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ABSTRACT. Cocrystallization has matured into an established technique for fine-tuning the physicochemical properties of active pharmaceutical ingredients. This technique has been adopted by pharmaceutical drug companies, with increasing numbers of cocrystal-based drug products now entering the market. Surprisingly, however, studies into the formulation aspects of cocrystal-based drugs are relatively few and far between compared to the vast literature on their design, synthesis, and characterization. We herein report results of our investigations into cocrystal-excipient interactions in water that determine the dissolution properties of cocrystals in formulation by a combination of molecular dynamics (MD) simulation and experimental approaches. Two cocrystals of an antirheumatic drug, leflunomide (LEF) with 3-hydroxybenzoic acid (HBA) and 2-picolinic acid (PIC) were assessed in formulation with the frequently used excipients, lactose and dicalcium phosphate (DCP). For comparison, the dissolution of neat LEF formulations with these excipients was also evaluated. The parameters deduced from MD simulations, such as solvent accessible surface area, intermolecular hydrogen bonds among formulation ingredients and water, and interaction energy between an API or cocrystal and water were found to be essential indicators in the prediction of cocrystal formulation dissolution trends. It was found that the presence of lactose as an excipient improved dissolution of cocrystal formulation compared to the neat cocrystals, most notably for the LEF-PIC cocrystal. In contrast, DCP was seen to have a detrimental effect on the dissolution of cocrystal formulations, all exhibiting lower dissolution than their neat cocrystal counterparts and LEF. Careful analysis of these results revealed that the nature of excipient plays a significant role in the dissolution properties. While the improved dissolution of the lactose formulations was attributed to its hydrophilic nature, the ionic and hydrophobic nature of DCP was likely responsible for its detrimental effect. The results of the MD simulations were found to be in excellent agreement with the experimentally observed dissolution hierarchy.
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1. INTRODUCTION
Over the past two decades, cocrystallization has emerged as a viable tool for the fine-tuning of materials’ properties without the need for chemical modification.1 Control over solid-state molecular packing, through application of crystal engineering strategies and wise selection of partner molecules (coformers), produces a solid-form that shows desirable physiognomic and chemical characteristics including, but not limited to, morphology, stability, solubility, dissolution rate, mechanical strength, and bioavailability.2-8 This technique has showcased far-reaching impact, particularly in the pharmaceutical industry through development of novel solid-forms of new and existing active pharmaceutical ingredients (APIs), which has paved the way for many current marketed cocrystal-based drugs.9-14 Ergo, optimization of the physicochemical properties of suitable cocrystals, and subsequent development of appropriate formulations are crucial for the progress of this research interest. The enormous amount of current literature on cocrystals has established the evolution of reliable cocrystal design strategies, characterization, scale up and application of such cocrystals in improvement of drug properties.15-21 However, successful development of a drug formulation mostly depends on selection of the right combination of excipients, and to select the true combination, in-depth knowledge of interactions between excipient and active ingredient is important. In the case of cocrystal formulations, understanding the behavior of a cocrystal in the presence of excipients would provide a vital knowledge on performance attributes of cocrystals. 
There have been a few experimental attempts reporting the impact of certain excipients on the performance and developability of cocrystals.22 For example, the earliest study that shed light on the importance of exploring formulation concepts for cocrystals has been performed by Remenar et al.23 The authors found that using a combination of 2 % sodium lauryl sulfate (SLS) and polyvinylpyrrolidone (PVP) together with a celecoxib-nicotinamide cocrystal led to in vitro formation of incipient amorphous materials, metastable polymorphs, and submicron particles of the API which are associated with good oral bioavailability. Li et al. have studied the impact of hydroxypropylmethylcellulose (HPMC) on the phase transformation and dissolution of a carbamazepine (CBZ)-nicotinamide cocrystal.24 It was found that, at a lower percentage of HPMC in tablets, the release of CBZ from the cocrystal was nonlinear and declined overtime, which was attributed to conversion of the cocrystal into CBZ dihydrate. However, higher concentrations of HPMC helped to improve CBZ release from the cocrystal formulation, which was rationalized through dissolution of only the outer surface of the matrix when HPMC undergoes a process of disentanglement. Concerning a cocrystal of danazol and vanillin, studied by Childs et al., the synergistic use of a solubilizer (vitamin E-TPGS) and a precipitation inhibitor (hydroxypropylcellulose) resulted in a dramatic increase in the apparent solubility levels in in-vitro powder dissolution experiments which were very well reflected in high danazol plasma levels in in-vivo animal studies.25 The impact of polymer and surfactant concentration on the dissolution of a cocrystal has been investigated by Alhalaweh et al.26 Using an indomethacin-saccharin cocrystal as a model system, the authors observed different solubilization effects of SLS and PVP on indomethacin and saccharin, respectively, which was suggested to maintain drug supersaturation levels sufficiently long enough for absorption. In a recent study, Koranne et al. revealed that the nature of the excipient (whether neutral or ionic) has a significant impact on the stability of the cocrystal.27 Using the theophylline-glutaric acid cocrystal as a model system, the authors demonstrated that the use of ionizable and hygroscopic excipients, such as magnesium stearate, led to dissociation of the cocrystal, whereas neutral and non-hygroscopic crystalline excipients, e.g. lactose monohydrate prevented cocrystal dissociation. In another study dealing with three cocrystals of a hypothetical drug, Lipert et al. noted that, even though the neat cocrystals are more soluble than the drug, not all cocrystals have a solubility higher than the drug in the presence of a solubilizing agent, emphasizing the importance of greater care in choosing right formulation ingredients.28 Furthermore, in a 2017 study by Duggirala et al. it was found that caffeine-oxalic acid cocrystals, widely reported to be stable at diverse temperature and humidity conditions, dissociate in the presence of numerous pharmaceutical excipients.29 A mechanism for cocrystal dissociation proposed by the authors suggested cocrystal dissociation, in the presence of excipients, was a consequence of the water sorption followed by dissolution of the cocrystal and excipient, respectively, in the sorbed water. Regarding ionizable excipients, the authors found the driving force for dissociation involved a proton transfer from oxalic acid to the excipient, forming metal salts and caffeine hydrate. In an attempt to demonstrate potential applications of freeze-drying for the synthesis of cocrystals, Ogienko et al. prepared a solid dispersion of the cocrystal meloxicam-succinic acid in a solubilizing agent, polyethyleneglycol, by freeze-drying and found the dissolution rate of the solid dispersion to be significantly higher than the cocrystal prepared by liquid-assisted grinding and conventional freeze-drying.30 Most recently, in an extensive study on the impact of physical properties of excipients on the physical stability of the cocrystal, Duggirala et al. conducted binary cocrystal-excipient compatibility studies on a cocrystal of ertugliflozin and L-pyroglutamic acid.31 The study revealed that, among the various properties studied, pH and hygroscopic nature of the excipients play a greater role in the dissociation of the cocrystal in formulation. Using this knowledge of cocrystal dissociation in the presence of excipients and its propagating factors, the authors responded by coating the cocrystal particles with a pH modifier and hydrophobic silica. This strategy proved effective in mitigating cocrystal dissociation and the tablet formulations, thus prepared, were found to be stable at accelerated stability condition (40 °C/75 % RH), even after 4 weeks.
Inspection of the vast literature on pharmaceutical cocrystals reveals that, despite spanning over almost two decades and facilitating the successful commercialization of cocrystal based drug products, there has been little attention paid to the behavior of formulated cocrystals. In this regard, the aforementioned studies testify the need to gain further insights into the impact of different excipients on cocrystal properties. There have been a few studies reported which aim to develop the models using mathematical/numerical modeling techniques that predict melting properties, ideal mole fraction solubility and aqueous solubility product of pure cocrystals.32-35 However, these studies have mainly focused on mathematical model development for prediction of pure cocrystal properties and the impact of molecular-level interactions between cocrystal and excipients in formulations has not been considered. In this respect, a fundamental understanding of the types and nature of molecular interactions between cocrystal and excipients is essential in order to discern their effect on physicochemical properties such as solubility, dissolution rate, and stability. With the rapid growth of computational resources in the last 10-20 years, molecular simulation techniques have evolved as reliable tools for effective understanding of complex phenomena at a molecular level, as well as computational a priori design of novel materials preceding synthesis.36, 37 Most notably, molecular dynamics (MD) simulations have been the subject of significant recent interest in the field of science and engineering.38 The MD method is a deterministic technique that integrates Newton’s equation of motion, by taking small time increments to predict new positions and velocities of atoms in a dynamic process. MD simulations have been extensively used to understand the solubility and miscibility phenomena of APIs in the presence of excipients39-41 and have also gained attention in elucidating excipient-assisted solubilization of water insoluble drugs.42-47 For example, in order to understand dissolution of APIs, Jha et al. performed a series of MD simulations, highlighting the molecular interactions between polymeric excipients and a poorly soluble API (phenytoin) in an aqueous medium.48 Again, with an objective to understand dissolution and precipitation of a cocrystal in the presence of excipients, molecular interactions between the surfaces of cocrystals and the polymeric excipients were investigated by Li and coworkers through combined experimental and MD simulation approaches.49 Though the study provided some useful insights into cocrystal dissolution, its simulations were unfortunately not able to capture the true experimental scenario as the simulation models were prepared in the absence of a dissolution medium, i.e. water, and hence the interactions of polymer and cocrystal with dissolution media were not taken into account. Therefore, in the study presented herein, extensive simulations have been performed to mimic the experimental scenario by constructing the simulation models both in the presence and absence of a dissolution medium. Additionally, the models were prepared as such in order to monitor the dissolution events during the simulations, something not considered in the above referenced example. 
The objectives of this current study are to integrate MD simulations as a complement to experimental methods and gain a molecular level understanding of the interactions between an API (and cocrystal) and selected excipients and water. Such studies would be expected to streamline excipient screening and help in the selection of suitable excipients for development of cocrystal formulations. The knowledge gained from MD simulations was subsequently used to prepare prototype oral dosage formulations, such as tablets, and evaluated their performance. Towards this goal, the current work indicates a detailed underlying mechanism in molecular interactions among active (API or co-crystals), excipients and water, and identifies governing factors to explain hierarchy of the aqueous dissolution of formulations obtained experimentally.  
The model cocrystal systems were chosen from a library of leflunomide (LEF) cocrystals reported in our own recent work.50 LEF is a poorly soluble (aqueous solubility < 40 mg L-1) antirheumatic drug used to slowdown progression of rheumatoid arthritis through inhibition of pyrimidine synthesis.51 Our extensive cocrystal screening, which was supplemented by a knowledge-based design approach, led to the discovery of cocrystals with pyrogallol, 3-hydroxybenzoic acid (HBA), 2-picolinic acid (PIC), and 2-aminopyridine.50 Evaluation of the physicochemical properties, such as solubility and dissolution rate revealed that these cocrystals showed improved behavior compared to the analogous physical mixtures, as well as the parent API. As described in the previous work, there was a degree of commensurate modulation found in the crystal structure of the LEF-pyrogallol cocrystal,50 therefore this cocrystal, and the non-pharmaceutical cocrystal with 2-aminopyridine, were not considered for the current study. Specifically, MD simulations were conducted with the parent LEF, LEF-HBA (1:1) and LEF-PIC (1:1) cocrystals in the presence of two frequently used pharmaceutical excipients, lactose and dibasic calcium phosphate (CaHPO4, DCP). Lactose is a disaccharide consisting of the sugars D-galactose and D-glucose. Pharmaceutical applications of lactose as a tablet and capsule diluent, filler, binder, dry powder inhaler carrier and lyophilization aid have been well documented.52 Its high water solubility, low hygroscopicity, cost effectiveness, bland taste and compatibility with several active ingredients and excipients make it a widely used excipient in pharmaceutical formulations.53 Lactose has also been used as an effective excipient in direct compression tableting applications and is a key component of the LEF oral tablet formulations.52 DCP is a water insoluble inorganic substance which has been used in pharmaceutical tablets and capsules as a filler and diluent, as well as a source of calcium in nutritional supplements.53 Its non-hygroscopicity, associated with excellent compaction and flow properties, makes it an ideal excipient for direct compression processes.54 DCP has also been used as an alternative to lactose in the development of lactose free formulations. The choice of DCP as an excipient in the current study has been made to understand (a) the impact of an ionic and water-insoluble excipient on the dissolution of the cocrystal and (b) whether DCP has the similar or different effect on cocrystals so it may be used as an alternative to lactose in cocrystal based formulations. The key governing parameters that can be obtained from MD simulations, namely solvent accessible surface area (SASA) of a complex (API/cocrystal-excipient), number of hydrogen bonds between a complex and water, and interaction energy between a complex and water, are analyzed for prediction of dissolution trends of either pure API or formulations.  

