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Abstract: Dry powders from aqueous dispersions, formed by antisolvent precipitation, dissolved
to form solutions with supersaturation values up to 12 in 10 min at pH 6.8 with sodium dodecyl
sulfate micelles. Itraconazole/hydroxypropylmethylcellulose (HPMC) aqueous particle dispersions
were salt flocculated and filtered to produce medium surface area (2-5 m2/g) particles or
lyophilized to produce high surface area (13-36 m2/g). Over 4 h, the decay in supersaturation
was much slower for the medium surface area versus high surface area particles, since the
smaller excess surface area of undissolved particles led to slower nucleation and growth from
solution. A slow decay in supersaturation was also achieved by initially dissolving part of the
drug at pH 1.2, and then shifting the pH to 6.8 thereby reducing the excess surface area of
undissolved particles in the pH 6.8 media. This pH shift mimics the transition from stomach to
intestines. The ability to generate and sustain high supersaturation at pH 6.8 by minimizing
undissolved excess surface area may be expected to be beneficial for raising bioavailability by
gastrointestinal delivery.
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1. Introduction
For poorly water soluble drugs, formulation into an

amorphous form can improve the oral bioavailability by
increasing the apparent solubility under physiologically
relevant conditions.1-3 Higher levels of supersaturation of

the drug in the gastrointestinal tract, particularly in the upper
intestine, may lead to faster permeation rates through
biomembranes and thus, enhance absorption.3-8 Solubility
of amorphous drugs has been predicted to be as high as 100
to 1600 times larger than the crystalline form on the basis
of thermodynamic calculations using calorimetric configu-
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rational free energies.2,9,10 However, nucleation and growth
of particles from the supersaturated solution may be detri-
mental to absorption. Additionally, metastable amorphous
and other high energy polymorphs may undergo transitions
to lower energy crystalline states during the preparation and
storage of the solid dosage form as well as during dissolu-
tion.3 Consequently supersaturation levels are rarely above
10.2,11-14 Efforts are ongoing to generate and sustain higher
supersaturation levels with novel concepts in particle
engineering.15-17

Crystallization inhibitors, such as poly(vinylpyrolidone)
or hydroxypropylmethylcellulose (HPMC), have been used
extensively to form amorphous solid dispersions by solvent
evaporation or hot melt extrusion.1,15-21 At loadings (drug
wt/total wt) of 50% or less, the drug may be dispersed
molecularly in a polymer matrix to prevent the formation of
crystalline drug domains. In most cases, the relatively slow

evaporation or extrusion leads to growth of particle domains
on the order of 100 µm. In contrast, particle engineering by
rapid precipitation upon mixing organic solutions into an
antisolvent has been utilized to quench drugs into an
amorphous state with surface areas up to 51 m2/g and drug
loadings up to 94%.22,23 During precipitation, relatively small
amounts of polymeric surfactants orient preferentially to the
water/drug particle interface to stabilize the particles. The
rapid dissolution rates of these high surface area nanoparticles
limit the time for the undissolved solid phase to crystallize
in the presence of the dissolution media resulting in high
supersaturations in pH 1.2 media.22 Supersaturation levels
in pH 1.2 media reached 90 within 20 min, and decay of
supersaturation was inhibited by arresting the growth of
embryos with HPMC.22 Similar growth inhibition was
observed in an amorphous 1:1 tacrolimus/HPMC solid
dispersion at pH 1.2, where a supersaturation of 25 was stable
for 24 h.17 In contrast, for a low surface area amorphous
solid dispersion of a poorly water soluble drug, GWX
(proprietary structure), with 60% hydroxypropyl methylcel-
lulose phthalate (HPMCP), the solid phase crystallized within
1 min during slow dissolution that took place over 60 min
resulting in a maximum supersaturation of only ∼3.24

In addition to achieving a high supersaturation, it would
be desirable to target and maintain the high supersaturation
in the upper intestine to increase absorption into the blood
stream. Avoiding dissolution in the stomach can be advanta-
geous since the chemical properties, such as pH, quantity of
food, and residence time are variable and hard to predict.25-27

Certain sustained release systems have been formulated for
drug delivery throughout the entire GI tract to increase the
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therapeutic window of crystalline and amorphous poorly
water soluble drugs.28-31 Enteric or sustained drug release
can be achieved with pH sensitive polymers such as
methacrylic acid/methylmethacrylate copolymers, for ex-
ample Eudragits32,33 or HPMCP 24,34-36 or with pH sensitive
hydrogels. 37,38 However, in Vitro supersaturation curves at
pH values above about 6 are rarely reported. Furthermore,
most previous studies of supersaturation only considered low
surface area (<1 m2/g) morphologies, with particles larger
than about 5 µm.

The method of drying an aqueous particle suspension can
have a large effect on the particle size, crystallinity and thus
the resulting dissolution behavior. Recently, we reported that
itraconazole (ITZ) nanoparticles (300 nm) coated with a
nonionic polymeric stabilizer may be recovered from an
aqueous dispersion by flocculation with a divalent salt.39,40

The micron-sized flocs could then be filtered (1-3 µm pore
size) and dried to obtain a powder. The dried powders
redispersed in water to their original particle size.40 This
method provides rapid recovery of nanoparticles with

minimal residual water evaporated, and increased drug
loading since the free stabilizer is removed during filtration.
Although high supersaturation levels of ∼14 were achieved
in pH 6.8 media for these high surface area particles, the
rapid decay in supersaturation resulted in a supersaturation
of only ∼4.5 after 1 h.39 In the current work, we vary the
polymeric stabilizer in this salt flocculation technique to
achieve greater control of the particle size.

