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Poorly water soluble drug candidates have been common in developmental pipelines over the last
several decades. This has fueled considerable research around understanding how bile salt and model
micelles can improve drug particle dissolution rates and human drug exposure levels. However, in the
pharmaceutical context only a single mechanism of how micelles load solute has been assumed, that
being the direct loading mechanism put forth by Cussler and coworkers (Am Inst Chem Eng J.
1976;22(6):1006e1012) 40 years ago. In this model, micelles load at the particle surface and will be
loaded to their equilibrium loading values. More recently, Kumar and Gandhi and coworkers (Langmuir.
2003;19:4014e4026) developed a comprehensive theory of micelle solubilization which also features an
indirect loading mechanism which they argue should operate in ionic surfactant systems. In this
mechanism, micelles cannot directly load at the solute particle surface and thus may not reach equi-
librium loading values within the particle diffusion layer. In this work, we endeavor to understand if the
indirect micelle loading mechanism represents a plausible description in the pharmaceutical context.
The overall data in SLS and FaSSIF systems obtained here, as well as several other previously published
datasets, can be described by the indirect micelle loading mechanism. Implications for pharmaceutical
development of poorly soluble compounds are discussed.

© 2018 Published by Elsevier Inc. on behalf of the American Pharmacists Association.
Introduction

The increasing prevalence of poorly water soluble compounds in
pharmaceutical development pipelines over the last several decades
has been repeatedly noted in the literature.1-3 Fortunately, equilib-
rium solubility values of such drug candidates are often increased
significantly in fasted state simulated intestinal fluid (FaSSIF) due to
the presence of bile salt micelles. This has led to a large body of work
around measuring, understanding, and modeling expected drug
particle dissolution rate improvements due to solubilization by mi-
celles.4-20 The expected increases in low solubility drug particle
dissolution rates from micelles have further been incorporated into
overall computational oral absorption models10,13,16,21,22 which
attempt to more quantitatively capture the impact that drug-loaded
Consulting, Eagleville,

215-652-1552; Fax: 215-652-
; Fax: 215-652-2835).
lipeau), pharxmonconsulting@

lf of the American Pharmacists As
micelles will have on the fraction of the oral dose which can be
absorbed. In all of thiswork, it has been assumed thatmicelleswill be
fully loaded to their saturated equilibriumsolubility valueswithin the
diffusion layers of thedrug particles duringdissolution in themicellar
media. This assumption allows the use of a modified Nernst-Brunner
model to describe the micelle contributions to the dissolution
rate.23-25 This simple approach has found widespread acceptance.

The assumption of fully loaded micelles is also supported by
early work on solubilization by Cussler and coworkers.4,15 Cussler
and coworkers studied the solubilization of long-chain fatty acid
particles (e.g., lauric, palmitic, and stearic acid) by surfactant solu-
tions such as sodium lauryl sulfate (SLS) and sodium taurocholate
(NaTC). These solutes were considered insoluble in the aqueous
(buffer) phase. Figure 1a describes the general Cussler mechanism
as adapted from his work. The salient feature in Figure 1a is that
Cussler and coworkers argued that the fatty acid molecules are
incorporated into the micelles directly at the solid acid particle
surface.13 This direct loading mechanism is interpreted to produce
SLS or NaTC micelles which are fully loaded to their saturated
equilibrium solubility values prior to micelle desorption from the
surface and diffusion to bulk solution.
sociation.
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Nomenclature

A surface area of the particle
b0 surface kinetic coefficient
b01 surface kinetic coefficient in blank buffer solution
Cb concentration in bulk solution
CS saturated equilibrium solubility in buffer
CMC critical micelle concentration
CT saturated equilibrium solubility in the micellar system
Da Damkohler number for the buffer phase
Dam Damkohler number for the micellar phase
Deff effective diffusion coefficient
Dmicelle diffusion coefficient of micelles
Dmol diffusion coefficient of drug molecules
dm diameter of micelles
d diffusion layer thickness
fmol fraction of the total solubilized drug in the buffer,

fmol ¼ CS
CT

fmicelle fraction of the total solubilized drug in the micelles,
fmicelle ¼ CT�CS

CT

k Boltzmann constant
Keq [concentration of drug in themicelles (per unit volume

of micelle)]/[concentration in the buffer phase (per
unit volume of buffer phase)]

ks interfacial reaction rate constant
m mass
MUi amount of undissolved drug
MDt total dissolved amount of drug
MW molecular weight
h viscosity
Ø volume fraction of micelles
r density
p dimensionless parameter which scales the micellar

contribution to mass transport
r radius of the particle
r0 initial radius of the particle
T absolute temperature
Tinfin time to infinite dissolution
g dimensionless constant
V volume of dissolution media

Figure 1. (a) Cussler’s 5-step direct loading mechanism (depicted here for SLS): (1)
diffusion of SLS micelle from bulk to the interface; (2) adsorption onto the surface of
the fatty acid particle; (3) incorporation of fatty acid molecule into the SLS micelle on
the surface of the fatty acid particle; (4) desorption of loaded micelle; and (5) diffusion
of loaded micelle to bulk. (b) Kumar and Gandhi’s indirect loading mechanism for
ionic surfactants such as SLS. Ionic repulsion prohibits contact of micelle with drug
particle surface. Drug loads into micelle by diffusional contact with dissolved drug
molecules.

K. Galipeau et al. / Journal of Pharmaceutical Sciences 107 (2018) 156-169 157
Almost 30 years later, Kumar and Gandhi and coworkers5 devel-
oped amore comprehensive treatment of solubilization by surfactant
systems. In their model, the direct loading mechanism in Figure 1a
will only be possible in non-ionic surfactant systems. The primary
focus of their efforts was to quantitatively describemicelle loading in
ionic surfactant systems such as SLS and NaTC (as well as FaSSIF by
analogy). The resulting indirect loading mechanism is depicted in
Figure 1b. This mechanism does not allow for direct contact of mi-
celles with the solid particle surface, due to charge-charge repulsion
from monomer surfactant molecules coating the hydrophobic drug
particle surface and the similarly chargedmicelles (consider SLS as an
example as shown in Fig. 1b). Solute molecules dissolve only directly
into the buffer phase, and in parallel, micelles can take up solute
molecules from the buffer phase near the dissolving particle
surface and diffuse to bulk solution to assist in the mass transport.
Sailaja et al. demonstrated that the indirect model could quantita-
tively describe benzene, decane,5,9,10 and Cussler’s fatty acid particle
dissolution in SLS solutions (in the latter case, by explicitly consid-
ering the non-zero fatty acid solubility values). Subsequently,
Ariyaprakai and Dungan26-28 studied n-hexadecane, n-tetradecane,
and n-dodecane droplets in both SLS and the non-ionic surfactant
Tween 20 and varied the viscosity of themedium. This allowed them
to observe whether the diffusion of solute molecules was involved in
the rate-limiting steps of the dissolution process. In Tween 20, they
found that both direct and indirectmicelle loading contributed to the
dissolution of the least soluble compounds. In the case of ionic SLS,
however, the dissolution process of all 3 solutes was found to be
dominated by the indirect micelle loading mechanism, in agreement
with Kumar and Gandhi’s solubilization model.