2. MATERIALS AND METHODS
Simulation Models and Methods
Figure 1 represents the planar view of the crystal structure of the LEF and the cocrystals, along with the molecular structure of lactose and the phosphate ion (HPO42−). A 3D simulation model containing a LEF-PIC cocrystal and four molecules of lactose in water is also shown in Figure 1. The Optimized Potentials for Liquid Simulations all-atom (OPLS-AA) force field is used to describe the LEF, HBA, PIC, lactose and calcium ion.55 The parameter files were generated using the MKTOP tool56 and charges on the atoms were adopted from OPLS-AA force field. The bonded and non-bonded parameters for the HPO42− ion were taken from OPLS-AA except the charges, which were adopted from the literature.57 The water was modeled by the simple point charge (SPC).58 The Lennard-Jones (LJ) and Coulombic potentials were used to describe the non-bonded interactions as 
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where rij is the distance between atoms i and j, qi is the atomic charge of atom i, εij and σij are the well depth and collision diameter, and ε0 (8.8542 × 10-12 C2N-1m-2) is the permittivity of vacuum. The stretching, bending and torsional potentials were used to represent the bonded interactions as 
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where ,  and Cn are the force constants; ,  and  are bond lengths, bond angles and torsional angles, respectively;  ,  and  are the equilibrium values. 
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Figure 1. Planar view of the molecular structures of LEF and the cocrystals, molecular structures of lactose and HPO42−, and a model to represent simulation system. Color code: P, gold; F, light orange; O, red; N, blue; C, cyan; H, white, grey, water in the simulation system. 

