This is a peer-reviewed, accepted author manuscript of the following article: Nascimento, A. L. C. S., Fernandes, R. P., Charpentier, M. D., ter Horst, J. H.,
Caires, F. J., & Chorilli, M. (2021). Co-crystals of non-steroidal anti-inflammatory drugs (NSAIDs): insight toward formation, methods, and drug
enhancement. Particuology, 58, 227-241. https://doi.org/10.1016/j.partic.2021.03.015

1 Co-crystals of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs):
2 Insight toward formation, methods, and drug enhancement
3 A.L.C.S. Nascimento®?, R. P. Fernandes®, M. D. Charpentier<, J. H. ter HorstS, F. J. Caires®,
4 M. Chorilli®
5 ¢ Sdo Paulo State University (UNESP), School of Pharmaceutical Sciences, 14800-903 Araraquara, Sao Paulo,
6 Brazil
7
8 bSdo Paulo State University (UNESP), Institute of Chemistry, 14800-060, Araraquara, SGo Paulo, Brazil.
9
10
11 ¢ EPSRC Centre for Innovative Manufacturing in Continuous Manufacturing and Crystallisation, University of
12 Strathclyde, Glasgow, UK.
13
14 4Sdo Paulo State University (UNESP), School of Sciences, 17033-260, Bauru, Sdo Paulo, Brazil.

15  Abstract

16  Pharmaceutical co-crystals have been explored by many researchers as a strategy to
17  optimize physicochemical properties of solid-state drugs. Their improvements of
18  solubility, bioavailability, and the reduced tendency for phase transformation
19  occurrence, are factors that highlight benefits of pharmaceutical co-crystals among
20  other solid forms. According to the Biopharmaceutical Classification System (BCS), non-
21  steroidal anti-inflammatory drugs (NSAIDs) are class Il drugs, which have low aqueous
22 solubility and therefore co-crystallization has the potential to optimize NSAID product
23 properties. In this review, we highlight the recent progress made on NSAIDs co-crystals,
24 their co-formers, synthesis, methods and use, while we underline some promising
25  results on in vitro and in vivo co-crystal properties. A celecoxib-tramadol co-crystal
26  reaches phase lll clinical trials, showing greater analgesic activity than both individual
27  APls. The aqueous solubility of the co-crystal formed between L-proline and diclofenac
28 is very high in comparison with the pure drug. Naproxen co-crystals with urea and
29 thiourea have an increase of drug release of almost 60%. Co-crystal design brings a new
30 perspective in drug development since the co-former used can also be a biologically
31 active component allowing to combine different anti-inflammatory drugs, which have
32 an incredible spectrum of application due to the analgesic, anti-pyretic and anti-
33 inflammatory properties.
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Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most widely prescribed
and administered drugs in the world (Badri et al., 2016; Blanca-Lopez, Canto, & Blanca,
2017). Every day, about 30 million people use NSAIDs corresponding to approximately
5-10% of all medications prescribed every single year (Szab6-Révész, 2018;
Wongrakpanich, Wongrakpanich, Melhado, & Rangaswami, 2018). Indomethacin,
aceclofenac, ibuprofen and meloxicam are a few examples from this family of drugs.
NSAIDs have variable benefit/risk profiles but are frequently used as analgesic, anti-
inflammatory and antipyretic agents (Badri et al., 2016; Szabd-Révész, 2018). According
to the web of science article database, in 2020 anti-inflammatory drugs were among the
three classes of drugs most studied in the world, corresponding to 19% of the published
papers. The growing number of scientific articles in the last decade evidences the
importance of NSAIDs (Figure 1).

Due to the wide variety of molecular structures present, NSAIDs differ substantially in
their lipophilic character and therefore their solubility. Table 2 shows some orally
administered NSAIDs and their aqueous solubility at 25 °C. Although some have

relatively high solubilities, other NSAIDs show aqueous solubilities as low as 0.937 mg.L
1

Many NSAIDs are therefore identified as Class Il drugs (low aqueous solubility and high
intestinal permeability) according to the Biopharmaceutical Classification System (BCS)
(Rawat, Pandey, & College, 2015). Upon administrating the drug, due to their low
aqueous solubility, the solution concentration in the bodily fluids in stomach and
intestines remains very low. Therefore, even though the intestinal permeability is high,
the amount of the administered drug that is absorbed remains low.

To resolve this low agueous solubility challenge these NSAIDs have been the research
subjects to construct improved release systems, which include: solid dispersions
(Barzegar-Jalali et al., 2012; Das, Nayak, Mohanty, & Panda, 2011; J. Li et al., 2017;
Maulvi et al.,, 2011; Meng, Ferreira, & Zhang, 2019), microparticles (Arunkumar,
Indulekha, Vijayalakshmi, & Srivastava, 2016; Bohr, Wang, Beck-Broichsitter, & Yang,
2018; Nayak, Malakar, Pal, Hasnain, & Beg, 2018; Tawfeek, 2013; Tawfeek et al., 2017),
microcapsules (Biju, Saisivam, Rajan, & Mishra, 2004; Cheng et al., 2010; Dereymaker,
Scurr, Steer, Roberts, & Van den Mooter, 2017), micro-emulsions (Arunkumar et al.,
2016; Froelich, Osmatek, Kunstman, Roszak, & Biatas, 2016) and nanoparticles
(Barzegar-Jalali et al., 2012; Thakur et al., 2018; Zhou, Zhu, Li, & Wang, 2018). Each
system has its specificity, showing positive and negative points that must be weighed
depending on the objective of the study and the drug used. Table 1 shows some of the
advantages and disadvantages of each system (Agrawal & Agrawal, 2012; Khan, Saeed,
& Khan, 2019; B. P. Kumar et al., 2011; Lengyel, Kallai-Szabd, Antal, Laki, & Antal, 2019;

2



76
77
78
79
80
81
82
83

84
85

C. Lietal., 2019; Madhav & Gupta, 2011; Patra et al., 2018; Sharma, Garg, Goyal, & Rath,
2016; Tiwari et al., 2012; Vasconcelos, Sarmento, & Costa, 2007). The modification of
drug particle size has substantially improved the bioavailability of several medicines.

However, this change can cause modifications in how these substances are metabolized.

The behavior of a 1000 nm particle in the organism may not be the same as one of 1 nm.

Biological barriers that were previously impermeable to certain substances can become

permeable as the particle size decreases and what was non-toxic can begin to show
toxicity (Khan et al., 2019; Patra et al., 2018).

Table 1. A brief summary of the advantages and drawbacks of solid dispersion,
microparticles, microcapsules, microemulsion and nanoparticles.

