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ABSTRACT

Purpose The goals of this study were to determine: 1) the
impact of surfactants on the “amorphous solubility”; 2) the
thermodynamic supersaturation in the presence of surfactant
micelles; 3) the mechanism of solute solubilization by surfac-
tant micelles in supersaturated solutions.

Methods The crystalline and amorphous solubility of
atazanavir was determined in the presence of varying concentra-
tions of micellar sodium dodecyl sulfate (SDS). Flux measure-
ments, using a side-by-side diffusion cell, were employed to de-
termine the free and micellar-bound drug concentrations. The
solubilization mechanism as a function of atazanavir concentra-
tion was probed using fluorescence spectroscopy. Pulsed gradient
spin-echo proton nuclear magnetic resonance (PGSE-NMR)
spectroscopy was used to determine the change in micelle size
with a change in drug concentration.

Results Changes in the micelle/water partition coeflicient, K.,
as a function of atazanavir concentration led to erroneous esti-
mates of the supersaturation when using concentration ratios. In
contrast, determining the free drug concentration using flux mea-
surements enabled improved determination of the
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thermodynamic supersaturation in the presence of micelles.
Fluorescence spectroscopic studies suggested that K., changed
based on the location of atazanavir solubilization which in turn
changed with concentration. Thus, at a concentration equivalent
to the crystalline solubility, atazanavir is solubilized by adsorption
at the micelle corona, whereas in highly supersaturated solutions
it is also solubilized in the micellar core. This difference
in solubilization mechanism can lead to a breakdown in
the prediction of amorphous solubility in the presence
of SDS as well as challenges with determining supersat-
uration. PGSE-NMR suggested that the size of the SDS
micelle is not impacted at the crystalline solubility of the
drug but increases when the drug concentration reaches the
amorphous solubility, in agreement with the proposed chang-
es in solubilization mechanism.

Conclusions Micellar solubilization of atazanavir is complex,
with the solubilization mechanism changing with differences
in the degree of (super)saturation. This can result in erroneous
predictions of the amorphous solubility and thermody-
namic supersaturation in the presence of solubilizing
additives. This in turn hinders understanding of the
driving force for phase transformations and membrane
transport, which is essential to better understand
supersaturating dosage forms.

KEY WORDS amorphous solubility - crystalline solubility -
micelles - solubilization mechanism - supersaturation - surfactants

ABBREVIATIONS

ASD Amorphous solid dispersion

ATZ Atazanavir

CMC Critical micelle concentration

FRET Forster resonance energy transfer

GLPS Glass liquid phase separation

HPLC High performance liquid chromatography
LLPS Liquid liquid phase separation
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PGSE-NMR  Pulsed gradient spin-echo proton
nuclear magnetic resonance

SDS Sodium dodecyl sulfate

INTRODUCTION

The advent of computational chemistry and high throughput
screening has resulted in major advances in the field of me-
dicinal chemistry and drug discovery leading to a plethora of
potential drug candidates (1-3). However, these advances
have also led to challenges in the area of drug product devel-
opment. New chemical entities advancing through discovery
pipelines are trending towards higher molecular weights,
melting points and/or lipophilicity, resulting in poor aqueous
solubility (4,5). As solubility is an essential prerequisite for
dissolution and oral bioavailability, formulation scientists are
constantly searching for solubility enhancement strategies.
Such strategies can be broadly classified into two categories.
First, strategies that increase the drug concentration by
enhancing crystalline solubility and second, strategies that
generate supersaturated systems wherein the concentrations
attained are higher than the crystalline solubility. Strategies
such as solubilization by surfactant micelles (6) and complex-
ation agents (cyclodextrins, albumin) (7,8) can be classified
into the first category whereas, some lipid-based formulations
(9-11), salts (12), cocrystals (13) and amorphous formulations
(14) fall loosely under the second category. Supersaturated
solutions can be generated if the formulation undergoes rapid
dissolution generating concentrations higher than the crystal-
line solubility, or during gastrointestinal transit where weak
bases can undergo a decrease in solubility on transit from
the stomach to the small intestine. Further, conversion from
a prodrug to the active drug has also been shown to result in
supersaturation (15,16).

Supersaturated systems can offer certain advantages over
the strategies that enhance the crystal solubility. Miller ¢t al.
and Dahan ¢ al. determined the apparent permeability of
progesterone at varying drug concentrations wherein higher
apparent drug concentrations were achieved either by
employing cyclodextrins, surfactants and cosolvents or by dis-
solution of an amorphous solid dispersion (ASD). It was ob-
served that the techniques which increased the apparent crys-
talline solubility led to a decrease in membrane transport of
the drug whereas, membrane transport was not sacrificed
when an ASD was used to achieve high apparent concentra-
tions (17-20). These observations can be readily explained by
defining supersaturation in its true thermodynamic sense. It is
well known that there is a quantitative relationship between
the degree of supersaturation and the enhancement in pene-
tration of the permeant across a membrane (21-24).
Supersaturation, in rigorous thermodynamic terms, depends
on the activity of the solute in the solution (25). In complex

media, such as aqueous surfactant solutions, “free drug”, as
opposed to total drug, contributes to and dictates the drug
activity. Thus, for the same total drug concentration, and at
or below the LLPS concentration, the solute activity in the
presence of solubilizing additives is lowered. As diffusion
through a permeable membrane is driven by the solute activ-
ity gradient (26,27), solubilizing additives that reduce solute
activity will negatively impact the transport of the drug across
a membrane (28-30). This effect has to be balanced with the
favorable effects of solubilizing additives in terms of promot-
ing dissolution and enabling the drug to be present i vwo in a
solubilized form.

It has been previously demonstrated that, in the absence of
crystallization, highly supersaturated solutions of lipophilic
drugs can undergo liquid-liquid phase separation (LLPS) or
glass-liquid phase separation (GLPS) when the solution con-
centration exceeds the amorphous solubility, such that the
concentration of the continuous phase corresponds to the
amorphous solubility while the excess amorphous material
(supercooled liquid or glass) precipitates as a dispersed phase.
A metastable equilibrium exists between the two phases
(31,32). The precipitated amorphous phase has been shown
to exist in the form of drug-rich hydrophobic nanodroplets
(31,33,34). The maximum flux is obtained at this concentra-
tion (35). At higher concentrations, the nanodroplets formed
upon LLPS do not provide further enhancement in flux but
have been demonstrated to sustain the maximum flux, acting
as a reservoir to replenish molecularly dissolved drug removed
by transport across the membrane, and maintaining the su-
persaturation at the amorphous solubility. Thus, LLPS, unlike
crystallization which leads to desupersaturation and thus a
decrease in the amount of drug available for absorption, can
be potentially advantageous i vivo (36,37).

ASDs typically contain one or more drugs dispersed with a
polymer and these formulations usually dissolve under non-
sink conditions to produce a supersaturated solution.
Additionally, surfactants may be added to improve the disso-
lution performance of the dispersion. For example, the com-
mercially available ASDs, Kaletra® by AbbVie contains
Span® 20, while Incivek™ and Kalydeco®, both produced by
Vertex Pharmaceuticals, contain sodium dodecyl sulfate
(SDS). These surfactants are known to form micelles in aque-
ous media above the critical micelle concentration.
Additionally, biorelevant media, popularly used as a surrogate
for gastrointestinal (GI) fluids in i vitro studies contain mixed
micelles formed by sodium taurocholate (STC) and lecithin
(38,39). Human intestinal fluids have been shown to contain a
multitude of bile salts as well as phospholipids (40). These bile
salts, in combination with phospholipids, can form a variety of
different structures such as micelles, mixed micelles and vesi-
cles (41,42). Such structures can lead to solubilization of the
drug and therefore, impact supersaturation (43,44). Raina
et al., observed that in supersaturated solutions containing
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the same total drug concentration, at and below the LLPS
concentration, solutions devoid of solubilizing agents exhibit-
ed higher drug flux than those containing solubilizing agents.
While it was possible to increase the drug flux in the presence
of solubilizing additives by increasing the total concentration
of the drug; it was not straightforward to estimate the degree
of supersaturation in these solutions. Additionally, while LLPS
still occurred in the presence of solubilizing additives, this
transition occurred at a higher total drug concentration as
compared to in buffer, and the amorphous-to-crystalline sol-
ubility ratios were different in the presence and absence of
solubilizing additives (45). These observations suggest that un-
derstanding the relationship between supersaturation and sol-
ubilization is not trivial. Due to the ubiquitous presence of
surfactants, and the increasing utilization of supersaturating
dosage forms, it is of great interest to gain a more fundamental
understanding of amorphous solubility, supersaturation and
solubilization mechanisms in the presence of surfactants.

