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A B S T R A C T

The mechanisms of drug release from amorphous solid dispersions (ASDs) are complex and not fully
explored, making it difficult to optimize for in vivo performance. A recurring behavior has been the limit of
congruency (LoC), a drug loading above which the ASD surface forms an amorphous drug-rich barrier in the
presence of water, which hinders release, especially in non-sink conditions. Drug-polymer interactions and
drug glass transition temperature were reported to affect the LoC. However, the effect of polymer molecular
weight has not been explored. ASDs of clotrimazole and different molecular weight grades of poly (vinylpyr-
rolidone) (PVP) were studied for their release to obtain their LoC drug loadings. Failure modes underpinning
the LoC were investigated using fluorescence confocal microscopy to analyze the ASD/solution interface and
phase behavior of ASD films at high relative humidity. ASDs with good release formed stable drug-rich nano-
droplets at the ASD/solution interface, while ASDs with poor release were limited by one of two failure
modes, depending on PVP molecular weight. In Failure Mode I the nanodroplets quickly agglomerated, while
in Failure Mode II the system underwent phase inversion. This work highlights the importance of identifying
the mechanisms underlying the LoC to improve the release of higher drug loading ASDs.
© 2024 American Pharmacists Association. Published by Elsevier Inc. All rights are reserved, including those

for text and data mining, AI training, and similar technologies.
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Introduction

Amorphous solid dispersions (ASDs) are molecular mixtures of
drug and polymer, which are used to increase release rate and enhance
the bioavailability of poorly soluble drugs. One of the earliest commer-
cial applications of this technique was for the product Cesamet, which
was approved in the United States in 1985.1 Despite this early
approval, ASDs didn’t become a widespread commercial formulation
strategy until the past decade,2 which is a direct result of the increase
in the number of BCS class II and IV drugs in development.3 The reluc-
tance to use ASDs arises in part from their inherent metastability. The
prevailing concept is that ASDs improve bioavailability through the
higher solubility and dissolution rate of the thermodynamically unsta-
ble amorphous form of the drug.4 Therefore, it is imperative to delay
or prohibit drug crystallization in the solid and solution states. How-
ever, recent evidence suggests there are additional release

mechanisms, unique to ASDs, which may improve bioavailability
beyond the higher solubility properties of neat amorphous drug. The
potential implication is a substantial in vivo performance difference
among physically stable ASDs. Thus, it is important to fully understand
the relationship between ASD formulation and release properties.

The bioavailability improvement observed for certain ASDs5-7

comes from two release behaviors that have been primarily observed
at low drug loading, where polymer is thought to control the release
of drug. One characteristic of polymer-controlled release is that drug
and polymer release congruently (i.e. together), in the same propor-
tion as in the ASD.8 Studies show that ASDs can have release rates
that are several orders of magnitude higher than that of neat amor-
phous drug.8-10 Moreover, the surface area-normalized release rate
of components from these ASDs was comparable to that of the neat
polymer used in the ASD. The second behavior is fast and complete
release in non-sink conditions.8 As the apparent drug concentration
in solution exceeds the maximum drug supersaturation (i.e. the
amorphous solubility) the solution forms drug-rich nanoparticles
through a process called liquid-liquid phase separation (LLPS).11
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These nanoparticles were reported to significantly increase drug bio-
availability,6 possibly due to the reservoir12 and particle drift13-14

effects discussed in literature. Thus, congruent release may be the
optimal release outcome for an ASD. For clarification of terminology,
drug-rich nanoparticles with a glass transition below the experimen-
tal temperature are referred to as nanodroplets.

The issue with these formulations is that the benefits of congruent
release are lost at higher drug loading, above the limit of congruency
(LoC). This transition is sharp and results in a rapid decrease in release
rate towards that of neat amorphous drug, an effect manifested as ‘fall-
ing-off-the-cliff’, which has been observed in PVP-, PVPVA-, and HPMC-
based ASDs,9,15 and to a lesser extent in HPMCAS-based ASDs.16 The
LoC is highly dependent on the drug-polymer system and has been
observed to vary from 5% to 40% drug loadings.15-18 Recent studies
reported that drug-polymer interactions18-19 and drug glass transition
temperature20 (Tg) can influence the LoC. Investigations revealed that
ASDs can form a viscous surface gel layer21-22 in the presence of water,
a behavior often observed in neat polymer dissolution.23-25 Physical
phenomena arising from the subsequent thermodynamic incompatibil-
ity between drug and water were noted to have a complex effect on
the erosion of the gel layer and, therefore, the release behavior of the
ASD. Recent studies show that copovidone-based ASDs with low glass
transition drugs form size-stable drug-rich nanodroplets in the gel layer
when the drug loading is below the LoC, while a continuous drug-rich
matrix forms in the gel layer at drug loadings above the LoC.21,26-27 The
latter acts as a drug-rich barrier at the surface of the ASD that inhibits
release. This mechanism will herein be referred to as “Failure Mode II”.
A new failure mechanism, “Failure Mode I” will be introduced in the
present study.

As indicated, the specific mechanisms that lead to a loss in con-
gruent release have not been fully explored thus far. Our objective
was to expand the list of known factors and failure modes that alter
the LoC. In this study, we explored the effect of polymer molecular
weight because it is a factor that strongly influences the properties of
the gel layer and, therefore, could have implications for the LoC. We
used poly(vinylpyrrolidone) (PVP) due to the wide variety of com-
mercially available molecular weight grades. Clotrimazole was cho-
sen as a model drug because it doesn’t form strong interactions with
PVP,28 thus, it was used to minimize the confounding impact of drug-
polymer interaction on LoC. In addition, clotrimazole is a slowly crys-
tallizing drug. ASDs of clotrimazole were prepared with different pol-
ymers and at various drug loadings. Surface area normalized release
studies were conducted to evaluate drug and polymer release rates
in the absence of crystallization. Confocal fluorescence microscopy
was used to study phase behavior at the ASD-solution interface. The

results from this study provide additional insights into polymer
selection for ASDs.

