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A B S T R A C T

Influence of crosslinking (crosslinker concentration and crosslinking condition) on molecular mobility and
physical stability of ketoconazole (KTZ) solid dispersions was investigated over a wide temperature range in the
supercooled state. Amorphous solid dispersions (ASDs) with very high drug loading (95% w/w) were prepared
by thermal crosslinking. As the crosslinker concentration increased (from 0.25–1.0% w/w), there was a pro-
gressive decrease in molecular mobility as evident from both the longer α-relaxation time, and higher viscosity
values. Consequently, there was progressive enhancement in physical stability (crystallization inhibition). At
1.0% w/w crosslinker concentration, when compared with the drug alone, there was ~4 orders of magnitude
increase in both viscosity and α-relaxation times. Elevating the crosslinking temperature, by increasing the
crosslinking density, provided a second avenue to enhance physical stability. Hence, crosslinking density offers a
simple method to enhance physical stability and control drug release. We have formulated ASDs: (i) with very
high drug loading (95% w/w), and (ii) pronounced stability even when exposed to elevated temperatures and
water vapor pressure. Also, during dissolution study, the degree of supersaturation in the dissolution medium
generated by the crosslinked systems gradually increased and maintained the supersaturation for a longer
period.

1. Introduction

One popular strategy to improve the physical stability of a non-
crystalline compound is to formulate it as an amorphous solid disper-
sion (ASD) using a polymer [1,2]. Ideally, the polymer should exert its
stabilizing effect at a low concentration. However, the risk of drug
crystallization can be minimized using a high polymer concentration -
an approach that is currently popular [3]. Nevertheless, in high dose
drugs, this can result in an unreasonable “pill burden”. Therefore, there
is a lot of interest in developing strategies to reduce the polymer con-
centration in ASDs.

Crosslinking the polymer provides an avenue to dramatically in-
crease the effectiveness of the polymer as a stabilizer. Crosslinking, a
process by which polymer chains are bonded to one another, leads to
multidimensional extension of polymeric chains resulting in a network
structure. Depending upon the nature of the polymer, crosslinking can
be accomplished chemically [4–6], thermally [7], physically [8] or by γ
irradiation [9]. Chemical crosslinking refers to intermolecular or in-
tramolecular joining of two or more molecules by a covalent bond. The
reagents that are used for the purpose are referred to as ‘crosslinking
reagents’ or ‘crosslinkers’ [10]. Crosslinking leads to an increase in the

mechanical strength, viscosity and the glass transition temperature (Tg)
[11–13]. However, the process can result in undesirable properties –
the insoluble nature of crosslinked systems are potentially serious
limitations [12]. Hydrogels are one of the upcoming class of crosslinked
hydrophilic polymer structures that can imbibe a large amount of water
or biological fluids [13–17] but will not dissolve. Because of their
biocompatibility, they have numerous biomedical applications – for
example, as matrices for protein delivery systems and as tissue en-
gineering scaffolds.

In the polymer industry, the decrease in molecular mobility brought
about by crosslinking has been used as an avenue to improve thermal as
well as physical stability of the polymer. The molecular mobility can be
measured by various techniques including modulated DSC [18], high-
resolution solid-state 13C NMR [19], dynamic mechanical analysis
(DMA) [20] and dielectric spectroscopy (DES) [21]. DES, a widely used
technique to characterize different mobility modes in polymers, enables
the direct determination of relaxation times [21–26]. Crosslinking af-
fects both the primary and secondary relaxation of polymer systems
[22]. The degree of crosslinking influenced the relaxation time, fragi-
lity, dielectric strength, and the distribution of relaxation times [23].

The potential for enhancing the delivery of poorly soluble drugs by
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incorporating in a crosslinked hydrogel was explored by Zahedi and Lee
[27]. When indomethacin was incorporated in crosslinked poly (2-hy-
droxyethyl methacrylate), amorphous➔ crystalline transition of the
drug was not observed up to a drug loading of 30%. In addition, during
dissolution, the absence of a decline in drug concentration indicated
that drug crystallization was prevented [28]. However, the study did
not focus on developing a systematic understanding of the mechanism
by which crosslinking induced stabilization.

Again, the effect of crosslinking on the molecular mobility and
physical stability of ASDs has not been comprehensively investigated.
In order to effectively use this approach in the design and preparation
of ASDs, it is necessary to understand the mechanism governing the
physical stability brought about by crosslinking. We hypothesize that
crosslinking, by increasing, the viscosity of the ASD, will decrease the
mobility and consequently the crystallization propensity of the drug.

The model drug ketoconazole (KTZ) is known to have a high pro-
pensity to crystallize [29]. Poly (acrylic acid) (PAA) and poly (vinyl
alcohol) (PVA) were chosen as the model polymer and crosslinker, re-
spectively. Zahedi and Lee [27], used a chemical crosslinking process to
fabricate the amorphous solid dispersion. However, we have used
thermal crosslinking, a “clean” process with no requirement of a che-
mical crosslinker or an initiator for the crosslinking reaction. Moreover,
we were able to prepare ASDs with exceptionally high drug loading (up
to 95% w/w). Unlike chemical crosslinking, in our approach, the drug
loading is not limited by the crosslinking density. This study had two
objectives. (i) Investigate the influence of crosslinking of the polymer
on the molecular mobility (measured as α-relaxation time) of ASDs with
high drug loading (95% drug). (ii) Evaluate the effect of crosslinker
concentration and crosslinking conditions (temperature and time of
crosslinking) on the molecular mobility and crystallization propensity
of KTZ.

We believe that we are the first to: (i) study the molecular mobility
of the crosslinked amorphous solid dispersions using DES and (ii) de-
velop a fundamental understanding of the effect of crosslinking on
molecular mobility of amorphous solid dispersions. We have also suc-
cessfully demonstrated that, the degree of crosslinking, i.e. crosslinking
density, provides an avenue to modulate the physical stability of ASDs.
This can be accomplished by tuning the crosslinker concentration and
the reaction temperature.

