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Purpose. To demonstrate improvement in the dissolution of exemestane and megestrol acetate from
cocrystallization using various particle sizes and to investigate the mechanism of the improved
dissolution.
Methods. Cocrystal screening was performed by slurry crystallization. The cocrystals were identified and
characterized by powder X-ray diffraction, thermal analysis, and single crystal X-ray diffraction. Different
particle sizes of each cocrystal were prepared from organic solutions. Solubility and dissolution rates were
evaluated using dissolution tests. Transformation behavior of the cocrystals in suspension was analyzed
by PXRD and polarization microscopy.
Results. Two novel cocrystals were obtained: exemestane (EX)/maleic acid (MAL) (cocrystal 1) and
megestrol acetate (MA)/saccharin (SA) (cocrystal 2). Cocrystal 1 showed a high dissolution rate even
with large particles. Cocrystal 2 showed supersaturation with fine particles. The transformation from
cocrystal 1 to EX was observed within 1 min in suspension. Cocrystal 2 was transformed to MA within
2–4 h.
Conclusions. Cocrystallizations of EX and MA improved initial dissolution rates compared to the
respective original crystals. The mechanism of dissolution enhancement varied. With cocrystal 1, fine
particle formation resulted in enhancement, whereas with cocrystal 2, enhancement was due to the
maintenance of the cocrystal form and rapid dissolution before transformation to the original crystal.
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INTRODUCTION

Pharmaceutical cocrystals are crystalline solids contain-
ing multiple components, consisting of an active pharmaceu-
tical ingredient (API; host [neutral or in the ionic form]) and
a pharmaceutically acceptable compound (guest) (1,2). The
hydrogen bond is one of the most important interactions in
forming cocrystals. Although cocrystals have long been
studied in chemistry, practical usage of cocrystals has only
recently emerged in the pharmaceutical industry. Cocrystals
are typically found using screening systems and technological
advancements in screening have increased the chances of
selecting the appropriate cocrystalline active pharmaceutical
ingredient (API) form (3).

Cocrystallization improves the physicochemical proper-
ties of a drug such as solubility (1,4,5) and stability (6,7).
Recently, the number of poorly water-soluble candidates in
pharmaceutical drug discovery has increased (8,9). Formula-
tion technologies such as micronization (10,11), nanomization
(11–15), solid dispersion (16–18), oil encapsulation (15), and
self-emulsified drug delivery systems (15,19,20) improve the
bioavailability (BA) of drug candidates with solubility
limitations. However, developing a pharmaceutical product
using the latest technologies requires time to secure both
stability and solubility (21) and selection of a more soluble
API form is important. For an ionizable compound, salt
formation is a typical strategy because salts show improved
solubility by acting as their own buffers to alter the pH of the
diffusion layer (22). However, neutral compounds and weak
acids or bases often lack the generally needed pKa difference
of three units between acid and base to form a salt crystal
(23).

In the case of difficulty in obtaining the appropriate API
form, cocrystallization may solve the solubility issue because
a significant benefit from cocrystallization of a neutral
compound is improved solubility. In addition, the evaluation
of the dissolution behavior of a cocrystal and understanding
the mechanism are crucial for prediction of absorption and
efficient formulation studies. A recent study found that the
dissolution profile of the celecoxib/nicotinamide cocrystal
depends on the dissolution media or pharmaceutical additives
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(24). This report highlighted the importance of exploring the
conversion of the form of the cocrystal in aqueous media
prior to pharmacokinetic studies. The dissolution of the
cocrystal of an ionizable drug, the indomethacin/saccharin
cocrystal, was influenced by buffer strength in the aqueous
medium (2). These reports are among the few related to the
dissolution mechanism of cocrystals in aqueous medium and
more study is required to reveal the full potential of
cocrystals. Particle size is generally an important and
controllable parameter of API forms, including cocrystals,
and influences dissolution behavior and absorption. Little is
known about the effect of the particle size on the dissolution
and transformation behavior of a cocrystal.

The major objectives of the present study are the following.
(1) Identify new cocrystals from neutral compounds. (2)
Demonstrate the differences between the dissolution behavior
of the newfound cocrystal and its host crystal. (3) Demonstrate
the effect of particle size on the dissolution behavior of the new
cocrystal. (4) Investigate the relationship between the dissolu-
tion behavior and the solid state. Exemestane (EX), 6-
methylenandrosta-1,4-diene-3,17-dione, and megestrol acetate
(MA), 17 alpha-acetoxy-6-methylpregna-4,6-diene-3,20-dione,
both poorly soluble and neutral drugs, were selected to be the
model compounds for this study. Each crystal structure was
reported previously (CSD refcodes PEKFAN [EX] and KUH-
ZAO [MA]). EX, a steroidal aromatase inhibitor, decreases
contralateral new breast cancer in postmenopausal women
when taken in the adjuvant setting (25) and is categorized as
BCS Class II. MA reduces the suffering caused by advanced
breast and endometrial cancers and treats loss of appetite and
severe weight loss in patients with acquired immunodeficiency
syndrome (AIDS) (26,27). MA requires micronization or
nanomization to improve BA (28).