System

Advantages

Drawbacks

Solid dispersions

e Enhanced drug bioavailability and
possibility of change in dissolution rate

e Liquid form of drugs can be transformed
into solid form

e Improved wettability

e |nstability of drug and vehicle
e Moisture

e Poor scale-up

e Reproducibility

e Methodologies are expensive
and laborious

Microparticles

e Adaptable dosage form based on type of
drug delivery (parenteral or oral)

e Drug release and delivery can be targeted
e Enhanced drug stability

e Possibility of drug combination and
isolating the constituents

e More homogeneous drug release

¢ High methodology cost

e Necessity of stricter quality
control

e Sometimes constituents are not
biocompatible or biodegradable

Microcapsules

e Drug encapsulation and protection

e Attenuation of taste and odor

e Targeted and sustainable drug delivery
e Possibility of combination of drugs and
isolating the constituents

e Liquid form of drugs can be transformed
into solid form

e Possibility of drug combination and
isolating the constituents

e Enhanced solubility through particle size
reduction

¢ High methodology cost

e Sometimes constituents are not
biocompatible or biodegradable
o Drug degradation or instability
due to microcapsules fabrication
process

® Regulatory

Microemulsion

e Enhanced drug bioavailability

e Enhanced solubility of hydrophilic and
lipophilic drugs

e Long self-life

e Reversible process

e Surfactant and cosurfactant
concentration

e High-melting substances could
be a problem

e Surfactant need to be non-toxic
e Thermal and pH stability
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e Necessity of toxicity studies
e Nano drug metabolism could be

, * Greater bioavailability compared to different compared to traditional
Nanoparticles . .
previous types of drug delivery (faster drug form
dissolution rate and higher solubility) e Instability due to disintegration

or aggregation of particles

Another promising approach to increase the aqueous solubility is to change the solid
state. The solid state of a pharmaceutical can be modified into salts, other polymorphic
forms, solvates, hydrates or co-crystals (Nanjwade et al., 2011). Co-crystallization has
been highlighted in the scientific community, being an easily accessible method to
improve the bioavailability of the drugs through increasing aqueous solubility
(Shevchenko et al., 2013), as well as to improve the physical and mechanical stability
(Fleischman et al., 2003; Y. Lin, Yang, Yang, & Wang, 2014).

The aim of this review is to highlight advances in the optimization of NSAID solubility
and consequently bioavailability and efficacy (Badri et al., 2016) through co-
crystallization. The design, discovery, preparation and characterization of co-crystals are
explored to show how these new crystalline forms can improve properties. Finally, we
summarize the NSAIDs co-crystal literature focusing on the promising pharmacokinetic
behavior of many co-crystal systems.

Pharmaceutical Co-crystals and Design

Co-crystals are multicomponent crystalline compounds, in which all components are in
a stoichiometric proportion and comprise two or more chemically different molecules
(Barbour, Das, Jacobs, Lloyd, & Smith, 2012; Douroumis, Ross, & Nokhodchi, 2017).
According to the US Food and Drug Administration (FDA), co-crystals are defined as
"dissociable multicomponent solid crystalline supramolecular complexes composed of
two or more components within the same crystal lattice where in the components are
in neutral state and interact via nonionic interactions" (Aitipamula et al., 2012; Grothe,
Meekes, Vlieg, Ter Horst, & De Gelder, 2016; Thipparaboina, Kumar, Chavan, & Shastri,
2016).

Co-crystal design involves the formation of supramolecular synthons that are envisaged
key intermolecular interactions, often hydrogen bonds, within the new to be formed co-
crystal structures (Figure 2). Heterosynthons are noncovalent intermolecular links
between different functional groups such as the links of carboxylic acid-aromatic
nitrogen, carboxylic acid-amide and alcohol-pyridine. Homosynthons are noncovalent
intermolecular link between equivalent organic groups such as the links of carboxylic
acid - carboxylic acid, amide-amide (Douroumis et al., 2017). These synthons direct the
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co-crystal structure to form specific patterns which, if fitting well together, can result in
stable co-crystal structures (Barbour et al., 2012; Douroumis et al., 2017).

{* A\
Homosynthon < 4< >7
%5 \o -------- H—O0
/
¢ O——H------- N
Heterosynthon

3D view 2D view

Figure 2. Schematic example of homo- and heterosynthons in 2D and 3D view.

A pharmaceutical co-crystal contains an APl and at least another component,
which is normally a solid under ambient conditions, known as co-former, in a
stoichiometric molar ratio (Sheikh, Rahim, Hammond, & Roberts, 2009) (Figure 3). The
co-formers are non-toxic compounds with regulatory approval, selected from
substances appearing on the GRAS (Generally Recognized As Safe) status list (Kuminek,

Cao, Bahia de Oliveira da Rocha, Goncalves Cardoso, & Rodriguez-Hornedo, 2016).

Co-crystalllzatlon

API Coformer

Co-crystal

Figure 3. An APl and a co-former can form a co-crystal material together.
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Other APIs can be used as component to form a pharmaceutical co-crystal. Such
Multidrug co-crystals (MDCs) are prepared as therapeutic hybrids in an attempt to offer
potential advantages of synergistic and/or additive effects, and improvement in
physicochemical parameters (Liu, Liu, Liu, & Hou, 2016). Sildenafil-Acetylsalicylic acid co-
crystal for example, showed potential application in the treatment of erectile
dysfunction in patients with cardiovascular complications through the combination of
antiplatelet activity of aspirin, beyond improving the intrinsic dissolution rate (IDR)
when compared with marketed sildenafil citrate salt (Zegarac et al., 2014).

The knowledge of geometries and preferred orientations of existing
intermolecular interactions in the crystal structures of the drug and co-formers
(Kuminek et al., 2016) is very important to predict the co-crystal formation. Therefore,
the databases as the Cambridge Structural Database (CSD) (Groom, Bruno, Lightfoot, &
Ward, 2016), or the American Mineralogist Crystal Structure Database (Amcryst)(R. T.
Downs and M. Hall-Wallace, 2003), among many others, are oftentimes explored, to
verify the formation tendency of a specific supramolecular synthon. The formation of
heteromolecular interactions between carboxylic acid and pyridine groups appear with
91% frequency in CSD database, while the weak amide-pyridine synthon (5% frequency)
cannot outcompete the carboxamide homodimer interactions (35% frequency) to form
a co-crystal, exploited to make eutectics (Cherukuvada & Guru Row, 2014).

Several virtual methodologies have also been developed for an initial co-former
selection, based on theoretical calculations, as Hansen solubility parameters (HSPs),
lattice energy prediction screening tool based on gas phase molecular electrostatic
potential surface (MEPS), Conductor-like screening model for real solvents (COSMO-RS),
and others (Sathisaran & Dalvi, 2018; Taylor & Day, 2018). But, in spite of these
screening methods available, there is no way to ensure whether two molecular
compounds will form co-crystals (A. Kumar, Kumar, & Nanda, 2018).

Co-crystal discovery and preparation

The screening for a new co-crystal can widely be organized in two ways, solvent-based
methods and solid-based methods, each approach with their merits and demerits (S.-Y.
Lin, 2016). Solvent-based methods involve solvent evaporation techniques, solution
crystallisation, slurry crystallization, cooling crystallization, solvent-assisted grinding
techniques, anti-solvent addition methods, supercritical fluid technology, freeze drying
and spray drying (S.-Y. Lin, 2016).

Solution crystallization offers good control over process parameters, solution
homogeneity, and is long proven as an industrial production technique (Leyssens & Ter
Horst, 2017). Novel forms such as co-crystal solvates, stoichiometrically diverse co-
crystals, and co-crystal polymorphs, can be identified in the initial stage for the future
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development of a large-scale industrial co-crystallisation process (Leyssens & Ter Horst,
2017). Besides, there is the benefit of crystallising under different conditions, for
example, changing the temperature profile, solvent composition and crystallisation
technique. In addition, solution co-crystallisation can lead to the formation of single
crystals (Leyssens & Ter Horst, 2017). Another advantage is that the morphology of the
co-crystal can be determined by solvent choice. Different growth rates of crystal faces
are generally affected by solvent and also supersaturation, calculated from the ratio of
the product of mole fractions and the solubility product (Urbanus, Mark Roelands,
Verdoes, Jansens, & Ter Horst, 2010).

