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a b s t r a c t

Amorphous phase separation (APS) is commonly observed in amorphous solid dispersions (ASD) when
exposed to moisture. The objective of this study was to investigate: (1) the phase behavior of amorphous
solid dispersions composed of a poorly water-soluble drug with extremely low crystallization propensity,
BMS-817399, and PVP, following exposure to different relative humidity (RH), and (2) the impact of
phase separation on the intrinsic dissolution rate of amorphous solid dispersion. Drug-polymer inter-
action was confirmed in ASDs at different drug loading using infrared (IR) spectroscopy and water vapor
sorption analysis. It was found that the drug-polymer interaction could persist at low RH (�75% RH) but
was disrupted after exposure to high RH, with the advent of phase separation. Surface morphology and
composition of 40/60 ASD at micro-/nano-scale before and after exposure to 95% RH were also compared.
It was found that hydrophobic drug enriched on the surface of ASD after APS. However, for the 40/60 ASD
system, the intrinsic dissolution rate of amorphous drug was hardly affected by the phase behavior of
ASD, which may be partially attributed to the low crystallization tendency of amorphous BMS-817399
and enriched drug amount on the surface of ASD. Intrinsic dissolution rate of PVP decreased resulting
from APS, leading to a lower concentration in the dissolution medium, but supersaturation maintenance
was not anticipated to be altered after phase separation due to the limited ability of PVP to inhibit drug
precipitation and prolong the supersaturation of drug in solution. This study indicated that for com-
pounds with low crystallization propensity and high hydrophobicity, the risk of moisture-induced APS is
high but such phase separation may not have profound impact on the drug dissolution performance of
ASDs. Therefore, application of ASD technology on slow crystallizers could incur low risks not only in
physical stability but also in dissolution performance.

© 2018 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
Introduction

Advances in combinatorial chemistry and high-throughput
screening have given rise to increasing amount of poorly water-
soluble drugs in drug discovery.1 The appearance of amorphous
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solid dispersions (ASDs) has provided a promising formulation
strategy to increase the dissolution rate and solubility of poorly
water-soluble compounds thus to improve theoralbioavailability.2-6

As high energy and metastable binary systems where drug mole-
cules disperse in polymer matrix above crystalline drug solubility,7

one of the major physical stability concerns of ASDs is amorphous
drug recrystallization into a thermodynamically more stable crys-
talline form, thus diminishing the solubility advantage of amorph-
ization.At the sametime,ASDscouldalsoundergoamorphousphase
separation (APS), either due to suboptimized processing conditions
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Figure 1. Chemical structures of model compound and polymer.
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or aging during storage,8-10 to produce drug-rich and polymer-rich
domains, wherein drug still remains amorphous. For poorly water-
soluble drugs that crystallize relatively slow, the risk of APS could
be dominant, especially considering most of these drugs are highly
lipophilic (i.e., high risk of phase separation from hydrophilic car-
riers but without crystallization), whereas the presence of moisture
serves as an unavoidable APS catalyst.

Moisture-induced APS was reported in many ASD systems pre-
pared by drugs and polymers with various physicochemical prop-
erties, including nifedipine-PVP, droperidol-PVP, and pimozide-PVP,
felodipine-PVPVA, pimozide-PVPVA, and pimozide-HPMCAS and so
forth.9-13When sorbedwater penetrates into ASDs, watermolecules
could overtake the drug molecules to form new hydrogen bonding
with polymers, destroy the original drug-polymer interaction and
render it thermodynamically immiscible.9,13 At the same time, water
also acts as a strong plasticizer to significantly decrease the glass
transition temperature (Tg) and increase the molecular mobility of
ASDs.14-16 These 2 mechanisms could be driving the moisture-
induced APS indistinguishably and synergistically.

It is generally assumed that in amiscible ASD system, amorphous
drug disperses in the polymer matrix at molecular level, and poly-
mer stabilizes the amorphous drug by decreasing the molecular
mobility through specific or nonspecific drug-polymer in-
teractions.7,17,18 Meanwhile, the drug-polymer interaction was also
believed to be a key mechanism behind the improved drug super-
saturation in solution with the presence of polymers.19,20 In addi-
tion, hydrophilic polymer carrier could also increase the wettability
and dispersability of the hydrophobic amorphous drug during
dissolution by surrounding and interacting with it intimately.21

Therefore, the potential impacts of the disruption of drug-polymer
interactions and APS on the physical stability and dissolution per-
formance of ASD could be catastrophic, and the risk of APS is
certainly worth attention during ASD formulation development.

