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KEY WORDS Abstract Pharmaceutical cocrystals are multicomponent systems in which at least one component is an
active pharmaceutical ingredient and the others are pharmaceutically acceptable ingredients. Cocrystal-
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R lization of a drug substance with a coformer is a promising and emerging approach to improve the per-
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Y - = formance of pharmaceuticals, such as solubility, dissolution profile, pharmacokinetics and stability. This
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properties; review article presents a comprehensive overview of pharmaceutical cocrystals, including preparation

Solid dosage forms; methods, physicochemical properties, and applications. Furthermore, some examples of drug cocrystals

Crystallization are highlighted to illustrate the effect of crystal structures on the various aspects of active pharmaceutical

ingredients, such as physical stability, chemical stability, mechanical properties, optical properties,
bioavailability, sustained release and therapeutic effect. This review will provide guidance for more effi-
cient design and manufacture of pharmaceutical cocrystals with desired physicochemical properties and
applications.
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1. Introduction

The physicochemical properties, such as the stability, particle size,
powder flowability, taste, hygroscopicity, solubility and compati-
bility, of active pharmaceutical ingredients (APIs) are critical at-
tributes that impact the therapeutical effectiveness and
manufacturing cost of solid dosage forms'. In oral drug delivery
systems, gastrointestinal absorption significantly depends on the
solubility and dissolution rate of drug molecules. However, at
present, approximately 90% of new chemical entities and 40% of
currently marketed drugs belong to the Biopharmaceutical Clas-
sification System (BCS) II and IV classes, which suffer from the
problems of poor water solubility and low bioavailability. As a
result, the absorption of drugs in the gastrointestinal tract is
limited, and subsequently, the clinical applications of drugs are
hindered. Obviously, the physicochemical properties of pharma-
ceutical solids considerably influence the performance of drug
products.

It is well known that the atomic packing in the unit cell and
crystal lattice directly affects the properties of a given crystalline
material. Therefore, modification of the physicochemical proper-
ties of solid drug forms can be achieved by tailoring the crystal
packing arrangements™*. To date, several solid-state strategies
have been applied to tune the properties of APIs, such as salts’,
polymorphs®, hydrates’, solvates® and cocrystals™'® (Fig. 1).
However, these approaches have limitations; for example, only
molecules with proper ionizable groups are suitable for salt for-
mation, and hydrates/solvates are often not stable as water/solvent
molecules are prone to lose over time. In comparison, any API
(irrespective of acidic, basic or nonionized forms) has the op-
portunity to form cocrystals with a suitable coformer’. Over the
last two decades, pharmaceutical cocrystals have attracted sig-
nificant attention from academia and pharmaceutical industries
due to the potential to improve the physicochemical properties of
APIs by modifying the crystal structure without altering the
pharmacological nature''"'”. With the development of the coc-
rystal field, several pharmaceutical cocrystals have been approved,
such as Steglatro®, Entresto®, and more are in clinical trials'? ¢,

Pharmaceutical cocrystals are defined as crystals that comprise
two or more discrete neutral molecules at a stoichiometric ratio

and bond together via noncovalent bond interactions (e.g.,
hydrogen bonding, van der Waals and =---7 stacking in-
teractions), in which at least one of the components is API and the
others are pharmaceutically acceptable ingredients'’. Since the
early 2000s, it was realized that cocrystal engineering may be a
potential approach to improve the physicochemical properties of
pharmaceuticals, which was contributed to several representative
pharmaceutical cocrystal publications in 2003—2004""%2°. These
pioneering works emphasized the role of crystal engineering and
supramolecular synthons in pharmaceutical-based cocrystal
design, which encouraged the development of the cocrystal
approach to improve the drug performance. Numerous robust
supramolecular synthons have been identified and shown to play
important roles in cocrystal design, constituting the driving force
for pharmaceutical cocrystal formation®. Several common func-
tional groups are particularly amenable to the formation of su-
pramolecular synthons of cocrystals, such as carboxylic acids,
amides, and alcohols®'**?, There are two distinct categories of
supramolecular synthons, including supramolecular homo-
synthons and supramolecular heterosynthons'®. Supramolecular
homosynthons are formed by self-complementary functional
groups, such as carboxylic acid dimers or amide dimers™.
Conversely, supramolecular heterosynthons are organized by
different but complementary functional groups (e.g., the hydrogen
bonding of carboxylic acid—pyridine'® and alcohol—aromatic
nitrogen>*).

With the rapid development and increasing application of
pharmaceutical cocrystals, the importance of pharmaceutical
cocrystals has been concerned by regulators. In 2011, the U. S.
Food and Drug Administration (FDA) first released a draft of
guidance that categorized pharmaceutical cocrystals as drug
product intermediates and defined them as “dissociable API-
excipient molecular complexes wherein both API and excipients
are present in the same crystal lattice”'**°. However, researchers
from industry and academia considered this definition too simple
to clearly differentiate cocrystals. In 2016, the revised guidelines
of the FDA described cocrystals as “crystalline materials
composed of two or more different molecules within the same
crystal lattice associated by nonionic and noncovalent bonds”>°. In
2018, the FDA described pharmaceutical cocrystals as “crystalline
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Figure 1  Different solid forms of active pharmaceutical ingredients.
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materials composed of two or more different molecules, one of
which is the API, in a defined stoichiometric ratio within the same
crystal lattice that are associated by nonionic and noncovalent
bonds”. A coformer is “a component that interacts nonionically
with the API in the crystal lattice, is not a solvent (including
water), and is typically nonvolatile™®’. The European Medicines
Agency (EMA) defined cocrystal as “homogenous (single phase)
crystalline structures made up of two or more components in a
definite stoichiometric ratio where the arrangement in the crystal
lattice is not based on ionic bonds (as with salts)”®. Compared to
the definition of cocrystals by FDA, EMA described cocrystals as
viable alternative to salts of the same API*®. In other words, the
cocrystal is considered the same as the API, except it shows
distinct pharmacokinetic properties”. In this review, we will
summarize the recent advances of pharmaceutical cocrystals,
including preparation methods and modulations of physicochem-
ical properties and applications of cocrystals. The solution-based
method (including solvent evaporation, antisolvent method,
cooling crystallization, reaction cocrystallization and slurry con-
version) and the solid-based method (neat grinding, liquid-assisted
grinding and melting crystallization) will be introduced. Then, the
different modulated properties and applications of cocrystals will
be discussed, including physical and chemical stability, mechan-
ical and optical properties, and in vitro and in vivo performance.

2. Cocrystal preparation

To date, widespread methods have been documented for cocrystal
preparation, such as solid-state grinding, solution reaction crystal-
lization, solvent evaporation, slurry conversion and hot melt
extrusion. However, the selection of a suitable cocrystallization
method remains empirical. Generally, the most widely used coc-
rystal formation approaches can be classified as solution-based
methods and solid-based methods (Fig. 2). In solution-based
methods, high solvent consumption is required for dissolving the
cocrystal constituents. In addition, the choice of the solvent affects
the results of cocrystallization, as it can change the intermolecular
interactions between API and coformer. Conversely, solid-state
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Figure 2 Common methods for cocrystal preparation.

methods offer the potential to eliminate the requirement of sol-
vent use in cocrystal synthesis, where no or less solvent is required.

2.1.  Solution-based methods

In these methods, there are ternary phases (API, coformer and
solvent) in the solution, and the perfect state is that the cocrystal is
supersaturated while the reactants (API and coformer) are saturated
or undersaturated under the experimental conditions. Hence, the
degree of supersaturation with respect to cocrystal in solution is the
key parameter for cocrystallization and can be adjusted by the
concentrations of API and coformer®”. To guide the path of coc-
rystal formation, a phase diagram that describes the conditions for
thermodynamic stability must be established, which can guarantee
that the cocrystal stays in the thermodynamically stable region and
exclude the crystallization of pure reactants. The location of ther-
modynamically stable cocrystal phase regions is mainly determined
by the solubility of the reactants”'. Fig. 3 demonstrates the ternary
phase diagrams, which illustrate how to reach the supersaturation of
cocrystals when the reactants are in a saturated or unsaturated state,
according to the solubilities of reactants®’. As shown in Fig. 3a,
reactants A and B have similar solubilities and can be congruently
saturated in the given solvent; thus, cocrystals can be formed in an
equivalent reactant concentration. In Fig. 3b, the reactants exhibit
different solubilities in noncongruently saturating solvents, in
which the cocrystal can be generated by using nonequivalent
reactant concentrations to reach the cocrystal stable region.

2.1.1.  Solvent evaporation method

Solvent evaporation is the most common method for preparing
cocrystals and is typically applied for synthesizing high-quality
single-crystal cocrystals that suitable for structural analysis by
single-crystal X-ray diffraction. In this approach, the cocrystal
constituents completely dissolve in a suitable solvent at an
appropriate stoichiometric ratio and then evaporate the solvent to
obtain the cocrystal’®. The selection of solvent influences the
cocrystallization, which potentially impacts the solubility of the
reactants. In a given solvent, the cocrystal components should be
congruently soluble. If cocrystallization process occurs between
two incongruently soluble components, the less soluble compo-
nent precipitates preferentially, leading to a solid mixture of
cocrystal and cocrystal components, or a failure of forming coc-
rystals. This technique has been employed to effectively synthe-
size many cocrystals®> >, For example, a block-shaped single
crystal of a 1:1 febuxostat—piroxicam cocrystal, which interacted
via a carboxylic acid—azole synthon, was formed by slow evap-
oration of acetonitrile at room temperature for 3—5 days. The
resulting cocrystal exhibited higher solubility and better tablet-
ability than the corresponding components®®. The cocrystals of
nebivolol hydrochloride—nicotinamide with an improved dissolu-
tion rate were harvested by solvent evaporation®’.