Materials

Clotrimazole (Fig. 1a) was obtained from Sigma-Aldrich (St. Louis,
MO) and its melting point (141.2 °C § 0.3), glass transition (28.0 °
C § 0.3), and amorphous solubility (10.3 mg/mL § 0.6) were mea-
sured. In addition, the calculated pKa (6.26) and logP (5.84) were
obtained from the Chemicalize software. Poly(vinylpyrrolidone)
(PVP) grade K17, K25, K29/32, K60, and K90 were all received from
Ashland Inc. (Covington, KY). PVP K12 was obtained from BASF (Lud-
wigshafen, Germany). The chemical structure of PVP is shown in
Fig. 1b and the nominal molecular weight of each grade is tabulated
in Table 1. Prodan was purchased from TCI America (Portland, OR). 1-
propanol, iodine, and potassium iodide were bought from Sigma-
Aldrich (St. Louis, MO). Deuterated dimethyl sulfoxide (DMSO) with
tetramethylsilane (TMS) was acquired from Acros Organics (Geel,
Belgium). Ethanol 200 proof was purchased from Decon Labs (King of
Prussia, PA). HPLC grade acetonitrile and methanol; ACS grade citric
acid, sodium phosphate monobasic monohydrate, and sodium phos-
phate dibasic anhydrous; and Alexa Fluor 488 NHS ester (succini-
midyl ester) were purchased from Thermo Fisher Scientific
(Waltham, MA).

Experimental methods

ASD powder preparation using rotary evaporation

Clotrimazole/PVP ASDs were prepared by solvent evaporation
using a Heidolph Hei-VAP Core rotary evaporator (Heidolph Instru-
ments, Schwabach, Germany) coupled to an Ecodyst EcoChyll S
chiller (Ecodyst, Apex, NC). Drug and polymer were dissolved in etha-
nol in the desired drug:polymer ratio and the solvent was then
removed under vacuumwith a water bath temperature of 70 °C, rota-
tion speed of 50−200 rpm, and chiller temperature of !30 °C, fol-
lowed by heating to 80 °C and drying under vacuum for about 5 min.
The resultant ASD was then further dried overnight under vacuum
and at room temperature. Powder used to make the compacts that
were subsequently imaged with fluorescence confocal microscopy
also contained 0.1 and 0.003 wt.% of total solids of prodan and Alexa
Fluor, respectively, which were added to ethanol prior to evapora-
tion. PVP K60 comes as a 45% aqueous solution. 1-propanol was
added to the solution to make a mixture at the azeotrope ratio of
about 72:28 propanol-to-water. The azeotropic solution was

Fig. 1. Chemical structure for (a) clotrimazole and (b) PVP.
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evaporated as described previously, but at a water bath temperature
of 80 °C. Residual water/solvent was removed by storing the material
in an oven at 120 °C overnight and subsequently storing it at room
temperature and under vacuum for another 12 h.

Glass transition and melting point

The glass transition (Tg) and melting point of samples were mea-
sured using a Q2000 differential scanning calorimeter (DSC) with a
refrigerated cooling system (TA Instrument, New Castle, DE). The
instrument baseline and temperature were calibrated according to
the vendor instructions by using sapphire and indium samples,
respectively. About 4−10 mg samples were weighed in Tzero alumi-
num pans and sealed with a hermetic lid. The lid was punctured to
allow for complete drying. ASD and neat PVP samples were exposed
to one drying cycle where they were heated to 110 ⁰C, held for 30
min, and cooled to 25 ⁰C. The samples were then exposed to either 3
or 4 heating and cooling cycles, where the heating and cooling ramp
rates were 10 ⁰C/min and the temperature range was between 25
and 200 ⁰C. Crystalline clotrimazole samples were initially equili-
brated to 50 °C, then with a heating and cooling rate of 10 °C/min,
the samples were heated to 160 °C, cooled to !50 °C and then heated
to 100 °C. All Tg values reported are from the midpoint of the glass
transition range, determined at half height.

Amorphous solubility

Amorphous solubility was measured in pH 8.0, 50 mM phosphate
buffer, which is at unionized conditions for clotrimazole, by using the
UV extinction method.11 Clotrimazole was dissolved in ethanol to
1.5 mg/mL and the solution was injected into 15 mL of pH 8.0 buffer
at a 20 mL/min using a 3 mL syringe and 11 Elite syringe pump (Har-
vard Apparatus, Holliston, MA), while stirring at 300 rpm. The solu-
tion underwent liquid-liquid phase separation (LLPS) and formed
drug-rich nanodroplets, since the solution concentration exceeded
the amorphous solubility. These nanodroplets scatter light at wave-
lengths higher than the absorption wavelength. Thus, the amorphous
solubility was determined by the onset of scattering light. A UV/vis
spectrophotometer (SI Photonics, Tucson, Arizona), fitted with a dip
probe was used to monitor transmission at 300 nm.

Dissolution of compact and quantification of release

The surface area of compacts was maintained throughout the
release experiment by using a Woods intrinsic dissolution apparatus
(Agilent, Santa Clara, CA). Powder was weighed into a flat, round die
measuring approximately 0.8 cm in diameter and compressed at
1500 psi using a manual hydraulic press (Carver Inc., Wabash, IN) to
prepare compacts with 0.5 cm2 surface area. A dwell time of 1 min

was used to allow for stress relaxation. The compact was left inside
the die and the die was mounted to a stirring rod and submerged
into 100 mL of pH 8.0, 50 mM phosphate buffer that was pre-equili-
brated at 37 °C. At this pH, clotrimazole is largely unionized. ASD
compacts were 100 mg in weight, while PVP compacts were 200 mg
(250 mg for PVP K12) in weight. Compacts were rotated at 100 rpm
and either 0.2 or 0.5 mL aliquots were sampled from the dissolution
media and replaced with fresh media at set timepoints. The 0.2 mL
aliquots were diluted to 0.5 mL with additional buffer. Aliquots of
3 mL were taken for samples containing PVP K12 and these were sep-
arated into 0.5 mL and 2.5 mL for drug and polymer analysis, respec-
tively. The surface of any compact that did not fully release was
scraped and inspected for the presence or absence of crystals
using an Eclipse E200 polarized light microscope (PLM) (Nikon,
Melville, NY).