It is commonly believed that a drug is solubilized in the
hydrophobic micellar core, but reference to the literature
shows that this view is an oversimplification. In his dissertation
work, Feng showed that, for a group of chemically diverse
molecules, the drug was solubilized at the micelle/water in-
terface instead of micellar core at concentrations equivalent to
the equilibrium solubility (46). In fact there are five sites on the
micelle where the drug may be solubilized (47). Eriksson and
Gillberg observed that for a given surfactant concentration,
cetyltrimethylammonium bromide micelles solubilize benzene
at different sites depending on the solute concentration sug-
gestive of a change in solubilization mechanism (48). Thus,
solubilization in the presence of surfactants may be a complex
phenomenon with different modes of solubilization operating
even for the same solute-surfactant system.

In this work atazanavir, a poorly water soluble compound,
and sodium dodecyl sulfate (SDS), a widely used surfactant,
(Fig. 1), are used to gain a fundamental understanding of
supersaturation in the presence of surfactant micelles. We hy-
pothesize that the micelle/water partitioning coefficient (£,,,/,,)
changes as a function of drug concentration, leading to a com-
plex relationship between supersaturation and concentration.
Experimentally the hypothesis was tested by determining the
K, ,. as a function of solute concentration below
(subsaturated) and above (supersaturated) the crystalline solu-
bility. Additionally, fluorescence spectroscopy and nuclear
magnetic resonance (NMR) studies were employed to gain
insights into the solubilization mechanism(s).

MATERIALS

Atazanavir sulfate was purchased from Attix Corporation
(Toronto, Canada). Methanol was obtained from Macron
Fine Chemicals (Center Valley, PA). Curcumin was
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M.W.: 704.86 g/mol
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Fig. | Molecular structure and weight of atazanavir and sodium dodecyl
sulfate.

purchased from Spectrum Chemical Mfg. Corp. (Gardena,
CA). Sodium dodecyl sulfate (SDS), pyrene carboxaldehyde,
pyrene, dodecyl pyridinium chloride, deuterium oxide were
obtained from Sigma-Aldrich (St. Louis, MO). Atazanavir
free base (ATZ) was prepared following an established proce-
dure (33). Briefly, a concentrated solution of ATZ sulfate pre-
pared in methanol was added to a basic solution of NaOH to
precipitate amorphous ATZ. This precipitate was then crys-
tallized from a water:ethanol (1:1) mixture.

METHODS

Determination of Micellar Properties of SDS
Critical Micelle Concentration (CMC)

The CMC of SDS was determined in 50 mM phosphate
buffer pH 6.8 at 37°C by fluorescence spectroscopy using
pyrene carboxyaldehyde as a fluorescent probe. Solutions of
SDS in buffer ranging in concentrations between 0.05 and
2 mg/mL were prepared. Pyrene carboxyaldehyde was intro-
duced by adding a methanolic solution (< 0.1 pg/mlL) of the
probe into the surfactant solution to achieve a final probe
concentration of 0.5 pg/mL. The fluorescence spectrum was
acquired for each surfactant solution using a Shimadzu RF-
5301PC spectrofluorometer (Kyoto, Japan) at an excitation
wavelength of 360 nm. The emission wavelength at the max-
imum intensity (Ap..) was recorded and the surfactant
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concentration at which a change in A, was observed was
taken as the CMC.

Micellar Aggregation Number (N,

Nage for varying concentrations of SDS (1, 2 and 3.6 mg/mL)
in pH 6.8 phosphate buffer at 37°C was determined by the
static fluorescence quenching method. This method has been
used extensively to determine N, (49-53). Here, pyrene was
used as a fluorescent probe and dodecyl pyridinium chloride
as the quencher. This probe-quencher combination has been
previously reported for the SDS system (51). For a fixed sur-
factant concentration [Cgpg], pyrene was introduced into the
aqueous medium by diluting the concentrated methanolic
pyrene solution into the surfactant-containing buffer to yield
a final pyrene concentration of 0.4 pg/mkL (the added meth-
anol concentration was < 0.1 pg/mL). The intensity of the first
emission peak of pyrene in the absence of the quencher was
recorded (/) using a Shimadzu RF-5301PC spectrofluorome-
ter (Kyoto, Japan) at an excitation wavelength of 332 nm.
Next, varying concentrations of the quencher [(Q], dodecyl
pyridinium chloride were added to the SDS-pyrene solution
and the emission intensity of the first peak was recorded at
each quencher concentration (/). The N, was determined
based on Eq. 1 (54).

. [QIN g

In—=

1, [Csps—CMC] (1)

1, . . .
Plots of {ni" as a function of [(] in molar units were made
q

for each surfactant concentration and N, was determined

from the slope.
Solubility Studies
Crystalline Solubility (Syar)

The solubility of crystalline ATZ was determined in 50 mM
phosphate buffer pH 6.8 both in the absence and presence of
SDS. SDS solutions varying in concentrations between 0.05 to
3.6 mg/mL were prepared. To determine the crystalline sol-
ubility, an excess of crystalline solid was first equilibrated in
the medium of interest for 48 h at 37°C followed by separation
of solubilized drug by ultracentrifugation at 35000 rpm
(209,490 g-force) using an Optima L-100 XP ultracentrifuge
(Beckman Coulter, Inc., Brea, CA). The supernatant concen-
tration was determined by high performance liquid chroma-
tography (HPLC) with an Agilent 1260 Infinity system and an
Agilent Eclipse Plus C18 5 um, 2.1x150 mm column (Agilent
Technologies, Santa Clara, CA). The mobile phase consisted
of 60% pH 2.5 water acidified with o-phosphoric acid, and
40% acetonitrile. An injection volume of 15 pL was used and
the flow rate was adjusted to 0.5 mL/min such that the

retention time was less than 5 min. Detection was carried
out at 210 nm using an ultraviolet (UV) detector. A calibration
curve (R? = 0.999) constructed over the range 0.1 to 5 pg/mL
was used for quantifying concentrations. Whenever necessary,
dilution of the supernatant was carried out to obtain concen-
trations within the range of the calibration curve.

Predicted Amorphous Solubility (Spreq)

The solubility advantage of the amorphous form over its crys-
talline counterpart is obtained because of the higher free en-
ergy of the amorphous form which in turn results from the
lack of long range order in the solid. This difference in free
energy (AG) can be estimated from the Hoffman equation in
the dry state (Eq. 2) (55).

AH (T, ~T)T
:T

m

AG (2)

Here A4Hpis the heat of fusion of the crystalline phase, 7,, is
the melting temperature of the crystal, and 7 is the tempera-
ture of interest (310 K).

Due to its disordered nature, the amorphous form of a
compound has a tendency to absorb water which results in
reduction in its thermodynamic activity. This leads to a de-
crease in the free energy difference and must be accounted for
when estimating the solubility advantage. Thus, the predicted
amorphous solubility (S,,.,) can be estimated using Eq. 3 (56).

RT

Syt = | | expl =105 )

In this equation, the term, exp [% takes into account the
solubility advantage due to the lack of crystalline structure;
whereas the term exp[—{(a)] is a correction factor that con-
siders the decrease in thermodynamic activity due to water.
The amount of water can be obtained from the moisture
sorption isotherms of the amorphous form. This approach of
predicting amorphous solubility has been applied to numer-
ous pharmaceutical compounds, and generally provides good
estimates (31,57).

A TA Q2000 differential scanning calorimeter (DSC) with
a refrigerated cooling accessory (T'A Instruments, New Castle,
DE) was used to determine the 7,, and AHof crystalline ATZ.
The drug was heated in the DSC from 10°C to 250°C at a
heating rate of 5°C:/min and a nitrogen flow of 50 mL/min
was maintained to create a dry environment. Amorphous
ATZ was prepared by melting crystalline ATZ and quench
cooling the melt with liquid nitrogen. A symmetric vapor sorp-
tion analyzer SGA-100 (VTT Instruments, Irvine, CA) was
used to obtain moisture sorption profiles of amorphous ATZ
by placing approximately 15 mg of the drug in sample pan
followed by drying at 37°C. The relative humidity was
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increased from 5 to 95% with a 5% interval and the corre-
sponding weight gain by the sample due to moisture sorption
at 37°C was recorded. A weight equilibration criterion of less
than 0.01% weight change over a 10 min period was used to
determine the equilibration time at a particular RH. The term
exp[—I(a)] was determined from the percentage weight gain
with increases in relative humidity data using the method de-
scribed by Murdande ef al. (56). S,,,,;in absence or presence of
SDS was determined using Eq. 3 and employing S,

Experimental Amorphous Solubility/ LLPS Concentration (S;ps)

The experimental amorphous solubility or the onset of LLPS
was determined using the solvent shift method (31). Although
GLPS is an appropriate terminology for atazanavir since the
glass transition temperature of the amorphous precipitate
equilibrated with water is higher than the experimental tem-
perature (33), the term LLPS is employed in this work as it is
more commonly used to describe amorphous phase separa-
tion in aqueous media. Aqueous solutions of SDS in pH 6.8
buffer were prepared over the concentration range of 0.05 to
3.6 mg/mL and equilibrated at 37°C. A concentrated solu-
tion of the drug prepared in methanol (30 mg/mL) was then
diluted into the aqueous surfactant solutions at a particular
rate using a syringe pump to generate supersaturated solu-
tions. The rate of addition of this solution into aqueous medi-
um was varied such that the duration of experiment was less
than 10 min. Supersaturated solutions of varying concentra-
tions thus generated were constantly stirred at 300 rpm and
monitored for changes in scattering by measuring extinction
at a non-absorbing wavelength of 350 nm using a UV/vis
spectrophotometer (SI Photonics, Tuscon, Arizona), coupled
with a fiber optic dip probe. The concentration at which a
sharp change in the slope of a plot of scattering as a function of
concentration was observed was taken as the LLPS concen-
tration or experimental amorphous solubility.