2.1.2.  Antisolvent method

Antisolvent crystallization has been considered an effective
approach to control the quality, particle size and properties of
cocrystals, in which crystallization is conducted in semibatch or
continuous manufacturing processes’> - For instance, Chun
et al.** prepared the indomethacin—saccharin cocrystals via anti-
solvent technique. As shown in Fig. 4, a solution of 0.034 mol/L
indomethacin and 0.05 mol/L saccharin was mixed in 150 mL
methanol, and 75 mL water (antisolvent) was then added to the
solution vessel using a peristaltic pump with a 300 rpm stirring
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Figure 3  Isothermal ternary phase diagram of a cocrystal: (a)
similar solubilities of the API and coformer in solvent; (b) different
solubilities of the API and coformer in solvent; 1: A and solvent; 2: A
and cocrystal; 3: cocrystal; 4: mixture of B and cocrystal; 5: B and
solvent and 6: solution. Adapted from the Ref. 32 with the permission.
Copyright © 2008 Royal Society of Chemistry.

speed at 25 °C for 1 h. Rod-like or columnar cocrystals with better
dissolution rates were achieved. During the crystallization process,
the cocrystal solubility is diminished by the addition of antisolvent
to reach supersaturation, resulting in the precipitation of cocrystals.
Therefore, it is critical to choose the proper miscible solvent
combination in which the cocrystal has low solubility in the poor
solvent. The ratio of the cosolvent can significantly influence the
yield of cocrystals as the composition of the solvent could impact
the solubility of the cocrystal and individual components. The yield
of carbamazepine—saccharin (CBZ—SAC) cocrystals reached to the
maximum value when the volume ratio of methanol to water was
1:2; whereas CBZ hydrates would form below that ratio”’. In
addition, the coformer/drug ratio was also found to be a critical
attribute to cocrystal purity and solid yield. In a solution containing
less SAC, CBZ hydrates tended to form as impurities during the
antisolvent cocrystallization of CBZ—SAC. Since SAC exhibited a
higher affinity for water than CBZ, the low content of SAC in the
solution would bring more water molecules to coordinate with CBZ
for forming CBZ hydrates™’.
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Figure 4  Experimental apparatus for the anti-solvent cocrystalli-
zation process. Adapted from the Ref. 42 with the permission
Copyright © 2013 Elsevier.

2.1.3.  Cooling crystallization

Cooling crystallization is a widely used method to prepare large-
scale and purified crystals. In this method, the crystal properties of
distribution size, purity, morphology and crystal polymorphism
depend on the local supersaturation, which is determined by the
process parameters, such as the transformation of mass and heat*”.
Hence, these factors are required to be precisely controlled ac-
cording to multiple solid—liquid equilibria in the cocrystal prep-
aration process. In the crystallization process, the operating region
depends on the stoichiometry of the cocrystal, as well as the
thermodynamic stability zone of the cocrystal at the start and end
temperatures™*. Several studies have shown that this method is an
effective strategy for scale-up manufacturing of cocrystals** *’.
a-Lipoic acid—nicotinamide cocrystals with kilogram yields, 99%
purity, and uniform particle sizes were obtained by a continuous
oscillatory baffled crystallizer (Fig. 5) at a rate of 330 g/h. To
induce the nucleation of cocrystals, a 10% w/w seeding suspension
was pumped into the crystallizer for 10 s at 10 °C**.

2.1.4.  Reaction cocrystallization

Reaction cocrystallization is suitable for cocrystal formation when
the cocrystal components possess different solubilities; the re-
actants with nonstoichiometric concentrations are mixed to
generate cocrystal supersaturated solutions, leading to cocrystal
precipitation. In this method, the nucleation and growth of coc-
rystals are controlled by the ability of reactants to decrease the
solubility of cocrystals*”. The formation of meloxicam—salicylic
cocrystals’, carbamazepine—saccharin cocrystals’’ and indo-
methacin—saccharin cocrystals®> has been achieved by reaction
crystallization methods.

2.1.5.  Slurry conversion

The slurry conversion method is a solution-mediated phase
transformation process in which excess cocrystal components are
required to be added to the solvent. During the slurry, each
component gradually dissolves and forms a complex to promote
the nucleation and growth of cocrystals. With the formation of
cocrystals, the concentrations of the reactants are decreased,
leading to undersaturation (with respect to the reactants) to
continue to dissolve the cocrystal components. The operational
range of the component’s concentration and temperature is
controlled by the ternary phase diagram, which guides cocrystal
supersaturation generation. Huang et al.’* found that the theoph-
ylline—benzoic acid cocrystal formation rate was significantly
affected by the initial concentration of the components and the
operating temperature, as evaluated by in-line Raman spectros-
copy. The initial concentration of the reactants and the tempera-
ture showed a positive correlation with the cocrystal formation
rate because a higher initial concentration could improve the
collision probability of the components and total contact surface
area; on the other hand, a higher temperature allowed the reactants
to quickly reach the activated state.

2.2.  Solid-based methods

Solid-state crystallization methods are effective and environmen-
tally friendly in cocrystal formation as they need less or no sol-
vent; the cocrystal forms spontaneously through direct contact or
grinding with higher energy inputs. They are reasonable alterna-
tives to solution-based cocrystallization methods, which might
generate environmental hazards due to the large solvent
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Figure S A schematic diagram of a continuous oscillatory baffled
crystallizer (COBC). Adapted from the Ref. 48 with the permission.
Copyright © 2014 Royal Society of Chemistry.

consumption. Numerous pharmaceutical cocrystals have been

synthesized by solid-based methods>* >,

2.2.1. Contact cocrystallization

It was found that the interactions between the API and coformer
could spontaneously occur after “soft” mixing of the raw
materials™ ", The proposed possible mechanisms explaining
spontaneous crystallization by contact are vapor diffusion of the
two solids, moisture sorption, eutectic phase formation,
amorphization and long-range anisotropic molecular migration®'.
Higher humidity, higher temperature and smaller particle sizes of
raw materials could facilitate cocrystal formation®’. MacF-
hionnghaile et al.®* described that caffeine—urea cocrystals were
formed within 3 days by mixing separately premilling raw ma-
terials at room temperature and 30% relative humidity. The au-
thors revealed that the interparticle surface contact between the
solids was the key factor impacting the formation of caffeine—
urea cocrystals. Ervasti et al.°* demonstrated that the phase
transformation of theophylline—nicotinamide physical mixture to
cocrystal was conducted without the assistance of any mechan-
ical grinding. Another sample of spontaneous crystallization is
the cocrystallization of isoniazid and benzoic acid, which illus-
trated that the rearrangement of cocrystals on the isoniazid sur-
face was accelerated in the presence of moisture by promoting
the interaction of isoniazid with benzoic acid vapor®. Addi-
tionally, premilling of cocrystal physical mixture reduced the
induction time of cocrystal nucleation and increased the cocrystal
formation rate. Nartowski®® also revealed that the kinetics of
spontaneous cocrystal formation were turned by tailoring mois-
ture addition. The deliquescence of the malonic acid surface
accelerated the transition rate of caffeine—malonic acid cocrys-
tals®®. Ji et al.’” demonstrated that solvent vapors could act as

catalysts to accelerate the formation of caffeine—malonic acid
cocrystals.

Recently, it has been reported that cocrystals could be formed
by exposing cocrystal components to suitable vapors®>°*’. Op-
tical microscopy studies on moisture-induced carbamazepine—
nicotinamide cocrystal formation revealed that the deliquescence
of components governed the cocrystal transformation, which led
to localized dissolution of solid materials for crystallization’.
Huskic et al.”' discovered a complex and multistep dynamic
pathway of cocrystal formation under methanol vapor using a
benchtop powder X-ray diffractometer (Fig. 6). For carbamaze-
pine—saccharine cocrystals, rapid formation of a short-lived
crystalline phase was first observed, which then disappeared and
transformed into monoclinic carbamazepine—saccharine cocrystal
form II within 30 min’'. The transformation of the carbamaze-
pine—saccharine cocrystal form II to triclinic form I occurred after
1 h. In addition, a 1:1 nicotinamide—suberic acid intermediate was
detected first and then converted to a 2:1 nicotinamide—suberic
acid cocrystal, indicating that formation was dictated by compe-
tition of supramolecular synthons’'. A similar observation was
identified in the cocrystallization process of nicotinamide—fumaric
acid cocrystal, in which the expected 2:1 nicotinamide—fumaric
acid cocrystal was produced by a 1:1 nicotinamide—fumaric acid
intermediate’’.

2.2.2.  Solid-state grinding

The solid-state grinding method, which includes neat grinding and
liquid-assisted grinding, is popular for producing cocrystals. The
neat grinding method requires energy input to form the cocrystal
by manual grinding (mortar and pestle) or mechanical milling
(ball milling or vibratory mill) without the addition of a solvent.
For liquid-assisted grinding, the cocrystal is formed by grinding
with the assistance of a small amount of solvent.