Previous studies on APS have been focusing on the factors
affecting the apparent tendency and kinetics of APS on exposure to
moisture.10-13,22 For instance, it was concluded that weaker
drug-polymer interactions, high ASD hygroscopicity, and more
hydrophobic APIs, were reasons behind ASDs susceptible to
moisture-induced APS.10 It was also reported that the rate of ASD
phase separation depended on the initial drug content and drug-
polymer interactions.13 APS was also reported to be related with
accelerated crystallization kinetics of amorphous drugs in a num-
ber of systems,11 wherein much earlier onset of drug crystallization
was observed in pimozide-PVP, and 2 other systems exhibiting
phase separation when compared to indomethacin/PVP system
that remained homogenously mixed.11

Although moisture-induced phase separation kinetics and
phase behaviors of ASDs have been extensively studied, knowledge
about its molecular mechanism, microstructure, and the explicit
consequence on the intrinsic dissolution rate of ASDs is still lacking.
While it is generally considered that crystallization will inevitably
negate the solubility advantage of amorphous drugs, the impact of
APS on the dissolution rate of ASDs and subsequent supersaturation
maintenance has not been clearly studied so far. Previously, we
compared the intrinsic dissolution performance of ASDs with good
uniformity, and physical mixtures with the same overall drug
content but mixed by ASDs with high and low drug loading (i.e.,
artificially prepared ASD systems with APS), and the results sug-
gested that changes in the mixing state of ASDs could affect the
dissolution behavior of ASDs to different extents, largely depending
on the strength of drug-polymer interactions.23 The artificially
prepared ASDs with APS could certainly be very different in their
microstructure and dissolution performance, compared with ASDs
with moisture-induced APS, which are real-life scenarios. There-
fore, in this study, we aim to (1) investigate the effect of moisture
on the drug-polymer interaction and microstructure of a model
ASD system based on BMS-817399, a lipophilic slow crystallizer,
and PVP, a commonly used hydrophilic polymer; (2) to study the
impact of APS on the intrinsic dissolution rate of both the drug and
polymer from ASDs.
Materials and Methods

Materials

BMS-817399 was obtained from BMS (Bristol-Myers Squibb).
BMS-817399 is a poorly water-soluble, nonionizable (pH 2-11)
drug with a melting point of 210�C, a glass transition temperature
of 116�C, water solubility of 40 mg/mL, and Log D (pH 6.5) ¼ 3.26.
PVP K30 (Kollidon) was provided by BASF Chemical Company Ltd.
(Ludwigshafen, Germany). PVP was used as a model polymer here
because PVP is widely used in ASDs, and it also forms specific
interactions with BMS-817399 (shown below). Moreover, PVP
was selected due to its high hygroscopicity, which facilitated the
investigation on moisture-induced APS in ASDs. The chemical
structures of BMS-817399 and PVP were shown in Figure 1. All
buffer salts used for dissolution medium, as well as methanol
(high-performance liquid chromatography [HPLC] grade) were
obtained from Beijing Chemical Works (Beijing, China).
Preparation of BMS-817399/PVP Amorphous Solid Dispersions Using
Spray Drying

The amorphous solid dispersions were prepared by spray drying
(B-90; Büchi Labortechnik AG, Postfach, Switzerland). Pure BMS-
817399 and drug-polymer blends with 20, 40, 60, and 80 wt %
drug were dissolved in methanol with a total concentration of 5 wt
%, and then the solution was spray-dried using the following con-
ditions: inlet temperature 80�C, outlet temperature 50�C-53�C, N2
flow rate of 100 L/min. After spray drying, materials were collected
and vacuum-dried for 24 h, and then stored at 4�C for further use.
The solid dispersions were confirmed to be amorphous by powder
X-ray diffraction (PXRD) and polarized microscope (data not
shown). Physical mixture (PM) with 20, 40, 60 and 80 wt % drug
loading were prepared by PVPK30 and pure amorphous BMS-
817399 prepared by spray drying. Another physical mixture with
a total 40% drug loading was also prepared by mixing 2 spray dried
ASDs with 20% and 60% drug loading, respectively.
Powder X-Ray Diffraction

PXRD patterns of the samples from 5� to 45� (2q) were collected
by a PANalytical X' pert Powder X-ray Diffractometer (copper X-ray
tube, 40 kV � 40 mA; PANalytical, Almedo, The Netherlands), at a
speed of 8�/min, with automatic divergence slit graphite mono-
chromator, 0.2 mm receiving slit.
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Fourier Transform Infrared Spectrum

Fourier transforminfrared (FT-IR)spectraofpureamorphousBMS-
817399, PVP, and ASDs in the range of 4000-600 cm�1 with a spectral
resolutionof4 cm�1were collectedbyFT-IR (Vertex70;BrukerOptics,
Ettlingen, Germany). FT-IR spectra of ASDs after water vapor sorption
experiment were also obtained using the same settings.

Modulated Differential Scanning Calorimeter

The glass transition temperature (Tg) of the solid dispersionswas
measured by differential scanning calorimetry (DSC) (TA DSC
Q2000; TA Instruments, New Castle, DE). Briefly, 5-10 mg of ASD
samples was loaded into pin-holed, crimped aluminum pans. The
samplewasfirstheated to105�Candmaintained for3min to remove
any residual solvent or water and scanned at 2�C/min from 40�C to
170�Cwith an amplitude of±0.5�C and a period of 60 s (degradation
was found when heating to higher than 170�C, data not shown).

Water Vapor Sorption

To study the drug-polymer interaction, water vapor sorption
isotherms of pure amorphous drug, PVP, and ASDs under different
relative humidities (RH) were measured using DVS instrument
(Surface Measurement Systems, London, UK). Before the sorption
run, all the samples were first held at 0% RH to equilibrium to
remove the water content sorbed during environmental exposure
in storage or sample loading. The samples were then subjected to a
stepwise change of relative humidity from 3% to 33% RH in steps of
5% RH. The humidity was adjusted to the next RH level after
360 min or if the equilibrium criterion had been met. Equilibrium
was assumed to be achieved if the mass change per minute was less
than 0.002% over 10 min. All the water vapor sorption experiments
were performed at 298 K. At the end of the sorption run, all the
samples were dried at 0% RH until dm/dt <0.002% per min for
10 min and then checked for crystallinity using PXRD.

