; > = 0.99). A ¢
test comparing the slopes of supra-CMC solubilities plotted
versus taurocholate concentration for NaTC/lecithin and
NaTC-only systems indicated different slopes (T = 6.197, P
< 0.010). Overall, NaTC solubilized hydrocortisone to a
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Fig. 1. Surface tension of (O0) NaTC-only solutions and (M)

NaTC/lecithin (4:1) solutions with taurocholate concentration in the
presence of saturated hydrocortisone from 0 to 30 mM NaTC.
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Table I. Solubility and Initial Rates of Hydrocortisone Dissolution in Rotating Disk and Powder Dissolution Apparatuses, in NaTC Media
with and Without Lecithin (Bile Salt/Lecithin Ratio, 4:1)

Initial dissolution rate (mg/mL/min) X 103

Solubility (mg/mL) Rotating disk Powder
NaTC only NaTC/lecithin NaTC only NaTCl/lecithin NaTC only NaTCl/lecithin

[NaTC], mM (SD)* (SD)* (SD)* (SD)? (SD)* (SD)®

0 0.326 0.325 0.151 0.184 1.8 3.2
(0.006) (0.011) (0.008) (0.006) 0.4) 0.4)

0.093 0.312 0.449 0.163 0.198 1.1 5.6
(0.001) (0.006) (0.004) (0.0001) 0.3) 0.2)

0.18 ND¢ 0.415 ND ND ND ND

(0.021)

0.93 0.346 0.418 0.153 0.174 2.0 9.3
(0.008) (0.001) (0.003) (0.005) 0.4 3.0)

3.72 0.377 0.413 0.155 0.235 5.9 6.7
(0.004) (0.031) (0.007) (0.022) (1.1) (1.4)

7.44 0.425 0.503 0.176 0.230 15.2 6.7
(0.001) (0.043) (0.007) (0.004) (4.3) (1.2)

15 0.528 0.629 0.227 0.301 117.7 8.5
(0.004) (0.075) (0.037) (0.0001) 6.3) (1.4)

30 0.683 ND 0.261 ND 193.5 ND

(0.006) (0.013) (46.0)

@ Lot 38F-0863; surface area = 3.88 = 0.04 m%g (Micromeritics, Norcross, GA).
® Lot 118F-0818, surface area = 2.772 * 0.002 m?*/g (Micromeritics, Norcross, GA).

¢ Not determined.

modest extent over the physiological concentration range.
This effect was enhanced by the presence of lecithin.

Rotating Disk Studies as a Function of Rotational Speed

For hydrocortisone in NaTC/lecithin solutions, the ini-
tial rotating disk dissolution rate (IRDDR) increased linearly
with the square root of rotational speed (Fig. 2). Least-
squares regression analysis indicated a linear relationship (
= 0.99), with an intercept not significantly different from
zero (P = 0.116), suggesting a convection—diffusion-
controlled dissolution process (19). Bakatselou et al. (4) de-
termined that the dissolution of hydrocortisone was also
convection-diffusion rate limited in NaTC-only solutions.

Using the film model, D_;. for hydrocortisone in
NaTC/lecithin micelles was calculated to be 1.38 x 10~°
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Fig. 2. Effect of rotational speed on the dissolution rate of hydro-
cortisone in 15 mM NaTC/lecithin (4:1) (y = 1.8801 x 1072 + 5.226
x 1072x; r* = 0.998).

cm?/sec, corresponding to a micellar radius of 24 A. This was
slower than the diffusion coefficient of 4.36 x 10~ ¢ cm?/sec
(4) obtained in a 30 mM NaTC-only solution, corresponding
to a radius of 7 A. The diffusivity of hydrocortisone was
slower in the presence of lecithin, as expected, on the basis
of larger aggregation numbers for mixed micelles, and was
comparable to literature values of similar systems (12,20).
Although NaTC/lecithin mixed micelles traverse the bound-
ary layer at a slower rate than small NaTC-only micelles, the
number of drug molecules per micelle may be higher in the
presence of lecithin. If there is an increase in the payload,
each mixed micelle will be able to deliver a greater number
of drug molecules than its NaTC-only counterpart across the
diffusion layer per unit of time. The balance between pay-
load and diffusivity effects can be ascertained by comparing
the ratio of the rotating disk dissolution rates with the ratio
of solubilities between NaTC-only and NaTC/lecithin sys-
tems at supramicellar concentrations. Over the concentra-
tion range 0.93 to 15 mM, the solubility ratio averaged 1.17
(range, 1.10-1.21), whereas the ratio of rotating disk disso-
lution rates averaged 1.38 (range, 1.31-1.52). These results
suggest that the NaTC/lecithin mixed micelles carried a
greater payload than their NaTC-only counterparts, which
outweighed the decrease in diffusivity caused by their larger
size.