Four sets of simulations were performed. In the first set, the crystal structure of LEF and cocrystals was kept in the center of a large simulation box of dimensions ~5 nm × 5 nm × 5 nm and solvated with water in the absence of excipients. The solvated systems were simulated at room temperature using an isothermal and isochoric (NVT: during the simulations, number of molecules, volume and temperature of the system remains constant) MD scheme. In the second set of simulations, the crystal structure of LEF/cocrystals was kept in a simulation box of the same dimensions and four excipient molecules were randomly distributed within. This system was simulated at room temperature using the NVT MD scheme. The second set of simulations allow the excipients to interact with most favorable sites of LEF/cocrystals. Finally, in the third set of simulations, the output from second set was solvated with water and simulated again in the NVT MD scheme at room temperature. During the first 3 sets of simulations, the position of the atoms of the LEF/cocrystals were restrained by applying a force constant of 10000 kJ mol-1 nm-2. Finally, in order to evaluate dissolution behavior, in the fourth set of simulations position restraints were removed. As such, all atoms in the system were allowed to move during the simulation. Prior to the above simulations, crystal structures of the parent LEF crystal and LEF-HBA and LEF-PIC cocrystals were extended to 4 × 4 × 4, 4 × 8 × 2, and 4 × 4 × 4 unit cells and isobaric-isothermal MD simulations were performed at 1 bar. The calculated densities of the LEF and cocrystals, derived from the OPLS-AA model, are 1.49, 1.42 and 1.43 g cc-1 respectively, which are close to the experimental values of 1.47, 1.48, and 1.45 g cc-1.
Initially, using the steepest descent method, all four systems were subjected to energy minimization. The initial velocities of the atoms were generated by the Maxwell−Boltzmann distribution equation, followed by MD simulations. The velocity-rescaling scheme was adopted to control the temperature with a relaxation time of 0.1 ps. The equations of motion were integrated by the leap-frog algorithm and periodic boundary conditions were applied in all directions. A cutoff of 14 Å was used to calculate the LJ interactions, while the particle-mesh Ewald summation method was used to evaluate the Coulombic interactions with grid spacing of 1.2 Å. A time step of 1 fs was used and the trajectories were saved every 5 ps. The duration for the first 3 sets of simulations was 5 ns (last 3 ns trajectories were used for analysis) and for the fourth set it was 2.5 ns. The GROMACS v5.0.6 package was used to perform all the MD simulations.59 