2.2.3. Neat grinding

Previous studies have demonstrated that the potential mechanisms
of cocrystal generation by neat grinding include molecular
diffusion and the formation of a eutectic and or a transient
amorphous intermediate’>’?. Grinding molecular diffusion is a
process in which a mobile solid surface is created by grinding,
which causes vaporization or energy transfer. Hence, high vapor
pressure (107! to 107 mm Hg range) of the solid-state compo-
nents (at least one of the components) is essential in the neat
grinding process®®; thus, cocrystals could be formed on the crystal
surface due to gas phase diffusion. Furthermore, grinding can offer
energy for surface diffusion and migration to remove the gener-
ated cocrystal from the reactant surface to create a fresh surface
for more cocrystallization”*. For example, Rastogi et al.”* found
that the cocrystal formation of picric acid and aromatic hydro-
carbons could be achieved by molecular diffusion with the aid of
grinding. In the eutectic-induced cocrystallization process, (1) the
continuous formation of an undercooled and metastable eutectic
liquid phase on the fresh solid surface is indispensable and is
created by agitation; (2) the nucleation of cocrystals from the
eutectic phase could then be induced by grinding’”. Chadwick
et al.”” observed a liquid eutectic phase on the interface of solids
under a microscope during diphenylamine and benzophenone
cocrystal formation. Furthermore, nucleation of cocrystals could
lead to solidification of the liquid phase and result in the gener-
ation of cocrystals. For the amorphous-mediated cocrystallization
mechanism, the strong intermolecular interactions between the
API and coformer are the determining factors for cocrystal
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(A) The molecular structure of carbamazepine, nicotinamide, saccharin, fumaric and suberic acid. (B) Side-on and top views of the

sample holder. Adapted from the Ref. 71 with the permission. Copyright © 2016 Royal Society of Chemistry.

formation’*. Rodriguez-Hornedo et al.”” observed an amorphous
phase during grinding of a mixture of carbamazepine and
saccharine under the glass transition temperature, and cocrystal
transformation occurred during storage at room temperature. In
addition, the rate of cocrystallization of carbamazepine and
saccharine was enhanced by the addition of water. Rehder et al.”®
demonstrated that piroxicam—citric acid cocrystal formation is
also an amorphous intermediate-induced cocrystallization process.

For neat grinding, a stepwise mechanism of cocrystal formation
has been proposed, in which the kinetic and thermodynamic coc-
rystal product was formed””. This is a general feature if the reactant
molecules have halogen- or hydrogen-bonding sites’’. This mech-
anism is most likely due to the hierarchy of strong and weak
hydrogen bonding forces during cocrystal formation. The stepwise
process of 2:1 nicotinamide—suberic acid cocrystal formation via
neat grinding was observed by Karki et al.”” and Halasz et al.”®,
wherein the 1:1 nicotinamide—suberic acid cocrystal (NA—SUB)
intermediate appeared first after grinding, followed by trans-
formation to a 2:1 nicotinamide—suberic acid cocrystal (NA,—
SUB). It was suggested that the formation of NA-SUB was
kinetically driven by the strongest supramolecular synthons of
amide-carboxylic acid R%(S) and carboxylic acid—pyridine R§(7)
(Fig. 7). The thermodynamic product NA,—SUB was stabilized by
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many slightly weaker synthons of amide—amide synthons R%(8)
and R3(7) pyridine—carboxylic acid.

2.2.4.  Liquid-assisted grinding

The liquid-assisted grinding (LAG) method is useful for generating
cocrystal products with high yields and high crystallinity compared
to neat grinding. In addition, this method is suitable for rapid coc-
rystal screening, which is independent of the solubility of the raw
materials. Enhanced molecular diffusion can be achieved by the
addition of a small amount of liquid, which acts as a catalyst for
accelerating cocrystal formation. The selection and amount of
liquid play a key role in the mechanochemical reaction, influencing
the formation of different solid products and the quality of crystals.
Fischer et al.”” investigated the effect of solvent properties on 1:1
caffeine—anthranilic acid cocrystal polymorphs and found that the
formation of form I appeared in the most of solvents. Form II was
observed only in solvents with high dipole moments of carbonyl or
nitrile groups’”. It was explained that the precoordination of solvent
molecules with the amino group of anthranilic acid led to the torsion
of the caffeine at the amino-carbonyl hydrogen bond; thus, form II
with a zigzag packing structure was formed rather than form I with a
planar layered structure (Fig. 8)’°.The authors explained that the
solvent molecules occupied many sites so that the interaction
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(A) Hydrogen-bonded chain of (NA—SUB) and (NA,—SUB). Adapted from the Ref. 78 with the permission. Copyright © 2013 John

Wiley and Sons. (B) Structure of supramolecular chains of (NA—SUB) and (NA,—SUB). Adapted from the Ref. 77 with the permission. Copyright

© 2009 Royal Society of Chemistry.
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between caffeine molecules and the amino group of anthranilic acid
could not take place in the same planar layer, causing caffeine
twisting at approximately 30°.

Recently, Germann et al.*" reported a hitherto unexplored ef-
fect of milling assembly on reversible mechanochemical poly-
morphs between stable form (form I) and metastable phases (form
II) of nicotinamide—adipic acid (NIC—ADI) cocrystals during
LAG, challenging the Ostwald rule of stages (Fig. 9). Both
polymorphs showed zigzag structures, wherein each ADI mole-
cule participated in the formation of two R§(7) or R%(S) synthons
in form I but every ADI molecule was involved in forming both
R3(7) and R3(8) motifs in form II. The corresponding relative
energies of form I and form II were —7.5 and —10.2 kJ/mol,
respectively. In all experiments, during the grinding process by
7 mm stainless steel ball milling with acetonitrile, the intermediate
2:1 nicotinamide—adipic acid cocrystal (NIC,—ADI) was initially
obtained. Then, metastable form II was obtained in the stainless
steel jar, while thermodynamically stable form I was formed in the
poly(methyl methacrylate) (PMMA) jar. In addition, form II could
convert to form I by grinding in a PMMA jar, which is consistent
with the Ostwald rule of stages. The opposite process was
observed in the stainless steel jars, indicating the transformation of
stable form I to metastable form II, in contrast to the Ostwald rule
of stages. The authors speculated that this surprising phenomenon
was due to the more efficient transfer of mechanical energy in the
stainless steel jar (higher elastic properties) than that in the
PMMA jar. Additionally, the different materials of the milling ball
also significantly influence the polymorphism®’. In the PMMA jar
with stainless steel balls, transformation of the metastable form to
the stable form was observed®’. However, the conversion of form I
into form II occurred in the PMMA jar when elastic zirconia
(ZrO,) balls were used to mill the raw materials®.

Ionic liquid-assisted grinding is an emerging approach in
mechanochemistry in which ionic liquids are used to replace
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Figure 8  Crystal structure of caffeine—anthranilic acid cocrystals of
form I and form II. Adapted from the Ref. 79 with the permission.
Copyright © 2014 Royal Society of Chemistry.

organic solvents. In comparison with solvents, ionic liquids (ILs)
have short- and long-range interactions between cations and anions,
causing the properties of ILs to be controlled by modified individual
or dual ionic components. The polymorphs of caffeine—citric acid
cocrystal (CAF—CA) and caffeine—glutaric acid cocrystal (CAF—
GLU) were successfully generated by using ionic liquids (imida-
zolium-based) as grinding liquids®'. It was found that the hydrogen
bonding ability of cations plays a key role in CAF—CA cocrystal
form I formation rather than the polarity of the ionic liquids®'. For
the CAF—GLU cocrystal, hydrophobic and nonpolar ILs stabilized
the nonpolar slip plane (200), resulting in the formation of form I*'.
The alkyl chain length of the imidazolium cation presented a
negative correlation with the cocrystal formation rate. Furthermore,
the change in the hydrophobic to hydrophilic properties of cations
led to the alteration of form I to form IT°'.

2.2.5. Melting crystallization

Melting crystallization is an alternative green approach for pre-
paring pharmaceutical cocrystals®. Although solvents are not
involved in this approach, the thermal stability of drug and
coformer should be carefully evaluated in advance®. Yan et al.*
synthesized melatonin—pimelic acid cocrystal by the melt crys-
tallization. The melatonin—pimelic acid cocrystals were formed
when the molten mixture was in the temperature range of
50—70 °C. The carbamazepine—nicotinamide cocrystal was pre-
pared by melting the physical mixture of drug and coformer at
160 °C and then cooling the melt to the ambient temperature for
crystal growth®. Rodriguez-Hornedo and coworkers have inves-
tigated the crystallization pathways of the carbamazepine—nico-
tinamide cocrystal from the melt upon heating®. Two different
pathways were found at the different heating rates: (1) at the slow
heating rate (3 °C/min), a metastable phase of carbamazepine—
nicotinamide cocrystal firstly nucleated and then transformed to
the stable form; (2) at the fast heating rate (10 °C/min), the in-
dividual components of cocrystal crystallized first, then they were
melted and the stable form of the cocrystal grew from the melt®’.

3. Physicochemical properties and applications of cocrystals

3.1.  Physical stability

A physical change is a change in the state of a substance without
any accompanying change in the chemical composition of the
substance. The physical properties of solid-state materials include
melting point, hygroscopicity, solubility, hardness, plasticity,
elasticity, etc. Cocrystallization is a powerful approach for
improving the physical properties and maintaining the physical
stability of drug substances®®°, which may suffer undesired
physical transformation during manufacturing and storage. Here-
in, we will discuss only the melting point and hygroscopicity in
this section, and other properties will be discussed in the following
sections.

3.1.1. Melting points

For manufacturers, solid drug forms provide a convenient way to
purify, identify, transport, and store drugs. For patients, solid
forms are more convenient to carry and administer than liquid
forms®’. However, some drugs exist in a liquid state at room
temperature due to their low melting points. Cocrystallization has
the potential to alter the melting point of liquid drugs by incor-
porating a suitable coformer into the crystalline lattices. Propofol



2544

Minshan Guo et al.

adi

" (nic)(adi)
Form |

interconversion

200

= (nic)-(adi) i
Form Il

PMMA [Jsteel 007 mm © 210 mm

Figure 9

Schematic representation of the impact of the milling assembly, the choice and material of milling jar and balls, on the polymorphism

in mechanochemical cocrystallization. Adapted from the Ref. 80 with the permission. Copyright © 2020 Royal Society of Chemistry.

is applied to induce and maintain general anesthesia and sedation.
It is formulated as an oil-in-water emulsion because of its low
melting point (18 °C), resulting in associated problems including
instability, pain on injection and hyperlipidemia. McKellar et al.*’
adopted cocrystal approach to obtain a novel solid form of
propofol using isonicotinamide as the coformer (Fig. 10). The
propofol—isonicotinamide cocrystal is a stable solid at room
temperature due to the increased melting point (~50 °C higher
melting point than that of the starting material). Another study
reported by Bacchi et al.*® showed that cocrystals of propofol—
bipyridine and propofol—phenazine could convert liquid propofol
into a crystalline phase.