The main barrier in classical solvent-based methods may be the solubility of the pure
components in comparison with the co-crystal. The introduction of the solvent increases
the complexity of the crystallising system, bringing additional degrees of freedom to an
already multi-component system. A 1:1 solution composition might result in the
crystallisation of a pure component crystalline product rather than a 1:1 co-crystal
(Leyssens & Ter Horst, 2017).

Solid-state approaches such as neat grinding, cryomilling, thermal methods, high shear
granulation, and hot-melt extrusion, or electrically-assisted methods such as
microwave-assisted synthesis, ultrasound-assisted crystallisation, resonant acoustic
mixing, and sonocrystallisation have shown high efficiency for producing co-crystals (S.-
Y. Lin, 2016; Shaikh, Singh, Walker, & Croker, 2018). In fact, when summarizing the
NSAIDs' co-crystal preparation techniques present in literature (table 1),
mechanochemical methods such as neat grinding and liquid assisted grinding appear
more successful.

The mechanochemical reactions are defined as those induced by the direct absorption
of mechanical energy to achieve chemical transformations (milling or grinding process)
(Leonardi, Villacampa, & Menéndez, 2018). It allows the use of solvent-free conditions,
very important in the viewpoint of green chemistry. Also, it can lead to shorter reaction
times due to the high concentration of reagents and/or non-solvation (Leonardi et al.,
2018). The downsides of these methodologies are the polymorphic transformations,
degradation of the compound and amorphous materials formation (Leyssens & Ter
Horst, 2017).

The limitations of these methods on practicality and reproducibility have been solved
recently by the introduction of automatic mills that allow the adjustment of the milling-
frequency, controlling the applied energy (Leonardi et al., 2018). Hot Melt Extrusion, for
instance, is an emerging technology applied in industrial manufactures.

The alternative energy input methods, also known as electrically-assisted, uses different
energy forms, like ultrasound and microwave, to help in co-crystallization process of
certain solution systems and have been employed in pharmaceuticals. It can induce
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nucleation at lower supersaturation levels by reducing the induction period and
metastable zone (Rodrigues, Baptista, Lopes, & Sarraguca, 2018), thereby improving
many existing protocols with superior results when compared to reactions performed
under traditional conditions (Baig & Varma, 2012; Douroumis et al., 2017).

Solid-state approaches that use small amounts of solvent, as liquid assisted grinding
(LAG), have been applied when the energy required to complete the crystallisation of
compounds is lacking, where the solvent acts as a catalyst, providing a lubricant for
molecular diffusion (Douroumis et al., 2017) (Braga, Maini, & Grepioni, 2013). In many
cases, LAG has shown to be upper to solvent-free methods. Even as in the co-crystal
formation between piroxicam and adipic acid that was tested in solvent-free conditions
unsuccessfully, while the addition of acetonitrile to the mixture promoted the
crystallisation in 2 minutes (Childs & Hardcastle, 2007; Douroumis et al., 2017), same for
piroxicam and other co-formers reported in presence of n-heptane (Yamamoto,
Tsutsumi, & lkeda, 2012).

Characterization

Thermal, spectroscopic, and microscopic techniques are nowadays, routine
analysis for co-crystal analysis. The physicochemical properties, such as crystallinity,
melting point, solubility, dissolution, and stability are investigated in the same manner
as any other solid form in order to determine developability into a marketed dosage
form (Schultheiss & Newman, 2009a).

The melting point is a fundamental physical property, which is a thermodynamic
process determined by the temperature of equilibrium between the solid and liquid
phase when the free energy of transition is equal to zero (Schultheiss & Newman,
2009a). Differential Scanning Calorimetry (DSC) is a rapid tool for obtaining melting point
data and thermal data such as enthalpy of melting (Sanjay, Manohar, & Bhanudas,
2014). In addition to the DSC, Differential Thermal Analysis (DTA) and Thermogravimetry
(TG) have also been applied to determine other parameters such as polymorphisms,
glass transitions, hydration, decomposition, stability, among others (Shaikh et al., 2018).

Powder and single-crystal X-ray diffraction (PXRD and SCXRD, respectively)
provide structural information, crystallinity degree and crystal size. SCXRD, in particular,
has been the gold standard, supplying full 3D structural information, confirming
composition, packing and hydrogen bond arrangements (Cerreia Vioglio, Chierotti, &
Gobetto, 2017; Schultheiss & Newman, 2009a; Shaikh et al., 2018). Other spectroscopic
techniques such as Infrared (IR), Raman, and nuclear magnetic resonance (NMR) bring
additional information required to suitable to probe noncovalent interactions, such as
hydrogen bonds and related supramolecular synthons, reflecting variations in the
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intermolecular interaction networks between different crystal structures (Cerreia
Vioglio et al., 2017).

Scanning electron microscopy (SEM) and optical microscopy help in
understanding surface topography, particle size, and optic properties (Sanjay et al.,
2014). Hot-stage microscopy (HSM) combines the properties of microscopy and thermal
analysis to enable the solid-state characterization as a function of temperature, allowing
either to identify localized thermal inhomogeneities on the sample surface missed by
DSC but captured in the HSM images (Cerreia Vioglio et al., 2017). HSM was conclusive
on distinguishing the melting of a Ketoprofen-malonic acid co-crystal, from the melting
of eutectic mixture (Wicaksono, Setyawan, & Siswandono, 2017). Derived techniques as
polarized light thermal spectroscopy (PLTS) allowed the monitoring of Ketoprofen-
nicotinamide co-crystal formation by Kofler's method, which doesn’t form in
mechanochemical conditions (Perpétuo, Chierice, Ferreira, Fraga-silva, & Venturini,
2017).

Solubility and dissolution rate are the most important physical properties in the
pharmaceutical branch as the bioavailability of a drug compound is dependent on these
variables (Hadi, 2015). However, when we consider orally administered drugs, stability
both in solid state and in solution is also essential. Thermal stress and Relative Humidity
Stress (RHS) have been applied to investigate possible changes in solid-state. Thermal
techniques and PXRD are frequently used in association with degradation tests by high-
performance liquid chromatography (HPLC). The indomethacin-saccharin (1:1) co-
crystal showed minimal uptake (<0.05% water) up to 95% RHS, suggesting no solid-state
transformation (Basavoju, Bostrom, & Velaga, 2008). Besides, long-term studies become
necessary to help in reducing the risk of solid-state transformation during development
and storage conditions (Schultheiss & Newman, 2009a). In this way, the stability at
solutions, suspensions, and gastrointestinal tract can be a key consideration for co-
crystal development, ensuring the quality of the new solid form.

Mechanical parameters such as flow properties and compressibility have shown
improvements with co-crystallization. Materials with favorable flow properties and
good compressibility are usually the ideal candidates for direct compression processes.
The compressibility assessment of piroxicam-febuxostat co-crystal by Aulton and Wells
method confirmed its plastic behavior and suitability for direct compression, better than
raw APIs isolated (Modani et al.,, 2020). Formulation of naproxen-nicotinamide co-
crystal powder into tablets by direct compression demonstrated enhanced dissolution
profiles (~43% in 0.1M HCl and ~92% in phosphate buffer pH 7.4) in comparison to a
marketed product, Neoprox (~25 and ~80%) after 60 min (Abbas et al., 2018).