To study the phase behavior of ASDs, ASD samples weighed 8-15
mgwere subjected to a jump run from 0% RH to certain targeted RH
for 360min at 298 K to reach equilibrium and exclude the influence
of equilibrium time on the phase separation. Again, all samples
were immediately dried at 0% RH after the water sorption and
confirmed to be amorphous by XRD. FT-IR or DSC analysis was
performed afterward to determine the phase behaviors of ASDs
after moisture exposure. For 40/60 ASD, a second stepwise run
using same settings as abovementioned was also performed to
study the drug-polymer interaction after exposure to different RH.

Scanning Electron Microscopy

The surface morphologies of 40/60 ASD powders before and
after 95% RH exposure were analyzed using a scanning electron
microscope (FEI Quanta 200; FEI, Eindhoven, the Netherlands)
operated at an excitation voltage of 15 kV. Samples were mounted
onto copper stage and coated with gold before observation.

X-Ray Photoelectron Spectroscopy

The surface chemical composition of 40/60 ASD before and after
95% RH exposure was determined using X-ray photoelectron
spectra. X-Ray photoelectron spectroscopy (XPS) were performed
on the ESCALab 250Xi (Thermo Scientific) with a 6 channeltron
hemispherical sector analyzer under a base pressure of 1�10�7

mbar in the analysis chamber, using 200 W monochromatic Al K�a
radiation. The X-ray spot size for analysis was 500 mm, and C 1s line
at 284.8 eV from adventitious carbon was used for energy
referencing. All spectra analysis and curve fitting were performed
using the Avantage Software (Thermo). The fraction of BMS-817399
and PVP on the surface of ASD powders was calculated based on the
surface atomic percentage of the Cl element in the BMS-817399 and
N element in both BMS-817399 and PVP.

Intrinsic Dissolution

Tablets of 40/60 (w/w) ASD before and after 95% RH exposure
were prepared using a press (Focs Analysis Instrument, Shanghai,
China) at a pressure of 100 kgf with a diameter of 8 mm. Only one
surface of the tablets was exposed to the dissolution medium. The
intrinsic dissolution of obtained tablets was carried out using an
United States Pharmacopeia II apparatus (Focs Analysis Instrument)
under sink conditions, with a dissolution medium of 500 mL of 50-
mM PBS at 37�C and a rotation speed of 300 rpm. A 4-mL dissolu-
tion solutionwaswithdrawnateach timepoint andfilteredwith0.45
mm syringe filter. A 0.5-mL solutionwas used for drug concentration
measurement while the remaining 2-mL solution was freeze-dried
and reconstituted in 200-mL methanol to measure the PVP concen-
tration. The concentration of API in the dissolution medium was
analyzed byHPLC (Shimadzu LC-20AT; Shimadzu, Kyoto, Japan)with
a XTerra MS C18 column (5 mm, 4.6 � 150 mm) and a UV�vis spec-
trophotometer. The mobile phase consisting of acetonitrile (A) and
water (B) (45:55, v/v), was pumped at a flow rate of 1.0 mL/min at
30�C. The injection volumewas 10 mL, and the detecting wavelength
was 220 nm. The concentration of PVP after reconstitution was
measured by HPLC (1260 series; Agilent Technologies, Santa Clara,
CA) with a RSpak DS-413 polystyrene gel column (3.5 mm, 4.6 � 150
mm; Shodex, Tokyo, Japan) and an evaporative light scattering de-
tector (ELSD). The mobile phase was acetonitrile (A) and water (B),
both containing 0.1% formic acid and the injection volumewas 50 mL.
A gradient elution starting at 72% B and 28% A was run to separate
salts, drug, andPVPchromatographically, at aflowrateof0.5mL/min.
The polymer concentrationwas determined based on the calibration
curve of ELSD scattering intensity versus polymer concentration. The
intrinsic dissolution rate was calculated using the slope of
concentration-time plot.

Crystallization Propensity of Amorphous BMS-817399

Polarized light microscopy (PLM, Zeiss Axio Imager A2m; Carl
Zeiss, Berlin, Germany) was used to study the crystallization ki-
netics of amorphous BMS-817399 film when encountering mois-
ture. Briefly, amorphous film of BMS-817399 was prepared by
solvent evaporation and vacuum drying for 24 h. It was confirmed
to be amorphous using PLM before moisture exposure. The amor-
phous filmwas then stored at 97% RH in a desiccator with saturated
K2SO4 salt solution at ambient temperature and checked for crys-
tallinity at set intervals using PLM.

