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Combining API in a dual-drug ternary cocrystal
approach†

Lixing Song, a Koen Robeyns, a Nikolay Tumanov, b Johan Wouters b and
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A new strategy is developed to design multi-drug solid forms. Using an

inorganic salt as the glue sticking together two different APIs in a

‘‘drug-bridge-drug’’ approach, we successfully created and character-

ized three different ternary ionic cocrystals (TICCs). The link between

binary and ternary ICCs and the importance of reaction stoichiometry

was investigated using ternary solid-state phase diagrams. In addition,

we highlighted the crucial role of water for the stability of these

systems, as well as the impact on solubility compared to the respective

parent compounds. We expect the strategy presented here to be

applicable to a large series of drug combinations, opening up a

promising new way of building multi-drug systems.

The combination of multiple drugs is a popular way to obtain a
synergistic or stronger therapeutic effect. Fixed-dose combi-
nation (FDC) is a traditional method to combine two or more
drugs into a single dosage form.1 However, the advantages of
FDC are restricted because of issues regarding stability, differ-
ences of solubility and incompatibility between different
drugs.2 Multi-drug cocrystallization3,4 is an alternative method
to overcome these issues as cocrystals have the potential to
modulate physicochemical properties. A formulation of cocrystals
of sacubitril and disodium valsartan,5 the first multi-drug cocrys-
tal approved by the FDA in 2015, is used for the treatment of heart
failure with reduced ejection fraction relative to separated drugs.

However, successful cocrystallization of two compounds is
not straightforward as the intermolecular interactions in the
novel crystal form need to be more stable than the ones in the
separate parent solid forms. This implies that one cannot freely

choose the two components to cocrystallize, rendering the
multi-drug cocrystal approach rather serendipitous. To deal
with this problem, Liu et al. introduced6 a ‘‘drug-bridge-drug’’
strategy, linking the antitubercular drugs isoniazid and pyrazi-
namide using fumaric acid as a bridge in a molecular cocrystal.
Although very interesting, this strategy remains challenging,
partly due to the difficulty in identifying an appropriate bridge.
The ternary cocrystal needs to be more stable than the solid
form of any of the binary combinations and/or parent
compounds,7 and moreover, is required to be pharmaceutically
acceptable. As organic molecular cocrystals are often only
stabilized by a few kcal mol�1 with respect to their parent
compounds, this approach seems limited. Over the last years,
however, ionic cocrystals (ICCs) have been introduced as alter-
natives to molecular cocrystals.7–13 ICCs consist of an organic
compound cocrystallized with an inorganic salt, which can be
advantageous compared with molecular cocrystals due to the
fact that stronger interactions occur between the metal and the
target compound.14 Ionic cocrystallization is a promising field of
research, as the salts used are often pharmaceutically accepted,
and easily lead to cocrystallization with drug compounds.15–22 In
the ICC the central metal atom often links to multiple organic
molecules. Considering the higher stability of the ionic cocrystals,
the fact that metal atom can easily accommodate different
ligands, and that inorganic salts are often biologically accepted,
these salts could potentially serve as the perfect linker to
ternary cocrystal systems comprising two different APIs. Up to
now there has only been a single ternary ionic cocrystal (TICC)
[Zn(thiourea)(urea)Cl2] reported showing increased fertilization
efficiency.23 In this paper, we tap into this unexplored barrel,
using inorganic salts as a bridge to cocrystallize two parent drug
compounds, which without this linker do not cocrystallize.