2. Experimental section

2.1. Materials

Selection of model compounds (Fig. 1a) was based on several at-
tributes. Ketoconazole, an imidazole antifungal agent, possess some
antibacterial activity. The model drug KTZ is a weak base with two pKa
values: 6.5 and 2.94 [30,31]. KTZ can be readily rendered amorphous
by melt quenching, and it is chemically stable at least up to 10 °C above
its melting point [32,33]. There are no reported polymorphic forms of
anhydrous KTZ [34]. The molecular structure of PAA, PVA and drug
(KTZ) are shown in Fig. 1a. Ketoconazole (purity> 98%) was a gift
from Laborate Pharmaceuticals (Haryana, India), PAA (Mw 1500) and
PVA (Mw 6000) were purchased from Sigma Aldrich and used without
any further purification. The polymer and the crosslinker were dried at
110 °C for 1 h and stored in a desiccator containing anhydrous calcium
sulfate until used.

2.2. Preparation of amorphous KTZ

Crystalline KTZ was heated to 160 °C, held for 1min, and cooled
rapidly in liquid nitrogen. The quenched materials were then gently
ground using a mortar and pestle to obtain a free-flowing powder and
stored at −20 °C in a desiccator containing anhydrous calcium sulfate
until used. All the sample preparation and subsequent handling were
done in a glovebox (RH < 5%) at room temperature.

2.3. Preparation of crosslinked amorphous solid dispersions with KTZ

Table 1 lists the crosslinking conditions and the compositions of the
different ASD systems. PAA, PVA and KTZ were dissolved in dimethyl
formamide (DMF) by heating at 80 °C for 5min. The solvent was re-
moved using a rotary evaporator (IKA-HB10 digital system rotary
evaporator, Werke. GmbH and Co., Staufen, Germany) at 70 °C under
reduced pressure (25mm of Hg). The powder was then dried at 70 °C
under reduced pressure for 45min. ASDs were further dried for 12 h in
a vacuum desiccator at RT. Then the system was crosslinked at 135 °C
for 2 h to induce esterification reaction between the carboxylic acid
group of PAA and the hydroxyl group of PVA to produce the crosslinked
ASDs (Fig. 1b). Crosslinked ASDs with 90% (w/w) drug loading were
subjected to detailed characterization. In addition, dispersions with
95% (w/w) drug loading were also prepared. However, crystallization
was observed during crosslinking, when the reaction was carried out at
135 °C. Hence, a modified method was used to prevent drug crystal-
lization during crosslinking. After the solvent evaporation, the samples
were crosslinked, either at the melting temperature of the drug (150 °C)
or at 170 °C for 15min. For comparison purposes, cross-linked systems
with 90% drug loading were also prepared. Numerous batches of each
composition were prepared (≥6). All the samples were stored at
−20 °C until further use. Sample handling was done in a glove box
(RH < 5%) at RT.

2.4. Volumetric swelling study

Gel disks, ~1.5 cm diameter and 0.54mm thick, were immersed in
deionized water (DI) and allowed to achieve equilibrium swelling at
room temperature. The disks were patted dry carefully to remove only
the surface water and weighed. The disks were then dried in an oven
and the % swelling was calculated using Eq. (1):

= ×Swelling% w
w

100t

0 (1)

Wt=weight of swollen disk at time t and W0=weight of dry disk.

2.5. Differential scanning calorimetry (DSC)

A differential scanning calorimeter (TA instruments Q2000,
Delaware, USA) equipped with a refrigerated cooling unit was used.
The instrument was calibrated with indium, hermetically sealed in a T
zero pan. The sample powder was accurately weighed in aluminum
pans and sealed hermetically. The weighing was carried out in a glo-
vebox. All the measurements were done under dry nitrogen purge
(50ml/min) at a heating rate of 10 °C/min. Data were analyzed using
Universal Analysis software (TA Instruments, New Castle, DE). Glass
transition temperature (Tg) was the midpoint of the transition and the
crystallization peak temperature (Tc) was the peak temperature of the
enthalpy of crystallization peak.

2.6. X-ray diffractometry

A powder X-ray diffractometer (D8 ADVANCE; Bruker AXS,
Madison, WI) equipped with a variable temperature stage (TTK 450;
Anton Paar, Graz-Straβgang) and a one-dimensional silicon detector
(LynxEye, Bruker AXS) was used. Using Cu Kα radiation (1.54 Å;
40 kV×40mA) data were collected, over the angular range of 5–35°
2θ, with a step size of 0.05° and a dwell time of 0.5 s.

2.7. Variable temperature X-ray powder diffractometry (VTXRD)

The samples were subjected to XRD using a controlled temperature
program. The diffraction data were collected over the angular range of
5–35° 2θ with a step size of 0.05° 2θ and 0.5 s dwell time. The mea-
surements were performed in 10 °C increments from 30 °C up to 170 °C.

A. Sahoo, et al. Journal of Controlled Release 311–312 (2019) 212–224

213



The heating rate was 12 °C/min, and the sample was maintained under
isothermal conditions during each XRD experiment (~5min).

2.8. Water sorption analysis

The water sorption profiles of the crosslinked ASDs were obtained
using an automated vapor sorption analyzer (Q5000, TA instruments).
Approximately 15mg of powder was placed in a quartz sample pan, and
equilibrated at 0% RH (25 °C) for 6 h under a nitrogen flow rate of
200ml/min. The RH was then increased to 90% and held for up to
7000min. The first time point when a weight loss was observed (the
weight change as a function of time (dm/dt) reaches a negative value)
was taken as the crystallization onset time. The sample was removed,
crimped hermetically in an aluminum pan and subjected to DSC.

2.9. Dielectric spectroscopy (DES)

A dielectric spectrometer (Novocontrol Alpha-AK high performance
frequency analyzer, Novocontrol Technologies, Germany) equipped
with a temperature controller (Novocool Cryosystem) was used to
perform isothermal dielectric measurements over the frequency range
of 10−2–107 Hz. The experimental temperature range, −100 to 200 °C,
covers both the glassy and supercooled liquid regions. The amorphous
sample, in powder form, was placed between two gold-plated copper
electrodes (20mm diameter), separated by a polytetrafluoroethylene
(PTFE) spacer (1 mm thickness, 59.69mm2 area). The spacer was used
to confine the sample between the electrodes.

Fig. 1. a) Structures of poly acrylic acid (PAA), polyvinyl alcohol (PVA), and ketoconazole (KTZ). b) Proposed structure following the crosslinking of PAA with PVA
(the esterification reaction leading to the crosslinked system) [35].

Table 1
Compositions of the ASD systems and the crosslinking conditions.

