Journal of Molecular Modeling (2018) 24: 112
https://doi.org/10.1007/500894-018-3649-0

ORIGINAL PAPER

@ CrossMark

Intermolecular interaction as a direct measure of water solubility
advantage of meloxicam cocrystalized with carboxylic acids

Piotr Cysewski'

Received: 28 October 2017 / Accepted: 6 April 2018 /Published online: 21 April 2018

© The Author(s) 2018

Abstract

The solubility advantage (SA) of meloxicam cocrystalized with mono- and dicarboxylic acids was expressed in terms of
equilibrium constants involving active pharmaceutical ingredient and coformer in aqueous solutions. It is argued that SA can
be quantified by concentration of pairs formed in water. The pH and concentration of dissolved components is included explicitly
in the model. The alternative behavior of mono- and dicarboxylic acids was emphasized and addressed to different structural
motifs. The structural and energetic properties of meloxicam and its complexes with carboxylic acids were characterized,
including tautmerism and dissociation in aqueous media. In particular, performed in silico modeling confirmed experimental
observation that meloxicam dissolved in water or modest acidic solutions is expected to be a mixture of anionic form in
equilibrium with at least five neutral isomers. Tautomer-related diversity of pairs formation and the possibility of salt formation

is also discussed.

Keywords Meloxicam - Cocrystals - Solubility advantage - Carboxylic acids - Intermolecular interactions - Aqueous solubility

Introduction

Meloxicam is a modern drug commonly prescribed [1-3] for
rheumatoid arthritis and osteoarthritis. It is also often used to
mediate postoperative fever or pain and as an analgesic, espe-
cially where there is an inflammatory component. Meloxicam
has a wider spectrum of anti-inflammatory activity, combined
with less gastric and local tissue irritation than other nonste-
roidal anti-inflammatory drugs available prior to its discovery
[4]. In contrast with other medications of this type currently
available, meloxicam appears to have greater inhibitory activ-
ity and selectivity against the inducible isomer of
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cyclooxygenase [5]. This is associated with a relief of gastro-
intestinal and renal events [3].

Unfortunately, meloxicam, which exists as a pastel yellow
solid substance, is practically insoluble in water and because
of this is classified as a Il-class drug according to the
Biopharmaceutics Classification System [6] suggesting that
it has low solubility and high permeability [7]. Since the ma-
jority of orally administered drugs, including meloxicam, are
taken as solid or semisolid dosage forms [8], the process of
drug absorption must, in the first stage, involve dissolution of
the released active pharmaceutical ingredient (API) in the gas-
trointestinal tract medium. Only after this step can permeation
through biological membranes occur, driven by either a con-
centration gradient or an active carriage process [9]. Thus, the
physiological process of transport into the bloodstream en-
abling further distribution, metabolism and excretion of any
APl is critically related to its solubility in bodily fluids. Due to
very low solubility of meloxicam, the time to reach maximum
concentration in the human body is about 4-6 h, taking more
than 2 h for the drug to reach its therapeutic serum concentra-
tion [5]. This is one of the major shortcomings of meloxicam,
reducing its potential of application for the relief of mild-to-
moderate-level acute pain and long-term use to treat muscu-
loskeletal disorders in humans and animals [10, 11].
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The experimental values of meloxicam solubility in water
differ significantly in different literature reports. Drug bank
codes meloxicam as DB00814 and reports water solubility
as low as 20.3 uM (7.15 mg dm>) without providing the
source and experimental conditions. In the Human
Metabolome Database one can find record HMDB0014952,
providing a much higher value for meloxicam aqueous solu-
bility equal to 4.38 mM (154 mg dm ). In a compilation by
Yalkovith [12], two alternative measurements are reported at
25 °C and pH 6.0 suggesting values of water solubility of
65.0uM (22.8 mg dm ) [13] and 34.2uM (12.0 mg dm)
[14]. Such significant discrepancies between reported values
of water solubility have become the norm, which is one of the
major obstacles to formulating models for theoretical predic-
tion of water solubility [15-17]. In the case of meloxicam,
apart from the experimental protocol of solubility measure-
ments, one of the reasons for such discrepancies is strong
pH-dependent aqueous solubility, which can be related direct-
ly to its multiple ionization states [4, 18]. Meloxicam can be
protonated at the thiazolic nitrogen atom and deprotonated at
hydroxyl or secondary amine groups. The second source of
divergence of solubility measurements can be ascribed to the
potential variety of polymorphic forms of meloxicam [19].
Although only one solved structure of pure meloxicam has
been deposited in the Cambridge Structural Database (CSD)
[20] (SEDZOQ and SEDZOQO01) there are reports
documenting the existence of up to five polymorphs.
Unfortunately, the crystal structures of forms Il and V claimed
in US patent 6967248B231 [18] remain unknown so far, and
the form denoted as IV is most probably not a polymorph but
rather a monohydrate solid [19]. Interestingly, it seems that a
contamination of form I with polymorphic form III, which
apparently occurs spontaneously in formulated tablets of
meloxicam, shows a higher solubility and greater intrinsic
dissolution [19] than formulations containing only the domi-
nant form [.