Experimental
LEF was purchased from Biotain Pharma Co., Ltd., China. The coformers were purchased from Sigma-Aldrich, Singapore, and used as received. The excipients, lactose (α-lactose monohydrate, ≥99%) and DCP (98%) were purchased from Sigma Aldrich, Singapore and were used as received.
Solid-State Grinding. Solvent-drop grinding was used for preparation of bulk samples of the cocrystal powders. In a typical experiment, 2.7 g (10 mmol) of LEF, a stoichiometric amount of the coformer and 2 drops of methanol were added to stainless steel grinding jars (50 mL) with one 2 cm stainless steel grinding ball and ground at a rate of 20 Hz for 20 min using a Retsch Mixer Mill model MM301. Powder X-ray diffraction (PXRD) was used for the characterization of the resulting powders. These were compared with the reference PXRD patterns simulated from the crystal structure of the cocrystals (See Supporting Information, Figures S1-S2).
Powder X-ray Diffraction (PXRD). PXRD data were collected using a Bruker D8 Advance powder X-ray diffractometer with Cu−Kα radiation (λ = 1.54060 Å) and an acceleration voltage of 35 kV, and current of 40 mA power. Using a continuous scanning mode, the samples were scanned in the 2θ range from 5° to 50° at a scan rate of 5° min−1.
Tablet Preparation. The excipients used in formulations were aligned with those used in the marketed LEF (ARAVA) such that each 100 mg of the tablet contains 20 mg of LEF (or a cocrystal that contains an equivalent amount of LEF, e.g. 30.2 mg of LEF-HBA cocrystal), 74.5 mg of lactose monohydrate/DCP – adjusted for cocrystal mass (e.g. 64.3 mg in LEF-3HBA cocrystal formulation), 5.0 mg of corn starch, and 0.5 mg of magnesium stearate (as a lubricant). The tablet samples for dissolution experiments were prepared by direct compression. Prior to tablet pressing, a formulation mixture of ca. 5 g each were thoroughly mixed using a laboratory powder mixing machine (Alphie powder mixer, Hexagon product development, Vadodara, Gujarat, India). For the tableting process, each mixed powder was then placed in a tablet press (Minipress II, Karnawati Engineering, India) and pressed at varying load to form 200 mg tablets. Hardness testing of the tablets was conducted using DT-YD-3 hardness tester (Guangzhou Raysky Scientific, China) and tablets of similar hardness were used in dissolution experiments.
Dissolution Studies. The dissolution experiments on all samples (neat LEF, cocrystals, and their formulations) were conducted using an Agilent 708-DS dissolution sampling apparatus. As recommended by the US Food and Drug Administration, all the dissolution experiments were conducted in water as the dissolution medium (900 mL), with a rotation speed of 100 rpm at 37 °C.60 All the tablets were found to disintegrate instantly within a minute. 2 mL aliquots of sample from the vessel were withdrawn and filtering through a 45 μm syringe tip filter for analysis by HPLC. This was conducted at times of 5, 10, 15, 30, 45, 60, 90, 120, 180, 240, 300 and 360 min. Total dissolution volume was maintained at 900 mL by replacing the samples with an equivalent amount of fresh dissolution medium. The dissolution experiments were run in triplicate (n=3). 
High Performance Liquid Chromatography (HPLC). LEF concentration in the samples obtained from the dissolution experiments were quantified by HPLC. A ZORBAX ECLIPSE XDB-C18 column (4.6 mm x 250 mm x 5 μm) was used and was kept at a constant temperature of 37 °C throughout the analysis. A mobile phase consisting of acetonitrile and water in 50:50 (v/v) was delivered at a flow rate of 1 mL min−1 and 15 min run time. Samples of 50 μL of each are injected into HPLC. UV absorbance at 262 nm was used to quantify the LEF concentration. LEF was detected at a retention time of 7.4 min, while the retention times of the coformers HBA and PIC were detected at 2.8 and 2.2 min, respectively.
Fourier Transform Infrared Spectroscopy (FT-IR). A Frontier FT-IR/NIR Spectrometer (PIKE Technologies I, PerkinElmer) with a MIR TGS detector and a combined scan direction was used to collect transmission spectra of neat samples (without KBR). The samples were scanned over a range of 4000–650 cm-1 at a scan speed of 0.2 cm-1s-1 with a spectral resolution of 4 cm-1.


3. Results and Discussion
a) Lactose as an excipient
The stability of the drug/cocrystal-excipient system was gauged by root mean square deviation (RMSD) with respect to the initial structure. Figure 2a, shows the RMSD of LEF, LEF-HBA, and LEF-PIC cocrystals with lactose as an excipient, without water. For each combination, the RMSD remains almost constant throughout the simulation. This reveals that lactose is strongly bonded to the molecular components and in the absence of water each complex is at a stable state. In contrast, in the presence of water, RMSDs are fluctuating throughout the simulation (Figure 2b), particularly in the case of LEF-PIC cocrystal. This is an indication of a comparatively higher dissolution of the LEF-PIC cocrystal-lactose complex. With higher dissolution in water, the complex would dissociate to a larger extent, thus RMSD would be expected to fluctuate more. Note that, even though the RMSD could be used to understand the dissolution behavior to a certain extent, it will not be possible to predict the dissolution hierarchy, as the RMSDs are calculated based on the deviation of the atoms in a molecule with respect to its initial structure. 
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Figure 2. Root mean-squared deviations (RMSDs) of complexes in the (a) absence of water and (b) presence of water.