Despite these later validations of ionic surfactants exhibiting in-
direct micelle loading in Figure 1b, the direct micelle loading concept
in Figure 1a appears to have remained embedded within the
pharmaceutical literature. If drug particles always exhibited the
dissolution enhancements expected from fully loaded micelles and
Nernst-Brunner assumptions, then the differentiation between the
mechanisms in Figures 1a and 1b would be academic. However,
recently several reports8,29 have demonstrated much slower drug
particle dissolution rates than expected (all these studies were car-
ried out in ionic surfactants such as SLS, NaTC, or FaSSIF). Shekunov29

argues that such slow dissolution rates of poorly soluble drug



Figure 2. Schematic of diffusion-controlled drug particle dissolution described by
Nernst-Brunner assumptions.
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particles may in fact be typical, rather than the exception. The results
have been interpreted in the context of Figure 1a. The slow disso-
lution rates then must be attributed to slow, rate-limiting steps
involving formation/desorption of fully loaded micelles at the drug
particle surface.7,8,12,13,15,18,29 This leads to concerns about the pre-
dictability of such dissolution slowing, as it is not readily obvious
from consideration of the material properties of the surfactant and
the drug when this should be a rate-limiting step. Such processes
will also limit the dissolution rate enhancement that can be expected
with drug particle size reduction.8,29 These issues pose challenges
for the development and optimization of poorly soluble drug
formulations.

In this work, we endeavor to examine slower drug particle
dissolution rates for the first time in the context of Figure 1b. The key
feature of Kumar and Gandhi’s indirect loadingmodel is that the Keq
value between the micellar and buffer phases will control whether
micelles will be able to reach equilibrium loading values within so-
lute particle diffusion layers. Thus drugs with increasingly large Keq
values will suffer from slower mass transport compared to fully
loadedmicelle assumptions.Weexamine 4drugparticle populations
with a wide range of Keq in the ionic surfactants SLS and FaSSIF. We
also examine previous work by Sugano and coworkers13 and Wil-
liams and Johnston and coworkers.8 The results are found to be
consistent with Kumar and Gandhi’s predictions and the indirect
loadingmechanism in Figure 1b. This leads to a significantly different
view of the predictability of this type of drug particle dissolution
slowing. Finally, in the context of Figure 1b, a view of expected
dissolution rate enhancements frompoorly soluble drug particle size
reduction in micellar media is developed. This view suggests that
poorly soluble drug nanoparticles will often be controlled by disso-
lution of the drug into the buffer phase alone, with micelles playing
no role in the mass transfer.

Theory

Modeling Drug Particle Dissolution in the Presence of
Micelles-Equilibrated Micelles

The Nernst-Brunner approximation23,24 to drug particle disso-
lution has been commonly used and assumes that the solubility
limit of the drug will be reached in a thin layer at the surface of the
particle quickly, compared to the subsequent diffusion of the dis-
solved drug across the particle’s diffusion layer to the bulk solution.
Figure 2 depicts the assumed conditions. In this limit, the mass (m)
change of the particle due to dissolution is given as follows:

dm
dt

¼ Dmol
d

A ðCS � CbÞ (1)

where Dmol is the drug molecule diffusion coefficient, d the diffu-
sion layer thickness, A the surface area of the particle, CS the satu-
rated equilibrium solubility in buffer, and Cb the concentration in
bulk solution. The Nernst-Brunner equation has been modified by
Johnson9,21 and later Sugano and coworkers13 to account for
polydisperse particle size populations. Several groups6,12,14,16,18

have additionally modified the Nernst-Brunner theory to account
for the contribution to the dissolution rate of the particle by mi-
celles by introducing an effective diffusion coefficient, (Deff, Eq. 2)
which is simply a population weighted average of the solute mol-
ecule’s diffusion coefficient and the diffusion coefficient of the
micelle:

Deff ¼ Dmolfmol þ Dmicellefmicelle (2)

where fmol and fmicelle are the fraction of the total solubilized drug in
the buffer or in the micelles, respectively (measured in a saturated
micellar solution of the solute); fmol ¼ CS
CT
; fmicelle ¼ CT�CS

CT
; and Dmol

and Dmicelle the diffusion coefficients of the drug molecule and the
micelle, respectively (the diffusion coefficient of drug-bound mi-
celles can vary from free micelles7; however, this difference is often
small enough that the diffusion of drug-bound micelles can be
approximated as the diffusivity of the micelles4,12,13 and that
approach is adopted here). Equation 2 thus assumes the micelles
are fully equilibrated (loaded) within the solute particle diffusion
layer. This approach is consistent with the direct loading mecha-
nism of Cussler described in Figure 1a, and allows a straightforward
mathematical treatment for the contribution of micelles to particle
dissolution rates.

The commercially available DDDPlus™ program is used to
model the dispersed drug particle dissolution profiles with the
Nernst-Brunner model option. The drug particle size distributions
are measured separately (see Methods) and imported into the
DDDPlus™ program; a discrete number of bins is used to represent
the entire curve and the dissolution is calculated at each bin. The
values ofDeff are calculated as in Equation 2 from the solubility limit
data and entered into the DDDPlus™ program for the diffusion
coefficient. The form of the Nernst-Brunner equation that is effec-
tively used is then given as follows:

dMUi
dt

¼ �
�
3Deffg

dirir

��
CT � MDt

V

�
MUi (3)

where the subscript i refers to the particular particle bin andMUi the
amount of undissolved drug (mg), Deff the diffusion coefficient
(cm2/s, as defined in Eq. 2), g the dimensionless constant, di the
diffusion layer thickness (cm), ri the particle radius (cm), r the
density of the drug particles (mg/mL), MDt the total dissolved
amount of drug (mg),V the volume of dissolutionmedia (mL), and CT
the saturated equilibrium solubility in themicellar system (mg/mL).

The DDDPlus™ program assumes that the diffusion layer
thickness is equal to the particle diameter up to a diameter of 30
mm, beyond which the diffusion layer thickness remains 30 mm. The
program adjusts the diffusion layer thickness of all particles over
the course of the simulation to reflect the dissolving particle’s
radius. Simultaneously, the program accounts for the solubility gap
term (CT�MDt/V) in Equation 3 which drives the dissolution pro-
cess. As described in Methods, the amount of drug particles added
to the micellar solution is limited to prevent the solubility gap term
in Equation 3 from rapidly approaching zero.
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Modeling Drug Particle Dissolution in the Presence of
MicellesdIndirect Micelle Loading

The Kumar and Gandhi model for micelle loading in ionic sur-
factants (Fig. 1b) assumes that micelles cannot come into direct
contact with the drug particle surface due to charge-charge re-
pulsions from adsorbed surfactant monomers on the particle sur-
face and the similarly charged micelles. Micelles only enhance
dissolution rates by picking up drug molecules dissolved in the
buffer phase near the drug particle surface and then diffusing to
bulk solution. Although it is not our intent to recount all the details
of the theory described by Kumar and Gandhi and coworkers,5 it is
important that the reader fully appreciates the key role that the
equilibrium partition coefficient between the micellar phase and
the buffer phase (Keq) plays in determining whether micelles can be
expected to be fully or only partially loaded (with respect to their
equilibrium saturated solution values) within dissolving drug par-
ticle diffusion layers. Keq is defined as follows:
Keq ¼ ½concentration of drug in the micelles ðper unit volume of micelleÞ�=½concentration in the buffer phase

ðper unit volume of buffer phaseÞ� (4)