All 0.5 mL samples were diluted with 0.5 mL of ethanol to dissolve
the drug-rich nanodroplets and the concentration of solutes was
measured using an 1100 Infinity high-performance liquid chroma-
tography (HPLC) system (Agilent, Santa Clara, CA) with Agilent Open-
Lab CDS ChemStation software (version A.01.10.128) according to the
parameters in Table S1. Clotrimazole was separated using an Ascentis
Express C18 column (Sigma-Aldrich, St. Louis, MO) with dimensions
of 10 cm x 3.0 mm, 2.7 mm bead size. All PVP grades, except K12,
were separated using a size-exclusion A2500 column measuring
300 £ 8 mm (MalvernPanalytical, Worcestershire, UK) and quantified
according to the parameters in Table S1. This is because the molecular
weight of PVP K12 was too low to be fully separated from the other
buffer components with a size exclusion column. For PVP K12, the
quantification method was adopted from literature.29 By adding
excess of iodine, a linear relationship between light absorbance at
500 nm and PVP concentration was obtained in the PVP concentra-
tion range of 5 to 40mg/mL. The 2.5 mL samples were filtered using a
0.2 mm nylon syringe filter (Pall Corporation, Port Washington, NY)
to remove the drug nanodroplets. The initial filtrate was discarded
and only the last 0.8 mL of solution was collected. This was diluted to
5 mL by addition of 0.4 M citric acid so that the concentration fell
into the range of the calibration curve. Then 1 mL of 0.006 N potas-
sium triiodide reagent was added to the mixture, vortex mixed, and
quickly transferred to a 1 cm cuvette. Light absorbance at 500 nm
was measured with a UV−vis spectrophotometer (Varian Inc., Palo
Alto, CA). The potassium triiodide reagent was prepared by dissolving
0.81 g of sublimed iodine and 1.44 g of potassium iodide in 1 L water.

In situ imaging of compact

Round, flat compacts with 0.5 cm2 surface area were prepared as
described above. ASD powder was prepared containing fluorescent
dyes, prodan and Alexa Fluor 488, as discussed in the ASD prepara-
tion section. The 10% DL clotrimazole-PVP K12 ASD compact was

Table 1
Properties of PVP grades. Nominal weight average molecular weights (MW) were provided by the vendor.

PVP Grade K12a K17a K25a K29/32 K60 K90

MW (g¢mol-1) 2500 10,000 34,000 58,000 400,000 1300,000
Tg Midpoint ( °C) 101.5 § 3.1 127.0 § 2.2 − 177.3 § 0.9 − 178.1 § 0.1
ce (v/v) − − − 0.80 0.12 0.04
dT(ce) (nm) − − − 10 36 80
Rg (nm) 1 2 4 6 15 27
General Properties of PVP Molecular Chains
C1 = 14b

M0 = 111 g¢mol-1

Mc = 46,620 g¢mol-1

dT = 8.7 nm
a Polymer chains are too short to entangle.
b Obtained from literature.36

488 A. Deac et al. / Journal of Pharmaceutical Sciences 114 (2025) 486−496



fused to the glass bottom of a dish well by heating to approximately
170 °C for 30 s while applying light pressure to the compact. Alterna-
tively, the 10% DL clotrimazole-PVP K29/32 ASD compact was fused
by using a brush to lightly coat the surface of the glass with methanol
and immediately pressing the tablet on top. The methanol was then
evaporated under vacuum for 1 hour. A round glass cover slip was
placed on top of the compact. The experiment setup was described
previously.21

The edge at the bottom of the compact was imaged with an A1Rsi
confocal microscope (Nikon, Melville, NY) using the Nikon NIS-Ele-
ments AR software (version 5.20.01) every 30 s. The compact was
submerged in 37 °C, pH 8.0, 50 mM buffer immediately after image
collection started and a pipette was used to manually agitate the
solution during imaging. Images were collected through a 60X, oil-
immersion objective with a numerical aperture of 1.49 at 30 s inter-
vals. Each image is a scan of 15 frames that were stitched with 10%
overlap in a 15 £ 1 horizontal grid. Each frame was collected in 260
milliseconds and contained 1024 £ 1024 pixels with a pixel size of
approximately 90 nm and an optical resolution of 230 nm. Prodan
and Alexa Fluor 488 were excited at 409.0 and 488.0 nm and their
emission were collected between 425 and 475 nm and 500−550 nm
respectively. Note that regions labeled by Alex Fluor 488 and prodan
in the images were digitally colored red and blue, respectively.

Nanodroplet composition measurement

Nanodroplets were prepared as follows. An ASD compact weighing
approximately 200 mg was placed in a 4 mL vial and 300 mL of approx-
imately 90 °C, pH 8.0, 50 mM phosphate buffer was added to it. The vial
was capped and rotated at 100 rpm in a 90 °C water bath for 15 min to
create an opaque nanodroplet suspension. The suspension was slowly
cooled over approximately 10 min until it was warm to the touch.
Roughly 100 mL samples were collected in triplicate centrifuged at
21,100 rcf and 37 °C for 15 min, using a Sorvall Legend Micro 21R cen-
trifuge (Thermo Scientific, Waltham, MA). A portion of the pellet was
inspected to confirm the absence of crystals using the PLM described
above. The supernatant and pellet were sampled and dissolved in
0.7 mL dried, deuterated DMSO and 0.6 mL was transferred to a 5 mm
tube for nuclear magnetic resonance (NMR) spectroscopy analysis.