In order to find cocrystals of the model compounds, we
conducted cocrystal screening with various guests. The two
carbonyl groups in EX and three carbonyl groups in MA
have the potential of hydrogen bonding. We selected guests
that had the functional groups (–OH and/or –NH). From
thermal analysis, powder X-ray diffraction (PXRD), and
single crystal X-ray diffraction, two novel cocrystals were
identified and characterized: EX with maleic acid (MAL)
(cocrystal 1) and MAwith saccharin (SA) (cocrystal 2). Fig. 1
shows the chemical structure of each component. We
prepared various sizes of particles of the two cocrystals and,
using a dissolution test system, evaluated dissolution im-
provement by comparing the cocrystals with the original
compounds. To reveal the mechanisms of dissolution im-
provement from cocrystallization, transformation behavior of
each cocrystal in an aqueous suspension was analyzed by
PXRD and observed using polarization microscopy.

MATERIALS AND METHODS

Materials

EX was isolated from Aromasin® tablets (Pfizer Japan
Inc., Tokyo, Japan). MA was purchased from Sigma-Aldrich
(St. Louis, MO, USA). The guest compounds and crystalliza-
tion solvents used in this study are listed in Tables I and II,
respectively. The chemicals were purchased from various
commercial suppliers.

Cocrystal Screening

Cocrystal screening of the two host compounds was
conducted with 14 guest compounds for EX and 15 guest
compounds for MA (Table I). The screening was conducted
using the slurry method (29) as previously reported (30). A
total of 29 combinations of host and a guest were each
dissolved in dimethyl sulfoxide (DMSO) at a 1:1 molar ratio
(200 mg/mL). Each DMSO solution containing a host and a
guest mixture (4 mg) was dispensed to a 0.6-mL glass vial
with a screw cap and polytetrafluoroethylene-coated rubber
septum. Each was then lyophilized at −20°C. Cocrystallization

Fig. 1. Chemical structures of host and guest compounds; a EX, b
MAL, c MA, d SA.

Table I. Guest Compounds

Model compounds

Exemestane Megestrol acetate

Adipic acid Adipic acid
Benzenesulfonic acid Benzenesulfonic acid
Benzoic acid Benzoic acid
Citric acid Citric acid
Fumaric acid Fumaric acid
L-Lactic acid L-Lactic acid
Maleic acid Maleic acid
Malonic acid –
L-Malic acid L-Malic acid
Salicylic acid Salicylic acid
– Succinic acid
L-Tartaric acid L-Tartaric acid
D-Tartaric acid D-Tartaric acid
Meso-tartaric acid –
– Saccharin
Nicotinamide Nicotinamide
– Urea

Endash (–) Test not conducted
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was performed using the solvents listed in Table II. Each
crystallization solvent was dispensed to a vial (20 μL/vial to
attain homogeneity) and the slurries were stored for 8 days at
ambient temperature with slow shaking at 100 rpm using a
Taitec NR-30 rotary shaker. The solids in the vials were
collected and fixed onto circular stainless steel meshes (in-
house, 4 mm in diameter) using Pasteur pipettes and micro-
spatulas for powder X-ray diffraction (PXRD) analysis and
subsequently sorted into groups of unique PXRD patterns.
The samples selected from each group were subjected to
thermogravimetric/differential thermal analysis (TG/DTA).

Sample Preparation

EX Isolation and Crystallization

Aromasin® tablets containing 25 mg exemestane (130
tablets) were milled using a mortar and then dissolved in
ethyl acetate (500 mL). The solution was filtrated and the
contaminants extracted from the formulation by liquid–liquid
extraction twice using distilled water. The ethyl acetate phase
was retrieved and evaporated. The residual solid was
suspended twice using distilled water (100 mL). The second
suspension was filtrated and the residual solid was dissolved
by ethyl acetate. Na2SO4 was added to the solution to remove
residual water, the solution filtrated and evaporated to yield
the residual solid, EX, (3.04 g). EX was dissolved in ethyl
acetate (50 mL) and hexane (100 mL) added at 40°C. The
solution was cooled for more than 8 h to 5°C. The EX crystals
were generated in the solution and isolated by filtration, then
dried in vacuo at 25°C (1.31 g), sieved (106-, 150-, 300-μm
mesh openings), and recovered from the 106-μm and 150-μm
mesh sieves. Purity was determined by elemental analysis
(calculated: C, 81.04%; H, 8.16%; O, 10.80%; observed: C,
80.97%; H, 8.17%; O, 10.88%). In order to obtain finer EX
particles, crystallized EX (200 mg) was dissolved in ethyl
acetate (2 mL) at 80°C, cooled to 40°C, and hexane (4 mL)

added. The solution was cooled to 25°C and sonicated for
1 min. The EX crystals were rapidly generated in the solution,
isolated by filtration, and dried in vacuo at 25°C (147 mg).
Particle size averaged about 9 μm in diameter. Purity was
determined by elemental analysis (observed: C, 81.01%; H,
8.17%; O, 10.89%).