Figure 3. The relationship between Dam and Da can provide prediction on loading of
micelles when the values are plotted as shown (adapted from Sailaja et al.5). Equili-
brated micelles are expected above the solid red line. Micelles typically exit the
diffusion layer empty below the dashed blue line. A transition zone of “fractional
loading” exists between the lines. Two model cases are included as described in the
text. Case 1 parameters: 50 mg/mL total solubility in SLS, 10 ng/mL solubility in pH 6.5
buffer, 10 mm particle size distribution, and 6 � 10�6 cm2/s molecular diffusion coef-
ficient. Case 2 differed only by increasing the buffer solubility to 0.5 mg/mL, giving a
concomitant approximately 50-fold decrease in Keq.
This critical aspect of the indirect loading model can be appre-
ciated from considering Figures 1b and 2. Assume a 10 micron drug
particle and an SLSmicelle solution. The diffusional pathways of the
micelles are fixed; the empty micelles enter the particle diffusion
layer and diffuse into the blue region of drug saturated buffer so-
lution near the particle surface (Fig. 2) and out through the 10
micron diffusion layer to bulk solution (no direct contact with
particle surface). In case 1, suppose the drug has a very high Keq

value, due to several drug molecules needed per micelle at satu-
ration, as well as the drug having a very low buffer solubility value
(e.g., tens of ng/mL). In this case, there are simply not nearly enough
diffusional encounters between the micelle and dissolved drug
molecules to load the micelle to its equilibrium saturated value
before exiting the particle diffusion layer. Consider case 2, in which
the drug Keq value is muchmoremodest due to a smaller number of
drug molecules found in the micelle at saturation as well as a much
higher buffer solubility value (tens of mg/mL). In case 2, the same
diffusional pathway taken by the SLS micelle in case 1 leads to
many more encounters with dissolved drug in the buffer phase. In
case 2, the micelle can load to the equilibrium saturated value prior
to exit from the particle diffusion layer.

Kumar and Gandhi and coworkers5 apply Damkohler numbers
for the micellar phase and the buffer phase to more quantitatively
understand the interplay of drug particle size, micelle size, and Keq
values on the degree of micelle loading which can be expected
within particle diffusion layers. For a given drug particle size and
surfactant system, the Damkohler number for the micellar phase,
Dam, is the key parameter which predicts the degree of micellar
loading. Dam relates the rate at whichmicelles load with drug to the
rate at which micelles carry the drug away. Dam is inversely pro-
portional to the Keq value and is defined as follows:

Dam ¼ 12r2Dmol

d2mKeqDmicelle
(5)

where dm is the diameter of micelles, Dmicelle the diffusion coeffi-
cient of the micelles, r the radius of drug particle, and Dmol the
molecular diffusion coefficient. The Damkohler number for the
buffer phase (Da) is defined as follows:

Da ¼ 12Ø r2

ð1� ØÞd2m
(6)

where Ø is the volume fraction of micelles. Da relates the rate at
whichmicelles loadwith drug to the rate at which the drug diffuses
through the buffer. The Dam value needed to fully equilibrate mi-
celles depends on the drug particle size and the micelle size,
because these will impact the diffusion time within the particle
diffusion layer. This is captured by plotting Dam versus Da and
delineating the regions in which micelles should be equilibrated,
empty, or in an intermediate zone. Such a plot is shown in Figure 3
(adapted from Sailaja et al.5) and it is referred to as a “phase space”
plot for loading of micelles, following Kumar and Gandhi’s
convention. The region above the red curve corresponds to Dam >>
1 þ Da/Dam (see Sailaja et al. for details; exact derivation/ration-
alization beyond scope here). In this region, Keq values are low and
there are sufficient diffusional encounters between micelles and
dissolved drug molecules to achieve the equilibrium saturated so-
lution loading of micelles prior to leaving the diffusion layer. The
region below the blue, dashed line corresponds to Dam << 1 þ Da/
Dam. Keq values are high in this regime and it is expected that the
micelles leave the diffusion layer empty. To define the exact posi-
tions of the red and blue lines shown, we reproduce that used by
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Kumar and Gandhi and use a factor of 10 (the red line thus plotted
as Dam ¼ 10 � (1 þ Da/Dam), while the blue dashed line represents
Dam ¼ 0.1 � (1 þ Da/Dam)). The 2 illustrative cases discussed above
have been plotted on Figure 3 assuming a 10 micron particle and
SLS micelles and solubility values as detailed in Figure 3. The
dashed arrow illustrates how reducing particle size can shift a drug
particle across the phase space, from fully loaded, through the
transition zone, to 0% loaded. The ramifications of this effect will be
described below.
Extending the Nernst-Brunner Equation to Account for Partial
Loading in the Diffusion Layer

The modified Nernst-Brunner approach (Eq. 3) is a simple
mathematical expression for mass transfer that provides excellent
agreement with systems that are fully equilibrated in the diffusion
layer.13 We want to apply the phenomenological concepts of indi-
rect solubilization to an equation of this form. To do this, the
expression for Deff from Equation 2 is substituted into the Nernst-
Brunner equation based on Equation 3. The result is shown below
as Equation 7:
dMUi
dt

¼ �
�
3Dmolfmolg

dirir

��
CT �

MDt

V

�
MUi � p

�
3Dmicellefmicelleg

dirir

��
CT �

MDt

V

�
MUi

first term ðbuffer phaseÞ second term ðmicelle phaseÞ
(7)
which introduces a new parameter p that serves to scale the second
term. When p ¼ 1, Equation 7 is mathematically identical to
Equation 3; drug mass has reached its equilibrium value in micelles
as the micelles leave the particle diffusion layers. When p ¼ 0, the
micelles are empty leaving the diffusion layer and the second,
micelle-related term vanishes. In this case, because fmol ¼ CS/CT, the
first term can be seen to describe the mass transport rate from
solubilization into buffer alone and the (CT�MDt/V) term allows
dissolution to proceed until the bulk solution approaches CT
(conceptually when p ¼ 0, the micelles do not contribute to mass
transport within the diffusion layer, but can equilibrate with the
buffer phase in the bulk solution to allow CT to be reached). p can
vary between 0 and 1 to reflect incomplete micelle equilibration.
Given a Keq value as defined in Equation 4, a certainmass fraction of
drug will be in the micelle phase at equilibrium. A p value of 0.1 or
0.5 (e.g.) implies that only 10% or 50% of that equilibrated drugmass
is getting into the micelle phase by the time micelles leave the
particle diffusion layer.

For all the dispersed particle dissolution profiles, the fully
equilibrated (Eq. 3 or 7with p¼ 1) dissolution curve is calculated by
determining Deff as in Equation 2 from the solubility data and
entering that value into DDDPlus™ as the diffusion coefficient. This
prediction is referred to as the “100% loaded prediction.” Each
dissolution dataset also shows the mass transport expected from
only the buffer phase, p ¼ 0 in Equation 7, which was obtained by
calculating the value of (Dmolfmol) in Equation 2 and entering that
reduced value into DDDPlus™ as the diffusion coefficient. If the
observed data are not described by either of these predictions
(falling in-between these 2 limits), p values in Equation 7 are
explored which appear to reasonably describe the observed data
(fit by eye is sufficient given our needs for determining only
approximate % loading values). This is done by first calculating the
value of both the terms (Dmolfmol) and (Dmicellefmicelle) in Equation 2
from the solubility data. p values are then changed to scale the
(Dmicellefmicelle) value, which is added to the value of (Dmolfmol) and
the sum is entered into DDDPlus™ as the diffusion coefficient.
Manual iteration reveals an estimate of the appropriate value of p
which describes the observed data and, in turn, provides an esti-
mate of the % loading of the micelles being achieved within the
drug particle diffusion layer.
Materials and Methods

