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Abstract Cocrystals constructed of edaravone (a neuro-
protective agent) and phenolic acids (phytochemicals) are
investigated. Edaravone and cocrystal formers were co-
ground, slurried, and cocrystallized from solvent at 1:1,
2:1, and 1:2 molar ratios. The physicochemical character-
istics of the products were studied using elemental analysis,
optical microscopy, Fourier transform infrared spectros-
copy, differential scanning calorimetry, and X-ray powder
diffraction. Edaravone cocrystals were prepared at various
molar ratios. For three cocrystals, i.e., edaravone:gallic
acid (2:1), edaravone:protocatechuic acid (1:1), and eda-
ravone:trimesic acid (1:1), two polymorphs have been
identified. Representative samples of the cocrystals were
exposed to accelerated oxidative and thermal stress to
investigate their stability. From the stability screening,
protocatechuic acid and gallic acid cocrystals were iden-
tified as development candidates because they provide
stable cocrystal forms.
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Introduction

Edaravone (ED), 3-methyl-1-phenyl-2-pyrazolin-5-one, a
strong free radical scavenger, was developed by Mitsubi-
shi-Tokyo Pharmaceuticals Inc. (Tokyo, Japan). It is used
in the treatment of patients with acute brain infarction. ED
is an electron donor and when it interacts with free radicals,
such as peroxyl radical, the reaction yields corresponding
3-methyl-1-phenylpyrazolin-2,5-dione and 2-oxo-3-phe-
nylhydrazonobutanoic acid. ED blocks both the water-
soluble and lipid-soluble peroxyl radical-induced peroxi-
dation systems [1-5]. At present, ED is commercially
available as the injection solution in a glass ampoule. From
in vitro experiments, Watanabe et al. reported that this
formulation is highly reactive toward active oxygen [6-8].
As a consequence of the high affinity for oxygen, an
injection formulation of ED in aqueous ethanolic solution
should be stabilized with thio-compounds such as pyro-
sulfate or cysteine [9].

It is more or less accepted that antioxidant substances
might be valuable in mitigating neurodegeneration result-
ing from a transient ischemic event. Oxidative damage is
strongly implicated in the pathogenesis of neurodegenera-
tive diseases. Hence, free radical scavengers or chain-
terminating antioxidants could prevent the onset or slow
down the progression of some, if not most, neurodegen-
erative conditions. Examples of such antioxidant agents
include melatonin, lipoic acid, nonsteroidal anti-inflam-
matory agents, cysteine, glutathione monoethyl ester,
phenolic acids, vitamin E, resveratrol, and flavonoids [10].
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Despite the high chance of finding synergy effects, the
combination therapy of ED and other drugs has been
studied rarely [11-15].

Pharmaceutical cocrystals represent the latest approach
to obtain new solid forms of an active pharmaceutical
ingredient (API) [16]. Examples of pharmaceutical co-
crystals have been demonstrated in the literature to provide
improved properties such as physical and chemical stability
and thus they can be used as alternative forms of drugs
[17, 18]. This paper describes the synthesis and charac-
terization of cocrystals of ED with phenolic acid
nutraceuticals as the cocrystal formers (CCFs). Phenolic
acids have been reported to possess high antioxidant
activity in various systems and some anticarcinogenic
activity [19-22]. Pharmaceutical cocrystals of phenolic
acids except salicylic acid are relatively marginally
explored in terms of solid-state chemistry despite the fact
that they contain phenolic groups and the carboxylic acid
group serving as a hydrogen bond donor/acceptor [23-28].
The ED:carboxylic acids cocrystals may represent an
alternative with the potential for development of combi-
nation drug therapy formulations.

The aim of this study was the screening and identifica-
tion of suitable candidates and assessment of the
developability of cocrystal forms of ED in the early
development stages. The screening method involved three
steps. In the first step, the formation of a cocrystal was
verified by applying the simplest and most rapid tech-
niques, i.e., m.p. determination and Fourier transform
infrared spectroscopy (FTIR). If the presence of a cocrystal
was indicated, the material prepared passed the first step. In
the second step, differential scanning calorimetry (DSC)
and X-ray powder diffraction (XRPD) measurements
were carried out in order to prove the formation of co-
crystals. Finally, in the third step, preliminary solid-state
stability tests were performed [29-32]. In light of the
previously mentioned oxidative instability of the ED
injection formulation, oxidative stability of the represen-
tative cocrystals against hydrogen peroxide vapor at
30 °C with relative humidity (RH) control was further
evaluated [33]. This resulted in a rapid selection of
developable cocrystals.

From elemental analysis, FTIR, DSC, and XRPD, novel
cocrystals were identified and characterized. Formation of
cocrystals with different stoichiometry depends on the
experimental procedure [34]; thus, in this study solvent
drop grinding (SDG) was compared with solvent cocrys-
tallization (SC) experiments. The systematic study of series
of phenolic acids was conducted by the slurring method
(SL).

This is a follow-up paper to our previous works [35, 36]
dealing with the preparation and characterization of
imatinib mesylate cocrystals.
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Results and discussion

In order to avoid the solubility limitation and formation of
solvates, SDG was the first method of cocrystal preparation.
At first, the molar ratio 1:1 was tested, but occasionally the
ratios 1:2 or 2:1 were applied for further evaluation and
verification of the ratio. Step 1 of screening included simple
analytical techniques, i.e., hot-stage microscopy and FTIR, to
provide a preliminary indication of potential cocrystal for-
mation. In this way, 14 compounds of three different families,
i.e., keto acids, sulfobenzoic acids, and phenolic acids, were
screened to cocrystallize with edaravone. The results are
shown in Table 1, where positive results (+) from a particular
stage of screening indicate the potential interactions. In order
to provide a more profound insight into the structural factors
that govern cocrystal formation with phenolic acids, sys-
tematic slurry preparation of cocrystals has been carried out;
the results are summarized in Table 2.

