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Abstract

Crystallization of amorphous pharmaceutical solids are widely reported to be affected by the addition of polymer, while
the underlying mechanism require deep study. Herein, crystal growth behaviors of glassy griseofulvin (GSF) doped with
various 1% w/w polymer were systematically studied. From the molecular structure, GSF cannot form the hydrogen bond-
ing interactions with the selected polymer poly(vinyl acetate), polyvinyl pyrrolidone (PVP), 60:40 vinyl pyrrolidone-vinyl
acetate copolymer (PVP/VA 64), and poly(ethylene oxide) (PEO). 1% w/w polymer exhibited weak or no detectable effects
on the glass transition temperature (7,) of GSF. However, crystal growth rates of GSF was altered from 4.27-fold increase
to 2.57-fold decrease at 8 ‘C below T, of GSF. Interestingly, the ability to accelerate and inhibit the growth rates of GSF
crystals correlated well with 7, of polymer, indicating the controlling role of segmental mobility of polymer. Moreover,
ring-banded growth of GSF was observed in the polymer-doped systems. Normal compact bulk and ring-banded crystals of
GSF were both characterized as the thermodynamically stable form I. More importantly, formation of ring-banded crystals

of GSF can significantly weaken the inhibitory effects of polymer on the crystallization of glassy GSF.
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Introduction

With the success in drug discovery, increasing number
of new candidates and chemical entities have suffered the
problems of poor water solubility [1]. One of the promising
techniques for enhancing solubility and dissolution is to use
the amorphous form [2—4]. Compared to their crystalline
counterparts, amorphous drugs exhibit superior properties in
solubility, dissolution, and drug delivery [5]. However, due
to their higher energy, amorphous drug tends to crystallize,
thus losing its advantages in solubility and dissolution [6, 7].
Maintaining the stability of amorphous drugs and avoiding
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the possible physicochemical changes is important to fulfill
the roles of these applications. Therefore, understanding the
mechanisms of crystallization is crucial to develop robust
amorphous pharmaceutical formulations.

Crystallization consists of two key processes, i.e.,
nucleation and crystal growth. Crystal nucleation has been
widely explored in several fields of science and remains
significant questions [8]. For one-component liquid sys-
tem, crystal growth above T, can be considered as a result
of the co-action of molecular diffusion and thermodynamic
driving force. With increasing in supercooling, molecular
diffusion gradually plays the controlling role for crystal
growth process, as evidenced by the approximately same
temperature dependences of the measured self-diffusion
coefficients and crystal growth rates [9, 10]. According
to this molecular diffusion-controlled theory, crystal
growth in glassy state should extremely slow. However,
some organic glasses have been reported to show much
faster crystal growth behaviors blow or near 7, than those
predictions by diffusion-controlled models [11-14]. For
instance, glass-to-crystal (GC) growth, reported in some
organic small-molecules or co-amorphous systems, can
be activated as decreasing the temperature near or below
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T, [15-18]. GC growth was initially observed in o-terphe-
nyl in 1967 and has been reported in over 20 organic sys-
tems [18]. Recent studies also reported that crystal growth
of amorphous drug can be affected by the addition of the
polymer [19-28]. Implications of polymer on the crystal
growth of amorphous drug have been explained by sev-
eral mechanisms including the polymer segmental mobil-
ity [19, 29], polymer enrichment [26, 27], drug-polymer
molecular interactions [30-32].

Griseofulvin is a model system for investigating the
crystallization of amorphous solids. This study compared
four polymer additives as the accelerator and inhibitor
of GC growth of griseofulvin. 1% w/w polymers were
selected to ensure that these polymers can exist in dilute
solution and little effects on T, of griseofulvin. The
selected polymers were PVP, PVAc, PEO, and PVP/VA
64. From the perspective of molecular structure, these
selected polymers cannot form the hydrogen bonding
interactions with griseofulvin. Interestingly, ring-banded
growth was also observed in GSF system doped with low-
concentration polymer.

Materials and Methods
Materials

GSF was purchased from J&K Scientific Co. Ltd. PVP
K12, PVP K17, PVP K25, PVP K90, and PVP/VA 64
were purchased from BASF. PVAc was purchased from
Scientific Polymer Products Inc. PEO was obtained from
Sigma-Aldrich. Molecular structure of used polymer and
GSF was shown in Fig. 1. Table I shows the T, of the
selected polymer.