Rotating Disk Studies as a Function of Concentration

Double-y plots comparing dimensionless solubilities
(C//C, o) versus dimensionless initial rotating disk dissolu-
tion rates (IRDDR/IRRDR,) are shown in Fig. 3a. For
NaTC-only solutions, a plot of initial rotating disk dissolu-
tion rate normalized for solubility (IRDDR/C,) versus NaTC
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Fig. 3. (a) Double-y plot showing dimensionless solubility ((J;
C,/C, ) and dimensionless initial rotating disk dissolution rate (#;
IRDDR/IRDDR,) as a function of taurocholate concentration for the
NaTC-only system. (b) Double-y plot showing dimensionless solu-
bility (O; C//C o) and dimensionless initial rotating disk dissolution
rate (¢ ; IRDDR/IRDDR,) as a function of taurocholate concentra-
tion for the NaTC/lecithin system.

concentration indicated that the slope of the best fit line was
not significantly different from zero (F = 1.4862, P =
0.2898).

The addition of lecithin to bile salt solutions increased
the IRDDR at all concentrations by a factor of 1.1-1.5. This
minor enhancement in dissolution followed solubility en-
hancement over the same concentration range. Interestingly,
IRDDRSs at bile salt concentrations slightly above the respec-
tive CMCs of each system (e.g., 7.44 mM NaTC and 0.093
mM NaTC/lecithin) were similar.

Rotating disk rates also paralleled solubility data in
NaTCllecithin studies (Fig. 3b). When the initial rotating
disk dissolution was normalized for solubility (IRDDR/C,)
and plotted versus NaTC concentration in the presence of
lecithin, the slope was not significantly different from zero
(F = 0.0006, P = 0.9817). In summary, the combined effect
of solubilization and diffusivity completely accounted for
IRDDR increases in hydrocortisone in both NaTC-only and
NaTC/lecithin solutions.

Powder Dissolution Studies

In NaTC only, powder dissolution rates (Table I) im-
proved 33-fold as bile salt concentrations increased from
submicellar (3.72 mM) to supramicellar (30 mM) levels. Un-
like solubility and initial rotating disk dissolution behavior
for hydrocortisone in the NaTC-only system, dimensionless

Naylor, Bakatselou, and Dressman

initial powder dissolution rates (IPDR/IPDR,) fit an expo-
nential function [y = 0.86 + 10©°-139; 2 = 0.99] (Fig. 4a).

IPDR/IPDR, and C/C; , of hydrocortisone plotted ver-
sus NaTC concentration for NaTC/lecithin solutions (Fig.
4b) produced regression lines with slopes that were not sta-
tistically different (T = 0.2392, P > 0.800). Likewise, slopes
of regression lines fit through IRDDR/IRDDR, and
IPDR/IPDR,, versus NaTC concentration were not statisti-
cally different (T = 0.58219, P > 0.800).

After normalizing IPDR for solubility (IPDR/C;) in the
mixed NaTC/lecithin system, the slope of the regression line
was not statistically different from zero (F = 0.0399, P =
0.8513). These results suggest that powder dissolution rates
of hydrocortisone in NaTC/lecithin solutions were mediated
mostly by improved solubilization.