Levetiracetam ((S)-2-(2-oxopyrrolidin-1-yl)butanamide, LEV)
is a commonly used anti-epileptic drug developed by UCB
Pharma24 and etiracetam (ETI) is its racemic intermediate25

(Fig. 1). Nicotinamide (pyridine-3-carboxamide, NA) is a vita-
min from the vitamin B group and used as dietary supplement
and medication.26 Isonicotinamide (pyridine-4-carboxamide, INA)
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is an isomer of NA and both are popular cocrystal formers.27–30

In previous work, we investigated the cocrystallization between
CaCl2 and LEV/ETI showing the successful formation of dihy-
drate ionic cocrystals.31 In parallel, INA and NA were reported
to form ionic cocrystals with CaCl2.15,32,33 LEV and or ETI in
turn do not form a cocrystal with INA nor NA. This system is
therefore ideal to demonstrate the potential of our ionic linker
strategy. We successfully show how our strategy can be used to
glue two drugs using a salt as binder. We furthermore highlight
the thermodynamics behind this approach investigating the
solid-state ternary phase diagrams of these systems. Finally, we
insist on the physicochemical improvements TICCs can achieve
with respect to binary ICCs, as well as to the parent compounds.

As ETI/LEV and INA/NA form binary ICCs with CaCl2, we
were convinced the central Ca2+ cation could potentially link
two different ligands/drugs in a dual-drug approach. To verify,
ternary cocrystal combinations were explored using a variety of
methods (liquid assisted grinding, slurry crystallization and
solution evaporation, which are all detailed in the ESI†). Out of
the four possible drug/drug combinations, three successfully
led to the formation of dual-drug TICCs as hypothesized: ETI2�
INA�CaCl2�H2O (TICC1), LEV2�INA�CaCl2�H2O (TICC2) and
LEV2�NA�CaCl2�H2O (TICC3). All methods tried led to the same
TICC solid form, no TICC was observed for the ETI–NA–CaCl2

system observed during the entire screening process. Further-
more, when grinding TICC3 with ETI, TICC3 was dismantled
into a mixture of ETI2�CaCl2�H2O, NA and LEV, which high-
lights the high stability of the binary ETI2�CaCl2�H2O cocrystal,
likely explaining why the ternary cocrystal is not formed. We
were able to grow single crystals of TICC1, TICC2, and TICC3.
For all, the simulated XRPD patterns from the single crystal
data, aligned with the XRPD data of the screening experiments.

For the INA involving ternary cocrystals, TICC1 and TICC2,
identical coordination around the Ca2+ cation is observed
respectively for the racemic and enantiopure cocrystal. The
Ca2+ cation shows an octahedral coordination connecting the
oxygen atoms of 4 racetam molecules (2 molecules linking
through their amide oxygen atom and two molecules linking
through the oxygen atom of the pyrrolidinone group), one
oxygen atom of INA and one oxygen atom of a water molecule.
Each racetam molecule interacts with two Ca2+ ions respectively
through its amide and pyrrolidinone groups and serves as a
bridge between consecutive Ca2+ cations, leading to an overall
2 : 1 : 1 (racetam : INA : CaCl2) stoichiometry (Fig. 2a) and a 1D
chain along the a axis. The infinite chain involves hydrogen
bonds between chloride ions and NH2 groups or water mole-
cules (Fig. 2b). The chains are held together via hydrogen bonds
between chloride ions and amide NH2 groups of INA molecules

(Table S3, ESI†). In TICC1, the calcium cations coordinate four
racetam molecules of the same chirality consistent with the binary
ionic cocrystal ETI2�CaCl2�2H2O reported in previous work.31 This
leads to isochiral strands alternating in the racemic cocrystal
(Fig. 2c). Cocrystallization of LEV, NA and CaCl2 led to the
formation of TICC3. In TICC3, the Ca2+ cation also shows an
octahedral coordination connecting four LEV molecules, one
water molecule and one NA molecule by the heterocyclic nitrogen
instead of the carbonyl group (Fig. 3). This leads to a 1D chain
structure along the b axis including hydrogen bonds between
chloride ions and NH2 groups or water molecules. Surprisingly,
CaCl2 is not able to couple the racemic counterpart ETI with NA,
highlighting the small free energy difference associated with
cocrystal forming systems, and hence the impact chirality can
have on successful cocrystal formation.34

To validate the thermodynamic stability of the observed TICCs
and to investigate the relation between parent compounds, binary

Fig. 1 Chemical structures of model compounds.

