
Published: March 31, 2011

r 2011 American Chemical Society 932 dx.doi.org/10.1021/mp200041j |Mol. Pharmaceutics 2011, 8, 932–939

ARTICLE

pubs.acs.org/molecularpharmaceutics

Time-Resolved SAXS/WAXS Study of the Phase Behavior and
Microstructural Evolution of Drug/PEG Solid Dispersions
Qing Zhu,† Michael T. Harris,† and Lynne S. Taylor*,‡

†School of Chemical Engineering and ‡Department of Industrial and Physical Pharmacy, Purdue University, West Lafayette,
Indiana 47907, United States

bS Supporting Information

’ INTRODUCTION

Polymers are widely used in drug delivery applications, in
particular to control the release of the active pharmaceutical ingredient
(API) from thematrix.1,2 In addition, they can be used to improve the
bioavailability of certain compounds by modification of the physical
properties of the drug through forming solid dispersions. Solid
dispersions, whereby the API is finely dispersed in a matrix, have
received extensive attention as a potential approach to increase the
bioavailability of poorly water-soluble compounds, a widespread issue
with newAPIs.3�6However, the poor reproducibility and inconsistent
physicochemical properties during manufacturing, scale-up and sto-
rage, and the limited understanding of the mechanisms of dissolution
enhancement have restricted the widespread application of this
approach.4�6 Both the physicochemical properties and the resultant
dissolution behavior will be dependent on the microstructure of the
solid dispersions. Soliddispersions are frequentlypreparedusinghighly
water-soluble polymers as the matrix and polyethylene glycol (PEG)-
based semicrystalline solid dispersions have attracted considerable
interest due to the enhanced dissolution rates and bioavailability often
see for these systems.3,4 The microstructure of PEG-based solid
dispersions is inherently complex due to the semicrystalline nature
of the polymer, as well as the potentially variable crystallization
behavior, location and domain size of the API.7�9

The solidification behavior of PEG in the presence of high
molecular weight additives (i.e., other polymers) has been extensively
probed using techniques such as small-angle X-ray scattering (SAXS)
anddifferential scanning calorimetry (DSC).9�13 Fromthese studies it

has been observed that, when a miscible amorphous component is
added, the degree of exclusion of this component from the crystalline
regions of PEG, i.e. exclusion into interlamellar, interfibrillar or
interspherulitic regions, depends on the PEG crystallization rate, the
mobility of the additive (determined by the blend Tg), and the
presence or absence of any specific interactions between the two
components. The inclusion/exclusion of the second component thus
affects the microstructure of the blend. However, there are fewer
studies investigating how the microstructure is altered in blends of
PEG prepared with low molecular weight additives,14�18 and the role
of the aforementioned factors, known to be important for polymer
blends, has not been elucidated.

In a previous study, the structure of PEG-based solid disper-
sions with different model APIs were probed after the API/PEG
systems were solidified for 24 h.18 The objective of the present
studywas to evaluate the evolution of themicrostructure during the
solidification process through the application of time-resolved
small-angle X-ray scattering and wide-angle X-ray scattering
(SAXS/WAXS) and to extend investigations to encompass a wider
range of systems with a range of solubility in and miscibility with
PEG. To achieve this, a range of model compounds with differing
chemistry and physicochemical properties was selected.
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ABSTRACT: Simultaneous small-angle X-ray scattering/wide-angle
X-ray scattering (SAXS/WAXS) was employed to elucidate the physical
state and location of various small molecule drugs blended with poly-
ethylene glycol (PEG), as well as the time dependent microstructural
evolution of the systems. Samples were prepared by comelting physical
mixtures of the drug and PEG, followed by solidification at 25 �C. The
model drugs selected encompassed a wide variety of physicochemical
properties in terms of crystallization tendency and potential for interac-
tion with PEG. It was observed that compounds which crystallized
rapidly and had weak interactions with PEG tended to be excluded from
the interlamellar region of the PEG matrix. In contrast, drugs which had
favorable interactions with PEG were incorporated into the interlamellar
regions of the polymer up until the point at which the drug crystallized
whereby phase separation occurred. These factors are likely to impact the effectiveness of drug/PEG systems as drug delivery
systems.
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’EXPERIMENTAL SECTION