To further elucidate the dissolution phenomena, the SASA of LEF and the cocrystals, and their combinations with lactose in water, were calculated with a probe of diameter 0.28 nm. Herein, SASA represents available surface area of LEF/cocrystal or their complex with the excipient to interact with water. Table 1 lists the hydrophilic, hydrophobic and total SASAs of LEF/cocrystals and complexes. Since the volume of each component (API or cocrystal) is different, SASA is calculated per volume of components. Without lactose, the LEF-HBA cocrystal possesses the highest SASA compared to pure LEF and LEF-PIC cocrystal, indicating the higher water accessibility. However, in the presence of lactose, the highest SASA is observed for the LEF-PIC cocrystal-lactose complex. Interestingly, as lactose is introduced, each complex shows significant increase in total SASA, which is mainly contributed by the hydrophilic component. Owing to the hydrophilic nature of lactose, this contribution dominates when compared to the hydrophobic component. This indicates that the hydrophilic nature of each system is enhanced considerably in the presence of lactose, hence leading to higher dissolution of the complex in water. Among the three systems studied, the LEF-PIC cocrystal-lactose complex exhibits the highest total, as well as hydrophilic, SASAs and therefore suggests greater dissolution for the LEF-PIC cocrystal in the presence of lactose in water.
Table 1. Solvent accessible surface areas (SASAs) of LEF/cocrystals and complexes with lactose.
	System
	Hydrophilic (nm2) 
	Hydrophobic (nm2) 
	Total (nm2)

	without lactose

	LEF
	2.06
	6.18
	8.24

	LEF-HBA cocrystal
	2.69
	7.23
	9.93

	LEF-PIC cocrystal
	2.06
	6.23
	8.29

	with lactose

	LEF
	6.04
	7.66
	13.70

	LEF-HBA cocrystal
	6.40
	8.85
	15.25

	LEF-PIC cocrystal
	7.57
	9.28
	16.85


Hydrogen bonds play an important role in the solubility and dissolution of a solute in water.47, 61 MD simulations have proved effective in the prediction of hydrogen bonds between a solute and bulk solvent, such as water, and hence aid in the prediction of the solubility/dissolution of a solid. We have calculated hydrogen bonds between molecular components of drug crystals and water, with and without lactose. Two geometrical criteria were implemented to calculate the hydrogen bonds (1) the distance (r) between a donor and an acceptor  3.5 Å and (2) the angle of hydrogen-donor-acceptor, α  30.62 Two water molecules representing r and α, are shown in Table 2. Similar to SASA, the number of hydrogen bonds are estimated based on per volume of the components. As tabulated in Table 2, in the presence or absence of lactose, the number of hydrogen bonds between LEF/cocrystals or complexes and water follows the trend LEF < LEF-HBA cocrystal < LEF-PIC cocrystal, thereby representing the dissolution trend of pure LEF/cocrystals and complexes in water. It is worthwhile to note that the number of hydrogen bonds between any system and water in the presence of lactose (i.e. between complexes and water) is much higher compared to without lactose (i.e. between LEF/cocrystals and water), which is consistent with SASA. Besides, the number of hydrogen bonds between neat LEF and lactose is fewer than the number of hydrogen bonds between the cocrystal and lactose. Among this, the LEF-HBA cocrystal has the highest number of hydrogen bonds followed by the LEF-PIC cocrystal. This can be attributed to the fact that the –OH and –COOH groups of HBA act as both hydrogen bond donors and acceptors. In contrast, the –N+H and –COO‑ groups of PIC in the LEF-PIC cocrystal only act as hydrogen bond donor and acceptor, respectively, hence forming fewer hydrogen bonds with lactose.
We further evaluate the interaction sites of water in the pure drug crystal and complex by radial distribution function g(r) as 

	 				                (5)

where r is the distance between atoms i and j, Ni and Nj are the numbers of atoms i and j,  is the number of atoms j around i within a shell from r to r + Δr, , respectively. Figure 3a shows the g(r) of the hydrogen (H) atom of water around the O1, O2, N1, N2 and F atoms (notations are shown in Figure 1) of LEF without lactose. Two prominent peaks are observed at r ~ 2.1 Å corresponding to the O2 and N1 atoms, indicating the most favorable sites for water. These peaks also indicate that LEF is able to form hydrogen bonds with water around these atoms. In the case of the LEF-lactose complex, the g(r) of the H atom of water around the most favorable atoms (O2 and N1) and all oxygen (O) atoms of lactose are plotted in Figure 3b. Along with two earlier peaks, a third peak is observed at a shorter distance (r ~ 1.8 Å) corresponding to the O atom of lactose. The peak height here is the highest, reflecting the most dominating interaction site for water. A similar phenomenon is also observed for the cocrystal-lactose complexes (See Supporting Information, Figures S4 and S5). All the oxygen atoms of the HBA in the LEF-HBA cocrystal and PIC in the LEF-PIC cocrystal are involved in hydrogen bond formation with water. The analysis identified the possible atoms which could form hydrogen bonds and suggests that the addition of lactose to pure drug/cocrystals enhances the dissolution of the complex by providing additional interaction sites for water.
Table 2. The number of hydrogen bonds between LEF/cocrystal and water with and without lactose.
	System
	LEF
	LEF-HBA cocrystal
	LEF-PIC cocrystal
	Geometrical description

	without lactose
	
[image: ]


	LEF/cocrystal-water
	8.27
	13.63
	15.55
	

	with lactose
	

	LEF/cocrystal-water
	32.56
	38.53
	44.59
	

	LEF/cocrystal-lactose
	0.15
	3.28
	2.29
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Figure 3. The g(r) of the H atom of water around (a) the atoms of LEF and (b) the O2 and N1 atoms of LEF, and the O atom of lactose. 