The objective of this study was to design ITZ particles
ranging in size from 200 nm to 45 µm and examine how
well supersaturation levels are maintained upon dissolution
of these particles in pH 6.8 media with SDS micelles. To
probe supersaturation mechanisms, the behavior of particles
with high (>10 m2/g, nanoparticles) and medium (2-5 m2/
g, microparticles) surface areas is compared to more com-
monly studied particles with low (<2 m2/g) surface area.
High surface area particles facilitate rapid dissolution rates
of poorly water soluble crystalline41-43 and amorphous1-3

drugs. However, the high surface area of the dissolving
particles may cause depletion in the level of supersaturation39

by accelerating heterogeneous nucleation, as well as growth
by condensation and coagulation. Thus, we propose that
medium surface areas may be optimal for balancing two
competing effects: (1) sufficient dissolution rate to avoid
solvent-mediated crystallization of the undissolved solid
phase and (2) minimization of heterogeneous sites for
nucleation and growth of particles from the supersaturated
solution.

Medium surface area particles were produced by salt
flocculation of aqueous dispersions of ITZ particles stabilized
by HPMC, whereby the controlled growth of drug domains
during flocculation led to the appropriate size. High surface
area particles were produced by antisolvent precipitation (AP)
with the stabilizers EudragitL100 and HPMC. The contrast-
ing low surface area solid dispersion particles were produced
by solvent evaporation. The resulting effect of undissolved
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particles on nucleation and growth from supersaturated
solution is compared for the various particle surface areas.
Whereas most experiments were performed exclusively at
pH 6.8, in one case the pH was shifted from 1.2 to pH 6.8
after 2 h to mimic the transition from the stomach to upper
intestine.

2. Theory of Nucleation and Growth from
Supersaturated Solution

Amorphous particles may dissolve to form metastable
highly supersaturated solutions. Particles may precipitate
from these metastable solutions to lower the free energy
depending upon the rate of nucleation to form particle
embryos followed by growth via condensation (Figure 1A)
or coagulation (Figure 1B,C). The growing particles may
crystallize to form a less soluble form than the amorphous
polymorph.2 Homogeneous nucleation is highly sensitive to
the degree of supersaturation S as follows45

Bo )C exp(-16πγ3Vm
2NA

3(RT)3(ln(S))2 ) (1)

where C is the frequency factor, γ is the interfacial tension,
Vm is the molar volume of the solute, and NA is Avogadro’s
number. The nucleation and growth competes with dissolu-
tion of the original amorphous particles. In addition, the
original undissolved particles may crystallize when exposed
to the solvent also lowering the achievable supersaturation.11

Condensation of dissolved molecules onto these crystals will
also deplete supersaturation. The rate of growth by conden-
sation is directly proportional to excess surface area, defined

as the surface area of undissolved particles, according to eq
A1 from Figure 1.46 Therefore, the condensation rate may
be much faster for the very small initial particles with high
excess surface area. Growth by coagulation (Figure 1B,C)
is dependent on Npart

2 where Npart is the number of particles
for a given stability ratio.47 For a constant mass of drug,
Npart is proportional to the particle diameter, dpart

-3, and
specific surface area, Asp

3 (Figure 1, eq B3). For example, a
10-fold increase in dpart decreases the specific surface area
by a factor of 10 and the coagulation rate by a factor of 103

(Figure 1, eq B2).47

3. Materials and Methods

3.1. Materials. B.P. grade itraconazole (ITZ) was pur-
chased from Hawkins, Inc. (Minneapolis, MN). HPMC E5
(viscosity of 5 cP at 2% aqueous 25 °C solution) grade was
a gift from The Dow Chemical Corporation. Methacrylic
acid-methylmethacrylate copolymer (1:1 ratio), Eudragit
L100 (EL100) was donated by Degussa Röhm America LLC
(Piscataway, NJ). Stabilized p.a. grade 1,3-dioxolane was
obtained from Acros Organics (Morris Plains, NJ). HPLC
grade acetonitrile (ACN), ACS grade hydrochloric acid
(HCl), diethanolamine (DEA), sodium dodecyl sulfate (SDS),
sodium sulfate anhydrous (Na2SO4), and ACS certified
tribasic sodium phosphate (Na3PO4) were used as received
from Fisher Chemicals (Fairlawn, NJ).

3.2. Experimental Details. 3.2.1. Antisolvent Precipi-
tation (AP) into Aqueous Solution. The method of anti-
solvent precipitation was used to produce nanoparticle
suspensions of ITZ.48 For HPMC-stabilized particles, deion-
ized water (50 g) containing an appropriate quantity of
HPMC was used as the antisolvent phase into which 15 g
of 1,3-dioxolane containing 3.3% (wt) ITZ was injected using
a 19G syringe and a flow rate of ∼300 mL/min to form a
fine precipitate. The organic phase was separated from the
aqueous suspension via vacuum distillation. The aqueous
suspension was then added dropwise to liquid nitrogen and
lyophilized to form a powder using a Virtis Advantage Tray
Lyophilizer (Virtis Company, Gardiner, NY) with 24 h of
primary drying at -35 °C followed by 36 h of secondary
drying at 25 °C. ITZ/HPMC particle dispersions were also
salt flocculated and rapidly filtered, as described by a
previous study.40 Briefly, 120 mL of 1.5 M Na2SO4 was
added to 50 mL of aqueous suspension to form loose
flocculates which could be rapidly filtered in ∼10 min. The
filter cake was dried at ambient conditions for at least 12 h.