Improvement of solubility with co-crystallization
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The bioavailability represents the efficiency of a drug to reach its site of action in
the body. The Bioavailability of an APl can be quantified by determining the API
absorption speed and the quantity absorbed by the organism. For BCS class Il drugs this
absorption depends on the dissolution behavior of the formulation in the solvent, here
water or bodily fluids. The dissolution behavior of the formulated drug is strongly
influenced by the solubility and dissolution rate of the solid form in the formation. The
solubility is usually defined as the concentration of solute in the solvent at a fixed
temperature (and pressure) that is in equilibrium with the pure solid particulate phase.
The dissolution rate is the speed with which the system moves towards the solubility
limit. Dissolution is a kinetic process that depends on the solid phase, crystal size
distribution in the formulation and the diffusion coefficient (Almarsson & Zaworotko,
2004; Remenar et al., 2003; Schultheiss & Newman, 2009b), among others.

Co-crystallization allows the formation of a different solid phase with new
thermodynamic and kinetic properties. Consequently, the bioavailability of an APl can
be modified to improve dissolution behavior and herewith bioavailability of a drug. For
pharmaceutical compounds with poor solubility like NSAIDs, co-crystallization has the
potential to improve their properties without modifying their medical action (Almarsson
& Zaworotko, 2004; Remenar et al., 2003; Schultheiss & Newman, 2009b).

As many APIs present challenges with a limited solubility in biological fluids, co-
crystallization has become an important research topic to solve this issue. Several
publications report examples of major improvements in the bioavailability by comparing
the pure API polymorphs or solvates solubilities to the ones of discovered co-crystals.
For instance, the co-crystal of quercetin-caffeine and the quercetin-caffeine-methanol
co-crystal solvate are reported with API solubilities in water respectively 14 and 8 times
higher than quercetin dihydrate (Smith, Kavuru, Wojtas, Zaworotko, & Shytle, 2011).
Similarly, seven co-crystals of carbamazepine exhibit solubilities in water 2 to 152 times
greater than the one of stable carbamazepine hydrate form (Good & Rodriguez-
Hornedo, 2009). Itraconazole co-crystals with succinic acid, L-malid acid or L-tartaric acid
also show concentrations in water 4 to 20 times higher than the stable polymorph of
Itraconazole, with a faster dissolution rate (Remenar et al., 2003).

Examples of dissolution rate improvements are also numerous in literature, like
the case of PPPA, a sodium channel blocker APl whose co-crystal with glutaric acid
dissolves 18 times faster than the pure component (McNamara et al., 2006). In the same
way, the megestrol acetate—saccharin co-crystal shows a 3-4 times higher dissolution
rate compared to pure megestrol acetate (Shiraki, Takata, Takano, Hayashi, & Terada,
2008), and curcumin co-crystals with resorcinol and pyrogallol dissolve 5 and 12 times
faster than curcumin form | (Sanphui, Goud, Khandavilli, & Nangia, 2011).

However, a co-crystal material does not always show enhanced solubilities and
dissolution rates in respect to the APl concentration. Indeed, if the pure APl and co-
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crystal solubility in water are similar in terms of crystalline mass the APl concentration
is lower for the co-crystal due to the presence of the co-former in the crystalline mass.
We therefore consider the APl concentration during the dissolution to characterize the
bioavailability improvements of the co-crystal through dissolution experiments.

Figure 4 illustrates theoretical isothermal ternary phase diagrams describing a stable 1:1
co-crystal forming system between an APl and a co-former in water. In the left case, the
API solubility (green point) is 25% mole fraction. The blue dashed arrows describe the
composition evolution from pure co-crystal when adding pure solvent to dissolve the
co-crystal. The red point represents the intersection with the co-crystal solubility curve,
giving a solubility for the co-crystal of 30% mole fraction, 1.2 times the one of the API.
Due to the 1:1 stoichiometry of this latter, the API relative solubility is 15% mole fraction,
so the solubility modification with co-crystallization is a factor 0.6. In such a case, the
API solubility is thus lowered. In the middle and right cases, the API solubility (green
point) is 10% mole fraction. The co-crystal solubility (red point) is 50% mole fraction, 5
times the one of the API. Therefore, the API relative solubility is 25% mole fraction, so a
factor 2.5 improvement on the solubility.

Water Water Water

API 1:1 co-crystal Co-former API 1:1 co-crystal Co-former API 1:1 co-crystal Co-former
— — —
% mol co-former % mol co-former % mol co-former

Figure 4. Schematic representations of isothermal ternary phase diagrams describing a stable
1:1 co-crystal forming system between an APl and a co-former in water, in the case of
congruent solubility (left and middle) and non-congruent solubility (right). Regions |, Ill and V
are respectively the stability domains of the API, the co-crystal and the co-former, in
equilibrium with a saturated solution. Regions Il and IV are triphasic domains between the co-
crystal, a solution of eutectic composition and respectively the APl and the co-former. U.S.S. is
the domain of undersaturated solution. Green points are solubilities of pure API, red points
pure co-crystals solubilities and the orange point the solubility of an equimolar mixture of API
and co-former in region |. Dotted lines parallel to diagram’s right face allow to identify the
molar fraction of API of corresponding compositions points. Blue dashed arrows represent the
composition evolution when the co-crystal is put in presence of more and more water. Black
dashed lines represent the co-crystal metastable solubility.

Figure 4 schematic phase diagrams describe the two possible behaviors for the
dissolution of a stable co-crystal in water. On the left and middle, the co-crystal solubility
is said to be congruent as the composition points remain in the co-crystal stability
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domain when adding pure water. Therefore, the equilibrated co-crystal suspension is
stable. On the right, the co-crystal stability domain is skewed towards one component’s
solubility. In this case, when water is added, composition points are not in the co-crystal
stability domain and the co-crystal becomes metastable. Such a metastable solubility (in
dashed lines) is said to be non-congruent. The risk of this kind of system is that upon
dissolution of the co-crystal material crystallization of one of the pure components
occurs, which is less soluble, while the co-crystal dissolves. In the right phase diagram of
figure 4 the co-crystals in the suspension in time will transform to pure API crystals: for
an overall composition in the red point an equilibrium will establish along the tie lines
in region |. The true thermodynamically maximum solubility would correspond to the
orange point, with a lower solubility improvement than expected.

Such non-congruent behavior is frequently observed, mainly when API and co-
former pure solubilities are too different. For instance, crystallization of pure
pterostilbene occurs within 5 min after slurrying co-crystal material of pterostilbene
with glutaric acid in water (Bethune, Schultheiss, & Henck, 2011). Similarly, in five
different AMG 517 co-crystal dissolution studies, crystallization of the AMG 517 hydrate
is observed after 1 hour in four cases (Bak et al., 2008; Stanton & Bak, 2008). In such
cases, the benefit of co-crystals is reduced as solubility improvement is minor and only
due to the effect of the co-former solute concentration on the pure API solubility.
However, certain systems can have slow pure API crystallization kinetics and remain
supersaturated for extended periods of time, still enabling the use of metastable co-
crystals or non-congruent co-crystals to enhance APl concentrations during dissolution.

Identifying thermodynamics and kinetics of co-crystal dissolution in water is thus
a key step to characterize its influence on the API bioavailability. With the view to find
the right system, a co-crystal screening process needs to be achieved and many various
techniques are commonly used to discover new co-crystals.

Co-crystals of NSAIDs

Among the various NSAIDs regulated by the FDA (U.S. Food and Drug
Administration, 2015), 14 have already been reported as co-crystals. However, to cover
the largest number of NSAIDs in this review, we have also included the co-crystal
literature of some prescribed NSAIDs outside the list. These co-crystal systems are
reported in Table 2.