Low solubility always imposes problems from the perspec-
tive of bioavailability, reducing the therapeutic efficacy of any
API. That is why this issue is one of the first improvements
targeted in the development of new formulations of drugs.
This can also be addressed to meloxicam. Several attempts
to alter the pharmacokinetic profile of meloxicam have been
undertaken, which resulted in various formulations including
polymorph control [18, 19, 21-23], salts formation [24-26]
encapsulation with cyclodextrins [13, 14, 25, 27], solvates
preparation [28], utilization of solid dispersions [29, 30],
nanosuspensions [31], nanoethosomes [32], nanocrystals
[33] and, last but not least, cocrystallization [34—37]. This last
method is particularly interesting due to the fact that it allows
for engineering of more soluble structures by tuning and de-
signing intermolecular interactions. Although various
cocrystals of meloxicam with carboxylic acids have been syn-
thesized, not all structures have been solved and only some
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systems have been characterized quantitatively as solubility
enhancers [34, 36]. Nevertheless, the observed correlation
[36] between in vitro and in vivo data documented that
meloxicam cocrystals can possess a faster dissolution rate,
exhibit increased oral absorption and an earlier onset of action.

Taking this information as a starting point, the aim of this
project was to explore the idea of direct relationships between
the observed solubility advantage of meloxicam cocrystals
and the intermolecular interactions stabilizing the binary com-
plexes formed in aqueous solutions. It is expected that, in the
case of strong binding of the API with excipient, the recogni-
tion pattern will be related directly to the solubility of multi-
component solids, given that the building blocks formed by
the supramolecular heterosynthon are present both in solution
and in the solid state. To the author’s best knowledge this is
the first attempt at theoretical justification of the solubility
advantage of meloxicam cocrystals formed with carboxylic
acids. The author believes that the proposed method could
be extended to a broad class of systems and could be used to
screen new solubility enhancers of other APIs.

Methods
Solubility advantage computation

The solubility advantage of meloxicam cocrystallization is
defined here simply by the decadic logarithm of the ratio of
molar solubility of cocrystal (Scc) with respect to meloxicam

(Sapp:

S
SA®P = log (ﬁ) (1)

Suitable experimental values come from measurements
published by Weyna et al. [36]. These data were confronted
with predicted solubility of corresponding pairs in water solu-
tion via quantum chemistry thermodynamic computations
[38, 39]. All important data used in this paper are collected
in Table 1.

In the case of monocarboxylic acids, their equilibrium in
aqueous medium in the presence of meloxicam can be de-
scribed simply by the following reaction, allowing for
straightforward computation of the concentration of complex
AM formed between reacting species:

HA + HMsH,AM | pAM =pK, +pA+pM  (2)
where p stands for negative decadic logarithm of reaction
constant (K;) and monocarboxylic acid (A) or meloxicam
(M) concentrations. Since the extent of non-dissociated forms
of acids depends strongly on the acidity of the solution it is
necessary to include both pH and values of dissociation
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Table 1 Data used for predicting solubility advantage of meloxicam cocrystalized with carboxylic acids

Code?* Cocrystal former Sab SA® pKa, pKa, AGS4 pK* pPMA® logP C°
M Meloxicam 0.17 - 4.18 - 245 1.73 - - 0.1°
1 1-Hydroxy-2-naphthoic acid 0.34 0.31 2.70 - —6.43 —4.53 1.05 —5.58 0.5
2 Salicylic acid 0.26 0.18 2.97 - —6.96 —491 -0.30 —4.61 0.5
3 Succinic acid 0.21 0.09 4.20 5.60 —6.13 —4.32 =530 —3.33 0.5
4 4-Hydroxybenzoic acid 0.16 —-0.02 4.54 - —6.34 —4.47 -1.42 —3.04 0.5
5 Glutaric acid 0.13 -0.10 4.30 5.40 —4.59 -323 —3.22 —3.25 0.5
6 Maleic acid 0.23 0.13 1.91 6.33 -9.72 —6.85 —8.25 —5.44 0.5
7 L-Malic acid 0.14 —0.08 3.46 5.10 —5.45 —3.84 —3.58 —4.10 0.5
8 Benzoic acid 0.15 —0.04 420 - —6.42 —4.52 -1.14 -3.38 0.5
10 Hydrocinnamic acid 0.16 —0.03 4.57 - —5.69 —4.01 —-1.00 -3.01 0.5
11 Glycolic acid 0.16 —0.02 3.60 - —7.84 —5.53 —-1.55 —3.98 0.5
12 Fumaric Acid 0.18 0.02 3.30 4.44 —=7.09 —5.00 —5.72 —4.27 0.5

 As reported in [36]

°In mg ml™!

