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a b s t r a c t

Stavudine is a nucleoside reverse transcriptase inhibitor active against HIV, and is known to exist in two
polymorphic forms designated as forms I and II, and a hydrate form III. An amorphous solid of stavu-
dine was successfully prepared and characterized during this investigation. A comprehensive evaluation
of the stability of this amorphous solid showed that the amorphous solid transforms to either form II
(anhydrous) or form III (hydrate) when exposed to temperature, in the absence or presence of moisture,
eywords:
tavudine
morphous
ydrate
ransformation
oisture

respectively. The amorphous-to-hydrate transformation occurred at relatively low RH (>32%) and led to
the formation of crystal aggregates of the hydrated form. Steady state growth rate analyses also showed
that the amorphous-to-crystalline transformation occurs at a greater rate in the presence of moisture,
compared to the transformation at the same temperature in a dry environment. Crystal growth studies
showed that it is possible to stabilize the amorphous solid of stavudine against crystal transformations
in the absence of moisture by coating it with poly(methyl methacrylate). However, this polymer coating

grow
tability could not prevent crystal

. Introduction

Stavudine, also known by the acronym d4T, is a nucleoside ana-
og reverse transcriptase inhibitor (NRTI) active against HIV. Current

HO guidelines recommend a combination of two NRTI’s and one
on-nucleoside reverse transcriptase inhibitor (NNRTI) antiretro-
iral (ARV) drugs as a first-line regimen in resource-poor settings
o treat HIV-1 infection (Marcelin et al., 2007). When several (of
hese) drugs, typically three or four, are taken in combination, the
pproach is known as highly active antiretroviral therapy, or HAART.
urrently, only one WHO prequalified combination of NRTI/NNRTI

s available as a fixed-dose combination (FDC), combining stavudine
30–40 mg), lamivudine (150 mg) and nevirapine (200 mg), and its
se has been shown to be effective (Laurent et al., 2004, 2007; Duse
t al., 2008).

Companies producing generic drugs were the first to market FDC
RV preparations containing stavudine, and these drugs have won
road acceptance in the developing world (Duse et al., 2008). In

hese regions, FDC products promote adherence, since they greatly
educe pill burden, dosing frequency and prescription errors. In fact,
n Sub-Saharan Africa generic companies provide most of the drugs
sed and almost exclusively supply several fixed-dose combination

∗ Corresponding author. Tel.: +1 608 890 0732; fax: +1 608 262 5345.
E-mail address: mmdevilliers@pharmacy.wisc.edu (M. de Villiers).
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th from the amorphous solid during exposure to moisture.
© 2009 Elsevier B.V. All rights reserved.

drugs (Chien, 2007). Although there are always questions about the
quality of generic products, several investigators have found that
the amount of drug in generic tablets is similar to trade formulations
(Penzak et al., 2003, 2004). However, this does not guarantee good
dissolution and absorption when administered to patients.

In fact, several reports have shown that while the drug
concentrations in generic products were similar to their trade coun-
terparts, one or more of the drugs in the ARV FDC products did not
achieved the strict definition of bioequivalence endorsed by the US
FDA (GMR 90%, CI 80–125% for both Cmax and AUC). For example,
the Malawian antiretroviral program uses generic Triomune (stavu-
dine, lamivudine, and nevirapine), and when tested, this product
did not meet the strict definition of bioequivalence for these drugs
(Hosseinipour et al., 2007). Patients taking Triomune had notably
higher stavudine Cmax values that could potentially influence toxic-
ities such as neuropathy. The generic drug, unlike the trade version,
is not coated and since stavudine is primarily absorbed in the prox-
imal intestine, the authors speculate that the generic formulation
may have dissolved faster, leading to increased drug absorption.
This product was also tested in Uganda and although the pharma-
cokinetic profiles of generic and branded drugs were similar, the
stavudine plasma concentrations were significantly lower for the

generic formulation (Byakika-Kibwika et al., 2008).

In another study the pharmacokinetics of two generic FDCs
for HIV-infected infants and children were tested (L’homme et al.,
2007). Non-parametric statistical tests revealed no statistically sig-
nificant differences in Cmax and Tmax of stavudine, lamivudine, and

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:mmdevilliers@pharmacy.wisc.edu
dx.doi.org/10.1016/j.ijpharm.2009.06.012
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evirapine between the two generic paediatric formulations and
he branded products, but the AUC0–1 of stavudine and lamivudine
iffered significantly between the product formulated for babies
nd the branded product. This finding is important because a major
hallenge in delivering treatment includes the lack of paediatric
RVs that can be dosed in small children (Bowen et al., 2008).
orldwide, by the end of 2006, compared with 28% coverage for

dults, only 15% of children with HIV that needed antiretroviral
reatment were receiving it.