Materials

Anacetrapib, odanacatib, and MK-4409 were obtained from
Merck& Company, Inc. (Rahway, NJ). Griseofulvinwas obtained from
Sigma-Aldrich (St. Louis,MO) (Fig. 4). Anacetrapib hotmelt extrudate
(HME) was prepared previously and its preparation is described
elsewhere.30 Acetonitrile, SLS, sodium chloride, sodium phosphate
monobasic monohydrate, 85% o-phosphoric acid, and HPLC grade
water were obtained from Fisher Scientific (Fair Lawn, NJ).
Fifty percent sodium hydroxide was obtained from Sigma-Aldrich.
NaTC (natural, white) was obtained from Spectrum Chemical
Manufacturing Unit (Gardena, CA). Lecithin (solids, soybean) was
obtained from Alfa Aesar (Ward Hill, MA).
Media Preparation

Two dissolution media were used in this work; they were pre-
pared asdescribed inTable 1. FaSSIF blankbufferwasfirst prepared at
native pH (no NaOH added) at 4 times its desired final concentration.
Lecithin andNaTCwere simultaneouslyadded to themedia. Once the
surfactants were in solution, FaSSIF was diluted to its final concen-
tration in deionized water and adjusted to the proper pH through
addition of NaOH as described in Table 1. A total of 0.3% SLS was
prepared in FaSSIF blank buffer at appropriate pH and concentration.
Both media were stored at 5�C and incubated at 37�C prior to use.
Active Pharmaceutical Ingredient Particle Size Distribution

Static light scattering was performed on the active pharma-
ceutical ingredients (APIs) dispersed in 0.3% SLS utilizing a Malvern
Mastersizer (Malvern Instruments, Worcestershire, UK) via the
Malvern Hydro 2000S dispersion unit. A 3-5 mg/mL suspension
was prepared for each API. Measurements for all 4 APIs were per-
formed at 1750 rpm with in situ sonication at 80% power level. Six
individual measurements were taken and averaged to indicate a
single measurement. (30 s background, 20 s analysis) The following
parameters were applied: particle refractive index ¼ 1.59, disper-
sant refractive index ¼ 1.33, and particle absorption ¼ 0.01. Data
were collected at room temperature and reported on a percent
volume basis.



Figure 4. Structures of griseofulvin, anacetrapib, odanacatib, and MK-4409. Griseofulvin and anacetrapib have no pKa. Odanacatib has pKas of 2.3 and 12.5 and MK-4409 has a pKa

of 3.5.
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Micelle Diffusion Coefficient From Dynamic Light Scattering

Dynamic light scattering was performed on the dissolution
media utilizing a Malvern Zetasizer (Malvern Instruments, Wor-
cestershire, UK). Ten individual 10 s measurements were taken and
averaged to indicate a single measurement of any sample of fluid.
Samples were analyzed in triplicate and the data were averaged for
any given aggregate particle size distribution result. Data were
collected at room temperature and 37�C. Data were reported on a
percent volume basis to ensure that higher signal intensity values
for larger particles did not dominate the reported results. The
micellar diffusion coefficient (Dmicelle) was determined from the
Stokes-Einstein relation as follows: Dmicelle ¼ kT/6phr, where k is
the Boltzmann constant, T the absolute temperature, h the viscosity,
and r the radius of the particle. The radius of the particle was
assumed to be half the volume weighted average.
HPLC Analysis

Anacetrapib, odanacatib, and griseofulvin were analyzed by an
Agilent 1100 HPLC with UV detection at 220 nm. MK-4409 was
Table 1
Composition of SLS and Biorelevant Media

Ingredient 0.3% SLS FaSSIF

pH 6.5 6.5
NaH2PO4 28.4 mM 28.4 mM
NaOH 8.7 mM 8.7 mM
NaCl 105.6 mM 105.6 mM
SLS 10 mM
NaTC 3 mM
Lecithin 0.75 mM
analyzed with UV detection at 240 nm. Samples were injected neat
(15 mL) onto a 5 cmWaters Symmetry C18 column (3.5 mm silica) at
35�C. The flow rate was 2 mL/min and the total run time was set to
7 min. The mobile phase consisted of a binary gradient of Solvent A
(HPLC gradewater with 0.1% H3PO4) and Solvent B (acetonitrile). All
4 compounds were eluted under the following gradient: 60% A at
initial, decreasing to 10% A in 5.0min, followed by 10% A for 1.5 min,
finally returning to starting conditions within 0.1 min. Quantitation
of all compounds was made against gravimetrically prepared
standards done in duplicate.

API Solubility and Molecular Diffusion Coefficient

Equilibrium solubilities in pH 6.5 blank buffer, 0.3% SLS, and
FaSSIF were determined after 24 h saturation at 37�C. Insoluble
materials were removed by centrifugation at 14,000 rpm for 5 min
(Spectrafuge 16 M; Labnet Intl, Inc., Edison, NJ). Samples were
injected neat onto the HPLC for determination of concentration.

The diffusion coefficients of the drug molecules (Dmol) were
determined from the molecular weights (MWs), as shown in
Table 4. Equation 8 was used to calculate Dmol at 37�C.16 The drug
molecules discussed in this work have MWs ranging from 400 to
800 Da, and corresponding Dmol ranging from 4 to 7 � 10�6 cm2/s.

Dmol

�
cm2

.
sec

�
¼ 10�4:113�0:4609 �log MW � 1:4 (8)

Calculation of Keq

Keq was calculated based on the following assumptions about
the micelle volumes. For 0.3% SLS, the mass in 1 L, based on the
MW and concentration, and the density in micelles (assumed to be



Figure 5. SLS measurements of the API size distribution. The D4,3 values are as follows:
griseofulvin ¼ 4.2 mm, odanacatib ¼ 6 mm, anacetrapib ¼ 7 mm, and MK-4409 ¼ 11 mm.
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1.01 g/mL) were used to determine the volume of all SLS micelles.
The concentration of molecules below the critical micelle concen-
tration (CMC) was not included in the calculation of Keq. We
assumed that the CMC of SLS in 29 mM buffered media was 2.7
mM31 and therefore the concentration of SLS molecules in micelles
is 7.3 mM for 10 mM, 0.3% SLS. The calculation for FaSSIF was
simplified by assuming that the micelle is entirely composed of
lecithin, because NaTC has been shown to contribute to the mixed
micelle system in a limited way.32 For FaSSIF, the density was
assumed to be 1.06 g/mL.

Dissolution of Dispersed Drug Particles

Pre-Dispersion of API
It was critical to ensure that the API was wetted and well-

dispersed rapidly in the dissolution media. The APIs were sus-
pended as a well-mixed slurry in buffered 0.3% SLS at 0.9-10 mg/
mL, dependent on the final desired concentration in the vessel. The
concentration in the dispersion was set so that no more than 3% of
the API byweight was dissolved in the dispersionmedia prior to the
start of the dissolution. The amount of API which was pre-dissolved
was subtracted from the reported dissolution curves. The sus-
pended API was stirred for 5 min at 300 rpm, sonicated for 5 min
(Crest CP260 bath sonicator, power setting 8; Crest, Ewing, NJ), and
then stirred for 5 min at 300 rpm. The dissolution test was started
with the addition of the drug suspension to the media; total
transfer times were typically <1 min for 6 vessels. The entire vol-
ume of media (1-15 mL) was added. The scintillation vials were
thoroughly rinsed with media to remove as much of the API slurry
as possible.