EX/MAL Cocrystal (cocrystal 1)

Crystallized EX (800 mg) and MAL (313 mg) were
dissolved in methyl ethyl ketone (8 mL) at 80°C in a sealed
glass vial and cooled to 25°C. Heptane (20 mL) was added
and the solution cooled to 5°C. Cocrystal 1 was gradually
generated from the solution and then isolated by filtration
and dried in vacuo at 25°C (760 mg). Crystalline Cocrystal 1
was sieved (106-, 150-, and 300-μm mesh openings) and
recovered from the 106 and 150-μm mesh sieves. In order to
obtain finer particles of cocrystal 1, crystallized EX (800 mg)
and MAL (313 mg) were dissolved in methyl ethyl ketone
(2 mL) at 80°C, cooled to room temperature, heptane (4 mL)
added, and sonicated for 3 min. Cocrystal 1 was rapidly
generated in the solution, isolated by filtration, and then
dried in vacuo at 25°C (835 mg). Particle size averaged about
10 μm in diameter.

MA

MAwas used as purchased. Particle size averaged about
15 μm.

MA/SA cocrystal (cocrystal 2)

MA (400 mg) and SA (222 mg) were dissolved in
acetone (9 mL) at 80°C, cooled to 25°C, and shaken for
2 days. Cocrystal 2 was gradually generated from the solution
and filtrated and dried by vacuum dryer at 25°C (292 mg).
Cocrystal 2 was sieved (106-, 150-, and 300-μm mesh open-
ings) and recovered from the 106-μm and 150-μm mesh
sieves. In order to obtain finer particles of cocrystal 2, MA
(200 mg) and SA (111 mg) were dissolved in acetone (3 mL)
at 85°C, cooled, and sonicated for 3 min at room temperature.
The cocrystal was rapidly generated in the solution and
isolated by filtration and then dried in vacuo at 25°C
(190 mg). Particle size averaged about 15 μm.

Solid Analysis

Powder X-ray Diffraction (PXRD)

PXRD measurements of all samples were conducted in
reflectance mode using a Bruker D8 Discover with a GADDS
CS diffractometer (Bruker AXS GMBH, Karlsruhe, Ger-
many) using Cu Kα radiation with a graphite monochromator
and a 0.3-mm single pinhole collimator. The tube voltage and
amperage were set respectively to 45 kV and 40 mA. The
diffractometer was equipped with an XYZ sample stage and a
Hi-STAR area detector located 25 cm (2θ=5–25°) from the
sample. The acquisition time was 90 s per frame.

The PXRD patterns in the range of 3° to 35° 2θ were
obtained using a Spectris X’Part PRO MPD diffractometer
(PANalytical Japan spectris Co. LTD., Tokyo) using Cu Kα

Table II. Crystallization Solvents and Forms Obtained from Screening

Solvents Cocrystal 1 Cocrystal 2

Ethanol Host Cocrystal
2-Propanol Host Cocrystal
1-Hexanol Host Cocrystal
Acetonitrile Host Cocrystal
Ethyl acetate Cocrystal Cocrystal
1-Propyl acetate Cocrystal Cocrystal
Hexyl acetate Host Cocrystal
N,N-dimethylformamide (DMF) Host nc
DMF/diisopropyl ether=1/3 (v/v) nc Cocrystal
Acetone n Cocrystal
Methyl ethyl ketone n Cocrystal
Methyl propyl ketone Cocrystal Cocrystal
Diisopropyl ether nc Cocrystal
Tetrahydrofuran (THF) n nc
THF/heptane=1/3 (v/v) nc Cocrystal
Toluene Cocrystal Cocrystal
Dichloromethane Cocrystal Cocrystal
Distilled water Host Cocrystal

n Solution or small amount of sample, nc test not conducted
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radiation in reflectance mode. Tube voltage and amperage
were set at 50 kV and 40 mA, respectively. Divergence and
scattering slits were set at 0.25°, and the receiving slit was set
at 0.1 mm. The samples were packed in an aluminum sample
holder and measured by a continuous scan at 3°/min with a
step size of 0.02° 2θ.

Thermal Analysis

TG/DTA of the screening samples was performed using
an EXSTAR6200 TG/DTA system (SII NanoTechnology
Inc., Tokyo, Japan). All measurements were carried out in
open aluminum pans, heated from 30°C to 350°C at a heating
rate of 10°C/min under a nitrogen purge. All samples other
than screening samples were accurately weighted (1–3 mg)
and analyzed in the same manner as the screening samples.