Determination of Diffusive Flux

Diftusive flux was determined both in pH 6.8 phosphate buff-
er and buffer containing predissolved SDS using a side-by-side
diffusion cell (PermeGear Inc., Hellertown, PA). To study the
impact of the surfactant, varying concentrations of SDS, 1, 2
and 3.6 mg/mL were employed. The diffusion cell consisted
of a donor compartment separated from the receiver com-
partment by a Spectra/Por® 1 regenerated cellulose mem-
brane (Spectrum Laboratories Inc., Rancho Dominguez, CA)
with molecular weight cut off value of 6-8 kD. 34 mL of the
aqueous medium was added to both the donor and the receiv-
er compartments and equilibrated at 37°C. The surface area
of the membrane available for mass transport was 7.07cm?. A
concentrated stock solution of the drug (30 mg/mlL) prepared
in methanol was then diluted into the donor side to achieve
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the desired total drug concentration. The concentration of the
drug permeated to the receiver side was monitored by with-
drawing 200 pL of aliquots every 10 min over the 60 min
duration of the experiment and determining the concentra-
tion using HPLC.

Diftusive flux (), which by definition is the rate of mass
transfer per unit surface area, is given by the Eq. 4.

_dm

]—@ (4)

Here, % is the rate of mass transfer and A4 is the cross
sectional area of the membrane. Hence, the concentration
achieved on the receiver side was plotted as a function of time
for each initial donor concentration. The slope of each plot
was then converted to flux (7) by factoring in the total volume

of the medium and the cross sectional area of the membrane.

Fluorescence Spectroscopy

As ATZ 1s an autofluorescent molecule, fluorescence spectros-
copy was carried out on ATZ solutions prepared in pH 6.8
phosphate buffer as well as in the presence of 1, 2 and 3.6 mg/
mL SDS solutions using a Shimadzu RF-5301PC spectroflu-
orometer (Kyoto, Japan). The final drug concentration in the
medium ranged from less than the crystalline solubility (sub-
saturated systems) up to the LLPS concentration (highly su-
persaturated systems). Desired concentrations of the drug
were achieved by diluting a concentrated methanolic solution
of the drug into the medium. An excitation wavelength of
250 nm was used and changes in emission spectra were re-
corded. A solid state emission spectrum of a thin amorphous
film ATZ was also obtained to observe the major emission
peaks when the interactions exist solely between the drug mol-
ecules. Solid-state fluorescence has been previously used to
study the environment around the drug using fluorescent
probes (58). Briefly, 100 pL of a 30 mg/mL of drug solution
prepared in methanol was placed on quartz cover glass and a
thin film was obtained by spin coating using a KW-4A spin
coater (Chemat Technology Inc., Northridge, CA) and rotat-
ing at 3000 rpm for 30s.

To elucidate the location of solubilization of the drug in
SDS micelles, Forster resonance energy transfer (FRET) ex-
periments were carried. Curcumin was used as a FRET part-
ner for ATZ as curcumin shows fluorescence emission only
when excited at 369 nm and does not emit when excited at
250 or 328 nm. Here, curcumin was dissolved in 3.6 mg/mL
SDS solution to give final curcumin concentration of 0.5 pg/
mL. Emission spectra of curcumin alone in a 3.6 mg/mL SDS
solution were recorded at excitation wavelengths of 250, 328
and 369 nm. Three different wavelengths were used here to
ensure that curcumin does not exhibit fluorescence when ex-
cited at 250 and 328 nm but fluoresces when excited at
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369 nm. ATZ was added to the curcumin-containing SDS
solution in the concentration range between 45 to 1200 pg/
mL by pipetting an aliquot of concentrated methanolic drug
solution sufficient to attain the desired concentration.
Fluorescence measurements of these solutions were carried
out using an excitation wavelength of 250 nm and emission
spectra were collected with the aim of detecting the emer-
gence of a curcumin emission peak indicating a FRET effect.

Size Determination of SDS Micelles

The self-diffusion co-eflicient (Dyyz) of the micelles was deter-
mined using pulsed gradient spin-echo proton NMR (PGSE-
NMR). Measurements were performed at 25°C on a Bruker
500 MHz ("H) spectrometer equipped with a triple resonance
inverse z-gradient cryogeneic probe. A lower temperature was
used here to avoid crystallization of the drug, as crystallization
kinetics are slower at reduced temperatures. A stimulated spin-
echo with longitudinal eddy decay was employed for the mea-
surement. Gradient strength was 6 G/mm with a DyO sample as
the standard. For each Dy, z measurement, gradient strength
was linearly increased from 2% to 95% of the full strength in
16 steps; a relaxation delay of 10 s was used and 8 scans were
accumulated for each gradient strength. 40 mg/mL of SDS so-
lution was prepared in DyO containing phosphate salts at a
concentration of 50 mM. Higher SDS concentration was
employed to minimize the contribution of the monomers to-
wards Dyyzr. At this concentration, only 1.25% of SDS mole-
cules are present in the monomeric form. 600 pL of the sample
was placed in a NMR tube and measurements for micellar Dy,
were carried out both in absence and presence of two different
ATZ concentrations viz. 0.4 mg/mL and 7 mg/mL. The size of
the micelles was then calculated from Dy by employing the
Stokes-Einstein equation (Eq. 5).

kg T

[ (5)

D,\‘ZW R —

Here, T 1s the experimental temperature (25°C), kg 1s the
Boltzmann constant, # 1s the viscosity of the medium which
was taken as the viscosity of water at 25°C assuming the sur-
factant and the drug do not change the viscosity of the medi-
um, and 7 is the hydrodynamic radius of the micelle.

RESULTS
Determination of Micellar Properties of SDS
Critical Micelle Concentration (CMC)

It is well known that the CMC of an ionic surfactant is impacted
by the presence of salts and the ionic strength of the solution

(59,60). Hence, the CMC of SDS was determined in the medium
of interest for this study, 50 mM pH 6.8 phosphate buffer at
37°C using an environment sensitive fluorescent probe, pyrene
carboxyaldehyde. In principle, at concentrations where the sur-
factant exists as monomers, the probe is distributed uniformly in
the aqueous medium and hence senses a polar environment,
whereas when the surfactant exists as aggregates/micelles, the
hydrophobic probe partitions into the hydrophobic core of the
micelle and now senses a relatively less polar environment (61).
This change in polarity leads to a change in the probe emission
characteristics such as the intensity at A, or the A, Generally,
a hypsochromic (blue) shift in A, 1s observed when the environ-
ment changes from polar to non-polar. Figure 2a shows the Ay,
of pyrene carboxyaldehyde plotted as a function of varying SDS
concentrations. It is evident that the A, changes at an SDS
concentration of 0.5 mg/ml., and this concentration was taken
as the CMC of SDS for the above mentioned experimental
conditions. The CMC of SDS in water is known to be 2.4 mg/
mL (62). The lower value obtained in this work is attributed to
the increase in 1onic strength due to presence of buffer ions. This
CMC value 1s very similar to that reported by Fuguet e al. in
medium containing a 50 mM concentration of electrolytes (59).

Micellar Aggregation Number ()

N,

agg
method (51-54). Figure 2b shows a plot of n Gi;) as a function

was determined using the static fluorescence quenching

of quencher concentration [Q] for 3.6 mg/mL of SDS. The
method is based on the principle that both the quencher and
the fluorescent probe can partition into the micelles and that
the distribution follows Poisson statistics (54). Further, if the
probe and quencher coexist in the same micelle, the probe will
not contribute to the total emission intensity i.e. emission in-
tensity will be recorded only from the micelles that contain the
probe but not the quencher. Using Fig. 2b and Eq. 1, NV, was
determined to be 63. The same method was used to determine
the Vg values at 1 and 2 mg/mL SDS concentrations which
were found to be 60 and 58 respectively. These results are
consistent with previously reported values (51,63). Further, it
can be noted that the N, values do not drastically change with
increasing SDS concentration. This result is also in line with
earlier reports that SDS micelles are slow growing and that
there is an increase in the number of micelles with concentra-
tion while the N, remains fairly constant (63).