Fig.1 Molecular structure of
used polymer and GSF

H, H,
c—C—oO
PEO
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Tablel Tg The Selected Polymer T.(C)

Polymer in Present Study £
PVP K12 102
PVP K17 130
PVP K25 155
PVP K90 178
PVAc 36
PEO100000 -47
PVPVA64 102

Preparation of Polymer-doped GSF Mixtures

Polymer-doped GSF mixture was prepared by cryogenic-
milling method, one method widely reported to facilitate the
uniform drug-polymer binary systems. GSF systems con-
taining 10% w/w polymer were prepared by mechanically
blending 0.1 g polymer and 0.9 g pure crystalline GSF at
10 Hz for 5 cycles by using liquid nitrogen as the coolant.
Subsequently, for preparing the GSF mixture doped with
1% polymer, these resulting mixtures were further with GSF
with a molar ratio of 1:9.The times of milling and cool-down
process was 2 min.

Thermal Analysis

Thermodynamic properties of pure and polymer-doped
GSF systems were examined by using a TA Discovery 250
DSC under 50 mL/min N, purge. These samples were firstly
heated up to 220 “C and anneal for 3 min for completely
melting. Subsequently, these samples were cooled to 0 °C at
a cooling rate of 20 ‘C min~" to obtain amorphous GSF and
polymer-doped GSF systems. The heating rate used in the

experiments is 10 °C min~".
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Solubility Measurement of GSF Crystals in Polymer

Solubility of GSF in polymer was measured by an anneal-
ing method [33, 34]. Approximately 12 mg of GSF/polymer
(30/70, 50/50, 70/30, 90/10, w/w ratio) physical mixtures
were sealed hermetically in an aluminum pans. Subse-
quently, these mixtures were annealed at the desired tem-
perature for 4 h. After the annealing process, these samples
were further scanned to check whether residual crystals
remained with a 10°C/min heating rate. The solubility tem-
perature was measured as the disappearance of the melting
peak, and thus facilitating further determining the misci-
bility between GSF and polymer based on Flory—Huggins
theory.

Raman Microscopy

Polymorphs of GSF in pure or polymer-doped systems were
identified by a Raman microscopy (ThermoFisher DXR)
equipped with a 780 nm laser. A 50 X objective was used
and laser power is ~20 mW. Spectra was obtained by using
exposure time of 2 s by 30 times.

Crystal Morphologies and Growth Kinetics of GSF
Doped with 1% w/w Polymer

Crystal morphologies and growth kinetics of GSF in the
presence of 1% w/w polymer was tracked by using polar-
ized light microscope equipped with a KELX-4A hot stage.
Approximately 4 mg polymer-doped GSF was initially melt
between two round coverslips (15 mm diameter) and subse-
quently quench to room temperature. As evidenced by the
absence of birefringence, the melt-quenched polymer-doped
GSF samples were confirmed to be amorphous. To obtain

1% PVP K12

the crystal morphologies and growth kinetics of GSF crys-
tals, these prepared samples were placed on the hot stage
at 80°C. GSF form I can crystallize spontaneously from the
edge of the glassy samples. Growth rates of GSF crystals
were measured by tracking advancing speed of crystals in
the interior. The reported growth rates were the average of
three independent measurements.

Powder X-ray Diffraction (PXRD)

PXRD of GSF was performed by a powder X-ray diffractom-
eter (D8 Advance, Bruker, Germany) at room temperature. A
X-ray diffractometer with Cu Ko radiation (40 kV x40 mA)
was used. The scan was measured over the angular range
of 3—40° at the step speed of 0.02° with a 1 s dwell time.
Prior to PXRD experiments, one cover glass was detached
from the bulk samples to expose GSF crystals. Then the
PXRD data were collected from banding growth form of
GSF crystals.