The results of SDG experiments demonstrate the efficiency
of the preparation method in 11 out of 14 screening experi-
ments. However, SDG provides the cocrystal with
composition corresponding to the stoichiometric ratio of
starting materials (1:1) in six out of 11 experiments. This
number is difficult to compare with literature data as the
number of tested compounds is only occasionally mentioned
in the literature. It is noteworthy that in the relatively small
number of successful experiments, three new corresponding
polymorphs were identified. The solvent crystallization of a
1:1 ingoing ratio of material, sample no. 5, results in the same
cocrystallization product with excess unreacted gallic acid
(GA); hence, ED:GA (2:1) ratio was expected. The formation
of phase-pure ED:GA (2:1) cocrystals was achieved by the SC
method in acetonitrile/acetone (1:1) mixture or by SDG when
an adequate stoichiometric ratio was applied. In addition, the
series of crystallizations from a number of solvents also
yielded different polymorphs in the material obtained; FTIR,
DSC, and XRPD did not correspond to the aforementioned
cocrystal yielded from the SC or SDG method. It was found
that the crystallization from ethanol/acetonitrile (1:2) afforded
a phase-pure sample with microanalysis data corresponding to
the 2:1 cocrystal, but having a different FTIR and DSC records
and a new XRPD pattern. Thus, the XRPD pattern corre-
sponds to a new cocrystal ED:GA (2:1) termed here
polymorphII. Cocrystal ED:GA (2:1) polymorph Il could also
be prepared by the slurry crystallization after 1 week of stir-
ring of ingoing components at ambient conditions in
cyclohexane or aqueous ethanol. It should be noted that the
polymorphism of pharmaceutical cocrystals has been reported
relatively rarely [37-44]. Zaworotko investigated the general
occurrence of polymorphism in existing cocrystals and found
11 examples [37]. When stoichiometric ratio variations were
tested in the SC experiments (samples no. 7, 9) these indeed
confirmed the stoichiometric ratios from the SDG results.
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Table 1 List of CCFs subjected to screening and m.p., IR, DSC, and XRPD responses after SDG or crystallization with edaravone

No. Cocrystal former Preparation Response

(molar ratio, ED:CCF) method —
m.p. IR DSC XRPD Stability

a-Resorcylic acid (2:1) SDG, SC, SL + + + + nc

2 Citric acid (1:1) SDG + + am am nc

38 Camphanic acid (1:1) SDG + + + + +

4 Ketoglutaric acid (2:1) SDG, SC + + am am nc

5° Gallic acid (2:1) polymorph I SDG, SC + + + + +

6" Gallic acid (2:1) polymorph II SC, SL + + + + +

7 Trimesic acid (1:1) polymorph I SDG + + + + nc

8" Trimesic acid (1:1) polymorph II SC, SL + + + + +

9 Protocatechuic acid (1:1) polymorph I SDG + + + + nc

10* Protocatechuic acid (1:1) polymorph II SDG, SL + + + + +

11 4-Sulfobenzoic acid (1:1) SDG + + im + nc

12¢ 4-Sulfobenzoic acid (2:1) SDG + + + + +

13 4-Sulfobenzoic acid (1:2) SDG =+ =+ im + nc

14 Pyrogallol-4-carboxylic acid (1:1) SL + + + + nc

am amorphous phase, nc test not conducted, im impure sample

* Data from these experiments indicate positive responses for all methods and are classified as leads

However, in the course of scale-up studies of the primary SDG
method using the SC method from 1:1 ethanol/acetonitrile, the
ED:trimesic acid (TMA) (1:1) cocrystal polymorph II was
identified.

Generally, SDG experiments were conducted in 5-cm’
reaction vessels using balls with a diameter of 5 mm. How-
ever, in the course of scale-up studies of the SDG method
affording the form I of edaravone:protocatechuic acid (PC)
(1:1) cocrystal, by applying 20-cm” reaction vessels and balls
with a diameter of 9 mm another polymorphic form II was
prepared. Similar cases are reported, e.g., the effect of the
quantity of material on the polymorphic outcome and gener-
ation of thermodynamically unstable cocrystals during
substantially energetic grinding processes [42, 44].

The identified polymorphs were characterized using
FTIR, XRPD, and DSC. Each form exhibits a unique
XRPD pattern that differs from the patterns of starting
materials (Figs. 1, 2). The melting points of the poly-
morphs were determined by hot-stage microscopy and
verified from the onset temperatures of DSC endothermic
peaks (Fig. 3; Table 3). All the polymorphs show unique
melting points that differ from those of the starting mate-
rials and between them: ED:TMA (1:1) I (200.1 °C),
ED:TMA (1:1) II (208.4 °C), ED:PC (1:1) I (116.4 °C),
ED:PC (1:1) II (114.4 °C), ED:GA (2:1) 1 (154.4 °C),
ED:GA (2:1) II (146.4 °C). The fact that a higher number
of polymorphs were prepared in small series of cocrystals
suggests the importance of polymorph screening of co-
crystals and raw materials and their thorough
characterization. Polymorphs can usually be discriminated
using DSC data from the onset of melting and heats of

fusion or by the infrared rule [45]. As stated by the heat of
fusion rule, a higher melting form has a higher heat of
fusion in a monotropic system and a lower heat of fusion in
an enantiotropic system. In the case of ED:PC cocrystal,
the polymorph I with higher melting temperature has a
higher heat of fusion; it can be concluded that the poly-
morph I is a monotrope. Likewise, in the case of ED:TMA
form II, higher melting forms have higher heats of fusion.
The relative stability of the two polymorphs of the ED:PC
(1:1) cocrystal was studied by placing a mixture of crystals
of form I and form II in open glass vials at 40 °C with
75 % RH; no transformation was observed after 2 months
by DSC and the 1:1 cocrystal mixture showed two
unchanged endothermic events at onset temperatures of
116.4 °C (128 J/g) and 114.4 °C (124 J/g) for the poly-
morphs I and II, respectively. This result gives evidence
that in this range of temperature and RH both polymorphs I
and II are stable.