Solubility Studies

The crystalline solubility of atazanavir at 37°C in pH 6.8
phosphate buffer was found to be 1.1 pg/mL. The thermody-
namic parameters employed to determine the predicted
amorphous solubility are presented in Table I. Based on these
parameters, the ratio of the predicted amorphous solubility to
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Fig. 2 Determination of micellar properties of SDS. (a) Critical micelle con-
centration (CMC) of SDS at 37°C in 50 mM pH 6.8 buffer using pyrene
carboxyaldehyde as a fluorescent probe. Decrease in emission A is ob-
served at 0.5 mg/mL suggestive of micelle formation. (b) aggregation number
(Nagg) of SDS by static fluorescence quenching using pyrene as a fluorescent
probe and dodecyl pyridinium chloride as a quencher. N,g, can be estimated
from the slope of the plot and concentration of micellized surfactant.

the crystalline solubility was found to be 62 and the predicted
amorphous solubility or the maximum solubility that ATZ
can attain prior to liquid-liquid phase separation was estimat-
ed to be 68 pg/mL. The experimental amorphous solubility
or the LLPS concentration determined by the solvent shift
method was found to be 70 pg/mL in surfactant-free buffer

Table I Thermodynamic Parameters of ATZ Employed in the
Determination of Predicted Amorphous Solubility

Tm (°O) AH¢ (/g) Moisture absorbed (%) I (@
208 90.1 52 0.22

@ Springer

which is in excellent agreement with the predicted amorphous
solubility. Thus, for ATZ it is apparent that the maximum
solubility advantage can be achieved experimentally. This the-
oretical or maximum solubility advantage may not be
achieved by all compounds due to crystallization.

The crystalline solubility as a function of SDS concentration is
presented in Fig. 3. It can be seen that the solubility remains
approximately constant at around 1 pg/mL up to an SDS con-
centration of 0.5 mg/mL. Above this, a linear increase in solu-
bility is observed. This result is in excellent agreement with the
CMC determined in this work. At the CMC, micelles begin to
form, and as a result, solubility enhancement is observed when
this concentration is exceeded as the micelles can solubilize the
drug. A similar trend was observed for the LLPS concentration
determined at varying surfactant concentrations (Fig. 4). From
the increase in the solubility of crystalline ATZ, the predicted
amorphous solubility also can be estimated and compared to
the experimentally determined amorphous solubility (Fig. 4).
The total solubility (S) observed in presence of a surfactant is
given by Eq. 6 (64).

S=S0+ K(CSDS—CMC) (6)

Here, S is the solubility of the drug in the absence of surfac-
tant (either crystalline or amorphous solubility as appropriate), x
is the molar solubilization ratio or the solubilizing power of the
surfactant and Cgpg is the total SDS concentration. Thus, the
term Cgps-CMC represents the concentration of surfactant mol-
ecules in the micellar state. Figure 4 presents three solubility
profiles plotted as a function of micellized SDS concentration.
It is evident that the experimental amorphous solubility is higher
than the crystalline solubility but does not reach the predicted
amorphous solubility limit (calculated from the crystalline
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Fig. 3 Crystalline solubility of ATZ in the presence of varying SDS concen-
trations at 37°C in 50 mM pH 6.8 buffer. Increase in crystalline solubility is
observed above the CMC of SDS.
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Fig. 4 Comparison of crystalline, predicted amorphous and experimental
amorphous solubility values of ATZ in presence of SDS. The slope gives the
molar solubilization ratio (K) for different solubility profiles. Secondary axes
shows the concentrations in w/ units.

solubility at the SDS concentration of interest and Eq. 3). Based
on fitting the data in Fig. 4 to Eq. 6, ¥ and S, values were
determined from the slope and intercept respectively, and are
presented in Table II. .S, values from the plot were also com-
pared to the experimentally determined solubility values in the
absence of SDS (Table II). Two observations can be made: 1)
based on a comparison of .S, values, it is apparent that the Eq. 6
can be satisfactorily applied to model the solubilization of both
the crystalline and amorphous forms; 2) the solubilizing power of
the surfactant for the amorphous form 1s different from that for
the crystalline form. Hence, Eq. 3 which gives excellent correla-
tion between solubility values for predicted and experimental
amorphous solubility in pure aqueous buffer, fails to predict the
total solubility enhancement of the amorphous form in presence
of SDS.

Determination of Solute Activity and Supersaturation
Ratio in Presence of SDS

Diffusive flux experiments carried out using side-by-side dif-
fusion cell were used to determine the activity of the drug in
the solution. Figure 5 shows a plot of flux as a function of

varying total ATZ concentrations added to the donor com-
partment in absence of surfactants. It can be seen that the flux
increases linearly with an increase in ATZ donor concentra-
tion from the crystal solubility to the amorphous solubility. For
donor concentrations added in excess of the amorphous solu-
bility, the flux reaches a plateau. This occurs because, in rig-
orous thermodynamic terms, the flux, 7, is directly propor-
tional to the activity (a) of the solute in the solution (Eq. 7)
(26). Here D is the diffusion coeflicient of the solute, /% is the
membrane thickness and y,, is the activity coefficient of the
solute in the membrane.

Da
F= . (7)

Activity is directly related to concentration, ¢, by Eq. 8

a=ye (8)

Where y is the activity coeflicient of the solute in the aque-
ous phase. In dilute concentration regime (concentrations up
to the amorphous solubility where the solution is expected to
behave as an ideal dilute solution), y = 1, and activity can be
substituted by concentration. However, at concentrations ex-
ceeding the amorphous solubility, the excess drug separates
into a second amorphous phase. In this case, the solute activity
1s equal to the activity of a solute in a solution with a concen-
tration corresponding to the amorphous solubility. Similar
trends in flux versus concentration plots have been previously
observed with supersaturated felodipine and nifedipine sys-
tems (35). The plot of flux as a function of concentration in
the region up to the amorphous solubility in surfactant-free
buffer, where y = 1 (a linear fit to the data in Fig. 5 gave an R
value of 0.998 and a slope of 0.0017 mL/min.cm”) was then
used as a calibration curve to determine the activity of the
drug in the presence of varying SDS concentrations between
the limits of the crystal and amorphous solubility. This ap-
proach of estimating the free solute concentration (i.e. the
solute activity) in the presence of surfactant micelles is similar
to the dialysis approach employed for the same purpose
(65,66). Fig. 6 shows ATZ free drug concentration as a func-
tion of total ATZ concentration in the absence of SDS, and in
the presence of 1, 2, and 3.6 mg/mL SDS. It is apparent that
the free drug concentration ranges between ~1 pg/mL at the

Table Il Summary of Solubilizing
Capacity (k) of SDS and Solubility

Values in Pure Buffer (S o) for
Different Solubility Profiles

Crystalline Experimental amorphous Predicted amorphous
0.006 0.183 0.35I

*S o from plot (ug/mL) [.04 64.6 69.2

S o experimental (ug/mL) .08 67.5 70

*values obtained from Figure 4
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Fig. 5 Flux of ATZ in 50 mM pH 6.8 buffer at 37°C for varying ATZ con-
centrations. The flux reaches a maximum at the amorphous solubility.

crystalline solubility and ~65 pg/mL at the amorphous solu-
bility both in absence and presence of SDS, even though the
total solution concentrations are drastically different.

Next, the supersaturation ratio (SR) was determined for all
the above mentioned systems. By definition, SR is the ratio of

activity of the solute (a) 1
at saturation (crystal so

n a solution to the activity of the solute
lubility) (a*) (25). From this definition

and from Eq. 8, SR is given by:

SR=- =1
a ye
The superscript “*”
at saturation. Typically

(9)

represents the properties of the system
within pharmaceutical sciences, when

y=0.998 y=0.181

y=0.086 y=0.047

3 gpd
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Fig. 6 ATZ free drug concentration as a function of total ATZ concentration
for varying SDS concentrations. Free drug concentration varies between | ug/

mL at the crystalline solubili

ty and 65 ug/mL at the amorphous solubility.

y = | in absence of SDS and decreases with increasing SDS concentrations.
Y is estimated assuming ideal dilute solution as standard state.