Carboxylic acids and amides are observed to be present often as co-formers in
NSAID co-crystals due to their pKa similarities. Indeed, the medium acid strength of the
NSAIDs (3-5 pKa value (Gouda, Kotb El-Sayed, Amin, & El Sheikh, 2013)) suggest
interactions with compounds that should result in co-crystals with a pKa difference of 0
to 3 between APl and co-former. Although this is an empirical state rule, increasing the
pKa difference between component will lead to a salt formation (Nanda, 2017).
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In terms of co-formers, three synthons are predominant in many reports of NSAID (Table
2): 1) Interaction between the carboxylic hydrogen and nitrogen from pyridinic and
imidazole groups. Il) amide-amide interaction. Ill) carboxylic acid and amide interaction.
In addition, amide-sulfonyl and halogen bond synthons are reported as well but not so
often (Cheney et al., 2011; Videla et al., 2017; S. W. Zhang, Brunskill, Schwartz, & Sun,
2017).

Nicotinamide and derivatives are by far the most preferred choice of co-formers for
NSAIDs. As the compounds exhibit both amide and pyridine group they are able to
interact as the three majority synthons shown in Figure 5.

H H
/ /
——————— -—-H—N ---H—N
N e N e
\ i
I i 11

Figure 5. NSAID synthons examples.

It is important to note that even with three different options of synthons, not all
NSAID proved to be susceptible to form co-crystals with nicotinamide. In particular,
diclofenac (Bathori, Lemmerer, Venter, Bourne, & Caira, 2011) demonstrates an
interesting behavior interacting with isonicotinamide and not with nicotinamide
(isomers differing only in the position of the pyridine N atom). Demonstrating that the
presence of acceptor and donor groups are not the only factor influencing the formation
of co-crystals. These findings are supported by DFT gas-phase calculations and synthon
binding energies between co-crystal formers.

Shevchenko et al. (Shevchenko et al., 2013) also discussed group interaction,
reporting the influence of the carbon chain on co-crystals formation for the same
interaction site (carboxyl group), the increase in the carbon chain makes the interaction
between molecules difficult. In this context, it can be safely concluded that there is much
more to be explored in terms of co-crystal design. Understanding the rationale behind
molecules interaction in the solid-state phase is important for effective co-crystal
development and a better exploration with more co-formers aiming for different
physical-chemical properties.

Regarding the in vitro and in vivo results of co-crystals, despite the increase in
solubility and dissolution of many co-crystal drugs, the evaluation has shown to be
limited. Less than half of the articles observed in Table 2 evaluate pharmacokinetic
parameters, in addition to the fact that negative results are not frequently reported,
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which makes it difficult to carry out a more comprehensive analysis of the correlation
between the results obtained and the co-former selected.

It is worth mentioning that parameters such as solubility, dissolution, or even in
vivo methodologies, do not follow standardization. Solubility is often assessed using the
shake flask method. However, determination of dissolution behavior varies between
using a dissolution test station with USP apparatus (Bathori et al., 2011), intrinsic
dissolution (Evora et al., 2014), or adapted system (Weyna et al., 2012). A crucial point
is that many studies do not evaluate the particle size of the co-crystal products, an
aggravating factor as variation in size between the synthesized co-crystal material and
the pure NSAID crystal material has such a strong impact on dissolution behavior.

The use of phosphate buffer (pH range of 6.8-7.4) has been shown to be frequent
since most of NSAID drug absorption occurs in the small intestine region, it is possible
to find more robust experiments such as the evaluation of pH in acidic conditions at pH
1.2 (Modani et al., 2020), or different dissolution medium such as ethanol, ethyl acetate,
and acetone (Chow, Chen, Shi, Chow, & Sun, 2012).

Table 2 summarizes all literature of in vivo and in vitro results compared to a
pure drug and from that, we normalized these results in terms of solubility enhanced
(Figure 6). The values were normalized based on relative drug and co-crystal reported
for Aceclofenac (Mutalik, Anju, Manoj, & Usha, 2008), Acemetacin (Sanphui, Bolla,
Nangia, & Chernyshev, 2014), Aspirin (Dutt, Choudhary, & Budhwar, 2020), Celeboxib
(Almansa et al., 2017), Diclofenac (Nugrahani, Utami, lbrahim, Nugraha, & Uekusa,
2018), Diflunisal (Evora et al., 2014), Etodolac (Gadade, Pekamwar, Lahoti, Patni, &
Sarode, 2017), Flubiprofen (Chow et al., 2012), Flufenamic acid (Bhattacharya et al.,
2020), Ibuprofen (Serrano et al., 2017), Indomethacin (Ferretti et al., 2015), Mefenamic
acid (Wichianphong & Charoenchaitrakool, 2018a), Meloxicam (Weyna et al., 2012),
Naproxen(Rajurkar, Gite, & Ghawate, 2016), Oxaproxin (Aitipamula, Wong, Chow, &
Tan, 2016), Piroxicam (Modani et al., 2020) and Tenoxicam (Patel, Carlton, Needham,
Chichester, & Vogt, 2012). Also, a brief summary of each NSAID compared to co-crystals
will be described in the next lines.

A celecoxib-tramadol co-crystal reached phase Il clinical trials (A. Kumar et al.,
2018). The celecoxib-tramadol co-crystal material shows synergistic anti-nociceptive
effects without any adverse effects suggesting a better benefit-risk ratio in the
treatment of acute pain following oral surgery with its use. In preclinical
pharmacological pain models the co-crystal shows larger analgesic activity than both
individual APls, and a different pharmacokinetic profile. The tramadol co-crystal shows
a lower maximum observed plasma concentration (Cmax) and slightly prolonged time to
Cmax (Tmax). The Cmax of celecoxib is lower than after administration of celecoxib alone
and the Tmax faster than after either celecoxib alone or in free combination with
tramadol (Dooner et al., 2019).

14



462
463
464
465
466

467
468
469
470
471
472
473
474

475
476
477
478
479

480
481
482
483
484

485
486
487
488
489
490
491
492
493

Some co-crystals formed from indomethacin and 2-hydroxy-4-methylpyridine
have a better solubility and bioavailability than pure indomethacin. From in vivo results,
the co-crystal induces a concentration peak in the rat bloodstream of about 5 mg L! at
30 min after the oral administration, about 90 min faster than free indomethacin
(Ferretti et al., 2015).

An Indomethacin—saccharin co-crystal power dissolution profiles were
performed in comparison with the two polymorphic forms of indomethacin, o and vy, at
60 and 200 Mm phosphate buffer concentration. When the buffer strength was
increased to 200 mM, the dissolution of co-crystal was extremely rapid and peak
concentrations of 3700 mg L were obtained in around 30 min. In vivo studies also
showed enhanced bioavailability in the co-crystal formulation as compared to its
formulation containing a physical mixture of Indomethacin and saccharin (Thakuria et
al., 2013).

Ibuprofen formulations were investigated through co-crystals coated on beads
using nicotinamide as co-former and polyvinylpyrrolidone as binder, that showed a fast
absorption at earlier times (tmax = 30 min) followed by a fast clearance from the blood
stream, moreover, enhanced in vitro activity (1.8-fold greater) against Staphylococcus
aureus, larger oral absorption and bioavailability (2.2-fold higher) (Serrano et al., 2017).

The resulting co-crystal of meloxicam and aspirin exhibits superior kinetic
solubility and possesses the potential to significantly decrease the time (approximately
12-fold faster) required to reach the human therapeutic concentration compared to the
original API, that can be translated as a faster onset of pain relief in humans (Cheney et
al., 2011).

