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a b s t r a c t

The recrystallization of amorphous solid dispersions may lead to a loss in the dissolution rate, and
consequently reduce bioavailability. The purpose of this work is to understand factors governing the
recrystallization of amorphous drug–polymer solid dispersions, and develop a kinetics model capable of
accurately predicting their physical stability. Recrystallization kinetics was measured using differential
scanning calorimetry for initially amorphous efavirenz–polyvinylpyrrolidone solid dispersions stored
at controlled temperature and relative humidity. The experimental measurements were fitted by a new
kinetic model to estimate the recrystallization rate constant and microscopic geometry of crystal growth.
The new kinetics model was used to illustrate the governing factors of amorphous solid dispersions
stability. Temperature was found to affect efavirenz recrystallization in an Arrhenius manner, while
olyvinylpyrrolidone

hysical stability
olid dispersions

recrystallization rate constant was shown to increase linearly with relative humidity. Polymer content
tremendously inhibited the recrystallization process by increasing the crystallization activation energy
and decreasing the equilibrium crystallinity. The new kinetic model was validated by the good agreement
between model fits and experiment measurements. A small increase in polyvinylpyrrolidone resulted in
substantial stability enhancements of efavirenz amorphous solid dispersion. The new established kinetics
model provided more accurate predictions than the Avrami equation.
. Introduction

The interest in amorphous drug–polymer solid dispersions has
rown due to the potential of improving bioavailability, particu-
arly for poorly water-soluble drugs (Leuner and Dressman, 2000;
raig, 2002; Hancock, 2002; Ahuja et al., 2007; Vippagunta et al.,
007). The basis for this interest stems from the increased rate
f dissolution, which can range from hundreds- to thousands-
old increase, even for the most insoluble active pharmaceutical
ngredients (APIs) (Leuner and Dressman, 2000). For drugs whose
ioavailability is limited due to aqueous solubility (biopharma-
eutical classification system BCS-2), the improved solubility may
ead to enhanced bioavailability (Ambike et al., 2005; Khawam and
lanagan, 2006; Marsac et al., 2006a,b). The pharmaceutical poten-
ial of amorphous drug–polymer dispersions was realized with the
onnucleoside transcriptase inhibitor Intelence (etravirine) devel-

ped by Tibotec Pharmaceuticals, Ltd. Amorphous spray drying
as credited with enhancing the bioavailability of this highly
ater-insoluble drug, increasing the plasma concentrations sev-

ral orders of magnitude above the viral inhibitory concentration,
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a feat that could not be accomplished with the crystalline form of
the drug.

These advantages notwithstanding, advanced technologies
often encounter challenges that must be understood and resolved
in order to facilitate broad adoption. Amorphous solid dispersions
face the perception that the amorphous form may not be thermody-
namically stable (Ahlneck and Zografi, 1990; Yoshioka et al., 1994;
Hancock et al., 1995, 1998) compared to the crystalline counter-
part, and lead to unacceptable property changes. Most importantly,
stable amorphous drug–polymer dispersion can be produced with
proper formulation, enabling successful drug delivery. The goal of
the current work is to understand the factors that can influence
the recrystallization of amorphous drug–polymer solid dispersions,
and develop a numerical model that accurately predicts the kinetics
of recrystallization.

It is well known that APIs can be formulated with polymers
to enhance their stability (Gupta and Bansal, 2004; Gupta et al.,
2005; Konno and Taylor, 2006). The causal relationship between
polymer addition and enhanced stability can be attributed to two

mechanisms. First, long polymeric chain can sterically hinder the
association among API molecules, and thus impede recrystalliza-
tion. In addition, chemical interactions between the polymer and
API tend to increase the energy barrier for nucleation, the initial
event of recrystallization, and consequently enhance the physical

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:jyang@ispcorp.com
dx.doi.org/10.1016/j.ijpharm.2009.09.035
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Nomenclature