3.1.2.  Hygroscopicity

The hygroscopicity of a drug substance must be thoroughly
investigated because it could impact the physicochemical prop-
erties, e.g., solubility, dissolution rate, stability, bioavailability and
mechanical properties. For example, dasatinib anhydrate exhibited
higher solubility than the monohydrate form’*’~*!. Therefore,
maintaining the hygroscopic stability of the anhydrate form is one
of the major challenges during drug development. Several strate-
gies have been applied to tackle this challenge, including adding
appropriate excipients in the formulation, applying proper packing
for reducing moisture uptake or coating the drug product by
enteric polymers®®. Indeed, some studies have demonstrated that
cocrystal formation could improve the hygroscopic stability of
drugs®®?~%* It is suspected that the hydrogen bonds formed be-
tween API and coformer in the cocrystal could occupy the
hydrogen bonding donor and acceptor sites of API to block the
water molecules’. Huang et al.”’ demonstrated that flavonoid—

theophylline cocrystals exhibited greater resistance to hydration
than theophylline alone.

Caffeine is a natural alkaloid found in coffee and tea and easily
forms a nonstoichiometric crystalline hydrate under humid con-
ditions. Six cocrystals of caffeine with oxalic acid, malonic acid,
maleic acid, and glutaric acid were prepared by Trask et al”®.
Among the six cocrystals, the 2:1 caffeine—oxalic acid cocrystal
exhibited superior hygroscopicity stability under humidity stress
for several weeks. Zileuton (ZIL) was the first drug approved for
the maintenance treatment of asthma by the FDA, showing a
tendency to form a stable hydrate form under moisture conditions.
Cocrystals of ZIL with nicotinamide and isonicotinamide were
prepared by the slurry method and demonstrated to have better
hygroscopicity stability at 40 °C/75% RH for 4 weeks compared
with the drug substance alone’’.

Lithium chloride (LIC), used for neuropsychiatric disorders, is
extremely hygroscopic and rapidly deliquesces even at 11.30%
RH, which limits its development as a drug substance. The coc-
rystal of LIC with glucose (GLU) showed modestly improved
hygroscopic stability under 40% RH and comparable in vivo
pharmacokinetics to those of LIC®®. Another example of cocrys-
tals stable to hydration is metoclopramide (MCP), a widely used
antiemetic drug marketed as metoclopramide hydrochloride (MCP
HCI) salt”®. In the monohydrate form, crystallized water could
trigger an ion—exchange reaction with KBr and increase the rate
of the Maillard reaction with lactose during the manufacturing
process”®. The hydration of MCP HCI was effectively inhibited by
using an oxalic acid cocrystal. All hydrogen bond donor and
acceptor sites of MCP participated in the formation of the coc-
rystal, accounting for the improved stability against the

. C
moisture’®,
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Figure 10

Conversion of liquid propofol to crystalline solid with the higher melting point by crystallizing with isonicotinamide. Adapted from

the Ref. 87 with the permission. Copyright © 2014 American Chemical Society.

The nootropic drug oxiracetam (OX) is a racemic compound
consisting of S-OX and R-OX. It has been reported that S-OX has
a better therapeutic effect than R,S-OX in the treatment of
cognitive dysfunction, while S-OX is more hygroscopic than R,S-
OX. Hygroscopic tests showed that the S-OX—gallic acid cocrystal
was less hydroscopic compared to the S-OX alone and the racemic
parent drug, which could be attributed to the generation of com-
plex and robust hydrogen bonded frameworks through
cocrystallization”.

3.2.  Chemical stability

Chemical degradation of drug substances tends to occur during the
manufacturing and storage stages, which challenges the develop-
ment of a stable pharmaceutical formulation. It is critical to
develop an effective strategy to eliminate or minimize drug
degradants. Recently, pharmaceutical cocrystals have emerged as
a prospective approach to overcome the chemical instability of
APIs in the solid state'*'". Table 1 shows the list of cocrystals
with enhanced photostability. Hence, this section is focused on
discussing the mechanisms by which cocrystallization solves the
problem of chemical degradation through changing the crystal
packing of APIs. The factors giving rise to the enhancement of
solid-state chemical stability by pharmaceutical cocrystals were
summarized in Fig. 11. In particular, structure—property re-
lationships were established to further provide theoretical guid-
ance for addressing the chemical stability issues of drug
candidates.

The reaction cavity refers to the space near the reaction groups
in the crystal structure. A large reaction cavity causes high mo-
lecular mobility and a high probability for the occurrence of solid-
state chemical reactions'®?. Epalrestat (EPR), which is used for
the treatment of diabetic neuropathy, is susceptible to the photo-
degradation of isomerization (E,Z to Z,Z) after exposure to
ambient light irradiation'®*~'°°, This problem not only affects the
manufacturing process but also correlates to the pharmacological
effect of the drug. The photostability issue of EPR was success-
fully addressed by crystallizing with the betaine (BET) mole-
cule'™. Under 6000 Ix illuminance for 24 h, the color of EPR
powder changed from orange to pale yellow, while surprisingly, no
noticeable color change was observed for its cocrystals
(Fig. 12C)'**. It was explained that the presence of strong inter-
molecular interactions and a lower reaction cavity contributed to
the restrained molecular motion and thus prevented isomerization
(Fig. 12B and D)'™.

The distance between reactive sites plays a key role in the
chemical stability of crystalline solids. For example, the drug—drug
cocrystal of vitamin D3 and vitamin D2 with a greater distance
between reactive sites in vitamin D resulted in improved chemical
stability'®°. Nicorandil (NCD) is an effective drug for cardiovas-
cular disorders, suffering from low chemical stability under high
humidity, heat and mechanical stress (Fig. 13A)'°". In the crystal
packing of NCD, the distance between lone pair electrons on
pyridines (N1) and C8 of the nearby NCD molecule is 3.367 A
(Fig. 13B), which is shorter than the sum of the van der Waals radii
of C and N (3.484 A). The close contact between N1 and C8 could
facilitate the degradation process by stabilizing the carbocations
(C8") of degradation intermediate Ia (Fig. 13A). Guo et al.'?!
developed a series of nicorandil cocrystals with 1-hydroxy-2-
naphthoic acid (1-HNA), salicylic acid (SA), 3-hydroxybenzoic
acid (3-HBA), and 2,5-dihydroxybenzoic acid (2,5-DHBA). All
cocrystals exhibited superior hydrothermal stability in comparison
with that of NCD alone (Fig. 13C). The crystal structure of coc-
rystals revealed that the distances of N1—C8 were elongated and
longer than the sum of the van der Waals radii of C and N
(Fig. 13D). Hence, the carbocations (C8™) in Ia cannot be stabi-
lized by N1, resulting in inhibition of the catalyzed effect on the
decomposition process of NCD.

Table1  Summary of cocrystals with enhanced photostability.
APIL Coformer Ref.
Furosemide Caffeine

Nicotinamide 115
Brexpiprazole Catechol 108
Nifedipine Isonicotinamide 116
Progesterone Phloroglucinol 85
Antiprotozoal tinidazole p-Aminobenzoic acid 117
Salicylic acid 117
Levofloxacin Metacetamol 95
Epalrestat Betaine 104
Linagliptin Ferulic acid 118
Vitamin K3 1-Hydroxy-2-naphthoic acid 114
6-Hydroxy-2-naphthoic acid 114
Sulfamerazine 114
Tranilast Urea 119
Nicotinamide 119
Nitrofurantoin 4-Hydroxybenzoic acid 120
Vitamin D3 Vitamin D2 106
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Figure 11 Diagram of the mechanisms by which cocrystals

improve the chemical stability of APIs.

Brexpiprazole (BREX) has been widely applied for the treat-
ment of atypical psychotic disorder'®”-'°®. It exhibits poor pho-
tostability in the presence of the polyvinyl pyrrolidone (PVP)
polymer'*®. The nitrogen atom on the piperazine ring of BREX is
prone to react with the peroxide in PVP and degrade into N-oxide
impurities. The brexpiprazole—catechol cocrystal (BRC cocrystal)
completely prevented the transformation of brexpiprazole to N-
oxide degradants at 40 °C/75% for one month'®. The improved
stability of the BRC cocrystal for brexpiprazole was attributed to
the strong hydrogen bonds of O—H---N (3.013(3) A, 2320 A,
142.09°), which formed between the piperazine ring of BREX and
the catechol molecule. The strong intermolecular interactions
blocked the reactive site of the nitrogen atom on the piperazine
ring, and consequently, direct contact with the peroxides was
prevented' %,

Adefovir dipivoxil is an oral prodrug of adefovir with poor
chemical stability'*''°. Two degradation pathways, hydrolysis of
the pivaloyloxymethyl moiety and dimerization of the adenine ring,
were observed in the solid state''""''>. Gao et al.''”* demonstrated
that coformer selection for cocrystal design plays a decisive role in
maintaining the solid-state hydrolytic stability of adefovir dipi-
voxil. Cocrystals with weakly acidic saccharin and basic nicotin-
amide were successfully designed and investigated. The contents of
the degradation product followed the order adefovir dipivoxil—
saccharin cocrystal < adefovir dipivoxil < adefovir dipivoxil—
nicotinamide cocrystal after chemical stability testing for 30 days.
The reason that the specific adefovir dipivoxil—saccharin cocrystal
exhibited enhanced chemical stability for adefovir dipivoxil was
explained by the weakly acidic nature of saccharin; thus, the ade-
fovir dipivoxil molecule was present in a weakly acidic microen-
vironment, and the hydrolysis degradation of adefovir dipivoxil was
inhibited. However, the nicotinamide provided a basic environment
for the adefovir dipivoxil molecule, accounting for the acceleration
of hydrolysis degradation.