Supersaturation Kinetics of BMS-817399 in Aqueous Solution

The ability of amorphous BMS-817399 to maintain supersatu-
ration in aqueous solution with or without PVP was assessed using
prior reported protocols.19 Briefly, 100 mL of drug solution in
dimethyl sulfoxide was added to 20-mL 50-mM PBS dissolution
medium (pH ¼ 6.5) with or without predissolved PVP (1.5 or 0.6
mg/mL) to generate an initial supersaturation of 1 or 0.4 mg/mL.
The concentration of PVP was selected to generate an initial BMS-
817399/PVP concentration ratio of 40/60. The solution was then
vibrated at 100 rpm, 37�C in a Burrell wrist action shaker. After
0.25, 0.5, 1, 2, and 4 h, 300-mL solution was withdrawn and
centrifuged (13000 rpm) for 3 min, and the drug concentration in
the supernatant was analyzed using HPLC (Shimadzu LC-20AT;



Figure 2. FT-IR spectra of the carbonyl groups of BMS-817399/PVP PMs (a) and BMS-817399/PVP ASDs at different drug loadings before (b) and after (c) 95% RH exposure. Drug
loading in each figure was 100% (pure amorphous BMS-817399), 80%, 60%, 40% 20%, and 0% (pure PVPK30), from top to bottom respectively. The left dash line in each figure
indicated the carbonyl group of PVP, whereas the right one indicated the carbonyl group of pure amorphous BM-817399.

Figure 3. Water vapor sorption isotherms of ASDs, physical mixture, and pure com-
ponents. The solid lines represented the isotherms of ASDs, whereas the dash lines
with same color represented predicted isotherms of the physical mixtures with the
same drug loading.
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Shimadzu). For comparison, the solubility of crystalline BMS-
817399 in the dissolution medium was also determined.

Results and Discussion

Specific Drug-Polymer Interactions Studied by FT-IR

Drug-polymer interaction is considered to be necessary for
complete miscibility and also helpful for physical stability of
ASDs.7,17,18 Strong drug-polymer interaction could prevent
moisture-induced phase separation in ASDs thus to make them
moisture resistant.10,13 Drug-polymer interaction also plays an
important role during the dissolution process of ASDs.19,23,24

Therefore, the molecular interaction between BMS-817399 and
PVP was firstly studied using FT-IR.

FT-IR spectra of pure amorphous BMS-817399, PVP K30, ASDs,
and physical mixtures (PM) with different drug loadings were
acquired. As shown in Figure 2a, the 2 peaks centered at 1612 and
1667 cm�1, indicated by the dash lines, was assigned to the carbonyl
group of pure amorphous BMS-817399 and pure PVPK30, respec-
tively. In the spetra of PMs, therewas no observable peak shift on the
2 carbonyl groups at each drug loading. By comparison, in the ASDs,
with the decrease of drug loading, the peak centered at 1612 cm�1

assigned to the carbonyl group of BMS-817399 was blue-shifted
while that assigned to the carbonyl moiety of PVP centered at
1667 cm�1 red-shifted (Fig. 2b), resulting in the formation of a broad
peak with shoulder peak from 20% to 60% drug loadings, suggesting
the formation of intermolecular interaction between amorphous
BMS-817399 molecules and PVP in ASDs instead of PMs. However,
the broad stretched peak assigned to the NH andOH group centered
at 3360 cm�1 did not show significant shift in ASDs at different drug
loading (data not shown). Intermolecular hydrogen bond between
amide proton and carbonyl group in carbamido groupwas reported
to form a pseudo 6-membered ring structure in some other com-
pounds.25 Thus, we reasoned that intermolecular interaction exis-
ted in amorphous drug molecules even in the absence of PVP, and
when ASDs was formed, PVP disrupted the intermolecular in-
teractions between BMS-817399 molecules themselves and formed
hydrogen bonding with the eNH or eOH group of BMS-817399
through PVP carbonyl groups, resulting in the peak shifts on the
carbonyl group instead of NH/OH group of drug molecules.

Drug-Polymer Interactions Investigated by Dynamic Vapor Sorption
Under Low Relative Humidity

It was reported previously that the formation of drug-polymer
interaction would deviate the amount of water absorption from
the linear addition of the pure components.19,26 Thus, we investi-
gated the dynamic vapor sorption behavior of BMS-817399/PVP
ASDs over a relatively low humidity range of 3%-33% RH, to
confirm the existence of drug-polymer interaction while avoiding
the risk of inducing phase separation. Indeed, all materials were
confirmed to be amorphous after sorption experiment using PXRD
and a single Tg using DSC (data not shown).

The water vapor sorption isotherms of pure amorphous BMS-
817399, PVPK30, and ASDs with different drug loading were
compared in Figure 3. Predicted isotherms for physical mixtures
using linear addition of 2 components based on Equation 1was also
plotted, where Wdrug and Wpolymer was the weight of water sorbed
per unit weight of drug and polymer, respectively; mdrug and
mpolymer represented the weight fraction of drug and polymer in
the system, assuming either component in the physical mixture
will sorb water independently.