To quantify the strength of interactions between molecules, their energies in terms of electrostatic (Ecoul), Lenard-Jones (ELJ), and total (Etotal) are calculated for each molecule. Usually, attractive or favorable interaction is indicated by a negative value of the energy. A higher absolute value of energy is an indicator of stronger interaction among interacting molecules. Moreover, a positive value denotes repulsive or unfavorable interaction. The calculated interaction energy terms for LEF and cocrystal systems are negative, thus indicative of favorable interactions (Table 3). Both in pure LEF/cocrystals and complexes, the interaction energies with water are found to increase in the order of LEF < LEF-HBA cocrystal < LEF-PIC cocrystal. Compared to pure LEF/cocrystals, complexes with lactose possess much higher interaction energy. The observed trend is consistent with hydrogen bond analysis. The interaction energy terms Ecoul, ELJ, and Etotal for the LEF-PIC cocrystal-lactose complex are -713.7, -97.8 and -811.5 kJ mol-1, respectively. The contribution from electrostatic interaction is dominated /over Lenard-Jones in the total energy term due to the polar moiety of water strongly interacting with the hydrophilic lactose and ionic moieties of PIC in the LEF-PIC cocrystal. By attributing the highest interaction energy to water, the LEF-PIC cocrystal-lactose combination is predicted to have higher solubility/dissolution in water. Consistent with our prediction, it is reported that the interaction energy between drug and water plays an important role in elucidating the dissolution phenomena; specifically a stronger interaction between drug and water is considered to positively favor dissolution.42 The predicted dissolution trend in water by MD simulations is in direct agreement with the experimental observations (vide supra).
Table 3. LEF/cocrystals-water and complex-water interaction energies (kJ mol-1).N2
O2
F

	System
	Ecoul
	ElJ
	ETotal

	without lactose

	LEF
	-64.04
	-63.01
	-127.05

	LEF-HBA cocrystal
	-188.50
	-97.82
	-286.32

	LEF-PIC cocrystal
	-338.64
	-69.59
	-408.23

	with lactose

	LEF
	-527.13
	-80.05
	-607.18

	LEF-HBA cocrystal
	-543.22
	-104.09
	-647.31

	LEF-PIC cocrystal
	-713.70
	-97.84
	-811.54




While providing useful molecular-level insights, the above examined parameters (SASA, hydrogen bonds, and interaction energy) govern the dissolution hierarchy of the complexes in water. Nevertheless, to directly capture the dissolution event by MD simulations, additional simulations were conducted without applying position restraints on LEF/cocrystals. The dissolution event of the complexes in water were gauged by intermolecular contacts. Physically, a complex is considered to be dissolved completely in water if there are no, or almost no, intermolecular contacts remaining. Figure 4 depicts the time evolution of intermolecular contacts during MD simulations. For the LEF-lactose complex, as time lapses, the number of contacts between LEF and lactose decreases; finally reaching ~ 0 after 1000 ps (Figure 4a). However, the number of LEF-LEF contacts remains almost constant throughout the simulation, which in turn reflects insignificant dissolution of LEF. Therefore, this complex is deemed to be in an undissolved state. For the LEF-HBA cocrystal-lactose complex, there is a slow decreasing trend in the number of intermolecular contacts with time (Figure 4b) despite a fluctuation in the plots. Notably, the intermolecular contacts between cocrystal and lactose (LEF-lactose and HBA-lactose), as well as those between LEF and HBA does not reach ~0, which indicates that this complex holds slow or reduced dissolution characteristics in water. On the other hand, in the LEF-PIC cocrystal-lactose complex (Figure 4c), all intermolecular contacts decrease in number with simulation time and reach almost zero after 2000 ps. This complex shows fast and complete dissolution in water, thereby suggesting best dissolving complex in water.
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Figure 4. Time evolution intermolecular contacts in complexes in water (a) LEF-lactose, (b) LEF-HBA cocrystal-lactose, and (c) LEF-PIC cocrystal-lactose.

b) Dicalcium phosphate as an excipient
MD simulations were performed to gauge the impact of DCP on the hierarchy of dissolution, as well as to gain atomic-level insights into trends in dissolution. Table 4 lists the hydrophilic, hydrophobic, and total SASAs of LEF/cocrystals and complexes. Similar to lactose as an excipient, addition of DCP to LEF or cocrystal significantly increased SASA. The LEF-HBA cocrystal-DCP complex possesses the largest SASA, whereas in the case of lactose the LEF-PIC cocrystal-lactose complex showed the highest SASA. The hierarchy of both the number of hydrogen bonds and interaction energies between complexes and water follows the trend: LEF < LEF-PIC cocrystal < LEF-HBA cocrystal (Tables 5 & 6). A fewer number of hydrogen bonds and lower interaction energy for the LEF-PIC cocrystal-DCP complex in water as compared to the LEF-HBA cocrystal-DCP complex could be attributed to the ionic nature of PIC and DCP. The total interaction energy between the LEF-PIC cocrystal and DCP is the highest and the contribution from ionic interaction dominates (Table 6). The fact that the potential interaction sites of PIC are partially blocked by the Ca2+ and HPO42− ions of DCP means a fewer number of interactions between PIC and water, which would suggest lower dissolution of the LEF-PIC cocrystal-DCP complex than the LEF-HBA cocrystal-DCP complex. Analysis of the number of hydrogen bonds and interaction energy terms in greater detail further revealed that 8.11 out of the 24.20 hydrogen bonds and -127.20 kJ mol-1 of the -1239.84 kJ mol-1 interaction energy in the LEF-DCP complex were contributed by LEF. In comparison, the presence of PIC as an integral part of the cocrystal increases the number of hydrogen bonds by 29 % and interaction energy by 60 % in the LEF-PIC cocrystal-DCP complex. The greater number of hydrogen bonds and interaction energy in the LEF-PIC cocrystal-DCP complex than the LEF-DCP complex suggest higher dissolution of LEF-PIC cocrystal-DCP complex. Therefore, the dissolution trend in the presence of DCP follows the trend LEF < LEF-PIC cocrystal < LEF-HBA cocrystal, which is in good agreement with the experimentally observed dissolution trend (vide supra).
It is informative to analyze variation in the intermolecular contacts with respect to the simulation time. Figure 5 depicts the time evolution of intermolecular contacts during MD simulations. With regard to the LEF-DCP complex, and similar to the LEF-lactose complex, over time the number of contacts between LEF and DCP decreases and reaches zero (Figure 5a), but LEF-LEF contacts remain almost constant throughout the simulation, suggesting LEF remains in an undissolved state. On the other hand, in the LEF-HBA cocrystal-DCP complex, all intermolecular interactions decrease with time and finally reach zero (Figure 5b), suggesting that the LEF molecules are free to form hydrogen bonds with water molecules thus making it the best dissolving solid. Comparatively, in the LEF-PIC cocrystal-DCP complex, there is a slower decrease in the number of intermolecular contacts between PIC and DCP over time that make this complex a slightly less or slower dissolving solid in water (Figure 5c). 
Table 4. SASA of LEF/cocrystals and complexes with DCP.
	System
	Hydrophilic (nm2) 
	Hydrophobic (nm2) 
	Total (nm2)