(45) McCabe, W. L.; Smith, J. C.; Harriott, P. Unit Operations of
Chemical Engineering, 6th ed.; McGraw-Hill: New York, 2001.
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(48) Rogers, T. L.; Gillespie, I. B.; Hitt, J. E.; Fransen, K. L.; Crowl,
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D. L.; Todd, C.; Broomall, C. F.; Evans, J. C.; Elder, E. J.
Development and Characterization of a Scalable Controlled
Precipitation Process to Enhance the Dissolution of Poorly Water-
Soluble Drugs. Pharm. Res. 2004, 21 (11), 2048–2057.

Figure 1. Mechanisms for depletion of supersaturation,
where m is mass of drug in solution, A is the total
particle surface area, C is the drug solution
concentration, Csat is the drug solubility, Npart is the
number of drug particles per volume, kr is a rate
constant, Nemb is the number of embryos per volume,
Asp is the specific surface area (area/mass), and dpart is
the diameter of the particle.
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For EL100-stabilized particles, 3.1 g of 4% EL100 in
methanol was added to 15 g of 3.3% (wt) ITZ solution in
1,3-dioxolane to achieve a 4:1 ratio of ITZ to EL100. The
ITZ/EL100 organic solution was then injected into 100 mL
of 10-4 N HCl (pH 3.3) to form a coprecipitate. Alternatively,
6.2 g of 2% EL100 in methanol was added dropwise to 100
mL of pure water to form a clear solution. Into the aqueous
EL100 solution, 15 g of 3.33% ITZ solution in 1,3-dioxolane
was injected to form a fine precipitate at the 4:1 ratio of
ITZ to EL100. After the organic solvents were removed, the
suspensions were freeze-dried as described above.

3.2.2. Solvent Evaporation To Form a Solid Disper-
sion (SD). Approximately 2 g of ITZ was added to 20 mL
of dichloromethane and agitated until completely dissolved.
The ITZ solution was placed in a mortar, and 1 g of HPMC
was slowly added while gently stirring with a pestle without
any precipitation. The solution was stirred gently until
approximately 90% of the dichloromethane volume was
evaporated, leaving a clear viscous gel. The remaining
dichloromethane was removed by heating to 50 °C at a
reduced pressure of ∼500 mTorr for 2 h. The resulting drug/
polymer film was removed from the mortar and pestle with
a straight razor blade and ground to a fine powder for 30
min using a ceramic ball mill (1 cm bead size). The final
powder was collected after filtration through a size 16 mesh
sieve (<1190 µm pore size).

3.2.3. Solubility Determination. To determine the solu-
bility of crystalline ITZ at 37.2 °C, approximately 1.5 mg
of bulk ITZ was placed in a glass vials containing 100 mL
of pH 6.8 media with 0.17% SDS wt/vol. The medium was
made by adding 0.2 M tribasic sodium phosphate to 0.1 N
HCl at a volume ratio of 1:3, followed by addition of 0.17%
SDS. When necessary, the pH was adjusted to 6.8 by addition
of 1 N HCl. Two aliquots were removed from each vial after
18 h and 24 h, immediately filtered with a 0.2 µm syringe
filter and diluted with ACN to double the volume. Drug
concentration was determined by high performance liquid
chromatography as described below with at least an n ) 3.

3.2.4. Dissolution under Supersaturated Conditions.
Rates of supersaturation were measured in pH 6.8 medium
(as described above) with 0.17% SDS at 37.2 °C. A USP
paddle method was adapted to accommodate small sample
sizes using a VanKel VK6010 Dissolution Tester with a
Vanderkamp VK650A heater/circulator (VanKel, Cary, NC).
Dissolution medium (50 mL) was preheated in small 100
mL capacity dissolution vessels (Varian Inc., Cary, NC). Dry
powder (∼17.6 mg drug) equivalent to approximately 25
times the equilibrium solubility of ITZ in pH 6.8 buffer with
SDS (Ceq ) 14 µg/mL, from solubility study) was added to
the medium at time zero. In some cases, a smaller dose was
added equivalent to 15 times the equilibrium solubility (10.5
mg ITZ) or 5 times the equilibrium solubility (3.5 mg ITZ).
For all neutral pH media dissolution experiments, 1.0 mL
aliquots were taken after 10, 20, 30, 60, 120, and 240 min.
For the pH shift experiment, dry powder (∼17.6 mg drug)
was added to 60 mL of 0.1 N HCl and 1.0 mL aliquots were
taken at 10, 20, 30, 60, and 120 min. After 120 min, 20 mL

of 0.2 M tribasic sodium phosphate with 0.68% SDS was
added to shift the pH to 6.8 with a final concentration of
0.17% SDS. Sample aliquots (1.0 mL) were taken at 10, 20,
30, 60, and 120 min after the pH shift. For all dissolution
experiments, the aliquots were filtered immediately using a
0.2 µm syringe filter and 0.8 mL of the filtrate was
subsequently diluted with 0.8 mL of ACN. In all cases, the
filtrate was completely clear upon visual inspection and
dynamic light scattering of the filtrate gave a count rate of
less than 20K cps (too small for particle size analysis). The
drug concentration was quantified by high performance liquid
chromatography as described below.

3.2.5. High Performance Liquid Chromatography
(HPLC). ITZ concentrations were quantified using a Shi-
madzu LC-600 HPLC (Columbia, MD). The mobile phase
was ACN:water:DEA 70:30:0.05, and the flow rate was 1
mL/min. For a detection wavelength of 263 nm, the ITZ peak
elution time was 5.4 min. The standard curve linearity was
verified from 1 to 500 µg/mL with an r2 value of at least
0.999.