Target Drug Concentration
Given the drug particle dissolution rate information sought

here, it was necessary to limit the amount of drug particle solids
added to the micellar solutions to prevent the rapid saturation of
the media with the poorly soluble drugs. Although working below
approximately 10% solution saturation is ideal11,19,20 in this regard,
this can present HPLC quantitation challenges for the poorly soluble
drugs in the fairly weak surfactant systems studied here. Drug
solids were added equivalent to just saturating the micellar solu-
tion (this is termed 1� dissolution). This typically resulted in 10%-
80% of the added solids dissolving over the 2 h dissolution period.
In this concentration regime, the dissolution is sensitive to particle
size11,19,20 and micellar loading efficiency. The overall profiles are
impacted by the decreasing solubility gap driving the dissolution,
but this is readily accounted for in the DDDPlus™ dissolution
modeling program.

Dissolution Apparatus and Method
Dissolution tests were performed with a VK7000 dissolution

systemwith a VK7500 heater/circulator (Vankel Technologies, Inc.,
Cary, NC). The dissolution tests were carried out for 120 min in 900
mL of each dissolution media at 37�C with a USPII paddle speed of
100 rpm. Samples were drawn via glass pipettes at determined
times and centrifuged at 14,000 rpm for 5 min. The dissolutions for
0.3% SLS and FaSSIF were performed in triplicate.

Nanoparticle Dissolution

Anacetrapib nanoparticles were created from amorphous solid
dispersions consisting of 20% anacetrapib, 76.5%-78% copovidone,
and 2%-3.5% TPGS (D-a-tocopheryl polyethylene glycol 1000 succi-
nate, a surfactant). This HME amorphous solid dispersion forms 110
nm (D50) nanoparticles at 3.5% TPGS and 190 nm nanoparticles at 2%
TPGS in water; the details of this mechanism are described
elsewhere.30 Approximately 20 mg of milled HME was weighed into
a scintillation vial with 10 mL of stirring HPLC grade water at 37�C
(300 rpm) for 1 h. An aliquot of the solution was spiked into 250 mL
of FaSSIF as well as 250mL of 0.3% SLS stirring at 300 rpm so that the
total concentration was 0.6 ug/mL. Ultracentrifugation (Optima TLX
ultracentrifuge, TLA 110 rotor, 10 min at 348,000 � g (rmax)) was
used to remove nanoparticles to measure molecularly dissolved
anacetrapib. The experiment was carried out at 37�C through 2 h.

Simulation

A commercial dissolution modeling software, DDDPlus™
(version 5.0.0011; Simulations Plus, Inc., Lancaster, CA), was uti-
lized for generating the in silico dissolution profiles for the APIs. The
software has 3 main tabs: formulation, experimental setup, and
simulation. In the formulation tab, a drug’s physiochemical pa-
rameters are defined, including equilibrium solubility, diffusion
coefficient, and targeted drug concentration. The Deff value was
calculated as described in the Theory section and entered as the
diffusion coefficient. In the experimental setup tab, the apparatus
type, instrument speed, medium volume, and medium type were
specified. The particle size distribution of the API (Fig. 5) was used
as an input parameter in DDDPlus™ to perform the simulations.
Discreet bins were used in the distribution; no fitting was applied.
A 2 h dissolution curve was simulated for each system.

Results

Figure 5 shows representative API size distributions measured
by static light scattering (Malvern Mastersizer) as described in
Methods. The D4,3 values of the compounds studied here range
from about 4 to 20microns and have fairly symmetric distributions.

Equilibrium Solubilities

The equilibrium solubilities of the APIs were measured in the
following media, as prepared in the Methods section: pH 6.5 buffer,
0.3% SLS, and FaSSIF (Table 2). Griseofulvin’s solubility matched
well with that reported by Okazaki et al.13 There is a significant
range of reported buffer solubility values of itraconazole. Crisp
et al.8 uses a value of 1 ng/ml as reported by Peeters et al.,33 but
others have measured values over 1000 ng/mL.34 Likewise, the
reported values of danazol vary significantly. We determined the
solubilities of danazol and itraconazole directly in Crisp et al.’s8 pH
7.0 buffer preparation; their data were then interpreted in the
context of our reported value.



Table 2
Equilibrium Solubilities in Buffer and Micellar Media for Investigational Compounds

Solubilities pH 6.5 Buffer (mg/mL) 0.3% SLS (mg/mL) FaSSIF (mg/mL)

Odanacatib 0.39 30.0 1.0
Anacetrapib 0.040 22.1 6.0
Griseofulvin 9.7 233.0 12.0
MK-4409 0.010 14.4 1.0
Itraconazole8 0.040a 10.0
Danazol8 0.88a 67.0
Danazol13 0.21 18.0
Griseofulvin13 10.4 15.4

Values for danazol, griseofulvin, and itraconazole in micellar media are taken from
the literature where noted; danazol and itraconazole in pH 7.0 buffer were
measured in-house.

a pH 7.0 buffer, as prepared by Crisp et al.8
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Diffusivities

The values of Dmicelle depend on the aggregate size. Although the
size of SLS micelles has beenwell described,35,36 more variability in
FaSSIF aggregate sizes has been reported.37,38 Dmicelle was deter-
mined based on the aggregate size in our homemade media
preparations and the Stokes-Einstein relation (Table 3). The di-
ameters of the micelles were measured by dynamic light scattering
as described in the Methods section. The diffusion coefficients of
the drug molecules were calculated by Equation 8 and are listed in
Table 4.

The solubilities, Dmol, and Dmicelle were used to determine Deff
according to Equation 2. For each molecule, a lower bound is set
where the micelles cannot contribute to the mass transfer. The
second term in the Deff equation goes to zero in this case; this is
referred to as D(0% loaded). Themass transfer is described by Equation
3. Table 5 lists the p value for each molecule, the determination of
which will be described in detail in the Discussion section. The first
and second terms of Equation 7 are also given for each molecule in
Table 5, as well as the ratio between them. Additionally, Table 5
compares Deff corresponding to p ¼ 1 with that which was
observed in each system (Dobserved).

Keq

Keq was calculated as described in the Methods sections and
Equation 4.

Dissolution of Dispersed Drug Particles in 0.3% SLS

Figures 6a-6d show the dissolution data obtained in this work
(red squares) for the dispersed drug particle populations of gris-
eofulvin, odanacatib, MK-4409, and anacetrapib in 0.3% SLS. The
solid green curves show the DDDPlus™ calculated dissolution
profiles expected using the Nernst-Brunner assumptions with fully
equilibrated micelles (Eq. 3 or 7 with p ¼ 1). Also shown in each
panel is the predicted contribution of drug mass transport into
solution due to the buffer phase alone (blue curves) as described in
the Theory section (Eq. 7 with p ¼ 0). For each drug, the calculated
green and blue curves will reflect the relative sizes of Deff and
Table 3
Calculation of Diffusion Coefficients From Stokes-Einstein Relation and Measured
Aggregate Diameter

Aggregate System D50 (nm) Diffusion Coefficient (�10�6 cm2/s)

0.3% SLS 3.7 1.8
FaSSIF 13 0.50
D(0% loaded) shown in Table 5. The Keq values from Table 6 are also
provided on each plot. The dissolution data in panels a and b show
remarkably good agreement with the Nernst-Brunner fully equili-
brated micelle (green) curves. This indicates that efforts to disperse
the particles in the dissolution media to the same degree measured
using the Malvern particle sizing instrument have been successful.
Panels c and d show dissolution data which are much slower than
the fully equilibrated micelle calculation. MK-4409 data appear
generally described by use of p ¼ 0.10 in Equation 7, while anace-
trapib data appear consistent with p ¼ 0 in Equation 7.