¢ Computed in this paper
9 Expressed in kcal mol !

¢ Saturated solution in experimental conditions

constants into the equation, which can be done via the elemen-
tary formula:

1 1

o = ——————— . Ry =
AT 410K T 2]

(3)
Consequently the final concentration of meloxicam com-
plexes in solution at any pH can be computed as follows:

PAM = pK, + pp (4)

where the last term is an actual pH-related correction defined
simply by the following term

pB = —log(cj(1=aa) iy (1-an)) (5)

Details of the derivation are provided in the Supplemental
Material. It is very important to note the straightforward re-
lationships of pAM with initial concentrations of both API
©ommy) and excipient ©yya)). Since not all the coformers
used are very soluble in water, the experimental conditions of
measurement [36] might lead in some cases to saturated so-
lutions. The systems studied here were prepared [36] by
placement of 50 mg of each component into 100 ml of water
but, in the case of 1-hydroxy-2-naphthoic acid, this propor-
tion farexceeds the aqueous solubility reported [36], which is
as low as 0.1 mg ml™". The activities of dicarboxylic acids
acting as excipients can also be described in similar manner
but it is necessary to include both stages of dissociation. The
final formula allowing for computation of complex concen-
tration is the same as (4) but definition of the pH-dependent

share of non-dissociated form should be computed by the
following formula:

1
- 1+ 1()PKA|+PKA2_2PH + IOPKAl_PH

ap (6)

The values of equilibrium constants of complexation reac-
tion were computed with an aid of COSMOtherm17 using the
BP_TZVPD FINE C30 1701.ctd parameter set [40] and tak-
ing advantage of the COSMO-RS (conductor like screening
model for real solvents) approach [38, 39]. It is worth men-
tioning that one can, in principle, compute affinities between
anionic forms of both carboxylic acids and dissociated
meloxicam. This is of course indirectly related to estimation
of values of dissociation constants. Unfortunately, computing
of these values even for such simple cases as carboxylic acids
is still not accurate enough and the error introduced might
negatively interfere with computations of pK.. That is why
experimental values of pK, for all considered species were
used instead of estimated ones.

Structure optimization

Studying the thermodynamic properties of meloxicam in so-
lution requires finding the most probable structures that fully
characterize geometrical and energetic diversities. This step
was achieved via extensive conformational analysis
encompassing several conformational searches comprising
possible tautomeric forms, such as for example enolic and
zwiterionic forms. The geometries of all compounds were
optimized both in the gas and condensed phases using BP-
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RI/TZVP scheme, which was followed by o-profiles compu-
tation by means of the BP-RI/TZVPD approach in Turbomole
v7.0 [41] interfaced with TmoleX 4.2 [42]. Since all mono-
mers can potentially adopt many conformations, all important
structures were included in the computations of thermody-
namic quantities by explicitly considering those conformers/
tautomers/zwitterions as generated using COSMOconf. The
latter uses a multistage procedure generating hypothetical
structures, the number of which was limited according to com-
puted values of energy and similarity (RMSD). The default
energetic window accepting conformers was raised to
20 kcal mol ™', and the number of generated structure was
increased to 100. In practice these extensions were not neces-
sary and only few low energy conformers were obtained for
each compound. Initial structures of meloxicam complexed
with carboxylic acids were taken from crystal structures if
available. In the case of lack of suitable cif files, initial geom-
etries of pairs were prepared manually by constructing of the
recognition pattern comprising the carboxylic acid—azole su-
pramolecular heterosynthon. Each complex was inspected for
potential conformers and tautomers. The latter resulted from
imposing alternative hydrogen bonding patterns via the —
COOH group and re-optimization of geometries of the
resulting pairs. Hence, conformational analysis also
encompassed complexes of meloxicam with carboxylic acids.
The inclusion of many potential structures resulted in covering
of the wide range of conformation hyperspace lead to the set
of the most probable structures both for monomers and binary
complexes. The structures are provided below in Fig. 1 and
Table 3.