Concentration analysis on the samples was performed using a
Bruker Avance-III-800 spectrometer (Billerica, MA, USA) equipped with
a QCI cryoprobe. 1H spectra were collected at 25 °C over 4 scans with a
repetition delay of 15 s. The chemical shift of the peaks was adjusted to
that of tetramethylsilane (TMS) and the residual protonated DMSO
(2.502 ppm) was used as a quantification reference. The singlet peaks
of clotrimazole at 6.806 ppm and water at 3.321 ppm, as well as the
broad band of peaks of PVP between 1.10 and 2.39 ppm were used to
quantify the respective components based on measured standards and
the concentrations were then converted to weight percent. Spectra
were processed and analyzed using MestReNova software (Mestrelab
Research, Santiago de Compostela, Spain) version 14.1.0−24,037.

ASD film preparation, exposure to relative humidity (RH), and imaging

Drug and polymer were dissolved in ethanol, such that the total
solids concentration was 50 mg/mL. Prodan and Alexa Fluor 488
were added in concentrations of 0.1 and 0.003 wt.% of the total solids.
About 5 mL of solution was spread on a glass slide and the ethanol
was evaporated in a chamber filled with dry air. The films were fur-
ther dried overnight at room temperature and under vacuum. Films
were then placed in the headspace of a sealed jar containing purified
and deionized water to create a relative humidity of 100%. The jar
was placed in a 37 °C temperature-controlled oven. The films were
removed from the chamber at different time intervals for imaging.
Both exposed and fresh films were imaged. A closed chamber

attached to an INU incubation system (Tokai Hit, Fujinomiya, Japan)
was used to house the exposed films at 37 °C and 100% RH during the
imaging process. The fluorescence confocal microscope described
above was used to collect images with a resolution of 1024 £ 1024
pixels in 2.7 s, through a 60x, oil-immersion objective with a numeri-
cal aperture of 1.49. Prodan and Alexa Fluor 488 were excited at
409.0 and 488.0 nm and their emissions were collected between 425
and 475 and 575−625 nm, respectively, using variable bandpass
mode. Note that regions labeled by Alex Fluor 488 and prodan in the
images were digitally colored red and blue, respectively.

Nanodroplet size measurement

Nanodroplet size was measured in a dilute environment using a
Zetasizer Nano ZS dynamic light scattering (DLS) instrument and the
Zetasizer software version 7.13 (Malvern Panalytical, Worcestershire,
UK). Clotrimazole was dissolved in ethanol to make a 10 mg/mL stock
solution. Then, 100 mL of stock solution was injected into 10 mL of
37 °C aqueous media over 10 s while mixing at 500 rpm using a stir
bar. After injection was completed, about 2 mL of solution was trans-
ferred to a ZEN0040 cuvette (Malvern Panalytical, Worcestershire,
UK) and placed in the Zetasizer at 37 °C. The size of the nanodroplets
was acquired in the 173° backscatter mode over 15 measurements,
each composed of one 30 s scan, with a 2 min delay.

Theory of polymer chain entanglements

Gel layer viscosity and diffusion of embedded particles/droplets
are strongly affected by polymer chain entanglements. The ability of
chains to entangle depends on their flexibility and length. For exam-
ple, stiff and short chains cannot entangle. The critical size for a poly-
mer chain to entangle can be estimated using the following
relationship,30

Mc " 30C1M0 ð1Þ

where Mc is the critical molecular weight needed for chains to entan-
gle, C1 is a factor that describes the flexibility of the chains and is
called the ‘characteristic ratio’, and M0 is the monomer molecular
weight. This was reported to be an accurate estimation in particular
for vinyl polymers.30 In addition to molecular weight and flexibility,
chain entanglement also depends on polymer concentration. As poly-
mer concentration increases in a solution, the individual polymer
chains begin to overlap and then entangle. The critical polymer con-
centration needed for chains to entangle, ce, can be calculated as,31

ce ¼
rMc

Mw
ð2Þ

where r is dry polymer density and Mw is the molecular weight of
the polymer. Similarly, an entangled polymer matrix that is diluted
by small molecules, such as drug or water, to below ce will cause the
polymer chains to become disentangled. The increase in viscosity
originating from entangled polymer chains slows the diffusion of
large particles according to the Stokes-Einstein relationship. These
are particles that are larger than the reptation tube diameter, which
is representative of the length between entangled points. However,
particles smaller than the reptation tube diameter were observed to
diffuse up to several orders of magnitude faster than predicted by the
Stokes-Einstein relationship.32-33 The reptation tube diameter can be
estimated as,30,34

dT ¼ b

ffiffiffiffiffiffiffiffiffiffi
Mc

2M0

s

ð3Þ

where b is the statistical segment length and is roughly »6 A
&
for the

majority of linear polymers.34-35 The reptation tube diameter
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increases with dilution up to a maximum size at ce given by,

dT ceð Þ ¼ dTce!
2
3ð Þ ð4Þ

Lastly, the radius of gyration, Rg, of an unperturbed polymer chain
can be estimated according to,35

Rg
2 ¼ Mwb

2

6M0
ð5Þ

Results

Physicochemical properties of PVP

The glass transition of the various PVP grades initially increases
with molecular weight, before reaching a similar value at high molec-
ular weights, as shown in Table 1. The critical molecular weight for
polymer chains to entangle, Mc, was estimated using Eq. (1) and the
parameters listed in Table 1. An estimated Mc of 46,620 g/mol sug-
gests that only PVP grades K29/32, K60, and K90 have polymer chains
long enough to entangle. The distance between entangled points on
the polymer chain is called the reptation tube diameter, dT, and was
estimated to be 8.7 nm for PVP (Table 1) by using Eq. (3) with a seg-
ment length of »6 nm. When the polymer chains are diluted by small
molecules (e.g. water or drug) dT increases. Moreover, below a critical
polymer concentration, ce, the polymer chains cannot form entangle-
ments. The value, ce, was estimated with results shown in Table 1 for
each PVP grade, using Eq. (2). The large molecular weight PVP K90
can form entanglements even when at a concentration of only 4% v/v,
whereas the smaller PVP K29/32 can only form entanglements at a
concentration of 80% v/v or above. The reptation tube diameter at
this critical polymer concentration, dT(ce), was also estimated in
Table 1 by using Eq. (4). The reptation tube diameter has implications

for the diffusion of embedded particles/droplets, which will be dis-
cussed later. In addition, the radius of gyration, Rg, was also estimated
for PVP grades K29/32, K60, and K90 by using Eq. (5) and the results
are listed in Table 1.