API active pharmaceutical ingredient
DSC differential scanning calorimetry
EFV efavirenz
J nucleation rate
Jo nucleation rate prefactor
k recrystallization rate constant
ko prefactor of recrystallization rate constant
n time exponent
PVP polyvinylpyrrolidone
R universal gas constant
RH relative humidity
Tg glass transition temperature
Tk Kauzmann temperature
V(t) crystalline volume
xp polymer ratio
x(t) absolute crystallinity
x∞ final absolute crystallinity
˛(t) relative crystallinity
ˇ crystal growth rate
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was collected at the product recovery cyclone. An inlet temperature
of 70–75 ◦C, and outlet temperature of 40–45 ◦C, solution feed rate
of 5 g/min, process pressure of 1.0 bar and atomization pressure of
1.5 bar were used during spray drying.

Table 1
�EA activation energy
�H melting enthalpy

tability. The amorphous drug–polymer dispersion is commonly
haracterized in terms of physical properties such as glass tran-
ition temperature (Tg), heat capacity, and miscibility (Clas et al.,
996; Hancock and Zografi, 1997; Marsac et al., 2006a,b; Wu
nd Yu, 2006). Though it is widely regarded that an increase in
g indicates the improvement of physical stability, there is no
irect evidence disclosed to relate Tg to recrystallization activa-
ion energy, the critical parameter evaluating stability. The entropy
f supercooled liquid decreases rapidly on cooling toward glass
ransition temperature, Tg, and extrapolates to the entropy of crys-
al at so-called Kauzmann temperature, Tk (Kauzmqnn, 1948). The
auzmann temperature (Tk), where molecular mobility is believed

o be nil because of the extremely high viscosity (Ahlneck and
ografi, 1990; Yoshioka et al., 1994; Hancock et al., 1995, 1998;
obayashi et al., 2000), has been recommended as an indicator of
hysical stability. However, it is a great challenge, or even impos-
ible to increase Tk to typical storage temperature for drugs with
onsiderably low melting points. Although factors governing phys-
cal stability still remain controversial and complicated, it is quite
lear that the enhanced physical stability must be related to both
he free energy of the amorphous materials relative to crystalline
ounterpart—the thermodynamic driving force for recrystalliza-
ion, and factors which affect the kinetics of recrystallization,
uch as temperature, humidity and polymer carrier. Most of cur-
ent approaches on stability prediction involve evaluation of Tg

Hodge, 1995; Moore et al., 1999; Corrigan et al., 2004; Miller and
echuga-Ballersteros, 2006); however, Tg is not an intrinsic prop-
rty and contingent to prior thermal history. Methods involving Tg

easurement therefore are ambiguous. Hancock (1995) and Wu
2006) experimentally proved the surprising occurrence of nucle-
tion below Tg, indicating that Tg is not a reliable indicator of
hysical stability. Methods based on either Tg or Tk are greatly
ompromised because they are incapable of physical stability quan-
ification. Thus, it is of great interest to have a more reliable and
ccurate method for stability prediction, particularly for long-term

onditions.

The objective of this study was to investigate the physical sta-
ility of initially amorphous drug–polymer solid dispersions based
n recrystallization kinetics. The kinetics description comprises
n approximation of the nucleation and crystal growth contribu-
harmaceutics 384 (2010) 24–31 25

tions, which are inherently essential to an accurate prediction.
The kinetics approach offers direct and quantified evidence about
the physical state for the studied materials, and grants the ability
to estimate or even specify product shelf life without the time-
consuming and costly long-term stability testing. Although the
Avrami equation is commonly used to model crystallization kinet-
ics for decades (Avrami, 1939, 1940), the reliability and accuracy
is compromised because of its critical oversimplifications, most
notably that the nucleation rate is constant throughout the recrys-
tallization process. Other types of models also have been developed
based on solid state reaction kinetics (Prout and Tompkins, 1944;
Sheridan and Anwar, 1996; Supaphol and Spruiell, 2001; Wellen
and Rabello, 2005; Yang et al., 2005a; Khawam and Flanagan, 2006;
Ziaee and Supaphol, 2006), however there has been little progress
in their applications to stability prediction of pharmaceutical solid
dispersion.