The reported variability in the bioavailability of stavudine in
eneric products is intriguing because it is a BCS Class I (highly sol-
ble and highly permeable) drug that is eligible for the BCS-based
iowaiver approach by the WHO. Perhaps the inconsistent phar-
acokinetic parameters are related to the unique physicochemical

roperties of stavudine. Stavudine has two known monotropi-
ally related polymorphs, form I is the more stable least soluble
89 mg/ml) and form II is the metastable more soluble form
106 mg/ml) (Gandhi et al., 2000; Mirmehrabi et al., 2006a,b). A
ydrated form with a stavudine:water stoichiometry of 3:1 (form

II, solubility 90 mg/ml) and a few solvates has also been described
Gandhi et al., 2000; Radatus and Murthy, 2003). Stavudine is highly
usceptible to chemical degradation by hydrolysis (Dunge et al.,
005; Kaul et al., 2005). During processing this low dose drug with
eedle shaped crystals, low bulk density, and cohesive nature, can
ecrease the content uniformity in dosage forms (Mirmehrabi et
l., 2006a; Mohammed et al., 2008). Not much is reported about
he formulation of stavudine products. Mohammed et al. (2008)
eported the coprocessing of nevirapine and stavudine by spray dry-
ng. During spray drying, stavudine crystallized as form III. XRD and
SC analysis indicated a decrease in crystallinity of the spray-dried
roducts.

In this study, we report the preparation and stability of an
morphous form of stavudine. The accidental incorporation of
morphous stavudine into a dosage form during large-scale manu-
acturing could adversely change the physicochemical properties of
he drug and the final product and its bioavailability (Mohammed
t al., 2008). Several circumstances can result in the formation of
morphous solids (Bauer-Brandl, 1996; Craig et al., 1999). These
nclude pharmaceutical manufacturing processes such as, conden-
ation from the vapor or precipitation from a solution (e.g. spray
rying, freeze-drying, spin-coating and decompression of super-
ritical fluids), mechanical destruction of the crystalline structure
e.g. milling, wet granulation and desolvation) and quench cooling
f the melt (Hancock and Zografi, 1997).

Amorphous solids are defined as structurally disordered systems
hat thermodynamically have an excess free energy compared to
rystalline solids (Yu, 2001; Petit and Coquerel, 2006; Bhugra and
ikal, 2008). The increase in free energy enhances the solubility of
he amorphous phase, and this can increase the bioavailability of
he drug (Hancock and Parks, 2000). However, the increased free
nergy also results in a decrease in the physical and chemical sta-
ility of amorphous solids, especially when exposed to increased
emperature and moisture. Frequently amorphous solids recrys-
allize into different polymorphic forms that are less soluble or
egrade faster (Fukuoka et al., 1986; De Villiers et al., 1991; Andronis
nd Zografi, 1997, 2000; Guo et al., 2000). Perhaps an increase in
on-crystalline content as seen during spray drying could explain
ome of the variability in bioavailability found among generic prod-
cts containing stavudine (Hosseinipour et al., 2007; L’homme et
l., 2007; Byakika-Kibwika et al., 2008; Mohammed et al., 2008).

For this reason, if the objective is not to increase the solubil-

ty of a drug, the accidental introduction of amorphous material
hould be avoided. This study reports the effect of changes in envi-
onmental conditions, increased temperature and moisture, on the
morphous-to-crystalline or hydrate transformation of stavudine,
water-soluble drug. It is hoped that the results presented in
f Pharmaceutics 379 (2009) 72–81 73

this study will highlight the importance of avoiding the acciden-
tal introduction of amorphous materials into products containing
stavudine. In addition, the stability of the amorphous solid and a
method that can be used to stabilize the glass against the effect of
temperature is also reported.

2. Materials and methods

2.1. Materials

Stavudine, polymorph form I and form II, was purchased from
Xiamen Mchem Laboratories Ltd. (China). Poly(methyl methacry-
late) (PMMA) with an average molecular weight of 15,000 was
purchased from Sigma–Aldrich Inc., St. Louis, MO. Toluene and
tetrahydrofuran (THF) were purchased from Fisher Scientific, Fair
Lawn, NJ, and all other solvents and reagents were analytical
grade. Polymorphic forms I, II and III (a hydrated form with a
stavudine:water stoichiometry of 3:1) were also prepared for com-
parison with the amorphous solid. These crystalline solids were
obtained from recrystallization of the stavudine raw material form
ethanol, methanol and milli-Q water, respectively (Gandhi et al.,
2000).