Sample ID Crosslinking conditions PAA (% w/
w)

PVA (% w/
w)

KTZ (% w/
w)

Temp (°C) Time (min)

A1 135 120 9.75 0.25 90
A2 135 120 9.50 0.50 90
A3 135 120 9.25 0.75 90
A4 135 120 9.00 1.00 90
A5 135 120 8.00 2.00 90
A6 135 120 7.00 3.00 90
A7 135 120 6.00 4.00 90
A8 135 120 5.00 5.00 90
B1 150 15 9.75 0.25 90
B2 150 15 9.50 0.50 90
B3 150 15 9.25 0.75 90
C3 170 15 9.25 0.75 90
B4 150 15 9.00 1.00 90
B3H 150 15 9.25 0.75 95
C3H 170 15 9.25 0.75 95
D1 NC a NC 10.00 NA 90
D2 NC NC 5.00 NA 95

NC a- no crosslinking.
A - crosslinked at 135 °C/120min.
B - crosslinked at 150 °C/15min.
C - crosslinked at 170 °C/15min.
H - 95% drug loading.
D1 - 90% drug, 10% PAA and no crosslinker.
D2 - 95% drug, 5% PAA and no crosslinker.
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2.10. Viscosity

A rheometer equipped with a forced convection oven (ARES G2, TA
Instruments) was used. The measurements were done in parallel plate
configuration (8mm diameter) in oscillatory mode with continuous
nitrogen purge. Approximately 300mg of sample was placed on the
bottom plate, and then the gap was closed by bringing down the upper
plate until a normal force was recorded. The samples were heated to
155 °C, held for a minute and then cooled to 110 °C. At first, a dynamic
strain sweep was recorded at a fixed frequency of 1 rad/s in the strain
range of 0.1–100% and the linear viscoelastic region (LVR) was con-
firmed. The dynamic frequency sweep test was performed within the
LVR, at a fixed strain (10%) over the frequency range of 0.1–100 rad/s,
and the complex viscosity, the loss modulus (G″) and the storage
modulus (G′) values were recorded. Only the viscosity results are dis-
cussed. For plotting the viscosity as a function of temperature, the
complex viscosity (η) at a frequency of 1 rad/s was used.

2.11. Powder dissolution

A USP type II (Varian 705 DS, Agilent Technologies, Santa Clara,
CA) dissolution apparatus was used and the paddle speed was 100 rpm.
The powder (650mg; KTZ equivalent) was dispersed in 500ml of the
dissolution medium (phosphate buffer solution (pH 6.8) containing
0.15% sodium lauryl sulfate) maintained at 37 °C. Aliquots were taken
at predetermined time points, filtered (0.45 μm PTFE syringe filter) and
the absorbance measured at 291 nm using a UV-VIS spectrophotometer
(Cary 100 Bio UV/Vis, Agilent Technologies). The dissolution volume
was kept constant throughout the experiment. The area under the
concentration – time curves (AUC) were determined by noncompart-
mental analysis by the trapezoidal rule integration to the last time point
(AUC0→t) using commercial software (Phoenix WinNonlin version 6.4,
Certara USA, Inc., Princeton, NJ). The extent of dissolution enhance-
ment was quantified from the AUC ratio ([AUC(0→t), sample]/
[AUC(0→t), crystalline KTZ]).

3. Results & discussion

The structure of the model drug (KTZ), polymer (PAA) and cross-
linker (PVA) are given in Fig. 1a. ASDs were prepared by solvent eva-
poration method with 90% and 95% w/w drug loading. Then the
system was crosslinked to induce the esterification reaction between
carboxylic acid group of PAA and hydroxyl group of PVA to produce the
crosslinked ASDs (Fig. 1b). The detailed procedure for ASD preparation
and their subsequent crosslinking process are given in the experimental
section. Table 1 lists the compositions of the different ASD systems and
the crosslinking conditions. In all cases,> 99.5% of KTZ was retained,
reflecting the exceptional thermal stability of the drug under the
crosslinking conditions (Table S1; Supplementary Information).

3.1. Volumetric swelling study to determine the crosslinking density

To understand the effect of crosslinker concentration on cross-
linking density, volumetric swelling study was carried out. The equili-
brium-swelling ratio (qm) is achieved when the swelling ratio (q), no
longer changes with time. The crosslinker concentration and cross-
linking density will influence the qm value and is expected to increase
with decreasing crosslinking density (crosslinker concentration)
[36,37]. This is indeed the behavior observed from the swelling ex-
periments and is consistent with earlier studies [36,37]. The qm of the
crosslinked systems are shown in Fig. 2a.

With an increase in the crosslinker concentration, for example, from
0.25% (B1) to 1% (w/w) (B4), the equilibrium swelling value (qm) was
lower and was achieved earlier. For B4, qm was achieved in ~1000min
whereas, for B1, it was ~1500min. In addition, the qm for B4 and B1
are ~150% and ~250% respectively (Fig. 2a). The slope (m) value, an

indicator of the swelling kinetics, was strongly dependent on the
crosslinker concentration. B1 has a higher slope (m=2.8) than B4
(m=1.3). The slope of the initial swelling is an indicator of the kinetics
of swelling, which means the rate of swelling of B1 is high compared to
that of B4. With an increase in the crosslinker content, the slope value
decreased indicating that the rate of swelling decreases with increase in
crosslinker concentration. The swelling rate is an indirect method to
measure the crosslinking density – higher the swelling rate, lower is the
crosslinking density [36,37]. So, it can be concluded that with increase
in crosslinker concentration the crosslinking density increases.

The effect of crosslinking temperature on the degree of crosslinking
is evident from the results in Fig. 2b. At a fixed crosslinker concentra-
tion of 0.75% w/w, the crosslinking was conducted either at 150 °C or
at 170 °C. The higher crosslinking temperature (170 °C) showed a lower
qm (~140%) and - slower attainment of equilibrium swelling (Fig. 2b).
The same behavior was observed in the initial swelling rate (Fig. 2b;
inset).