@ Springer

studies of supersaturation are conducted in both simple and
complex media, y / y*is assumed to be 1, and activity is
substituted by concentration terms to determine SR. Thus
the solubility of the crystalline form is determined in the me-
dium of interest (simple buffer, or complex medium contain-
ing surfactants), and the SR is determined using this value. To
demonstrate that this oversimplification may not always be
accurate in terms of describing the fundamental supersatura-
tion, SR based on the ratio of activities (SRp,) was compared
to the SR derived from the ratio of concentrations (SR,,,). For
the concentration-based SR values, the total ATZ concentra-
tion and the crystalline solubility in the medium of interest was
used. For the activity-based SR values, the flux data was used
to estimate the drug activity in the medium of interest.
Figure 7a shows the SR determined by the two methods for
3.6 mg/mL SDS solutions containing varying ATZ concen-
trations between the crystalline and amorphous solubility
values. Figure 7b shows the SR determined at the amorphous
solubility for varying SDS concentrations and a comparison of
the SR determined in the absence of SDS. As expected, in the
absence of SDS, the SR,,,, and SR, are equal. However,
when solubilizing additives are present and y/ y* # 1, these two
ratios are not equal. SR, clearly underpredicts the funda-
mental supersaturation. In contrast, SR, varies between
1 at the crystalline solubility and 65 at the amorphous solubil-
ity (within experimental error) regardless of SDS presence.
These results provide confirmation that the flux method pro-
vides a good estimation of the fundamental supersaturation
since the predicted activity ratio between the crystalline and
amorphous forms of ATZ 1s 62, in excellent agreement with
the experimentally determined SR, value of 65,

Mechanism of Solubilization: Determination of %,,,,,

The micelle to water partition coefficient (&,,/,,) of the drug
was determined at different ATZ concentrations using Eq. 10:

[drug in the micelle)

K?}Z/ZU: ( 10)

[free drug in aqueous compartment]

The concentration of the free drug (drug in aqueous com-
partment) was obtained from the diffusive flux experiments as
described above. The concentration of the drug in the micelle
was then obtained by mass balance since the total drug con-
centration was known. Figure 8 shows a plot of &,,/,, as a
function of ATZ concentrations added to a 3.6 mg/mL SDS
solution and 1t is readily apparent that £,,/,, is not a constant.
This plot can be divided in to two regions. Region I, in which
K./, decreases linearly with an increase in total drug concen-
tration up to a concentration slightly above the crystal solubil-
ity, and Region II where the £/, is observed to reach a
relatively constant value. Similar graphs were plotted for other
SDS concentrations and it was observed that the change in
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Fig. 7 Comparison of concentration and activity based supersaturation ratio
(SR). (@) SR as a function of total ATZ concentration in presence of 3.6 mg/mL
SDS. The activity-based SR varies between | at the crystalline solubility and
65 at amorphous solubility whereas the concentration-based SR varies be-
tween | and 30. (b) SR at the amorphous solubility at various SDS concen-
trations, Activity-based SR is ~65 whereas concentration based SR is ~30.

slope of K/, occurs at the same activity regardless of the
surfactant concentration (data not shown). A trend similar to
that observed in Region I was reported for nystatin in pres-
ence of Cremophor EL and Nofable ESO-9920, whereas a
trend similar to Region II was observed for pyrene in the same
surfactant systems (67). The authors concluded that these dif-
ferences result because of different solubilization mechanisms
at play for the two solutes wherein, nystatin 1s solubilized by
adsorbing at the interface of the hydrophilic corona and hy-
drophobic core, whereas pyrene is solubilized by partitioning
into the hydrophobic core. In this study, these two trends were
observed for the same solute but at different levels of sub/
supersaturation. Hence, we can speculate that the ATZ
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Amorphous
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Fig. 8 Plot of micelle/water coefficient (K.,) as a function of varying ATZ
concentrations in presence of 3.6 mg/mL SDS. K, decreases with ATZ
concentration in region | where the drug is solubilized by adsorption at the
micelle interface whereas, it reaches a plateau in region Il where the drug is
solubilized by dissolution in the core.

molecule 1s solubilized by adsorption at the interface when
the total solution concentration is near the saturation solubil-
ity, while above this concentration, when the adsorption sites
are saturated, the drug is solubilized by association with the
hydrophobic core. This speculation is supported by the obser-
vation that Region I could be fit to the Langmuir adsorption
isotherm (Eq. 11) (64):

== +—= (11)

Here, C'is the molar concentration of free solute molecules,
x 1s the solute mole fraction in the micellar phase, x,, is the
maximum solute mole fraction adsorbed and K, is the
Langmuir adsorption constant. Figure 9 shows a plot of (; as
a function of C'for the Region I. The plot follows a linear trend
with an R? value of 0.998 and K, value of 3.86 x 10° L/mol.
x,, determined from the slope of the plot was found to be 0.017
and corresponds to a total ATZ concentration of 130 pg/mL
which is very close to the concentration at which the solubili-
zation mechanism changes from adsorption to dissolution
based on Fig. 8. Further evidence for a change in solubiliza-
tion mechanism in supersaturated ATZ solutions is provided
below.

Mechanism of Solubilization: Fluorescence
Spectroscopy

Fluorescence studies were conducted to further investigate the

ATZ environment in the surfactant micelles. ATZ is
autofluorescent, and like many fluorescent molecules, the
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Fig. 9 Langmuir adsorption isotherm for ATZ in 3.6 mg/mL SDS corre-
sponding to Region | in Figure 8.

emission spectrum is expected to vary depending on the envi-
ronment. Figure 10a shows the emission spectra of ATZ in
different environments. At a concentration of 50 pg/mL
which is lower than the amorphous solubility of the drug in
pH 6.8 buffer, the drug exhibits a single emission peak at
328 nm (black curve in Fig. 10a). This is representative of an
emission spectrum in a dilute polar aqueous environment. In a
less polar concentrated environment where the ATZ mole-
cules are highly aggregated as in an amorphous film of the
drug, the drug exhibits an emission peak at 369 nm (green
curve in Fig. 10a). When the amorphous solubility of the drug
in buffer is exceeded (corresponding to red curve in Fig. 10a),
the emission spectrum shows peaks at both 328 and 369 nm.
In this case, the drug molecules dissolved in the buffer sense a
polar environment and contribute to the peak at 328 nm
whereas, the drug molecules in the disordered ATZ-rich
phase which sense a less polar environment emit at 369 nm.
In a 3.6 mg/mL SDS solution, when the drug concentration is
equal to 45 pg/mL corresponding to Region I of solubiliza-
tion, the drug emits a single peak at 328 nm (blue curve in
Fig. 10a) whereas, when the drug concentration is increased to
1200 pg/mL which is still lower than the amorphous solubility
of the drug but corresponds to Region II of solubilization, the
drug exhibits two emission peaks at 328 and 369 nm (magenta
curve in Iig. 10a). For a range of ATZ concentrations studied
in presence of SDS, the second emission peak was evident only
when the drug concentration exceeded 200 pg/mL.
Figure 10b shows the relative emission intensities at the two
wavelengths for varying ATZ concentrations in Region II in
the presence of 3.6 mg/mL SDS plotted as the emission in-
tensity ratio of the peak at 369 nm to that of the peak at
328 nm (I39/1508). I369/ 1508 increases with increasing ATZ
concentration. The emergence of the peak at 369 nm and
the subsequent increase in intensity with increasing ATZ
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Fig. 10 (a) Fluorescence emission spectra of ATZ in different environments
using an excitation wavelength of 250 nm. Numbers show the two Az
obtained for different systems. (b) Relative fluorescence intensity of the two
peaks at 328 and 369 nm for varying ATZ concentrations in Region Il in the

presence of 3.6 mg/mL SDS. Increase in |z¢9/l32g suggests an increase in self-
interaction of drug molecules due to localization.

