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Abstract

A drug—drug cocrystal of two anticonvulsants, lamotrigine and phenobarbital, is presented. In the
crystal structure, molecules form heterodimers via N—H---O and N-H---N hydrogen bonding. The
intrinsic dissolution rate (IDR) and solubility of the cocrystal were measured in phosphate buffer
(pH 7.2) and simulated gastric fluid (without pepsin), and compared to pure APIs. Dissolution
experiments found suppressed IDR of the cocrystal with rates in the order pure PB > pure LTG >
cocrystal. The solubility measurements were consistent with the dissolution behavior. The
presence of strong heterodimers in the cocrystal compared to weaker homodimers in the parent
drugs is implicated for the reduced solubility and dissolution rate.
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Multidrug cocrystals (MDCs) have been the subject of growing interest in the
pharmaceutical industry, as they potentially offer many advantages over single component
parent drugs, such as enhanced dissolution rate and bioavailability, and tandem therapeutic e
ffects.1=3 Additionally, MDCs fulfill all the criteria for patent applications such as novelty,
utility, and nonobviousness; recently, the US FDA approved the first MDC—-Entresto
comprising Sacubitril (a neprilysin inhibitor) and valsartan (an angiotensin Il receptor
blocker)—for chronic heart failure.# Yet, most MDCs reported in the literature are only
characterized structurally and are not studied for physiochemical properties.5>—8 A recent
survey suggested that of 36 examples of drug—drug combination,® many fail to contribute
increased solubility/dissolution to a parent drug. For example, the dissolution rate of the
theophylline-phenobarbital cocrystal was found to be less than that of either single
component drug,® and a diflunisal-theophylline cocrystal displayed a similar dissolution
profile as each parent drug.10 Although design strategies for cocrystals are well-defined,
4.11-13 these approaches cannot always be extended directly to the design of MDCs. Crystal
engineering of cocrystals#15 often relies on strong heterodimer synthons to ensure
interaction between API and coformer. In the case of cocrystals containing only a single
API, improved solubility is imparted to a material by incorporation of a highly soluble
coformer.16-19 Even when the cocrystal displays formidable solid-state stability, it
nonetheless undergoes fast dissolution of APl mediated by dissolution of coformer.20 Yet,
for MDCs, the same strategies are no longer applicable, as the solubility difference between
a Biopharmaceutics Classification System (BCS) Class I/I11 drug and a BCS Class 11/1V
drug can be small.

Lamotrigine (originally marketed as Lamictal, hereafter LTG) is considered a first-line drug
for primary generalized tonic-clonic seizures and classified as a class 1l drug under the BCS
with poor aqueous solubility (0.17 mg/mL at 25 °C).2! The presence of multifunctional
moieties with both hydrogen bond donors and acceptors (see Scheme 1 for molecular
structure) on the periphery of the weak base (pK; 5.7) make the drug desirable for forming
both cocrystals and salts.22-24 A screen for cocrystals produced three novel salts of LTG
with oxalic acid (OA), malonic acid (MA), and sebacic acid (SA)—however, their dissolution
behavior was not further investigated in this work (crystal structure description is provided
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in Supporting Information, Section Sl 3). The following work presents an analysis of the
drug—drug cocrystal formed between two anticonvulsants, lamotrigine (LTG) and
phenobarbital (PB). Patients not responding to a single medication alone are frequently
treated with combination anticonvulsant drugs,2° and the therapeutic benefits of drug
combinations have been demonstrated in the literature.28 It is found that these combinations
offer a significant reduction of seizures and/or favorable adverse-effect profiles.
Phenobarbital, (PB, 5-ethyl-5-phenylpyrimidine-2,4,6(1H,3H,5H)-trione), is a BCS class |
drug (aqueous solubility 1 mg/mL) and is included in the list of essential medicines by the
World Health Organization (see Scheme 1 for molecular structure). PB is used widely for
treating epilepsy and neonatal seizures. The relative low cost of PB compared to other
antiepileptic drugs (in current use), makes it affordable and suitable for use in low income
countries.? It has several polymorphic forms?8-30-most recently, the crystal structure of
form V was reported by our group using polymer-induced heteronucleation.3! Lamotrigine
and phenobarbital combination in the dose ratios of 1:3 and 3:1 are reported to offer
favorable effects in terms of increased anticonvulsant effcacy and reduced neurotoxicity in
maximal electroshock induced seizures.25 Further, given that the aqueous solubility of PB is
roughly 10-fold that of LTG and that PB is a weak acid and LTG is a weak base, it was
hypothesized that a MDC between the two pharmaceuticals would impart increased
solubility and dissolution to LTG. Therefore, in the light of the enhanced therapeutic benefits
of these drug combinations, cocrystallization of LTG and PB was carried out and the
multidrug cocrystal between lamotrigine and phenobarbital was structurally characterized by
single-crystal and powder X-ray diffraction, Raman spectroscopy, and thermal analysis
(DSC/TGA), and its dissolution behavior quantified in phosphate buffer saline (PBS, pH
7.2) and simulated gastric fluid (SGF, without pepsin). The influence of pH on cocrystal
solubility was examined and it was found to be consistent with the dissolution behavior. The
reduced dissolution rate and solubility of the LTG-PB cocrystal relative to its constituents is
ascribed to the presence of strong heterodimers compared to weaker homodimer interactions
in the single component crystals (LTG and PB).