2.2. Preparation and coating of amorphous stavudine

Both supercooling of the melt and spin-coating were used to
prepare amorphous stavudine. For the first method, approximately
10 mg of stavudine was evenly spread out on a glass microscope
slide, and heated to 168–172 ◦C on a Velp® Scientifica hotplate
(Italy). The liquid/melt that formed was cooled by placing the
microscope slide on a refrigerated block of aluminum. For the
second method, a 2% (w/v) solution of stavudine in THF was pre-
pared, and six drops of this solution was placed on a clean, round
microscope cover glass with a diameter of 25 mm. The cover glass
was spun at 3000 revolutions per minute for 2 min using a TC100
spin-coater (MTI Corporation, Richmond, CA). In order to coat the
amorphous film with PMMA, an additional spin-coating step, using
the same method, was carried out with a 3.5% (w/v) solution of
PMMA in toluene. Toluene was used because stavudine is insolu-
ble in this solvent and it should therefore not dissolve the formed
stavudine film.

2.3. Characterization of the amorphous form and polymorphs

Thin-layer chromatography (TLC) was used to confirm the
absence of thymine, the major degradation product of stavudine
in the sample prepared from the melt (Kawaguchi et al., 1989; USP,
2007).

The amorphous solid, and the polymorphs, were character-
ized using various analytical techniques. X-ray powder diffraction
(XRPD) patterns were recorded using a Bruker D8 Advanced diffrac-
tometer (Bruker, Germany), and the data were analyzed using the
Eva software package. The instrumental setup was as follows: volt-
age, 40 kV; current, 40 mA; radiation source, Cu; divergence slit,
1 mm; anti-scatter slit, 0.1 mm; detector slit, 0.1 mm; scan range,
from 2◦ to 40◦ 2�, scan speed, 0.4◦ 2�/min with a step size of
0.02◦ 2� and a step time of 3.0 s. In order to observe the crystalline
transformations with increasing temperature, variable temperature
X-ray powder diffraction (VT-XRPD) analyses were performed on
the amorphous solid using the abovementioned instrument and

setup, with the addition of an Anton Paar TTK 450 low temperature
camera (Anton Paar, Austria). Samples were heated at a rate of 1 ◦C/s
and were held at each preset temperature for the duration of each
scan. Diffraction patterns were obtained from 25 to 160 ◦C, with a
sequential increase of 10 ◦C between successive scans.
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form III has an exothermic signal at 141.9 ◦C (Gandhi et al., 2000;
Mirmehrabi et al., 2006a). TGA analysis demonstrated an insignif-
icant percentage weight loss of 0.45% between 25 and 120 ◦C for
freshly prepared amorphous solid.
4 S. Strydom et al. / International Jou

Thermal analyses were performed using a TA Instruments DSC
2000 (for differential scanning calorimetric analyses) and a SDT
600 (for thermogravimetric analyses) with Universal TA Analy-

is 2000 software (New Castle, DE). Approximately 2–3 mg of each
ample was placed in an aluminum pan and either covered with
n aluminum lid (during DSC analyses) or left uncovered (during
GA analyses). Samples were scanned at a heating rate of 10 ◦C/min
rom 25 to 190 ◦C, with a nitrogen gas flow rate of 50 ml/min for
SC analyses and 100 ml/min for TGA analyses.

.4. Vapor sorption and phase transformation analysis

The effect of moisture on the amorphous solid prepared from
he melt was determined by placing ±25 mg of powdered sam-
le in a platinum plated quarts weighing bowl and measuring
he vapor sorption and desorption using a TA Instruments TGA
5000 SA with Universal TA Analysis 2000 software (New Cas-

le, DE). Samples were held at 25 ◦C whilst the humidity was
equentially increased from 0 to 90% relative humidity (RH), with
10% RH increase between each successive step. Samples were

eld at each step until no significant weight change, defined as
weight change of less than 0.0005 mg within 240 min, was

etected.
To investigate the crystal transformations of the amorphous

olid with increasing temperatures and humidity, samples were
laced in a VWR International vacuum oven (West Chester, PA)
t 100 ◦C or 30 ◦C; 32% RH. The humidity was controlled by plac-
ng a saturated solution of MgCl2 in a desiccator, which was kept
n a temperature controlled oven (Fisher Scientific, Fair Lawn, NJ).
he impact of small amounts of amorphous solid on the phys-

cal properties of crystalline form II was also investigated using
RPD and scanning electron microscopy (SEM). For this exper-

ment physical mixtures of 5–20% (w/w) amorphous solid and
aw material, form II, were prepared. Initial XRPD analyses were
erformed on these samples, they were then exposed to 30 ◦C;
3% RH for 5 days, after which a second XRPD analysis was per-
ormed. The samples were also observed using a Hitachi S-570
aB6 SEM (Schaumburg, IL). Samples were coated with a layer
f gold/palladium using a SeeVac Auto Conductavac IV sputter
oater (KDF Sputtering Systems, Rockleigh, NJ) before being imaged
sing SEM. In addition uncoated samples exposed to moisture
ere imaged with a field-emission environmental SEM (Quanta

00 ESEM, FEI Corporation, Hillsboro, OR, USA) in wet mode uti-
izing a Peltier stage for temperature control and high water vapor
ressure in the specimen chamber for increasing the humidity up
o 100%.