Dissolution of Dispersed Drug Particles in FaSSIF

Figures 7a-7d show the dissolution data obtained in this work
(red squares) for the dispersed drug particle populations of gris-
eofulvin, odanacatib, MK-4409, and anacetrapib in FaSSIF. Figure 7
shows the solid green and blue curves for Deff and D(0% loaded) and
are described in Figure 6. The Keq values from Table 6 are also
provided on each plot. The dissolution data in panels a and b seem
well described by the Nernst-Brunner fully equilibrated micelle
(green) curves. Note that the green and blue curves are similar, as
would be expected due to the similarity of Deff and D(0% loaded) for
these molecules in FaSSIF (Table 5). Panels c and d show dissolution
data which are much slower than the fully equilibrated micelle
calculation. MK-4409 data appear generally described by use of p ¼
0.80-0.85 in Equation 7, while anacetrapib data appear consistent
with p ¼ 0.01 in Equation 7.

Discussion

Micelle Loading in SLS: Can the Indirect Micelle Loading Mechanism
Provide a Plausible Rationale for “Slow” Dissolution Rates?

Figure 6 shows that MK-4409 and anacetrapib exhibit dissolu-
tion much slower than predicted by Nernst-Brunner assumptions
with equilibrium loaded micelles. We are not the first to note such
slow dissolution from dispersed drug particles in SLS solutions.
Williams and Johnston8 similarly reported this effect for itracona-
zole and danazol in 0.3% SLS solutions. They interpreted their data
only in the context of the Cussler mechanism in Figure 1a, such that
micelles must be fully loaded upon their desorption into the par-
ticle diffusion layer. To account for the diminished mass transfer,
they postulated that there must be much slower rate-limiting steps
in the formation of the drug loaded micelle at the particle surface
(Fig. 1a, steps 2-4). These unknown surface processes were grouped
into an interfacial reaction rate constant, ks. The slow dissolution
data for the largest 2.4 mm (D50) itraconazole particles and 1.6 mm
(D50) danazol particles were rationalized by ks values which were
approximately 40 and 10 times smaller, respectively, than the
Nernst-Brunner mass transfer rate predictions with equilibrated
micelles.

The indirect loading mechanism described by Kumar and Gan-
dhi would predict that slow dissolution is possible if the drug
particle/surfactant system lies in the transition or empty micelle
region of the appropriate phase space plot (Fig. 3). The Damkohler
numbers Dam (Eq. 5) and Da (Eq. 6) are calculated for the com-
pounds studied here, as well as for 2.4 and 1.6 mm itraconazole and
danazol reported by Crisp et al.8 The resulting phase space plot of
Dam versus Da is shown in Figure 8. Nearby each data point (each
representing a drug compound Da, Dam pair) on the phase plot is
included the %micellar loading found from estimating values of p in
Equation 7 as described above. For itraconazole and danazol, the 2.4
mm and 1.6 mm particle distributions and amount of drug solids per
milliliter were imported from Crisp et al.’s8 manuscript and then
their dissolution profiles fit with Equation 7, varying p, to estimate



Table 4
Log P, Molecular Weight, and Molecular Diffusion Coefficients as Determined by
Equation 8

Drug Molecule Log P Molecular
Weight

Diffusion Coefficient
(�10�6 cm2/s)

Anacetrapib 8.8 637.52 5.13
Odanacatib 2.9 527.57 5.68
Griseofulvin 2.234 352.76 7.05
MK-4409 3.6 441.00 6.25
Danazol 0.5035 337.50 7.21
Itraconazole 5.7 705.64 4.86
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the % loading identically to the treatment of the data presented
here.

The overall view of the solid data points in Figure 8 with the %
loading values found here appears remarkably consistent with the
indirect loading mechanism. All 4 cases where dissolution was
slower than Nernst-Brunner assumptions (with equilibrated mi-
celles) fall cleanly into the region where indirect loading processes
are predicted to be unable to equilibrate micelles within particle
diffusion layers. In this view, itraconazole and danazol show only
3% and 9%, respectively, of their equilibrated mass fractions of the
drugs in the micelle phase by the time the SLS micelles leave the
particle diffusion layers, while MK-4409 and anacetrapib achieve
approximately 10% and 0% (essentially empty) micelle loading.
Thus in the indirect micelle loading framework, this slow dissolu-
tion is still due to a diffusion controlled processdthe diffusion of
incompletely loaded micelles out of the particle diffusion layer. We
should emphasize that the dissolution profile data itself cannot
distinguish between either models. Our values of p derived here are
closely related to the ratio of Williams and Johnstons and co-
workers'8 ks rate divided by the fully equilibrated (Nernst-Brunner)
predicted dissolution rate (i.e., the dissolution profiles shown here
can be fit similarly either way). The open data points in the Figure 8
phase plot are described below.
Micelle Loading in FaSSIF: Direct or Indirect Loading?

Figure 7 shows that MK-4409 and anacetrapib exhibit dissolu-
tion profiles in FaSSIF which are much slower than predicted by
Nernst-Brunner assumptions with equilibrium loaded micelles.
Sugano and coworkers13 reported dispersed particle dissolution
data in FaSSIF for griseofulvin (D50 ¼ 7 mm) and danazol (D50 ¼ 22
mm). Micelles were assumed to be fully loaded to their saturated
equilibrium values within particle diffusion layers. Although gris-
eofulvin gave the expected dissolution rate, danazol showed 20%-
30% slower dissolution rates than predicted. The FaSSIF data in
Table 5
Calculated Terms of Equation 7 and the Ratio Between Them, Deff, and D(observed) for Dru

0.3% SLS D(0% loaded)

(Dmolfmol)
(�10�6 cm2/s)

p D(micelle phase)

(pDmicellefmicell

(�10�6 cm2/s)

0.3% SLS
Odanacatib 0.073 1 1.8
Anacetrapib 0.0093 0 0
Griseofulvin 0.29 1 1.7
MK-4409 0.0043 0.1 0.18
Itraconazole (Williams8 2.4 mm) 0.020 0.03 0.054
Danazol (Williams8 1.6 mm) 0.095 0.09 0.16

FaSSIF
Odanacatib 2.2 1 0.31
Anacetrapib 0.034 0.01 0.0050
Griseofulvin 5.8 1 0.096
MK-4409 0.062 0.8 0.40
Griseofulvin (Sugano13) 4.8 1 0.16
Danazol (Sugano13) 0.084 0.8 0.40
Figure 7 and Sugano and coworkers’13 FaSSIF data are examined
within the context of the indirect loading mechanism and Kumar
and Gandhi’s micellar loading phase space plots as shown in
Figure 8 for SLS. The Damkohler numbers Dam (Eq. 5) and Da (Eq. 6)
and the phase space plot of Dam versus Da are determined as
described above and the result is shown in Figure 9 alongwith the %
loading estimates from Equation 7. The phase space positioning of
griseofulvin measured in-house aligns well with Sugano and
coworkers13dthe offset being due primarily to differences in size.