3.2. Thermal analysis

The melt-quenched KTZ as well as the KTZ ASDs were observed to
be X-ray amorphous (data is not shown). The DSC heating curve of
amorphous KTZ revealed a baseline shift at 44.3 °C attributable to glass
transition (Tg) followed by onset of crystallization at 97.2 °C,

Fig. 2. a) Effect of crosslinker concentration on swelling kinetics and equili-
brium swelling. All the ASDs were crosslinked at 150 °C for 15min. Inset: Effect
of crosslinker concentration on initial swelling rate. The swelling rate m (slope
of the line, expressed as %/min), is given above each curve. b) Effect of
crosslinking temperature on swelling kinetics and equilibrium swelling. The
crosslinker concentration was 0.75% w/w and crosslinked, either at 150 °C (B3;
triangle) or at 170 °C (C3; circle) for 15min. Inset: Effect of crosslinking tem-
perature on initial swelling rate. Error bars represent SD. In some cases, they are
smaller than the size of the symbol.
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Fig. 3. a) DSC heating curve of amorphous KTZ (Am KTZ). b) DSC heating curves of ASDs crosslinked at 135 °C for 2 h. The drug loading was 90% w/w (compositions
are in Table 1). c) Effect of crosslinker concentration on the Tg of the ASDs (90% drug loading; crosslinked at 135 °C for 120min). d) crosslinked at 150 °C for 15min.
e) Effect of crosslinking condition on the Tg of the ASDs. The compositions are given in Table 1. Error bars represent SD. In some cases, they are smaller than the size
of the symbol.
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crystallization at 116.9 °C (peak temperature Tc) and finally melting at
149.5 °C (Fig. 3a). The observed Tg value and the crystallization and
melting temperatures were in excellent agreement with literature re-
ports [38,39].

The dispersions crosslinked at 135 °C for 2 h, irrespective of the
composition, revealed a single Tg (Fig. 3b). The Tg of A1 was close to
that of D1 (Fig. 3c, Table 2). This is not surprising in light of the low
crosslinker concentration. With progressive increase in crosslinker
concentration, the Tg shifted to higher temperatures (Fig. 3 c, d and
Table 2). This Tg rise is attributed to the increase in the number of
crosslinks, thereby restricting the molecular motion of the polymer
chains and reducing the free volume [40].

At low crosslinker concentrations, (A1 and A2: Table 1), there was
evidence of KTZ crystallization when the sample was heated above Tg.
The crystallization occurred over a wide temperature range (shallow
exotherm) and was followed by a KTZ melting endotherm. At a cross-
linker concentration of 0.25% w/w, there was pronounced sample to
sample variation in the enthalpy of crystallization (2.57 ± 3.2 J/g;
n=3) and consequently in the enthalpy of fusion (3.53 ± 3.9 J/g).
When the crosslinker concentration was increased, there was a pro-
nounced inhibition in crystallization (crystallization enthalpy:
0.33 ± 0.04 J/g). At higher crosslinker concentrations (PVA con-
centration≥ 0.75% w/w), KTZ crystallization was completely in-
hibited. Consequently, the melting peak was also not observed
(Fig. 3b). However, under this reaction condition (135 °C for 2 h), there
is a potential for drug crystallization when the crosslinker concentra-
tion is low. In an effort to minimize the risk of drug crystallization, we
increased the crosslinking temperature to 150 °C. Since this is above the
melting point of the drug (147 °C), there is no risk of nucleation/crys-
tallization during the crosslinking reaction. Moreover, from our pre-
liminary experiments, we determined that the reaction time could be
decreased to 15min at this crosslinking temperature.

At all crosslinker concentrations, the increase in the crosslinking
temperature from 135 °C to 150 °C, caused a shift in the Tg to a higher
temperature. As expected, there was a progressive increase in Tg as a
function of crosslinker concentration (Fig. 3c and d; DSC curves are
provided in Fig. S1; Supplementary Information). Even at the lowest
crosslinker concentration, there was no evidence of KTZ crystallization
when heated up to its melting temperature (Fig. S1 in Supplementary
Information; Table 2). Therefore, the crosslinking density was sufficient

to inhibit drug crystallization.
The effectiveness of the crosslinking condition (150 °C/15min) was

next evaluated at a higher drug loading of 95% w/w and at a fixed
crosslinker concentration of 0.75% w/w. A weak melting endotherm
(enthalpy: 0.16 ± 0.10 J/g) was discernible at 149 °C, indicating drug
crystallization during the DSC run (Fig. S2, B3H in Supplementary
Information; data in Table 2). However, when the crosslinking tem-
perature was increased to 170 °C (for 15min), the melting endotherm
was no longer observed (Fig. S2b; data in Table 2). Thus, even when the
drug loading is very high, crystallization inhibition can be accom-
plished by elevating the crosslinking temperature.

At the high crosslinking temperature of 150 °C, as pointed out ear-
lier, both phase separation and crystallization of drug may have been
inhibited by the presence of thermal crosslinks. The Tg increased by
about 9 °C for an increase in the PVA concentration, from 0.25 to 1.0%
w/w (Fig. 3d). The effect of the crosslinking temperature on Tg is evi-
dent from Fig. 3e. It clearly showed an increase in the Tg of both the
ASDs (C3 & C3H). This is attributed to the increase in crosslinking at
high crosslinking temperature that restricts the molecular mobility of
the polymer chains and reduces the free volume of the system and leads
to the increase in Tg [40].

3.3. Influence of crosslinking density on the molecular mobility

Dielectric spectroscopy provides an avenue to measure the mole-
cular mobility of the glass-forming systems. Molecular mobility of
pharmaceutical interest may be broadly classified into global mobility
(characterized by α-relaxation) and local mobility (β-relaxation) [41].

The complex dielectric function ε*(ω), as a function of frequency
(ω).

= ′ − ′′∗ iε (ω) ε (ω) ε (ω), (2)

consists of the real part [ε′(ω)], describing the stored energy and the
imaginary part [ε″(ω)] representing the dissipated energy over a fre-
quency range.

Conventionally, the relaxation time is obtained from a plot of the
dielectric loss as a function of frequency. In our systems, the analyses
were complicated by (i) the high conductivity contribution to the di-
electric loss (ε″(ω)) and (ii) the effect of electrode polarization on the
real part of permittivity (ε′(ω)). Therefore, the data were analyzed

Table 2
Thermal properties (from DSC) and temperature of crystallization (first evidence in variable temperature XRD) of the crosslinked ASDs.

