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INTRODUCTION

A great percentage of market drugs are poorly water soluble, with a main distribution in Class II (low solubility-high permeability) and Class IV (low solubility-low permeability), [START_REF] Emami | Recent advances in improving oral drug bioavailability by cocrystals[END_REF][START_REF] Lipinski | Experimental and computational approaches to estimate solubility and permeability in drug discovery and development setting[END_REF][START_REF] Dalpiaz | Can pharmaceutical co-crystals provide an opportunity to modify the biological properties of drugs?[END_REF][START_REF] Dalpiaz | Drug release from pharmaceutical cocrystals: are therapeutic and safety properties of active pharmaceutical substances retained?[END_REF] according to the Biopharmaceutics Classification System (BCS). [START_REF] Amidon | A theoretical basis for a biopharmaceutic drug classification: the correlation of in vitro drug product dissolution and in vivo bioavailability[END_REF] In particular, drugs showing poor water solubility are included in about 40% of approved pharmaceutical products for oral administration and nearly in 90% of discovery pipeline formulations. [START_REF] Kalepua | Insoluble drug delivery strategies: review of recent advances and business prospects[END_REF] These types of drugs are therefore often characterized by poor oral bioavailability. [START_REF] Emami | Recent advances in improving oral drug bioavailability by cocrystals[END_REF] The low water solubility of drugs requires, therefore, new strategies in order to obtain bioavailability improvements of oral formulations. [START_REF] Emami | Recent advances in improving oral drug bioavailability by cocrystals[END_REF] Taking into account that the lattice energy of a solid form influences its solubility (lower solubility is induced by higher energy), the use of amorphous forms may seem an appropriate strategy in order to increase the bioavailability of poorly water-soluble drugs. [START_REF] Dalpiaz | Can pharmaceutical co-crystals provide an opportunity to modify the biological properties of drugs?[END_REF] On the other hand, the poor stability and the tendency to recrystallize over time limit the use of amorphous forms in pharmaceutical industry. [START_REF] Yamamoto | Physicochemical evaluation and developability assessment of co-amorphouses of low soluble drugs and comparison to the cocrystals[END_REF] Alternatively, salts represent more than 50% of administered drugs, but their use is not possible for non-ionizable drugs. [START_REF] Serajuddin | Salt formation to improve drug solubility[END_REF] Among the new crystal engineering strategies, co-crystallization appears promising to solve the bioavailability problems of poorly water-soluble drugs, being potentially able to improve their solubility and retaining, at the same time, the typical stability of crystalline compounds in the solid state. [START_REF] Dalpiaz | Can pharmaceutical co-crystals provide an opportunity to modify the biological properties of drugs?[END_REF] Co-crystals are very similarly defined by EMA ("homogenous crystalline structures made up of two or more components in a defined stoichiometric ratio where the arrangement in the crystal lattice is not based on ionic bonds" [START_REF] Rodrigues | Pharmaceutical cocrystallization techniques. advances and challenges[END_REF] ) and FDA ("crystalline materials which are composed of two or more molecules in the same crystalline lattice and associated by non-ionic and noncovalent bonds" [START_REF] Kumar | A Review about regulatory status and recent patents of pharmaceutical co-crystals[END_REF] ), even if the regulatory status regarding their use in pharmaceutical products is still unsettled. [START_REF] Dalpiaz | Can pharmaceutical co-crystals provide an opportunity to modify the biological properties of drugs?[END_REF][START_REF] Dalpiaz | Drug release from pharmaceutical cocrystals: are therapeutic and safety properties of active pharmaceutical substances retained?[END_REF][START_REF] Rodrigues | Pharmaceutical cocrystallization techniques. advances and challenges[END_REF][START_REF] Kumar | A Review about regulatory status and recent patents of pharmaceutical co-crystals[END_REF] These crystalline constructions are known to increase the solubility and bioavailability of poorly water-soluble drugs, even if this is not systematic. [START_REF] Kuminek | Cocrystals to facilitate delivery of poorly soluble compounds beyond-ruleof-5[END_REF][START_REF] Duggirala | Pharmaceutical cocrystals: along the path to improved medicines[END_REF][START_REF] Karimi-Jafari | Creating cocrystals: a review of pharmaceutical cocrystal preparation routes and applications[END_REF] Moreover, recent works indicate that co-crystals can modify the permeability properties of drugs. [START_REF] Emami | Recent advances in improving oral drug bioavailability by cocrystals[END_REF] As a matter of fact, most of these studies were performed by using artificial membranes, such as dialysis, silicon, or polyvinylidene fluoride (PVDF), where the ability of co-crystals to modify the permeability of an active pharmaceutical ingredient (API) was attributed to the drug-co-former interactions, [START_REF] Sanphui | Cocrystals of hydrochlorothiazide: solubility and diffusion/permeability enhancements through drugconformer interactions[END_REF][START_REF] Saikia | Hydrogen bond synthons in the interplay of solubility and membrane permeability/diffusion in variable stoichiometry drug cocrystals[END_REF][START_REF] Dai | Improving the membrane permeability of 5fluorouracil via cocrystallization[END_REF][START_REF] Eedara | Crystalline adduct of moxifloxacin with trans-cinnamic acid to reduce the aqueous solubility and dissolution rate for improved residence time in the lungs[END_REF][START_REF] Palanisamy | Tuning diffusion permeability of an anti-retroviral drug, emtricitabine, via multicomponent crystallizations[END_REF] or to the changed solubility of drugs. [START_REF] Banik | Cocrystal and salt forms of furosemide: solubility and diffusion variations[END_REF][START_REF] Surov | Cocrystal formation, crystal structure, solubility and permeability studies for novel 1, 2, 4-thiadiazole derivative as a potent neuroprotector[END_REF][START_REF] Huang | Simultaneously improving the physicochemical properties, dissolution performance, and bioavailability of apigenin and daidzein by co-crystallization with theophylline[END_REF] Other studies evidenced the co-crystal incapacity to alter the drug permeability across the artificial membranes. [START_REF] Reggane | Bioinspired Cocrystals of imatinib providing enhanced kinetic solubility[END_REF] Few studies across skin evidenced the ability of cocrystals to enhance the API permeability, and this property was attributed to the co-former lipophilicity or to the increased solubility of drugs. [START_REF] Yan | Simultaneously enhancing the solubility and permeability of acyclovir by crystal engineering approach[END_REF][START_REF] Machado | Cocrystallization as a novel