The overall behavior of the set of drugs in Figure 9 with the
associated % loading values again is consistent with the indirect
loading mechanism. All cases where dissolution was slower than
Nernst-Brunner assumptions (with equilibrated micelles) approach
the region where indirect loading processes are predicted to be
unable to equilibrate micelles within particle diffusion layers.
Griseofulvin is 100% loaded in the diffusion layer and is well-
described by Equation 3. The data for danazol and MK-4409, on
the other hand, achieve only 80% of their theoretical dissolution
rates. Anacetrapib is limited to 1% micelle loading. In this context,
diffusion of micelles and solubilized drug in buffer would again be
the rate-limiting steps of the particle dissolution process.

A more detailed consideration of the actual micellar composi-
tions present in FaSSIF, in our view, suggests that direct loading in
FaSSIF is difficult to rationalize. It has long been known that bio-
logically relevant lecithins do not associate into micelles when
added to water39,40; it is the NaTC in the FaSSIF that serves to sol-
ubilize the lecithin monomers. However, Carey et al.32,40 describe
the NaTC phase diagram for the NaTC-lecithin system and find that
only approximately 10% or less of the NaTC present in FaSSIF par-
ticipates in the stabilization of the lecithin-NaTC aggregates. In the
3 mM NaTC, 0.75 mM lecithin concentration regime, the lecithin-
NaTC aggregates may be vesicular to disk-like in shape and are
considered to be in a metastable phase. The remaining <3 mM
NaTC is generally considered below the poorly defined CMC range
of 3-12 mM41 and does not contribute to the solubility in FaSSIF of
any of the compounds in Table 2 at 3mM (solubilities measured at 3
mMNaTC, data not shown). It can be expected that some portion of
the negatively charged NaTC present partitions onto drug particle
surfaces. In this context, it is difficult to rationalize how FaSSIF
micelles could directly solubilize solute at the drug particle surface.
Cussler’s mechanism (Fig. 1a) would imply that as the micelle ap-
proaches the surface, detergent molecules diffuse through the bulk
solution to the surface. Lecithin is practically insoluble in water;
there would be low driving force for monomers to leave the mixed
micelles in order to diffuse to a surface to form the lecithin-rich
micelle which is actually solubilizing dissolved drug molecules in
the FaSSIF system.
g Molecules in Two Micellar Systems

e)
Ratio of D(micellar)

to D(0%loaded)

Deff (�10�6 cm2/s) D(observed) (�10�6 cm2/s)

24 1.8 1.8
0 1.8 0.0093
6 2.0 2.0
41 1.8 0.18
3 1.8 0.073
2 1.9 0.25

0.1 2.5 2.5
0.2 0.53 0.039
0.02 5.8 5.8
6 0.56 0.46
0.03 4.9 4.9
5 0.58 0.48



Figure 6. Observed versus modeled dissolution data for (a) griseofulvin, (b) odanacatib, (c) MK-4409, and (d) anacetrapib in 0.3% SLS.
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Pharmaceutical Implications: Indirect Versus Direct Micelle Loading
Processes in Ionic Surfactant Systems SLS and FaSSIF

If drug particle dissolution rates were always well predicted by
Nernst-Brunner assumptions, then attempting to rationalize the in-
direct or direct loading mechanism would be a largely theoretical
exercise. However, the existence of drug particle distributions with
significantly slower dissolution offers an opportunity to compare the
loading mechanisms. For example, the occurrence of slower dissolu-
tion rates is easily predicted in the indirectmicelle loading framework.
In the indirect micelle loading framework, slow particle dissolution
rates occurwhen the Keq values are large enough to drive the (Da,Dam)
Table 6
Keq in Two Media

Keq 0.3% SLS FaSSIF

Odanacatib 35,000 3000
Anacetrapib 252,000 278,000
Griseofulvin 11,000 400
MK-4409 328,000 122,000
Griseofulvin8 900
Danazol (7 mm)8 158,000
Danazol (1.6 mm)13 35,000
Itraconazole13 (2.4 mm) 114,000

The 4 investigational compounds (odanacatib, anacetrapib, griseofulvin, and MK-
4409) are compared to literature values of griseofulvin, itraconazole, and 2 size
distributions of danazol.
data point into the transition or empty region of the micelle loading
phase space plot. In this context, it is worthwhile to note that 2 drugs
with similar, low solubility values in SLS or FaSSIF (e.g., 50 mg/mL) can
give either the Nernst-Brunner expected dissolution rate or much
slower, depending on buffer solubility value (see example in Fig. 3).
Determination of Keq requires only an equilibrium solubility mea-
surement in buffer and in SLS or FaSSIF. In contrast, Williams and
Johnston and coworkers8 and more recently Shekunov29 noted in the
direct micelle loading framework that slow dissolution controlled by
micellar surface formation/desorption kinetics (ks or b0, respectively)
is not readily predicted or understood from a consideration of the
material properties of the surfactant and the drug.

Another important area to compare both mechanisms is in
terms of what degree of dissolution rate improvements can be
expected upon particle size reduction (e.g., from approximately 5 to
20 micron drug particles down to the several hundred nanometer
range). This topic has been of increased interest given the preva-
lence of poorly soluble drugs in today’s pharmaceutical pipe-
lines.8,29,42-48 In the direct loading model, if particle dissolution is
controlled by ks or b0 then the dissolution rate will scale with the
surface area of the particle ensemble. At fixed mass, the ensemble
surface area increases as 1/r. Any reduction in the particle diffusion
layer thickness (as particle size is reduced) has no impact in this
model, as diffusion is not the rate-limiting step.8,29 Crisp et al.8

studied a range of 2.4 mm to 240 nm (D50) itraconazole particles
and 1.6 mm to 300 nm (D50) danazol drug particles in SLS and NaTC



Figure 7. Observed versus modeled dissolution data for (a) griseofulvin, (b) odanacatib, (c) MK-4409, and (d) anacetrapib in FaSSIF.
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and found that initial dissolution rates increased only 10%-20%
faster than 1/r (or as ~1/r in the case of itraconazole in SLS). These
findings appear generally consistent with the direct loading, ks or b0
controlled particle dissolution model for these 2 drugs.8,29

We develop here for comparison the dissolution rate enhance-
ment predicted by the indirect loading mechanism upon particle
size reduction. Initially, the process is diffusion-controlled as
described above and the diffusion layer thickness changes with the
particle radius. It is generally accepted9,49-51 that in Equation 1
d scales with the particle radius or diameter below a particle size
of about 30 microns. Galli52 has verified this relationship down to r
values of ~500 nm for a drugmolecule inwater, and we assume it to
operate for all r values examined here. Overall, this gives in
Equation 1 a dissolution rate which should increase as 1/r2 as the
particle size is reduced. For convenience, if the dissolution time of a
particle is considered (proportional to 1/dissolution rate) this leads
to the well-known equation53 for predicting a particle’s dissolution
time at infinite dilution in the case of water or buffer:

Tinfin ¼ r20r
3CSDmol

(9)

where r0 is the initial radius in cm, r the density in g/cm3, Dmol the
molecular diffusion coefficient, and CS the solubility limit of the
drug in buffer (g/cm3).
Equation 9 can now bemodified for the contribution of micelles,
by substituting Deff from Equation 2 in the same way that led to
Equation 7. The modified form of Equation 9 describing the time for
the drug particle to dissolve given the indirect loading framework is

Tinfin ¼ r20r
3CT½Dmolfmol þ pDmicellefmicelle�

(10)

where all parameters are as defined in Equation 7. Note that when
p ¼ 0 (no contribution by micelles), fmol ¼ CS/CT that the denomi-
nator in Equation 10 collapses to that in Equation 9 which describes
the particle dissolution only in buffer. The key feature revealed in
Equation 10 is to recognize that the value of p in the denominator is
dependent on the particle radius. Decreasing the drug particle size
means fewer and fewer diffusional encounters between micelles
and dissolved drug molecules in the diffusion layer. This effect is
shown in Figure 3 for the case 2 example, where for a 10 micron
particle the p value should be 1.0, while at a 300 nm particle size,
micelles are predicted to leave the diffusion layer empty (p ¼ 0).
The 300 nm particle in this example will exhibit a dissolution rate
due entirely from mass transport through the buffer phase alone
(described by Eq. 9). Thus in the indirect micelle loading paradigm,
poorly soluble drugs can have substantial decreases in their total
diffusivity (term in brackets in Eq. 10) as p values drive toward zero
as the particle size is reduced.