Release studies

The release profiles for neat PVP grades in buffer media are shown
in Figure S5. The rate of release slowed with an increase in molecular
weight. The ASD release profiles under nonsink conditions are shown
in Fig. 2. The LoC of each ASD increased with an increase in PVP
molecular weight. Furthermore, the apparent clotrimazole concen-
tration analyzed from the dissolution media surpassed the neat clo-
trimazole amorphous solubility in all release experiments. Turbidity
in the media was observed, which suggests that drug-rich nanodrop-
lets formed. Congruently releasing systems were defined as those
which released more than 80% of the drug and polymer from the
ASD. PVP K12 and PVP K17 ASDs were incongruent even at a 5% drug
loading, where polymer fully released but drug did not. ASDs with
PVP K25 and higher molecular weight grades were able to fully
release at low drug loading with congruent release, but not at high
drug loading, where incongruent release was observed. Moreover,
the release rate of congruently releasing ASDs showed a similar trend
as for neat PVP, where ASDs with high molecular weight grades of
PVP showed slower release rates of both drug and polymer.

Nanodroplet size stability in dilute suspensions

The size of clotrimazole nanodroplets was monitored over time in
media with and without PVP. The diameter of the droplets at the ini-
tial timepoint was larger in the absence of polymer, however, it was
not sensitive to polymer grade (Figure S6a). The droplets in buffer

Fig. 2. Release profiles of clotrimazole and PVP from ASDs with different drug loading and PVP grades. Congruent releasing systems are those in which drug and polymer concentra-
tions surpass the red dashed threshold. Error bars represent the standard deviations of n = 3.
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had an initial diameter of »540 nm and grew to »1 mm. In compari-
son, the initial size was »340 and »290 nm and grew to »610 and
»630 nm in the presence of 1 mg/mL PVP K12 and PVP K29/32,
respectively. Despite the difference in size, the rate of growth was
similar across all 3 media, as shown by the normalized diameter in
Figure S6b. The results suggest that clotrimazole nanodroplets are
unstable and PVP is not a good stabilizer in dilute suspensions, even
at a high polymer-to-drug weight ratio of 10:1.

Phase behavior of ASD films exposed to high relative humidity

ASD films labeled with fluorophores and composed of 10% DL clo-
trimazole-PVP K12 and 10% DL clotrimazole-PVP K29/32 had a uni-
form magenta color, suggesting the drug and polymer were
homogeneously distributed (Figure S4). Phase separation was
observed after exposure to 100% RH for 3 h (Fig. 3). The blue and red
regions represent the drug-rich hydrophobic and water/polymer-
rich hydrophilic phases containing prodan and Alexa Fluor 488,
respectively. The drug-rich phase appeared as droplets, while the
hydrophilic phase was continuous for both ASD films. However, the
distribution pattern of the droplets differed. Qualitatively, the drug-
rich domains appeared to extensively agglomerate into strands in the
PVP K12 ASD film, especially after 11 h of exposure (Fig. 3b). This
agglomeration behavior is likely the mechanism behind the poor
release of this system and is herein referred to as “Failure Mode I”.

Failure Mode I was not observed for the PVP K29/32 ASD films, as the
droplets were stable (Fig. 3d).

Films above 10% DL were also exposed to 100% RH for 1 h and
imaged as shown in Fig. 4. The drug-rich phase formed as droplet
domains for up to 30% DL. However, a significant change in
behavior was observed as drug loading increased to 40%. At 40%
DL, the drug-rich phase manifested as a continuous phase, instead
of droplets. At the same time, the hydrophilic phase appeared as
dispersed droplets within the drug-rich matrix. This behavior is
widely known as phase inversion and it has been shown to be a
failure mode for ASD release in other systems as well.21,26-27

Herein, it is referred to as “Failure Mode II”. Interestingly, the clo-
trimazole-PVP K12 ASD system is limited by Failure Mode I at
<5% drug loading, but it also exhibits Failure Mode II between 30
and 40% drug loading. If Failure Mode I were to be prevented,
then the LoC would have been limited by Failure Mode II.

Phase behavior of ASD compacts in contact with buffer

ASD compacts containing 10% DL clotrimazole-PVP K12 and 10%
DL clotrimazole-PVP K29/32 were used to study the phase behavior
at the ASD/solution interface during release. The compacts were
labeled with the same fluorescent probes as the films. Prior to expo-
sure to buffer, prodan and Alexa Fluor 488 were uniformly distrib-
uted in the compact, indicating the homogeneity of the ASD

Fig. 3. ASD films exposed to 100% RH for 3 and 11 h, where panels (a) and (b) represent 10% DL clotrimazole-PVP K12 films and panels (c) and (d) represent 10% DL clotrimazole-PVP
K29/32 films. Yellow dotted outlines highlight examples of droplets clustering into strands.
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(Figure S1). Once exposed to buffer, water rapidly penetrated the dry
ASD to form a gel layer in which phase separation was detected
through the segregation of the dyes. Cross sectional snapshots of the
compacts were taken at 2 min and after more than 7 min for the PVP
K12 and PVP K29/32 ASDs, respectively, as shown in Fig. 5. Water
penetrated into the compact from right to left. The darker region on
the right, labeled “3”, is the solution phase. Region “2” is the gel layer

(i.e. hydrated ASD) and region “1” is dry ASD. The pattern of behavior
in the phase separated region of the gel layer differed between the
two ASDs. The PVP K12 ASD exhibited significant nanodroplet
agglomeration after a certain point in the gel layer (Fig. 5a). The
nanodroplets arranged in a strand-like morphology, which resulted
in an interconnected network of droplets. As the hydrophilic phase
surrounding these connected droplets was further diluted and the

Fig. 4. ASD films exposed to 100% RH for 1 hour, where panels (a), (b), and (c) represent clotrimazole-PVP K12 films and panels (d) and (e) represent clotrimazole-PVP K29/32 films.