.5. Crystal growth rate measurements

The growth rate of the crystals grown from the amorphous
orm was investigated using amorphous samples prepared by
pin-coating. Spin-coating was used in order to ensure a uniform
morphous film thickness because this improved the microscopic
bservation and subsequent growth measurements of the samples.
he influence of temperature and humidity on the growth rate was

nvestigated using the following controlled environments: 30 ◦C,
% RH; 40 ◦C, 0% RH; 50 ◦C, 0% RH; 30 ◦C, 32% RH and 30 ◦C, 43% RH.
he temperature was maintained using a temperature controlled
ven (Fisher Scientific, Fair Lawn, NJ) set at 30, 40 or 50 ◦C, respec-
ively. The humidity was controlled by storing the samples at 30 ◦C
n a desiccator, which contained either anhydrous CaSO4 (0% RH),
saturated solution of MgCl2 (32% RH) or a saturated solution of
2CO3 (43% RH). Both uncoated and samples coated with PMMA
ere studied. The center of each sample was observed for crystal

rowth using an optical polarizing microscope (Lomo, Northbrook,
L) with an attached camera (Ken-A-Vision, Kansas City, MO). The
Pharmaceutics 379 (2009) 72–81

crystal growth measurements were determined by calculating the
radius of a circle drawn around the edge of an observable crys-
tal, using the Image J software package. This method was chosen
since it could be used for both spherulites and non-spherical
crystals.

3. Results and discussion

3.1. Amorphous solid characterization

Stavudine is a thymidine nucleoside with a chemical structure
shown in Fig. 1 that is known to crystallize in different crystal forms
(Gandhi et al., 2000; Mirmehrabi et al., 2006a). The stavudine avail-
able commercially is usually recrystallized from hot organic solvent
solution, as the final step in the process to produce pure form I,
which is preferred (Gandhi et al., 2000; Radatus and Murthy, 2003).
If this is not done carefully, fast evaporation of the solvent could
lead to an increase in the amorphous content of the final product.
In this study, an amorphous form of stavudine was prepared by
supercooling of the melt or spin-coating. TLC analyses confirmed
that there was no thymine present in the amorphous samples pre-
pared by supercooling of the melt of stavudine. The Rf value of the
amorphous sample and the stavudine standard were 0.70, whilst
the thymine standard had an Rf value of 0.65. Therefore, the melt
method could successfully be used to prepare an amorphous solid of
stavudine, since no detectable thymine or major degradation prod-
ucts were formed. The results obtained from the XRPD analyses,
Fig. 1, of the three known polymorphic forms of stavudine agreed
with the results reported in the literature. Form I has a unique
diffraction peak at 19.1◦ 2�, form II has unique peaks at 11.2◦ and
18.6◦ 2� and form III has a unique peak at 15.5◦ 2� (Gandhi et al.,
2000; Mirmehrabi et al., 2006a). The amorphous solid showed no
detectable diffraction peaks and only displayed a broad hump or
amorphous halo.

The result of the DSC analysis of the amorphous solid (prepared
by quench cooling of the melt) is shown in Fig. 2, and shows a glass
transition (Tg) at 36.9 ◦C (onset temperature). The presence of a Tg

is a characteristic feature of amorphous solids, and thus reiterates
the amorphous nature of this solid (Craig et al., 1999). DSC anal-
ysis of the amorphous form also shows the presence of a unique
recrystallization exothermic signal at 89.9 ◦C, whilst the results of
DSC analyses of forms I and II show no exothermic signals, whereas
Fig. 1. XRPD patterns of two polymorphic forms, one hydrate and an amorphous
form of stavudine.
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peaks of form I detectable in the final pattern. To further explore
this, samples were prepared by the melt method from both form
I and form II. The thought was that if seeds of form I remain in
the sample prepared from form I, this sample would transform
ig. 2. DSC thermogram of amorphous stavudine (prepared by quench cooling of
he melt), indicating a glass transition temperature at 36.9 ◦C (onset temperature),
n exothermic recrystallization onset at 89.9 ◦C and melting onset at 160.5 ◦C.

.2. VT-XRPD study of the amorphous-to-crystalline
ransformation

Initially, the transformation of the amorphous solid was inves-
igated using VT-XRPD analysis. This method has been used
uccessfully to study the polymorphic transformations of other
olymorphic solids, most notably the transformation of polymorph
of the anthelmintic drug mebendazole (De Villiers et al., 2005).