approach to enhance the transdermal administration of meloxicam[END_REF] Finally, permeation studies with co-crystals were proposed by using cell monolayers, obtained by Caco-2 or Calu-3 cellular lines; in particular, some co-crystals appeared able to increase the permeability of APIs across the monolayers and this phenomenon was attributed to the inhibitory power of co-formers toward active efflux systems of the cells, [START_REF] Do Amaral | Development and characterization of dapsone cocrystal prepared by scalable production methods[END_REF][START_REF] Seo | Preparation and characterization of adefovir dipivoxil-stearic acid cocrystal with enhanced physicochemical properties[END_REF] or to the modification of the structure and intermolecular bonding of APIs by the cocrystallization. [START_REF] Suzuki | Exploring novel cocrystalline forms of oxyresveratrol to enhance aqueous solubility and permeability across a cell monolayer[END_REF] Other studies did not evidence effects on permeability by co-formers or co-crystals on cell monolayers. [START_REF] Reggane | Bioinspired Cocrystals of imatinib providing enhanced kinetic solubility[END_REF] About the permeation across cell monolayers, we have evidenced that indomethacin and carbamazepine co-crystals can induce marked differences in influencing the integrity of intestinal cell monolayers, if compared with the pure drugs and the parent physical mixtures. [START_REF] Ferretti | Indomethacin co-crystals and their parent mixtures: does the intestinal barrier recognize them differently?[END_REF][START_REF] Dalpiaz | From physical mixtures to co-crystals: how the coformers can modify solubility and biological activity of carbamazepine[END_REF] This phenomenon was studied by using several types of co-formers, independently of their clinical relevance, evidencing that in physiologic environments the properties of co-crystals and their parent physical mixtures can be strongly different from each other. As an example, the mixture of indomethacin with saccharin appeared detrimental for the integrity of intestinal cell monolayers, whereas the parent co-crystal was able to preserve its integrity; vice versa, the cocrystal of indomethacin with 2-hydroxy-4-methylpyridine was detrimental for the integrity of intestinal cell monolayers, whereas the parent mixture did not influence its integrity; [START_REF] Ferretti | Indomethacin co-crystals and their parent mixtures: does the intestinal barrier recognize them differently?[END_REF] again, carbamazepine and its mixtures with vanillic acid, succinic acid or 4-nitropyridine N-oxide significantly perturbed the integrity of intestinal cell monolayers that was instead preserved by the parent co-crystals. [START_REF] Dalpiaz | From physical mixtures to co-crystals: how the coformers can modify solubility and biological activity of carbamazepine[END_REF] Our results suggest, therefore, that co-crystals dissolved in water can appear as entities totally different than their parent physical mixtures, being able to produce different effects about the stability and permeability of intestinal monolayers. Taking into account these aspects, we have proposed that it is not always true that pharmaceutical co-crystals (where at least one of the co-formers is an API and the other is pharmaceutically acceptable [START_REF] Duggirala | Pharmaceutical cocrystals: along the path to improved medicines[END_REF] ), being able to modify the physicochemical properties of drugs without altering their molecular structures, can retain their therapeutic and safety properties, as currently believed. [START_REF] Dalpiaz | Can pharmaceutical co-crystals provide an opportunity to modify the biological properties of drugs?[END_REF][START_REF] Dalpiaz | Drug release from pharmaceutical cocrystals: are therapeutic and safety properties of active pharmaceutical substances retained?[END_REF][START_REF] Kumar | A Review about regulatory status and recent patents of pharmaceutical co-crystals[END_REF] In this paper we perform further investigations on the different properties between cocrystals and parent physical mixtures, taking into account their potential different effects on physiologic environments. In particular, we prepared new co-crystals or salts of nitrofurantoin, a widely used antibacterial drug that FDA approved for the treatment of the lower urinary tract infection. [START_REF] Huttner | Nitrofurantoin revisited: a systematic review and meta-analysis of controlled trials[END_REF] After oral administration, nitrofurantoin is partially excreted unchanged in the urine, where it exhibits a bacteriostatic activity at the minimum inhibitory concentration (MIC = 32 µg/mL 32 ), or a bactericide action at concentrations higher than 2 x MIC. [START_REF] Novelli | Pharmacological properties of oral antibiotics for the treatment of uncomplicated urinary tract infections[END_REF] Nitrofurantoin is also characterized by low solubility in water (about 100 µg/mL at 25°C 34 ), and it is defined as a Class IV compound. [START_REF] Cherukuvada | Nitrofurantoin-p-aminobenzoic acid cocrystal: hydration stability and dissolution rate studies[END_REF][START_REF] Thakuria | Hydrogen bonding in molecular crystals[END_REF] Therefore, the dissolution in gastro-intestinal fluids and permeation across intestinal barrier appear to be the critical time-dependent steps of its absorption following oral administration. [START_REF] Wijma | Review of the pharmacokinetic properties of nitrofurantoin and nitroxoline[END_REF] Several polymorphic forms are related to nitrofurantoin: anhydrous (α or β) and hydrate (I or II). [START_REF] Vangala | Co-crystals and co-crystal hydrates of the antibiotic nitrofurantoin: structural studies and physicochemical properties[END_REF] The anhydrous stable commercial form (β polymorph) is known to be transformed, in the presence of water, into the more stable monohydrate II form, which shows the lowest dissolution rate [START_REF] Caira | Polymorphism and pseudopolymorphism of the antibacterial nitrofurantoin[END_REF] and influences the solubility of the anhydrous nitrofurantoin. [START_REF] Caira | Polymorphism and pseudopolymorphism of the antibacterial nitrofurantoin[END_REF] It is indeed known that the dissolution rate and bioavailability of anhydrous nitrofurantoin decreases during time in the presence of humidity, 39 but also that co-crystals of nitrofurantoin with 4-aminobenzoic acid, urea, and L-arginine can improve its physicochemical properties. [START_REF] Cherukuvada | Nitrofurantoin-p-aminobenzoic acid cocrystal: hydration stability and dissolution rate studies[END_REF][START_REF] Thakuria | Hydrogen bonding in molecular crystals[END_REF] For our study, we prepared co-crystals of nitrofurantoin with isoniazid and other co-formers without clinical relevance (2-aminopyrimidine, 2-hydroxy-4-methylpyridine, 4-aminopyrimidine, betahistine -salt, 2,6-diaminopyridine -salt) in order to investigate, from a general point of view, if co-crystals and parent physical mixtures can induce different effects in physiologic environments.