Wpredicted ¼ Wdrugmdrug þWpolymermpolymer (1)

As shown in Figure 3, compared to the predicted water sorption
values of physical mixtures, ASDs with the same drug loading
exhibited significantly reduced amount of water vapor sorption.
Similar phenomenon was reported by Zografi et al.26 for indo-
methacin/PVP and ursodeoxycholic acid/PVP systems. It was pro-
posed that the interaction between the drugs and PVP in the solid



Table 1
BET Parameters of BMS-817399/PVP ASD Calculated Using Water Vapor Sorption
Data

Material Drug/PVP Ratio Wm CB

PVP K30 NA 0.079 ± 0.008 9.4 ± 1.5
ASD 20/80 0.056 ± 0.002 12.1 ± 1.0

40/60 0.030 ± 0.003 15.5 ± 1.4
60/40 0.022 ± 0.001 17.8 ± 1.0
80/20 0.013 ± 0.002 18.2 ± 1.8

PM 20/80 0.062a 10.9a

40/60 0.048a 11.1a

60/40 0.035a 11.5a

80/20 0.021a 12.5a

Amorphous BMS-817399 NA 0.011 ± 0.002 16.0 ± 3.2

NA, not applicable.
a Value was calculated based on Equation 1.
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dispersion could impede the ability of either drug or PVP to interact
with water molecule by competition of hydrogen bonding sites.26

W ¼ WmCB ðp=p0Þ
½1� ðp=p0Þ�½1� ðp=p0Þ þ CBðp=p0Þ�

(2)

To further reveal the physical nature of the drug-polymer
interaction in the ASDs using the vapor sorption isotherms, BET
equation (Eq. 2) was used to fit the isotherms, and the 2 invariables,
Wm and CB, was obtained (shown in Table 1). Wm, known as
“monolayer limit,” is the weight of water adsorbed corresponding
to monolayer coverage, representing the number of sites available
to form hydrogen bonding with water molecules on the material
surface, whereas CB represents the free energy of adsorption. It was
shown that Wm increased with decreasing drug loading, whereas
CB showed an exactly opposite trend, since PVP is more hygroscopic
than drug molecule. Also note that the calculated Wm value for
physical mixture was significantly higher than that of ASDs with
Figure 4. Phase separation behavior of 40/60 ASD after being exposed to different RH. (a), IR
results of 40/60 ASDs and pure amorphous BMS-817399; (c), water vapor sorption isotherms o
amount of water vapor sorption and predicted Tg at different RH. The dash line in Figure 4d r
the same composition, suggesting hydrogen bonding formed be-
tween BMS-817399 and PVP in ASDs instead of physical mixture,
and such interactions persisted within the tested RH range. CB of
physical mixtures was lower than that of ASDs at the same drug
loading. Since CB is affected by both the drug-polymer interaction
and the free volume effects due to plasticizing,16,26 it is too
complicated to interpret CB here with the limited information.
Further experiments such as of dTg/dw determination might facil-
itate a better interpretation of the CB values.16,26
Amorphous Phase Separation Induced by High Relative Humidity

We further investigated the phase behaviors of BMS-817399/
PVP ASDs on exposure to relatively high RH, when APS did occur.
ASDs at different drug loading were exposed to 95% RH to reach
equilibrium. XRD results confirmed ASDs still maintained amor-
phous after high moisture exposure (data not shown). Figure 2c
showed the IR spectrum of ASDs after exposed to 95% RH
to reach equilibrium. It was clearly seen that the peak centered at
1612 cm�1 assigned to the e C¼O moieties of amorphous
BMS-817399 arose in the spectra of ASDs caused by a red-shift after
95% RH exposure, indicating the disruption of drug-polymer
interaction after moisture exposure.

We then specifically investigated the impact of different levels
of moisture on the phase behavior of 40/60 ASD by DSC, FT-IR, and
DVS. It was confirmed that the drug-polymer interaction did persist
under 33% RH since the water vapor sorption isotherms was com-
parable for initial 40/60 ASD and ASD after being equilibrated at
33% RH and drying (Fig. 4c), and also no signs of APS were observed
at 33% RH according to the IR spectra and the Tg measured (Figs. 4a
and 4b). Disruption of drug-polymer interaction and initiation of
APS started in the 40/60 ASD when the relative humidity reached
83% RH, demonstrated by the IR peak shift and the change of Tg.
spectra of carbonyl group of 40/60 ASD; (b), modulated differential scanning calorimeter
f 40/60 ASD after first being equilibrated at different RH (d), the relationship between the
epresented the temperature where water vapor sorption experiment was performed.



Figure 5. Surface morphology of 40/60 ASD powder before (a) and after (b) 95% RH (the right-top inset was a scale-up of the specific particle highlighted in red-dash square in
the figure).
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After exposure to 95% RH, the IR peak assigned to carbonyl group of
amorphous BMS-817399 in 40/60 ASD shifted back and a Tg
consistent with pure amorphous BMS-817399 was detected, indi-
cating an complete amorphous phase separation. It is worth noting
that, DSC detectable phase separation only occurred when ASDs
were equilibrated under relative humidity higher than 83% RH.
With the reported Tg value of water as 134 K (�139�C),27 we esti-
mated the Tg of the vapor equilibrated ASDs at each RH using Fox's
equation (Fig. 4d). It was found that the 83% RH happened to be the
cutoff RH where the ASD water content could lower the Tg to 293 K,
below the experimental temperature (298 K). At the same time, it is
also worth pointing out that, below the 83% RH cutoff when
macroscopic APS was not detectable by DSC (77% RH), the amount
of water vapor sorption by ASDs did elevate after being exposed to
moisture (Fig. 4c). As mentioned earlier, a higher water vapor
sorption suggested partial disruption of drug-polymer interactions
thus more water binding sites were exposed to moisture (Fig. 3).