Menadione (MD) is known as vitamin K3 and can undergo
[2 4+ 2] photodimerization degradation in the solid state
(Fig. 14A). Under sunlight, MD molecules are reoriented to an

appropriate geometry for photodimerization by forming two
cyclobutane photodimers''*''*. Zhu et al.''* prepared three MD
cocrystals with 1-hydroxy-2-naphthoic acid (1-HNA), 6-hydroxy-
2-naphthoic acid (6-HNA), sulfamerazine (SUL), and investigated
the effect of cocrystals on the photodimerization. As expected, no
obvious color change or degradation was observed for three
cocrystals under 4500 lux illumination for 5 days, while a
noticeable color change was observed in MD alone (Fig. 14B). It
was proposed that the superior photostability of the cocrystals may
result from the enhanced =---m stacking between MD and
coformers; hence, the coformer acted as a blocker to prevent the
MD molecule from approaching each other and photocyclizing' .

3.3.  Mechanical properties

The mechanical properties of crystalline materials are critical at-
tributes to various manufacturing processes of solid dosage forms,
such as blending, milling, granulation, tableting and coating. For
solid materials, the mechanisms of mechanical deformation
consist of elastic, plastic, viscoelastic, and fragmentation.
Generally, materials with better plasticity properties could exhibit
superior compressibility, which is permanent and irreversible after
the removal of stress. However, many organic compounds have
poor mechanical properties, which poses a hurdle for developing
tablet formulations. Cocrystallization has been demonstrated to
effectively improve the mechanical properties of drugs by altering
crystal packing'?'™'%%,

Good tableting behavior anticipates more plastic deformation
and less elastic recovery for organic materials. Crystal structures
with slip planes would facile plastic deformation and eventually
improve the bulk compaction behavior'>'*°. Singaraju et al.'*
evaluated the compaction performance and mechanical proper-
ties of caffeine cocrystal polymorphs. The mechanical and energy
framework data suggest that the better plastic deformation of
caffeine—3-nitrobenzoic acid cocrystal form I (in comparison with
form II) can be attributed to its 2D-layered crystal structure. For
example, the powder Brillouin light scattering spectra of form I
showed the presence of low-velocity shear modes, and energy
framework calculations identified that a favorable slip system
existed in form T'>. Furthermore, Mishra et al.'?! investigated the
mechanical properties of caffeine—glutaric acid cocrystals on
different crystalline faces by nanoindentation (Fig. 15). They
found that the anisotropic mechanical responses of polymorphs
depended on the number of possible slip planes and the strength of
the intermolecular interactions in the crystal structure with respect
to the direction of indentation. The presence of higher interlayer
energy, strong intermolecular interactions, and a lack of facile slip
planes in form II yield hard materials (Fig. 15B and C). More
facile slip planes and weaker intermolecular interactions caused
form I to be soft. The results of mechanical properties indicate that
form I is a potential candidate with superior tabletability
compared to form II. Another example elaborated the mechanical
behaviors of chlorzoxazone (a first-line therapy for muscle
spasms) was reported by Roy et al'*%. Chlorzoxazone shows poor
compressibility so that the wet granulation is applied to manu-
facture tablets. The tensile strength of tablets with chlorzoxazone
alone was lower than 0.8 MPa at a compression pressure of
50 MPa. While the tensile strength of chlorzoxazone—picolinic
acid cocrystals was approximately 1.6 MPa at 250 MPa without
any capping or lamination. The denser packing of cocrystals
(relative to pure chlorzoxazone) accounts for the enhanced
bonding strength. In addition, the slip planes in the cocrystal
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structure give rise to better plastic deformation of the material,
resulting in the improved compressibility'*.

The punch sticking is a common problem in manufacturing
tablets, where powder materials adhere to the punch surface
during tableting. Based on the Paul-Sun punch sticking model, F1
(API-punch adhesion), F2 (API—API cohesion) and F3 (API-
excipient adhesion) play a key role in the punch sticking pro-
pensity'**. There are three situations according to the values of F1,
F2 and F3: (1) if F1 is higher than F2 and F3, API sticking will
occur; (2) if F2 < F3, only a monolayer of API will form on the
punch; and (3) if F2 > F3, the layer coated on the punch tips will
continuously build up'**. APIs with high plasticity exhibit serious
punch sticking issues due to their increased contact area of API-
punch and API—API and thereby enhance the values of F1 and
F2. Sun and coworkers'* speculated that this problem could be
minimized or even eliminated by using a harder crystal form.
Celecoxib (CEL) is a nonsteroidal anti-inflammatory drug for the
treatment of arthritis, acute pain, and menstrual pain. The CEL
exhibits a serious punch sticking propensity due to the presence of
slip planes in the crystal structure. The cocrystal of celecoxib—L-
proline (CEL-PRO) shows a lower punch sticking propensity than
the pure CEL due to the formation of strong interlayer bonding
energy, deactivating slip planes and weaker API—API interactions
(F2) in the structure of the cocrystal (Fig. 16B and o),
Furthermore, according to the results of the molecular electrostatic
potential maps, the electronegativity of the exposed portion on the
pyrrolidine group in L-proline is lower than that of the
carbon—fluorine functional group of CEL, resulting in the expo-
sure of electronegative groups on the punch tips decreasing and

hence lowering the initiation of sticking (reduced F1)134.

(A) 9 (B) o >c
XX N M
s O

Therefore, celecoxib—L-proline cocrystals are more suitable for
tableting than the pure CEL crystals.

Organic crystals are usually brittle and fragile, which largely
limit their applications in the fields of pharmaceuticals'*’, bio-
materialsm’, optoelectronicsl37, fluorescence'*® and  semi-
conductors'*’. Recently, some studies have reported that a few
organic materials could achieve high flexibility by cocrystalli-
zation with a suitable coformer'**'*!. Ghosh et al."*" reported a
remarkably elastic and bendable cocrystal of caffeine—4-chloro-
3-nitrobenzoic acid methanol solvate, which displayed reversible
blending after withdrawing the mechanical force (Fig. 17A). The
high flexibility and excellent shape recovery could be ascribed to
structural characteristics such as an interlocked host structure
without slip planes, weaker and dispersive interactions in the
crystal, and mobile methanol solvent channels (Fig. 17B).
Furthermore, Mei and coworkers'“? reported a 2:1 cocrystal of
vitamin D and cholesterol with spring-like hydrogen bond net-
works, which formed through self-assembly of e—OH— and
a—OH—substituted cyclohexanol derivatives. In this system, the
supramolecular interacting helix could sustain macroscopic
flexibility throughout amplifying the elastic “spring” from many
length scales. When impacting three-point local pressure on the
(100) face, reversible bending occurred due to the region of
“structural buffering” of the soft alkyl chains and exhibited a
spring-like  skeleton accompanied by looser packing
(d = 2.10 A) along the direction of hydrogen bond interactions.
Hence, this face could accommodate specific stress without the
occurrence of permanent slippage of molecules. Simultaneously,
irreversible deformation on the (001) planes was observed
because layers glide each other and without any alternation of
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(A) Chemical structure and photoisomerization of EPR upon exposure to light. (B) The hydrogen bond architectures of EPR-BET

cocrystal. (C) The color change of EPR and EPR-BET cocrystal before and after irradiation. (D) Whole and partial reaction cavity of EPR form I
(a, b, e, f) and EPR-BET cocrystals (c, d, g, h). Adapted from the Ref. 104 with the permission. Copyright © 2018 American Chemical Society.
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after hydrothermal stability testing. (D) Summary and comparison of the shortest distances between N1 and C8 in NCD and each cocrystal.
Adapted from the Ref. 101 with the permission. Copyright © 2020 American Chemical Society.

distances of molecules when local stress was applied in the
cocrystal.

3.4.  Optical properties

The optical properties of drugs could be useful in biomedical ap-
plications. For example, drugs that exhibit strong fluorescence can
be used as biocompatible probes for bioimaging'* and lipid droplet
imaging in cells and in tissue slices'**.The molecular stacking,
crystal packing arrangement and intermolecular interactions usually
play important roles in the optical properties of solid materi-
als'*> "7 Recently, cocrystal engineering has shown its potential
to modify the optical properties of pharmaceuticals’*'*%'° The
following examples shows the modification of the optical behavior
of drugs by introducing coformers into the crystal lattices.

The colorless furosemide (FS) is a BCS IV drug for the treatment
of edema and hypertension. The polymorphic cocrystals of FS and
4.4'-bipyridine (4BPY, colorless) were pale yellow and orange for
form I and form II, respectively (Fig. 18A and B)"*". Both poly-
morphs have a similar sandwich centrosymmetric structure, formed
by aromatic 7 - - 7 stacking interactions in the form of an “FS-4BPY-
FS” arrangement (Fig. 18C). In form I, the sandwich motif comprises
the C—H- - - 7 interactions between the H atom of 4BPY and the 7
electrons of the furan, as well as the - - - 7 interactions between FS
and 4BPY. In form II, - - -  interactions and C==0 - - 7 interactions
are engaged in the sandwich assembly. The authors proposed that the
different 7-stacking patterns and hydrogen bonding interactions in
the polymorphs lead to differences in color. The HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molec-
ular orbital) gaps of cocrystals were further calculated by the DFT
(density functional theory) simulation, which revealed that the band
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(A) Chemical structures of MD and its photoproducts. (B) Change in physical appearance of MD and its three cocrystals with an

illumination of 4500 lux for 5 days. Adapted from the Ref. 114 with the permission. Copyright © 2016 American Chemical Society.

gap of form II was lower than that of form I, accounting for the
different colors of two polymorphs'*’.
Emodin (EM) is a natural pigment with several pharmaco-

logical activities, such as anti-inflammatory, cathartic, anticancer
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Figure 15  (A) The chemical structure of caffeine and glutaric acid.

and antioxidative activities. The color of EM was tuned from
yellow to dark red by cocrystallization with a series of colorless
coformers'*’. Li et al.'"* argued that 7-- -7 and charge-transfer
interactions contribute to the color transit from yellow to red.