The thermodynamic relationships between polymorphs I
and II of ED:GA (2:1) respectively could be enantiotropi-
cally related. Relative polymorph stabilities for ED:GA
cocrystals were deduced from SL cocrystallization in two
solvents; where after 1 week form II was confirmed as
remaining solid, meanwhile the themodynamically unsta-
ble form I was obtained by energetic grinding [42]. The
FTIR spectra of forms I and II of ED:GA (2:1) cocrystals
are presented in Fig. 4. Absorption peaks in the
~1,670 cm ™' region correspond to carbonyl group vibra-
tions of gallic acid. Other differences between the IR
spectra of the polymorphs are present in the regions
740-760, 1,150-1,180, 1,400-1,420, 1,550-1,560, and
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Table 2 Overview of SDG, SC, and SL cocrystal formation experiments of edaravone with phenolic acids

CCF Method

SDG (molar ratio) SC (molar ratio) SL (molar ratio)

— (1:1, 2:1, 1:2) DMF
— (1:1, 2:1, I:22) W

— (1:1, 2:1, 1:2) AN
— (1:1, 2:1, 1:2) DMF

— (1:1, 2:1, 1:2) ET
— (1:1, 2:1, 1:2) AN
— (1:1, 2:1, 1:2) BU
— (1:1, 2:1, 1:2) AN

— (1:1) AN, AE, W
— (1:2) AN, W, AE
— (2:1) AN, W, AE
— (1:2) CH, W, AE

2-Hydroxybenzoic acid

3-Hydroxybenzoic acid (3HB)

—(1:1,2:1, 1:22) W — (1:1, 2:1) ET, AN — (2:1) W, AE
— (1:1, 2:1, 1:2) AN — (1:1) AE, W, CH
4-Hydroxybenzoic acid (4HB) — (1:1, 2:1, 1:2) DMF — (1:1, 2:1, 1:2) AN — (2:1) W, AE

+ 2:) W

— (111, 2:1, 1:2) AN
— (111, 2:1, 1:2) DMF
— (11, 2:1, 1:2) W
— (111, 2:1, 1:2) AN

— (1:1, 2:1, 1:2) ET — (1:1) AE, W, CH

— (1) W, AE
— (1:1) AE, W, CH

2,3-Dihydroxybenzoic acid

2,5-Dihydroxybenzoic acid — (1:1, 2:1, 1:2) DMF —(1:1, 2:1, 1:2) ET — (2:1) CH
—(1:1,2:1, I:2) W — (1:1, 2:1, 1:2) AN + (1:1) AE
— (1:1, 2:1, 1:2) AN
3,4-Dihydroxybenzoic acid (PC) + (1:1), — (2:1, 1:2) DMF + (1:1) AC-AN + (1:1) AE
+ (1:1), — (2:1, 1:12) W + (1:1) ET-AN — (1:1) CH
+ (1:1), — (2:1, 1:2) AN
3,5-Dihydroxybenzoic acid (RA) + (2:1), — (1:1, 1:2) DMF — (1:1) CH
+ (2:1), — (1:1, 1:12) W + 2:1) W
+ (2:1), — (1:1, 1:2) AN + (2:1) AE
2,4,6-Trihydroxybenzoic acid — (1:1, 2:1, 1:2) DMF — (1:1, 2:1, 1:2) AN — (1:1, 1:2) AN,
—(1:1,2:1, I:2) W — (2:1) AN
— (1:1, 2:1, 1:2) AN
2,3,4-Trihydroxybenzoic acid (PG) — (1:1, 2:1, 1:2) DMF + (1:1) AE
—(1:1,2:1, I:2) W —(I:HhW
— (1:1, 2:1, 1:2) AN — (2:1) CH, W, AE
3,4,5-Trihydroxybenzoic acid (GA) + (2:1), — (1:1, 1:2) DMF + (2:1) AC-AN + (2:1) CH
+ (2:1), — (1:1, 1:12) W + (2:1) ET-AN + (2:1) AE
+ (2:1), — (1:1, 1:2) AN
m-Coumaric acid —(2:1, I:1H) W — (1:1) W, AE
— (2:1, 1:1) AN
— (1:1, 2:1, 1:2) DMF
Caffeic acid — (2:1, 1:1, 1:2) AN — (1:1) W, AE
- 2L 1:H)W — (2:1) W, AE

— (1:1, 2:1, 1:2) DMF

+ sign denotes the cocrystal formation (stoichiometry highlighted in bold); — sign denotes a mixture of the starting materials without a cocrystal
formation

AC acetone, AE (1:1, v/v) aqueous ethanol solution, AN acetonitrile, BA butyl acetate, BU butanol, CH cyclohexane, CI chloroform, DMF dimethyl-
formamide, ET ethanol, W water

3,200-3,360 cm™"'. The absorption peak relation between
the two polymorphs located in the &~ 1,670 cm™' region
appears to be in accordance with Burger and Ramberger’s
infrared rule, which states that the phase I that absorbs at
higher frequencies is less stable at 0 K [45].

We further investigated cocrystal formation of edarav-
one with SBA and TMA. From a crystal engineering view,
SBA and TMA are CCFs with higher molecular

@ Springer

complexity, TMA with its threefold symmetrically dis-
posed carboxyl groups and SBA with two nonequivalent
acidic groups. This stimulated us to construct supramo-
lecular architectures of ED and SBA, which would be
expected to exhibit diversified hydrogen-bonding modes
and interesting architectures [46]. Only the SDG method
afforded a phase-pure cocrystal ED:SBA in the stoichi-
ometric ratio 2:1. DSC records also indicated the presence
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Fig. 1 XRPD patterns for (from top to bottom) ED:TMA (1:1)
polymorph II, ED:TMA (1:1) polymorph I, ED:CA (1:1), ED:4-
sulfobenzoic acid (SBA) (2:1), ED:SBA (1:1), ED:SBA (1:2), ED:KG
(2:1) cocrystals

of new phase via the SDG method for 1:1 and 1:2 stoi-
chiometry; ED and SBA were consumed and a smaller
amount of impurity was detected alongside with traces of
solvent (Fig. 3). But, the different XRPD patterns of three
resulting structures (Table 1, samples no. 8, 9, 10) were
observed as presented in Fig. 1. However, these samples
were excluded from the next screening. The variations of
stoichiometry were unexpected and we hypothesized that
the sulfonic group can be complexed, too. Cocrystal sul-
fonates and their single-crystal structure determinations
have been reported rarely and mimicking of a carboxylic
group was confirmed [47-50]. Unfortunately, in our case a
single crystal of this structure for the single-crystal XRD
measurement was not obtained. As stated above the co-
crystal of ED:TMA 1:1 using SDG afforded polymorph I
and the SC method afforded polymorph II. These examples
illustrate another case in which the different methods
produce different cocrystal polymorphs.