Materials and Sample Preparation. Chlorpropamide
(CPM), haloperidol (HLP), and nilutamide (NLU) were ob-
tained from Sigma-Aldrich Inc. (St. Louis, Missouri). Benzocaine
(BZC) was purchased from Spectrum Chemical (Gardena, CA).
Ketoconazole (KET) was obtained commercially from Hawkins,
Inc. (Minneapolis, MN). Ibuprofen (IBP) was purchased from
Albemarle Co. (Baton Rouge, LA). PEG with a molecular weight
3350 was a kind gift from The Dow Chemical Company
(Midland, MI). The structures of the model compounds are
shown in Figure 1. Physical mixtures of the API and PEG were
prepared by geometric mixing of a total of 1 g of powder, and
dispersions were made by comelting the mixtures and allowing
them to solidify at predetermined temperatures. Following
solidification, the samples were stored in desiccators at low
relative humidity.
Time-Resolved Simultaneous Small-Angle X-ray Scatter-

ing/Wide-Angle X-ray Scattering (SAXS/WAXS). The simulta-
neous SAXS/WAXS experiments were conducted at the
Advanced Photon Source beam station 5-ID-D, Argonne
National Lab. The simultaneous small and wide-angle scattering
(SAXS/WAXS) instrument was equipped with a custom Roper
charge coupled detector. The energy of the X-ray source was 17
keV (λ = 0.73 Å), and the distance of sample to SAXS andWAXS
detectors was 3032 mm and 228 mm respectively. The q range
for SAXS was 0.0085�0.23 Å�1, and the range was 0.6�4.6 Å�1

for WAXS. The SAXS range was calibrated using silver behenate
(AgBeh), while the WAXS range was calibrated using lanthanum
hexaboride (LaB6) and the absolute intensity was calibrated
using glassy carbon. Physical mixtures of the API and PEG
(prepared as described above) were added to small aluminum
pans (Tzero DSC sample pans, TA Instruments, New Castle,
DE) and subjected to a temperature cycle using a Linkam
DSC600 stage controlled by a Linkam CI-93 temperature
programmer (Linkam Scientific Instruments Ltd., Surrey,
U.K.). The sample was first heated to above the melting point
of the API, followed by quench cooling to the specific solidifica-
tion temperature.
Hot-Stage Microscopy. The API and PEG were physically

mixed as described above and heated to the melting point of the
API to form a homogeneous melt, followed by cooling to allow
solidification. After storage for a few days (exact time depended
on the crystallization rate of the API) at low relative humidity, the
API/PEG solid dispersions were lightly ground using a mortar
and pestle. The resultant powder was evaluated using a Nikon
Eclipse E600 polarized light microscope (Nikon Inc., Melville,
NY) equipped with a Linkam THMS 600 hot-stage (Linkam
Scientific Instruments Ltd., Surrey, U.K.). The samples were
heated at 1 �C/min until they were completely melted. The
temperature where the last crystal melted was recorded and was
used to construct the phase diagram.
Differential Scanning Calorimetry (DSC). Samples were

analyzed using a TA Instruments Q2000 differential scanning

Figure 1. Chemical structures of (a) haloperidol, (b) benzocaine, (c) chlorpropamide, (d) ibuprofen, (e) nilutamide, and (f) ketoconazole.

Figure 2. Phase diagram of BZC/PEG systems. Figure 3. Phase diagram for IBP/PEG systems.
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calorimeter (TA Instruments, New Castle, DE, USA) with a
nitrogen purge of 50 mL/min. The instrument was calibrated for
temperature and enthalpy/cell constant by using indium (TA
Instruments, New Castle, DE, USA). Samples were analyzed in
sealed aluminum pans and were first equilibrated at 25 �C,
followed by heating to above the melting point of the pure API
at a rate of 1 �C/min. The DSC data were used to confirm the
phase diagram constructed using hot-stage microscopy.