Sample ID Drug loading (%) Crosslinking condition Tg (°C) TC (°C) ΔH (J/g) Tm (°C) ΔH (J/g) 1st evidence of crystallization (°C)

Temp (°C) Time (min)

KTZa 100 NA NA 44.7 ± 0.8b 116.9 ± 1.2 78.4 ± 0.8 146 ± 1.3 77.9 ± 3.9 85.0
A1 90 135 120 47.3 ± 0.4 136.0 ± 0.5 2.57 ± 3.2 147.0 ± 0.3 3.53 ± 3.9 110.0
A2 90 135 120 51.5 ± 0.5 144.0 ± 0.5 0.33 ± 0.1 147.0 ± 0.2 0.32 ± 0.1 115.0
A3 90 135 120 53.2 ± 0.5 NCc 145.0
A4 90 135 120 56.5 ± 0.2 NC NC
A5 90 135 120 65.8 ± 0.1 NC NC
A6 90 135 120 71.6 ± 0.3 NC NC
A7 90 135 120 86.1 ± 0.5 NC NC
A8 90 135 120 103.0 ± 0.2 NC NC
B1 90 150 15 53.4 ± 0.4 NC NC
B2 90 150 15 55.5 ± 0.1 NC NC
B3 90 150 15 59.8 ± 0.5 NC NC
C3 90 170 15 63.3 ± 0.2 NC NC
B4 90 150 15 62.6 ± 0.8 NC NC
B3H 95 150 15 52.5 ± 0.6 NC 149.0 ± 1.3 0.16 ± 0.1 135.0
C3H 95 170 15 56.7 ± 1.3 NC NC
D1 90 NA NA 52.8 ± 0.8 NC NC
D2 95 NA NA 50.2 ± 0.6 117.2 ± 0.8 0.24 ± 0.5 147.0 ± 0.5 0.4 ± 0.1 115.0

D1, D2: contains only drug and polymer (PAA) and no crosslinker (PVA).
a Amorphous KTZ (no polymer).
b
Mean ± SD; n≥ 3.

c
NC, no crystallization.
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using Eq. (3).

= +
+

+ +∗
∞

−
iω iω

ε (ω) ε Δε
(1 ( τ ) )

σ
ε

Aω
HN

α γ
0

0

n
(3)

where ε0 is the free space dielectric constant, ε∞ is the high frequency
dielectric constant, σ0/i(ωε0) is the dielectric loss contribution due to dc
conductivity (σ0).

The electrode polarization contribution to the real part of the di-
electric constant can be described by a power law dependence Aω-n

(first order approximation), where A is the strength of the electrode
polarization and n is the exponent. The α-relaxation process is modelled
with the Havriliak-Negami (HN) function (2nd term of Eq. (3)), where
Δε is the dielectric strength of the α-relaxation process, τHN is the HN
relaxation time and, α and γ are the shape parameters which respec-
tively determine the symmetric and asymmetric broadening of di-
electric loss peak. The dielectric relaxation time (τ) is determined from
the peak maximum frequency of dielectric loss peak. The τ value is
obtained from the HN parameters using Eq. (4) [42].

⎜ ⎟ ⎜ ⎟= ⎡
⎣
⎢

⎛
⎝ +

⎞
⎠

⎤
⎦
⎥

⎡
⎣
⎢

⎛
⎝ +

⎞
⎠

⎤
⎦
⎥

−

τ τ sin απ
2 2γ

sin αγπ
2 2γHN

1/α 1/α

(4)

Dielectric plots of ε′ and ε″ as a function of frequency, for a few
representative crosslinked systems, are shown in Fig. S3
(Supplementary Information). It is evident from the plots that the
modified HN equation (Eq. (3)) effectively accounts for the contribu-
tions of polarization and conductivity. Therefore, the α- relaxation time
could be unambiguously determined, and the results have been tabu-
lated in Table S2 (Supplementary Information). As expected, at a given
crosslinker concentration, the relaxation times decreased as a function
of temperature (Fig. 4a and b). An increase in crosslinker concentration
caused a progressive decrease in relaxation time (Fig. S4 and Table S2;
Supplementary Information).

The temperature dependence of τ followed the Vogel-Fulcher-
Tammann (VFT) relationship.

⎜ ⎟= ⎛
⎝ −

⎞
⎠

∞τ τ exp DT
T T

0

0 (5)

where τ ͚ is the relaxation time of at “infinite” temperature, D is the
strength parameter and T0 is the zero-mobility temperature (Fig. 4).
The mere addition (weight fraction of 0.1) of polymer (D1 in Table 1),
caused a pronounced (~2 orders of magnitude) decrease in mobility.
The results were in excellent agreement with previous findings [43].

The addition of crosslinker, at a concentration of 0.25% w/w, had
no appreciable effect on mobility. This was in agreement with our DSC
results, where the thermal properties (Tg, Tc and crystallization en-
thalpy) were the same for the control (D1) and the crosslinked system
A1 (Fig. 3). However, higher crosslinker concentrations had a pro-
nounced effect on mobility. A change in crosslinker concentration from
0.25 to 1.0% w/w, resulted in ~2 orders of magnitude increase in re-
laxation time. This becomes readily evident when the relaxation times
are compared at a fixed temperature, say at 100 °C (Fig. S4; Supple-
mentary Information). With increase in crosslinker concentration, the
width of dielectric loss peak decreases reflecting a narrowing in the
distribution of relaxation times (Fig. S4; Supplementary Information).
The Kohlrausch-Williams-Watts (KWW) stretched exponential relaxa-
tion function (ϕ(t)) can be used to obtain the distribution of relaxation
times [44].

= −ϕ(t) exp[ (t/τ ) ]KWW
βKWW (6)

In Eq. (6), ϕ(t) is the relaxation function in time-domain, τKWW is the
characteristic KWW relaxation time and βKWW is the exponent and its
value can be 0< βKWW ≤ 1. The βKWW values were obtained from the
HN parameters α and γ using the empirical equation [45].