Fig. 2 (a) Coordination around the Ca2+ cation in crystalline TICC1 and
TICC2. (b) Chain and hydrogen bonds along the a axis. (c) Parallel chains
projected down the a axis in crystalline TICC1. ETI with opposite chirality
are shown in grey and orange. Hydrogen atoms are omitted for clarity.

Fig. 3 (a) Coordination around the Ca2+ cation in TICC3. (b) Infinite chain
along the b axis for TICC3.
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and ternary systems, a full thermodynamic solid-state phase
diagram was constructed, through a series of mechanochemical
reactions on different ratios of LEV/ETI, INA/NA and CaCl2. To
assure equilibrium was reached upon grinding, experiments were
performed for long reaction time, and seeded using different
forms.‡ As the three TICC systems behave similarly, the LEV–INA–
CaCl2 system is discussed here and the results of other two
systems are reported in the ESI.†

Grinding a 2 : 1 ratio of LEV : CaCl2 or INA : CaCl2 leads to the
binary ionic cocrystals LEV2�CaCl2�2H2O (ICC1) or INA2�CaCl2�
4H2O (ICC2). TICC2 can then be obtained through various
routes. One can either start from the initial reactants in a
2 : 1 : 1 ratio, from ICC1 adding an equivalent of INA, or from
ICC2 adding 4 equivalents of LEV and one equivalent of CaCl2.
Grinding ICC1 and ICC2 together leads to a physical mixture of
these two forms, unless the necessary amount of LEV and CaCl2

is added to this mixture to assure an overall 2 : 1 : 1 ratio.
Gradually adding CaCl2 to TICC2, transforms this latter into
ICC1 and ICC2 with addition of sufficient CaCl2 ultimately
leading to a full transformation (Scheme 1 and experimental
data see Fig. S4, ESI†). These experiments show that for a given
overall composition, there is only one thermodynamic out-
come. This scheme, as well as the phase diagram discussed
below, also highlight the importance of stoichiometry when
screening for dual-drug ternary cocrystals, as an initial mishap
in stoichiometry may lead to a false negative e.g. an excessive
amount of CaCl2 would not have led to the identification of the
TICC1 in our case but to a mixture of the binary ICC1 and ICC2.
Based on Scheme 1 and some further grinding experiments, a
full ternary solid-state phase diagram of the LEV–INA–CaCl2

system was built, as shown in Fig. 4. Using this diagram, the
thermodynamic outcome of any solid-state grinding experi-
ment can be predicted, as it shows the most stable outcome
for a given combination of reactants. Similar diagrams are
obtained for the ETI–INA–CaCl2 and LEV–NA–CaCl2 system
(see the section of solid-state behavior for TICCs in the ESI†).

Interestingly, for this latter system, full transformation to
TICC3 was difficult to achieve during the grinding experiments,
with the binary ICCs usually being formed prior to the TICC. It
is possible that in this case, the presence of the binary ICCs
hinders the nucleation of the TICC during grinding.

All TICCs discussed above are monohydrates. These mono-
hydrates are formed in all experiments throughout this work,
even those performed in hydrophobic solvents. Ambient water
seemingly needs to be present in extremely low activity for the
monohydrates to form. The key role of this water molecule for
the stability of the TICCs becomes clear, when investigating
their thermal behavior. Heating the TICCs, a weight loss of
about 3% occurs between 100 1C and 150 1C corresponding to
the loss of 1 equivalent of water (theoretical weight loss = 3.1%)
(TGAs given in ESI†). This initial weight loss is immediately
followed by a weight loss of about 20%, in the case of TICC1
and TICC2, corresponding to the loss of the INA equivalent,
which continues up to 200 1C. For TICC3 (Fig. S21, ESI†), both
phenomena are well separated, with no weight loss occurring
between 110 and 150 1C. To investigate the potential existence
of an anhydrate TICC, TICC3 was kept at 100 1C for a prolonged
period and regularly analyzed by XRPD (Fig. S24, ESI†). This
evaluation shows a decrease of TICC3 with surprisingly a simul-
taneous appearance of a mixture of NA and the binary anhydrous
cocrystal LEV2�CaCl2. Furthermore, cooling this mixture to room
temperature in an ambient atmosphere leads to a mixture of NA
and the hydrated binary cocrystal ICC1 (Fig. S25, ESI†). Heating
the TICCs to a temperature of 200 1C (above the removal of NA
and INA), and cooling them under ambient conditions always led
to the binary hydrated cocrystals involving LEV/ETI.