Results and discussion

The paper is organized by presenting the most important in-
silico-derived properties of meloxicam followed by the char-
acteristics of interactions with carboxylic acids in modeled
water solutions. These data were then confronted with exper-
imental solubility advantage. Hence, in the first part, structural
and energetic analysis is provided for detailed characteristics
of meloxicam properties in aqueous solution. Then, investiga-
tion of the diversity of hetero-synthon formed between API
and excipients is provided. Finally, the titled problem is
discussed, documenting observed relationships between stabi-
lization of pairs in water solution with experimentally ob-
served solubility advantage of meloxicam cocrystals.

Tautomerism of meloxicam
Meloxicam shows polymorphism [4, 18, 19] and it is known
that it can be isolated by crystallization from non-polar organ-

ic solvents such as tetrahydrofuran. This enolic form (often
referred as form I of the solid state) is the one that is accepted
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as the most suitable for preparing pharmaceutical products [4].
However, another neutral structure of meloxicam in the form
of zwiterionic tautomer has also been recognized. These struc-
tures were observed both in the solid state and in organic
solvent solutions [4]. From a chemical point of view, the struc-
ture of meloxicam is very interesting due to its richness in
potential tautomeric forms and structural flexibility, resulting
in several conformers. This is also associated with the forma-
tion of two distinct types of inter- and intra-hydrogen bonding
patterns related to its proton-donating and proton-accepting
abilities. According to values of microacidities predicted by
ChemAxon (MarvinSketch 16.9.12.0) the most acidic site cor-
responds to heterocyclic nitrogen atom N2 (see notation in
Fig. 1) for which pKa =0.5. The hydroxyl group has a typical
phenolic character with an estimated pKa value is equal to 4.5.
Finally, the nitrogen atom belonging to the acetamide bridge
joining both aromatic fragments is the most basic site, with a
pKa of about 10.6. However, computations of possible tauto-
meric structures in the COSMO model of water solution re-
veal interesting new features. The resulting lowest lying tau-
tomers are presented in Fig. 1, and document the tautomeric
richness of meloxicam. The most stable tautomer is found to
be the enolic tautomer, which is stabilized by a hydrogen
bonding motif of the N---H-O type. This, however, requires
deprotonation of the N1 center and protonation of N2. It is
worth noting that this form is not present in the crystal of pure
meloxicam solids, but can be found in the crystalline
monohydrates (CSD refcode WODBIA). Interestingly, this
tautomer in monohydrate solid state is stabilized by a hydro-
gen bond formed between the water molecule and the N2
center. Unfortunately, due to the type of intramolecular hydro-
gen bonding, this tautomer is not ready for the heterosynthon
formation with carboxylic acids via supramolecular pattern
involving azole nitrogen centers.

The second tautomer, which is higher in energy by only
0.29 kcal mol™! is also protonated at the N2 site, but rotation
of the main aromatic fragment along the acetamide chain al-
lows formation of the alternative hydrogen bonding between
two oxygen atoms. The tautomer MEL2 is ready for intermo-
lecular complex formation with carboxylic acids, which actu-
ally will be observed in some pairs. In structures deposited
under refcode SEDZOQ or SEDZOQO01, one can find a third
tautomer denoted in Fig. 1 as MEL3, which favors meloxicam
dimerization. In the case of such contacts, one of the oxygen
atoms of the sulfonyl group interacts via hydrogen bonding
with the N1 site of another meloxicam molecule and vice
versa. On the other hand, the same tautomer is observed in
the majority of meloxicam cocrystals since the intermolecular
interactions favor direct formation of two hydrogen bonds of
the .COOH group with thioazole N1 and secondary amine N2
nitrogen atoms. It is worth mentioning that this third tautomer
is less favorable in water solution by only +0.59 kcal mol
with respect to MEL1. The fourth tautomer is in the form of
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Fig. 1 Structures and energetics

of the most stable tautomeric

forms of neutral meloxicam as

found after modeling in water MEL1
solution 0.00

MEL2
+0.29

MEL3
+0.59

MEL4
+0.95

MELS5
+1.88

the zwitterion obtained by proton transfer from O3 to N1,  most stable structure. Also the fifth tautomer included in Fig. 1
preserving protonation at the N2 center. This is associated  adopts a zwitterionic structure with an alternating intramolec-
with a rise in energy of +0.95 kcal mol ' with respect to the  ular H-boding pattern induced by another conformation of the

Fig. 2 Structures and energetics
of the most stable tautomeric
forms of meloxicam anion as
found after modeling in water
solution

MEL(-)1
0.00

MEL(-)2
+5.15
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Table 2 Collection of packing motifs stabilizing cocrystals formed by meloxicam (M) with carboxylic acids (A). The refcodes of solved structures
deposited in the Cambridge Structural Database (CSD) are enclosed in brackets