Form I (soft)

Form II (hard)

(B) Representative P—h curves of the caffeine—glutaric acid cocrystal. Blue

arrows represent pop-in. (C) Crystal structure of form I and form II and a pictorial representation of softness—hardness modulation. Adapted from
the Ref. 131 with the permission. Copyright © 2020 American Chemical Society.
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The stronger 7 - - 7 interactions could promote the charge-transfer
process from the excited state to the ground state, leading to a
redshift in the maximum absorption wavelength.

Phloretin (PHL), a natural phenol, has attracted attention from
researchers due to its antioxidative and anti-inflammatory effects.
Cocrystals of PHL with nicotinamide (NIC) and isonicotinamide
(INM) exhibit different emission properties'’. Under 365 nm ul-
traviolet (UV) irradiation, the phloretin—nicotinamide (PHL—NIC)
cocrystal shows the strong yellowish-green fluorescence, while no
fluorescence of the phloretin—isonicotinamide cocrystal (PHL-INM
cocrystal) is observed (Fig. 19). The distinct photoluminescent
properties between PHL-NIC cocrystal and PHL-INM cocrystal

Figure 17

could be attributed to the different packing arrangement and
intermolecular interactions of PHL and coformers'’.

3.5. Bioavailability

Bioavailability refers to the fraction of the drug that reaches
systemic circulation. Numerous drug candidates failed in the
preclinical stage during drug development because of the low
bioavailability. In the last decade, cocrystallization has shown its
potential to improve in vivo performance by enhancing the solu-
bility, and bioavailability of poorly water-soluble drugs'>' '3,
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(A) Image of elastic bending of cocrystal solvate: (a—f) first bending cycle by a pair of forceps and a metal pin; (g) crystal shape

recovery after withdrawing the mechanical force; (h) second bending cycle; (i) the breaking of crystal when applied stress exceeded the elastic
limit. (B) Interlocked structure (blue) and mobile methanol solvent channels (red). Adapted from the Ref. 140 with the permission. Copyright ©

2012 John Wiley and Sons.
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This strategy is especially suitable for drugs unable to form salts
due to the lack of ionizable functional groups.

Ketoconazole, a broad-spectrum imidazole antifungal agent,
exhibits low bioavailability because of its very low water solubi-
lity. The cocrystal of ketoconazole—p-aminobenzoic acid showed
10-fold higher aqueous solubility and 6.7-fold higher oral
bioavailability than crystalline ketoconazole'*®. Apigenin (APG)
is a bioflavonoid with many pharmacological activities, such as
anti-inflammatory, anticarcinogenic and antibiotic properties'”’.
However, the clinical application of APG is limited due to its
extremely low solubility and bioavailability. The cocrystal of APG
and 4,4’-bipyridine yielded 3.9-fold higher bioavailability than the
parent drug'”’. Another sample, ambrisentan (AMT), is an
endothelin type A receptor blocker and is approved for the treat-
ment of pulmonary arterial hypertension'>®. The poor water sol-
ubility (0.06 mg/mL) of AMT categorizes it as a compound of
BCS class IT'°®. The cocrystal of AMT with glycylglycine (GG) is
constructed by the supramolecular synthon networks, the carbonyl
in AMT interact with OH,.q groups of GG (C=O0-"--OH,q) as
well as OH,;q of another AMT molecule, leading to the bifurcated
C=0---HO,q4 interactions. The cocrystal of AMT-GG shows
2.7-fold enhancement of Cy,,x (maximum plasma concentration)
and nearly 2-fold increase in the value of AUC (area under plasma
concentrations—time curve) in comparison with pure AMT'®.
Baicalein is a well-known flavonoid with various pharmacological
activities, such as antibacterial, anti-inflammatory, antiadipogenic,
anticancer, and anti-HIV activities'”*. Unfortunately, the
bioavailability of baicalein is quite low largely due to its poor
water solubility (16 pg/mL). Cocrystal of baicalein with caffeine
exhibited the superior pharmacokinetic property, the relative
bioavailability of the cocrystal was enhanced by 4-fold in
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Figure 18

FS-4BPY form I cocrystals

comparison with neat baicalein or physical mixtures on the basis
of AUC0O-24 h'™".

The solution-mediated phase transformation may occur during
the dissolution process of highly soluble cocrystals, in which the
poorly soluble drugs precipitate out of solutions, diminishing the
solubility advantage of cocrystals. This problem means that coc-
rystallization does not always have the positive effect on the
solubility and bioavailability of the drugs. Thus, delaying or
eliminating the process of solution-mediated phase transformation
is essential to prolong the supersaturation for enhancing the
bioavailability of poorly water-soluble drugs'"'>’. Childs
et al."”' reported that the cocrystal of danazol—vanillin yielded
only a 1.7 times higher AUC than the parent drug. However, over
10-fold improvement in oral bioavailability was achieved for the
cocrystal dissolved in the presence of a solubilizing agent (1%
vitamin E-TPGS) and a crystallization inhibitor (2% Klucel),
where the supersaturation was maintained. Carbamazepine—suc-
cinic acid cocrystals underwent rapid phase transformation to the
low-soluble parent drug during the dissolution process'®’. The
bioavailability of carbamazepine—succinic acid cocrystals was
improved by impeding the precipitation of carbamazepine using
1% hydroxypropylmethylcellulose acetate succinate (HPMCAS)
and 2% polyvinyl caprolactam-polyvinyl acetate polyethylene
glycol graft copolymer® as crystallization inhibitors. Approxi-
mately 6-fold enhancement in AUC and 4-fold enhancement in
Chnax Were achieved in comparison with the unformulated “neat”
cocrystal. In addition, surfactants may have significant impacts on
maintaining the supersaturation created by dissolution of cocrys-
tals'®'. Alhalaweh et al.'®' studied the effect of the surfactant
(sodium lauryl sulfate) on the dissolution of carbamazepine—
saccharin cocrystal and found that the surfactant could act as a
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(A) Molecular structure of furosemide and 4,4'-bipyridine. (B) Photographs of FS—4BPY cocrystals from I and form II. (C) Crystal

structure of FS—4BPY cocrystals from I and form II. Adapted from the Ref. 150 with the permission. Copyright © 2015 American Chemical

Society.
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PHL PHL-NIC cocrystal

(b)

(c)

Figure 19

PHL-INM cocrystal

Photographs of solid-state cocrystal samples (from left to right: PHL, PHL-NIC cocrystal and PHL-INM cocrystal): (a) the powder

samples under daylight; (b) the powder samples under UV (365 nm) lamp; (c) the single crystal samples under UV (365 nm) observed by
polarized microscope. Adapted from the Ref. 17 with the permission. Copyright © 2019 American Chemical Society.

solubilizing agent to increase the solubility of the drug, which
turned out to prolong the supersaturation by reducing the driving
force of crystallization. Rodriguez-Hornedo and coworkers'®" also
demonstrated that the surfactant could decrease the solubility
advantage  (solubility ocrysiar/s0lubilitygrg) of  indomethacin—
saccharin cocrystal and sequentially sustain the supersaturation.
The increased solubility of the drug in the presence of surfactant
lowered the driving force of nucleation, and thus the recrystalli-
zation was less favorable.

3.6.  Sustained release

The sustained release dosage form exhibits considerable advan-
tages in reduced dosing frequency, improved patient compliance,
and mitigated side effects due to the steady-state blood level with
less plasma fluctuations. Various formulation strategies have been
used to achieve sustained release profiles, such as polymeric
matrices'®>, membrane-controlled'®® and osmotic pump drug de-
livery systems'®®. In the recent years, cocrystallization has been
demonstrated as an alternative approach to sustain the drug
release'® 7%, For example, the half-life of nicorandil (NCD) was
prolonged by cocrystallizing with poorly soluble organic acids,
such as 1-hydroxy-2-naphthoic acid (1-HNA) and salicylic acid
(SA)'”". The NCD—1-HNA cocrystal displayed a reduction in the
dissolution rate by approximately 22.7, 21.6 and 7.4 times in pH
2.0, 4.6, and 6.8 buffer, respectively, compared with pure NCD.
The cocrystal of zonisamide with caffeine and L-proline exhibited
a lower solubility and dissolution rate than pure zonisamide,
indicating the potential for developing sustained-release formu-
lations of zonisamide to solve the problem of half-life fluctua-
tions'®®.  In addition, the sulfonamide class drugs
sulfamethazole'’"'”* and sulfacetamide'’> have unsatisfactory
bioavailability due to their short in vivo elimination half-lives. For
the drugs with fast systemic elimination, forming the cocrystals
with lower equilibrium solubility and intrinsic dissolution rates

could potentially serve as the approach to release the drugs sus-
tainedly, resulting in the enhanced bioavailability'’"'"2.