The co-crystals and salts obtained with co-formers without clinical relevance were characterized by scarce reproducibility, so their experimental investigation was limited to the crystallographic analysis.

The new co-crystal obtained with isoniazid was used together with two previously described co-crystals with bipyridyl (BIP) and phenanthroline (PHE) [START_REF] Wang | Three new compounds derived from nitrofurantoin: x-ray structures and hirshfeld surface analyses[END_REF] to investigate their ability to influence the solubility of nitrofurantoin and its permeability of intestinal cell monolayers in comparison with the parent physical mixtures. Despite BIP and PHE co-formers are not appropriate to obtain pharmaceutical co-crystals, we used them to investigate, from a general point of view, if the components of co-crystals solubilized in water can induce biological effects (e.g. on NITRO permeability across cell monolayers or on their tight junction stability) different than those obtained by the solubilized parent physical mixtures. The schematic representation of nitrofurantoin and the co-formers used for this study is reported in Figure 1.

Following the computational protocol that we developed in Ref. (29), the experimental data are integrated with theoretical investigations, based on classical molecular dynamics (MD) simulations of the drug and its co-formers in their stoichiometric ratio in the case of co-crystals (COC) and at different concentrations, according to their relative solubility, for the physical mixtures (MIX). These calculations served as a basis to get atomistic insights on the observed change in the drug solubility, allowing to track the nature and the strength of the intramolecular interactions in water environment between the nitrofurantoin and the different co-formers. were used in the present work only for crystallographic analysis. Indeed, we made several attempts to obtain appreciable amounts of these products with a good purity level, using both the solvent slow-evaporation and grinding techniques, but the X-ray powder diffraction spectra of the obtained powders pointed out they were not pure enough.

MATERIALS AND METHODS
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The nitrofurantoin/isoniazid (NITRO-ISO) and nitrofurantoin/2,2′-bipyridyl (NITRO-BIP) co-crystals have been obtained by slow evaporation of a solution of drug/isoniazid or drug/bipyridyl in 2:1 molar ratio, using as solvent N,N'-dimethylformamide and a mixture of ethanol/N,N'dimethylformamide 50:50 (v/v), respectively. The nitrofurantoin/phenanthroline (NITRO-PHE) cocrystal has been obtained by dissolution of an equimolar quantity of co-formers in the minimum quantity of acetonitrile. The solutions were left for slow evaporation at room temperature after mild heating and crystals were observed after a few days. The other co-crystals and salts were prepared by dissolving equimolar quantities of nitrofurantoin and the co-formers in a mixture of ethanol/N,N'-dimethylformamide 50:50 (v/v), in a sufficient amount to ensure full dissolution. The crystallizing dishes containing the solutions were partially covered to allow the slow evaporation of the solvent at room temperature. The crystals appeared after few days.

The phase and composition of the three co-crystals NITRO-ISO, NITRO-PHE and NITRO-BIP have been checked by X-ray powder crystallography, comparing the experimental spectra with those calculated from the single-crystal crystallography structures.

X-Ray Diffraction.

The crystallographic data for the six co-crystals/salts were collected on a Nonius Kappa CCD diffractometer at room temperature using graphite-monochromated MoKα radiation (λ= 0.71073 Å). Data sets were integrated with the Denzo-SMN package [START_REF] Otwinowski | Processing of X-ray diffraction data collected in oscillation mode[END_REF] and corrected for Lorentz-polarization effects. The structures were solved by direct methods with the SIR97 suite of programs [START_REF] Altomare | SIR97: a new tool for crystal structure determination and refinement[END_REF] and refinement was performed on F 2 by full-matrix least-squares methods with all non-hydrogen atoms anisotropic. All calculations were performed using SHELXL-2018 [START_REF] Sheldrick | Crystal structure refinement with SHELXL[END_REF] implemented in the WINGX system of programs. [START_REF] Farrugia | WinGX Suite for small-molecule single-crystal crystallography[END_REF] Powder diffraction spectra for the pure compounds nitrofurantoin, isoniazid, phenanthroline, bipyridyl and for both co-crystals and physical mixtures NITRO-ISO, NITRO-PHE and NITRO-BIP before and after incubation in PBS (see section 2.8) were recorded, at room temperature, on a Bruker D-8 Advance diffractometer with graphite monochromatized Cu Kα radiation (λ = 1.5406 Å). The data were recorded at 2θ steps of 0.02° with 1 s/step. The ORTEPIII [START_REF] Burnett | Oak Ridge Thermal Ellipsoid Plot Program for Crystal Structure Illustrations[END_REF] diagram of nitrofurantoin/isoniazid is shown in Figure 2; experimental details and hydrogen bonding parameters are given in Tables 1 and2, respectively. A detailed description of single-crystal data collection and refinement for all other new co-crystals are reported in the Supporting Information. In particular, ORTEPIII [START_REF] Burnett | Oak Ridge Thermal Ellipsoid Plot Program for Crystal Structure Illustrations[END_REF] diagrams, experimental data for singlecrystal diffraction and hydrogen bonding parameters are given in Figures S1-S5, Table S1 and Table S2, respectively. Supporting Information report also the powder diffraction spectra for cocrystals NITRO-ISO, NITRO-PHE and NITRO-BIP (Figures S6-S8).