In the present study, a new kinetics model was developed
by correcting the critical oversimplification on nucleation rate in
the Avrami equation (Avrami, 1939). The recrystallization kinet-
ics was measured using DSC for amorphous dispersion containing
efavirenz (EFV) and polyvinylpyrrolidone (PVP). In order to study
the recrystallization kinetics, the polymer content levels were
intentionally reduced below the level that produces stable, amor-
phous solid dispersions. These initially amorphous EFV–PVP solid
dispersions were stressed with respect to elevated temperature
and relative humidity (RH) so that the time frame for recrystalliza-
tion occurred within an economically viable frame. Kinetics factors
contributing to recrystallization rates were described in terms of
activation energy under different storage conditions (temperature
and RH) and formulation (PVP content). Finally, the model per-
formance was examined and validated by comparing the model
predictions with experiment measurements and predictions from
the Avrami equation.

2. Materials and methods

2.1. Materials

Polyvinylpyrrolidone (Plasdone® K-29/32), was obtained from
International Specialty Products Co., Wayne, NJ, USA, and efavirenz
(chromatographic purity of 99.78%) was purchased from Aurobindo
Pharma Ltd. (Hyderabad, India). Reagent grade methanol purchased
from Sigma–Aldrich Co. (St. Louis, MO, USA).

2.2. Methods

2.2.1. Preparation of amorphous dispersion of efavirenz with PVP
Amorphous solid dispersions of EFV and PVP were prepared by

spray drying technology. A series of compositions including EFV and
PVP (Table 1) were dissolved in methanol to make a solution of 20%
(w/w) total solids and visual observation of clear solution suggests
the complete dissolving of the materials. 100 gram of the solution
was spray dried under nitrogen environment using SD MicroTM

spray dryer (Niro Inc., Columbia, MD, USA), and the powder product
Efavirenz-PVP solid dispersion compositions.

Ingredients Compositions

Efavirenz 83% 85% 84% 87%
PVP K-29/32 17% 15% 14% 13%
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Table 2
The solid dispersion formulations and stability conditions for recrystallization kinetics study.

Composition of solid dispersion Relative humidity Temperature (◦C)

85% EFV:15% PVP 52% 67 70 72

Composition of solid dispersion Temperature (◦C) Relative humidity (%)

85% EFV:15% PVP 72 11 29 53
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Relative humidity Temperature (◦C) Compo

53% 72 83

.2.2. Differential scanning calorimetry (DSC)
A TA instrument Q1000TM was used to determine the glass tran-

ition temperatures of the fresh made EFV solid dispersions with
VP and the melting enthalpy of those samples subject to stability
onditions. Samples of 3–5 mg were analyzed using a heating rate
f 20 ◦C/min from −40 ◦C to 180 ◦C. Crimped aluminium sample
an was used under a nitrogen purge at 50 mL/min. An empty pan
as used as reference. Calibrations for temperature and enthalpy
ave been performed routinely with indium. Measurements were
epeated three times.

.2.3. Evaluation of crystallinity
The freshly spray dried powers were stored at stability cham-

er with temperature (±0.1 ◦C) and relative humidity (±1%) control
Table 2). Solid dispersion with 15% PVP was chosen to investigate
he effect of temperature and relative humidity on the physical
tability of amorphous efavirenz. Solid dispersion with 13%, 14%,
5% and 17% PVP were prepared and stored at 72 ◦C and 53% RH to

nvestigate the effect of PVP on the physical stability of amorphous
favirenz solid dispersion. Samples were removed from storage
t each time point and the extent of recrystallization was mea-
ured using DSC by heating the sample from −40 ◦C to 200 ◦C at
0 ◦C/min. The absolute percent crystallinity, x(t), was determined
s the ratio of melting enthalpies of recrystallized efavirenz over
ure crystalline efavirenz (Avrami, 1941; Mao et al., 2006):

(t) = �H(t)
�Hm

(1)

here �H(t) is melting enthalpy of recrystallized efavirenz at time

, which is calculated as the ratio of melting enthalpy of the sample
ivided by the composition of EFV and �Hm represents the melt-

ng enthalpy of 100% crystalline efavirenz at the same heating rate
Fig. 1).