The first stage of screening identified two materials by
melting point and FTIR that were then identified as

10 20 30 40

2000 %

Fig. 2 XRPD patterns for (from top to bottom) ED:PC (1:1)
polymorph I, ED:PC (1:1) polymorph II, ED:RA (2:1), ED:GA (2:1)
polymorph I, ED:GA (2:1) polymorph II, ED:PG (1:1) cocrystals

amorphous by DSC and XRPD methods. This is observed
during grinding [51, 52] as is true for ED:citric acid (1:1)
cocrystal. Pure citric acid monohydrate (CIT) has bands at
1,721 and 1,685 cm™! corresponding to the v(COOH) and
(C=0) stretch. During the formation of ED:CIT (1:1) co-
crystal these bands were shifted to 1,698 and 1,678 cm™!
as weak broad bands, which indicated the formation of
hydrogen bonding. However, the XRPD pattern revealed
that the material was obtained as an amorphous solid. On
the other hand, ED:ketoglutaric acid (2:1) cocrystals pre-
cipitated as a glassy (softening around 130 °C) material
from an ethanol/acetonitrile (9:1, v/v) system. To examine
the effect of solvents on the solid state of the aforemen-
tioned materials, we took the same measurements on the
samples from SC using various solvents including aceto-
nitrile, acetone, 2-methyl-2-butanol, methyl ethyl ketone,
dipropyl ether, butyl acetate, and chloroform [53]. In sol-
vent treatments mentioned above, if a solid material
precipitated, we found that we got the identical amorphous
material using different solvents. No peaks were observed

@ Springer
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Fig. 3 DSC curves of (from
top to bottom) ED:PG (1:1),
ED:PC (1:1) polymorph II,
ED:PC (1:1) polymorph I,
ED:RA (2:1), ED:GA (2:1)
polymorph I, ED:GA (2:1)
polymorph II, ED:TMA (1:1)
polymorph I, ED:TMA (1:1)
polymorph II, ED:CA (1:1),
ED:SBA (2:1), ED:SBA (1:1),
ED:SBA (1:2), ED:KG (2:1),
ED:CIT (1:1) cocrystals

in XRPD patterns except for a halo-like pattern at 20
between 10° and 25° confirming its amorphous state
(Fig. 1). As we are not interested in amorphous forms,
ED:CIT (1:1) and ED:KG (2:1) materials were rejected as
development candidates and excluded from the next stage

of screening.
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Unexpectedly, in the case of salicylic acid as CCF the
FTIR and DSC clearly show that no cocrystal is formed.
Following from these negative observations, the synthesis
of cocrystals was attempted by SDG, SC, or the SL method
from other structurally related phenolic acids. As non-
bonding interactions in cocrystals take place, a steric
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Table 3 Melting points and
DSC data of the edaravone

cocrystals

dec decomposition, im impure

Cocrystal former (molar ratio, ED:CCF) m.p./°C Tonset/°C AgoHIT g_1 CCF, Topset/°C
Edaravone 127-129 128.0 151.6 -
a-Resorcylic acid (2:1) 126-127 127.8 126.5 235.1
Citric acid (1:1) ~103 am - 151.6
Camphanic acid (1:1) 123-124 127.9 129.4 204.7
Ketoglutaric acid (2:1) ~ 130 am - 114.2
Gallic acid (2:1) I 154-155 154.4 124.8 259.1
Gallic acid (2:1) IT 144-146 146.4 135.1 259.1
Trimesic acid (1:1) I >235de¢ 200.19%¢ 78.04¢ 361.5%¢
Trimesic acid (1:1) II >215%¢ 208.49 93 3dec 361.5%¢
Protocatechuic acid (1:1) 1 114-115 116.4 128.3 202.2
Protocatechuic acid (1:1) 1T 111-113 114.4 123.7 202.2
4-Sulfobenzoic acid (1:1) 163-170 im - ~99
4-Sulfobenzoic acid (2:1) 155-158 158.7 86.2 ~99
4-Sulfobenzoic acid (1:2) 200-202 im - ~99
Pyrogallol-4-carboxylic acid (1:1) 158 151.9 112.2 214.1

sample, am amorphous phase

arrangement of hydroxyl moieties seems to be important.
From the results mentioned above we deduced that the
presence of the 3-hydroxyl moiety in benzoic acids leads to
interaction with ED; therefore 3-hydroxybenzoic acid
(3HB), 3,5-dihydroxybenzoic acid (a-resorcylic acid, RA),
and 2,3.4-trihydroxybenzoic acid (pyrogallol-4-carboxylic
acid, PG) were tested as CCFs. Indeed, the corresponding
cocrystal (sample 1, Table 1) was prepared by SDG, SL, or
the SC method at the stoichiometry 2:1 ED:RA. All the
cocrystals obtained by SDG are reproduced by SL; how-
ever, ED:PG (1:1) cocrystals were obtained solely by SL,
and thus slurry cocrystallization seems more effective. For
3-hydroxybenzoic acid the FTIR method indicated a new
phase and DSC showed a clear single melting peak
(92 °C). Additional mixtures were prepared to verify the
formation of the eutectic mixture. However, all of the
materials with the 2:1, 1:2, or 1:1 ratio show the same
eutectic point thereby indicating the absence of cocrystal
formation (Fig. 5). Also, the XRPD patterns of these
materials showed negligible differences against the pat-
terns of starting compounds; so the formation of cocrystal
did not take place.