concentration, suggests that ATZ molecules are undergoing
self-interactions. As this peak becomes evident at concentra-
tions well below the experimentally determined amorphous
solubility, this peak is not due to phase separation to a drug-
rich phase. The observed trends support the proposed change
in solubilization mechanism of ATZ by SDS. In Region I,
when the drug is solubilized by adsorption at interface,
it can still sense the aqueous environment resulting in a
single emission peak occurring at 328 nm — this peak
has contributions from ATZ molecules dissolved in so-
lution, as well as those adsorbed at the micelle-water
interface. However, when the concentration of the drug
in the micellar core increases (Region II), drug-drug
interactions occur, resulting in the emergence of the
emission peak at 369 nm.
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FRET experiments were carried out to further confirm the
mechanism of micellar solubilization using ATZ-curcumin as
a FRET pair. Control experiments carried out on curcumin
alone dissolved in 3.6 mg/ml SDS solution showed a very
weak emission peak at 524 nm when excited at 250 and
328 nm, whereas an intense emission peak was observed when
an excitation wavelength of 369 nm was used. Previous re-
ports, based on the UV absorption spectrum of curcumin in
media with varying polarity, suggest that curcumin alone in
SDS is solubilized at the micelle corona/water interface (68).
Similar experiments were carried out in this study wherein
absorption spectra were obtained for curcumin alone in
SDS solution, curcumin in the presence of 45 and 1200 pg/
mL ATZ predissolved in SDS solution and curcumin in
dodecane (data not shown). The absorption spectra of
curcumin alone and curcumin in the presence of a low ATZ
concentration suggested curcumin is dissolved at micelle/
water interface, similar to reported literature (68). However,
at high ATZ concentration, curcumin showed a
hypsochromic shift with some spectral resemblance to
curcumin in dodecane suggesting that in the presence of high
ATZ concentration, curcumin partitions into the micellar core
and 1s solubilized in less polar environment. Hence, it was
hypothesized that at ATZ concentrations corresponding to
Region I, where the fluorescence emission peak at 369 nm is
not evident, no spectral emission from curcumin should be
observed. However, at ATZ concentrations corresponding
to Region II, which show an emission peak at 369 nm, energy
transfer can occur from ATZ to curcumin if the separation
distance between the molecules 1s small, resulting in an emis-
sion peak of curcumin. Figure 11 shows the FRET results. Itis
evident that at ATZ concentration of 45 ng/ml, no FRET
process occurs from the drug to curcumin. When the ATZ
concentration is increased to 1200 pg/mL, a FRET process
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Fig. Il FRET study of ATZ with curcumin in 3.6 mg/mL SDS solution. No
FRET process occurs at low ATZ concentration whereas, FRET occurs at high
ATZ concentration resulting in a curcumin emission peak.

occurs resulting in a curcumin emission peak at 500 nm. The
hypsochromic shift for the curcumin UV absorption as well as
fluorescence emission spectrum observed in the presence of
ATZ coupled with the FRET process suggests co-
localization of ATZ and curcumin in a non-polar environ-
ment. FRET experiments carried out for other ATZ concen-
trations consistently showed an absence of the curcumin emis-
sion peak for ATZ concentrations corresponding to Region I
whereas, the curcumin peak was evident for drug concentra-
tions corresponding to Region II. These observations further
confirm the proposed mechanism of solubilization.

Estimation of Number of ATZ Molecules per Micelle

N,

ag
present in a micelle was used to determine total number of

which gives the number of surfactant monomer molecules

micelles formed at different surfactant concentrations. To de-
termine the number of ATZ molecules per micelle, the
amount of drug present in the micelle was estimated as de-
scribed above, and then divided by the total number of mi-
celles in the solution. Figure 12 shows the number of drug
molecules/micelle as a function of SR, for the three differ-
ent surfactant concentrations. From Fig. 12, it can be seen that
for a particular value of SR, €ach micelle contains approx-
imately the same number of drug molecules and the number
of drug molecules per micelle increases with an increase in
SR ciiviry for each surfactant concentration. As the N, for
SDS micelles remains approximately constant with SDS con-
centration, the extent to which drug molecules are solubilized
at a particular SR by each micelle remains constant, while the
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Fig. 12 Estimation of number of ATZ molecules in each micelle at different
levels of supersaturation in the presence of varying SDS concentrations. Each
micelle contains approximately the same number of molecules at a given
supersaturation ratio for different SDS concentrations. The numbers above
the data points are the mean values obtained for the three SDS
concentrations.
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number of micelles increases with increasing SDS concentra-
tion, resulting in enhanced solubilization at higher SDS con-
centration. Thus when a significant number of ATZ molecules
are solubilized in individual micelles, the size of the micelles is
expected to increase appreciably, which will be discussed in
the next section.

Size Determination of SDS Micelles

The size of the SDS micelles was estimated using Dyu g ob-
tained from PGSE-NMR and employing the Stokes-Einstein
equation. This study was carried out to determine the impact
of ATZ concentration on the size of the micelle, and hence
provide insight into the solubilization mechanism. Here,
40 mg/mL SDS was used and experiments were carried out
at 25°C. High SDS concentration was employed to minimize
the contribution of SDS monomers to the diffusion measure-
ments of SDS micelles which may negatively skew the results.
First, diffusion of SDS micelles was determined in the absence
of the drug to determine the size of the micelles. Next, two
ATZ concentrations were studied- 1) 0.4 mg/mL whereby the
drug is expected to be solubilized by adsorption and 2) 7 mg/
mL which is expected to lead to solubilization in the micelle
core. Table IIT summarizes the Dy, values and the size of the
micelles in the presence and absence of drug. It can be seen
that at a drug concentration of 0.4 mg/mL the size of drug-
containing micelle is equal to that of an empty micelle where-
as, at a drug concentration of 7 mg/mlL, the size of the micelle
by volume increases by 130% compared to an empty micelle.
The increase in observed volume agrees well with the theoret-
ical 100% increase which was estimated based on the size of
an atazanavir molecule in a close-packed crystal. This can be
explained based on the number of drug molecules/micelle
and the mechanism of solubilization. At the lower drug con-
centration, each micelle solubilizes ~0.4 drug molecules by
adsorption at the micelle/water interface and thus, the drug
molecules do not lead to an increase in micelle size, whereas at
a concentration of 7 mg/ml, each micelle solubilizes ~7 drug
molecules by solubilization in the core resulting in expansion
of the micelle to accommodate the drug. Further, the Dy,
values of ATZ in the presence of SDS were equal to those of
SDS, confirming that the drug is associated with the micelle.

DISCUSSION

Supersaturation and Amorphous Solubility in Presence
of Surfactants

Surfactants present in the formulation, dissolution medium or
in the intestinal fluids can enhance the solubility of drugs. The
extent and mechanism of solubilization of the surfactant to-
wards a solute can vary for different surfactant-solute
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Table Il  Self Diffusion Coefficient and Size of the SDS Micelles in Presence
of Different ATZ Concentrations
Drug concentration (mg/ml) 0 0.4 7
Dy (mz/s) 10103 [g-'03 |g-'o42
r (nm) 461 4.6l 6.08

combinations (69,70). A measure of the extent of solubilization
is the solubilizing power (k). k is typically determined by mea-
suring the increase in solubility of the crystalline form of the
drug, applying Eq. 6. A related parameter is the micelle/water
partition coefficient (&,,/,,) which is also typically determined
at saturation. However, very little is known about solubiliza-
tion mechanisms in supersaturated solutions. The extent of
supersaturation is typically calculated from the ratio of the
concentration in the solution of interest to the concentration
of a saturated solution in the same medium; this approach
assumes that the concentration ratio provides a good surro-
gate for the activity ratio as shown in Eq. 9. For this approx-
imation to hold true in supersaturated solutions containing
micelles, the micelle/water partition coefficient needs to be
constant over the concentration range of interest. Based on
the data shown in Fig. 8, it is clear that the &/, for the
atazanavir:SDS is highly dependent on the concentration of
the solute. Hence, we might expect that a SR based on the
concentration ratio will yield a different number from a mea-
sure of supersaturation that depends on the solute activity.
Conveniently, flux measurements can be used to evaluate
changes in solute activity and hence supersaturation as a func-
tion of solution concentration and composition (35,45). For
example, it has been demonstrated that for the same total
solute concentration, the solute activity is lowered (reduced
flux across a membrane) in a supersaturated solution contain-
ing surfactant micelles relative to that in the micelle-free solu-
tion (45). In agreement with previous observations, we find
that using concentration ratios to evaluate supersaturation in
the presence of micelles yields erroncous estimates of the su-
persaturation, and in the case of the ATZ:SDS system, grossly
under-predicts the true supersaturation of the system as clearly
demonstrated in Fig. 7. If the crystalline state is considered to
have an activity of 1, based on the calculations described
above (Eq. 3), the activity of water-saturated amorphous
ATYZ is estimated to be 65. Therefore, the flux of a solution
at the amorphous solubility is expected to be approximately
65 times higher than that of a solution at the crystalline solu-
bility, regardless of the total solution concentration. This as-
sumption should hold true as long as the activity of the amor-
phous drug is not reduced by mixing with other dissolved
components. By referring to the data shown in Fig. 7 in the
presence of micellar SDS it is apparent that: 1) the free drug
concentration varies between 1 ug/mkL at the crystalline sol-
ubility and 65 pg/mL at the amorphous solubility and activity
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ranges from 1 to 65 in both buffer and solutions containing
different surfactant concentration as anticipated, whereas, the
total drug concentration increases with increasing surfactant
concentration. This observation confirms that, 1) while SDS
micelles solubilize the drug accounting for the increase in con-
centration, SDS does not mix with the drug-rich phase which
1s formed when the initial activity of the solute in the solution
exceeds a value of 63; if SDS mixed with the drug-rich phase,
the activity and hence the maximum flux observed would be
lowered (71); 2) the maximum SR, observed is ~65, re-
gardless of the SDS concentration, and is very similar to the
predicted amorphous-to-crystal solubility ratio; 3) at the
amorphous solubility, SR,,,, underestimates the supersatura-
tion by a factor of nearly two. At concentrations intermediate
to the crystalline and amorphous solubility, SR, also under-
estimates the supersaturation. These results demonstrate that
concentration ratios cannot be used to provide an accurate
estimate of supersaturation in the ATZ:SDS system, even
when the solubilization of the crystalline form is taken into
account. Given that this is a common practice amongst phar-
maceutical scientists, this is clearly an important finding.