Crystallographic data for the structural analysis of the six new compounds have been deposited at the Cambridge Crystallographic Data Center, 12 Union Road, Cambridge, CB2 1EZ, UK, and are available free of charge from the Director on request quoting the deposition number CCDC 2002482-2002487 for compounds 1-6, respectively. (Shimadzu Italia, Milan, Italy) installed on a personal computer. The mobile phase was made of an acetonitrile-water mixture in an 20:80 (v:v) ratio and the flow rate was set at 1 mL/min. The UV detector was set up at 366 nm. The retention time of nitrofurantoin at these conditions was 4.5 minutes. The chromatographic precision for nitrofurantoin was evaluated by repeated analysis (n=6) of the same sample (10 µM -2.4 µg/mL) of nitrofurantoin dissolved in water; the relative standard deviation (RSD) value was 0.79%. The calibration curves of peak areas versus concentration of nitrofurantoin were obtained in a range from 0.5 µM (0.12 µg/mL) to 100 μM (24 μg/mL) in water and resulted linear (n = 9, r = 0.998; P < 0.0001). A preliminary analysis performed with 100 μM solutions showed that isoniazid, phenanthroline and bipyridyl did not interfere with the retention time of nitrofurantoin.

Dissolution Studies.

All the samples were micronized and then sieved through stainless standard-mesh sieves, with a mesh size of 106 µm. In each experiment, the solid powders were poured into 12 mL of 10 mM PBS (pH 7. 

Stability of Solubilized NITRO Co-Crystals and Physical

Mixtures. The solution stability of NITRO, its co-crystals and physical mixtures in PBS 10 mM was evaluated at 37 °C at the same conditions adopted for dissolution studies. After 6 hours of incubation, the samples were filtered, rapidly washed with purified water (4 °C), and dried, then powder X-ray diffraction spectra were recorded.

2.9. Cell Culture and Differentiation of IEC-6 cells to Polarized Monolayers. The rat normal small intestine epithelial IEC-6 cell line was grown in DMEM + Glutamax supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin/streptomycin at 37 °C in a humidified atmosphere of 95%, with 5% of CO2. After two passages, confluent cells were seeded in 12-well Millicell inserts consisting of 1.0 μm pore size polyethylene terephthalate (PET) filter membranes, whose surface was 1.13 cm 2 . In particular, filters were pre-soaked for 24 h with fresh culture medium, and then the upper compartment (apical, A) received 400 μL of the diluted cells (2×10 5 cells/mL), whereas the lower (basolateral, B) received 2 mL of the medium in the absence of cells.

The exhausted growth medium was replaced with fresh medium both in the apical and basolateral compartments every second day until the cell monolayer was fully confluent and one day before starting the experiment medium was replaced on both sides of the monolayer by the medium containing low serum (1% FBS). The integrity of the cell monolayers was monitored after 24 hours by measuring the transepithelial electrical resistance (TEER, Ω•cm 2 ) by means of a voltmeter (Millicell-ERS; Millipore, Milan, Italy). The TEER values of cell monolayers, obtained by deducing the background resistance of blank inserts not plated with cells, reached at confluence a stable value of 50 Ω•cm 2 . The homogeneity and integrity of the cell monolayer were also monitored by phase contrast microscopy before permeation studies.

Permeation Studies Across Cell Monolayers.

Inserts were washed three times with pre-warmed PBS buffer in the apical (A, 400 µL) and basolateral (B, 2 mL) compartments; PBS buffer containing 5 mM glucose at 37 °C was then added to both compartments. In this phase the TEER values of the monolayers were measured. The sieved powders were then added to the apical compartments in the following amounts: 5 mg of nitrofurantoin; 6.63 mg of co-crystal NITRO-ISO; Permeation experiments were also conducted using cell-free inserts in the same conditions. The values obtained were the mean of three independent experiments. Apparent permeability coefficients (Papp) of nitrofurantoin were calculated according to eq 1: [START_REF] Artursson | Correlation between oral drug absorption in humans and apparent drug permeability coefficients in human intestinal epithelial (Caco-2) cells[END_REF][START_REF] Pal | Transport of cosalane -a highly lipophilic novel anti-hiv agent -across caco-2 cell monolayers[END_REF][START_REF] Raje | Evaluation of the bloodbrain barrier transport, population pharmacokinetics, and brain distribution of benztropine analogs and cocaine using in vitro and in vivo techniques[END_REF] 

𝑃 !"" = 𝑑𝑐 𝑑𝑡 𝑉 # 𝑆 $ 𝐶
where Papp is the apparent permeability coefficient in cm/min; dc/dt is the flux of drug across the filters, calculated as the linearly regressed slope through linear data; Vr is the volume in the receiving compartment (basolateral = 2 mL); SA is the diffusion area (1.13 cm 2 ); and C is the compound concentration in the donor chamber (apical) detected at 60 min and chosen as approximate apical concentration.

(1)

Statistical Analysis about Permeation Studies. Statistical comparisons between

apparent permeability coefficients of nitrofurantoin were performed by one way ANOVA followed by Dunnett's post-test; statistical comparisons between transepithelial electrical resistance before and after incubation with the sieved samples were performed by one way ANOVA followed by Bonferroni post-test. P < 0.001 was considered statistically significant. All the calculations were performed by using the computer program Graph Pad Prism (GraphPad Software Incorporated, San Diego, CA, USA), which was used also for the linear regression of the cumulative amounts of the compounds in the basolateral compartments of the Millicell systems. The quality of fit was determined by evaluating the correlation coefficients (r) and P values.

2.12. Computational Details. Classical MD simulations, using the generalized Amber force field (GAFF), have been performed for the nitrofurantoin alone and for binary systems composed of the drug and the three co-formers (COF), PHE, ISO and BIP, in different concentrations to simulate the co-crystallized forms (COC) and the corresponding mixtures (MIX). The point charges were obtained by fitting the electrostatic potential employing the RESP protocol at the HF/6-31G* level of theory. The systems were embedded in a periodic cubic cell (~ 100*100*100 Å 3 ) filled by water molecules, described by the TIP3P model, in order to approximate the bulk conditions (density equal to ~0.86 g/cm 3 ). Following the computational protocol employed in our previous work [START_REF] Dalpiaz | From physical mixtures to co-crystals: how the coformers can modify solubility and biological activity of carbamazepine[END_REF] , to mimic the COC system we started the MD runs from small clusters cut from the COC X-ray structures keeping the experimental drug-co-former ratio: and equilibration in the NPT ensemble conducted for 400 ps imposing the pressure to 1 atm. Then, the MD production runs were executed for ~200 ns, by setting the time step to 0.2 fs and using the RATTLE algorithm to fix the bonds involving hydrogen atoms.