These results highlight the crucial role of water for the
formation of these TICCs, as they are thermodynamically unstable
without presence of this water equivalent, decomposing subse-
quently in an anhydrous binary ICC and one of the composing
partners. From our screening experiments, it is however evident,
that traces of water suffice to allow their formation.

Scheme 1 Graphic representation of the LEV–INA–CaCl2 solid-state
reaction scheme according to overall stoichiometry.

Fig. 4 Solid-state ternary phase diagram for the LEV–INA–CaCl2 system.
Pure phases are indicated in red, mixtures of two phases in green and
mixtures of three phases in purple. Sufficient H2O is considered for the
formation of all ICCs.
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To explore the potential of dual-drug TICCs, we investigated
their impact on the solubility of both drug compounds, comparing
the values of isolated drugs with that of binary and ternary ionic
cocrystals. To get a fair comparison, we first aimed at identifying a
solvent in which binary, as well as ternary ionic cocrystals behave
congruently. Table S4 (ESI†) shows the suspension outcome
performed under the stoichiometry of binary as well as ternary
cocrystals using 12 different solvents. The binary systems ICC1
and ICC2 were almost always found to behave incongruently
(except for ICC1 in an acidic water environment), whereas ICC3
behaves congruently in water, ethanol, isopropanol, and ethyl
acetate. Surprisingly, the ternary systems, are more inclined to
behave congruently, especially in the case of TICC2, which behaves
congruently in water, as well as a variety of polar solvents like
methanol, ethanol and acetone. This implies that from a pharma-
ceutical point of view, dual drug ternary cocrystals, can have an
advantage over a combination of their binary counterparts.

We determined the solubilities of parent drugs, binary and
ternary ionic cocrystals for all congruent systems (Table S5,
ESI†). In a pH 1.2 HCl aqueous solution the solubility of NA
increases from 44.20 to 49.95 wt% comparing to the parent
compound with the binary ICC. The TICCs on the other hand
seem to show a reduced solubility compared to both parent
drug compounds. Binary ICCs and ternary ICCs therefore
impact drug solubility differently, and it will be interesting in
the future to compare bioavailability of TICCs to see if the
differences in solubility also reflect in the pharmacokinetics.

In this work, we proposed a new strategy to design multi-
drug solid forms. Using an inorganic salt as the glue sticking
two different APIs together in a ‘‘drug-bridge-drug’’ approach,
we successfully created three different ternary ionic cocrystal
(TICCs). Furthermore, our approach involves pharmaceutically
acceptable salts such as CaCl2, leading to pharmaceutically
suitable solid forms. We furthermore highlighted the impor-
tance of the overall stoichiometry for the stability of these
ternary systems, investigating the full solid-state ternary phase
diagram. Water plays a crucial role for the stability of these
systems, with trace amounts sufficient to lead to their for-
mation. Finally, these systems impact the solubility of both
drug compounds, and it will therefore be interesting in the
future to see how these ternary systems behave with respect to
the parent drug compounds in in vivo studies. We expect the
strategy presented here, to be applicable to a large series of
drug combinations, opening up a promising new way of build-
ing multi-drug systems.
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