As the activity of the drug in solution in equilibrium with
different phases of ATZ (i.e. crystalline or water-saturated
amorphous ATZ) is not impacted by surfactant molecules,
the SR iy at the amorphous solubility is a constant and equal
to that obtained in neat buffer. This can be readily ascertained
by confirming that the maximum flux obtainable from
surfactant-containing solutions at the amorphous solubility is
~65 higher than those at the crystalline solubility. Confidence
in these results is provided by the observation that the flux
ratio 1s also equal to the predicted amorphous-to-crystal solu-
bility ratio. Thus, Eq. 3 can be employed to predict the super-
saturation ratio but cannot be used to predict amorphous-to-
crystal solubility ratio in presence of surfactants. From Eqgs. 2
and 3, itis apparent that the predicted solubility ratio depends
on the thermodynamic properties such as melting tempera-
ture of the crystalline solid, its heat of fusion and the amount of
moisture absorbed by the amorphous solid. The implicit as-
sumption is that the thermodynamic activity of the reference
phases (i.e. amorphous and crystalline ATZ) does not change
with solution composition, an assumption that holds true in
the current study. However, the use of concentrations in Eq. 3
is only valid if the activity coeflicients are the same at the
amorphous and crystalline solubilities. This approximation
appears to hold true in simple media based on the good agree-
ment observed between predicted and experimental amor-
phous solubility values (37,72). However, it clearly breaks
down for atazanavir in the presence of SDS surfactant mi-
celles. Hence the amorphous-crystalline solubility advantage
appears to be reduced by a factor of two in the presence of
SDS micelles, based on the concentration ratios of the amor-
phous and crystalline solubilities. However, the flux measure-
ments clearly show that, at the amorphous solubility, the

solution has the same activity and supersaturation regardless
of the presence or absence of micelles.

To understand the origin of the discrepancy between
SR ctiviyy and SR, we note that the solubilizing power of
SDS for ATZ at a concentration equivalent to the amorphous
solubility is only approximately half of that expected based on
the solubilizing power calculated for saturated solutions and
the solubility ratio predicted using Eq. 3. This discrepancy
between the predicted and the experimental amorphous sol-
ubility values (Fig. 4) can be attributed to a changing value of
the micelle/water partition coefficient as a function of ATZ
concentration, which in turn is related to a concentration de-
pendent change in the solubilization mechanism. At lower
concentrations that are close to the crystalline solubility, the
drug is solubilized by adsorption at the micelle/water inter-
face, whereas, when the solution is supersaturated, the drug is
solubilized in the hydrophobic core. Such a change in solubi-
lization mechanism has been previously observed for solubili-
zation of benzene by cetyltrimethylammonium bromide mi-
celles, wherein, at low benzene concentration, nuclear mag-
netic resonance (NMR) studies suggested that the compound
is solubilized at the surface of the micelle while at the high
concentrations, the compound is solubilized in the core of the
micelle (48). Mukherjee and Cardinal proposed a “two-state”
model to explain the observation with benzene. According to
this model, at low concentrations, benzene exists in an
“adsorbed state” at the micelle/water interface, while at high
concentrations, it is believed to be in a “dissolved state” in the
hydrophobic core (73). This dissolution-adsorption model for
solubilization by micelles is also observed in this study. As the
predicted amorphous solubility calculation is based on the
crystalline solubility, this prediction inherently assumes that,
in supersaturated solutions of ATZ, the drug is solubilized by
the same mechanism in a saturated solution i.e. by the adsorp-
tion mechanism; this is clearly not true in the case of ATZ, and
is likely to be a problematic assumption for other compounds.
This means that neither the amorphous solubility nor the su-
persaturation ratio can be estimated in presence of surfactants
by measuring the increase in crystalline solubility. A change in
solubilization mechanism results in a change in £,,/,, as shown
in Fig. 8. There are several literature reports that document
that £,/ 1s not necessarily a constant value and can increase
(74), decrease (65) or remain a constant (67) depending on the
polarity of the solute and interactions between the solute and
the surfactant. Herein, it was observed that £,,,,, varied de-
pending on the total drug concentration and the location of
solubilization. At low ATZ concentration, (region I, Fig. 8)
K./, decreases with total drug concentration and this can be
explained based on an adsorption solubilization mechanism.
As the drug is added to the micellar solution, it becomes
adsorbed at the micelle/water interface. As more and more
drug gets adsorbed on the micellar surface, fewer sites are
available for further adsorption. This leads to a decrease in
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the amount of drug on the micelle relative to that in the water,
resulting in decrease in A&,,/,, at higher drug concentrations.
For a constant surfactant concentration, further increase in
drug concentration up to the amorphous solubility leads to a
plateauin £,,,,, (Region II). Such a plateau has been related in
previous reports to solubilization of the drug by dissolution in
the hydrophobic core of the micelle (67). In this study, the
micellar core of the SDS micelles is composed of dodecyl
chains. Here, a balance exist between the drug solubilized
by the hydrophobic dodecyl chains and the unbound drug
in the aqueous compartment leading to a constant K,,/,,.
The change in solubilization mechanism from adsorption at
the surface to dissolution in the core is also supported
by the fluorescence experiments. Furthermore, PGSE-
NMR studies demonstrate that this change in mecha-
nism of solubilization also leads to an increase in the
micelle size, although not aggregation number. The
changes in solubilization location at different drug con-
centrations along with the impact on micelle size is
summarized in schematic form in Fig. 13.

The amorphous solubility marks the maximum solubility of
a solute 1n a given medium; above the amorphous solubility,
the system will tend to undergo liquid-liquid or glass-liquid
phase separation. At this concentration, each SDS micelle
can solubilize ~11 ATZ molecules while 70 pg/mL of the
drug is present as molecularly dissolved drug in the aqueous
compartment. Thus, each SDS micelle has a finite capacity to
solubilize the drug molecules (11 molecules in this case) and
when this limit is exceeded such that no more drug can be
solubilized by the micelle, the system undergoes LLPS and the
drug subsequently exists in three different states — molecularly
dissolved drug in the aqueous compartment, drug solubilized
in the micelle and drug in the water saturated drug-rich phase.
Thus, given the complexity of drug solubilization as a function
of concentration, it becomes a non-trivial endeavor to predict

£

Tsps

©

I'sps+Drug = Msps

No drug

Drug concentration
near saturation limit
(Region 1)

.\/\/\/\ SDS monomer

how supersaturation varies as a function of added drug con-
centration whereby factors such as solubilization mechanisms,
K./, and carrying capacity of the micelle must be taken into
consideration.

From Fig. 12 which gives the number of drug molecules
solubilized by each micelle, it is evident that for a given
SR ciiviys the number of drug molecules solubilized by each
micelle for varying SDS concentrations remains constant
since, in the case of SDS, the number of SDS monomers per
micelle remains constant whereby the number of micelles in-
creases with increasing surfactant concentration. Thus, if the
number of drug molecules per micelle is known for a given
surfactant concentration, it might be possible to extrapolate
this to different surfactant concentrations. In other words, if
the experimental amorphous solubility is known at one surfac-
tant concentration, it may be possible to estimate the amor-
phous solubility for varying surfactant concentrations as long
as the aggregation number does not change with concentra-
tion and there is no further change of solubilization
mechanism.