’RESULTS AND DISCUSSION

Phase Diagrams of API/PEG Systems. Phase diagrams were
constructed for the different API/PEG systems probed in this
investigation (Figures 2�5) from optical microscopic determi-
nation of melting points, which were verified by DSC measure-
ments (see Figure S1 in the Supporting Information). The phase
diagrams of CPM/PEG and HLP/PEG systems have been
previously constructed using an identical method, and the
published results were used for these systems.19 From
Figures 2�5, it can be clearly seen that BZC/PEG, IBP/PEG
and NLU/PEG systems showed eutectic formation, while KET/
PEG is a monotectic system. The eutectic compositions for
BZC/PEG, IBP/PEG and NLU/PEG are 30, 40 and 10%
respectively and are determined by a combination of the melting
point of the pure drug and the ability of the API to interact with
PEG, as described previously.19 CPM/PEG and HLP/PEG form
eutectic andmonotectic systems respectively whereby the CPM/
PEG system has a eutectic composition of 35% and a minimum
melting point of 55 �C.
Miscibility of API/PEG Systems. Interaction parameters for

various API/PEG systems were calculated from the extent of
melting point depression as a function of composition using the
equation20�23

1
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M

� 1

Tpure
M

 !
¼ � R
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where TM

mix is the melting temperature of the API in the presence
of the polymer, TM

pure is the melting temperature of the API in
the absence of the polymer,ΔHfus is the heat of fusion of the pure
API (values were taken from the literature24),m is the ratio of the
molar volume of the polymer to that of the lattice site (defined
here by the volume of the API), φAPI is the volume fraction of

API, and φpolymer is the volume fraction of PEG. The interaction
parameter can be obtained from the slope of a plot of�(ΔHfus/
R)(1/TM

mix � 1/TM
pure) � ln φAPI � [1 � (1/m)]φpolymer vs

φpolymer
2. The calculated interaction parameters were normalized

by multiplying the molar volume ratio of PEG to API and
dividing by the number of chain segments in a single PEG
molecule. The normalized interaction parameters for different
API/PEG systems are listed in Table 1. More negative interac-
tion parameters are consistent with a negative enthalpy of mixing
between the drug and the polymer reflecting the formation of
favorable drug�polymer interactions.
Estimation of API Solubility in PEG. It has been reported that

the solubility of a small molecule additive in PEG can affect the
microstructure of solidified PEG.16 Therefore the solubility of
the model APIs at 25 �C was estimated using the Van’t Hoff
equation (eq 2) as described previously.18,25 Since this is below
the melting point of PEG, the solubility estimate is for the
supercooled liquid of PEG.

d ln x
dT

¼ ΔHf

RT2
ð2Þ

where x is the mole fraction solubility of the API in liquid PEG,
ΔHf is the heat of solution, R is the gas constant, and T is the
temperature. To estimate the solubility at 25 �C, a plot of ln mole
fraction solubility versus 1/Twas constructed using the solubility
values obtained from the phase diagrams shown in Figures 2�5.
Linear regression analysis was used to fit the data, and the
solubility at 25 �Cwas estimated by extrapolation. The estimated
solubility of each API in PEG at 25 �C was converted to weight
percent basis, and the values are listed in Table 1.
Table 1 shows that BZC, CPM and IBP have estimated

solubility greater than 20% in PEG at 25 �C, consistent with
the negative interaction parameters. Consideration of the che-
mical structure and physicochemical properties reveals the pre-
sence of hydrogen bond donors which can interact with the ether
oxygen of PEG as well as moderate melting points. The forma-
tion of drug�polymer interactions for these systems was con-
firmed by FTIR spectroscopic analysis (see Figure S2 in the
Supporting Information). NLU has a lower solubility in spite of
the fact that it can form favorable interactions, which can be
explained by the higher melting point. For KET and HLP, the
interaction parameters are positive indicating that they have a

Figure 4. Phase diagram for NLU/PEG systems. Figure 5. Phase diagram for KET/PEG systems.
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lower degree of interaction with PEG, and consequently, they are
almost insoluble in PEG at room temperature.
Evolution of PEGMicrostructure.The structural evolution of