Differential scanning calorimetry (DSC) of all samples
other than the screening samples was conducted using an
EXSTAR6200R DSC system (SII NanoTechnology Inc.). All
measurements were conducted in sealed non-hermetic alumi-
num pans. The samples were heated at a rate of 10°C/min
under a nitrogen purge. Typical samples were accurately
weighted (2–5 mg).

Host/Guest Composition Analysis

The molar ratio for each size of cocrystal was determined
by 1H NMR (DMSO-d6) spectroscopy (JEOL JNM-ECP
400 MHz, JEOL Ltd., Tokyo, Japan).

Particle Size Analysis

Particle images of the finer particles (more than 1,000) were
taken using digital microscopes VH-Z450 and VH-8000 (Key-
ence Co., Osaka, Japan) and analyzed using Image-pro® PLUS
5.12 (Media Cybernetics Inc., MD, USA). The Feret’s diameter
was measured and the number mean size was calculated.

Single Crystal X-ray Diffraction

Single crystals were isolated from the prepared cocrystals.
Data were collected using an AFC7R four-circle diffractometer
(Rigaku Co., Tokyo, Japan) with a graphite monochromated
Cu Kα radiation source at 298 K. Three standard reflections
were measured every 150 reflections. 2θ–ω scans were
employed for data collection, and Lorentz and polarization
corrections were applied. The structures were solved by a direct
method using SIR92 (31) and refined using CrystalStructure
ver.1.10 (Rigaku). All H atoms of MA and SA were placed on
the difference map and were constrained during the refinement.
Methyl H and methylidene H of EX and hydroxyl H of MAL
were placed on the difference map and were constrained during
the refinement. Other H atoms of EX and MAL attached to
carbon were positioned geometrically and refined as riding.
Additional details of data collection and structure refinement
are given in Table III.

Intrinsic Dissolution Test and Dissolution Test for Powder

Measurements for the tests were taken as described
previously (32). In brief, the dissolution tests were conducted

using a VK7010 dissolution station and a VK8000 dissolution
sampling station with a 100-mL conversion kit (Vankel
Technologies, Inc., NC, USA) and were carried out for
30 min or 4 h in 50 mL of fasted-state simulated fluid
(FaSSIF) at 37°C with a paddle speed of 50 rpm.

For the intrinsic dissolution test, about 5 mg of each of
the fine samples (EX, cocrystal 1, MA, and cocrystal 2) was
compressed into a 0.071 cm2 disk by a hydraulic press at
∼100 MPa for 1 min using a die with a hole 0.3 cm in
diameter (Spectra-Tech, Inc., CT, USA). The disk was
compressed to provide a flat surface on one side of the die;
the other side of the die was sealed. The dissolution studies
lasted 4 h, after which time the disks were recovered and
quickly checked by PXRD for presence of a cocrystal. For
EX, MA, and cocrystal 1, the initial dissolution rate was
calculated using the data from 5–30 min. For cocrystal 2, data
from 5–15 min was used because the dissolution rate
gradually slowed. Experiments were run in triplicate.

All fine samples were agglomerated and all samples
showed low wettability with significant difference. Therefore,
agglomeration and wettability were improved in order to
investigate the potential dissolution improvement of each
particle size. Hence, samples for the powder dissolution tests
were prepared from a physical mixture of drug and α-lactose
(1/10; w/w). The sample amount of EX and cocrystal 1
applied was approximately 1 mg or 20 mg, and that of MA
and cocrystal 2 was approximately 2 mg. The amount of
cocrystal was converted to that of the host compound. The
dissolution studies lasted 30 min or 4 h. Experiments were run
in quadruplicate.

Drug concentrations were determined by high perfor-
mance liquid chromatography (HPLC; Waters 2795 separa-
tion module, Waters, Milford, MA) using a UV detector
(Waters 2487 dual λ UV/VIS detector, Waters) and a C18
column (Catenza CD-C18 3 μm 3.0×50 mm, Imtakt Corpo-
ration, Kyoto, Japan). The wave length for EX and MA was
set at 245 and 288 nm, respectively.

Table III. Crystallographic Data for Cocrystal 1 and Cocrystal 2

Compound Cocrystal 1 Cocrystal 2

Empirical formula C24H28O6 C31H37NO7S
Formula weight 412.8 567.7
Temperature (K) 298.1 298.1
Crystal size (mm) 0.40×0.18×0.14 0.40×0.10×0.10
Crystal system Monoclinic Orthorhombic
Space group P21 P 21 21 21
a (Å) 10.8714(8) 16.0425(14)
b (Å) 17.4034(12) 25.475(2)
c (Å) 5.8498(5) 6.9358(10)
α (°) 90.0000 90.0000
β (°) 100.541(6) 90.0000
γ (°) 90.0000 90.0000
Volume (Å3) 1,088.10(14) 2,834.5(5)
Z 2 4
ρcalc (g cm−3) 1.259 1.330
No. of reflections collected 3,220 5,575
No. of unique reflections 2,336 3,647
No. of parameters 300 399
R1 [I>2σ(I)] 0.0617 0.0342
wR2 (all data) 0.1435 0.1087
Goodness-of-fit on F2 1.097 0.963
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Transformation Behavior

PXRD Analysis

Cocrystals (∼1 mg) of all sizes were suspended in FaSSIF
(1 mL for cocrystal 1 and 10 mL for cocrystal 2) at 37°C. The
precipitates with different suspension times were collected,
then quickly filtrated and analyzed by PXRD. Sampling was
conducted until the cocrystal had transformed to the host
compound form. Experiments were run in triplicate for each
particle size.