All the simulations have been performed with the GPU extension of the AMBER code [START_REF] Götz | Routine microsecond molecular dynamics simulations with AMBER on GPUs. 1. Generalized born[END_REF][START_REF] Salomon-Ferrer | Routine microsecond molecular dynamics simulations with AMBER on GPUs. 2. Explicit solvent particle mesh ewald[END_REF] and the analysis were carried out with CPPTRAJ and VMD. According to the so-called "rule of three", when synthesizing a mixed crystal a salt is expected if the ΔpKa = (pKa(base) -pKa(acid)) is greater than 2/3 units, while the formation of a cocrystals is observed if the ΔpKa is smaller than 0. [START_REF] Bhogala | Tape and layer structures in cocrystals of some di-and tricarboxylic acids with 4,4'-bipyridines and isonicotinamide. From binary to ternary cocrystals[END_REF][START_REF] Childs | The salt-cocrystal continuum: the influence of crystal structure on ionization state[END_REF] A ΔpKa ranging between 0 and 3 is generally considered to be in a salt-cocrystal continuum, so that it is not possible to predict "a priori" the formation of a salt or a cocrystal.

RESULTS

Nitrofurantoin

Nitrofurantoin has an imide acidic group and its pKa value is 6.67; 54 considering the pKa of the co-formers, listed in Table S3 together with the corresponding ΔpKa values, the "rule of three" turns out to be fulfilled for all mixed crystals with the exception of the salt formed by nitrofurantoin and 2,6-diaminopyridine. In this case, however, the ΔpKa is very close to zero (-0.17). Moreover, the hydrogen of the protonated pyridine was found in the difference Fourier map and refined without any problem while, on the contrary, any attempt to find and refine a possible hydrogen bound to the nitrofurantoin nitrogen failed. It is noteworthy to mention that in all crystals the hydrogens bound to N/O atoms were located in the difference Fourier map and isotropically refined, so that to verify the proton transfer in salts.

Out of three new co-crystals, in spite of many attempts, it was possible to synthesize in appreciable quantity only the one having isoniazid as co-former, besides two adducts reported in the literature: nitrofurantoin/phenanthroline 1:1 (NITRO-PHE) and nitrofurantoin/2,2′-bipyridyl 2:1 (NITRO-BIP). [START_REF] Wang | Three new compounds derived from nitrofurantoin: x-ray structures and hirshfeld surface analyses[END_REF] The crystal structure details of nitrofurantoin/2-aminopyrimidine, nitrofurantoin/2hydroxy-4-methylpyridine, and of the three salts are reported in the Supplementary Information. In the asymmetric unit, formed by one isoniazid, two nitrofurantoin and one co-crystallized water molecules, one nitrofurantoin is directly linked to isoniazid through an N-H×××O hydrogen bond, involving one of the C=O groups of the drug and the hydrazine group of the co-former, which can be classified of medium strength, according to the analysis of the distribution of N×××O distances in hydrogen bonded structures. [START_REF] Alvarez | A cartography of the van der Waals territories[END_REF] Conversely, the drug/co-former interaction of the second nitrofurantoin molecule is mediated by the water that bridges the two moieties acting both as a hydrogen bonding donor and acceptor (Figure 2a and Table 2 of the Experimental section). Indeed, the water molecule plays an important role in connecting the different units in the crystal, since it is involved in four hydrogen bonds; one of them, O1W-H×××N1, is remarkably strong (donor×××acceptor distance = 2.781(3) Å). Although the packing architecture is mainly determined by these interactions, some weaker C-H×××O hydrogen bonds also contribute to the crystal stability (Table 2).

No significant π×××π interaction has been found. and differential thermal analysis (DTA) for nitrofurantoin and its co-crystals. The melting point of nitrofurantoin co-crystals and their co-formers, obtained by DTA, are reported in Table 3. The DTA traces evidence that nitrofurantoin undergoes melt degradation and that this property appears reproduced by its co-crystals, as previously reported for other co-crystals of this drug. [START_REF] Cherukuvada | Nitrofurantoin-p-aminobenzoic acid cocrystal: hydration stability and dissolution rate studies[END_REF][START_REF] Alhalaweh | Pharmaceutical cocrystals of nitrofurantoin: screening, characterization and crystal structure analysis[END_REF][START_REF] Vangala | Co-crystals and co-crystal hydrates of the antibiotic nitrofurantoin: structural studies and physicochemical properties[END_REF] As a consequence, it was not possible to accurately obtain the enthalpy of fusion of nitrofurantoin and its co-crystals. The melting point of nitrofurantoin (272.9 °C) was higher than that of the co-crystals and their co-formers. The NITRO-PHE and NITRO-BIP co-crystals showed melting points between that of nitrofurantoin and that of the parent conformer, while the co-crystal NITRO-ISO showed a melting point lower than those of both components (Table 3). The DTA of this co-crystal evidenced endotherms at 101.6 ± 0.2 °C and 158.0 ± 0.2 °C, preliminary to melting and decomposition (161.0 ± 0.2 °C) that appear due the desolvation of the crystallization water, as observed from the weight loss of material in TGA trace (about the 3%). Moreover, the presence of isoniazid in the co-crystal seems to interfere with the decomposition of nitrofurantoin that is characterized by an enlarged DTA exothermic peak in comparison to those of pure nitrofurantoin and the other co-crystals. The DTA of the NITRO-BIP co-crystal showed an endotherm at 196.5 ± 0.2 °C prior to melting and decomposition (269.9 ± 0.2 °C) that may be attributed to the very low BIP melting point (about 70 °C) in comparison to the melting points of NITRO and its co-crystal NITRO-BIP (about 270 °C). appears as a sum of the peaks obtained by the spectra of the two pure compounds, allowing to evidence the characteristic peaks related to the β-polymorph of nitrofurantoin, whose IR spectrum is reported in Supplementary Information (Figure S9). The peaks related to the β-polymorph of nitrofurantoin in Figure 4A are evidenced at the wavenumbers 3281 cm -1 and 3151 cm -1 , indicating the N-H stretching and the vinyl C-H stretching, and at the wavenumbers 1804 cm -1 , 1778 cm -1 , 1746 cm -1 and 1728 cm -1 , representative of the carbonyl C=O stretching. Moreover, the peak at 1110 cm -1 appears related to the C-N stretching in the hydantoin region. [START_REF] Teoh | Formulation strategy of nitrofurantoin: co-crystal or solid dispersion?[END_REF] The spectrum of the NITRO-ISO co-crystal (Figure 4B) evidences several shifts and changes about the peaks related to pure β-polymorph of nitrofurantoin described in Figure 4A. In particular, the peaks at 1110 cm -1 and 3280 cm -1 are upshifted to 1121 and 3351 cm -1 , respectively and the set of peaks between 1804 and 1728 cm -1 appear sensibly changed. Finally, the peak related to the N3-H stretching of isoniazid (3103 cm -1 , Figure 4A) disappears in the co-crystal spectrum (Figure 4B).