Cocrystals

Structural motifs

Aspirin (ARIFOX), MA
Salicylic acid (ENICEK) MA
1-Hydroxy-2-Naphthoic acid (ENIBOT), AMMA

1:1 cocrystal forming closed motifs

Acetylendicarboxylic acid (EBOLEP) [-MMA-],
Adipic acid (FAKJOS) [-MAM-],

Glutaric acid (ENIBUZ) [-MMAA-],,

Fumaric Acid (ENICIO) [-MMA-],

Succinic acid (ENICOU) [-MMA-],,
Terephthalic (FAKIUY) [-MAM-],

2:1 cocrystal forming MAM infinite chain motif

Trifluoroacetic acid (QEPXEQ), MA
Dihydrogen sulfate monohydrate (WODBEW)

L-Malic acid (ENICAG) [-MMA-],

bridge connecting two vicinal heterocyclic rings, and is
1.88 kcal mol ™" above the most stable one. There are also
other higher energy conformers of meloxicam that are not
shown in Fig. 1. All this information suggests structural diver-
sity of meloxicam and its complexity in water solutions,
which is extended by including the ionic forms resulting from

@ Springer

dissociation. The experimental value of pKa is equal to 4.18
[4], which univocally suggests that meloxicam is quite a
strong acid and, in water solution, will exist predominantly
in anionic forms. After deprotonation, several tautomeric
forms can be considered, but apparently one predominates
exclusively. As documented in Fig. 2, two anionic structures
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Table 3 Schematic representation of heterosynthon structure with
relative values of stabilization energy (in %cal mol ") of pairs formed

C

N\
/

Z—I----0
Z---- I—O0
Z----IT——0O

~

c7
MEL2
+1.19
+3.55
+0.44
+0.47
+1.67
+3.30
+1.09
+0.67
+1.30
+1.36
+1.49

oONOOULT A WN R

of lowest energy meloxicam are separated by more than
5kcal mol ", and they differ by the internal hydrogen bonding
pattern. The anionic form is observed not only in aqueous
solutions [4, 43] but is also detected in non-aqueous media in
the presence of even traces of water [44, 45]. Finally, it is worth
mentioning that, since the sulfuric group imposes non-planarity
on the heterocyclic ring, there are two stereo-chemical config-
urations of the associated methyl-substituted heterocyclic nitro-
gen center. Since these structures are energetically equivalent
they are not included in Fig. 1, but the pool of conformers
considered in thermodynamic computations is doubled.
Hence, meloxicam dissolved in water or modest acidic solu-
tions is expected to be mixtures of practically one anionic form
in equilibrium with at least five neutral isomers.

Cocrystallization of meloxicam with carboxylic acids

Meloxicam can form multicomponent solids, and the majority
of them comprise carboxylic acids. This encompasses
cocrystallization of meloxicam with the following monocar-
boxylic acids: benzoic acid [36], 4-hydroxybenzoic acid [36],
aspirin [34], 2-hydroxybenzoic acid [35, 36], 1-hydroxy-2
naphthoic acid [35, 36], hydrocinnamic acid [36], glycolic
acid [36]; and the following dicarboxylic acids:
acetylendicarboxylic acid [46], succinic acid [35, 37, 47],

N

between meloxicam and studied carboxylic acids in modeled aqueous
solutions

C C

A\
/)

\
N\
N\
\
G
G
7

Zz—T-----0O
z—T-----0
zZ— T-----0O

$

D
¢

:

MEL3 salt
0.00 +0.29
0.00 +0.11
0.00 -
0.00 -
0.00 -
+2.25 0.00
0.00 -
0.00 -
0.00 -
+0.27 0.00
0.00 +0.51

glutaric acid [34-36], L-malic acid [34-36], fumaric acid
[36, 48], terephthalic acid [37, 47] and hexanedioic acid
[35-37, 47]. The main structural motif observed in cocrystals
is the supramolecular heterosynthon linking meloxicam moi-
ety with -COOH group. There is, however, an important dif-
ference between recognition of mono- and dicarboxylic acids.
Typically, the former contacts comprise a closed bimolecular
building block while open chains are more characteristic of
the latter. The types of intermolecular motifs found in solved
structures of cocrystals are summarized in Table 2. The
unimolecular stoichiometry is observed in all cocrystals of
monocarboxylic acids, which comes from the pairs being sta-
bilized by a strong bi-center recognition supramolecular
heterosynthon. The ratio of dicarboxylic acid and meloxicam
can also be 1:1 but cocrystals are often richer in acid mole-
cules. There are also salts or mixed salt/cocrystal motifs. The
collections presented in Fig. 1 and Table 2 suggest the neces-
sity of considering three types of interactions in solutions of
meloxicam with carboxylic groups by including tautmerism
within heterosynthon and the possibility of salt formation. The
results corresponding to the optimizations performed are col-
lected in Table 3. The data provided suggest that, in the ma-
jority of cases, meloxicam interacting with carboxylic acids
adopts a tautomeric form denoted as MEL3 in Fig. 1. Pairs
comprising the MEL2 form are also possible, but they are