=β α γKWW
1.23 (7)

Decreased value of βKWW may be an indication of increased het-
erogeneity [46]. With increase in crosslinker concentration, a sys-
tematic narrowing in relaxation time distribution (increase in the value
of βKWW) was observed, an indication of decrease in heterogeneity
(Table S2; Supplementary Information). The βKWW parameter may
provide a measure of the physical stability of amorphous systems [47].
The glass formers with broader distribution of structural relaxation
times (low βKWW value) may be more susceptible to nucleation resulting
in reduced physical stability [48]. The βKWW values, as well as the re-
sistance to crystallization (discussed later), progressively increased as a

Fig. 4. Temperature dependence of α-relaxation time in ASDs with 90% w/w
drug loading and crosslinker concentration ranging from 0.25 to 1.0% w/w.
The systems were crosslinked at a) 150 °C for 15min and b) 135 °C for 120min.
c) Temperature dependence of α-relaxation times in ASDs (drug loading 90 or
95% w/w) with a fixed crosslinker concentration (0.75% w/w) and crosslinked
either at 150 °C or at 170 °C, and d) is the enlarged view of panel (c) over a
narrow temperature range. The compositions are given in Table 1. The y-axis is
the logarithm of relaxation time and the error bars are smaller than the symbol
size.
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function of the crosslinker concentration.
As pointed out earlier, the crosslinking temperature and duration

provided another avenue to modulate the number of crosslinking points
in the network (crosslinking density). At a fixed crosslinker con-
centration of 0.75% w/w, crosslinking was carried out at 135, 150 and
170 °C. An increase in crosslinking temperature caused a decrease in
molecular mobility reflected by an increase in the relaxation time. As
evident from Table S2 (Supplementary Information), the molecular
mobility at lower temperatures (< 80 °C) can be rank ordered as:
A3 > B3 > C3 (compositions are given in Table 1). This suggests an
increase in crosslinking density as a function of reaction temperature.

3.4. Variable temperature X-ray diffractometry of ASDs

The physical stability of the systems was also evaluated by obtaining
the X-ray diffraction patterns while subjecting them to a controlled
temperature program. The crystallization behavior of KTZ was first
evaluated. On heating amorphous KTZ, crystallization was clearly evi-
dent at 85 °C (Fig. S5; Supplementary Information). DSC had revealed
crystallization onset at a slightly higher temperature of ~97 °C. We had
earlier pointed out that, at low crosslinker concentrations, reaction at
135 °C (for 2 h) has the potential to cause drug crystallization.
Therefore, our current studies were restricted to the higher crosslinking
temperatures of 150 and 170 °C. Powder X-ray diffraction patterns of
the dispersions crosslinked at 150 °C (B1 to B8) revealed their amor-
phous nature confirming that there was no crystallization during
crosslinking (Fig. 5a).

When the systems with 90% w/w drug loading (B1-B4; crosslinked
at 150 °C for 15min) were subjected to variable temperature XRD
(VTXRD), there was no evidence of crystallization when heated up to
170 °C (Fig. S6; Supplementary Information). Interestingly, even in the

absence of crosslinker (10% PAA with no crosslinker; D1 in Table 1),
crystallization was not observed when heated up to 170 °C. Thus, the
stabilizing effect of crosslinking, if any, could not be discerned from
VTXRD. Therefore, the drug loading was increased to 95% w/w. In the
absence of crosslinking, crystallization was first evident at 105 °C (D2,
Fig. 5b). However, crosslinking (B3H) elevated the crystallization
temperature to 135 °C (Fig. 5c). Thus, when crosslinked, the system was
able to resist crystallization to a temperature ≫Tg [(T – Tg) > 80 °C].

Since crosslinking was carried out above the melting temperature of
the drug, the positions of the randomly distributed drug molecules are
“fixed” by the crosslinks thereby retarding the crystallization pro-
pensity of the drug. The consequent reduction in mobility, as evident
from DES (Fig. 4), had a pronounced inhibitory effect on drug crystal-
lization. This is evident from the DSC results, wherein only a very weak
endotherm attributable to KTZ melting was observed (B3H; Table 2).
When the crosslinking temperature was increased to 170 °C (C3H),
there was no evidence of crystallization (Fig. 5d).

These observations are consistent with the DSC results wherein
there was no evidence of crystallization (C3H; Table 2). Thus, thermal
crosslinking of the polymer retarded KTZ crystallization and enhanced
the physical stability of the system. In addition, the crosslinking tem-
perature provides an avenue to modulate the physical stability at high
drug loading.

3.5. Water sorption and onset of crystallization to measure the physical
stability of the crosslinked amorphous systems

In the glassy state, crystallization times can be very long due to the
low molecular mobility of the system. Water sorption, by plasticizing
the system lowers the Tg, enhances molecular mobility leading to drug
crystallization [49]. Recently, water sorption was proposed as an

Fig. 5. a) XRD patterns of ASD systems crosslinked at 150 °C for 15min. The KTZ content was 90% w/w. b–d) Effect of crosslinking temperature on KTZ crystal-
lization condition on first evidence of crystallization. Variable temperature XRD (VTXRD) patterns of crosslinked ASD. b) D2, c) B3H and d) C3H. The temperatures at
which the powder patterns were obtained are indicated. KTZ crystallization is evident from the appearance of its characteristic peaks.
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accelerated stability testing approach, to predict crystallization times in
ASDs [3,4,49].

When exposed to high RH, the initial weight gain is attributable to
water sorption. This may be followed by crystallization of plasticized
drug, evident from weight loss. Thus, the first evidence of weight loss
can be an approximate estimate of the crystallization onset time.
Crystallization, accelerated by water vapor sorption, can serve as an
effective screening tool to rapidly evaluate and rank order the physical

stability of ASDs.
The water sorption profiles of amorphous KTZ following storage at

90% RH/25 °C is shown in Fig. 6a. It initially sorbed water rapidly
(~4% w/w), followed by a plateau, and finally began to lose weight at
~250min. The derivative plot (the change in weight with time, dm/dt)
enabled the unambiguous detection of weight loss (negative value of
dm/dt; Fig. 6b). With the increase in the crosslinker concentration,
there was a progressive decrease in the total amount of sorbed water

Fig. 6. a) Water sorption behavior of amorphous KTZ, D1 and crosslinked ASDs (B1-B4) following storage at 90% RH/25 °C. The derivative plots of b) amorphous
KTZ, c) D1 and (d) B3, clearly reveal the first evidence of weight loss. Water sorption behavior (derivative of curve) of crosslinked ASD with 95% KTZ when stored at
90% RH and 25 °C. e) D2, f) B3H and g) C3H.
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(up to 2000min in Fig. 6a). These are consistent with the results of the
swelling study (Fig. 2a). It is interesting that the formation of an ASD by
the addition of PAA (10% w/w), resulted in much higher water sorption
(compare D1 with amorphous KTZ), and the system resisted crystal-
lization for a much longer time period.