he results shown in Fig. 3 indicate that with an increase in temper-
ture up to 65 ◦C at ambient humidity, the amorphous solid appears
o transform to form III, a hydrated form of stavudine. The X-ray
iffraction pattern of the sample at this temperature and the pat-
ern of form III correspond because the unique peak for form III at
5.5◦ 2� is present in both patterns. When the temperature was fur-
her increased to 140 ◦C, the sample appeared to transform mostly
o form I with the appearance of the peak at 19.1◦ 2�, shown in
ig. 3. This transformation was complete at 150 ◦C. However, the
nal diffraction pattern at 150 ◦C has a peak at 11.2◦ 2� with a rela-

ive intensity (relative to the largest peak) of 12.8%. This small peak
nd the lack of a detectable peak at 18.6◦ 2� indicate the presence
f a small amount of form II. This transformation of form III to form

, containing trace amounts of form II, was also observed by Gandhi
t al. (2000). VT-XRPD of the amorphous form therefore indicated

hat the sequence of transformation with an increase in tempera-
ure at ambient atmosphere, is thus: amorphous solid → form III →
orm I, containing trace amounts of from II.

ig. 3. VT-XRPD patterns of amorphous stavudine, showing the diffraction patterns
t 25, 65, 140 and 150 ◦C. The arrows indicate the positions of the unique diffraction
eaks of form I (19.1◦ 2�), form II (11.2◦ 2�) and form III (15.5◦ 2�). Samples were
eld at each temperature for approximately 25 min (the duration of each analysis),
nd were exposed to ambient air.
Fig. 4. XRPD patterns of the amorphous samples, stored at 100 ◦C for 1 h in a vacuum
oven, prepared from form I and form II. The XPRD pattern of these samples corre-
sponds to the pattern of form II, as shown. The arrow shows the unique diffraction
peak of form II (11.2◦ 2�).

3.3. Effect of moisture on amorphous-to-hydrate transformation

Moisture influences the stability of amorphous solids (Alneck
and Zografi, 1990). The prefered transformation to form III, a
hydrate, suggests that atmospheric moisture plays a significant role
in the transformation of amorphous stavudine. In order to deter-
mine whether this was the case, amorphous samples were stored
at 100 ◦C in a vacuum oven and analyzed after an hour. XRPD analy-
sis, shown in Fig. 4, showed that the amorphous solid transformed
to the more stable crystalline form II with a unique diffraction peak
at 11.2◦ 2� in the absence of moisture. This showed that form III did
not form as an intermediate during the transformation in a mois-
ture free environment. Surprisingly, there were also no diffraction
Fig. 5. DVS results for the (a) amorphous and (b) form II of stavudine. The RHc of
the amorphous solid is indicated on the graph. The numbers 1–4 indicate the order
in which the humidity was increased and decreased.
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ig. 6. ESEM images of amorphous stavudine exposed to RH > 75%: (a) 49 ◦C, (b) 70
icroscope images at the same temperatures.

o form I (Mirmehrabi et al., 2006a; Chieng et al., 2008). Instead,
he amorphous solids prepared from both form I and form II both
ransformed to form II at 100 ◦C in a vacuum oven (Fig. 4).

Moisture also has a plasticization effect on amorphous solids
Alneck and Zografi, 1990). Since this increases the molecular

obility and decreases the glass transition temperature of the solid,
t could influence the crystal transformation (Alneck and Zografi,
990; Burnett et al., 2004). When a solid undergoes an amorphous
o crystalline transition in the presence of moisture, the water sorp-
ion capacity typically decreases or slows down, and the relative
umidity at which this occurs is known as the crystallization or crit-

cal RH (RHc) (Burnett et al., 2004). The results of the vapor sorption
xperiment of the amorphous solid, Fig. 5a, show that it absorbs
oisture up to approximately 40% RH with a weight increase of

pproximately 2.5%. The weight of the sample remains reasonably
onstant with no significant weight change between 40 and 80%
H. Crystal transition is therefore complete at 40% RH. The mois-
ure isotherm indicates that the amorphous solid transformed to a
ydrate, form III, because the moisture uptake of 2.5% agrees with

he theoretical water content of the hydrated form of stavudine of
.67% reported in the literature (Gandhi et al., 2000; Mohammed et
l., 2008). The results from the vapor sorption experiment of form
I of stavudine are shown in Fig. 5b for comparison, and it shown
o significant moisture adsorption or transformations.
100 ◦C, and (d) 124 ◦C. Insert on photomicrographs (c) and (d) represents hot-stage

The weight increase observed at 80–90% RH seen in Fig. 5a is
attributed to the moisture sorption properties of form III. In order
to confirm whether form III was indeed formed during the vapor
sorption experiment, an XRPD and DSC analysis were performed
on the recovered sample. The XRPD diffraction pattern of this solid,
as well as the diffraction pattern of an amorphous sample that was
stored at 30 ◦C, 43%RH for 5 days, corresponds to that of form III. The
DSC thermogram of the vapor sorption sample had an exothermic
peak at 141.1 ◦C. This value compares to the exothermic peak of
141.9 ◦C reported for form III (Gandhi et al., 2000). The XRPD, DSC
and DVS results illustrate that the amorphous solid of stavudine
transforms to the hydrated crystalline form III after exposure to
moisture, and this occurs at a relative low RH between 20 and 40%.