The above results suggested 2 roles of water during moisture-
induced APS: (1) disruption of the drug-polymer interactions, and
(2) plasticizing of the ASD to increase the molecular mobility and
accelerate the APS. Generally, it is difficult to distinguish the
contribution of these 2 effects of water molecules on the phase
separation. In the case of BMS-817399/PVP ASD, it seems to
demonstrate that both mechanisms exist and both are crucial for
the occurrence of APS that became significant enough to be visible
by DSC (i.e., ~30-nm scale28). For ASDs without detectable change
of Tg after moisture exposure below 83% RH, the change in the
water vapor sorption might be indicating nano-scale phase
Figure 6. N1s and Cl2p XPS spectra of BMS-817399/P
separation, which could not be detected by DSC or IR spectra. Other
supplemental tools such as nano-IR spectroscopy29 and solid state
NMR,30 may be helpful in revealing a more subtle APS.

Surface Morphology and Chemical Composition of ASDs After
Amorphous Phase Separation

Todetermine ifAPSwouldcauseanymorphological changeson the
spray-dried ASD particles, surface morphology of 40/60 ASD before
and after 95% RH moisture exposure was visualized by scanning
electron microscopy. Hollow central void particles were reported for
BMS-817399with 90.9%drug loading prepared by spray drying.31,32 In
our 40/60 ASD system, central void particles, as well as spherical
particles with a relatively wide distribution of particle size were
observed for freshly-madeASD.After95%RHexposure, therewere less
spherical particles with fine and smooth surface; instead, more par-
ticles with irregular shape, porous and rough surface were observed
(Fig. 5). Apart from this, no particle aggregation and other significant
visible difference were observed on the surface morphology and
average particle size of ASD before and after 95% RH exposure.

Although no major morphological changes were observed after
APS, the surface chemical composition of the ASDs changed
dramatically, as characterized by XPS. Figure 6 shows XPS spectra
collected for 40/60-ASD before and after 95% RH exposure,
respectively. There are 2 peaks in the spectra, corresponding to the
photoelectrons from the nitrogen atom (N) and chlorine atom (Cl),
respectively. Since Cl is only presented in the drug molecule,
whereas both drug and PVP contain N atoms, the ratio of the 2 peak
VP-40/60-ASD before and after 95% RH exposure.



Table 2
Fraction of Drug on the Surface of 40/60 ASD Before and After Moisture Exposure

Material Atomic % Drug wt %

Cl N

Initial 40/60-ASD 1.4 13.3 39
40/60-ASD after 95% RH 2.5 12.4 69

H. Chen et al. / Journal of Pharmaceutical Sciences 107 (2018) 317-326 323
areas, xCl/N, can then be used to calculate the surface concentration
of drug by the following equation:

wdrug ¼ 100% � xCl=NMdrug

.h
xCl=NMdrug þ

�
1� 3xCl=N

�
MPVP

i

(3)

where wdrug is the drug weight percentage on the surface, and
Mdrug and MPVP are respectively the molar masses of NMP and the
repeat unit of polymer's repeating unit (111 g/mol for PVP). The
calculated drug on the surface was shown in Table 2. It was shown
that the freshly prepared 40/60 ASD particles have a surface drug
composition very similar to the theoretical bulk value of 40%.
However, after exposed to 95% RH to induce APS, the ASD surface
drug concentration increased to 69%. Since BMS-817399 is a hy-
drophobic drug, it is reasonable that the drug molecules tended to
diffuse to the solid-air interface after phase separation initiated.
This phenomenon suggested that the moisture-induced phase
separation on themicro-scale could be nonhomogeneous, resulting
in different composition on the surface and in the bulk. Drug-rich
surface caused by phase separation could have an impact on
either the physical stability or dissolution performance of ASD.
Recent progress in understanding the role of surface mobility in
glasses and its importance on the physical stability has revealed
that surface diffusion in molecular glasses can be 106-108 times
faster than bulk diffusion, which enables fast crystal growth on the
Figure 7. Drug (a) and polymer (b) release from BMS-817399/PVP-40/60-ASD before and aft
<0.01) and drug release from pure amorphous drug and ASD at different drug loadings (d)
free surface.33-36 Therefore, when drug concentrated onto the
surface, crystallization could be accelerated since the concentration
of drug on the surface increased and meanwhile there is less
polymer encompassing to prevent the crystallization of amorphous
drug by drug-polymer interaction. The influence of such change of
spatial distribution on dissolution performance of ASD is also
certainly worth investigation, which will be discussed in detailed in
the next section.
The Impact of Amorphous Phase Separation on the Dissolution
Performance

The occurrence of APS in ASD could affect its dissolution per-
formance due to severalmechanisms: (1) the emerging of drug-rich
and polymer-rich regions in the ASD could affect the dissolution
rate of drug molecules from ASD matrix due to their changed im-
mediate neighboring environment; (2) the crystallization inhibi-
tory effect by polymers inwater-sorbed ASDs could be different; (3)
the change of surface chemistry and surface hydrophobicity could
affect thewettability and dispersity of ASDs in dissolutionmedium;
(4) disruption of drug-polymer interactions could also jeopardize
the supersaturation of the drug, which could otherwise be pro-
longed. Therefore, we firstly compared the intrinsic dissolution rate
(IDR) of 40/60 BMS-817399/PVP ASDs, before and after APS. As an
additional control, we also determined the IDR of a physical
mixture mixing by 20/80 ASD and 60/40 ASD with an overall
drug/polymer ratio of 40/60 as well.