Observation of Transformation

After adding FaSSIF to the fine and 150–300-μm range
cocrystals, dissolution and transformation was observed on
glass slides using polarization microscope model OPTI-
PHOT-PDL (Nikon Co., Tokyo, Japan). The concentration
in the suspension was adjusted to ∼1 mg/mL for cocrystal 1
and to ∼0.1 mg/mL for cocrystal 2. The particle size of
cocrystal 1 after adding FaSSIF was measured using the
same polarization microscope and Image-pro® PLUS
(Media Cybernetics).

RESULTS AND DISCUSSION

Cocrystal Screening and Solid Analysis

The formations of cocrystals were indicated from the
screening of the combination of EX with MAL and MA with
SA. Unique PXRD patterns and TG/DTA curves distinguish-
able from the host and the guest were observed. The TG/
DTA curves of the unique crystals suggested they were
nonsolvate crystals. The forms obtained from the various
crystallization solvents used are listed in Table II. The
solvents that resulted in a novel crystal in the screening of
EX/MAL were ethyl acetate, 1-propyl acetate, methyl propyl
ketone, toluene, and dichloromethane. A novel crystal of
MA/SA was found with all solvents used.

The ratio of host/guest (EX/MAL and MA/SA) in the
novel crystals for each particle size was determined by 1H
NMR and found to be 1 to 1, regardless of particle size. All
sized particles showed the same PXRD pattern and TG/DTA

Fig. 2. PXRD pattern of a EX, b MAL, c cocrystal 1, d MA, e SA, f
cocrystal 2.

Fig. 3. TG/DTA chart of a EX, b MAL, c cocrystal 1, d MA, e SA, f cocrystal 2.
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curve as the new forms obtained from screening. From the TG/
DTA data, no residual solvents from any sized sample were
detected and all sized samples were determined to be cocrystals
(EX/MAL [cocrystal] 1 and MA/SA [cocrystal 2]). Examples of
the PXRD patterns (Fig. 2) and TG/DTA curves (Fig. 3) from
each host, guest, and cocrystal are given. From DSC analysis,
the melting point of each cocrystal (∼147°C for cocrystal 1 and
∼214°C for cocrystal 2) was found to be different from that of
their respective host and guest compounds.

Cocrystal 2 was found with all solvents used, suggesting
that the interaction between MA and SA may be stronger
than the interaction between any of the crystallization
solvents and MA or SA. Previous research indicates that the
phase solubility diagrams of cocrystals are affected by the
concentration of each component in solution and the amount
of solution complexation that occurs (33). Therefore, it is
important to use various solvents in the slurry crystallization
of cocrystal screening.

Thermal analysis confirmed that both MAL and SA lost
weight after melting, suggesting decomposition, and the
boiling of MAL, and/or conversion of MAL into fumaric
acid, as reported in the literature (34–37). Since MAL and SA
rapidly decomposed after the crystal melted, cocrystal prep-
aration using a melting method as previously reported (38)
would be difficult. The exothermic behavior after the melting
of cocrystal 1 was considered to be from the chemical reaction
of the EX and MAL and/or transformation to EX or
transformation of another cocrystal. Further study is needed
to clarify the exothermic behavior.

The crystal structure of each cocrystal was confirmed by
single crystal X-ray diffraction analysis. The crystallographic
data of the cocrystals is summarized in Table III and the
crystal structures are shown in Fig. 4. In cocrystal 1, two
carboxylic acid groups of MAL formed hydrogen bonds with
the carbonyl groups on the C(3) and C(17) positions of EX
and a head-to-tail chain structure is formed. The molar ratio
of host and guest compound for cocrystal 1 was 1 to 1
(Fig. 4a). In cocrystal 2, the NH of the N-acyl sulfonamide
groups of the SA formed hydrogen bonds to the carbonyl
groups on the C(3) position of MA. The molar ratio of host
and guest compound for cocrystal 2 was 1 to 1 (Fig. 4b,c). The
simulated PXRD patterns from the single crystal X-ray
diffraction data matched the experimental PXRD patterns.

From a search using ConQuest V.1.1 (Cambridge Crys-
tallographic Data Center, Cambridge, UK), no examples of
these cocrystals were found in the Cambridge Structural
Database (CSD version 5.29).