Fig. 1. Evaluating the fraction of recrystallized efavirenz using DSC.
(% efavirenz)

84 85 87

An alternative expression for crystallinity used in the kinetics
analyses is the relative crystallinity, ˛(t):

˛(t) = x(t)
x(∞)

= �H(t)
�H∞

(2)

where �H∞ is the final melting enthalpy for the storage temper-
ature and RH. The relative crystallinity, ˛(t), normalizes the true
absolute crystallinity, x(t), and varies from 0% to 100%.

2.2.4. Evaluation of recrystallization activation energy
An improved kinetics model was developed in order to quantify

the physical stability of efavirenz amorphous dispersion. A nonlin-
ear regression method (Pike, 1986) was applied to solve the model
parameters based on the experimentally measured values of ˛(t).

2.2.5. Kinetics model
Recrystallization kinetics models have been proposed in the

past decades to quantitatively describe the evolution of crys-
tallinity (Avrami, 1939, 1940, 1941; Sheridan and Anwar, 1996;
Supaphol and Spruiell, 2001; Wellen and Rabello, 2005; Yang
et al., 2005b; Khawam and Flanagan, 2006; Ziaee and Supaphol,
2006). The Avrami model (Avrami, 1939, 1940, 1941) and
Prout–Tompkins equation (Prout and Tompkins, 1944) are most
frequently employed to describe solid state transformation kinet-
ics. The Avrami model contains two essential assumptions: (1) the
nucleation rate is constant with respect to time during recrys-
tallization; and (2) crystal size grows linearly with respect to
crystallization time from t = 0 to the final crystal size. In the Avrami
model the relative crystallinity, ˛(t), is related to the crystallization
time, t, according to the well-known Avrami equation:

˛(t) = 1 − exp(−Ktn) (3)

where k represents crystallization rate constant and n is the Avrami
exponent.

The crystallization rate constant, k, can be described in terms of
activation energy, �EA, and temperature, according to the Arrhe-
nius rate law (Yoshioka et al., 1994):

k = ko exp
(

−�EA

RT

)
(4)

where ko is the pre-exponential factor, R is the universal gas con-
stant and T is the absolute temperature in the unit of kelvin.

The assumptions of constant nucleation rate in the Avrami
model described above lead to an overprediction in the recrystal-
lization rate. Although the driving forcing for nucleation, the energy
difference between amorphous state and crystalline state, remains
constant at isothermal condition as crystallization proceeds, the
nucleation rate, J(t), tends to decrease with respect to time, because
the available nucleation sites, the reactant, are consumed through-

out the recrystallization process. In the present work an improved
description of the nucleation rate is proposed that it is proportional
to amorphous fraction, 1 − ˛(t),

J(t) = Jo(1 − ˛(t)) (5)
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Table 3
Model parameters for one, two and three dimensional crystal growth (Avrami,
1939)a with homogenous nucleation.

Geometric structure k n

AˇJo 2

2�ˇ2hJo 3

1/3�ˇ3Jo 4

3.2. Assessment of the new kinetic model

An initially amorphous solid dispersion containing 85% EFV:15%
PVP began to recrystallize after 10 h of storage at 72 ◦C and 11% RH,
and reached its final crystallinity after 9 days (Fig. 3). The char-
J. Yang et al. / International Journ

here Jo is the initial nucleation rate and 1 − ˛(t) is a function of
rystallization time.