It should be noted that during vapor desorption, the hydrated
crystalline solid only lost 1–1.5% of the 2.5% water that it originally
adsorbed. This suggests that the water is tightly bound to the crys-
tal lattice via strong interactions (Gandhi et al., 2000). Although
after desorption form III lost a significant portion of its mois-
ture, the X-ray pattern did not show any transformation. Hydrates

which desolvate yet retain their original crystal lattice are common
(Stephenson et al., 1998). Therefore, form III seems to be an isomor-
phic desolvate because it retains the structure of its parent hydrated
form. The molecular vacuum created by desolvation usually result
in an extremely hygroscopic solid (Byrn et al., 1982; Stephenson et
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ig. 7. Scanning electron micrographs of (a) stavudine form I, (b) the amorphous soli
aw material containing 20% (w/w) amorphous solid after exposure to 30 ◦C, 43% RH

l., 1998). However, although the partially dehydrated sample was
ehydrated when exposed to an increase in RH (Fig. 5a), rehydration
as completed at a much higher RH (80–90%) compared to the RHc

f 40% for the amorphous form.
The effect of moisture on the amorphous-to-hydrate transfor-

ation was also observed by ESEM and hot-stage microscopy
HSM), Fig. 6. In the ESEM when exposed to an increase in tem-
erature while the RH was maintained >75%, it was observed that
bove the Tg, ∼50 ◦C, the amorphous solid seems to dissolve in the
ondensed moisture from which form III crystallized between ∼100
nd 125 ◦C as an aggregated crystal, Fig. 6c and d. This observation
orresponded with that seen by HSM.

.4. Effect of increasing amorphous content on transformation to
he hydrate
To further explore the effect that the amorphous-to-crystalline
ransformation could have on the stability and morphology of
tavudine powder, increasing amounts of amorphous material, up
o 20%, was intimately mixed with form II, and then stored at 30 ◦C;
3% RH for 5 days. The samples were studied using XRPD and SEM
he amorphous solid after exposure to 30 ◦C, 43% RH for 5 days and (d) the crystalline
days.

analyses. The amorphous material was mixed with form II because
of its tendency to change to this form in a moisture free environ-
ment as shown in Fig. 4. XRPD analysis showed the appearance of
the unique diffraction peak of form III at 15.5◦ 2� in the diffraction
pattern of the mixture containing 20% (w/w) amorphous solid. This
indicated that even in the presence of form II, the amorphous solid
transformed to the hydrated form when exposed to low moisture
levels. In this study, form III was not detected in the samples con-
taining 5 and 10% (w/w) amorphous solid, most probably due to the
lack of sensitivity of the XRPD analysis.

These results show that there is an increase in the moisture
content of non-hydroscopic crystalline stavudine depending on
the amorphous content. For example if a 40 mg stavudine cap-
sule contained 10% amorphous material which transformed to form
III the moisture content of the capsule would increase by 0.1 mg
or 0.25%. Similarly, if the amorphous content of the capsule were

40% the moisture content would increase by 0.4 mg or 1%. This
can adversely change the content uniformity of stavudine capsules.
Amorphous solids are generally less dense than its crystalline coun-
terpart, having more “free” volume into which water vapor might
be able to penetrate into more easily (Alneck and Zografi, 1990).
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ig. 8. The difference in crystal growth observed for uncoated amorphous samples:
rographs of PMMA coated samples: (d) spin coated PMMA with no drug exposed
acuum and (f) the same sample stored at 30 ◦C and 32% RH.

hus assuming that the moisture is concentrated in the amorphous
egions then the localized moisture content estimated from the
VS results would be around 2.5% (w/w). This is important since
tavudine is soluble in water (80–100 mg/ml at 20–30 ◦C) and when
he amorphous drug dissolves in the adsorbed water as shown by
SEM analysis, Fig. 6, this could lead to chemical decomposition
Mirmehrabi et al., 2006b). Dunge et al. (2005) reported the hydrol-

sis of stavudine in water at 80 ◦C and based on their findings the
0.5 at this temperature is 30 min and t0.9 only 5 min. Connors et
l. (1986) reported that the activation energy for the hydrolysis of
rganic drug molecules is 19–20 kcal/mol and based on this esti-

able 1
rystal growth rates of amorphous samples, not coated with PMMA, that were
xposed to various temperatures and humidities.

torage conditions Crystal growth rate, � (m s−1)

emperature (◦C) RH

0 0 8 × 10−11

0 32 2 × 10−9

0 43 3 × 10−9

0 0 9 × 10−10

0 0 3 × 10−9
itial, (b) stored at 50 ◦C under vacuum and (c) stored at 30 ◦C and 32% RH. Photomi-
◦C and 32% RH, (e) amorphous drug spin coated with PMMA stored at 50 ◦C under

mation and the rate constant, k1, at 80 ◦C, the t0.5 and t0.9 of an
aqueous stavudine solution at room temperature, 25 ◦C, would be
around 4 days and 14 h, respectively. These values corresponded to
those reported by Kaul et al. (2005) for the hydrolysis of stavudine in
an acid solution. This prediction show how unstable this drug is in
water, a problem that could adversely affect the chemical stability
of powders that contain amorphous stavudine.