Solubility studies of the prepared crystal aceclofenac-chitosan showed highest
solubility of drug in both water (78 mg L™?) and 0.1N HCI (27 mg L) in comparison with
pure drug (Mutalik et al., 2008). Anti-inflammatory activity of the co-crystal tested with
paw edema induced by carrageenan, showed maximum inhibition of edema 83.38 +
1.66% at 240 min, whereas pure drug provided maximum activity of 82.19 + 1.44% at
300 min (Mutalik et al., 2008). The analgesic activity was higher (82.11 * 6.55%) when
compared to pure drug (65.15 * 7.25%) at the end of 30 min. In addition, the
pharmacokinetic studies showed rapid absorption after oral administration, with Cmax
value indicating maximum absorption of the drug in 1 hour (Mutalik et al., 2008).
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NORMALIZED SOLUBILITY ENHANCED

Tenoxicam r 109%
Piroxicam - 150%
Oxaprozin 160%

Naproxen i 449%

Meloxicam ‘ 188%
Mefenamic acid : 284%
Indomethacin ' 300%
Ibuprofen - 220%
Flurbiprofen l 496%
Flufenamic acid : 213%
Flubiprofen L 496%
Etodolac ‘ 323%
Diflunisal : 119%

Diclofenac i 760%

Celecoxib i 148%
Aspirin ‘. 187%

Acemetacin l 1670%

Aceclofenac r 147%

Drug NN 100%

494
495 Figure 6- Percentage of solubility improved in respect to the pure drug.
496 The intrinsic dissolution rate of the co-crystal formed between diflusinal and

497  nicotinamide (533pug mintcm™) was about 20% higher than for pure drug (447ug min'
498 cm) (Evora et al., 2014). Dissolution profiles for the co-crystal obtained with the same
499  co-former (Cuadra, Cabafias, Cheda, Martinez-Casado, & Pando, 2016) also showed
500 release improved slightly in the case of diflunisal.

501 The solubility of etodolac was significantly improved by co-crystallization with
502  salicylic acid (1566 + 5.33 mg L), ferulic acid (2186 + 4.33 mg L), and p-amino benzoic
503 acid (3266 *+ 1.79 mg L) (Gadade et al., 2017). The new drug-drug co-crystal for gout
504 therapy, piroxicam-febuxostat (1:1) exhibited 2.8-fold dissolution enhancement of
505 piroxicam in comparison to the pure drug (Modani et al., 2020).

506 The aqueous solubility of the co-crystal formed between L-proline and diclofenac
507 (125.91 mg L) was very high in comparison with pure drug (Nugrahani, Utami, Ibrahim,
508 etal., 2018), while the intrinsic dissolution rate of the diclofenac-theophylline co-crystal,
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obtained in a 3:1 molar ratio, was 1.3 times higher comparing to only diclofenac (Surov
et al., 2014).

The dissolution rates from flubiprofen-nicotinamide co-crystal displayed
enhancement of 5-fold higher (35.2 +1.4 ug min"t cm™) than pure flubiprofen (7.1 + 0.4
ug min't cm), indicating substantially higher solubility in the co-crystal (Chow et al.,
2012).

Naproxen co-crystals with urea and thiourea were evaluated by dissolution
studies, compressibility (Carr’s index) and bulk volume (Hausner’s ratio). Distinct rates
of APIl with co-former were tested from 1:1 to 1:5 ratio, with an increase of drug release
of almost 60% for both co-formers. In addition, co-crystal showed a decrease in bulk
volume and enhanced compressibility compared to pure drug (Rajurkar et al., 2016).

The solubility of acemetacin was tested in different co-crystalline systems. The
co-crystal with nicotinamide exhibited the highest solubility, 22000 mg. L™ in pH 7 buffer
medium at 37 °C, a much higher value than the pure drug (see Figure 6). Also, this co-
crystal showed faster dissolution rates, more than 90% of acemetacin dissolved within
90 min (Sanphui et al., 2014).

The co-crystal between flufenamic acid and sulfamethazine displayed
approximately 2.9 and 4 times increased solubility, respectively, compared to individual
API at 4h (Bhattacharya et al., 2020). The solubility of flufenamic acid was improved by
2 and 1.7 times when it was co-crystallized with theophylline and nicotinamide,
respectively. In same work, flufenamic acid-theophylline co-crystal showed a better
intrinsic dissolution rate, than both pure APIs, improved the physical stability as well as
circumvent the hygroscopic nature of theophylline (Aitipamula, Wong, Chow, & Tan,
2014).

The in vitro drug release of aspirin, marketed formulation, and aspirin-benzoic
acid co-crystal were tested. The pure drug exhibited approx. 31% drug solubility over a
90 min while marketed formulation and co-crystal exhibited 60% and 87% drug release,
respectively (Dutt et al., 2020). This co-crystal also enhanced in vivo anti-inflammatory
activity compared to the parent pure drug. Dissolution rate of aspirin-nicotinamide co-
crystal was enhanced from 0.4919 mg/min (pure drug) to 0.5807 mg/min (Haeria,
Nurzak, & Ismail, 2015).

Co-crystal of tenoxicam with saccharin, salicylic acid, succinic acid, and glycolid
acid in comparison to tenoxicam form Ill were evaluated by dissolution rate
measurements made in pH 1.6, 4.5 and 6.8. At low pH, only the salicylic acid co-crystal
showed a detectable rate, with 2.8 pg cm™2. At pH 4.5, all samples showed similar
dissolution rates with values close to 5 pg cm™. At pH 6.8, tenoxicam form Il exhibit the
higher IDR (149.1 pg/cm?). The decreasing of dissolution rate follows the order: salicylic
acid, saccharin, succinic acid and glycolic acid (Patel et al., 2012).

In recent works with ketoprofen, three new crystalline phases were founded
characterizing co-crystal formation, but unfortunately, in vitro/in vivo studies have not
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been reported (Himawan et al., 2019; Perpétuo et al., 2017; Wicaksono et al., 2017).
However, an eutectic equilibrium between ketoprofen and nicotinamide altered the
immunologic parameters without cytotoxic activity (Perpétuo et al., 2017). The
compound stimulated oxidative burst capacity and decreased inflammatory markers.
Also, the mixture of semi-crystalline phase with possible unreacted precursors
(Ketoprofen and tartaric acid) produced by co-crystallization showed superior flow
properties and bulkiness compared to Ketoprofen (Himawan et al., 2019).

Finally, in vitro dissolution tests showed that a drug-drug co-crystal of mefenamic
acid-paracetamol was completely dissolved within 60 min, with a dissolution rate 6
times greater than pure drug (Wichianphong & Charoenchaitrakool, 2018a). The same
was observed for mefenamic acid-nicotinamide co-crystal, where the dissolution rate
showed improvement when compared with pure mefenamic acid, and dissolved 13.5
times faster (Wichianphong & Charoenchaitrakool, 2018b).
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Table 2. Some NSAIDs, their solubilities, co-crystals already reported, and improvements from pure API.