Nucleation is the initiation of crystallization and is followed
y crystal growth (Oxtoby, 1992; Perez, 2005). Unlike nucleation,
rystal growth exclusively depends on the thermodynamic driv-
ng force, the energy difference between amorphous state and
rystalline state. It is widely accepted that crystals grow linearly
ith respect to crystallization time (Gutzow, 1977; Andronis and

ografi, 2000; Supaphol and Spruiell, 2001):

= ˇt (6)

here r is the radius for spherical crystal and ˇ is crystal growth
ate. During the time interval � to � + d� the number of nuclei gen-
rated is:

= J0(1 − ˛(�)) d� (7)

ince each nuclei will grow into a sphere of radius ˇ(t − �) and so
he increased volume due to nuclei appearing in the time interval
ill be:

V(t) = 4�

3
ˇ3(t − �)3Jo(1 − ˛(�)) d� (8)

here V(t) is the volume transformed into the crystalline state.
t is also related to the relative crystallinity by the Avrami phase
ransition theory:

− ˛(t) = exp(−V(t)) (9)

he derivative of Eq. (9) provides an expression for the created
rystalline volume in differential form:

V(t) = 1
1 − ˛(t)

d˛(t) (10)

relationship between ˛(t) and t is established by solving Eqs. (8)
nd (10):

1

[1 − ˛(t)]2
d˛(t) = 4�

3
ˇ3J0(t − �)3 d� (11)

ntegration of above equation gives the final model equation for
pherical crystal growth:

(t) = 1 − 1
1 + kt4

(12)

here k is crystallization rate constant, expressed as the production
f nucleation rate constant, Jo, and crystal growth rate constant, ˇ,
nd retains the same physical meaning as in the Avrami equation:

= 1
3

�ˇ3Jo (13)

n Eq. (12), time is raised to the fourth power. A more general form
or relative crystallinity can be presented as:

(t) = 1 − 1
1 + ktn

(14)

here the exponent n describes the dimensionality of crystal
rowth, and equals 2, 3 and 4 for rod, plate, and spherical geometry,
espectively for homogeneous nucleation (Table 3).

A general form of k can be expressed in terms of activation
nergy, �EA, and T according to the Arrhenius rate law equation
4).

. Results and discussion
.1. Measurement of recrystallization kinetics of amorphous
favirenz using DSC

The fresh produced efavirenz solid dispersions samples were
ested by DSC to verify the absence of initial crystallinity before
a A is the cross section surface area of the rod, and h is the thickness of the plat.

storage (Fig. 2). The absence of melting endotherm indicates the
crystalline efavirenz was completely converted into amorphous
form by spray drying. Samples after amorphous verification were
then placed under stability storage condition immediately and
were analyzed at a serial of time points. The occurrence of melting
peak indicates the amorphous efavirenz transformed into crys-
talline form under the storage condition, and the integration value
of the melting peak gives, according to Eqs. (1) and (2), the fraction
of recrystallized efavirenz. Fig. 2 showed the recrystallization of
amorphous efavirenz from solid dispersion with 15% PVP K-29/32
under stability storage condition of 72 ◦C and 11% relative humid-
ity. The increasing magnitude of efavirenz melting peak indicates
the proceeding of recrystallization.
Fig. 2. The measurements of recrystallized efavirenz from solid dispersion with
15% PVP K-29/32 under 72 ◦C and 11% relative humidity by DSC at heating rate of
20 ◦C/min.
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Fig. 4. Relative crystallinity, ˛(t), as a function of time for initially amorphous 85%
EFV:15% PVP solid dispersion stored at 52% RH and 67 ◦C (�), 70 ◦C (�) and 72 ◦C (�).
Error bar represents 1 standard deviation.

T
M

ig. 3. Relative crystallinity, ˛(t), as a function of time for initially amorphous 85%
FV:15% PVP solid dispersion when stored at 72 ◦C and 11% RH. Error bar represents
standard deviation.

cteristic “S” shape curve of recrystallization is due to the small
umber of nuclei at the very beginning, followed by a rapid recrys-
allization. Due to the consumption of nucleation sites, a decline in
ecrystallization rate was observed at late time of recrystallization.