3.2.6. Scanning Electron Microscopy (SEM). Dry pow-
der samples were placed on adhesive carbon tape and
gold-palladium sputter coated for 45 s. Micrographs were
taken using a Hitachi S-4500 field emission scanning electron
microscope with an accelerating voltage of 15 kV.

3.2.7. Temperature Modulated Differential Scanning
Calorimetry (DSC). Drug crystallinity was detected by a
2920 modulated DSC (TA Instruments, New Castle, DE)
with a refrigerated cooling system. Samples were placed in
hermetically sealed aluminum pans and purged with nitrogen
at a flow rate of 150 mL/min. The amplitude used was 1
°C, the period 1 min, and the underlying heating rate 5 °C/
min. Integration under the recrystallization peak around 120
°C (∆hcryst) and the melting endotherm around 168 °C (∆hmelt)
were used to estimate the percent crystallinity in the original
samples by

%cryst)
∆hmelt -∆hcryst

∆hmeltITZ
(2)

where ∆hmeltITZ is the heat of melting for pure crystalline
ITZ. This assumes that the heat necessary to melt 1 g of
crystalline ITZ and the heat necessary to melt an equal
amount of amorphous ITZ are equal.

3.2.8. BET Surface Area Measurement. Powder specific
surface areas of drug powder were measured using a
Quantichrome Instruments Nova 2000 series surface area
analyzer (Boynton Beach, FL) using nitrogen as the adsorbate
gas. Six points were taken over a range of relative pressures
from 0.05 to 0.35. In all cases, correlation coefficients were
greater than 0.99, indicating good linear fit with the
Brunauer-Emmett-Teller (BET) equation.

3.2.9. Particle Size Analysis. Particle size distributions
were measured by multiangle laser light scattering using a
Malvern Mastersizer-S (Malvern Instruments Inc., South-
borough, MA). For measurements of the particle dispersion,
approximately 5 mL of suspension was diluted with 500 mL
of pure deionized water to obtain an obscuration between
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10% and 20%. For measurements of dried particles, ap-
proximately 0.1 g of the dried particles was added to 20 mL
of DI water and sonicated for 1 min using a Branson Sonifier
450 (Branson Ultrasonics Corporation, Danbury, CT) with
a 102 converter and tip operated in pulse mode at 35 W.
Distributions, based on volume fraction, were calculated with
a refractive index of 1.610 for itraconazole.

4. Results and Discussion

4.1. Particle Engineering To Control Surface Area
and Morphology. As shown in Figure 2 and BET results
from Table 1, a range of particle sizes was produced by AP
and solvent evaporation. The flash frozen and lyophilized
AP 2:1 and 4:1 ITZ/HPMC dispersions were composed of
primary particles approximately 200-500 nm in diameter,
according to SEM (Figure 2A,B), and with a high specific
surface area (13-17 m2/g from BET), as reported previ-
ously.22 According to static light scattering, the primary
particles of the original 4:1 ITZ/HPMC AP dispersion formed
∼3 µm aggregates. For the flash-frozen lyophilized particles,
static light scattering measurements also indicated that the
500 nm primary particles shown by SEM (Figure 2A,B)
formed aggregates of 2-5 µm upon redispersion in water.

AP nanoparticle aggregates were also recovered by floc-
culation with salt and filtration. The salt desolvates the
polymeric stabilizers, resulting in strong attractive forces
between particles and rapid flocculation to form micropar-
ticles on the order of 50 µm, which may be filtered easily.40

After drying, the salt flocculated particles were redispersed
in water to form 10 µm aggregates as characterized by static
light scattering. In this case, the primary domains of the salt
flocculated aggregates were 2-3 µm in diameter, according
to SEM (Figure 2C). Therefore, some particle growth
occurred during the salt flocculation/filtration process, as the
primary domains increased from ∼500 nm to ∼3 µm. BET
surface area measurements (Table 1) were in good agreement
with the primary particle size observed by SEM, as the value
decreased from 13 to 4.4 m2/g for lyophilized and salt
flocculated 4:1 ITZ/HPMC, respectively.

In a previous study, 300 nm primary particles of ITZ
stabilized by HPMC and poly(ethylene oxide-b-propylene
oxide-b-ethylene oxide) (poloxamer 407) were formed by
AP without any aggregation, as observed by static light
scattering. The poloxamer 407 provided additional stabiliza-
tion, as the primary particles in these dispersions did not
undergo growth when flocculated by salt and filtered ac-

Figure 2. Scanning electron microscopy images of various ITZ particles stabilized by HPMC or EL100 produced by
antisolvent precipitation or a solvent evaporation solid dispersion technique.
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cording to SEM.39 In addition, when the particles were added
to water, static light scattering measurements showed that
they redispersed back to their original size of 300 nm
indicating the flocculation was reversible. Comparing these
previous results for the HPMC and poloxamer 407 stabilized
particles39 with those for only HPMC in this study, dem-
onstrates that the particle size and surface area may be tuned
in the salt flocculation process by varying the composition
of the stabilizers.