As simultaneous solubilization and supersaturation is likely
to occur with other low solubility compounds, it is worth
discussing the generality of the results observed in this study.
The ratio of 2:1 for predicted amorphous to experimental
amorphous solubility and SRy t0 SR, is most likely both
compound and surfactant dependent. Coincidentally, Raina
el al., observed an approximately 2:1 SRy, to SR, ratio for
the amorphous solubility of felodipine in the presence of mi-
cellar surfactants (45). However, Lu et al., observed smaller
deviations between SR iy to SR, for teleprevir in presence
of micellar bile salts (75). Nonetheless, a common observation
for all these systems, is that the presence of solubilizing addi-
tives leads to differences between the concentration and activ-
ity based supersaturation values. It is expected that in cases
where surfactant concentration is lower than the CMC or the

0,
® ! ©
D ©
©)

Tsps+Drug = Msps

Supersaturated solutions
(Region 2)

@ Drug molecule

Fig. 13 Schematic representing mechanism and location of solubilization of ATZ in SDS micelle with change in size at different degrees of supersaturation .Note:

Drug not drawn in proportion to SDS monomer.
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solubilizing capacity of the surfactant is negligible, the ratio of
SR csivity t0 SR, Will be closer to 1. In such cases simple con-
centration based SRs can be safely employed. In contrast,
compounds effectively solubilized by surfactant micelles are
expected to result in larger deviations between SRy, and
SR one-

Implications of Erroneous Measurements of S
on Evaluating Product Performance

Supersaturated systems can be formed i vivo via dissolution of
enabling formulations such as an ASD (76,77) or a salt form
(78), upon lipid digestion of the formulation excipients while
employing self-emulsifying drug delivery systems (SEDDS)
(10) or precipitation of weakly basic drugs in the intestinal
fluids upon gastrointestinal transit (79). It is known that super-
saturated solutions can provide enhanced membrane trans-
port by increasing the number of molecules available for dif-
fusion across membrane in comparison to formulations that
that do not create supersaturation. As a result, such formula-
tion strategies are gaining increasing interest especially in cases
where absorption is limited by the poor solubility of the com-
pound. However, as these solutions are metastable, they are
also prone to undergo desupersaturation or crystallization
thereby reducing solution concentration. Thus, for a formu-
lation to exhibit the desired performance, it is critical that the
solution remains supersaturated. The rate of permeation as
well as the rate of desupersaturation depend on the extent of
supersaturation. Hence, in order to appropriately compare
and evaluate the performance of different formulations it is
crucial to accurately determine the supersaturation.

As surfactants are incorporated in the ASDs to enhance
their dissolution performance, it is of interest to understand
the impact of erroneous measurements of supersaturation on
formulation design and its performance. Consider formula-
tion 1 that contains the amount of surfactant such that, upon
complete dissolution of the ASD, the surfactant in the solution
exceeds its CMC leading to solubilization of the drug. In this
case, the free drug concentration will be less than the total
solution concentration. In contrast, consider formulation 2
that does not contain a surfactant and undergoes complete
dissolution at a relatively slower rate. Here, although the dis-
solution rate is slower, the solubility of the drug will not be
impacted and the total solution concentration will be equal to
the free drug concentration. A formulation scientist without
an accurate knowledge of supersaturation may choose formu-
lation 1 over 2 based on dissolution rate and total solution
concentration. However, as the rate of membrane transport
depends on supersaturation, which in turn is a function of free
drug concentration alone, formulation 1 may exhibit slower
rate of permeation  vivo compared to formulation 2. Thus,
i vitro dissolution methods without accurate knowledge of

supersaturation used to rank order formulations containing
surfactants may lead to erroneous i vwo predictions.

In vitro permeability determination involves measuring flux
across artificial membranes prepared by impregnating porous
filter membranes with lipidic components such as hexadecane
(80) or phospholipids (81), rendering them lipophilic, or by
employing different cell-lines such as Caco-2 cells and deter-
mining the flux across a monolayer of cells (82,83). Apparent
permeability (7,,) is then estimated by employing Eq. 12 (84).
Here, () is the imitial donor concentration. j—ﬁ is the diffusive

flux across the membrane as given in Eq. 4.

dm

Paﬁ):—dlACo (12)

An important caveat here is that the equation uses concen-
tration differences between donor and acceptor compartments
mstead of activity differences. Eq. 12 can give satisfactory results
when y =1 or p/y*= 1. To demonstrate the magnitude of errors
in permeability measurements when employing Eq. 12 in the
presence of solubility enhancing additives, permeability was de-
termined from the flux data obtained in this study using both
activity and concentration in presence of 3.6 mg/mL SDS. It
was observed that when activity was employed, the permeability
was same as that obtained in buffer. However, permeability was
20 fold lower when total concentration in the donor cell was
employed, which is implausible as permeability is a property of
the molecule and should remain constant for a particular mem-
brane, temperature and hydrodynamic conditions as long as the
additives do not modify the membrane properties. This discrep-
ancy was observed in the work by Miller ¢t al. The authors con-
cluded that the solubilizing additives reduced apparent perme-
ability as it was determined based on total solubility in the pres-
ence of surfactants rather than the free drug concentration
(17-20). A mechanistic model was developed by Miller ¢ al. to
predict impact of micellar solubilization on intestinal permeation
(17). Here, the surfactant-related factors that can impact the per-
meability are surfactant concentration and the association con-
stant between the micelle and the drug. This association constant
may vary with the permeant (drug) concentration and as a result,
the permeability predicted at one concentration may not be ex-
tended to other concentrations. Previous reports on the impact of
solubilizing additives on the intestinal permeability have also at-
tributed the decrease in permeability due to solubility enhance-
ment to a reduction in the free fraction of drug (85). Katneni ¢ al.
suggested a reciprocal permeability approach to determine per-
meability in presence of solubilizing additives which takes into
consideration the free fraction of drug available for transport
(86). However, this approach assumes a constant £,,/,, which in
this study was found to vary based on mechanism of solubiliza-
tion. Thus, such predictions may or may not simulate the exper-
mmental results accurately and hence, must be used with caution.
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Formulation Design, Surfactants and LLPS

Surfactants are often added to an ASD to improve wetting
and dissolution of the formulation. These surfactants can en-
hance solubility and thus impact supersaturation. As observed
in this study, enhancement in solubility can result in a decrease
in free drug leading to a reduction in supersaturation. As
diffusive flux directly depends on the amount of free drug
available for permeation, solubilization can result in a
decrease in flux in comparison to a formulation that
does not exhibit a solubilization effect, under the as-
sumption that the total concentration in both cases is
equal. Further, it has been shown that certain formula-
tions, depending on the polymer type and drug-to-
polymer ratio, can undergo LLPS upon dissolution
when the amorphous solubility is exceeded (76,77).
The amorphous nanodroplets formed upon LLPS may
be advantageous for passive diffusion @ vivo as these
nanodroplets have been shown to serve as a reservoir
of drug thus replenishing any absorbed drug from the
continuous phase to keep the solution concentration and
drug activity at their maxima leading to sustainment of
flux at a maximum value. This reservoir effect is not
observed when the precipitated phase is in the form of
micron sized amorphous solid particles (36). Therefore,
for compounds that are absorbed by passive diffusion,
maximum performance can be achieved if the formula-
tion undergoes LLPS. It can be argued that drug solu-
bilized in the micelle can also serve as a reservoir to
replenish the free drug that is absorbed from the aque-
ous compartment depending on the A&,,,,. While this is
true, it must be remembered that the diffusive flux de-
pends on the free drug concentration. A system that has
undergone LLPS will exhibit sustained maximum flux,
whereas a system with the same total concentration but
in which drug is solubilized by the micelles such that
the activity is lower, will exhibit lower flux. These dif-
ferences may play a more significant role for the com-
pounds with a narrow absorption window. Thus, a for-
mulation must be designed such that it takes into ac-
count the amorphous solubility of the drug and poten-
tial to undergo LLPS. Further, the amount of additives
in the formulation can be chosen such that they im-
prove dissolution and wetting but do not form structures
that can solubilize the drug. In addition to the surfac-
tants in the formulation, bile salts and phospholipids in
the intestinal fluids form micelles, mixed micelles and
vesicles which can also enhance solubility. As a result,
the amorphous solubility of the drug must be deter-
mined in these relevant media and the formulation
should be designed to undergo LLPS if possible, taking
into consideration the impact of the additives as well as
components of the intestinal fluids.

@ Springer

CONCLUSIONS

The observed amorphous-to-crystalline solubility ratio of
atazanavir in the presence of sodium dodecyl sulfate micelles
was found to be approximately half of that in surfactant-free
buffer. At first glance, this observation suggests that SDS mi-
celles reduce the amorphous solubility advantage, however
diffusive flux measurements showed that this was an erroneous
conclusion. Flux measurements clearly showed that the super-
saturation in the presence of SDS micelles did not scale with
the concentration ratio, leading to the important conclusion
that, for this system, concentration measurements cannot be
used to evaluate the degree of supersaturation. The mecha-
nistic basis for these observations is a change in solubilization
mechanism as a function of solute concentration which leads
to a corresponding dependence of the micelle/water partition
coeflicient on solute concentration. As solute thermodynamic
activity, rather than concentration, drives important processes
such as crystallization and permeation across a membrane, an
improved understanding of solution thermodynamics is an
essential tool in developing enabling formulations. In particu-
lar, rigorous methodology needs to be employed when evalu-
ating supersaturation in complex media where solubilizing
additives are present.
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