@ Springer
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Fig. 3 Diversity of trends between relative values of melting point and a
experimental solubility advantage or b estimated values of decadic
logarithm of concentration meloxicam complexes with carboxylic acids.

usually slightly less stable. In two cases, namely for maleic
and glycolic acids, salt formation is observed. The data pre-
sented documents how meloxicam tautmerism plays an im-
portant role also in the case of pairs formed with carboxylic
acids.

Solubility advantage of meloxicam cocrystals

Firstly, it is interesting to note the existence of some experi-
mentally observed trends between meting points (7y) and
solubility advantage. In Fig. 3a the difference between
cocrystals melting temperature with respect to the melting
point of the coformer was plotted against experimental data
[36] of the solubility advantage defined in Eq. (1). The posi-
tive values of SA obviously characterize systems enhancing
meloxicam solubility and, conversely, negative ones denote
the opposite consequence of cocrystallization. Figure 3a
shows two distributions, presenting data separately for
mono- and dicarboxylic acids. It is evident that two alternative
rules governing dissolution of meloxicam cocrystals in water
can be expected. The linear trend with at least qualitatively
correlation (R* = 0.86) is observed only for the former class of
coformers, indicating that a systematic decrease of AMP*?
values is associated with the rise of experimentally observed
solubility advantage of cocrystals. This stands for the very
simple, fast and direct kind of zeroth approximation criterion
needed for screening of coformers acting as potential solubil-
ity enhancers. Unfortunately, similar relationships were not
detectable for a set of studied dicarboxylic acids, suggesting
that the above rule is not general. The reason for this diversity
might be due to the multitude of recognition patterns collected
in Table 3. All monocarboxylic acids cocrystalize with
meloxicam by forming pairs, which are building blocks that
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(b)

100 [ ®
@® monocarboxylic acids
® dicarboxylic acids
90 f
) [
)
80
y=4.83x+73.54 y =-23.07x+103.95
R2=0.25 R?=0.82
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a
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L
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[ ]
40 e
30 =
-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 20 3.0 40
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The ordinate provides differences between melting temperature of
cocrystals [35, 36] with respect of melting point of carboxylic acid

can be incorporated directly into the cocrystal. On the
contrary, much bigger superstructures are typical for di-
carboxylic acids interacting with meloxicam. This suggests
that two mechanisms of solid formation for these two types of
cocrystals are to be expected. Indeed, an attempt to correlate
the estimated values of meloxicam concentrations (—pAM®™)
with experimental change of melting point observed upon
cocrystallization also reveals two types of relationships, as
documented in Fig. 3b. Again a linear relationship, of even
better correlation (R =0.91), exists only for monocarboxylic
acids. It is necessary to mention that Fig. 3 shows collected
values only for cases corresponding to an increase in
cocrystals melting points with respect to coformers. Hence,
two systems from the 12-case pool [36] were excluded from
this analysis, namely 4-hydroxybenzoic and fumaric acids for

20 r @® MA (monocarboxylic acids)

10 b ® MAM (dicarboxylic acids)

00 |

-1.0

-20

-3.0
y=-18.03x-5.04

40 r R*=0.84

p AVt
®

-5.0 |

-6.0

7.0 L s - s L J

-80

9.0 b

-0.15 -0.05 0.15 0.25 035

0.05

SASXP
Fig. 4 Correlation between estimated concentration of meloxicam
complexes formed with carboxylic acids and the expediently observed
solubility advantage of corresponding cocrystals
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Table 4  Supramolecular structures formed by selected dicarboxylic acids with meloxicam in aqueous solutions. The first value provided (Gibbs free
energy of reaction) characterizes the affinity of the whole motive, while the remainder quantify the interactions of pairs

superstructure cocrystal
MAAM ENIBUZ
Glutaric acid
AG,(MAAM)=-20.95 kcal/mol
AG,(MA)= -4.59 kcal/mol
AG/(AA)=-9.35 kcal/mol