For the AP process, the solubility of polymeric stabilizer
in the aqueous phase was varied to manipulate the particle
size. To form high surface area nanoparticles, the stabilizer
must adsorb to drug particles and be solvated by water to
arrest growth.49 This behavior was achieved for HPMC in
water or EL100 in a water/methanol mixture, as seen in
Figure 2A,B,E with primary particles on the order of
200-500 nm. When the aqueous phase was changed to a
10-4 N HCl solution (pH 3.3) without methanol, the acrylic
acid groups of EL100 were protonated, rendering the polymer
insoluble, leading to limited diffusion and adsorption of
polymer to the drug surfaces, giving a low surface area of
1.2 m2/g (Table 1, Figure 2F). The control of the particle
size by varying polymer solvation has received limited
attention in antisolvent precipitation with water soluble
stabilizers such as HPMC,22 polyvinylpyrolidone,40,48 and
poloxamer 407.40,48,49 Therefore, the ability to tune the
solubility of pH dependent polymers such as EL100 is a key
advantage for controlling the particle surface area over a wide
range. For comparison, very large ∼45 µm SD particles were
produced by solvent evaporation with a surface area <1 m2/g
(Figure 2D).

The morphology of particles produced by AP and solvent
evaporation was investigated by DSC, as shown in Figure

3, with arrows to indicate crystallization and melting events.
The melting temperature of bulk pure ITZ was 168 °C (curve
I). In curves B-D, the first slight transition viewed at ∼60
°C is the glass transition temperature of ITZ15 followed by
the crystallization of amorphous ITZ that was seen upon
heating at 115-125 °C. Since the area of the melting peak
was slightly larger than that of the crystallization peak, these
formulations were mostly amorphous below the crystalliza-
tion temperature ∼115 °C. In the case of 2:1 ITZ/HPMC
AP lyophilized (curve A in Figure 3) and the high and low
surface area 4:1 ITZ/EL100 (curves E and F in Figure 3),
the crystallization peak was small and when coupled with a
small melting peak area for ITZ, indicate that these formula-
tions have even more stable amorphous behavior than the
other formulations. The 2:1 ITZ/HPMC AP lyophilized
sample (curve A) is expected to be more stable due to the
increase in stabilizing polymer in the sample.22 However,
maintaining the amorphous nature of the EL100 samples,
even at high temperatures where crystallization can be seen
in many high potency samples, can be attributed the more
specific binding stability between ITZ and EL100 due to the
Lewis acid binding sites on ITZ and negatively charged
acrylic acid groups of the EL100.50

Metastable amorphous ITZ may be produced by the rapid
AP process followed by lyophilization (Figure 3 curves A,
B, E, and F), even at drug loadings of 80% (drug wt/total
wt), as reported previously for HPMC stabilized samples
(Figure 3 curves A, B)22 and currently for EL100 stabilized
samples (Figure 3 curves E, F). In these cases, the metastable
amorphous state was quenched before drug domains crystal-
lized. This behavior has also been achieved even without
any stabilizer present.22 As is evident in curve C of Figure

(49) Matteucci, M. E.; Hotze, M. A.; Williams, R. O., III; Johnston,
K. P. Drug Nanoparticles by Antisolvent Precipitation: Mixing
Energy Versus Surfactant Stabilization. Langmuir 2006, 22 (21),
8951–8959.

(50) Miller, D. A.; DiNunzio, J. C.; Yang, W.; McGinity, J. W.;
Williams, R. O., III. Targeted Intestinal Delivery of Supersaturated
Itraconazole for Improved Oral Absorption. Pharm. Res. 2008,
25 (6), 1450–1459.

Table 1. BET Surface Areas, AUCs, Surface Area from Excess Particles during Dissolution and Supersaturation Depletion
Rates from Supersaturation Dissolution Studies at pH 6.8

dissolution
in pH 6.8

dose (µg/mL)/
(14 µg/mL)

surface area
(m2/g)

pH 6.8
AUC4h (min)

excess surface
area (m2)

max supersaturation
(in pH 6.8)

supersaturation
depletion rate

(min-1)

2:1 ITZ/HPMC Lyo 25 17 765 0.12 16 1.0
2:1 ITZ/HPMC Lyo 15 17 1072 0.036 13 0.17
2:1 ITZ/HPMC Lyo 5 17 843 0.012 4 negligible
2:1 ITZ/HPMC Lyo incremental 17 1602 ∼0 8 negligible
4:1 ITZ/HPMC Lyo 25 13 845 0.11 12 0.38
4:1 ITZ/HPMC salt 25 4.4 1869 0.04 14 0.10
4:1 ITZ/HPMC SD 25 <1a 388 <0.01 2.8
4:1 ITZ/EL100

high surface area 25 35 1154 0.32 12 0.22
low surface area 25 1.2 1210 0.021 6.5 negligible

dissolution
with pH shift

pH 6.8
AUC2h

Sporanox 25 - 403
4:1 ITZ/HPMC Lyo 25 13 939 0.14 12.5 0.022
a Specific surface area based on lower detection limit of BET surface area analyzer.
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3, AP nanoparticles remain mostly amorphous throughout
the salt flocculation process, even at the same high drug
loading of 80%. The salt flocculation was conducted at ∼25
°C, well below the glass transition temperature of ITZ (58
°C15), to minimize mobility of the drug molecules and
mitigate crystallization. While the amorphous morphology
is preserved as nanoparticles are flocculated to form medium
surface area particles during the salt flocculation process,
the significantly higher temperatures in spray drying often
produced crystallization of amorphous nanoparticles.39

4.2. Generation of Supersaturation from Particle
Dissolution. The dissolution rate was compared for ITZ
particles as a function of surface area to investigate the rate
of generation of supersaturation at short times. The complete
behavior will be explained more fully in the next section,
which will also consider the loss of supersaturation to
nucleation and growth from solution. As shown in Figures
4 and 5, both the high and medium surface area particles
dissolved rapidly to give supersaturation values of ap-
proximately 12 in less than 20 min. The peak supersaturation
reached 14 for the medium surface area 4:1 ITZ/HPMC salt
flocculated AP particles, much higher than typical values of
6 (based on Ceq of ∼10 µg/mL) for SD particles in pH 6.8
buffer.24,34,35 Low surface area 4:1 ITZ/EL100 slowly
dissolved to a supersaturation of 6 after 2 h, as shown in
Figure 5, while low surface area 4:1 ITZ/HPMC SD particles
only reached a maximum supersaturation level of 2.9 in 30
min (Figure 4).