3.5. Effect of the amorphous-to-hydrate transformation on
particle morphology

SEM photomicrographs of form II, the amorphous solid, and the
amorphous solid mixed with form II and stored at 30 ◦C; 43% RH
for 5 days are shown in Fig. 7. Form I, form II, and form III of stavu-
dine are rodlike, but depending on the operating conditions of the
crystallization, the aspect ratios are different (Mirmehrabi et al.,
2006a). These thin rods exhibited poor flow, Carr’s index 24% and

Hausner ratio 1.32, because of their shape and electrostatic charge
(Mohammed et al., 2008). The form II used in this study was also
rod like, separated particles, Fig. 7a, while the amorphous form
did not have a distinct morphology, Fig. 7b. Fig. 9c and d shows
the effect of moisture on the amorphous solid and the mixture.
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Fig. 9. (a) A plot of the crystal radius vs. time of uncoated amorphous stavudine
showing the difference in growth rates (slopes) between samples stored in the
absence and presence of moisture. (b) An Arrhenius plot of the natural logarithm
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he crystallization of form III from the amorphous solid produces
rystal aggregates (see also Fig. 6). In the mixture, this aggregation
eads to the formation of larger particles. It was difficult to distin-
uish forms II and III from one another in these crystal aggregates.
he particles of form II alone stayed separated when exposed to
oisture. A similar observation was made when amorphous lactose
as exposed to increasing temperatures below its melting point

Takeuchi et al., 2000). This aggregation increases particle size, and
ith the increased moisture content of the raw material, this could

dversely affect the powder flow properties, particle size analy-
is, and compression of the raw material (Dawoodbhai and Rhodes,
989; Tan and Newton, 1990; De Villiers et al., 1993; De Villiers,
995). In addition, since stavudine is formulated as either capsules
r dry powder for suspension (USP, 2007) substantial changes in
he physicochemical properties of the raw material could adversely
ffect the content uniformity of these dosage forms.

.6. The crystal growth rate of the amorphous solid

Crystal growth rate analysis is a useful tool for determining
he influence of temperature and humidity on amorphous solid
ransformations (Wu and Yu, 2006; Konno and Taylor, 2008). The
morphous-to-crystalline transformation for stavudine samples
repared by spin-coating can be studied under a polarizing micro-
cope as shown in Fig. 8. Initially no growth is observed, Fig. 8a. The
orphology of the crystals growing on the surface of amorphous

tavudine exposed to moisture was different from those growing on
amples stored under vacuum. This again showed that in the pres-
nce of moisture the amorphous-crystalline transformation favors
he formation of form III, the hydrate (Fig. 8c), but when kept in
moisture free environment form II dominates (Fig. 8b). At 40 ◦C

nd 75% RH the amorphous-to-hydrate conversion was complete
ithin 1 h.

In this study the steady state growth rate for amorphous sam-
les stored at increased temperatures in the presence and absence
f humidity, and of PMMA coated and uncoated amorphous sam-
les was determined as described by Wu and Yu (2006). The results
re shown in Fig. 9a–c and Table 1. Plots of crystal radius versus
ime, Fig. 9a, were linear: 30 ◦C, 0% RH, r2 = 0.9311; 30 ◦C, 32% RH,
2 = 0.9979; 30 ◦C, 43% RH, r2 = 0.9988; 40 ◦C, 0% RH, r2 = 0.9721;
0 ◦C; 0% RH, r2 = 0.9950. Therefore, the slopes of the lines were used
o calculate steady state growth rates, � (m s−1), listed in Table 1.

Growth rates increased linearly with an increase in temperature,
nd this increase was about 1 order of magnitude for each 10 ◦C
ncrease in temperature. An Arrhenius plot of the growth rates vs.
emperature (Fig. 9b) was linear (r2 = 0.9979), and made possible
he calculation of the activation energy: Ea = 147.59 kJ mol−1 and
n A = 35.38. This activation energy is within the expected range
Byrn et al., 1999). However, a plot of growth rate as a function
f increased RH at 30 ◦C, showed that moisture, even at relative
umidities <43%, increased the growth rate by approximately two
rders of magnitude compared to the growth rate at the same tem-
erature in a dry environment. Exponential fitting of this curve
chieved a greater correlation coefficient (r2 = 0.9980) compared to
inear fitting (r2 = 0.9620) indicating that the growth rate increased
xponentially with an increase in humidity. The increased growth
ate caused by temperature alone approaches the rate in the humid
nvironments, only when the temperature is increased to 50 ◦C. This
ndicates that relatively low levels of moisture increased the rate
f transition from the amorphous to crystalline solid significantly
ore, compared to a dry environment, and increased temperature.
.7. Stabilizing amorphous stavudine

Previous observations showed the enhanced surface crystalliza-
ion of amorphous indomethacin (Wu and Yu, 2006) and nifedipine
of the crystal growth rate vs. the reciprocal of temperature for the samples stored in
a dry environment. (c) Plot of crystal growth rate vs. relative humidity for samples
that were stored at increasing RH.