The onset time for crystallization increased as a function of cross-
linker concentration as is evident from the derivative plots (Fig. S7;
Supplementary Information). The first evidence of weight loss for D1
(control; Fig. 6c), B1, B2 and B3 were observed at 1800, 2200, 2700
and 3500 (Fig. 6d) minutes respectively. In B4, the dispersion with the
highest PVA concentration, there was no evidence of crystallization
even after 5000min (Fig. S7; Supplementary Information). Thus, the
process of crosslinking stabilized the dispersion (i.e. increase in re-
sistance to crystallization) and this effect was crosslinker concentration
dependent. The crosslinking density will increase as a function of
crosslinker concentration leading to progressive stability enhancement.

A modest change in the crosslinking condition caused a pronounced
change in the crystallization behavior. When the crosslinking tem-
perature was increased from 150 °C (B3; Fig. 6d) to 170 °C (C3), the
dispersion resisted crystallization (Fig. S8; Supplementary Informa-
tion). Finally, the effects of high drug loading (95% w/w) and cross-
linking conditions were simultaneously investigated. In the absence of
crosslinking, crystallization occurred in ~ 850min (Fig. 6e). Following
crosslinking at 150 °C (B3H), the weight loss was first observed only at
~1500min (Fig. 6f). However, crystallization was observed only at
~2200min, when the crosslinking temperature was increased to 170 °C
(Fig. 6g).

It is important to recognize that weight loss following water sorp-
tion is a consequence of crystallization. However, it is not a direct proof
of crystallization. In order to confirm crystallization, the sample was
removed after it had sorbed water, crimped hermetically in an alu-
minum pan and subjected to DSC. KTZ was subjected to DSC after ex-
posure to 90% RH/25 °C for 2500min. An endotherm was observed at
149.6 °C, with an enthalpy value of 82.9 J/g (Fig. S9; Supplementary
Information). This is an excellent agreement with our earlier observa-
tions (Fig. 3a) and with literature values [39,40] confirming complete
crystallization following water sorption.

However, the DSC results indicated that in crosslinked systems, even
after water sorption, there was resistance to crystallization. For ex-
ample, in B3H, plasticization by the sorbed water was evident from a Tg'
observed at 34.0 °C (Fig. S10; Supplementary Information), much lower
the Tg of 59 °C of the freshly prepared sample (Table 2). The low en-
thalpy of crystallization (1.8 J/g), indicated that, following water
sorption, crystallization of KTZ was just initiated. In the system cross-
linked at 170 °C (C3H) and subjected to water sorption, DSC (Fig. S11;
Supplementary Information) did not reveal a melting endotherm sug-
gesting that there was no drug crystallization. This is not surprising,
since the water sorption studies (Fig. 6g) did not reveal weight loss after
exposure to 90% RH/25 °C for 2500min.

3.6. Storage stability of the crosslinked ASDs

Elevated temperature and water vapor pressure are known to trigger
drug nucleation and accelerate crystallization in solid dispersions. To
investigate the physical stability of KTZ ASD, samples prepared under
two different crosslinking conditions (95% drug loading) were ex-
amined under direct closed vial condition as per the ICH long-term
(23 ± 2 °C/32 ± 5% RH) and under open vial conditions for ac-
celerated (40 ± 2 °C/75% ± 5% RH) storage conditions for over
18months (Table 3). The sample crosslinked at 170 °C/15min (C3H,
Table 2,) resisted crystallization for longer time period than the sample
crosslinked at 150 °C/15min (B3H). This is because of the high cross-
linking density of the system, C3H. This robust stability can be pre-
dominantly attributed to the ability of the crosslinked matrix to retard
KTZ crystallization.

In all cases,> 99.5% of KTZ was retained, reflecting the exceptional

stability of the drug underfollowing storage at elevated temperatures
and water vapor pressures (Table S1; Supplementary Information.

3.7. Viscosity of ASDs

The viscosities of the crosslinked amorphous dispersions in the su-
percooled state were measured over a wide temperature range (Fig. 7).
The effects of crosslinker concentration (panel a) and crosslinking
temperature (panel b) were investigated. The addition of polymer (10%
w/w PAA) to KTZ resulted in an order of magnitude increase in visc-
osity (D1). This system did not contain any crosslinker. When the
crosslinker concentration was progressively increased from 0.25% to
1.0% w/w (the total concentration (polymer+ crosslinker) was fixed at
10% w/w), there was approximately four orders of magnitude increase
in viscosity.

However, compared to amorphous KTZ, B4 showed a pronounced
(over four orders of magnitude) increase in viscosity. As expected from
the DES data (Fig. 4a), the temperature dependence of viscosity was
non-Arrhenius. Even at a higher drug concentration of 95% w/w, the
addition of 5% w/w PAA (no crosslinker) to amorphous KTZ, caused
more than half an order of magnitude increase in viscosity. Crosslinking
carried out either at 150 °C or at 170 °C, brought about ~ two orders of
magnitude increase in viscosity compared to amorphous KTZ. In these
systems, the crosslinker concentration was maintained constant (0.75%
w/w). At a drug loading of 90% w/w, a similar increase in viscosity was
observed when the crosslinking temperature was increased from 150 to
170 °C (B3 and C3 in Fig. 7b).

The viscosity results provide the mechanistic basis for the mobility
results presented earlier (Fig. 4a). Thus, an increase, either in cross-
linker concentration or reaction temperature, by increasing the cross-
link density decreased the viscosity and reduced the molecular mobi-
lity. The pronounced resistance to crystallization induced by
crosslinking can be attributed to the reduced mobility.

3.8. Dissolution

Fig. 8 shows the dissolution profile of KTZ (amorphous and crys-
talline) and two crosslinked samples (B3H and C3H; compositions are
given in Table 2). Amorphous KTZ crystallized immediately (within
20min) and the concentration of the drug diminished rapidly and
reached a value close to that of the crystalline drug (~589 μg/ml;
Fig. 8b). The rapid decrease in concentration revealed the pronounced
crystallization tendency of the ‘as is’ KTZ. This result is consistent with
earlier results of rapid recrystallization of felodipine (27). In contrast to
amorphous KTZ, the drug dissolution from the crosslinked system is
regulated by diffusion where the matrix is insoluble and the dissolved
drug (forming a supersaturated solution) diffuses out of the crosslinked
network (27). As a result, the degree of supersaturation in the

Table 3
Summary of stability testing of solid dispersions (95% drug loading and
crosslinked at 150 °C and 170 °C for 15min) under ICH long term and ac-
celerated storage conditions after 24months. The time for which KTZ retained
amorphous was given below.