Rapid dissolution shortens the time for crystallization of
undissolved particles in the presence of the dissolution media,
offering the potential to increase the maximum supersatu-
ration. As seen in Figures 4 and 5 and in our previous
studies,22,51 the design of more rapidly dissolving amorphous
particles (high and medium surface area particles) has the
potential to raise maximum supersaturation values markedly
relative to more conventional low surface area solid disper-
sions. The theoretical supersaturation, calculated using
configurational thermodynamics, is between 95 and 125 at
a temperature of 37 °C for pure ITZ,51 however the
experimentally achievable magnitude of supersaturation is

Figure 3. Differential scanning calorimetry of various ITZ particles and the bulk components. % crystallinity values of
each engineered formulation are calculated using eq 2.

Figure 4. Supersaturation in pH 6.8 buffer with 0.17%
SDS from dissolution of ITZ/HPMC particles at a dose
of 25 (17.5 mg of ITZ added to 50 mL).
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dependent on the media used for the study as well as the
partial crystallinity and wettability of the solution.51 Previ-
ously, pure dissolution studies in pH 1.2 media demonstrated
supersaturations up to 90.22,51 However, the medium used
here, pH 6.8 with 0.17% SDS, more closely relates to the
pH in the intestines with added SDS micelles to increase
the solubility of ITZ. As a result, the highest measured
supersaturation in this micellar medium is approximately 16
(Table 1).

The overall dissolution rate of a drug particle in a
micellar solution is governed by both the uptake of the
drug molecules by the micelle as well as the diffusion of
the loaded micelle away from the drug particle.44 Since
these two steps can be combined to give an overall
effective rate constant keff, the dissolution into a micellar
solution can be modeled as

dm
dt

) keffACsat (3)

where A is the specific surface area. As a result, increasing
the specific surface area of the drug particles by decreas-
ing the particle size creates a faster dissolution rate and
creating the potential to achieve higher supersaturation.

4.3. Depletion of Supersaturation via Nucleation and
Growth on Undissolved Particles. 4.3.1. Effect of Dose
and Excess Surface Area. The effect of nucleation and
growth on the undissolved particles was first measured
by varying the dose of particles added to the dissolution
media to manipulate the excess surface area of undissolved
particles. As shown in Figure 1 and discussed in the theory
section, an increase in excess surface area may accelerate
the rate of depletion of the supersaturation by enhancing
nucleation and growth rates. The excess surface area after
10 min of dissolution at pH 6.8 was calculated by

excess SA) (particle SA)[ST - SD] (4)

where particleSA is the particle specific surface area
measured by BET, ST is the total dose added and SD is the
total amount dissolved after 10 min.

For high surface area lyophilized 2:1 ITZ/HPMC, the dose
was varied from 25 to 5 (Figure 6 and Table 1). The excess
surface areas corresponding to doses of 25, 15, and 5 were
0.12, 0.036, and 0.012 m2 respectively (corresponding to the
supersaturation after 10 min in each case). The rate of
depletion in supersaturation was estimated by taking the
initial slope of the depletion phase in supersaturation curves,
starting at the maximum in drug concentration. At the lowest
dose of 5, the supersaturation of only 4 produced a relatively
small driving force for nucleation (eq 1) and growth (Figure
1, eq A1) and thus decay in supersaturation over the 4 h
experiment. At a higher dose of 15, the supersaturation
reached a much higher level of 13, resulting in a much faster
depletion rate of ∼0.17 min-1 due to a larger driving force
for faster nucleation (eq 1) and a three times higher excess
surface area of undissolved particles producing faster growth
rates by condensation and coagulation (Figure 1). Finally,
the highest supersaturation and depletion rates were observed
for the largest dose of 25, continuing the trends seen for the
increase in dose.

In a control experiment, high surface area 2:1 ITZ/HPMC
powder was added incrementally, in small doses to avoid
building up excess surface area. An initial dose of 5 mg
dissolved completely with a linear slope over 1 h (results
not shown). An additional dose of 2 mg was added after 1 h
and again after 90 min (profile shown in Figure 6) for a total
dose of 9 mg in 80 mL. All of the added particles dissolved,
as indicated by the supersaturation level of 8 (112 µg/mL,
the total added dose), for an excess surface area of essentially
0. In another control experiment, undissolved particles from
a highly supersaturated solution (∼15×) were removed after
10 min of dissolution by filtration with a 0.2 µm syringe
filter to attempt to minimize decay in the supersaturation.
HPLC analysis verified that a supersaturation of 12.5 was
sustained for 30 min without any precipitation (results not
shown). In each of these control experiments, supersaturation

(51) Matteucci, M. E.; Miller, M. A.; Williams, R. O., III; Johnston,
K. P., Highly Supersaturated Solutions of Amorphous Drugs
Approaching Predictions from Configurational Thermodynamic
Properties. J. Phys. Chem. B, in press.