Dissolution Test

Intrinsic dissolution tests were conducted to compare
the dissolution rate of a cocrystal and with its host crystal.
Table IV shows the intrinsic dissolution rates for each sample.
Cocrystal 1 showed the same dissolution rate as EX. The
dissolution rate for cocrystal 2 was three to four times higher
than MA, but there was a wide variation in the dissolution.

The residual solid from cocrystal 1 transformed to the
host crystal (Fig. 5a). Residual cocrystal 2 had mostly
maintained its cocrystal form but did contain a small amount
of host crystal (Fig. 5b). Because cocrystals transform to host
crystals, accurate evaluations are difficult (39). However, the
initial dissolution rate of MA was improved by cocrystalliza-
tion with SA.

To examine the supersaturation of each cocrystal in
comparison with each host compound powder dissolution
tests applying ∼20 mg for EX and cocrystal 1 (EX concen-
tration 0.4 mg/mL) and ∼2 mg for MA and cocrystal 2 (MA
concentration 0.04 mg/mL) were conducted. The concentra-
tions of the solid were about 10-fold the saturated solubility
of the host compounds (non-sink condition).

None of the dissolution profiles for cocrystal 1 showed
supersaturation. The maximum concentration of cocrystal 1

Table IV. Intrinsic Dissolution Rate of EX, Cocrystal 1, MA, and Cocrystal 2 in FaSSIF at 37°C

EX (μg cm−2 min−1) Cocrystal 1 (μg cm−2 min−1) MA (μg cm−2 min−1) Cocrystal 2 (μg cm−2 min−1)

3.81±0.46 4.19±1.17 0.66±0.03 2.53±0.91a

a Intrinsic dissolution rate was calculated from 5–15 min data.

Fig. 4. Packing diagram along the ab plane for a cocrystal 1, the ab
plane for b cocrystal 2, and the bc plane for c cocrystal 2.
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and EX was ∼0.05 mg/ml (saturated solubility of EX), similar
to the dissolution profiles. To determine the dissolution rate
of EX and cocrystal 1 for the various particle sizes, the
amount of test sample was decreased to 1 mg (sink
condition). Fig. 6a shows the dissolution rate of cocrystal 1.
Particle size did not significantly affect the dissolution rate of
cocrystal 1. For comparison, a dissolution test of EX was
conducted (Fig. 6b). The smaller particle sizes dissolved at a
higher rate (fine > 106–150 μm > 150–300 μm) as described
by the Noyes–Whitney equation (40). The dissolution rates
for all sizes of cocrystal 1 were close to that of the fine EX but
the variability of the dissolution of cocrystal 1 was greater
than that of EX. We concluded that dissolution was influ-
enced by the transformation of cocrystal 1 to host crystal and/
or by changes in the state of the transformed particle such as
reduced size or agglomeration.

On the other hand, the dissolution profile of fine
cocrystal 2 showed supersaturation (Fig. 7). The supersatu-
rated concentration of MA from cocrystal 2 at 15 min was
about six times greater than the saturated concentration of

Fig. 5. PXRD pattern changes in the residual solid from the intrinsic dissolution test; a cocrystal 1, b cocrystal
2, the arrow shows the peak of MA.

Fig. 6. Dissolution profiles of cocrystal 1 and EX in FaSSIF (error
bars show SD, n=4): a cocrystal 1, b EX.

Fig. 7. Dissolution profiles of MA and cocrystal 2 in FaSSIF (error
bars show SD, n=4).
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the fine MA (∼4 μg/mL), and within 4 h, was two times
greater. Cocrystal 2 in the ranges of 106–150 and 150–300 μm
particle size did not show supersaturation. Particle size
reduction of cocrystal 2 significantly affected both the
supersaturation and the dissolution rate and the dissolution
was significantly improved by cocrystallization compared to
fine MA. Although cocrystal 2 also apparently converted to
MA crystals in the media, it was assumed that the temporal
supersaturation was caused by the short time cocrystal 2
maintained its form. Larger-sized cocrystal 2 was assumed to
transform to MA before showing supersaturated concentra-
tion because of the slower dissolution rate of large particles.

The solubility of EX and MA in FaSSIF was improved
by cocrystallization. Improvement of the dissolution profile
by cocrystallization has been reported in various media, for
example, in 0.1 N HCl at 25°C for a cocrystal of itraconazole,
a week acid (4), and in pure water for a cocrystal with
fluoxetine hydrochloride, a salt (1). The effect of gastric
conditions including pH is another important consideration.
Therefore, validation from in vivo absorption studies is
needed. However, dissolution in a physiologically-based
medium such as FaSSIF is beneficial in determining the
dissolution profile of a drug and is relevant to in vivo
behavior (32).