Included with the experimental data in Fig. 3 are recrystalliza-
ion predictions based on the Avrami model and the new kinetic

odel. The experiment measurements were fitted by the new
odel equation in comparison with the Avrami model by a mul-

ivariate nonlinear regression method (Pike, 1986). Initial values
f k = 0.1 and n = 1 were given to compute the optimized values of
odel parameters by minimizing the sum of residual squares using

uccessive linear programming method (MAP). Correlation coeffi-
ient, r2, were tabulated in Table 4 and disclosed that the new model
onsistently provides better fit than the Avrami equation.

The Avrami equation (3) implicitly defines a constant nucleation
ate, a simplification that overpredicts the relative crystallinity,
(t), and underpredicts the time for complete recrystallization.
nly small deviations between the experimental data and the
vrami equation are noted during primary crystallization, because
ucleation is approximately constant. However, during secondary
late-stage) crystallization, the nucleation rate decreases sharply
ue to the decline of available nucleation sites. For late-stage crys-
allization, a pronounced disagreement is observed between the
xperimental data and predictions from the Avrami equation. This
isagreement has been occasionally reported (Gutzow, 1977; Hu
t al., 2002; Perez, 2005; Wellen and Rabello, 2005). The simpli-
ed nucleation rate and resulting overprediction in ˛(t) elucidates
he failure of the Avrami equation to accurately model secondary
rystallization (Gutzow, 1977; Perez, 2005). This simplification was

orrected in the new kinetic model, which proposes a linear rela-
ionship between nucleation rate and ˛(t). As seen in Fig. 3, the new
inetic model provides a more quantitatively accurate description
f the experimental data for late-stage crystallization.

able 4
odel analysis of the recrystallization kinetics of efavirenz solid dispersion.

SDD formulation and stability condition New kinetics model

n k × 106 (min−n)

15% PVP, 72 ◦C, 11% 3.0 9.92
15% PVP, 72 ◦C, 29% 3.0 85.2
15% PVP, 72 ◦C, 53% 3.0 154
15% PVP, 70 ◦C, 53% 3.0 12.1
15% PVP, 67 ◦C, 53% 3.0 9.26
14% PVP, 72 ◦C, 53% 3.0 13.5
13% PVP, 72 ◦C, 53% 3.0 39.0
17% PVP, 72 ◦C, 53% 3.0 8.75
3.3. The effect of temperature on recrystallization rate constant

An initially amorphous solid dispersion containing 85% EFV:15%
PVP was stored at three temperatures (67 ◦C, 70 ◦C, and 72 ◦C)
and one RH (53%). The storage temperatures were selected to
be higher than those normally used for pharmaceutical stabil-
ity testing in order to promote recrystallization within a more
economical time frame. Under all these conditions the characteris-
tic S-shaped curve again was noted, with faster recrystallization
at increasing temperature (Fig. 4). Using the nonlinear regres-
sion methods with the experimental data, k was estimated to be
9.3 × 10−6 h−3, 1.21 × 10−5 h−3 and 1.54 × 10−4 h−3 for 67 ◦C, 70 ◦C
and 72 ◦C, respectively. This 16.6-fold increase in k is noteworthy,
especially given the 5 ◦C span in temperature. The estimated value
of n is 3.0 for all three temperatures, indicating the same or similar
nature of nucleation and crystal growth for all the three tempera-
tures (Avrami, 1941).