Figure 5. Supersaturation in pH 6.8 with 0.17% SDS
from dissolution of low and high surface area 4:1 ITZ/
EL100 AP particles at a dose of 25.

Figure 6. Supersaturation in pH 6.8 buffer with 0.17%
SDS from dissolution of 2:1 ITZ/HPMC AP lyophilized
particles at doses of 5, 15, 25, and incremental addition
to 8.
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levels did not decay when excess particles were absent.
Homogeneous nucleation rates appeared to be too slow to
deplete the supersaturation levels of 8-12. Therefore,
depletion rates of supersaturation are much slower in media
where excess surface area from undissolved particles is
minimized.

4.3.2. High Surface Area Particles. At a constant dose
of 25, high surface area lyophilized 4:1 and 2:1 ITZ/HPMC
rapidly dissolved to a supersaturation of 12-16, followed
by depletion to ∼3 within 1 h, as shown in Figures 4 and 6.
Likewise, high surface area 4:1 ITZ/EL100 particles (Figure
5) dissolved to a supersaturation of 12 within 10 min and
precipitated to 5 after 1 h. For these high surface area
particles, the excess surface areas were 0.11, 0.12, and 0.32
m2, based on the supersaturation after 10 min (Table 1)
resulting in rapid nucleation rates followed by growth that
depleted the supersaturation within the first hour of dissolu-
tion. Similar behavior was observed for the high surface area
300 nm particles produced by salt flocculation of ITZ
stabilized by HPMC and poloxamer 407, with a dose of 25.39

As in the previous control experiment, the original nano-
particle dispersion was added dropwise to prevent buildup
of excess particles and therefore the rapid decay in super-
saturation. As a result, growth was inhibited yielding a
supersaturation of 11 and 7.5 at 20 min and 2 h, respec-
tively.39 Otherwise, the use of particles with high surface
areas was detrimental to maintaining long-term supersatu-
ration due to the increased nucleation and growth from the
increased excess undissolved surface area (Figure 1), despite
the benefit of the initial rapid dissolution to produce a high
maximum supersaturation. To further quantify the total extent
of supersaturation over the 4 h experiment, the area under
the curve (AUC) was calculated by numerical integration
(Table 1).

4.3.3. Low Surface Area Particles. Low surface area 4:1
ITZ/HPMC SD and 4:1 ITZ/EL100 particles produced a
minimal amount of excess surface area for a dose of 25
(Table 1). In the case of these slowly dissolving particles,
the relatively low maximum supersaturation levels led to a
low AUC, particularly for the HPMC case. The low excess
surface area produced slow rates of growth from solution
by condensation and coagulation, even for the relatively high
supersaturation of 6 for 4:1 ITZ/EL100. This relatively stable
and high supersaturation over 2 h indicates the advantage
of electrostatic stabilizers to prevent growth while mitigating
crystallization during dissolution. In addition as mentioned
previously, the more rapid dissolution of EL100 versus
HPMC may lead to a greater concentration of dissolved
polymer chains to passivate growth of crystalline domains.
Finally, the additional undissolved HPMC may act as
nucleation sites for crystallization of the undissolved amor-
phous drug.

4.3.4. Medium Surface Area Particles. Medium surface
area particles produced the highest AUC values in this work,
particularly the salt flocculated particles in Figure 4. Despite
the increase in the primary particle size of amorphous ITZ
from ∼500 nm to ∼3 µm according to SEMs (Figure

2A-D), the dissolution was still sufficiently rapid to generate
high supersaturation levels. In addition, the excess surface
area of undissolved particles was sufficiently low to miti-
gate decay of supersaturation via nucleation and growth by
condensation (Figure 1, eq A1) and coagulation (Figure 1,
eq B1). For example, for the same starting AP dispersion
containing a low polymer level, 4:1 ITZ/HPMC, the super-
saturation was still 6 after 2 h for the salt flocculated sample
versus only ∼3 for the lyophilized sample with a corre-
sponding AUC of 1869 versus 845 min.

On the basis of the similar peak supersaturations (Figure
4) alone, the driving force for nucleation and growth would
have been similar for both lyophilized and salt flocculated
particles. However, the lower excess surface area of the salt
flocculated particles led to slower growth by condensation
and coagulation, by 3.8 times. Thus, the medium surface area
particles produced by salt flocculation offer an optimal
balance of a sufficiently rapid dissolution rate, along with
only moderate decay of supersaturation from a reduced
excess surface area.

Recovery of particles by salt flocculation offers other
advantages in addition to producing high supersaturation
levels in pH 6.8 media. The particles may be recovered at
25 °C whereas relative temperatures >90 °C are necessary
for spray drying. After salt flocculation, the dried particles
have been shown to contain less than ∼1% residual salt and
the particles are more hydrophilic and more efficiently wetted
by aqueous media than lyophilized powders, as is evident
from smaller contact angles.39 Finally the salt flocculation
process produces higher yields and reduces the energy
requirements relative to spray drying.40

4.3.5. Crystallinity of High and Medium Surface
Area Particles. In this case, crystallinity of the final dried
particles was not considered when comparing various particle
specific surface areas. Partial crystallinity of the particles will
lead to a decrease in the experimental supersaturation by
decreasing the initial achievable supersaturation and acting
as a sink to precipitate from the supersaturated solution.52,53

Comparing the various particle formation techniques, the salt
flocculated (medium surface area) particles were found to
be the most crystalline followed by the AP lyophilized (high
surface area) particles (Figure 3). In this case, the more
crystalline medium surface area particles produced a higher
sustained supersaturation resulting in a higher AUC. This
unexpected result further confirms that an alternate mecha-
nism is outweighing the expected decrease in achievable
supersaturation based on the partial crystallinity of the
particles.