Isoniazid (INH) is one of the first-line drugs for tuberculosis,
which requires a large dose for long-term treatment, resulting in
poor patient compliance, severe side effects of hepatotoxicity and
drug resistance. Xuan et al.'”® successfully developed an
extended release form of isoniazid by cocrystallizing it with a
hydrophobic coformer (curcumin). It has been reported that the
thermodynamic solubility of cocrystals is related to the solubility
of coformers, in which a lower soluble coformer could produce a
cocrystal with low water solubility'”*. Hence, the isoniazid—
curcumin cocrystal has the low solubility by incorporating the
poor soluble curcumin molecule into the same crystalline lattice.
At pH 1.2, INH was completely released from the physical
mixture after 15 min (Fig. 20B). However, only 28% of INH was
dissolved from the cocrystal after 15 min, followed by sustained
release, in which 73% of INH was released after 48 h (Fig. 20B
and C). The authors attributed the reduced dissolution rate of the
INH cocrystal to two reasons: (1) the introduction of low water-
soluble curcumin (CUR) into the INH crystal lattice would block
the solvation sites of IHN, thereby reducing its release rate; (2)
CUR form III precipitated out of solution and covered at the
cocrystal surface to inhibit the dissolution of INH from cocrys-
tals. In contrast, INH was completely released after 24 h in pH
6.8 solution (Fig. 20C). The distinct release behaviors between
different pH values are due to the different recrystallization
kinetics of CUR.

Yu et al.'**studied the factor of cocrystal structure on influ-
encing the release profiles of piperazine ferulate salt (PRZ-FLA),
which has been used for treating kidney diseases. However, the
short plasma half-life of PRZ-FLA render it difficult to achieve
therapeutic plasma levels by the oral administration'*®. A ternary
cocrystal (piperazine—ferulate—pyrazinamide, PRZ-FLA—PRA)
was designed to achieve the sustained release of drugs'>®. In the
structure of PRZ-FLA—PRA cocrystal, the PRZ-FLA connected
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with PRA dimers by the strong hydrogen bonding interactions to
form a tight network (Fig. 21B). The hydrophilicity of PRZ-FLA
was significantly decreased after forming the cocrystal since the
solvation sites of PRZ-FLA was reduced from the structural
perspective. The solubility of PRZ-FLA from cocrystals were
lower than those of pure PRZ-FLA in different dissolution media at
pH 1.2,4.0and 6.8 (Fig. 21C). As expected, the intrinsic dissolution
rate of the PRZ—FLA salt decreased upon forming the ternary PRZ—
FLA-PRA cocrystal (Fig. 21D).

The solubility APIs are correlated with lattice stabilities and
intermolecular interactions in crystals'’”. Kumari et al.'””
demonstrated that the solubility and dissolution rate of pirfeni-
done (PFD) would be decreased by cocrystallizing with a suitable
coformer to increase the crystal lattice and intermolecular inter-
action energy (Fig. 22). PFD is a new drug molecule used for
healing idiopathic lung fibrosis (approved by the FDA in 2014)'"°.
The high-dose pirfenidone shows serious side effects'’>. The
cocrystals of pirfenidone—fumaric acid (PFD—FA) and pirfeni-
done—trimesic acid (PFD-TA) yielded 50% and 90% reduced
solubility of PFD, respectively. The solubility of PFD followed the
order PFD > PFD—FA cocrystal > PFD-TA cocrystal, which was
consistent with the observation that Ej.. (PFD—FA
cocrystal) > Ejice (PFD) as well as that Eyg (PFD-TA
cocrystal) > Ey;,g (PFD—FA cocrystal). The authors proposed that
the strong intermolecular force of cocrystals yielded high heat of

fusion and hence reduced cocrystal solubility'””.

3.7.  Therapeutic effect

The therapeutic effect of a drug substance is often influenced by its
physicochemical properties. The limitation of low solubility or
permeability of BSC II and BCS IV class drugs would immensely
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Figure 20

restrict the therapeutic effect of the medicines. The cocrystal strategy
has been considered an effective technique to improve bioavail-
ability and thus enhance the therapeutic effect'’®~'"%, Table 2 shows
a summary of reported cocrystals with enhanced therapeutic effects.
Yu et al."”” studied the anticancer activities of tegafur after forming
the cocrystal with a nutraceutical component, syringic acid (Fig. 23).
In vitro cytotoxicity testing showed that tegafur—syringic acid coc-
rystals (TF-SYA cocrystal) had an enhanced inhibitory effect on
different cancer cell lines (Fig. 23C)'”°. The improved solubility and
dissolution rate of tegafur by the cocrystal were beneficial for
generating higher drug concentrations near the tumor cells, thus
impeding proliferation'”®. In addition, the permeability of tegafur
was enhanced by the cocrystal, which allowed more drugs to
penetrate the cytomembrane of tumor cells.

5-Fluorouracil (FU) is a classic anticancer drug for treating
stomach, breast, lung and colorectal cancers. Therapeutic effect of
5-fluorouracil was limited by the poor permeability and first-pass
hepatic metabolism of the drug. Therefore, massive doses are
required to maintain the therapeutic window of FU, with the
resulting risk of side effects of drug resistance. Recently, several 5-
fluorouracil cocrystals with the enhanced anticancer bioactivity
have been successfully prepared with coformers, such as L-
phenylalanine'®, cinnamic acid'®', piperazine'®, gentisic acid'’®,
3,4-dihydroxybenzoic acid'’®, 4-aminopyridine'’® and hydroqui-
none'**. For instance, the cocrystal of 5-fluorouracil—L-phenylala-
nine (FU-PHE) exhibited greater anticancer activity in comparison
with the individual components (Fig. 24)'80 The ICs, values of the
FU—-PHE cocrystal were significantly decreased in comparison with
those of the pure FU and the FU-PHE physical mixture (Fig. 24C).
The lowest ICso value of cocrystals against HCT-116 cells was
2.56 pmol/L after 72 h of testing, which was approximately 4 times
lower than that of pure 5-FU and the physical mixture. The
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(A) Chemical structure of isoniazid and curcumin. (B) Dissolution profile of INH from different sample groups in pH 1.2 buffer

solution. (C) Dissolution profile of INH from 2:1 INH-CUR cocrystals in the presence of RIF in pH 1.2 and 6.8 buffer solutions (n = 3). NOTE:
RIF represents rifampicin. Adapted from the Ref. 173 with the permission. Copyright © 2020 American Chemical Society.
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(A) The chemical structure of piperazine, ferulic acid, pyrazinamide. (B) The crystal structure of piperazine—ferulate—pyrazinamide

cocrystal. (C) Solubility testing of piperazine ferulate salt (PRZ—FLA), cocrystal and pyrazinamide (PRA). (D) Intrinsic dissolution rate (IDR)
testing of piperazine ferulate salt (PRZ—FLA), cocrystal and pyrazinamide (PRA) at pH 1.2. Adapted from the Ref. 165 with the permission.

Copyright © 2020 American Chemical Society.

improved anticancer inhibition effect of FU-PHE contributes to the
enhanced solubility, dissolution rate, permeability and increased
tumor cell targeting of 5-FU in the presence of PHE, which is one of
the essential amino acids for tumor cell growth.

Sulfamethazine (STH) is a sulfonamide drug that is a widely
used antibacterial drug for treating humans and animals'®",
Recently, Pan and coworkers studied the antibacterial effect of the
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STH cocrystals (Fig. 25)'**. p-Aminobenzoic acid (PABA) was
selected as the coformer, forming a 1:1 cocrystal with STH by the
slow evaporation crystallization method. Fig. 25B shows the
antibacterial effect of the STH, PABA, physical mixture and sul-
famethazine—p-aminobenzoic acid cocrystal (STH-PABA coc-
rystal) on Escherichia coli, a type of prokaryotic bacteria. The
growth of E. coli was considerably inhibited in the group of the
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Chemical structure of pirfenidone (PFD), fumaric acid (FA) and trimesic acid (TA); hydrogen bonding between the PED—FA

cocrystal and PFD—TA cocrystal; solubility results of the PFD, PFD—FA and PFD—TA cocrystals. Adapted from the Ref. 175 with the permission.

Copyright © 2019 American Chemical Society.
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Table 2  List of cocrystals with enhanced therapeutic effect.

Therapeutic category API Coformer Ref.

Anticancer Tegafur Syringic acid 179

5-Fluorouracil L-Phenylalanine 180

Cinnamic acid 181

Piperazine 182

Gentisic acid 176

3,4-Dihydroxybenzoic acid 176

4-Aminopyridine 176

Hydroquinone 183

Quinoxaline 3-Thiosemicarbano-butan-2-one-oxime 189

Benzotriazole p-Hydroxybenzoic acid 190

Temozolomide Oxalic acid 191

Quercetin Pyrazole 192

Imidazolidinone 192

Baclofen 192

Metformin Dichloroacetate 193

Dabrafenib Ethylenediamine hydrate 194

Berberine Chloride Myricetin 195

Betulinic acid Ascorbic acid 196

Antibacterial Nitrofurantoin Trimethoprim 197

Ciprofloxacin Carvacrol 198

Thymol 198

Sulfathiazole Amantadine hydrochloride 177

Enoxacin Malonic acid 199

Oxalic acid 199

Fumaric acid 199

Trimesic acid Theophylline 200

Caffeine 200

Isopthalic acid Caffeine 200

Urotropine Syringic acid 201

trans-Cinnamic acid 201

4-[4-(Trifluoromethyl) phenoxy] phenol 201

Sulfamethazine p-Aminobenzoic acid 184

Sulfaguanidine Thiobarbutaric acid 202

Sulfadimidine 4-Aminosalicylic acid 203

Genistein 4,4'-Bipyridine 204

Benzotriazole p-Hydroxybenzoic acid 190

Caffeine O-Formylphenoxyacetic acid monohydrate 205

p-Formylphenoxypropionic acid 205

Betulinic acid Ascorbic acid 196
Hepatoprotective Isoniazid Syringic acid 206,207
Quercetin 185,206