Phenolic acids occasionally showed surprising results,
as two stoichiometrically different cocrystals were isolated
[18, 53, 54]. The cocrystals obtained from a pair of iso-
meric dihydroxybenzoic acids (3,5- vs. 3,4-dihydroxy) and
trihydroxybenzoic acids (3,4,5- vs. 2,3,4-trihydroxy) exhi-
bit different stoichiometric ratios of 2:1 vs. 1:1. It was
found that the SL method afforded a cocrystal with
appropriate stoichiometry (Table 2) regardless of the used
ongoing ratio (1:1, 1:2, 2:1) of starting materials.
According to the aforementioned idea we tested caffeic
acid and 3-hydroxycinnamic acids using the slurry co-
crystallization; no cocrystal formed. Table 2 summarizes

the cocrystals prepared from hydroxybenzoic acids by the
slurry method. This behavior of hydroxyl benzoic acids has
already been reported. Broad screening of acetazolamide
with many structural isomers of hydroxybenzoic acids
yielded a cocrystal only for 4-hydroxy- and 2,3-dihy-
droxybenzoic acid [28].

The melting points were compared with those of the ED
and CCFs. The melting points of obtained samples are
diffused; however, they fell mostly between the values of
edaravone (127-129 °C) and the corresponding CCF. The
distinct melting points of cocrystals clearly indicate the
formation of a new crystalline phase. These cocrystals were
shown to alter the melting point of edaravone, suggesting
that physical properties of great pharmaceutical relevance,
e.g., solubility and thermal stability, have been altered. In
this series, however, no direct correlation between melting
points of either individual component and that of the co-
crystal could be found. The FTIR spectra of representative
cocrystals are depicted in Figs. 6 and 7. Use of FTIR was
possible through the inclusion of a set of physical mixtures
of edaravone and CCFs representing possible solid-state
outcomes from the cocrystal screening. The tendency of
CCFs to interact with edaravone is demonstrated in
Table 1. FTIR spectra of cocrystals compared with those of
the pure compounds or their physical mixture showed
numerous changes. It can be seen that for cocrystals, the
characteristic peaks either reduced their intensity, disap-
peared, shifted, or new peaks appeared (Fig. 4). Indeed,
most of the peaks of CCFs shifted in this way, e.g., the
C=0 stretching vibration of the carboxylic group at
1,728 cm ™! for camphanic acid occurred at 1,674 cm ™ !in
ED:CA (1:1) cocrystal. An increase in the frequency of the
keto group of camphanic acid was observed from 1,745 to
1,782 cm™' in ED:CA (1:1) cocrystal (Table 4). An
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Fig. 4 Example of FTIR
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cocrystals (from fop to bottom): 1597.1
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increase in the frequency of the keto group of camphanic
acid was observed from 1,745 to 1,782 cm~!. The IR
spectrum of pure ketoglutaric acid (KG) and CIT starting
material shows characteristic peaks attributed to the
v(COOH) and (C=0) stretch, respectively. During cocrys-
tallization these bands were shifted which indicates that the
carboxyl group is participating in hydrogen bonding.
However, the situation for these ED:polycarboxylic
acids (1:1) systems was somewhat unclear. The IR spec-
trum shows an indistinguishable broad multiplet at
~ 1,705 cmfl, and the new absorption bands attributable
to ¥(COOH) group were strongly overlapped with the
mostly unperturbed COOH absorption bands. For all other
tested acids, however, the carbonyl peak occurred at
1,715-1,682 cm ™! clearly in agreement with the structural
evidence for the cocrystal formation. Also, a new band at
1,596 cm™! attributed to the C=N of the edaravone
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skeleton appeared. This band appeared only in those cases
where edaravone was found to form the cocrystal.

Crystal morphology and particle size are important for
handling the drug substance and for reliable manufacture of
dosage forms with uniform drug content. The optical
micrographs of representative cocrystals are shown in
Fig. 8. The morphology of the cocrystals ranges from a
rhombic habit for 8a (mean value 450 pm, ED:GA (2:1),
polymorph II), to a hexagonal morphology with irregular
surface for 8b, 8d and tetragonal prism for 8¢ [mean value
270 pm, ED:TMA (1:1)]. Form ED:GA (2:1), polymorph
Il is particularly easy to filter and dry to a free-flowing
powder.

DSC experiments were carried out to study the thermal
behavior of ED cocrystals in relation to the individual
components. The DSC records and m.p. for ED, individual
native CCFs, and cocrystals were compared. The DSC
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Fig. 5 DSC records of (from 14 A

top to bottom) potential

cocrystal ED:3HB (1:1) by the 13

SL method, potential cocrystal

ED:3HB (1:1) by the SL method 12

doped with ED, and the physical
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records are shown in Fig. 3; the melt endotherms obtained
from the DSC data are shown in Table 3, with the melting
points for the corresponding cocrystal components. The
DSC results revealed significant differences between the
values of the melting point onsets of pure ED and ED
cocrystals. This melting point mostly occurs between the

S D
=

2500 1500

Wavenumbers/cm™

melting points of the starting materials (ED at 127-129 °C
and CCFs). Formation of the cocrystal then results in
increased thermal stability of ED, but a lower stability for
the CCFs molecules. A single endothermic peak for co-
crystals indicates the absence of any unbound or absorbed
solvent and demonstrates the stability of phase until the
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Fig. 7 FTIR spectrum of (from
top to bottom) ED:TMA (1:1)
polymorph II, ED:PC (1:1)
polymorph II, ED:PC (1:1)
polymorph I, ED:PG (1:1),
ED:CIT (1:1), ED:TMA (1:1)
polymorph I cocrystals

ED TMA I 1:1
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Table 4 Assignment of the major bands of the infrared spectra of cocrystals