*Pure API
Aqueous
NSAIDs Solubility at Co-formers Preparation Methods Improved parameters from References
25°C pure drug
(mg/L)
Solubility, Anti-inflammatory
and analgesic activity, and
Chitosan Antisolvent addition & . y (Mutalik et al., 2008)
faster absorption after oral
administration
Aceclofenac 53.1 . Solvent evaporation and neat Dissolution rate (Sohrab, Mahapatra, & Tiwari,
Nicotinic acid o
grinding 2015)
A L Solubility, dissolution, and solid .
4,4’-bipyridine Slurry crystallization B (Goud, Suresh, & Nangia, 2013)
form stability
Nicotinamide Neat grinding Not reported (Sodanapalli & Nair, 2011)
Nicotinamide, p-aminobenzoic acid, o Not reported (Bolla, Chernyshev, & Nangia,
. Melt crystallization
valerolactam, 2-pyridone 2017)
Acemetacin 62.4 Nicotinamide, isonicotinamide, p- o . . Solubility and dissolution rate
) R ] Liquid assisted grinding/ Melt .
aminobenzoic acid, picolinamide, T (Sanphui et al., 2014)
crystallization
caprolactam
Liquid assisted grinding, solvent
Theophylline evaporation and slurry Not reported (Darwish et al., 2018)
crystallization
. . . Solubility, dissolution, stability
Aspirin Benzoic acid Solvent evaporation o o (Dutt et al., 2020)
P 4600 and anti-inflammatory activity

Nicotinamide

Solvent-drop grinding

Solubility and dissolution rate

(Haeria et al., 2015)

Meloxicam

Liquid assisted grinding

Bioavailability

(Cheney et al., 2011)
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Carbamazepine

Slow evaporation

Not reported

(Nicolai, Fournier, Dahaoui, Gillet,
& Ghermani, 2019)

4,4’ bipyridine

Slow evaporation and grinding

Not reported

(Oburn, Ray, & Macgillivray,
2018)

4,4’-bipyridine, 4,4'
butane-1,4-diyldipyridine, and trans-
bis(4-pyridyl)poly-2-ene

Slow evaporation and grinding

Not reported

(Ray, 2018)

Tramadol

Cooling crystallization

Solubility, dissolution rate,
bioavailability and stability;
Increased analgesic synergism
with reduced side effects

(Almansa et al., 2017; Evans, T.C.,
Gavrilovich, E., Mihai, R.C. and
Isbasescu, I., Thelen, Martin,
Allen, & SA, 2014; Lépez-Cedrun
et al., 2018; Merlos et al., 2018;
Videla et al., 2017, 2018)

4.3 Solubility and stability
: 2-pyrrolidinone, 6-valerolactam, L . . .
Celecoxib Py Slurry crystallization (Bolla, Mittapalli, & Nangia, 2014)
caprolactam and aza-2-cyclooctanone
Stability
Nicotinamide Cooling crystallization (S. W. Zhang et al., 2017)
S ) L Stability .
4,4'Bipyridine, 1,2-di(4-pyridiyl)ethylene . (X. Wang, Zhang, Jiang, Xu, &
. . Solvent evaporation .
and 1,2-bis(4-pyridyl)ethane Mei, 2014)
2-aminopyrimidine, 2-amino-4,6- Not reported .
. _ . - . . (Aakeroy, Grommet, & Desper,
dimethylpyrimidine and 2-amino-4- Liquid assisted grinding 2011)
chloro-6-methylpyrimidine
2.37 Dissolution rate
Diclofenac Theophylline Liquid assisted grinding (Surov et al., 2014)

Isonicotinamide

Slow evaporation

Not reported

(Bathori et al., 2011)
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L-proline

Liquid assisted grinding

Solubility

(Nugrahani, Utami, Ibrahim, et
al., 2018)

Nicotinamide

Cooling crystallization and
solvent evaporation

Dissolution rate

(Evora et al., 2014)

Picolinamide, nicotinamide,
isonicotinamide

Liquid assisted grinding

Not reported

(Evora et al., 2016)

Diflunisal 14.5 - -
Dissolution rate
Nicotinamide Supercritical antisolvent addition (Cuadra et al., 2016)
. . Neat and liquid assisted grinding; Not reported .
Pyrazinamide . (Evora et al., 2011)
Slow evaporation
Salicylic acid, benzoic acid, malonic acid,
cinnamic acid, L-tartaric acid, p- Solubility
16.0 aminobenzoic acid, hippuric acid, ferulic Neat grinding (Gadade et al., 2017)
Etodolac acid, maleic acid, glutaric acid, urea,
ascorbic acid
Not reported
Isonicotinamide Neat grinding P (Rai, Allu, & Nangia, 2020)
L. 3.28 Glutaric acid, adipic acid, suberic acid o Stability (Mittapalli, Bolla, Perumalla, &
Etoricoxib Neat grinding .
and caprolactam Nangia, 2016)
. Dissolution rate, moisture
o . Solvent evaporation under . ]
8.0 Nicotinamide acuum sorption, and mechanical (Chow et al., 2012)
vacuu
Flurbiprofen properties
. . Not reported (S. M. T. Machado, Castro, Maria,
Levetiracetam Neat grinding . L
Canotilho, & Eusébio, 2017)
solvent evaporation, cooling Solubility, permeability, (Fabian et al., 2011a; Guo, Wang,
Nicotinamide and theophylline crystallization and solution compressibility and tabletability | Qiao, Yardley, & Li, 2018; Joshi et
9.09 Crystallization al., 2018)

Flufenamic Acid

Sulfamethazine

Liquid assisted grinding

Solubility

(Bhattacharya et al., 2020)
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Theophylline, 2-pyridone, and 4,4’-
bipyridine

Slow solvent evaporation

Stability, hygroscopicity,
solubility, and dissolution rate

(Aitipamula et al., 2014)

2-chloro-4-nitrobenzoic acid and
ethenzamide

solvent evaporation and solvent
drop-assisted grinding

Solubility and stability

(Nechipadappu, Tekuri, & Trivedi,
2017)

Ibuprofen

21.0

Isonicotinamide

Hot melt extrusion

Dissolution rate

(Walsh et al., 2018)

Nicotinamide

Slow evaporation

Solubility and analgesic activity

(Id, Zaini, Syofyan, Pratiwi, &
Putri, 2018)

Levetiracetam

Neat grinding

Stability

(S. M. T. Machado et al., 2017)

Nicotinamide

Hot melt extrusion

Not reported

(Kelly, Gough, Dhumal, Halsey, &
Paradkar, 2012)

Nicotinamide

Spray coating

Oral absorption, bioavailability,
dissolution rate, flow
properties, stability and
antimicrobial activity

(Serrano et al., 2017)

Nicotinamide and soluplus

Hot melt extrusion

Not reported

(Barmpalexis, Karagianni,
Nikolakakis, & Kachrimanis, 2018)

Nicotinamide

Liquid assisted grinding and
solvent crystallization

Solubility

(Thermodynamics et al., 2015)

Saccharin

Slurry crystallization

Stability and dissolution rate

(Karashima, Kimoto, Yamamoto,
Kojima, & lkeda, 2016)

Saccharin

Neat grinding

Not reported

(H. Lin, Zhang, Hsu, & Lin, 2013)

Nicotinamide

Neat grinding

Not reported

(H. Lin, Zhang, Huang, & Lin,
2014)

Saccharin

Antisolvent addition

Dissolution rate

(Chun et al., 2013)

Saccharin

Antisolvent addition with cooling
crystallization

Not reported

(Chun et al., 2014)
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Indomethacin

0.937

Saccharin

Supercritical antisolvent addition

Not reported

(Padrela et al., 2009)

4,4’-Bipyridine, 4-aminobenzamide, 4-
aminobenzoic acid, 4-hydroxybenzoic
acid, benzoic acid, cinnamic acid, citric
acid, cyclamic acid, fumaric acid, glutaric
acid, glycine, maleic acid, malic acid,
malonic acid, neotame, nicotinamide,
oxalid acid, saccharin, urea, vanillic acid