	LEF
	5.58
	6.12
	11.70

	LEF-HBA cocrystal
	7.76
	7.42
	15.18

	LEF-PIC cocrystal
	4.89
	5.62
	10.50



Table 5. The number of hydrogen bonds between LEF/cocrystals and complex with DCP.
	System
	LEF
	LEF-HBA cocrystal
	LEF-PIC cocrystal

	LEF/cocrystal-DCP
	00.00
	00.00
	01.97

	Complex-water
	24.20
	34.71
	29.77



Table 6. LEF/cocrystals-water and complex-water interaction energies (kJ mol-1).
	System
	Ecoul
	ElJ
	ETotal

	without DCP

	LEF
	-1290.68
	50.84
	-1239.84

	LEF-HBA cocrystal
	-1467.37
	16.77
	-1450.60

	LEF-PIC cocrystal
	-1289.66
	32.57
	-1257.09

	with DCP

	LEF
	-0.02
	-0.02
	-0.04

	LEF-HBA cocrystal
	-0.03
	-0.06
	-0.09

	LEF-PIC cocrystal
	-71.46
	2.25
	-69.21
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Figure 5. Time evolution inter-molecular contacts in complexes (a) LEF, (b) LEF-HBA cocrystal, and (c) LEF-PIC cocrystal with DCP in water.