No. Cocrystal former (molar ratio, ED:CCF) W(COOH)/cm™! W(C=Nje)/em ™! v(OH) of COOH/cm™!
1 a-Resorcylic acid (2:1) 1,653 1,592 1,409
2 Citric acid (1:1) 1,698 1,598 1,420
3 Camphanic acid (1:1) 1,674 1,594 1,391
4 Ketoglutaric acid (2:1) 1,705 1,596 1,403
5 Gallic acid (2:1) polymorph I 1,668 1,597 1,411
6 Gallic acid (2:1) polymorph II 1,662 1,591 1,419
7 Trimesic acid (1:1) polymorph I 1,686 1,594 1,406
8 Trimesic acid (1:1) polymorph II 1,691 1,596 1,407
9 Protocatechuic acid polymorph I (1:1) 1,682 1,595 1,411
10 Protocatechuic acid polymorph II (1:1) 1,677 1,601 1,389
11 4-Sulfobenzoic acid (1:1) 1,697 1,603 1,397
12 4-Sulfobenzoic acid (2:1) 1,715 1,600 1,397
13 4-Sulfobenzoic acid (1:2) 1,686 1,601 1,397
14 Pyrogallol-4-carboxylic acid (1:1) 1,646 1,607 1,407

melting point. For ED:SBA (1:1, 1:2) cocrystals, however,
the DSC of the cocrystal indicated traces of CCF. When
CIT or KG was applied, the DSC traces clearly indicate an
amorphous phase. There are several suggestions found in
the literature that cogrinding induces an amorphization [51,
52]. The amorphous samples of ED:CIT and ED:KG co-
crystals were aged at 25 °C with 35 % RH, for 2 months,
to assess the effect of storage on their crystallizability.
Cocrystals ED:CIT and ED:KG solidified but the repeated
DSC measurements did not detect any crystalline phase.
A different XRPD pattern for each ED cocrystal con-
firms the formation of a new cocrystal phase; a unique
XRPD pattern enables unambiguous distinction between
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the cocrystals from ED and CCFs. As stated above, only
the samples with indubitable XRPD patterns from the
screening experiments were classified as positive. The
XRPD patterns of cocrystals are shown in Figs. 1 and 2.
The low-angle region at 260 = 5°-30° was used to reliably
distinguish between various crystal forms of new cocrys-
tals. The XRPD patterns revealed that the formation of
cocrystals via SDG occurred with stoichiometric ratios
corresponding to the starting materials; no starting material
was detected except SBA. Total consumption of starting
ED and unused CCFs was revealed by XRPD in some
cases. Finally, using appropriate stoichiometric variation
(e.g., ED:GA 2:1), the desired cocrystals were obtained and
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Fig. 8 Optical micrographs of P
a ED:GA (2:1) polymorph II,
b ED:GA (2:1) polymorph I,

¢ ED:TMA (1:1) polymorph II,
d ED:TMA (1:1) polymorph I
prepared by SC (left) or SDG
(right)

confirmed by XRPD. The new XRPD patterns were found
to correspond to polymorphs of cocrystals ED:GA,
ED:TMA, and ED:PC.

Stability tests as a function of time versus humidity and
temperature are useful in assessing the shelf life of co-
crystals. Thus, cocrystals were subjected to temperature
40 °C and 75 % RH for 2 months. The solids were ana-
lyzed by m.p., FTIR, DSC, and XRPD and compared with
unstressed samples to confirm a physical stability. Co-
crystals displayed physical stability; no recognizable
differences in m.p. and the FTIR, DSC, and XRPD patterns
were found. The type of polymorphic form does not have a
significant influence on the stability under the testing
conditions. As an example, the XRPD patterns for ED:PC
(1:1) cocrystals before and after exposure are shown in
Fig. 9. It can be seen that any significant change indicating
decomposition in the patterns did not occur. The intensity
of diffraction peaks in the stressed samples was somewhat
different compared with the starting material owing to a
diverse measurement condition (sample volume). Thermal
stability/relative humidity results (TS) are summarized in
Table 5.

The next stage, i.e., the oxidative-stability screening,
also provides additional information regarding the stability.
Edaravone is thermally stable; however, peroxide vapor-
mediated oxidation was confirmed under the test conditions
with unidentified degradants as monitored by HPLC. E-
daravone, as a blank, showed significant decrease of the
content to 89.8 % during exposure to hydrogen peroxide
vapor. Thus, the cocrystal solid samples were exposed in

|'
I I |r *; ,., ’jl_ll I|.||: i
Mot ol VTN M i g et

T T T T

10 20 30 40

20/° *°

Fig. 9 XRPD patterns for (from top to bottom) cocrystal ED:PC
(1:1) polymorph II and cocrystal ED:PC (1:1) polymorph II after
exposure

parallel using the condition 25 °C/65 % RH for 3 days.
Generally, the tested cocrystals maintain a practically
unchanged content of ED. This preliminary study indicates
that stabilization is probably a result of the beneficial effect
of CCF. These experimental results demonstrated that the
proposed antioxidant protection can be used to generate
stable products and is useful for the development of drug
products; the results are summarized in Table 5.

In the final stage of stability screening, sorption of water
was conducted to identify “developable” cocrystal candi-
dates. Water sorption for selected cocrystals was
determined at 25 °C and 55, 80, and 90 % RH. The
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Table S HPLC data and stability results for ED and representative
cocrystals

Sample oS WS TS
ED 89.8 (area %) + nc
ED:CA (1:1) + + +
ED:PC (1:1) polymorph II + + +
ED:SBA (2:1) + + +
ED:TMA (1:1) polymorph II + + +
ED:GA (2:1) polymorph 1 + + +

OS oxidation stability, + no decrease in content with respect to ED,
WS water sorption, 4 change in mass <0.1 %, TS solid-state stability
with respect to temperature and relative humidity, + test passed, nc
test not conducted

cocrystal was regarded as non-hygroscopic if it sorbed less
than 0.1 % water even at high humidity; the results for
90 % RH are summarized in Table 5. It was evident that
ED cocrystals sorbed a negligible amount of water
(k0.1 %), practically the same as a ground sample of ED.
These preliminary results indicate that the ED cocrystals
are non-hygroscopic. Generally, all tested materials had
satisfactory thermal and oxidation stability and did not
undergo hydration under increased humidity.