PEG at different crystallization temperatures was studied using
time-resolved SAXS/WAXS. Upon cooling molten PEG to 25 �C,
crystallization occurred resulting initially in the formation of a
nonintegral folded lamellar structure.26,27 With time, the diffrac-
tion peak in the SAXS profile initially seen at q≈ 0.047Å�1 shifted
to a larger scattering vector as shown in Figure 6 (left section),
while the two main characteristic peaks of the PEG crystal at
q ≈ 1.36 Å�1 and 1.65 Å�1 in the WAXS profile (Figure 6, right
section) appeared immediately after solidification, and the posi-
tion of the peaks was invariant during the crystallization process.
Thus the initial long period value, L, was around 13.3 nm, and a
decrease to 11.6 nm was observed within 30 min (Figure 7). After
24 h, L decreased further to 11.2 nm, and was constant thereafter.
Lamella with a long period of 11.2 nm can be assigned to once-
folded lamella.26�29 When PEG was crystallized at 40 �C, the
once-folded lamella was again the dominant structure. The long
period initially increased slightly and then decreased to 12.6 nm
after 40 min as shown in Figure 7. The long period was around
1 nm larger for PEG crystallized at 40 �C compared to PEG
crystallized at 25 �C after 30 min of crystallization/solidification,
but after 24 h, L was virtually identical (11.2 nm) for the two
crystallization temperatures.
EvolutionofMicrostructure in theAPI/PEGSolidDispersions.

The microstructure of PEG following solidification with different
model APIswas also evaluated using time-resolved SAXS/WAXS.As

described above, the various model APIs have different estimated
solubilities in supercooled liquid PEG, aswell as a range of interaction
parameters, reflecting their differing ability to interact with PEG.
Furthermore, it was also observed that the APIs exhibited varying
crystallization tendencies, both as pure compounds and following
comelting with PEG, a property of likely relevance in determining
their effect on the resultant microstructure. Thus the phase behavior
of each pure API and PEG following melting and cooling to room
temperature was determined using polarized light microscopy. HLP,
BZC and PEG were observed to crystallize immediately following
cooling to room temperature. CPM, NLU and IBP crystallized
within a few hours, while KETwas amorphous after cooling and had
not crystallized after a 24 h storage period at room temperature. In
addition, the various APIs have different glass transition tempera-
tures:NLUandKEThave glass transition temperatures above 25 �C,
while the glass transition temperatures for the other APIs are below
25 �C.24
HLP/PEGDispersions (Rapidly Crystallizing API, Low Solubility).

HLP has weak interactions with PEG, and the solubility is
estimated to be low (Table 1). The API crystallized very fast
upon cooling from the melt in the absence of PEG. When the
HLP/PEG system was solidified at 25 �C, the WAXS data
(Figure 8, right section) indicated that HLP crystallized imme-
diately after solidification as demonstrated by the presence of a

Figure 6. SAXS/WAXS of PEG crystallized at 25 �C.

Figure 8. SAXS/WAXS of HLP/PEG (20/80) crystallized at 25 �C.

Table 1. Interaction Parameters and Solubility of API in PEG

API

interaction

parama

solubility (% w/w)

at 25 �C
eutectic

composition

temp at eutectic

composition (�C)

HLPb 0.08 0 monotectic N/A

BZC �0.23 28 30% 48.9

CPMb �0.50 26 35% 55.0

IBP �0.19 25 40% 49.6

NLU �0.09 11 10% 58.4

KET 0.02 0 monotectic N/A
aCalculated from melting point depression data with 50�80% API
loading. bThe results were calculated from the phase diagrams taken
from the literature.19

Figure 7. Long period for once-folded PEG lamella evolved at 25 and
40 �C.
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characteristic peak (q ≈ 1.40 Å�1, indicated by the arrow in
Figure 8) for crystalline HLP. From Figure 9, it is evident that the
evolution of the long period for the PEG once-folded lamella in
the presence of HLP is essentially the same as that observed in
the absence of the API. The L for PEG lamella in the HLP/PEG
dispersion was initially slightly larger, however, after 24 h there
was essentially no difference in the value, which was around
11.2 nm. The lack of influence of HLP on the crystallization of
PEG most likely results from its rapid removal from the PEG
phase due to the fast crystallization of the API on cooling.
BZC/PEGDispersions (Rapidly CrystallizingAPI, High Solubility).