Results and Discussions

Morphologies of GSF Crystals in Pure
and Polymer-doped Systems

GSF, one well-studied polymorphic drug, is a classical sys-
tem for studying the crystallization of amorphous formu-
lations [35-39]. In addition to the thermodynamic stable
polymorph (Form I), crystal structure of its two metastable
polymorphs (Form II, Form III) have also been reported
in very recent studies via melt crystallization [38, 40].
Figure 2 showed the morphologies of GSF in pure and
1% w/w polymer-doped systems at 80 ‘C (8 'C below T,

1% PVP K25

Fig.2 Growth morphologies of GSF crystals grown pure and 1% w/w polymer-doped systems at 80 ‘C
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of pure GSF). Pure GSF grew as compact spherulites (GC
growth) at 80 ‘C with a fine-grained structure. Powell et al.
reported that crystals of o-terphenyl (OTP) grown in glassy
state were compared of grains ~500 nm in size [17]. They
proposed that GC growth was most likely to be an assem-
bly of crystalline domains, which were separated by small
voids [17]. Our results further supported the view that GC
growth was facilitated by the surface. Herein, GC growth
was proposed to be a process steadily created free surface by
fracture, facilitating local crystal growth [17]. For the poly-
mer doped systems, some of GSF crystals can also grow as
normal compact spherulite. For comparisons, partial crystals
of GSF in the presence of polymer exhibited ring-banded
morphologies.

Figure 3 exhibited Raman spectra of GSF crystals grew
in pure and 1% w/w polymer-doped systems at 80 °C. Fin-
gerprint regions (wavenumber range of 500-1800 cm™) in
Raman spectra were widely used for identifying polymor-
phism [41]. In previous study, Su et al. successfully obtained
the Raman spectra of GSF polymorphs [38]. Compared to
the form I, form II and III of GSF exhibited different Raman
peaks at 1750~1550 cm™" and 1300-900 cm™". Herein, GSF
crystals grew in pure or polymer-doped systems were all
identified as form I.

Mixing State of Polymer-doped GSF Systems

Investigation of the miscibility between GSF and polymer at
the used concentration of 1% w/w was important for under-
standing polymer effects on the crystal growth process. Lig-
uid drops of polymer-doped liquid GSF were optically clear
and homogeneous, indicating that polymer can be uniformly
dispersed in GSF. Miscibility of GSF-polymer mixture was
further evidenced by single 7|, of system, exhibiting no sig-
nals of phase separation.

Measurement of Flory—Huggins interaction parameter (x )
facilitated the understanding of the mixing state of drug-
polymer binary systems [42—44]. In our previous study, a

Fig.3 Raman spectra of GSF
system in pure and 1% w/w
polymer-doped systems at 80 C
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small negative value of y ~—0.29 was reported for GSF/
PEO system, indicating the miscibility between GSF and
PEO [45]. In the present study, Flory—Huggins interaction
parameters of other binary systems (GSF-PVP, GSF-PVAc,
GSF-PVPVA 64) were also calculated on the basis of the
obtained solubility data of GSF in PVP, PVAc, or PVPVA
64. Herein, the following equation was used for calculating
the activity a of GSF.

1 1

Ina = (AHm/R)(T—m -7 1)

where T, was melting point of GSF while AH,, was
the enthalpy of T,,. Herein, the measure 7, of GSF form
[is~218.8°C and the measured AH,, is~116 J/g. T rep-
resented the temperature at which GSF solubility in poly-
mer was measured, equivalent to depressed 7,,. As shown
in Fig. 4, Activity a of GSF decreased with the increasing
PVP K12 weight fraction in the systems. As evidenced by
the red line of Flory—Huggins fits, a of GSF in PVP K12
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Table Il Value of y for GSF-polymer Systems

Systems Value of y

GSF-PVP K12 -0.75 (£0.06)
GSF-PVP K17 -0.39 (£0.11)
GSF-PVP K25 -0.78 (£0.13)
GSF-PVP K90 -0.71 (x£0.18)
GSF-PVAc -0.05 (£0.02)
GSF-PEO100000 -0.28 (£0.04)
GSF-PVPVA64 -0.91 (£0.05)

were well fitted to Flory—Huggins model. Activity a of GSF
in PVP, PVAc, PVPVA 64 can be described by the following
equation according to Flory—Huggins theory.

_ 2
Ina = andrug +(1 - r)Vpolymer + vaolymer @

where vy, and vy, respectively represented volume
fractions of drug and polymer. Herein, the volume fraction
was simplified as the weight fractions. The parameter r rep-
resented the ratio of drug-polymer molecular weight.