The dissolution curves almost perfectly obeyed first-
order kinetics (Fig. 10). Purely formally (without consid-
ering mechanistic details such as the solution-mediated
transformation and solute—solute interaction), the dissolved
concentration ¢ can be expressed as

¢ = cxo|l — exp(—ki1)] (1)

where ¢, is the final concentration, k is the dissolution rate
constant, and ¢ stands for time.

Since the final concentration is unknown, for the treat-
ment of dissolution data non-linear regression was
employed; the results are presented in Table 6.

The dissolution tests were conducted to compare the
dissolution rate of ED and cocrystals. Table 6 shows the
dissolution rate constants for representative samples. The
comparison of rate constants of ED cocrystals with that of
ED itself reveals that the solubility rates of cocrystals are on
average 1.6 times higher than that of edaravone [except
ED:TMA (1:1) polymorph IIJ. Nevertheless, this pre-
liminary study indicates that the dissolution rate of ED can be
modified by cocrystallization. From the values of dissolution
rate constants it can be seen that the prepared cocrystals can
be roughly divided into the following three groups:

1. Cocrystals with significantly higher solubility rate
compared to ED [ED:PC (1:1) polymorph I, ED:PC
polymorph II, ED:SBA (2:1), and ED:GA (2:1)
polymorph I]

2. Cocrystals with practically unchanged solubility rate
[ED:CA (1:1)]
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Fig. 10 Representative dissolution curves of ED:GA (2:1) poly-
morph I, ED:TMA (1:1) polymorph II cocrystals, and ED. Solid line
represents non-linear fit of experimental data to Eq. (1)

Table 6  Solubility rate constants for ED and representative
cocrystals

Sample k/min™"
ED 0.092
ED:PC (1:1) polymorph I 0.138
ED:PC (1:1) polymorph II 0.150
ED:GA (2:1) polymorph I 0.159
ED:CA (1:1) 0.118
ED:SBA (2:1) 0.147
ED:TMA (1:1) polymorph II 0.047

3. Cocrystals with significantly lower solubility rate
compared to ED [ED:TMA (1:1) polymorph II]

It is accepted that a substance with a high melting point
has strong self-interactions, and therefore low solubility
[55]. This trend is approximately observed in the tested
series: solubility rates of cocrystals ED:PC (1:1) poly-
morph [ (Typeee = 116.4 °C), ED:PC (1:1) polymorph II
(Tonser = 114.4 °C), ED:GA (2:1) polymorph I (Typser =
154.4 °C), and ED:SBA (2:1) (Topser = 158.7 °C) are
about three times higher than that of ED:TMA (1:1)
polymorph II (Tyneer = 208.4 °C). As expected, the dif-
ferences in the obtained solubility rates reflect the different
CCFs solubilities [55], i.e., the saturated solubility of GA at
20 °Cis 12 mg/cm3, for PC 18.2 mg/cm3, and TMA has
poor solubility in water (owing to intermolecular hydrogen
bonding). It may be expected that solubility of potential
cocrystals of ED with more soluble acids may be higher
than that of the applied phenolic acids. From this result,
ED:PC and ED:GA cocrystals appear the most robust
candidates; this demonstrates that using antioxidants
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(phenolic acids) as CCFs yields cocrystals of ED as a
crystalline, nonsolvated, highly stable solid.

Conclusion

We have shown that phenolic acids are able to cocrystallize
with edaravone and also form polymorphs. Sixteen novel
cocrystals have been described, with supporting analysis of
FTIR and XRPD. The DSC technique was used for char-
acterization of cocrystal polymorphs. Formation of
cocrystals with different stoichiometry was observed. Each
of the cocrystals was stable upon exposition to increased
relative humidity and/or temperature over 8 weeks. Fur-
thermore, dissolution studies of representative cocrystals
show an alteration in solubility of edaravone with the
formation of cocrystal indicating the potential for further
development in this field. To summarize, cocrystal eda-
ravone:gallic acid (2:1) polymorph II can be prepared on a
large scale with robust stoichiometric control and accept-
able yield, volume, and purity (chemical and solid state).

Experimental

Edaravone and CCFs were purchased from Sigma-Aldrich
Ltd. and were used as received. All the samples gave
microanalysis results for C £+ 0.38 %, H £ 0.35 %, and
N =+ 0.25 %. The water content was measured by ther-
mogravimetric analysis. All the samples showed negligible
weight loss between 25 and 110 °C. Analytical grades of
solvents, i.e., methanol, ethanol, acetonitrile, acetone,
2-isopropoxyethanol, methyl isobutylketone, 3-methyl-1-
butanol, and N,N-dimethylformamide, were purchased
from Sigma-Aldrich Ltd. Whatman nylon syringe membrane
filters (0.2 pm) were used for filtration of crystallization
solutions.

Preparation of cocrystals by solvent drop grinding
and solvent crystallization

Cocrystals were prepared with guest compounds selected
on the basis of their solubility, representative differences in
structure, and range of functional groups as summarized in
Table 1. The preparation included SDG and SC with a molar
ratio 1:1, 2:1, or 1:2. Alternatively, these experiments were
used as a rapid method of obtaining material for seeding of SC
for the scale-up experiment no. 5 (Table 1).

For SDG experiments, a Retsch 200MM mixer mill,
equipped with 10-cm” stainless steel grinding jars with two
stainless steel grinding balls with a diameter of 5 or 9 mm,
was used. All SDG experiments were performed with one
drop of acetonitrile, dimethylformamide, or water at a

frequency of 30 Hz. External temperature of the grinding
jar did not exceed 30 °C.