The effect of temperature on recrystallization is also presented
by the temperature dependence of recrystallization rate constant
(Fig. 5). The semi-log plot of k vs 1/T reveals that the crystallization
rate constant increased exponentially with temperature, T, within
the temperature range studied (Hancock, 1960; Oxtoby, 1992;
Supaphol and Spruiell, 2001), implying the Arrhenius equation cor-
rectly expresses the temperature dependence of recrystallization
rate constant. The recrystallization activation energy, �EA, was
determined by the slope of the linear regression of ln k and 1/T
(Corrigan et al., 2004). Solving of the activation energy allows the

prediction of recrystallization kinetics at temperatures outside the
experiment range.

Avrami model

r2 n k × 106 (min−n) r2

0.994 3.0 6.43 0.987
0.976 3.0 39.2 0.956
0.965 3.0 91.3 0.952
0.971 3.0 7.7 0.966
0.976 3.0 5.94 0.974
0.984 3.0 6.23 0.97
0.968 3.0 14.3 0.96
0.997 3.0 2.15 0.973
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Fig. 7. Recrystallization rate constant as a function of relative humidity for initially
amorphous 85% EFV:15% PVP solid dispersion.
ig. 5. An Arrhenius plot of crystallization rate constant, k, as a function of temper-
ture, T, for initially amorphous 85% EFV:15% PVP solid dispersion.

.4. The effect of relative humidity on recrystallization rate
onstant

Initially amorphous 85% EFV:15% PVP solid dispersion was
tored also at one temperature (72 ◦C) and three RH (11%, 29%,
nd 53%) to determine the influence of humidity on the recrys-
allization process. RH exerted great influence on recrystallization
ate. Rapid recrystallization rates were observed under high
elative humidity (Fig. 6). Using the nonlinear regression meth-
ds with the experimental data, k was estimated to be equal
.92 × 10−6 h−3, 8.52 × 10−5 h−3, and 1.54 × 10−4 h−3 for 11%, 29%
nd 53% RH respectively. The value of n was 3.0 for all the RH,
gain suggesting the same or similar nucleation and crystal growth
echanism.
Linear regression of the experimental data suggests that k

ncreases linearly rather than exponentially over the range in RH
tudied (Fig. 7) (Ahlneck and Zografi, 1990). The increase of crystal-
ization rate is attributed to the water-induced plasticization and
nsuing enhanced molecular mobility (Hancock and Zografi, 1997;
arsac et al., 2006a,b).

.5. The effect of PVP content on the stability of amorphous
favirenz
Four different amorphous efavirenz solid dispersions were
roduced to evaluate the effect of PVP level on the physical sta-
ility. These amorphous dispersions, containing 13%, 14%, 15%,
nd 17% PVP, were confirmed by DSC to be initially amorphous.

ig. 6. Relative crystallinity, ˛(t), as a function of crystallization time for initially
morphous 85% EFV:15% PVP solid dispersion at 72 ◦C and 11% RH (�), 29% RH (�)
nd 52% RH (�). Error bar represents 1 standard deviation.
Fig. 8. Relative crystallinity, ˛(t), as a function of time for initially amorphous
efavirenz–PVP solid dispersions containing 13% PVP (�), 14% PVP (�), 15% PVP (�),
and 17% PVP (�) at 72 ◦C and 52% RH. Error bar represents 1 standard deviation.

Immediately after spray drying the three solid dispersions were
stored at the same storage temperature (72 ◦C) and RH (53%). The
experimental recrystallization data show a surprising decrease in
recrystallization rate with increasing PVP content (Fig. 8). Using the
nonlinear regression methods with the experimental data, k was
estimated to be 3.90 × 10−4 h−3, 1.35 × 10−4 h−3, 1.54 × 10−4 h−3

and 8.75 × 10−6 h−3 for 13%, 14%, 15% and 17% PVP, respectively.
This 45-fold decrease in k is remarkable, since the PVP content
was changed only by 4%. Hence, PVP content is believed to be
more influential in regulating efavirenz recrystallization more than
temperature or RH. As before, the estimated values of the time
exponent, n, are almost the same (3.0) and suggested no alter-
ation of nucleation and crystal growth mechanism introduced by
increasing the PVP content in the solid dispersion.