Pyrazinamide Quercetin 178

Riluzole Syringic acid 208

Arthritis Diacerein Isonicotinamide 209

Nicotinamide 209

Theophylline 209

Aceclofenac Lysine 210

Hesperetin Picolinic acid 186

Nicotinamide 186

Caffeine 186

Chrysin Cytosine 211

Thiamine hydrochloride 211

Antihaemolytic Hesperetin Picolinic acid 186

Nicotinamide 186

Caffeine 186

Chrysin Cytosine 211

Thiamine hydrochloride 211

Quercetin Nicotinamide 187

Picolinic acid 187

Anti-diabetes Glibenclamide Hippuric acid 188

Nicotinic acid 188

Theophylline 188

Succinic acid 188

Nateglinide Sucralose 212

Gliclazide Sebacic acid 213
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Figure 23  (A) Chemical structures of tegafur and syringic acid. (B) Crystal structure of tegafur—syringic acid cocrystal. (C) Cytotoxicity
evaluation of individual materials, the cocrystal and physical mixture against the three tumor cell strains HCT-116 (human colon cancer),
MDAMB-231 (breast cancer) and MGC-803 (human gastric carcinoma) by slforhodamine beta (SRB) assays. Note: a—c represent the CI values of
the cocrystal of 0.79, 0.71, and 0.67 for HCT-116, MGC-803, and MDA-MB-231 tumor cell lines, respectively, *P < 0.05. Adapted from the
Ref. 179 with the permission. Copyright © 2020 Royal Society of Chemistry.

cocrystal, with 2-fold higher antibacterial activity than that of pure would be enhanced by the STH-PABA cocrystal and thus dras-
STH at concentrations of 50 and 100 pg/mL. These results suggest tically improve the antibacterial properties.

that the enhanced antibacterial activity is due to the increased Long-term administration of high-dose isoniazid (INH) will

solubility of the cocrystals. As shown in Fig. 25C, the cell wall cause server liver injury for patients'®>. The hepatotoxicity of INH

was intact with only several leaked cells in STH and PABA so- is due to the generation of extremely high reactive oxygen species,

lutions after 12 h. However, the bacterial profile was significantly which induce lipid peroxidation and eventually harm the cell

damaged in cocrystal solution, indicating that the leakage of cells membrane'®. Liu et al.'® studied in vivo hepatotoxicity testing of
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Figure 24  (A) Chemical structures of 5-fluorouracil (Fu) and L-phenylalanine (Phe). (B) Crystal structure of 5-fluorouracil—L-phenylalanine
cocrystal and (C) ICsq values (umol/L) for the cell lines after 48 and 72 h exposure to the tested samples; note: HCT-116 (human colon cancer),
MGC-803 (human gastric carcinoma), MCF-7 (human breast cancer), and A549 (human lung adenocarcinoma) were tested by SRB assay.
Adapted from the Ref. 180 with the permission. Copyright © 2020 Royal Society of Chemistry.
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(A) Chemical structures of sulfamethazine (STH) and p-aminobenzoic acid (PABA). (B) Antibacterial effect of STH, PABA,

physical mixture and STH-PABA cocrystal on E. coli. Different letters within the figure denote a significant difference (P < 0.05). (C)
Transmission Electron Microscopy (TEM) images of E. coli before (a) and after treatment with 500 pg/mL STH (b), PABA (c), and cocrystals (d)
for 12 h. Adapted from the Ref. 184 with the permission. Copyright © 2019 American Chemical Society.

untreated control, INH, a physical mixture of INH and quercetin
(QCT) and isoniazid—quercetin cocrystal (INH-QCT cocrystal,
Fig. 26). The total antioxidant states (TA), the level of aspartate
aminotransferase (ASA) and alanine aminotransferase (ALA) of
the four groups were measured after 3 days of treatment (Fig. 26B).
For TA level testing, the cocrystal showed comparable value with
the control group while the value of INH and the physical mixture
group were lower in comparison with the control group, indicating
that the cocrystal would improve the antioxidant effect of QCT to

A)

Figure 26

(B)

Serum TA level

prevent the occurrence of hepatotoxicity during INH treatment. In
addition, the levels of ASA and ALA were dramatically elevated
after treatment with INH and the physical mixture because of the
hepatotoxicity of INH. However, the values of ASA and ALA were
similar to those in the control group in the cocrystal group. All
results indicate that the cocrystallization of INH and QCT is
effective in reducing INH-induced hepatotoxicity.

Chadha et al.'® studied the antihemolytic effects of the coc-
rystals of nutraceutical hesperetin (HESP) with different
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(A) Crystal structure of INH-QCT cocrystals and (B) protective effects of QCT against INH in cocrystals and mixtures detected by

serum TA and liver enzyme levels in rats (n = 6). Adapted from the Ref. 185 with the permission. Copyright © 2020 Elsevier.



2558 Minshan Guo et al.
s HESP
A) 2 ® —=— HESP-PICO (B) 70

Z. —+— HESP-NIC

e s0 HESP-CAF =

§ 40 50

= g

© 30 =

E 3 % 1

s 20 R ‘ ‘

- ol il

= © 10

= 10

g " o=l i

0 Quercetin QCT-NIC QCT-PICO
0 100 200 300 400
Concentration (ng/mL)

Figure 27  Percentage inhibition of hemolysis by (A) hesperetin and cocrystals. Adapted from the Ref. 186 with the permission. Copyright ©

2017 American Chemical Society. (B) Different concetrations of quercetin and cocrystals: 50 ng/mL (blue color), 100 pg/mL (red color) and 150
pg/mL (green color). Adapted from the Ref. 187 with the permission. Copyright © 2016 Royal Society of Chemistry.

» Weslhe

Glibenclamide

(]
QY\)‘\ 7 oH
: ; |
on -
I N

hippuric acid nicotinic acid
| o
i N 0
200
I o
N ~ 4
9 succinic acid
theophylline

Figure 28

®)
100+

B ccv

| GCM-TP
B GOM-HA
B GCM-NA
B GOMsA

% glucose reduction

Time (hr)
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reduction of GCM-HA, GCM—-NA, GCM-TP, and GCM-SA in comparison to GCM. Adapted from the Ref. 188 with the permission.

Copyright © 2018 American Chemical Society.

coformers, picolinic acid, nicotinamide, and caffeine. The coc-
rystals exhibited greater inhibition of hemolysis of rat RBSs than
pure hesperetin (Fig. 27A). The inhibition effect of the samples is

in the order hesperetin—caffeine cocrystal (HESP—
CAF) >  hesperetin—nicotinamide  cocrystal  (HESP—
NIC) >  hesperetin—picolinic ~ acid cocrystal (HESP—

PICO) > HESP. The maximum value of inhibition of hemolysis
by HESP-CAF is 60%, followed by HESP-NIC (40%) and
HESP-PICO (30%)'"®. Additionally, the cocrystals of quercetin—
nicotinamide cocrystal (QCT—NIC) and quercetin—picolinic acid
cocrystal (QCT-PICO) also displayed better antihemolytic activ-
ity than the pure substance (Fig. 27B)'®’. The percent inhibition of
hemolysis in QCT—PICO and QCT-NIC was 3 and 2 times that of
pure QCT, respectively'®’. The improved antihemolytic activity of
cocrystals is linked to their higher solubilities and dissolution
rates'"’.

Glibenclamide (GCM) is a BCS class II drug for the treatment of
type II (noninsulin-dependent) diabetes; it is a second-generation
sulfonyl urea that has low solubility but high permeability. The
plasma glucose levels of the rats in different systems were evaluated
in protein-free plasma by enzymatic glucose oxidase peroxidase
after 7 days of oral administration (Fig. 28)'%*. The maximum value
of glucose reduction was up to 93.68% for glibenclamide—succinic
acid cocrystal (GCM—SA), 78.46% for glibenclamide—nicotinic
acid cocrystal (GCM—-NA), 69.57% for glibenclamide—hippuric

acid cocrystal (GCM—-HA), 53.68% for glibenclamide—theophyl-
line cocrystal (GCM—TP) and 40.68% for GCM ',

4. Concluding remarks and future perspectives

In the past decade, cocrystal engineering has become a promising
approach to improve the performance of drug substances by
modifying their undesired physicochemical properties. Large
numbers of pharmaceutical cocrystals have been reported, and
some of them have been approved by the FDA or in the clinical
trials>. Nevertheless there are still some considerable challenges
for developing cocrystals into commercial drug products.

In designing a pharmaceutical cocrystal, it is critical to select a
suitable coformer. However, the selection of coforms has still
largely relied on trial and error, which is time consuming and
labor-intensive. Recently, a variety of computer-assisted ap-
proaches have emerging as attractive tools to accelerate the
screening process of cocrystals®'* '8, For example, the artificial
neural network models are developed to predict cocrystal forma-
tion by analyzing a network of coformers extracted from the
Cambridge Structural Database (CSD)*'8.

An enhanced understanding of the structure-basis physico-
chemical properties is critical for the rational design of cocrystals
with desired functions and performances. In addition, the compat-
ibility between cocrystals and other excipients, pharmacokinetic
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profiles, therapeutic efficacy and toxicity issues should be carefully
taken into consideration in developing the formulation of cocrystal.
Another hurdle for commercialization is the scale-up of high-purity
pharmaceutical cocrystals. Continuous process is emerging as a
new paradigm in high-throughput manufacture of pharmaceutical
materials. The twin-screw extrusion integrated with process
analytical tools for in-line process control has been attempted to
produce high quality cocrystals>'*>*°.

In conclusions, this review provides detailed description and
examples about preparation methods, physicochemical properties
and various applications of cocrystals. The innovative technologies
along with the comprehensive regulatory guidance will advance the
translational development of pharmaceutical cocrystals for
healthcare applications. More cocrystal-based drug products are
believed to be commercially available for patients in the future.
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