Fig. 5. In situ fluorescence confocal microscope images at the ASD dissolution front for (a) 10% DL clotrimazole-PVP K12 ASD after 2 min of dissolution and (b) 10% DL clotrimazole-
PVP K29/32 ASD after more than 7 min of dissolution. The green circles refer to dry ASD (1), gel layer (2), and solution (3).
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polymer diffused out, it caused the network to collapse and form
denser agglomerated regions closer to the solution phase, which pre-
vented these drug-rich nanodroplets from releasing. As mentioned pre-
viously, this is Failure Mode I for release, which leads to a low LoC. This
process continued over time (Figure S2). In contrast, the PVP K29/32
ASD did not show nanodroplet agglomeration in the gel layer or after
they were released into the solution phase (Fig. 5b and Figure S3).

Composition of nanodroplets in concentrated suspensions

The compositions of the hydrophilic phase (i.e. solution) and
hydrophobic phase (i.e. nanodroplets) were studied in concentrated
suspensions by mixing an ASD and water in a 40:60 ratio to more
closely represent the gel layer environment during ASD release. The
two ASDs studied were 10% DL clotrimazole-PVP K12 and 10% DL clo-
trimazole PVP K29/32. Statistically, the composition of the phases
between the two systems were similar, as shown in Fig. 6. This sug-
gests that polymer molecular weight did not have a significant effect
on the thermodynamics of the system. PVP preferred to segregate
from clotrimazole during water-induced phase separation. The
hydrophobic phase was drug-rich with about »80 wt.% clotrimazole,
whereas the hydrophilic phase was rich in PVP (»40 wt.%) and water
(»60 wt.%) and contained only trace amounts of clotrimazole. This
behavior has been termed segregative phase separation37-39 and it
occurs in weakly interacting drug-polymer systems. In strongly inter-
acting drug-polymer systems the phase separation is associative37-38

and the polymer prefers to distribute more in the hydrophobic phase
relative to in the hydrophilic phase.39

Discussion

As more new molecular entities with low aqueous solubility are
being advanced into clinical development, the industry is relying
more on ASDs as a formulation strategy to improve drug bioavailabil-
ity. Not only do ASDs result in faster release rates compared to their
crystalline counterparts, but they also lead to the formation of drug-
rich nanodroplets in certain cases. These nanodroplets act as a fast-
replenishing drug reservoir and have been proven beneficial for drug
absorption.5,7,40 Thus, the optimal release outcome for ASD formula-
tions is to generate a drug concentration that exceeds the amorphous
solubility and form drug-rich nanodroplets which can maintain a
maximum free drug concentration for a sustained period of time dur-
ing absorption. Previous studies have shown that this optimum

outcome can only be achieved when polymer and drug release con-
gruently (i.e. at the same rate).

Congruent release

In the congruent release regimen of ASDs, release is dictated by
the polymer, which results in a drug release rate much faster than
from neat amorphous drug.8 For example, the release rate of clotri-
mazole from congruently releasing PVP-based ASDs (Fig. 2) is similar
to the release rate of the neat PVP (Figure S5). This is because the
release mechanism of ASDs is similar to that of neat glassy
polymers.21,27,41 The process begins with water penetration into the
glass, which causes it to transition to a viscous rubbery state (i.e. a gel
layer). This glass-gel boundary was observed as a sharp color transi-
tion on the left side of the images in Fig. 5 (between regions 1 and 2).
The penetration of water develops concentration and viscosity gra-
dients across the gel layer and the solution diffusion boundary layer
as depicted in Figure S7. The viscosity gradient in the gel layer is
higher than that of the diffusion boundary layer of the solution. At
the end of the gel layer, the viscosity is low enough for the polymer
chains to be able to release into the solution (gel-solution boundary).
At this point any droplets or solutes, such as dye, that were initially
trapped in the high viscosity gradient of the gel layer are also able to
release into solution. Hence, the gel-solution boundary is where the
red fluorescence signal drops to background (black, between regions
2 and 3) in Fig. 5. The high viscosity in the gel layer is caused by the
low translational diffusion of polymer chains as they overlap and, in
some cases (K29/32, K60, and K90), entangle with each other due to
their large size.

In many cases, ASDs exhibit a miscibility gap in the gel layer due
to water ingress, which results in phase separation. Water-rich
hydrophilic and amorphous drug-rich hydrophobic phases are
formed in this process. During congruent release (Fig. 5b), the hydro-
phobic phase forms as stable nanodroplets that are dispersed, and
remain dispersed, in the hydrophilic phase. Since the polymer is
hydrophilic, it often partitions mostly into the hydrophilic phase
(Fig. 6), although not always.26,39,42-44 Thus, the drug-rich nanodrop-
lets are initially trapped in the viscous hydrophilic phase until the gel
transitions to a solution (Fig. 5b). At this transition, the drug-rich
nanodroplets are released into solution along with the polymer
chains and this process continues until all of the ASD releases,
remarkably, even in non-sink conditions (Fig. 2). In summary, the
kinetics of drug release from congruent releasing ASDs are limited by

Fig. 6. Composition of hydrophilic (a) and hydrophobic (b) phases resulting from a 40:60 mixture of ASD-to-water. Error bars represent the standard deviations of n = 4. Clz stands
for clotrimazole.
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water penetration into the glass and subsequent release of polymer
chains into solution.