4.4. Dissolution in pH 1.2 Media Followed by pH
Shift to 6.8. To mimic the release of drug in the stomach
followed by the transition to the upper intestine, selected

(52) Mosharraf, M.; Nystrom, C. Apparent Solubility of Drugs in
Partially Crystalline Systems. Drug DeV. Ind. Pharm. 2003, 29
(6), 603–622.

(53) Lindfors, L.; Skantze, P.; Skantze, U.; Westergren, J.; Olsson, U.
Amorphous Drug Nanosuspensions. 3. Particle Dissolution and
Crystal Growth. Langmuir 2007, 23, 9866–9874.
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formulations were dissolved in pH 1.2 media for 2 h after
which the pH was shifted to 6.8. The goal was to investigate
how the quantity of dissolved drug at pH 1.2 affects the
supersaturation behavior upon shifting to pH 6.8. The
equilibrium solubilities were 4.4 and 14 µg/mL in the acidic
and neutral media, respectively. The latter would have been
only ∼1 ng/mL,54 in buffer without the addition of 0.17%
SDS. Lyophilized AP 4:1 ITZ/HPMC was compared to the
commercial solid ITZ product, Sporanox, which is a 20%
(wt.) ITZ formulation including HPMC as a stabilizer.

As shown in Figure 7, high surface area lyophilized 4:1
ITZ/HPMC initially dissolved in pH 1.2 media yielded a
supersaturation of ∼12.5 and precipitated to only 5 even after
2 h at pH 6.8. When the same lyophilized 4:1 ITZ dose was
added directly to pH 6.8 media, as shown in Figure 4, the
supersaturation decayed more rapidly from 12 to 4 after only
20 min. Several factors contribute to the superior stability
in supersaturation for the pH shift experiment. For example,
approximately half of the mass dissolved at pH 1.2, which
reduced the excess surface area available for precipitation
from condensation and coagulation upon pH shift (see Table
1). Also, the HPMC had 2 h to dissolve in the acidic phase,
therefore the amorphous drug was not trapped in a swollen
slowly dissolving HPMC gel at pH 6.8, where it is likely to
crystallize. Also the dissolved HPMC was then available to
stabilize embryos which nucleated upon pH shift to 6.8, and
slow down growth. Therefore, the dissolution of particles in
pH 1.2 media to moderate supersaturation levels may reduce
the depletion rate of supersaturation upon pH shift relative
to direct dissolution in pH 6.8 media alone.

The dissolution of ITZ in Sporanox pellets in pH 1.2 media
was rapid and almost complete within 2 h to produce a
supersaturation of 70 (based on Ceq ) 4.4 µg/mL at pH 1.2).
Depletion to 40 µg/mL (supersaturation <3) occurred within
20 min after pH shift to pH 6.8, even though the shift in pH
caused an increase in drug solubility from 4.4 to 14 µg/mL.
The extremely high supersaturation appeared to produce fast
nucleation rates and subsequent growth in pH 6.8 media,
consistent with the rapid depletion of supersaturation from
high specific surface area particles. As many nuclei were
formed and grew, the dissolved HPMC was unable to adsorb
to a sufficient level to protect against growth, as was evident
by the rapid decay of supersaturation. From the results for
the lyophilized 4:1 ITZ/HPMC particles, it is apparent that
dissolution to moderate supersaturation levels under acidic
conditions eliminates some excess surface area resulting is
slower decay of supersaturation at pH 6.8.

5. Conclusions
Both high and medium surface area amorphous particles,

recovered from aqueous dispersions of nanoparticles formed
by antisolvent precipitation, rapidly dissolved in pH 6.8
media to generate supersaturation levels as high as 16 within
10 min. However, the decay in supersaturation was much
slower for the medium relative to the high surface area
particles. Lyophilization of the aqueous dispersions produced
particles with high surface areas from 13 to 36 m2/g. In
contrast, salt flocculation of the particles in the aqueous
dispersions followed by filtration produced ∼3 µm particles
with medium surface areas from 2 to 5 m2/g. These particles
were only partially crystallized despite the high degree of
flocculation. By controlling the nature and composition of
the polymer stabilizers on the surface, the particle size and
surface area could be tuned over a wider range than in
previous studies.39,40 The relatively rapid dissolution of the
high and medium surface area particles, before the undis-
solved particles crystallized, led to much higher maximum
levels in supersaturation relative to more conventional low
surface area (<1 m2/g) solid dispersions. However, the slower
nucleation and growth out of solution resulting from the
lower excess surface area of undissolved medium surface
area versus high surface area particles leads to higher AUCs.
Thus, the medium surface area particles offer an optimum
balance between favorable rapid dissolution and unfavorable
nucleation and growth out of solution. A slow decay in
supersaturation was also achieved by initially dissolving part
of the drug at pH 1.2 to reduce the excess surface area of
undissolved particles and then shifting the pH to 6.8.
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Figure 7. Supersaturation in pH 1.2 with a pH shift to
6.8 from dissolution of Sporanox capsule and 4:1 ITZ/
HPMC at a dose of 350 µg/mL (based on pH 1.2
volume); equilibrium solubility of crystalline ITZ in pH
1.2 was 4.4 µg/mL and in pH 6.8 with 0.17% SDS was
14 µg/mL.
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