The inhibition in efavirenz crystallization by PVP in the amor-
phous solid dispersion is explained by the formation of glass
solution (Hodge, 1995). The Tg of the amorphous dispersions
increased 15 ◦C as the PVP content increased from 0% to 17%, sup-
porting the hypothesis of efavirenz solubilization by PVP (Table 5).

The linear relationship between ln(k) and PVP content (xp), indi-
cates that EA increases linearly with respect to PVP content in the
formulation (Fig. 9). Thus, crystallization rate constant increases
exponentially with respect to polymer ratio in amorphous solid dis-
persions. Therefore, surprisingly more stable amorphous efavirenz

Table 5
Tg for efavirenz amorphous solid dispersions, measured using DSC at a 20 ◦C/min
heat rate from −40 ◦C to 200 ◦C.

Weight percentage of Plasdone® K-29/32 0% 13% 14% 15% 17% 100%

Tg (◦C) 33 51 45 46 48 174
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ig. 9. Logarithm plot of recrystallization rate constant as a function of PVP content
or amorphous efavirenz solid dispersions stored at 72 ◦C and 52% RH.

olid dispersions can be made with small increases in PVP content
n the formulation.

.6. The effect of temperature, relative humidity and PVP ratio on
he final extent of recrystallization

The actual extent of recrystallization, x(t), can be calculated
rom experimentally measured values of enthalpy, viz., Eq. (1). It is
mportant to note that the initially amorphous efavirenz–PVP solid
ispersions never fully recrystallize to produce 100% recrystal-

ized drug regardless of the storage conditions. This experimental
bservation is attributed to the extremely high energy required
or molecules trapped into polymer matrix to nucleate (Corrigan
t al., 2004). For the studied formulations, it was impossible for
ll drug molecules to overcome the energy barrier and recrystal-
ize. It was also surprising to note that the final extent of efavirenz
ecrystallization was measured to be relatively independent of
emperature and relative humidity, although the recrystallization
inetics was found to be critically dependent on the storage condi-
ion (Figs. 4 and 6). The suspected reason is that efavirenz solubility
n PVP solid solution is independent of temperature and relative
umidity. Same amount of amorphous efavirenz will be con-
erted into crystalline regardless storage temperature and relative

umidity. In contrast, the final extent of efavirenz recrystalliza-
ion decreases linearly with increasing PVP (Fig. 10). The increase
f polymer ratio entraps more efavirenz molecules into the poly-
er matrix and reduces the final extent of recrystallization. The

ig. 10. The final efavirenz crystallinity as function of PVP content at 72 ◦C and 52%
H storage condition. Error bar represents 1 standard deviation.
harmaceutics 384 (2010) 24–31

intercept on polymer ratio axis gives the minimum amount of PVP
required, 23.6%, to produce amorphous solid dispersion that will
never recrystallize. This conclusion is also supported by our stabil-
ity testing program for composition containing 75% EFV:25% PVP.
We did not detect the occurrence of recrystallization after more
than 24 months storage at 72 ◦C and 53% RH.

4. Conclusions

An improved kinetic model is presented that corrects the sim-
plification in the Avrami equation. By considering the nucleation
rate to be proportional to crystallinity, this new kinetic model
more accurately describes efavirenz–PVP recrystallization than the
Avrami equation, particularly for late-stage (secondary) crystal-
lization. For early-stage formulation development of amorphous
drugs, this approach can be especially valuable, as it saves the time
and cost of conventional ICH stability testing. By solving of the
relationships between recrystallization rate constant, temperature,
relative humidity and formulation, an accurate and reliable pre-
diction is obtained for recrystallization kinetics. Most significantly,
the amount of polymer was found to be critical in promoting amor-
phous stability. The presence of PVP greatly inhibited not only the
recrystallization process, but also reduced final extent of recrys-
tallization, suggesting that enhanced stability can be achieved by
increasing polymer level from formulation aspect.
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