Fig. 8. PXRD pattern changes for a cocrystal 1 and b cocrystal 2 at different suspending time.
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Cocrystals have shown the potential to improve absorp-
tion. For example, within the same size range samples, such as
with the 150–300 μm range of EX and of cocrystal 1
administered in animal models, there is the possibility of
better absorption of the cocrystal. In the case of dosing fine
EX, the absorption will be almost the same as any particle
size of cocrystal 1 and thus the particle size of EX will need to
be rigidly controlled by milling or crystallization. Although
cocrystal 2 in the ranges of 106–150 and 150–300 μm may not
improve absorption, fine cocrystal 2 exhibited supersaturated
concentration in this study and so shows potential absorption
improvement. Even if the supersaturation is tentative, the

solubility will have an impact on absorption (41). However,
particle size reduction will be needed to increase the
supersaturation and enhance absorption. For improvement
of absorption of MA, the particle size needs to be reduced to
several hundred nanometers using technology such as Nano-
Crystal® (28). Even with the necessity of controlling particle
size (∼15 μm), cocrystal selection is valuable.

Further improvement of the dissolution of cocrystals 1
and 2 may be possible through formulation studies applying
technologies such as micronization and selection of additives.
If solubility can be improved in a general formulation study,
cocrystallization might be advantageous and reduce the effort

Fig. 9. Observation of transformation behavior in FaSSIF suspensions; a fine cocrystal 1, the circle shows slight crystal growth, b 150–300 μm
cocrystal 1, the circle shows formed small particles, c fine cocrystal 2, the circles show precipitated particles, and d 150–300 μm cocrystal 2, the
circle shows formed small particles.
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and/or time required for the study. The dissolution behavior
of the celecoxib/nicotinamide cocrystal has shown improve-
ment by additives (24).

Transformation Behavior

The time-dependent change in the form and state of the
cocrystals were evaluated from PXRD analysis and polariza-
tion microscopy. Fig. 8 shows examples of the results of
PXRD. Changes in the time-dependent patterns demonstrate
transformation from cocrystal to host crystal. Cocrystal 1
transformed to EX within 1 min (Fig. 8a). Although the effect
of particle size on transformation rate for cocrystal 1 is
difficult to analyze quantitatively due to rapid transformation
and the preferred orientation of the crystals, the transforma-
tion rate of fine cocrystal 1 was relatively slower than for the
larger-sized particles (106–150 and 150–300 μm). In contrast,
cocrystal 2 gradually transformed to MA and had completely
transformed to MA in 2–4 h (Fig. 8b). The transformation
time of the fine cocrystal 2 was about 2 h slower than the
larger-sized cocrystal 2.

Observation of both cocrystals under polarization mi-
croscopy revealed that transformation occurred from more
than one point and then expanded to the whole crystal
(Fig. 9). The transformation rate as well as PXRD results for
cocrystal 1 was faster than for cocrystal 2. During the
transformation of fine cocrystals, precipitation and slight
crystal growth were observed (Fig. 9a, c). Large-sized
cocrystals (150–300 μm) transformed to the host crystals,
maintained the shape temporarily, and then the transformed
particles dissociated and smaller particles were generated
(Fig. 9b, d).

The transformation rate for the fine particles of both
cocrystals was slower than for the larger-sized particles. We
suggest three major reasons. (1) The larger specific surface
area of fine particles requires more time for transformation
from cocrystal to host crystal, based on the assumption that
fine and large cocrystals have the same surface state (i.e.
morphology, disorder of the crystal surface etc.). (2) The ratio
of major to minor crystal surface area is different between
fine and large particles. The large cocrystals mainly consisted
of a surface in which guest molecules easily dissociated from
the cocrystal. (3) The concentration of guest inside the
agglomeration of fine cocrystal increases during cocrystal
transformation and guest molecules dissociate. When fine
cocrystals are partly dissolved and the concentration of guest
compound increases inside the agglomerate, there is the
possibility that, without agitation, a slower transformation will
occur. There was no transformation from cocrystal 1 to the host
compound found in the high-concentration MAL solution
within the first 8 h. For example, carbamazepine/nicotinamide
cocrystal can be prepared in water by suspending carbamaze-
pine in a saturated solution of nicotinamide (42).

The transformation rate of cocrystal 1 was faster than
that of cocrystal 2. It has been suggested that the solubility of
cocrystals with the same host compound is influenced by
guest compound solubility and that the order of solubility of
the guest compounds correlates with the cocrystal intrinsic
dissolution rate (1). It is presumed that the thermodynamic
factor between host and guest compounds is also important
for cocrystal solubility (5). In the present study, cocrystal 1

and cocrystal 2 have different host compounds so they cannot
be compared with respect to thermodynamics or crystal
structure. However, the higher solubility of MAL (440 mg/
mL at 25°C) (43) compared with SA (4.3 mg/mL at 25°C)
(43) may have effected the higher transformation rate of
cocrystal 1 compared with cocrystal 2.