Stability Storage condition KTZ retained amorphous for:

B3Ha C3Hb

Long term stability 8 ± 3 °C/20 ± 4%RH >24monthsc > 24monthsc

23 ± 3 °C/32 ± 5% RH >18monthsc > 18monthsc

Accelerated
stability

40 ± 2 °C/75 ± 5% RH 20 days 31 days
60 ± 2 °C/75 ± 5% RH 4 days 7 days
80 ± 2 °C/75 ± 5% RH 7 h 17 h

80 ± 2 °C 2 days 4 days

a
95% drug loading; crosslinked at 150 °C/15min.

b
95% drug loading; crosslinked at 170 °C/15min.

c
No evidence of crystallization.
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dissolution medium generated by the crosslinked system gradually in-
creases (Fig. 8) and is maintained for a prolonged period. The release
from B3H results in supersaturation (the concentration of 885 μg /ml at
350min, is about 1.5 times the equilibrium solubility of crystalline KTZ
in the dissolution medium; Fig. 8a). The crosslinked systems, by mod-
ulating drug dissolution, avoided the rapid surge in supersaturation and
the consequent nucleation and drug crystallization. The crosslinked
ASDs exhibited a sustained solubility enhancement, surpassing the
amorphous KTZ concentration (27).

The dissolution performance of the different systems can be com-
pared using the area under the curve (AUC) obtained from the con-
centration-time profiles. In the presence of PAA (i.e. in the ASDs),
sustained supersaturation is achieved with B3H exhibiting higher AUC
than C3H (Table 4). An increase in crosslinking density (C3H > B3H),
decreased the release rate of KTZ (C3H < B3H). With an increase in
the degree of cross-linking, the attendant decrease in the degree of
swelling slows down the release of the drug from the matrix.

4. Significance

To minimize or eliminate the risk of drug crystallization from ASDs,
the current practice in the pharmaceutical community is to prepare
dispersions with high polymer concentrations [50,51]. However, for
high dose drugs, this can result in an unreasonable “pill burden”. We
have demonstrated that crosslinking, by increasing the viscosity and
reducing molecular mobility, maintained the drug in amorphous state

Fig. 7. Plot of viscosity as a function of temperature. a) Effect of crosslinker concentration. b) Effect of crosslinking temperature at drug loading of 90 and 95% w/w
(compositions are in Table 1). Y axis is in logarithmic scale. Error bars represent SD and they are smaller than the size of the symbol.
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Fig. 8. a) Dissolution profiles of drug (crystalline KTZ and amorphous KTZ) and
crosslinked ASDs (mean ± SD; n=3). Green: B3H (95% drug loading and
crosslinked at 150 °C/15min); yellow: C3H (95% drug loading and crosslinked
at 170 °C/15min). The profiles of crystalline (blue) and amorphous (grey) KTZ
are also provided. b) The dissolution profiles in the first 300min. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 4
Dissolution results of KTZ (crystalline and amorphous) and crosslinked ASD
systems (B3H and C3H).

Sample ID AUC(0→ t) (μg/mLmin)× 106

(mean ± SD)
AUC ratio
(mean)

Crystalline KTZ 1.24 ± 0.09 1.00
Amorphous KTZ 1.28 ± 0.16 1.03

B3H 2.09 ± 0.14 1.68
C3H 1.74 ± 0.08 1.40

a[AUC(0→ t), sample]/[AUC(0→ t), crystalline KTZ].
SD= standard deviation.
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even in dispersions with very high drug loading. At 90% w/w drug
loading, the physical stability was progressively enhanced by increasing
the crosslinker concentration. When the drug loading was raised to 95%
w/w, increasing the crosslinking temperature provided a second avenue
to enhance physical stability.

Elevation in temperature, specifically T > Tg, and plasticization,
for example by water sorption, can accelerate drug crystallization from
ASDs. When formulated judiciously (for example, C3H in Table 1), the
dispersion exhibited exceptional physical stability and resisted crys-
tallization (Fig. 5d; Fig. S8b). We have demonstrated that, the degree of
crosslinking, i.e. crosslinking density, provides an avenue to modulate
the physical stability of ASDs. This can be accomplished by tuning the
crosslinker concentration and the reaction temperature.

The resistance to crystallization increased as a function of cross-
linker concentration (Fig. S7: Supplementary Information) as well as
crosslinking temperature (Fig. 6). In both instances, an increase in the
crosslinking density progressively enhanced stability. However, high
crosslinking density can have a potential detrimental effect – the drug
release rate can become unacceptably slow. Therefore, the crosslinking
density can be tailored so as to obtain the desired release kinetics while
the system exhibits adequate physical stability. Again, the most im-
portant output from the dissolution study of the crosslinked ASD is that
the drug release rate can be modulated so as to attain supersaturation
while minimizing the risk of crystallization.

In summary, we have documented that crosslinking, by increasing
the viscosity and decreasing molecular mobility, enhanced the physical
stability of ASDs. This approach enabled the preparation of stable ASDs
with exceptionally high drug loading (up to 95% w/w). Unlike che-
mical crosslinking, in our approach, the drug loading is not limited by
the crosslinking density.

5. Conclusion

Crosslinking, by decreasing molecular mobility, provides an avenue
to modulate the physical stability of ASDs either by controlling the
crosslinker concentration or crosslinking temperature. With an increase
in crosslinker concentration (from 0.25 to 1.0% w/w), there was a
progressive reduction in molecular mobility revealed by the increase in
viscosity and the longer α-relaxation times. There was an attendant
increase in physical stability as evident from the inhibition of KTZ
crystallization. The physical stability of the crosslinked system can be
further enhanced by raising the crosslinking temperature. This ap-
proach resulted in a stable ASD even at a high drug loading (95% w/w
drug). Again, during dissolution study, the degree of supersaturation in
the dissolution medium generated by the crosslinked systems gradually
increased and maintained the supersaturation for a longer period. This
approach may result in formulations that exhibited a better bio-
pharmaceutical performance than the amorphous KTZ.
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