Preparation of cocrystals by solvent crystallization was
carried out in round-bottomed flasks. ED (100-200 mg) was
added to the flasks in an oil bath. An adequate amount of
solvent (1.5-3.5 cm®) was added to the flask at reflux to form
a solution. Then an appropriate amount of CCF was added.
The solutions formed were quickly filtered through a nylon
filter (0.22 pm) and then the filtrates were transferred to a
10-cm’ flask. In some cases cosolvents (2-6.0 cm3) were
carefully added to the stirred solutions at a gentle reflux. The
solutions were gently refluxed for an additional 10 min with
stirring. Then the oil bath was removed and the temperature
was gradually reduced to 20 °C over 0.5 h while stirring.
The cooling rates for all flasks were the same. The flasks
were allowed to stand at 5-10 °C for 48 h. The precipitated
materials were filtered via a flask-to-flask filtration assembly
using a sintered glass no. 3 funnel with vacuum. The crystals
were dried under vacuum at 45 °C and stored in a desiccator.
For the stability testing the materials were scaled up fol-
lowing the same reaction procedures.

Preparation of cocrystals via slurring

The following procedure was applied only for phenolic
acids summarized in Table 2. Stoichiometric amounts of
starting materials were slurried (1 cm® of solvent per
100 mg of starting material) to stir for 1 week at ambient
temperature. The undissolved solid was isolated by vacuum
filtration via a flask-to-flask filtration assembly using a
sintered glass no. 3 funnel. The solids were dried under
vacuum at 60 °C and stored in a desiccator. Solids were
characterized using IR spectroscopy and m.p. Table 2
summarizes the cocrystals obtained in this manner.

Determination of melting points

Melting points were determined on a Boetius Nagema-type
hot-stage apparatus (Rapido Wigetechnik, Radebeul, Ger-
many). The melting point can be determined with an
accuracy of 1.0 °C. The heating rate was 5 °C min~'. The
melting points of potential cocrystals were compared with
those of ED and CCFs.

Fourier transform infrared spectroscopy

The spectra were collected on an FTIR spectrometer
Impact 410-IR (Nicolet, USA). The ATR technique (dia-
mond ATR crystal) was used with Omnic software version
5.2. A total of 50 scans were collected over the range of
4,000-400 cm™~'. The IR spectra of potential cocrystals
were compared with those of physical mixtures of parent
CCF and edaravone. The CCFs and ED were separately
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gently ground before mixing to achieve the same particle
size as ground cocrystal particles.

Thermal analysis

A Perkin-Elmer DSC-7 differential scanning calorimeter
(DSC) with Pyris software was employed. The temperature
scale was calibrated to the fusion temperatures of In, Sn,
and Pb; the enthalpic scale was calibrated to the enthalpy
of fusion of In. The heating rate was 10 °C min~' and
nitrogen was used as a purge gas.

X-ray powder diffraction

The patterns of powder samples were collected within the
20 range 3°-51° in steps of 0.02° on a Bragg—Brentano
diffractometer Philips PW1730/1050, using P-filtered
CoK,, radiation, 40 kV/35 mA and with a scintillation
detector. In order to facilitate the data interpretation, XRPD
patterns of ED and CCFs were measured and compared
with that of the material prepared.

Stability in solid-state and oxidative stability

Samples of cocrystals and ED were placed in open glass
vials at 40 °C/75 % RH and tested periodically during
2 months by m.p. and FTIR methods. At the end of the
testing period, the m.p, FTIR, and XRPD were measured
for stressed samples.

For the preliminary water sorption studies, the samples
and ED were milled in an agate mortar and then dried for
6 h under vacuum at 45 °C. The samples (approximately
60-120 mg) were then exposed to 55, 80, and 90 % RH for
24 h each and the weight differences for appropriate RH
were calculated for dry mass. The temperature was main-
tained at 20 &+ 2 °C; humidity was kept constant by use of
saturated aqueous salt baths. The humidity and temperature
were monitored using a GMH 3330 (Greisinger GmbH,
Germany) with a TFS0100 probe. The cocrystal is con-
sidered non-hygroscopic if it sorbs less than 0.1 % water
even at high humidities (90 % RH).

To evaluate the oxidative stability, the crystalline solids
were exposed to hydrogen peroxide vapor, with RH control
(25 °C/60 % RH), using the reaction chamber as described
by Zhu [33]. The saturated NaCl solution was loaded into
the bottom of the glass chamber. Exposure to the hydrogen
peroxide vapor was from 3 days to 1 week. Samples were
taken at exposure intervals and analyzed for content of
edaravone using the HPLC method [56]. Degradation
products were not analyzed, except sample no. 10
(Table 1) for which the LC/MS was performed with an
MSD SL Ion Trap mass spectrometer with a 123 ESI and
APCI source coupled with an 1100 series HPLC system.
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Optical micrographs

Optical micrographs of ED, CCFs, and cocrystals were
taken using the Nikon Eclipse LV 100POL polarizing
microscope and analyzed using NIS Elements. Morphology
of the solids was observed using a magnification x40. The
crystal diameter was measured and the number mean size
for a cocrystal was calculated.

Dissolution test

The dissolution tests were conducted using a Distek Evo-
lution 6300 dissolution system and were carried out for 1 h
in 250 cm® of purified water at 37 °C with a paddle speed
of 50 rpm. All fine samples (crystalline samples were
carefully ground in an agate mortar) were agglomerated
and the samples showed different wettability. In order to
improve the agglomeration and wettability, the samples for
the powder dissolution tests were prepared from a physical
mixture of samples and a-lactose (1/20, w/w). For the
dissolution test, about 5 mg of each of the fine samples
(ED, cocrystals sample) was compressed into a 1.13-cm?
disk by a hydraulic press at 90 kN for 1 min using a die
with a hole 1.2 cm in diameter (Spectra-Tech, Inc., CT,
USA). Dissolution experiments were run in duplicate. The
stability of the solid samples after disk compression was
confirmed by IR of compressed neat samples under iden-
tical conditions. Drug concentrations were determined by
high-performance liquid chromatography (HPLC, Agilent
Technologies 1200 system) using a DAD UV detector and
a C18 column (ZORBAX Eclipse 4.6 x 100 mm 3.5-um
particle size). The dissolution samples (1 cm®) were col-
lected for each tablet at 3, 5, 10, 15, 20, 25, 30, 40, 50, 60,
90, and 120 min. Concentrations of ED were determined
by HPLC using an external calibration curve measured
before and after dissolution measurements. The wavelength
for ED and cocrystals was set at 240 nm.
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