Thermal Analysis.

Infrared Spectroscopy.

The FT-IR spectra obtained in the presence of isoniazid are representative for those obtained in the presence of phenanthroline and bipyridyl, reported in the Supplementary Information (Figures S10 andS11).

Dissolution Studies.

The dissolution profiles in 10 mM PBS at 37 °C of nitrofurantoin as free drug, co-crystallized, or mixed in the parent mixtures are reported in Figure 5. The saturation concentration of free nitrofurantoin was reached within 10 min of its incubation in the buffer, showing a value of about 300 µg/mL. The dissolution profile of nitrofurantoin did not appear significantly altered when mixed with isoniazid, with only a slight increase in the drug concentration (up to 370 µg/mL) within 30 min of the mixture incubation; then the dissolution profile appeared overlaid to that of the free NITRO alone. On the other hand, a drastic decrease of nitrofurantoin concentration was registered when mixed with bipyridyl or phenanthroline. In particular, the drug concentrations were detected between 50 and 100 µg/mL or between 70 and 30 µg/mL during the incubation of the mixtures with bipyridyl or phenanthroline, respectively. 

A B

The co-crystal NITRO-ISO was associated with a relative high increase of nitrofurantoin concentration during its first incubation phase. In particular, the first nitrofurantoin concentration detected during time was about 500 µg/mL, then this value slightly decreased within 2 hours up to overlaid to the dissolution profiles of the free drug or the parent physical mixture.

The co-crystal NITRO-PHE appeared able to partially counteract the drastic decrease of nitrofurantoin dissolution registered when mixed with phenanthroline, allowing to detect nitrofurantoin concentrations of about 150 µg/mL during its incubation. Also, the NITRO-BIP cocrystal appeared able to counteract the decrease of nitrofurantoin dissolution observed for the parent mixture. In this case, the co-crystal dissolution allowed to increase the nitrofurantoin concentration up to about 400 µg/mL, evidencing, among the samples analyzed, the highest range of nitrofurantoin concentrations between the dissolution profiles of co-crystals and parent physical mixtures. 

Stability of Solubilized NITRO Co-Crystals and Physical

Mixtures. The stability of NITRO, its co-crystals and physical mixtures in PBS 10 mM was investigated by slurring the powders in the solvent at 37 °C for six hours, reproducing the same conditions adopted for the dissolution studies. The dried powders obtained after incubation were analyzed by X-ray diffraction, whose spectra are reported in Figures S12-S16, as a comparison with those obtained before the incubation of the powders of compound in PBS. Firstly, after incubation in PBS NITRO appeared as orthorhombic nitrofurantoin monohydrate (Figure S12). [START_REF] Pienaar | Polymorphs of nitrofurantoin. I. Preparation and X-ray crystal structures of two monohydrated forms of nitrofurantoin[END_REF] The powder diffraction spectrum for NITRO-ISO mixture, obtained after its incubation in PBS, evidenced the presence of orthorhombic nitrofurantoin monohydrate (Figure S13), similarly as detected for its parent cocrystal (Figure S16A). The powder diffraction spectrum for NITRO-PHE mixture, obtained after its incubation in PBS, evidenced the presence of both orthorhombic nitrofurantoin monohydrate and pure PHE (Figure S14). On the other hand, the powder diffraction spectrum for NITRO-BIP mixture evidenced the presence of its parent co-crystal and the absence of both orthorhombic nitrofurantoin monohydrate and pure BIP (Figure S15).

The co-crystals NITRO-PHE and NITRO-BIP appeared stable at the incubation conditions adopted, being their spectra superimposable with those obtained before incubation (Figures S16B andS16C). On the other hand, the monohydrate co-crystal NITRO-ISO lost its stability during incubation, as evidenced by its spectrum not superimposable with that obtained before incubation (Figure S16A). The spectrum obtained after incubation evidenced essentially the presence of orthorhombic nitrofurantoin monohydrate.

Permeation Studies. The permeation studies of nitrofurantoin across the in vitro model

of small intestinal wall, constituted by IEC-6 cells, were performed by using glucose enriched PBS as incubation medium. In order to simulate an oral administration, the sieved powders of nitrofurantoin, its co-crystals, or the parent mixtures were added in the apical compartment of the "Millicell" systems with the same ratio between solid powders and the same incubation medium used for dissolution studies. For permeation studies the analysis time was 60 min for all samples.

The cumulative amounts of nitrofurantoin in the basolateral receiving compartments were linear within 60 min (n= 6, r ≥ 0.990, P < 0.001), as reported in Figure 6, indicating constant permeation conditions within this range of time. The resulting slopes of the linear fits allowed to calculate the apparent permeability coefficients (Papp) of nitrofurantoin (Figure 7) according to equation (1), where the drug concentrations detected in the apical compartments after 1 h of incubation of the powders were used as approximate apical concentrations. These latter values were essentially in line with those obtained from dissolution studies of nitrofurantoin powders (Figure 5), so their dissolution appeared slightly influenced by the presence of the cells.