Limit of congruency and loss of drug release

At higher drug loadings, the polymer has little influence over the
release of drug from the ASDs,8 whereby drug and polymer often
release at independent rates (i.e. incongruent). This was observed for
≥5% DL PVP K12, ≥5% DL PVP K17, ≥23% DL PVP K25, ≥35% DL PVP
K29/32, and ≥45% DL PVP K90. In addition, a loss in polymer-driven
release results in poor and incomplete drug release (<80% in Fig. 2).
The maximum drug loading where the system maintains congruent
release is termed the limit of congruency (LoC). Since the variability
in the experiments made it difficult to detect incongruent release in
certain cases (e.g. 35% DL PVP K29/32, 38% DL PVP K60, and 40% DL
PVP K90 ASDs in Fig. 2), LoC was defined as the highest drug loading
in which drug release exceeded 80%. The polymer molecular weight
had a surprising effect on LoC. As shown in Fig. 7, the LoC was below
5% at low molecular weights (e.g. PVP K12 and K17). However, when
the molecular weight of the polymer increased across a narrow
threshold, the LoC rapidly increased to over 30% drug loading. This
molecular weight threshold is close to where polymer chains are
expected to entangle (Mc). Further increases in LoC were minimal
above this molecular weight.

Failure modes leading to poor release

Nanodroplet agglomeration (Failure mode I)
The lower LoC values observed for PVP molecular weights below

Mc (K12, K17, and K25) appears to be caused by nanodroplet agglom-
eration in the gel layer (Figs. 3a,b and 5a). This is a newly discovered

and distinctly different mechanism than the phase inversion process
that was presented in previous studies.21,26 The failure mode as a
function of PVP molecular weight is summarized in Fig. 7. We have
termed the agglomeration mechanism as Failure Mode I and the
phase inversion mechanism as Failure Mode II to differentiate their
effect on the LoC. The nanodroplets formed in the gel layer appear
initially dispersed, as shown in the micrographs of the 10% DL PVP
K12 compacts exposed to buffer (Fig. 5a). However, the droplets
agglomerated closer to the gel/solution boundary, forming an inter-
connected network of strings. This nanodroplet network was
anchored into the gel layer and had enough strength to withstand
the hydrodynamic forces. Therefore, the drug-rich nanodroplets
accumulated at the gel-solution interface and did not release into
solution. This extent of droplet agglomeration was not observed for
the ASD with PVP K29/32 (Fig. 3c,d and 5b).

Phase inversion (Failure mode II)
Previous studies show that congruency can be lost when the

phase separation morphology changes in the gel layer. Congruent
release occurs if the hydrophobic phase forms as dispersed nano-
droplets, which remain dispersed throughout the release process.
However, when drug loading is increased, the relative volume of the
hydrophobic phase increases accordingly. Above a certain relative
volume, the morphology of the phases inverts, where the hydropho-
bic phase develops as a continuous domain and the hydrophilic phase
forms as dispersed domains.21,27 A continuous hydrophobic phase
cannot be physically released into solution, because it is anchored
into the high viscosity gel layer. Moreover, its presence on the surface
acts as a barrier to further water penetration. Phase inversion would
occur at a different drug loading if the composition of the hydropho-
bic phase differed between the systems studied. However, this was
not the case for the grades of PVP and clotrimazole as shown in Fig. 6.
Indeed, direct observations of phase inversion (Fig. 4) confirm that
phase inversion occurs between 30 and 40% DL for ASDs with both
K12 and K29/32, suggesting that for this system polymer molecular
weight does not appear to influence the phase inversion. As a corol-
lary, the LoC for ASDs with K29/32, and possibly K60 and K90, is lim-
ited by phase inversion (Failure Mode II), as observed for other drug-
polymer systems.21,26-27 However, this was not the case for K12, K17,
and K25, because the LoC for these systems is significantly below the
drug loading needed for phase inversion, as illustrated in Fig. 7. In
summary, it appears that there are two independent mechanisms
that lead to the limit of congruency and loss of release, and these are
influenced by the molecular weight of the polymer for the clotrima-
zole-PVP system. When PVP molecular weight is below the estimated
critical size for chain entanglement (Mc) a lower LoC results due to
extensive nanodroplet agglomeration in the gel layer (Failure Mode
I). However, this agglomeration behavior is inhibited at molecular
weights above Mc, at which point the LoC is limited by the drug load-
ing where phase inversion occurs (Failure Mode II).

Role of polymer molecular weight on preventing nanodroplet
agglomeration

The exact mechanism behind the effect of high molecular weight
on the inhibition of droplet agglomeration for the clotrimazole-PVP
system has not been fully elucidated. Nevertheless, we provide possi-
ble hypotheses for this observed behavior. Initially we thought that
one possibility was for polymer to adsorb at the nanodroplet surface
and prevent droplets from agglomerating through steric repulsion of
polymer chains, where larger molecular weight polymer chains are
expected to provide better nanodroplet stability due to stronger ste-
ric repulsion.45-47 However, Figure S6 shows that neither PVP K29/32
nor PVP K12 had an effect on the growth rate of the nanodroplets in
dilute solution, so we expect that stabilization through steric

Fig. 7. Effect of PVP molecular weight on the limit of congruency for clotrimazole-PVP
ASDs. Mc is the critical molecular weight for entanglement from Table 1. The phase
inversion range for K17, K25, K60, and K90 was inferred based on data from K12 and
K29/32.
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repulsion is not the likely mechanism leading to stable nanodroplets
in the ASD gel layer for PVP K29/32 or higher molecular weight
grades.