Figure 8. A total of 0.3% SLS phase space. Solid data points with percent loading values from Equation 7. Open data points highlight the location of 190-300 nm D50 populations of
danazol, itraconazole, and anacetrapib.

Figure 9. FaSSIF phase diagram. Solid data points with percent loading values from Equation 7. The open data point highlights the location of the 190 nm D50 populations of
anacetrapib.
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Table 7
Tinfin Dependence on Size for Danazol and Itraconazole

Variable Tinfin (Observed) Tinfin (Eq. 10) Ratio If r2 Is Assumed Ratio If r Is Assumed

Danazol (300 nm) ~10 s 15 s
Danazol (1600 nm) ~90 s 165 s
Tinfin ratio ~9 11 28 5
Itraconazole (240 nm) ~10 min 5.2 min
Itraconazole (2400 nm) ~150 min 140 min
Tinfin ratio ~15 25 100 10

For danazol (300 nm) and itraconazole (240 nm), p ¼ 0 in Equation 10; for danazol (1600 nm), p ¼ 0.09; and for itraconazole (2400 nm), p ¼ 0.03.
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It is worthwhile to apply Equation 10 to the largest and smallest
danazol and itraconazole particles studied by Crisp et al.8 in 0.3%
SLS. The open data points in Figure 8 show the location of the 300
nm danazol and 240 nm itraconazole systems. It is assumed that
p ¼ 0 for both these nanoparticles due to their locations on the
phase space. Table 7 summarizes the observed Tinfin values (simple
linear extrapolation of the slope from the first approximately 0%-
20% dissolved to 100% dissolved from Crisp et al.’s8 dissolution
data); Tinfin values calculated by Equation 10, as well as the r2 and r
changes across the particle range.

This treatment shows fairly good agreement between predicted
Tinfin values and those estimated from the dissolution data. Here the
smallest nanoparticles’ Tinfin values derive frommass transport from
buffer solubilization alone, danazol being much faster due to much
higher buffer solubility (22-fold higher). In all cases, the agreement
is within a factor of approximately 2 or better. Again, the indirect
micelle loading mechanism appears to be a plausible construct to
describe the observed poorly soluble drug particle dissolution rates.
Note in Table 7 that decreasing the p value to zero across the 2 mm to
300 nm region leads to a significant diminishment in the expected
Tinfin improvements compared to r2 dependence.
Anacetrapib Nanoparticle Dissolution Provides an Example of a Final
Dissolution Rate-Limiting Step in the Indirect Micelle Loading
Mechanism

In the indirect micelle loading mechanism as treated above,
micelles load only through encounters with drug dissolved into the
buffer phase. However, the dissolution of drug into the buffer phase
is assumed to be fast (relative to diffusion out of the particle
diffusion layer) in Equations 2, 3, 7, 9, and 10. As the drug particles
are made smaller and smaller, this may not be the case. The actual
solubilization rate of the drug into the buffer may begin to further
impact the particle dissolution rate (this rate has been recently
Figure 10. Dissolution of anacetrapib nanoparticles in FaSSIF and 0.3% SLS at
0.6 mg/mL.
referred to as the surface kinetic coefficient without micelles,
b01).8,29 Anacetrapib nanoparticle dissolution rates provide an
illustrative example. A total of 110 and 190 nm (D50) anacetrapib
nanoparticles are created from an anacetrapib HME formulation
previously described.30 Anacetrapib has approximately 4-fold
higher solubility in 0.3% SLS media than in FaSSIF media, and the
SLSmicelles have nearly 4-fold higher diffusivity values due to their
smaller size (Table 3). Figure 10 shows the dissolution data over the
first 30%-50% of the 0.6 mg/mL anacetrapib nanoparticles added to
both micellar solutions. The dissolution rates of the anacetrapib
nanoparticles are identical in these 2 very different surfactant
systems. In the direct micelle loading context, one might expect
different nanoparticle dissolution rates in these 2 different surfac-
tant systems. However, in the case of indirect micelle loading, the p
values are 0 in Equation 10 for these nanoparticles (open data
points, Figs. 8 and 9) and thus the dissolution process should be
mediated only through the buffer phase, thus predicting identical
dissolution rates in either SLS or FaSSIF.

Application of Equation 10 to the 190 nm D50 population (e.g.)
with p ¼ 0 predicts a Tinfin of about 3.5 min. The % dissolved data in
Figure 10 give an extrapolated Tinfin value of closer to 80 minda
factor of 20-25 slower than expected due to the mass transfer rate
from the buffer (danazol and itraconazole agreement in this same
limit was within a factor of 2 above as noted above). We conclude
this reflects that solubilization of drug into the buffer at the particle
surface (b01 rate) has become rate-limiting. In our view, this is likely
related to the unusually high lipophilicity of anacetrapib, having a
log P of 8.8 (Table 4). We note in this context in Table 7 that the 240
nm itraconazole particles (log p ¼ 5.7) are 2-fold slower than pre-
dicted by Equation 10, and it is possible that the itraconazole b01
value is largely accountable for this difference. Thus in the indirect
loading mechanism, as drug particle size is reduced to the several
hundred nanometer region, b01 rates in combination with p values
approaching zero in Equation 10 can lead to much weaker im-
provements in Tinfin that can approach only an r dependence
(Table 7) rather than the r2 dependence expected from a diffusion-
controlled Nernst-Brunner dissolution process.
Conclusions

Kumar and Gandhi’s indirect micelle loading mechanism
(Fig. 1b) for ionic surfactants has been explored as a plausible
alternative to Cussler’s direct loading mechanism (Fig. 1a) which
has been widely assumed in the pharmaceutical context. The
dissolution profiles of the 4 drug molecules studied here and pre-
vious data reported by Sugano and coworkers13 and Williams and
Johnston and coworkers8 are reasonably described by either
mechanism. However, in the indirect micelle loading framework,
slower dissolution rates (compared to Nernst-Brunner assump-
tions) can be predicted for drugs with increasingly larger Keq values.
On the other hand, slow particle dissolution in the direct micelle
loading mechanistic framework is more difficult to predict from
drug or surfactant properties. We develop a view of the dissolution
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rate enhancements expected from drug particle size reduction
assuming indirect micelle loading. Equation 10 and Figures 3, 8,
and 9 highlight the primary result that as drug particles are made
smaller, pwill approach zero and drug nanoparticle mass transport
out of the diffusion layer proceeds entirely through the buffer
phase. This is a different view of nanoparticle dissolution than
described in the direct micelle loading mechanistic framework.
Anacetrapib nanoparticles (log P 8.8) provides a clear example of a
further limit operating in the indirect loading mechanism, inwhich
the actual drug solubilization into the buffer alone (the kinetic
coefficient b01

29) can become the rate-controlling step in drug
nanoparticle dissolution.
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