Liquid assisted grinding

Not reported

(Amin, Alhalaweh, & Velaga,
2011)

46 co-formers (carboxylic acid, aromatic
acids, sulfonic acid, amino acids, amides,
amines, sugars and others)

Solvent evaporation and slurry
crystallization

Not reported

(Kojima, Tsutsumi, Yamamoto,
Ikeda, & Moriwaki, 2010)

2-hydroxy-4-methylpyridine and 2-
methoxy-5-nitroaniline

Slow evaporation

Solubility, dissolution rate,
permeation, oral absorption,
bioavailability,

(Ferretti et al., 2015)

Saccharin

Supercritical enhanced
atomization

Not reported

(Padrela et al., 2010)

Saccharin and nicotinamide

Melt crystallization

Not reported

(S. Lin, 2017)

Saccharin

Neat grinding

Stability

(G. Zhang, Lin, & Lin, 2012)

Ketoprofen

51.0

Nicotinamide

Kofler’s contact method

Anti-inflammatory activity

(Perpétuo et al., 2017)

Malonic acid

Solvent evaporation

Not reported

(Wicaksono et al., 2017)

Tartaric Acid

Solvent evaporation

Flow properties and bulkiness

(Himawan et al., 2019)
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Paracetamol

Slow evaporation and gas
antisolvent addition

Dissolution rate

(Wichianphong &
Charoenchaitrakool, 2018a)

Nicotinamide

Liquid assisted grinding, liquid
assisted sonication and slurry
crystallization

Not reported

(Fabian et al., 2011b)

Liquid assisted grinding and

4,4'-Bipyridine Wittering et al., 2015
Mefenamic acid 200 Py cooling crystallization Not reported ( g )
L . . (Utami, Nugrahani, & lbrahim,
Nicotinamide Neat grinding Not reported
2016)
L-oroli Liquid assisted erindi (Nugrahani, Utami, Permana, &
-proline iquid assisted grindin
P g grinding Not reported Ibrahim, 2018)
Dissolution rate
L . . . (Wichianphong &
Nicotinamide Gas antisolvent addition ]
Charoenchaitrakool, 2018b)
Aspirin Liquid assisted grinding Bioavailability (Cheney et al., 2011)
1-hydroxy-2-naphtoic acid, salicylic acid,
succinic acid, 4-hydroxybenzoic acid, o o Oral absorption, bioavailability,
L L L Slurry crystallization, liquid o . ]
7.15 glutaric acid, maleic acid, L-malic acid, solubility and dissolution rate

Meloxicam

benzoic acid, DL-malic acid,

assisted grinding and neat

(Weyna et al., 2012)

solubility, dissolution rate

rindin
hydrocinnamic acid, glycolic acid, & &
fumaric acid
o . L Cutaneous permeation, (T. C. Machado, Gelain, Rosa,
Salicylic acid Slurry crystallization

Cardoso, & Caon, 2018)

1-hydroxy-2-naphtoic acid, glutaric acid,
L-malic acid, salicylic acid, fumaric acid,

succinic acid

Liquid assisted grinding and slurry
crystallization

Not reported

(Cheney et al., 2010)
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Ascorbic acid, citric acid, succinic acid
and maleic acid

Liquid assisted grinding

Not reported

(Myz et al., 2009)

Benzoic acid, cinnamic acid, citric acid,

1.93 mandelic acid, tartaric acid malonic acid, . Not reported (Engineering, Nabumetone, &
Nabumetone . . . N Solvent evaporation L
saccharin, ascorbic, maleic, salicylic acid, Cocrystallization, 2014)
glutaric acid, oxalic acid
L . L Solubility, dissolution rate, oral (Abbas et al., 2018; Neurohr,
o . Liquid assisted grinding and . . - - .
Nicotinamide . . . absorption bioavailability and Erriguible, Laugier, & Subra-
Supercritical antisolvent addition -
tabletability paternault, 2016)
Naproxen (Erriguible, Neurohr, Revell
rriguible, Neurohr, Revelli,
15.9 Nicotinamide Antisolvent addition Not reported & )
Laugier, & Fevotte, 2015)
Urea and thiourea Solvent evaporation Solubility and dissolution rate (Rajurkar et al., 2016)
4,4'bipyridine, trans-1,2-bis(4- o . o
. ) . . liquid-assisted grinding and
Nimesulide 18.2 pyridyl)ethylene, 1,2-bis(4- o Not reported (M. Wang et al., 2020)
. . . slurry crystallization
pyridyl)ethyne, 1,2-bis(4-pyridyl)ethane
. 8.8 4,4’-bipyridine and 1,2 bis (4- . Not reported .
Oxaprozin L Solvent evaporation (Aitipamula et al., 2016)
pyridil)ethane
20 co-formers (carboxylic acids, amides, L . Lo
23.0 . ( y Liquid assisted grinding Not reported (Yamamoto et al., 2012)
amines and others)
Piroxicam

Febuxostat

Liquid assisted grinding

Solubility, dissolution rate, flow
and compression properties

(Modani et al., 2020)
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Sacchariin

Solvent evaporation

Not reported

(Vogt et al., 2009)

Tenoxicam

141

14 co-formers (carboxylic acids and
saccharin)

Liquid assisted grinding

Not reported

(Patel et al., 2012)

*Solubility source data: PubChem (Kim et al., 2019).
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Prospects

The constant growth of the anti-inflammatory drugs market, together with its
widespread use in different therapies, makes these medications an ideal target for
prospecting for new co-crystals given their limitations with aqueous solubility. The
discovery of new solid forms can lead to an improvement in the treatment of various
diseases, in addition to providing the patentability of existing drugs as new forms of
active agents.

So far, only one anti-inflammatory drug as co-crystal has reached the
pharmaceutical market. The clinical success of Phase Il of celecoxib-tramadol co-crystal
used for the treatment of acute pain has brought the multidrug co-crystals into the
spotlight of drug development engineering. Even though only one co-crystal has been
approved, a lot of manuscripts reporting in vivo and in vitro enhancement for anti-
inflammatory co-crystal can be found. This is a contradiction that need to be observed
further for a better understanding of what is lacking and to avoid waste of resources and
time.

This review highlights several factors that need to be observed on co-crystal
formation. The co-formers study and the databases created so far with their properties
and parameters help drug design. It aids to find ideas for new structures, as most of their
co-formers are carboxylic acids or present other electronegative groups, where the
electronic density brings enough conditions for the formation of synthons. There are
many methods that maximize the discovery of new co-crystals (e.g. solution methods
with the right solution stoichiometry).

Regarding co-crystal synthesis techniques, there is a constant evolution in
methodologies, with several approaches to achieve the same goal and seeking more
reliable ways with less waste of time, solvent, and other resources. The main problem is
that many of the co-crystal obtained are by trial and error methods since the formation
of co-crystals are not well understood, which difficult scale-up process when the
methodology need to be adapted.

Furthermore, co-crystal design brings a new perspective in drug development
since the co-formers used can be another biological active component as the case of
anti-inflammatory drugs, which have an incredible spectrum of application due to their
analgesic, anti-pyretic and anti-inflammatory properties.

Drug-drug co-crystals constitute a novel strategy that can overcome some of the
problems associated with traditional fixed-dose combinations. In this review, several
works that combined two or more APIs showed significant results of activity
improvements, synergic effects, as well as in their properties, without modifying
chemically each API. This makes us believe that this field still has a lot to grow, allowing
for greater control in the treatment of diseases, their side effects, and pill burden.
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