However, larger molecular weight polymer chains are also known
to entangle due to their long chain length, whereby the diffusion of
embedded molecules and particles in the polymeric matrix can be
greatly affected. The observation that the increase in LoC occurs near
the estimated critical molecular weight where chains entangle (Mc)
gives support to the hypothesis that polymer chain entanglement
may be contributing to the stabilization of the nanodroplets in
Figs. 3c,d and 5b. When polymer chains entangle, the viscosity
increases sharply.48 However, the viscous resistance that molecules
and droplets exhibit in the gel layer can be greatly affected by their
size. Droplets and molecules much smaller than the distance between
entanglements, dT, do not experience the viscous effects which arise
from chain entanglement.32-33 In other words, they diffuse as if no
entanglements are present and only the local viscosity created from
the friction of the polymer chains affects their mobility. This is the
case for water and individual drug molecules. In contrast, droplets
much larger than dT are restricted by the entangled chains and their
diffusion rate is slowed considerably, as illustrated in Figure S8. Thus,
the entangled chains can be thought of as a “fishnet”, where droplets
smaller than the gap in the netting “fall through” and larger droplets
get “captured” in the netting. The clotrimazole-rich nanodroplets are
a few hundred nanometers in diameter (Figure S6 and Fig. 5), while
the maximum dT calculated is 80 nm for PVP K90 at the disentangle-
ment concentration (Table 1), so the droplets are too large to pass
through this polymer “fishnet”. In addition, entangled polymers swell
more in the presence of solvent, yielding a considerably thicker gel
layer.24 The swelling process is expected to increase the distance
between the nanodroplets. However, during this swelling process,
the polymer chains are getting diluted and the distance between
them increases, which eventually leads to them disentangling. When
the polymer chains eventually disentangle, the droplets are suffi-
ciently apart to not immediately agglomerate. In the case of PVP K29/
32, the polymer chains are expected to become disentangled when
the polymer volume fraction is at or below 0.8 (Table 1), which
explains why there was no observed stabilization in dilute solution
(Figure S6). In contrast, low molecular weight PVP, such as K12, is too
short to entangle and form a “fishnet” for the nanodroplets (Figure
S8). The consequence is that the nanodroplets become prone to
agglomeration (Figs. 3a,b and 5a).

Implications for ASD formulation design

These failure modes add to the list of considerations when design-
ing a formulation. From the clotrimazole-PVP ASD system it appears
that Failure Mode I occurs at lower drug loadings than Failure Mode
II. This is conceptually expected because at drug loadings above Fail-
ure Mode II the system cannot generate nanodroplets. The clotrima-
zole-PVP ASD system is a non-interacting drug-polymer ASD where
the drug-rich nanodroplets have a low Tg, so Failure Mode II occurred
at moderate drug loadings. However, for highly interacting drug-
polymer systems it’s been shown that Failure Mode II can occur at
drug loadings as low as 5−10%.21,26 If a different polymer or additive
were added to increase the drug loading where Failure Mode II
occurs, then it’s possible that the new system may become limited by
Failure Mode I. A holistic approach to formulation development
should consider both mechanisms.

To prevent Failure Mode I, it is best to avoid scenarios which pro-
mote nanodroplet agglomeration. These scenarios may be contrary to
what has been thought necessary to improve a formulation. For
example, reducing nanodroplet size is generally considered an
improvement for bioavailability, however, size reduction can also
make the nanodroplets more unstable and increases the risk of

Failure Mode I. In polymer-controlled ASD release, low molecular
weight polymer yields faster drug release, however, it can also trigger
Failure Mode I. Additives, such as surfactants, can lower the Tg of the
system and reduce the physical stability of the ASD. Nevertheless,
they can also stabilize the nanodroplets and may prevent Failure
Mode I. Lastly, partially ionized nanodroplet surfaces can also
increase their stability, so the pKa of the drug and pH of the media
are also important considerations for preventing Failure Mode I.

A distinctly different approach must be taken for Failure Mode II.
This has been extensively covered in a previous publication.21,26 First,
phase inversion will always occur in unionized conditions as drug
loading is increased, but steps can be taken to increase the drug load-
ing at which this occurs. Failure Mode II is primarily driven by the
thermodynamics of the system, therefore, drug-polymer-water inter-
actions play a crucial role in dictating the drug loading where Failure
Mode II occurs for a specific drug-polymer ASD system. Different
polymer and additive chemistry should be evaluated to optimize
against Failure Mode II. It has also been noted that strong drug-poly-
mer interactions trigger Failure Mode II at lower drug loads. Since
strong drug-polymer interactions are preferable for achieving robust
physical stability on storage, the ASD system has to be balanced.

Conclusion

The results in this study highlight that there is more than one
mechanism underlying the LoC phenomenon. Previous studies
showed that the polymer in the ASD causes a gel layer to form when
in contact with dissolution media. Furthermore, the water in the gel
layer induces phase separation, which results in the formation of a
drug-rich hydrophobic phase and a water/polymer-rich hydrophilic
phase. The morphology of phase separation controls the subsequent
release behavior, where dispersed hydrophobic domains lead to con-
gruent release and continuous domains lead to incongruent release.
The change in morphology from a dispersed to a continuous phase is
called phase inversion (Failure Mode II) and the drug loading needed
for phase inversion was reported to depend on drug-polymer interac-
tion strength. In this study, fluorescence confocal microscopy was
used to show that instability of the initially dispersed hydrophobic
domains, leading to droplet agglomeration in the gel layer (Failure
Mode I), can also result in incongruent release. This newly investi-
gated mechanism leads to a lower LoC than would be anticipated by
considering the drug loading where phase inversion occurs. By stabi-
lizing the dispersed hydrophobic domains with higher molecular
weight PVP, the LoC increased from less than 5% to over 30%. Theoret-
ical considerations suggest that the high MW polymer chains are
entangled, stabilizing the drug-rich nanodroplets in the gel layer
against agglomeration by hindering their translational diffusion and
increasing their separation distance through swelling. This study
highlights the need to identify the mechanisms underlying the LoC
phenomenon in order to improve drug loading limits in ASDs and
ultimately maximize the bioavailability of ASDs.
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