Table II showed the values of Flory—Huggins parameters
X for GSF-polymer systems in present work. Flory—Hug-
gins interaction parameters x of all these drug-polymer
systems exhibited the small negative value. These results
suggested that GSF can be miscible with selected polymer
from the thermodynamic perspective. Yu and the coworkers
measured the Flory—Huggins parameters x of indometha-
cin and nifedipine in PVP, PVPVA, and PVAc [33]. Com-
pared to GSF-polymer systems, Flory—Huggins parameters
of indomethacin-polymer and nifedipine-polymer systems
exhibited more negative value. In our previous study, we
compared the decrease extent in the activities of three drugs
in PEO [34]. Drug-polymer miscibility followed the order
as indomethacin > nifedipine > GSF [34]. GSF contains the
hydrogen bonding acceptor while no hydrogen bonding
donor. Polymer used in present work contains no hydrogen
bonding donors. It was inferred that no hydrogen bonding
interactions can be existed in these systems. For comparison,
indomethacin and nifedipine was able to form the hydro-
gen bonding interactions with these polymers. These results
indicated that stronger drug-polymer molecular interactions
might lead to more negative values of Flory—Huggins inter-
action parameters

Crystal Growth Kinetics

Figure 5 showed the growth rates of GSF in 1% w/w poly-
mer-doped system at 80 “C. Crystal growth of GSF can be
effectively altered by these polymer additives. For instance,
1% w/w PVP 90 yielded a 2.57-fold reduction in crystal
growth rate. For comparisons, crystal growth rate of GSF
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Fig.5 Normal bulk growth kinetics of GSF crystals in 1% polymer-
doped systems at 80 C (T8 °C). Green dashed line represents the
growth rates of pure GSF at 80 °C

can be increased by 4.27-fold by the addition of 1% w/w
PEO. More importantly, the inhibiting and accelerating
effects of polymer on crystal growth correlated well with the
T, of the used polymer. From the perspective of Flory-Hug-
gins theory, drug-polymer molecular interactions in these
systems were similar. These results suggested that segmental
mobility of polymer can be a key factor for affecting the
crystal growth of glassy GSF. Powell et al. reported similar
results in glassy nifedipine doped with 1% w/w polymer [19].
Crystal growth rates of glassy nifedipine can be altered by
the addition of low-concentration polymer [19]. Herein, the
inhibitory effects of polymer on crystal growth of nifedipine
also correlated well with the T}, of the used polymer [19]. No
evidences were observed between the inhibitory effects of
polymer and the strength of drug-polymer hydrogen bonding
interactions [19].

Huang et al. found that effects of polymer on crystal
growth kinetics can form an interesting master curve in
the variable (T, poiymerTg hos) Terysial [291- Herein, Tyg
represented the crystallization temperature. They proposed
that segmental mobility of polymer relative to the host-
molecule dynamics was the controlling factors for affect-
ing the crystal growth [29]. It was expected that local pol-
ymer-rich regions would be created at the crystal growth
front via the polymer rejected from the drug crystals. Host
molecules should pass through these regions during crys-
tal growth process [29]. In these polymer-rich regions,
segmental mobility of polymer was expected to affect the
traversed rates of host molecules. This view was strongly
supported by the findings in recent studies focusing on
PEO effects on the crystallization of amorphous drugs [24,
34, 45]. Significant accelerating effects of low-concentra-
tion PEO on crystal growth cannot be fully explained by

@ Springer
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the increased global mobility [24]. Zhang et al. proposed
crystal growth in the presence of polymer can be both
affected by the molecular mobility and interfacial free
energy between crystal and melt [25]. More importantly,
recent studies provided the direct experimental evidence
for the existence of polymer enrichment at the crystal-melt
interface during crystal growth process [26, 27].

In present study, in addition to PEO, the rest polymer (1%
w/w) exhibited weak effects on system T,. However, signifi-
cant changes were observed in the crystal growth kinetics
of GSF doped with these polymers. For instance, 1% w/w
PVP K90 yielded a 2.57-fold decrease in the growth rates of
GSF at 80°C (T, gsp-8'C). For comparisons, same content of
PVP K90 was reported to exhibit a tenfold reduction on the
crystal growth rates of nifedipine at 30°C (7, nyp-12°C) [19].
According to the master curve proposed by Huang et al., the
different effects of PVP K90 on GSF and nifedipine were
mainly attributed to different host-molecule dynamics. Sato
et al. also proposed that differences in the drug and polymer
molecular mobility also affected the crystal growth in these
binary systems [20]. GSF exhibits a relative higher 7, at
88 “C while nifedipine has a relative lower T, at 42 C. 1%
w/w PEO-doped GSF and nifedipine systems is expected
to exhibit the different host-molecule dynamics, which can
explain the better accelerating effects of PEO in GSF in
comparison with that in nifedipine. 1% PEO can accelerate
the growth rate of GSF by 4.27-fold at 80°C (T, gsp-8C).
However, only 30% increase of crystal growth rates can be
observed for nifedipine at 30°C (T, nyp-12°C) doped with 1%
w/w PEO. In addition, slight or negligible changes in the
T, and global mobility of GSF system cannot be sufficient
to support the obvious accelerating or inhibiting effects of
polymer. Our results supported the view that crystal growth
in polymer-based amorphous systems was both governed by
local polymer enrichment and global system mobility.