Relationship Between Dissolution and Transformation
Behavior

The transformation mechanism of the cocrystals is
considered to be solution-mediated and includes dissociation
of the guest compounds. Changes in the dissolution behavior
of the particles as a result of transformation are important for
absorption. In this study, we found it crucial that small
particles were generated and particle shape maintained after
and/or during transformation. We think that the variability in
the dissolution profile of cocrystal 1 was a result of the
complex process of crystal growth and/or small particle
generation after transformation.

The mean particle size of the EX generated from
cocrystal 1 of size 150–300 μm in suspension was ∼4 μm,
with particle size distribution the same as for the original fine
EX in suspension (Fig. 10), again showing that the dissolution
profile of cocrystal 1 is similar to fine EX. Dissolution of
smaller particles is generally faster than with larger particles
but the dissolution rates for the various sizes of cocrystal 1 did
not follow this principle. We concluded that the transforma-
tion rate from cocrystal 1 to EX was rapid, and with the finely
powdered form, the transformed EX had dissolved.

Supersaturation from fine cocrystal 2 is a result of a
faster dissolution rate than for larger-sized cocrystal 2 (106–
150 and 150–300 μm) mainly because of the larger specific
surface area of the smaller particles. Other reasons are
differences in the local disorder of the crystal surface and/or
the ratio of major to minor crystal surface area. With fine
cocrystal 2, the concentration of MA increases before
transformation to MA and exhibits supersaturation. In
contrast, the dissolution rates for larger-sized cocrystal 2 are
slow and no supersaturation was found before the transfor-
mation to MA. The solubility (at 4 h) of large-sized cocrystal
2 was lower than that of fine MA. The transformed MA from
larger-sized cocrystal 2 maintained their shape and size and
might behave the same as larger-sized MA. We concluded

Fig. 10. Particle size distribution of original fine EX and transformed
EX from 150–300 μm cocrystal 1 in suspension.
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that whether supersaturation from cocrystal 2 occurs or not
depends on the competitive success between the dissolution
rate and transformation rate. It is also important to control
the cocrystalline particle properties (size, crystal surface, etc)
to improve the solubility potentials of a cocrystal.

The conditions for transformation in these experiments
did not include a stirring medium or dispersion of the
cocrystal with additives and thus did not mimic the dissolution
test conditions. However, the information from the experi-
ments on transformation behavior is valuable for understand-
ing the mechanisms of cocrystal dissolution, which is helpful
in estimating in vivo absorption and in developing a
formulation strategy.

The solid form in aqueous media also influences the
solubility. For example, the celecoxib/nicotinamide cocrystal
is converted to an amorphous or polymorphic form and the
solid form and/or the particle state can be controlled by
additives (24). Our results demonstrate that the relationship
between transformation rate and dissolution rate is important
and that those rates are influenced by solid forms and the
state of the particle. In addition, the metastable region of
supersaturation of a host compound may also influence the
dissolution profile. To determine an effective dissolution
profile, a balanced relationship of the solubility of the
cocrystal itself and its solid state, the transformation rate,
host compound solubility and its solid state, and guest
solubility is necessary.

CONCLUSIONS

In this study, we found two novel cocrystals (EX/MAL and
MA/SA) from screening using slurry crystallization and charac-
terized the cocrystals using TG-DTA, DSC, PXRD, and single
crystal X-ray diffraction. Various sizes of the cocrystals were
prepared from solution and dissolution tests were conducted.
Dissolution and transformation behavior were examined by
PXRD analysis and cocrystal suspensions were observed under
polarization microscopy.

Although EX/MAL (cocrystal 1) did not exhibit super-
saturation, the dissolution rate of the larger-sized particles
(106–150 and 150–300 μm) was improved. The dissolution
rates for the larger-sized particles were similar to that of fine
EX. The transformation studies demonstrated that all sizes of
cocrystal 1 transformed to EX within 1 min, that particle size
distribution was similar to fine EX, and that particle size
reduction occurred during transformation to EX. The disso-
lution profile and behavior study of cocrystal 1 suggested that
the faster dissolution rate of the larger particles was caused by
particle size reduction during transformation.

Although MA/SA (cocrystal 2) of sizes 106–150 and 150–
300 μm did not exhibit supersaturation, fine cocrystal 2 did.
Intrinsic dissolution rate of cocrystal 2 was higher than that of
MA. The transformation behavior studies suggested that MA
gradually transformed (2–4 h) and that fine cocrystal 2 was
about 2 h slower than of the larger-sized particles. Large-sized
MA particles were formed after transformation. The dissolu-
tion profile and behavior study of cocrystal 2 suggested that
the supersaturation of fine cocrystal 2 was caused by
dissolution occurring faster than transformation. Recently,
factors influencing the solubility of cocrystals have been
reported. In addition to these factors, our study demonstrated

that the relationship between the transformation rate and the
dissolution rate is also important and that those rates are
influenced by the characteristics (size, crystal surface, etc.) of
the particle. Moreover, it is important to control the cocrystal-
line particle properties to improve the solubility of a
cocrystal.
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