The drug and polymer release profiles were shown in Figures 7a
and 7b, whereas the calculated IDR were shown in Figure 7c. To our
surprise, there was no significant alteration on the drug release
after moisture-induced phase separation, whereas polymer release
was only moderately but significantly slowed down compared with
initial ASD, although APS was confirmed doubtlessly by DSC, XPS,
and FT-IR.
er 95% RH exposure and 40/60-PM, calculated intrinsic dissolution rate (c) (*p <0.05, **p
.



Figure 8. Crystallization kinetics of amorphous BMS-817399 film before moisture exposure (a) and after storage at 97% RH for 12 h (note: dots in the picture were due to the
shrinkage of the film when exposed to moisture) (b), 3 days (c) and 7 days (d).
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In an earlier study, we reported that intrinsic dissolution rate of
ASDs was significantly different from that of physical blends, based
on the comparisons of ketoconazole (KTZ) ASD systems using PVP,
PVPVA, or HPMC-AS as the polymer carriers.23 We attributed these
findings to a nonuniform molecular distribution of drug and poly-
mer in physical mixture and the overall interaction strength.23

With the presence of homogeneous mixing and specific drug-
polymer interaction, drug and polymer dissolved at approxi-
mately the same rate from ASDs, whereas a nonhomogeneous
mixing state and insufficient drug-polymer interaction resulted in
slower drug dissolution rate compared with polymer release rate.23

However, in the current BMS-817399/PVP-40/60 ASD, polymer
release rate was about 3 times of the drug release rate (0.77 vs. 0.21
mg/cm2/min). A faster polymer release rate than drug release rate
was also reported previously in KTZ/PVPK30 ASD with 40% drug
loading regardless of the presence of drug-polymer interaction. In
that case, the fast-dissolving PVPK30 was unable to carry sufficient
amount of KTZ to achieve a comparable drug release rate owing to a
weaker apparent drug-polymer interaction strength proved by FT-
IR and NMR spectra.23 In the case of BMS-817399/PVPK30-40/60
ASD, it is difficult to quantify the strength of apparent drug-
polymer interaction based on FT-IR and water vapor sorption
data, and the role of drug-polymer interaction plays on the disso-
lution rate was not conspicuous. In-depth studies are needed to
identify the role of drug-polymer interaction as well as other fac-
tors participating in the dissolution process.

Besides the inconsistent release rate of drug and polymer in
817399/PVP-40/60 ASD, difference in the drug release rate between
ASD and PMwas not observed either, whereas polymer release rate
in PM was found to be slower than that in ASD, similar as the KTZ/
PVP system. To explain the phenomenon, we have conducted
intrinsic dissolution for ASDs at multiple compositions. It was
found that, the overall apparent dissolution rate (not normalized by
drug loading) was similar for ASDs at all 3 drug loadings tested
(Fig. 7d), which suggested that the normalized IDR of ASD was
inversely proportional to the drug loading. Since the 40/60-PMwas
prepared by mixing 20/80-ASD and 60/40-ASD, it is conceivable
that the apparent drug dissolution rate of PM was a combination of
dissolution rate of the 2 components by linear superposition, which
happened to be comparable to the dissolution rate of 40/60-ASD.
However, the dissolution rate of polymers from 60/40-ASD
decreased sharply to the detection limit of the ELSD (data not
shown), which lead to a significantly lower overall polymer release
rate from the PM between 20/80-ASD and 60/40-ASD, compared
with the 40/60-ASD.

The drug and polymer dissolution rate of 40/60 ASD subjected to
moisture-induced APS was also shown in Figure 7. It appeared that
for the BMS-817399/PVP ASD system, regardless of the phase
behavior and micro-/nano-scale spatial distribution of amorphous
drug and PVP, the dissolution rate of amorphous BMS-817399 was
hardly affected. We attributed this phenomenon to the extremely
low crystallization tendency of amorphous BMS-817399, as well as
an increased amount of surface drug due to APS.

Crystallization kinetics of amorphous BMS-817399 under 97%
RH was monitored using PLM. No crystallization was detected
within 12 h and only minimal crystal growth was observed after
being stored for 3 days (Fig. 8). The extremely low crystallization
propensity of amorphous BMS-817399 makes it a favorable model
compound to study the amorphous phase separation behaviors of
ASD on exposure to moisture, without the complication of drug
recrystallization. Meanwhile, as a slower crystallizer, BMS-817399
crystallizes extremely slowly during dissolution process, even
without the presence of PVP, thus crystallization kinetics was not
considered as a crucial factor influencing the dissolution rate. For a
phase-separated BMS-817399/PVP 40/60 ASD, decreasing polymer
concentration on the surface and lack of drug-polymer interaction



Figure 9. Supersaturation kinetics of BMS-817399 in PBS at ASD concentration of 0.4
mg/mL (circles) and 1 mg/mL (squares), with (red) or without (black) the presence of
PVP K30, respectively. The dash line represents the initial supersaturation concentra-
tion, whereas the dot line indicates the crystalline solubility. The concentration of PVP
was set to generate an initial BMS-817399/PVP concentration ratio of 40/60.
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resulting from APS, will not lead to crystallization of amorphous
drug at the beginning of dissolution process, thusmay not affect the
initial dissolution rate of drug.