In the past decades, drug-polymer specific interactions
were also demonstrated to be a main factor for inhibiting
the crystallization of amorphous drug [6, 46, 47]. Strength
and extensiveness of hydrogen bonding interactions were
reported to correlate well with the extent of decrease in crys-
tal growth [46, 47]. In present study, GSF cannot form the
hydrogen bonding interactions with the selected polymer
from the perspective of molecular structure. The reduced
crystal growth of GSF by polymer was proposed to be
mainly attributed to their low segmental mobility rather
than the drug-polymer interactions. In addition, it should
be noted that our work focused on the effects of polymers
on crystal growth in glassy state. For comparisons, Taylor
and co-workers mainly focused on the effects of polymers
on the crystal growth in supercooled liquid. The differs in
the experimental temperature range, representing the differ
in crystal growth mechanisms, was perhaps responsible for
different mechanisms for explaining the role of polymer.

@ Springer

Banding Growth

As above-mentioned, GSF can grow in the banding spher-
ulites when doped with low-concentration polymer. We
carefully collected the samples of banding crystals of GSF
grown in the interior and obtained the PXRD results. As
shown in Fig. 6, these banding crystals of GSF were iden-
tified as the form I, as compared to the calculated XRD
patterns from the crystal structure of GSF polymorphs.
Raman spectra of banding and normal bulk crystal were
also identified to be form I (Fig. 7b). Banded spherulites
were first observed in the crystals of chalcedony, showing
the fibrous form of quartz [48]. Banded spherulites can be
the radial organization of fibrous or plank-like crystals. In
addition, concentric rings of varying linear birefringence
can also be observed under the petrographic microscope for
these banded patterns [48]. These polycrystalline patterns
have been widely reported in organic molecular crystals,
high polymer, simple salts, etc [48—51]. It is proposed that
helical twisting of thin lamellae or fibers were responsible
for oscillating variation of optical properties [48—51]. From
the perspective of the crystallographic data of GSF form I,
the crystal lattice can be approximately considered as thin
lamellae [38]. It was proposed that the addition of 1% w/w
PVP K90 might participate into the crystal growth process,
and thus facilitating helical twisting of thin lamellae of GSF
crystals. We also compared the crystal growth kinetics of
GSF doped with 1% w/w PVP K90 for both the banding form
and normal compart spherulite. Another interesting finding
was that the inhibitory effects of PVP K90 can be weakened
as the formation of banding growth (Fig. 7a). Compared to
normal bulk growth, banding growth of GSF exhibited a
much faster rate.

Form |
Form Il
Form IlI
our results

Intensity

20

Fig.6 PXRD results of banding crystals of GSF doped with 1% w/w
PVP K90 and the calculated XRD patterns from crystal structure of
GSF form I, II, and IIT
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Fig.7 a Crystal growth of 1% w/w PVP K90-doped GSF in the band-
ing form and normal compart spherulite. The inset is the morphology
of banding and normal bulk growth in the same samples. b Raman

Conclusion

In this work, we reported that growth kinetics of GSF crys-
tals were affected by the addition of low-concentration
polymer in the glassy state. Inhibiting or accelerating
effects of polymer on crystal growth of GSF correlated
well with polymer 7', supporting the control role of seg-
mental mobility of polymer. Interestingly, the addition
of polymer also induced banding growth in glassy GSF.
Moreover, the growth inhibition effects of polymer were
substantially reduced as the formation of banding growth.
These results are important for further understanding the
implications of polymer on the crystal growth behaviors
of amorphous pharmaceutical solids.
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