MAM ENICAG
L-Malic acid

AG,(MAM)= -12.34 kcal/mol

AG,(MA)= -5.45 kcal/mol

MAM ENICIO
Fumaric Acid

AG,(MAM)= -12.97 kcal/mol
AG,(MA)=-7.09 kcal/mol

MAM ENICOU
Succinic acid

AG.(MAM)= -12.97 kcal/mol
AG,(MA)=-6.13 kcal/mol

which cocrystals melt at lower temperature than their
coformers. Nevertheless, the plots presented in Fig. 3 docu-
ment the different nature of cocrystallization of meloxicam
with mono- and di-carboxylic acids. The relationships docu-
mented in Fig. 3 are quite encouraging and deserve further
exploration.

o-profiles

The experimental data against which computations are val-
idated were measured at pH 6.5 and near normal body tem-
perature, £ =37 °C. In such conditions, all carboxylic acids are
almost completely dissociated. This is true for both mono- and
dicarboxylic acids. Also, for meloxicam, the equilibrium is
strongly shifted toward the anionic form. The pH-related

@ Springer
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correction collected in Table 1 (column logf3) quantitatively
describes the cumulative effect of these two processes. This
suggest that formation of the complex must overcome strong
obstacles imposed by electrostatic interactions between both
anionic forms of the interacting species. However, the affinity
of meloxicam toward carboxylic acid and formation of the
heterosynthon is so high that, even in situations of low con-
centrations of neutral forms, the existence of complexes is still
probable. Indeed, the values of Gibbs free energies of reaction
and associated equilibrium constants are quite high, as docu-
mented in Table 1. In all cases, the process is thought to be
spontaneous even at acidic conditions. However, the estimat-
ed values of AM complex concentrations vary significantly
for the carboxylic acids considered, which is seen clearly in
the plots provided in Fig. 4.

The most intriguing is the observation of opposite trends
for mono- and dicarboxylic acids. It is clear that the stronger
solubility advantage of monocarboxylic acids is associated
with higher values of pAM®™. The opposite tendency is typical
for dicarboxylic acids for which the rise of solubility advan-
tage is paralleled with a decrease of estimated concentration of
1:1 complexes in aqueous solutions. Justification of these
trends was already proposed by analysis of structural motifs
characterizing two sets of considered cocrystals. Increasing
the concentration of meloxicam complexed with monocarbox-
ylic acid in aqueous solution contrasts with the rising driving
force toward supramolecular structure formation based on the
cocrystal building blocks appearing in solution. Although
their concentration is relatively low, it is still higher compared
to pure meloxicam, which explains the origin of solubility
advantage. From these data, an experimental value of SA =
0.31 for 1-hydroxy-2-naphthoic acid can be derived. It is
worth emphasizing that this acid is not characterized by the
highest affinity toward meloxicam because there are two fac-
tors determining solubility advantage. Apart from the equilib-
rium constant, it is necessary to consider dissociation of all
species under particular conditions in the solution, and 1-
hydroxy-2-naphthoic acid is the strongest acid in the set ana-
lyzed. The situation involving dicarboxylic acids is slightly
different. The higher solubility advantage is associated with
an increase in concentration of 1:1 complexes. In these cases,
crystallization requires the formation of much bigger super-
structures for constituting the lattice. This very often must
involve the attachment of a second meloxicam molecule.
Table 4 provides structural and energetic details for selected
cases, characterizing the smallest fragments beyond pairs.

In the cases of L-malic, fumaric and succinic acids, such
motifs can be coded schematically as [-MAM—],,. The inner
part embraced by the bracket representing the repetitive frag-
ment in the lattice is also thought to be stable in water solution.
The Gibbs free energy of formation is fairly additive, as it is
documented by the values provided in Fig. 4 and the position
of the gray triangles in Fig. 4. Thus, it is not necessary to
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perform quite demanding computations of such big fragments
in order to gain information about affinities; just pairs suffice
for predictive purposes. Computations also confirmed mixed
structure formation by L-malic acid bound to meloxicam. In
this case, the complex found in water solution is the same as
that observed in the solid state, and comprises one carboxylic
group forming salt while proton transport toward meloxicam
is not observed in the other group. In the case of glutaric acid,
the smallest structural motif'is bigger due to direct interactions
of two carboxylic groups coming from different molecules.
Hence, this case can be classified as [-TMAAM-],.. Also for
such a four-molecule system, the additivity of the values of
Gibbs free energy is preserved fairly well.

It is also worth mentioning that the affinity of meloxicam
toward dimer formation is quite disfavored in water solution.
The Gibbs free energy is positive and corresponding equilib-
rium constant quite low. The estimated value of pM is as high
as 4.8. This suggests not only that spontaneous formation of
meloxicam dimers is quite unlikely but also that aggregations
of bigger superstructures involving dicarboxylic acids and two
or more meloxicam molecules is also thought to have low
probability. This in turn makes it difficult to achieve the spon-
taneous formation of superstructures necessary for lattice for-
mation, and multistep mechanism of cocrystallization is to be
expected in the case of dicarboxylic acid cocrystallization.
The low self-affinity of meloxicam has already been noted
[47] and used as an argument for heterosynthon formation as
a driving force toward meloxicam cocrystals formation.