Pure BZC displays rapid crystallization at room temperature
upon cooling of the pure drug melt. However, different from
HLP, BZC has stronger interactions with and a higher solubility
in PEG. For these samples, time-resolved SAXS/WAXS data
were collected for 30 min, and followed by another measurement
after 24 h. Over the 30 min time period, diffraction peaks arising
from crystalline BZC were absent in theWAXS data (Figure 10),
indicating that BZC failed to crystallize over this time frame. The
crystallization rate of BZC has thus been reduced by the addition
of PEG, most likely due to the lower extent of supercooling
experienced by the API (see Figure 2, the melting point of the
20/80 dispersion is 55 �C compared to 92 �C for pure

benzocaine). Furthermore, the corresponding SAXS results
(Figure 10 and Figure 11) show that the long period was much
larger in the BZC/PEG (20/80) dispersions solidified at 25 �C
relative to that found in pure PEG at the same time point during
the solidification process. The increase of L for PEG in the BZC/
PEG system could conceivably result either from the decreased
degree of supercooling of PEG due to the melting point depres-
sion caused by the presence of BZC (see Figure 2) or from the
incorporation of BZC in PEG lamella. Given the relatively small
effect of changing the degree of supercooling on the value of the
long period at short solidification times (see data for PEG
crystallized at 25 and 40 �C shown in Figure 7 where the difference
in L is around 1 nm after 30 min), the former explanation is
unlikely to account for the large change seen in L. Therefore, the
4�5 nm increase ofL can be largely attributed to the incorporation
of BZC in the interlamellar region of PEG. With extended periods
of time (24 h), BZC crystallized and was expelled from the
interlamellar region of PEG resulting in a decrease in L from
16.5 nm to 11.4 nm, close to the value found for pure PEG.
CPM/PEG Dispersions (Intermediate Crystallizing API, High

Solubility, Tg < 25 �C). Pure CPM crystallizes at an intermediate
rate upon cooling from the melt, remaining amorphous for a few
hours when kept at room temperature. This compound is also
able to form strong interactions with PEG based on the value of
the interaction parameter (Table 1) and also has a high solubility
in PEG.When the CPM/PEG system was solidified at 25 �C, the
L was more than 3 nm larger in the dispersion than observed for
pure PEG at a comparable solidification time (after approxi-
mately 28 min), suggesting interlamellar incorporation of CPM
in PEG (Figure 12). TheWAXS data (data not shown) indicated
that CPM did not undergo crystallization over this time frame.
However, after a 24 h storage period, most of CPM appeared to
have crystallized based on the WAXS results and the phase
separation of CPM resulted in a corresponding decrease in the
long period for PEG (Figure 12), as observed for BZC.
IBP/PEG Dispersions (Intermediate Crystallizing API, High

Solubility, Tg < 25 �C). IBP initially remains amorphous on
cooling the pure melt to room temperature, and crystallization is
observed after a few hours. IBP also forms strong interactions
with PEG (Table 1). During the evolution of L in the IBP/PEG
(20/80) systems at 25 �C, the long period first increased, and
stayed constant for about 100 min, followed by a decrease in

Figure 9. Long period evolution for once-folded PEG lamella in the
HLP/PEG (20/80) dispersion at 25 �C.

Figure 10. SAXS/WAXS of BZC/PEG (20/80) crystallized at 25 �C.

Figure 11. Long period evolution for once-folded PEG lamella in the
BZC/PEG (20/80) dispersion at 25 �C.
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value. The long period was 4.9 nm larger in the IBP/PEG (20/
80) dispersion than that in pure PEG after 20min solidification at
25 �C. After approximately 100min, the long period underwent a
sudden decrease to 13.2 nm over a period of a few minutes
(Figure 13). From the SAXS/WAXS profiles (Figure 14), it was
observed that this sudden decrease in long period corresponded
to the crystallization of IBP. Hence, at t = 100 min, IBP was still
amorphous and there was a diffraction peak from PEG lamella in
SAXS at around q ≈ 0.039 Å�1 whereas, at t = 111 min, a new
peak evolved at q ≈ 0.047 Å�1 in the SAXS pattern, and a
characteristic peak for crystalline IBP could be detected in the
WAXS data (denoted by the arrow in Figure 14). As the
crystallization time increased to 116 min, the peak at q ≈
0.047 Å�1 in SAXS became the dominant peak. Consistent with
the systems discussed above, crystallization of the drug results in
its exclusion from the interlamellar regions of PEG and hence a
decrease in the value of the long period.
NLU/PEGDispersions (Intermediate CrystallizingAPI,Moderate