A comparison of the Papp values of nitrofurantoin (Figure 7) obtained in the presence (2.24 × 10 -3 ± 0.16 × 10 -3 cm/min) or in the absence (10.90 × 10 -3 ± 0.42 × 10 -3 cm/min) of IEC-6 monolayers indicated a significant lower permeation of the drug in the presence of cells than in their absence (P < 0.001). This difference of Papp values was relatively high (8.7 × 10 -3 cm/min), confirming the ability of the cell monolayers to behave as a physiologic barrier. Accordingly, the TEER values measured at confluence for the IEC-6 monolayers were about 50 W × cm 2 (Figure 8), as expected for this type of cell lines, [START_REF] Gildea | Protective effects of lignite extract supplement on intestinal barrier function in glyphosate-mediated tight junction injury[END_REF] both in the absence (NITRO 0h) and in the presence of nitrofurantoin (NITRO 1h).

The Papp value of nitrofurantoin across IEC-6 monolayers did not appear altered when mixed with isoniazid and bipyridyl, as reported in Figure 7. In particular, the Papp values of nitrofurantoin The cumulative amounts in the basolateral receiving compartments were linear within 60 min (n=6, r ≥ 0.990, P < 0.001). The resulting slopes of the linear fits were used for the calculation of permeability coefficients (Papp). All data are reported as mean ± SD of three independent experiments. cm/min and 2.94 × 10 -3 ± 0.38 ×10 -3 cm/min, respectively, appearing therefore not significantly different form the pure nitrofurantoin Papp value. Moreover, the TEER values of the IEC-6 monolayers were not significantly changed by the presence of the NITRO-ISO and NITRO-BIP mixtures, as reported in Figure 8. These data indicate that the integrity of IEC-6 monolayers was not altered by the presence of nitrofurantoin both alone and mixed with isoniazid or bipyridyl.

Similar results were obtained with NITRO-PHE and NITRO-BIP co-crystals: indeed, the Papp values of nitrofurantoin obtained by their incubation with the monolayers were 1.81 × 10 -3 ± 0.08 ×10 -3 cm/min and 1.63 × 10 -3 ± 0.04 ×10 -3 cm/min, respectively, resulting not significantly different from the pure nitrofurantoin Papp value (Figure 7). Again, the TEER values of the IEC-6 monolayers were not significantly changed by the presence of the NITRO-PHE and NITRO-BIP co-crystals, as reported in Figure 8.

On the other hand, when nitrofurantoin was incubated as NITRO-PHE mixture with IEC-6 monolayers, its Papp value was greatly increased, showing a values about three times (5.76 × 10 -3 ± 0.39 ×10 -3 cm/min) than that registered for the pure drug (P < 0.01). In this case, the Papp increase of nitrofurantoin was accompanied by a drastic reduction of the TEER value of the monolayer from 57.0 ± 3.2 W × cm 2 , obtained in the absence of the mixture, to 3.1 ± 0.08 W × cm 2 , registered after 1 hour of incubation with the mixture (P < 0.001). These results clearly indicate that the physical mixture NITRO-PHE was detrimental for the monolayer integrity, inducing a great increase of permeability for nitrofurantoin, even if, interestingly, no alteration of the monolayer was induced by its incubation with the co-crystal NITRO-PHE.

Finally, the incubation of the NITRO-ISO co-crystal with the IEC-6 monolayer induced a significant increase of nitrofurantoin Papp value (P < 0.001), showing a value about two times higher (3.89 × 10 -3 ± 0.04×10 -3 cm/min) than that registered for the pure drug. On the other hand, this permeability enhancement was not accompanied by a significant alteration of the TEER value of the monolayer, as evidenced in Figure 8. In this case, the ability of NITRO-ISO co-crystal to enhance the permeability of nitrofurantoin across the IEC-6 monolayer does not appear due to a reduction of its integrity.

Computational Analysis.

The two key ingredients modulating the dissolution behaviour of the nitrofurantoin that we can investigate from a computational point of view are: i) the interaction of the drug molecules with the solvent (water) and ii) interaction between drug and co-former molecules in water. By extracting this information from the MD runs of the various systems simulated here (COC, MIX and drug alone, see Computational Details) we can get atomistic insights useful to rationalize the differences in the experimental dissolution profiles of the drug discussed above.

We evaluated the possible changes in the drug-water interaction by calculating the pair radial distribution functions, g(r), between the drug (we selected one carbon atom of NITRO close to the centre of mass) and the centre of mass of all the water molecules for the co-crystals, where the ratio between the drug and co-formers is 4:4 or 4:2 (Section 2.9), and in the physical mixtures, where an excess of co-former is, instead, present; the MD run of the drug alone (NITRO) serves here as a reference. Calculations of the g(r) between selected carbon atoms (chosen to be close to the centre of mass) for both the NITRO and the co-formers in the various systems, provide, on the other hand, information about the tendency of the drug to interact with the considered co-former.

The plots are shown in Figure 9.

By looking at the interaction between nitrofurantoin and the various co-formers in the COC and MIX simulations (panels a and c in Figure 9), it is apparent that, while the interaction of the drug with PHE and ISO seems to be mostly unaffected by the co-former concentration in both strength (related to height of the peaks) and nature (expressed by the position and shape of the curve), in the case of BIP, the interactions become strong only in the mixture, that is passing from 4:2 to 4:20 in the NITRO-COF concentration ratio. For all the systems, the first peak is at around 4-5 Å and, interestingly, the NITRO-PHE MIX curve displays a well-defined second peak at longer distances, suggesting the formation of larger-size aggregates. This second "interaction shell" is absent in the case of BIP and ISO, where only a small shoulder is apparent. Indeed, along the MD trajectories we found stable p-stacked aggregates which involve several PHE units in the NITRO-PHE MIX, the formation of NITRO-BIP dimeric aggregates in the NITRO-BIP MIX and only weak H-bond (N-H…O) interactions were found for the NITRO-ISO MIX. The initial and final snapshots of the MIX simulations are displayed in Figure 10, where these interactions are highlighted in the insets.