Contact Angles, Wetting Effects

Wetting was the predominant mechanism by which
powder dissolution rate increases were mediated in NaTC-
only media (4), surpassing the effects of solubilization
throughout the range 0-30 mM NaTC. Contact angle mea-
surements showed that wetting continued to increase be-
yond the CMC (Fig. 5a). Increases in IPDR occurred only
after the contact angle was reduced to a value near 45°,
corresponding to a NaTC concentration near 7 mM. Above
this concentration, both IPDR/C, and contact angles exhib-
ited asymptotic behavior, implying that complete wetting
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Fig. 4. (a) Double-y plot showing dimensionless solubility ((J;
C,/C, o) and dimensionless initial powder dissolution rate [A;
IPDR/IPDR,; y = 0.86 + 10©-139] as a function of taurocholate
concentration for the NaTC-only system. (b) Double-y plot showing
dimensionless solubility (O; C/C; o) and dimensionless initial pow-
der dissolution rate (A; IPDR/IPDR,) as a function of taurocholate
concentration for the NaTC/lecithin system.
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(adapted from Ref. 4). (b) Contact angle as a function of taurocho-
late concentration in the NaTC/lecithin system.

was achieved at a NaTC concentration somewhat above the
CMC (4).

Contact angle measurements further suggested that wet-
ting of hydrocortisone would be important when lecithin is
added to the bile salt system (Fig. 5b). However, contact
angle results overpredicted wetting contributions to the dis-
solution behavior of hydrocortisone powder. Wetting
served, at most, a minor role in the dissolution rate of hy-
drocortisone powder in NaTC/lecithin solutions. Compari-
son of powder dissolution behavior in NaTC-only versus
NaTC/lecithin systems indicated that lecithin strongly sup-
pressed the ability of NaTC to wet the hydrocortisone pow-
der.

Results suggest that contact angles do not provide an
adequate model for correlating the wetting of powders by
bile salt/lecithin systems. Contact angles on compacts mea-
sure the angle at the solid/liquid/air interface, a function of
compound hydrophobicity and adsorbed vapor. The ability
of surfactant media to displace air from aggregates, a func-
tion of pore geometry (21) which is not measured by the
contact angle (22), may be the more important parameter
with regard to the dissolution of powders.

Implications for Fasted- Versus Fed-State Behavior

Bile salt concentrations average 4-6 mM in the fasted
state and about 10-20 mM in the fed state (5). IPDR in the
simple bile salt system would suggest about a 20-fold in-
crease in the dissolution rate of hydrocortisone between
fasted and fed states. However, in the presence of physio-
logically relevant quantities of lecithin, differences in pow-
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der dissolution rates between taurocholate concentrations
typical of fasted and fed states are very modest, and not
expected to be of clinical significance in terms of the bio-
availability of hydrocortisone.

The mechanism by which enhancement of dissolution is
achieved appears to be greatly affected by the addition of
lecithin to bile salt systems. These results highlight the need
to determine dissolution rates in media which closely repre-
sent physiological conditions in order to predict whether a
drug will have dissolution related differences in bioavailabil-
ity between the fasted and fed states. An additional differ-
ence between fasted and fed states, which also merits further
investigation, is that fatty acids and triglycerides are usually
present in substantial quantities in the fed state.
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NOMENCLATURE

NaTC Sodium taurocholate

CMC Critical micelle concentration, mM

CMCR CMC range, mM

Dy, Experimental diffusion coefficient,
cm?/sec

D, Micellar diffusion coefficient, cm?/sec

D, Aqueous diffusion coefficient, cm?/sec

C, Saturation solubility, mg/mL

Cso Solubility when [NaTC] = 0, mg/mL

CJ/Cs o Dimensionless solubility

Co Aqueous solubility, mg/mL

Cic Micellar solubility, mg/mL

IRDDR Initial rotating disk dissolution rate,
mg/mL/min

IRDDR, IRDDR when [NaTC] = 0, mg/mL/min

IRDDR/IRDDR,, Dimensionless initial rotating disk
dissolution rate

IRDDR/C, Initial rotating disk dissolution rate
normalized for solubility, min~*

IPDR Initial powder dissolution rate,
mg/mL/min

IPDR, IPDR when [NaTC] = 0, mg/mL/min

IPDR/IPDR,, Dimensionless initial powder dissolution
rate

IPDR/C| Initial powder dissolution rate
normalized for solubility, min~*
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