Solubility, Tg > 25 �C). The model APIs discussed above all have
glass transition temperatures below 25 �C, lower than the

solidification temperature of 25 �C. To evaluate the importance of
Tg, it is also of interest to investigate the structural evolution in API/
PEG systems containing APIs that have glass transitions above
25 �C. The glass transition of NLU is around 33 �C, the solubility in
PEG is moderate and NLU has an intermediate crystallization
tendency whereby no crystallization is seen immediately upon
cooling to room temperature from the melt. As shown in Figure 15,
for the NLU/PEG (20/80) dispersion solidified at 25 �C, L first
increased, and then remained relatively constant for a period of 30
min at a value of around 16 nm. After 24 h, theWAXS data indicated
that NLU had crystallized with a corresponding decrease in the long
period, once again indicating removal of the API from the inter-
lamellar region of PEG; the long period was virtually the same as
observed for pure PEG. Thus in this case, the higher Tg of the
compound did not appear to impact the behavior in a manner
different from that seen for the lower Tg compounds discussed
above.
KET/PEGDispersions (Slowly Crystallizing API, Low Solubility,

Tg > 25 �C). KET has weak interaction with and low solubility in
PEG. The glass transition for the API is 44 �C and the drug fails
to crystallize on cooling from the melt, even after 24 h. When
KET/PEG is solidified at 25 �C, the L evolution was almost the
same as for pure PEG hence KET has almost no effect on the

Figure 13. Long period evolution for once-folded PEG lamella in the
IBP/PEG (20/80) dispersion at 25 �C. (The two long period values
between 100 min and 120 min correspond to two diffraction peaks
observed in the SAXS data, see Figure 14.)

Figure 14. SAXS/WAXS of IBP/PEG (20/80) crystallized at 25 �C.

Figure 15. Long period evolution for once-folded PEG lamella in the
NLU/PEG (20/80) dispersion at 25 �C.

Figure 12. Long period evolution for once-folded PEG lamella in the
CPM/PEG (20/80) dispersion at 25 �C.
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lamellar structure of PEG (Figure 16). This is likely due to the
positive interaction parameter of KET with PEG, which may
indicate a low tendency to mix with PEG and result in a large
extent of exclusion from the interlamellar region. The WAXS
data showed that no crystallization of KET had occurred after
24 h. Clearly, for this system, the higher Tg of the API did not
prevent the phase separation of the compound.
Table 2 summarizes the size of the PEG long period in the

presence of different APIs at 30 min and 24 h post solidification. It
can be clearly seen that in the presence of APIs that can interact with
PEG (BZC, CPM, IBP or NLU, see Table 1) the long period is
much larger than for the non-interacting APIs (KET) for time
frames where the API has not yet crystallized. This suggests that
interlamellar incorporation is favored formolecules that can interact
strongly with PEG. However, the crystallization tendency of the
small molecule also has to be considered; upon crystallization, the
API is removed from the interlamellar region, resulting in a
concurrent decrease in the long period. For APIs that interact
weakly with PEG, in particular KET, even though no API crystal-
lization was seen after 24 h, the small molecule has little discernible
impact on the lamellar structure of PEG.

’CONCLUSIONS

The addition of a small organic molecule to PEG can result in
structural modifications to the polymer in the form of changes to
the long period (L) following solidification of a molten blend.
The location of the API could thus be inferred from the change of

long period (L) of PEG whereby APIs having a higher solubility
in and strong interaction with PEG resulted in the larger increase
of long period compared to weakly interacting APIs. The
evolution of the long period was dramatically affected by the
crystallization behavior of the API such that crystallization of the
small molecule led to a marked decrease in the long period.
Combined SAXS/WAXS time-resolved studies were found to be
extremely useful for understanding the effect of API phase
behavior on PEG structure, and the results of this study help
explain the often noted variability in the physicochemical proper-
ties of drug/PEG dispersions as a function of storage time.
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