Recrystallization of a ground 1:1 LTG-PB mixture from methanol/acetonitrile resulted in
blocky crystals. Powder X-ray diffraction and Raman spectroscopy reveal significant
differences compared to LTG and PB in the PXRD pattern and Raman spectra suggesting
cocrystal formation (Figures S1-S3; Supporting Information). Single crystal X-ray
diffraction reveals monoclinic crystals in the noncentrosymmetric space group (Cc)
consisting of one molecule of LTG and one molecule of PB in the asymmetric unit (Figure
S4; Supporting Information). Intermolecular hydrogen bonds are facilitated by amino groups
and the triazine ring on LTG interacting with carbonyl groups and N-H on PB. Via N-H:--O
and N-H---N hydrogen bonding, the cocrystal is stabilized by a 3-point interaction
(heterodimer, shown in blue highlight in Figure 1). Another heterodimer formed by N-H---O
and N-H:--N hydrogen bonding leads to the interaction highlighted in red (Figure 1). These
interactions propagate further forming a 2-dimensional sheet.

The intrinsic dissolution rate (IDR) and solubility of LTGPB cocrystal were measured in
phosphate buffer saline (pH 7.2) and simulated gastric fluid (without pepsin), and compared
with the IDR and solubility of LTG and PB. Dissolution behavior of each component of the
cocrystal was described by the concentration change of LTG and PB in the dissolution
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media,2? which was quantified based on UV-vis spectra, applied to monitor the dissolution
process (details in Supporting Information). The dissolution rate was calculated by
evaluating the slope of concentration—time profiles in the initial few minutes (LTG-PB
cocrystal dissolution profile in PBS is shown in Figure S11, Supporting Information). There
was no improvement in the IDR of the cocrystal compared to parent drugs in both
dissolution media (PBS and SGF); IDR was greatest for the pure PB drug, followed by pure
LTG, and slowest for the cocrystal (see Figure 2). Dissolution profiles of LTG, PB, and
cocrystal in simulated gastric fluid and their IDR are shown in Figures S12-13; Supporting
Information. No solid transformation was found after dissolution (Figure S14; Supporting
Information).

Solubility behavior of the cocrystal is consistent with the dissolution measurements as
shown in Figure 3. These results demonstrated that the LTG-PB cocrystal is
thermodynamically stable between pH values of 2.6 and 9.0. These are pHax Values with
PB and LTG, respectively. The cocrystal solubility curve intersects with PB at pH 2.6 and
LTG at pH 9.0, which proves that the cocrystal is less soluble than its components in this pH
range. The cocrystal is shown to alter the solubility-pH dependence of its components,
resulting in a U-shaped curve with a solubility minimum between the pK, of LTG and the
first pK, of PB (pK, 7.5).17:32:33 The equations for calculating the pH dependent solubility
of LTG, PB, and LTG-PB cocrystal are provided in the Supporting Information (Section Sl
7.