c) Experimental observations
Dissolution is an important parameter that directly determines the bioavailability of a pharmaceutical active and therefore is a subject of great significance for pharmaceutical industry. In general, dissolution proceeds through a process of detachment of molecules from the solid (or crystal), which primarily depends on the breaking of solute-solute interactions and formation of new solute-solvent interactions. Addition of certain excipients or solubilizing agents help to improve the dissolution of solutes by way of increasing the number and strength of solute-solvent interactions. As described above, MD simulations provide a vital information on the molecular interactions (solute-solvent, solute-excipient, and excipient-solvent) and estimate dissolution trends in a family of solids. The MD simulations’ results presented above suggest that the use of lactose and DCP as excipients could potentially have differing impacts on the dissolution rate of all the solids studied herein. It was noted that while lactose would be expected to improve dissolution rate, a detrimental effect on the dissolution rate would be predicted from DCP.
	Prior to the dissolution experiments, bulk samples of LEF and cocrystals were ground and sieved to achieve a uniform particle size of 53-90 m. Microscopic analysis of the powdered samples using SEM revealed that all the samples adopt a broadly similar shape (see Supporting Information, Figure S6). These attributes negate the impact of particle size and shape on bulk dissolution. It has been reported that the choice of excipient and their compressional behavior may have a profound impact on the release of active from the formulations. In the current study, the impact of differing compressional behavior of excipients was mitigated by the use of tablets of the same hardness. This was achieved through assessing the hardness of test tablets of each formulation pressed at varying loads followed by choosing a pressing load that gave each tablet ~30 N hardness (see Supporting Information, Figure S3). Furthermore, during dissolution experiments all tablets were observed to completely disintegrate within 5-10s – showing that the compressional behavior of the excipients had little to no impact on the dissociation and thus release of LEF/cocrystals.
Figure 6 shows the dissolution profiles of LEF and cocrystals in the presence of the chosen excipients and their comparison with dissolution profiles of LEF and cocrystals in neat form. It is evident that both the cocrystals show improved dissolution rate compared to dissolution rate of LEF in the absence of excipients (Figure 6a). In addition, both cocrystals exhibited a similar dissolution rate for the first 60 min, with the LEF-PIC cocrystal showing a higher supersaturation level compared to both LEF and LEF-HBA cocrystal after 5 h. The addition of lactose as an excipient, which is soluble in water, improves the dissolution rate of all the three samples. However, it should be noted that while the initial dissolution of the formulations is greater than the neat samples (Figure 6a), upon reaching plateau the cocrystal formulations exhibit a lower supersaturation level than the neat cocrystals (Figure 6c). Therefore, the observed supersaturation level of LEF and cocrystal formulations with lactose at 5 h is in the order of LEF < LEF-HBA cocrystal < LEF-PIC cocrystal, which corroborates the dissolution trend that was predicted by the MD simulations.
	The dissolution profile of the formulations with DCP are shown in Figure 6b&c. Comparison of the dissolution profiles of the formulations with those of the neat samples reveals that the presence of water-insoluble DCP has a detrimental effect on the dissolution rate. All three formulations displayed a lower dissolution rate than that of their respective neat samples. However, as with the neat samples, the cocrystal formulations show a higher dissolution rate than the LEF formulation (Figure 6c). The supersaturation level observed at the end of the dissolution experiment (5 h) follows the trend LEF < LEF-PIC cocrystal < LEF-HBA cocrystal, which is once again in good agreement with the predicted hierarchy of dissolution from MD simulation results.
A comparative analysis of the dissolution trends of the formulations, neat cocrystals and LEF reveals that the solubility and the nature of the excipient, whether it is neutral or ionic, have a significant impact on the dissolution rate. While the water-soluble lactose improves the dissolution rate, the ionic and water-insoluble DCP has the reverse effect. In the case of lactose as an excipient, the hydrophilic nature and greater aqueous solubility of lactose facilitate the attraction of a greater number of water molecules towards the solute and contribute to the enhanced dissolution rate. On the other hand, the lower dissolution of formulations that contained DCP could be attributed to its hydrophobic nature. Furthermore, the ionic components of DCP potentially interact with the ionic components of the PIC coformer, blocking the hydration sites of the solute leading to an additional decrease in the dissolution of the LEF-PIC cocrystal in the formulation. It is worth noting that the computationally derived parameters, such as RMSDs, SASA and intermolecular interaction energies, point to the higher dissolution of the LEF-PIC and LEF-HBA cocrystal formulations, compared to LEF formulations, when formulated with lactose and DCP, respectively. This is in excellent agreement with the experimentally observed trends, thus emphasizing the significance of MD simulations in understanding the dissolution behavior of cocrystal formulations.
FT-IR has been extensively used for analysis of drug-excipient interactions. It has been established that the shifts in the vibrational frequencies determine the extent of interaction between drug and excipient, and an inference of a chemical reaction can be made from the disappearance of characteristic vibrational bands.63 In the present study, LEF, neat cocrystals and their formulations were analyzed by FT-IR and their characteristic peaks were compared (see Supporting Information, Figures S7–S9, Table S1). It was found that there is no discernible difference, in either frequency or intensity, in the characteristic peaks of LEF when compared with pure LEF and cocrystals and their formulations with lactose, thus indicating that there is no chemical interaction between LEF and lactose. However, the FT-IR spectra of all formulations with DCP show an absence, or greatly reduced intensity, of the peak characterizing the N–H stretching vibration seen in LEF (strong broad peak at ~3350 cm-1). Previous studies on physical characterization of DCP have asserted to its Lewis acidity,31, 64 while LEF is basic in nature (pKa value of 10.8 at 23 °C).65 Therefore, there is a high likelihood of a strong interaction between DCP and LEF potentially weakening the amide N–H bond and hence reducing the intensity of, or removing, the N–H stretching vibration in the IR spectra of the DCP formulations. The interaction between LEF and DCP, particularly between the H atom of N–H in LEF and the O atoms of DCP in all the three formulations was also evidenced by MD simulations (see Supporting Information, Figure S10). Strong interactions between LEF and water insoluble DCP could contribute to the lower observed dissolution of the DCP formulations (Figure 6).
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Figure 6. Comparison of the dissolution profiles (a) lactose formulations vs. neat samples of cocrystals and LEF, (b) DCP formulations vs. neat samples of cocrystals and LEF, and (c) lactose and DCP formulations.

	
It has been reported that lactose intolerance affects 70 % of the world’s population, which is known to occur due to a deficiency of the enzyme lactase.66 In some pharmaceutical formulations DCP has been suggested as a potential alternative to lactose for development of lactose-free drug formulations. The results of the current study emphasize the distinct dissolution behavior of lactose and DCP formulations, which has been computationally predicted and experimentally validated. Therefore, it is essential to gain prior knowledge of the impact of different kinds of excipients on the performance of cocrystals. In this respect, MD simulations can be considered a reliable tool for gaining a molecular-level understanding of the interactions between components of the cocrystal/API and dissolution medium and aid in the prediction of dissolution hierarchies.

4. Conclusions
Pharmaceutical cocrystallization has evolved as a much sought-after technique for addressing the solid-state issues of active pharmaceutical ingredients. It has been established that the choice of a coformer plays a critical role in determining the properties of neat cocrystals. As cocrystals are being developed and increasingly marketed as novel drug products there is a heightened interest in studies concerning cocrystal-excipient interactions. A review of the current literature revealed varied effects of excipients on the stability, solubility, dissolution, and bioavailability of cocrystals. 
We have shown that MD simulations provide vital information for understanding the nature, number and strength of cocrystal-excipient interactions and resultant prediction of dissolution trends in a family of cocrystal-excipient combinations. Calculated parameters such as SASA, hydrogen bonds between an API or cocrystal in formulations with water, interaction energy between an API or cocrystal in formulation and water are found to be essential to elucidate experimentally observed dissolution trends of pure LEF/cocrystals and formulations in water. For LEF/cocrystals or complexes, dissolution in water would be expected to increase as the values of these parameters increase. This finding is consistent with the literature wherein the dissolution performance of API-excipient complexes were explained by these parameters.47 We have previously shown that cocrystals of LEF demonstrate improved dissolution rate over LEF.50 However, in this study a similar effect has only been observed with respect to lactose as an excipient, which improved the dissolution at different rates for different cocrystals. DCP, on the other hand, has a detrimental effect resulting in lower dissolution of cocrystal formulations when compared to neat LEF and its cocrystals. The excellent correlation observed between the results of MD simulations and experimental observations validates the role of MD simulations in the selection of suitable excipients for development of novel cocrystal-based formulations. Furthermore, the ever-growing computational power and advances in force fields further contribute to reducing simulation time and help in the quest for suitable excipients for development of cocrystal-based formulations.
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