In addition to the crystallization propensity, increased drug
amount on the surface could also compromise on the dissolution
rate. As discussed previously, in the presence of drug-polymer
interaction, the fast-dissolving polymer could help improve the
release of drug to achieve a comparable drug dissolution rate. If the
drug-polymer interaction is disrupted, hydrophilic polymer was
unable to help and the release rate of hydrophobic drug is expected
to decrease. Accordingly, APS was expected to reduce the drug
release rate. However, this was not observed in the phase-
separated BMS-817399/PVP-40/60 ASD. To explain the phenome-
non, we have also measured the IDR for pure amorphous drug at
the same condition. It appeared that in the absence of drug-
polymer interaction and poor wettability without polymers, the
apparent drug dissolution rate, without normalized by drug
loading, was similar to that of ASDs at different drug loadings,
suggesting that the amount of drugs exposed to the dissolution
mediumwas also one of the impact factors. Hence, even though the
drug-polymer interaction was disrupted by moisture, the APS
enriched surface drugmight have compensated for the loss of drug-
polymer interaction at the very beginning of dissolution process.

There is another explanation for the unchanged drug release
rate after APS. It was suggested that ASD dissolution was governed
by a competition between the dissolution rate and the rate of phase
separation.37,38 If APSwas initiated immediately when BMS-817399
ASD came in contact to the dissolution medium, the difference
between an originally homogeneous ASD and a phase-separated
ASD may not be distinguishable by the intrinsic dissolution rate,
but this theory cannot explain the decreased polymer release rate
after phase separation.

The phenomenon that the polymer release rate decreased after
phase separation could be attributed to the formation of a drug-rich
surface resulting from APS, which gave rise to lower PVP concen-
tration on the surface of the ASD. The reduced polymer release rate
could result in a lower PVP concentration in the dissolution media,
which may not be adequate to effectively inhibit drug precipitation
or prolong the supersaturation maintenance. To evaluate the
influence of APS on the supersaturation maintenance, supersatu-
ration kinetics of BMS-817399 with or without the presence of PVP
was assessed to determine the ability of PVP to maintain BMS-
817399 supersaturation in aqueous environment. Solubility of
crystalline BMS-817399 in 50-mM PBS with 0.5% dimethyl sulf-
oxide was determined to be 98 mg/mL. As shown in Figure 9, in the
absence of PVP, the concentration of BMS-817399 decreased rapidly
from the initial 1 mg/mL (i.e., ~10 times supersaturation) to 464 mg/
mL within 15 min, and then slightly increased to ~530 mg/mL in
60min. The supersaturation concentrationwas about 5 times of the
crystalline solubility in the dissolution media and was maintained
over the following 3 h. With the presence of 1.5-mg/mL PVP, the
supersaturation was slightly improved and a concentration about 6
times crystalline solubility (~580 mg/mL) was achieved and main-
tained. When decreasing the initial BMS-817399 concentration to
0.4 mg/mL (i.e., ~4 times supersaturation), drug supersaturation
was also slightly improved over 4 h with the presence of PVP.
Overall, for a slow crystallizer like BMS-817399, PVP appeared to
have very limited ability to prevent the precipitation of highly su-
persaturated BMS-817399 in the dissolution media. Therefore,
despite of decreased PVP concentration in the dissolution media
due to slower initial dissolution rate of PVP after APS, supersatu-
ration maintenance is not anticipated to be significantly altered in a
phase-separated BMS-817399/PVP-40/60 ASD. To conclude, phase
separation will not have any significant effects on either the initial
dissolution rate or the supersaturation maintenance of BMS-
817399 in BMS-817399/PVP 40/60 ASD.
Conclusion

The potential risk of APS is high for ASDs composed of a hy-
drophobic drug and a hydrophilic polymer, particularly when the
ASDs were exposed to moisture. The water sorption from the
environment could destroy the drug-polymer interaction and
significantly increase the molecular mobility, thus lead to immis-
cibility, and further, APS when the molecular mobility becomes
high enough. The moisture-induced APS may not always have any
substantial impacts on the dissolution performance of ASD, espe-
cially when the drug is a slow crystallizer like BMS-817399.
Therefore, for such slow crystallizers, amorphous solid dispersion
could be a relatively low risk formulation approach not only
because of the low risk of drug recrystallization but also because
the potential APS could only have minimal impact on the dissolu-
tion performance. Considering these aspects, drug loading of ASD
containing slow crystallizers like BMS-817399 could be relatively
high, as long as the PVP concentration could benefit the wettability
and supersaturation maintenance. In fact, BMS-817399/PVP ASD
with ~90% drug loading demonstrated satisfactory in vivo
bioavailability in separate tests.

Compared with earlier studies, one message that should be
conveyed is that, the dissolution performance of ASDs that undergo
APS during manufacturing or storage could vary to different ex-
tents, depending on the hydrophobicity and crystallization pro-
pensity of the drug, drug-polymer interaction and various other
factors. It is beneficial to obtain a more comprehensive micro-/
nano-scale physical picture of the APS, thus to be able to evaluate
the potential risks of dissolution performance and physical stability.
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