In general, solubility is the main factor which determines dissolution rate, and
thermodynamic solubility is governed by the relative energies of both the solid-state and
solvated form of a material. Solubility is a function of both solid and solution interactions or
homogeneous and heterogeneous equilibria. Solution thus increases the dissolution rate of
an otherwise sparingly soluble AP1.19:34.35 By using highly soluble coformers, any relative
increase in the solid-state stability of a cocrystal is negligible relative to the dramatic
improvement in solubility. For the formation of MDCs, the relative heightened solubility of
BCS Class | or 11l drugs is often insignificant compared to a poorly soluble API, and thus
the solid-state stability of such materials dictates their rate of dissolution. If a multidrug
cocrystal is thermodynamically stable relative to its single components, it is likely that this
material will not show the solubility improvements often expected in the formation of
cocrystals, when ionization of cocrystal constituents is negligible. This failure is most
apparent when MDCs are designed by a common methodology applied for cocrystal
formation—the formation of heterodimer interactions in a cocrystal as a combination of
homodimer interactions found in each single component species. The LTG-PB cocrystal, as
described above, is stabilized by a heterodimer comprising discrete homodimers found in
each parent drug. The lamotrigine crystal is held by N-H.--N amine/pyridine interactions38
and the phenobarbital crystal is held by N-H---O amine/carbonyl intermolecular bonds;2” the
cocrystal contains a heterodimer with both interactions (Figure 5). Given that the pK; of PB
is 7.5; its ionization under the conditions studied is negligible. The relative increase in
stability of this cocrystal is seen not only in its lower dissolution rate but also in its higher
melting point; the cocrystal melts at 262 °C (Figure 4) whereas LTG melts at 217 °C, and
PB at 175 °C (Figure S15, Supporting Information).
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A greater insight into structure—property relation is provided by a detailed analysis of
intermolecular interactions in LTG, PB, and LTG-PB cocrystal. It is postulated that much of
the increased stability in the cocrystal form of LTG-PB is derived from the increased
strength in a heterodimer interaction between the molecules compared to the homodimer
interactions connecting the single component forms. The strength of such interactions can be
correlated to their intermolecular bond distances. In LTG, the aminopyridine homodimer
governs the crystal packing with N—H---N hydrogen bonds distances of 3.178 A.33 In the
cocrystal, this same interaction is shortened to intermolecular bond length of 2.904 and
2.824 A. In PB (ref code: PHBARBO7, Form |, most stable form), N- H---O homodimers30
show intermolecular bond lengths of 2.926, 2.868, and 2.902 A, whereas in the cocrystal the
same interaction has bond distances of 2.895, 2.979, and 2.922 A (Figure 5).

A survey of the Cambridge Structural Database (CSD) computed the average intermolecular
bond length between homodimer and heterodimer N—H:--O and N—H--N inter-actions in
crystalline materials with such functionalities. As shown in Figure 6, the average bond
distance of N—H---O and N—H--N in homodimers is longer than that in the heterodimer. This
difference implies that a cocrystal built by this heterodimer will be more stable than either
single component comprising the homodimer interaction. In the case of MDCs, where the
solubility of an included BCS I/111 pharmaceutical may be relatively small, this novel form
will not show an increase in dissolution rate and therefore few of the solubility advantages
commonly discussed in the crystal engineering of cocrystal pharmaceuticals.

In conclusion, three novel salts of lamotrigine and a drug— drug cocrystal of lamotrigine-
phenobarbital combination have been synthesized and characterized structurally. The LTG-
PB cocrystal is sustained by heterodimers via N—H--O and N- H:--N hydrogen bonding and
displays a higher melting point and slower dissolution compared to parent APls. This
decrease in dissolution rate and solubility is rationalized by the increased strength of
heterodimer interactions in the cocrystal compared to homodimer interactions in each single
component form, and the generality of this finding is supported by a survey of such
interactions in the CSD; MDCs containing these functionalities will often fail to impart
solubility to a weakly soluble API. On the other hand, this suppression of solubility may be
useful to achieve controlled release from MDCs for applications where sustained release of
low concentrations is advantageous.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Hydrogen bonding features in LTG-PB cocrystal.
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Figure 2.
Intrinsic dissolution rate of LTG and PB from single component molecules and a newly

discovered cocrystal at 37 + 0.1 °C in phosphate bu ffer saline.

Cryst Growth Des. Author manuscript; available in PMC 2019 September 19.

A . A l A l ' l A l A l A l A l A l A l A




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Kaur et al.

100

10

0.1

0.01

Solubility (M)

0.001

0.0001

0.00001

Figure 3.

Page 9

E

: PB
]

]

[ N LTG-PB
é S— o o

* LTG

A sl L L

LI S B B S S B B B N A S S B BN AN A S B B B A A A S A S A A S A N B S BN S NN N BN A N B AN N BN AN A BN SN BN BN AN

o 1 2 3 4 5 6 7 8 9 10 11
pH

Solubility-pH dependence of the LTG-PB cocrystal, basic drug LTG, and diprotic acidic
drug PB. Diamond and square symbols represent solubilities determined from solutions

saturated with
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solubilities determined from eutectic solutions saturated with both LTG and LTG-PB. pH
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curves and of LTG and LTG-PB curves correspond to pHpax. LTG-PB thermodynamic
stability and solubility are determined by the solution pH as indicated by the pHpax values

of 2.6 and 9.0.
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Figure 4.

DSC and TGA plot of the LTG-PB cocrystal.
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Figureb.
Crystal structure analysis of LTG, PB, and LTG-PB reveal the homodimer interactions in the

LTG and PB single component crystals (a and b) are combined to form a heterodimer (c) in
the LTG-PB cocrystal.
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Figure®6.
Average intermolecular bond lengths in pyridine/amino homodimer, amino/carbonyl

homodimer, and the heterodimer formed by both functionalities in CSD. Error bars show
standard deviation of the mean.
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Scheme 1.
Molecular Structure of (a) Lamotrigine (LTG) and (b) Phenobarbital (PB)
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