(Zhu et al., 2008), and surface crystallization can be inhibited by
polymer coatings using a unique process of layer-by-layer self-
assembling (Wu et al., 2007). Based on these observations, an
attempt was made to stabilize spin coated amorphous stavudine
films by coating it with a polymer. Stavudine is highly soluble in
water. This meant that the polymer, PMMA, used in the coating pro-
cess had to be dissolved in toluene, an organic solvent in which the
drug is not soluble. PMMA coats, with an approximate thickness less
than 1 �m, were applied to the amorphous films by spin-coating.
No crystal growth, Fig. 8d, was detected in thin films of the poly-
mer exposed to moisture. In addition, no crystal growth was seen
for the duration of this investigation for the PMMA coated sam-
ples that were exposed to 30, 40 and 50 ◦C and no moisture, Fig. 8e.
The PMMA coating therefore stabilized the amorphous film in the
absence of moisture. These results also indicated that crystalliza-
tion of amorphous stavudine in the absence of moisture occurs at
a greater extent at the surface and that bulk crystallization did not
contribute to the crystal growth observed for these samples (Wu
and Yu, 2006; Wu et al., 2007).

However, the growth rate of the PMMA coated samples that were

exposed to moisture followed the same trend as the uncoated sam-
ples that were kept in humid environments. For example at 40 ◦C
and 75% RH, crystallization was complete within 2 h. The PMMA
coating did not stabilize the amorphous film against moisture,
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ig. 10. A schematic representation that shows the interrelationship between the
morphous form and the solid state stability of stavudine crystal forms.

ig. 8f, because spherulite crystal growth similar to that observed
or uncoated samples, Fig. 8c, was observed. At 30 ◦C and 32% RH
rystallization was completed within 110–120 h and at 30 ◦C and
3% RH with 90–100 h. This might be explained by the interac-
ions between stavudine, PMMA and water. The stabilization of
morphous solids or films by polymers depends on the strength of
he interactions between the amorphous material and the polymer
Konno and Taylor, 2006). These interactions can be either hydro-
en bonding, ionic or van der Waals interactions (Konno and Taylor,
006; Wu et al., 2007). It is possible that the interactions between
MMA and stavudine are weaker than between water and stavu-
ine. As a result, stavudine molecules interact with water rather
han with PMMA, leading to crystal growth in the presence of water.
t is also possible that the PMMA coating is too porous to prevent
he diffusion of water to the amorphous film, which would result
n crystallization of the hydrate.

. Conclusion

The polymorphic behavior and characterization of stavudine has
een well studied and described in the literature. This information,
s well as what has been determined during this study, is schemat-
cally represented in Fig. 10. It has been shown by Gandhi et al.
2000) that form II can be transformed to form I, and that form III
hydrate) transforms to the stable form I (anhydrous) above 80 ◦C.
t was also shown by these authors, and it was confirmed during
his study as well, that form III can dehydrate in a dry environment,
ithout a change in the crystal structure (as confirmed by X-ray

owder diffraction analysis). This thus points to the formation of
n isomorphic desolvate from form III.

During this study an amorphous form of stavudine was prepared
rom both forms I and II using the spin-coating and melt methods.
t was also shown that there is a moisture dependant amorphous-
o-crystalline transformation that is possible for this solid state. In
he presence of a relative humidity of greater than 30%, the amor-
hous form transforms to the hydrate of stavudine, whereas during

xposure to only temperature, it transforms to form II (anhydrous).
his is a significant observation, since it implies that the presence
f traces of amorphous stavudine in commercial products can lead
o possible instability due to the formation of the hydrate of stavu-
Pharmaceutics 379 (2009) 72–81

dine, which could lead to increased degradation by hydrolysis. In
the absence of moisture, the amorphous-to-crystalline transforma-
tion was inhibited by the application of a polymeric coating to the
amorphous form, consisting of PMMA. However this coating could
not prevent the crystallization of the amorphous form in a humid
environment.

It is thus imperative to prevent the possible accidental formation
of amorphous stavudine during the various stages of large-scale
manufacturing, as this could adversely affect the shelf life of the
dosage form. It can also possibly explain the variability seen in
the pharmacokinetic parameters of generic products that limit the
treatment efficiency of HIV infections.
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