Relative values of hydration Gibbs free energy

Apart from the above relationships, it is worth mentioning that
additional aspects might also affect the solubility advantage of
meloxicam. One of the first properties that might be consid-
ered is the preferential solvation of a given species. For this
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purpose, the values of Gibbs free energies of solvation in
water solutions were estimated for both pairs and monomers.
Hence, as the measure of the relative hydration affinities, the
differences between hydration Gibbs free energies of
cocrystals and corresponding monomers were computed as
follows:

AAGEE = AGEZT-AGIH "~ AGE" (7)

Positive values indicate higher affinity of monomers to-
ward water solvent compared to pairs. As shown in Fig. 5,
this is the case for all systems considered here, which can be
attributed to the fact that the most polar fragments of
interacting species are those involved in the intermolecular
complex formation. Consequently, these molecular fragments
of high affinity toward water become inaccessible for water
molecules, which is directly responsible for their diminishing
hydration energetics. Although solvation is strongly disturbed
by formation of every pair, some interesting trends can be
observed. In the case of pairs of meloxicam with dicarboxylic
acids, one can notice a positive correlation of AAG’éygr with
cocrystal solubility. Interestingly, the opposite tendency is as-
sociated with complex formation of meloxicam with mono-
carboxylic acids. Hence, the most soluble cocrystal is, at the
same time, characterized by the lowest loss of Gibbs free
energy of solvation. The correlation in this cases is as high
as R*=0.83 and additionally explains the high solubility ad-
vantage gain by meloxicam by cocrystallization with 1-
hydroxy-2-naphthoic acid. The trend characterizing bi-
carboxylic acids has lower statistical significance. In this case,
it is reasonable to expect that the loss of hydration is compen-
sated for by the presence of a highly hydratable second car-
boxylic group.

Conclusions

The problem of solubility advantage as one of the fundamen-
tal faced during the development of new forms of drugs was
addressed here for the case of meloxicam cocrystalized with
carboxylic acids. The main motivation of undertaking this
research was the formulation of an in silico modeling protocol
suitable for predicting of new systems that could offer gains in
bioavailability inferred from solubility profiles. Despite the
fact that available experimental data are limited, the in silico
experiments performed can still offer valuable insights into
cocrystallization mechanisms, allowing solubility advantage
to be predicted, and meaning that interests are not restricted
only to experimentally analyzed systems. Results of completed
computations allowed quantification of meloxicam-carboxylic
acid concentrations in aqueous media. The experimental condi-
tions of solubility measures required detailed analysis of disso-
ciation of both cocrystal formers and API. As a result, not only

was a correlation between predicted values of complexes con-
centrations and observed solubility advantage provided, but the
different behavior of mono- and dicarboxylic acids was also
emphasized. Although the observed trends are semi-quantita-
tive, they can still be used for screening of new coformers that
enhance solubility of meloxicam in aqueous solutions.
Dissolution, as a complex and multistage phenomenon, is
governed by many factors and forces. However, as it was doc-
umented by performed computations this process can be partly
rationalized in terms of equilibrium constants involving API
and coformer in aqueous solutions. It was argued that the sol-
ubility advantage can be expressed as a function of pairs for-
mation in water solution as one of the major contributions
quantifying the dissolution process. Even if one achieves only
modest correlations, this information is important since the af-
finity measure between API and coformer can be treated as a
valuable molecular descriptor in QSPR studies. Meloxicam be-
longs to very broad class of drugs for which the proposed meth-
odology of screening more soluble solid form can be applied
directly. Furthermore, the heterosynthon comprising the two-
point recognition pattern between carboxylic acid and the azole
fragment occurs in other types of drugs. On the other hand, it is
worth mentioning that, despite diverse values of equilibrium
solubility advantage, all meloxicam cocrystals exhibited faster
dissolution rates in the early phase followed by a decrease in
meloxicam concentration over time. This property, termed the
“spring-and-parachute” dissolution profile [49, 50], can also be
addressed directly to formation of complexes in water solution.
It seems reasonable to conclude that one of the stabilizing fac-
tors of the metastable state indispensable for the initial rise in
API concentration can be related to direct interactions in aque-
ous solution and formation of complexes with coformers. All
these arguments suggest that further exploration of the titled
idea for practical purposes of screening of new drugs formula-
tions is worth the effort.
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