We can complement this analysis by examining the radial distribution functions between the drug and the water molecules (panels b and d in Figure 9) as computed from the COC and MIX MD simulations, respectively. As it could be expected on the basis of the drug-co-former interactions discussed above, the mixture with PHE (Figure 9d) is the one delivering the major effect on the solvation of the drug molecules, with a remarkable reduction in the height of the peak corresponding to the first solvation shell (about 4 Å). Then NITRO-BIP and the NITRO-ISO follow, with the latter giving the less pronounced effect. This trend of the first peak intensity is also found in the COC simulations (Figure 9b), where now the NITRO-ISO curve is almost coincident with the reference g(r) calculated for the drug alone. Interestingly, a more careful look at the data plotted in Figure 9c,d confirms this double-layered interaction of the phenanthroline with the drug, since the NITRO-WATER curve is lower than the reference one also for the second g(r) peak at about 7 Å, while the others show appreciable differences only at short distances. At this point it is important to stress that when comparing the NITRO-WATER g(r) in the MIX simulations with the corresponding function calculated for the 4-cluster molecules extracted from the drug crystal (blue line in Figure 9), the relative heights of the peaks should be considered with caution, in particular in the NITRO-ISO case, where a larger number of molecules (due to the excess of COF) is present, and the diffusion of the drug can be largely affected in a 200 ns MD run. Data obtained on 400 ns trajectory, reported in Figure S17 in ESI, still show changes in the relative heights of the g(r) peaks, confirming that much longer simulations would be necessary to bring the NITRO-ISO curve closer to the reference g(r) function. In other terms, while the qualitative trend in the predicted change of the drug solvation is reproduced and can be considered as reliable going from the co-crystals to the physical mixtures, quantitative considerations with respect to the solubility of the drug alone can be safely applied only to the COC results.

NITRO-PHE (MIX)

By combining these findings with the information extracted from the NITRO-COF g(r) (Figure 10 a,c), we can sum up the picture coming from the simulations as follows:

1 PHE is the co-former that has the strongest interactions, characterized by p-stacked 4-5 units aggregates, with the nitrofurantoin molecules and it is capable to alter (reduce), in both cocrystal and mixture, the first and second drug solvation shells.

2 Similar p-type interaction takes place between the nitrofurantoin and BIP molecules but limited to dimeric structures. These interactions, capable to impact on the first solvation shell of the drug, seem to be concentration-dependent, yielding to a significant reduction of the NITRO solvation only in the case of the physical mixture.

3 The highly soluble ISO only weakly interact via H-bonds with the drug and does not seem to alter the dissolution behaviour of the nitrofurantoin.

DISCUSSION

FDA guidelines do not consider pharmaceutical co-crystals as New Active Substances (NAS), whereas EMA indicate that they can be considered as NAS with different safety and efficacy properties than APIs, when demonstrated. In this case appropriate registration procedures are required by EMA, an aspect not expected by FDA. [START_REF] Dalpiaz | Drug release from pharmaceutical cocrystals: are therapeutic and safety properties of active pharmaceutical substances retained?[END_REF][START_REF] Kumar | A Review about regulatory status and recent patents of pharmaceutical co-crystals[END_REF] The FDA and EMA indications appear controversial if we take into account two important aspects: i) in the co-crystal the physicochemical properties of APIs appear modified without altering their molecular structures, thus their therapeutic and safety properties should be maintained upon solubilization; 10 on the other hand, ii) in the crystal lattice, the co-formers are in intimate contact, so it is not easy to define a co-crystal as a physical mixture or a new chemical entity, for which appropriate regulatory procedures are required in order to define its safety and toxicity. [START_REF] Dalpiaz | Can pharmaceutical co-crystals provide an opportunity to modify the biological properties of drugs?[END_REF][START_REF] Dalpiaz | Drug release from pharmaceutical cocrystals: are therapeutic and safety properties of active pharmaceutical substances retained?[END_REF] Accordingly, we have evidenced that the FT-IR spectra of the pure components of the co-crystals appear unchanged in physical mixtures, differently from cocrystals. The shifts and changes of the peaks evidenced in the IR spectra of co-crystals, and not in the physical mixtures, are related to intimate contacts between their components in the cocrystalline structures at molecular level, able to modify the stretching of their functional groups.

Taking into account that the ability of co-crystals to influence the dissolution pattern of APIs is not the only parameter that can be related to their oral bioavailability, we have also investigated how the co-crystals and their parent physical mixtures would influence the permeation of APIs across the intestinal barrier, simulated in vitro by IEC-6 monolayers. The IEC-6 cells derive from primary cells of normal epithelial small intestine of rats, 61 constituting an established, nontransformed cell line able to retain more closely the physiological properties of small intestine than cells derived from tumors. In particular, the IEC-6 cells appear suitable for membrane permeability studies by TEER measurements, allowing to identify the effects of exogenous compounds on the tight-junctions, which are deputed to maintain the membrane integrity. [START_REF] Gildea | Protective effects of lignite extract supplement on intestinal barrier function in glyphosate-mediated tight junction injury[END_REF] The dissolution and permeation studies involved the new co-crystal NITRO-ISO and the two previously described cocrystals NITRO-BIP and NITRO-PHE. [START_REF] Wang | Three new compounds derived from nitrofurantoin: x-ray structures and hirshfeld surface analyses[END_REF] About the dissolution studies, we performed six hours of incubation, considering this time of physiologic relevance being compatible with a slow gastrointestinal transit time. For similar reasons, other authors reported dissolution studies of pharmaceutical co-crystals ranging from 60 to 360 minutes. [START_REF] Basavoju | Indomethacin-saccharin cocrystal: design, synthesis and preliminary pharmaceutical characterization[END_REF][START_REF] Jung | Bioavailability of indomethacin-saccharin cocrystals[END_REF][START_REF] Arafa | Xylitol as a potential co-crystal co-former for enhancing dissolution rate of felodipine: preparation and evaluation of sublingual tablets[END_REF][START_REF] Nugrahani | Diclofenac-proline nano-co-crystal development, characterization, in vitro dissolution and diffusion study[END_REF][START_REF] El-Gizawy | Aerosil as a novel cocrystal co-former for improving the dissolution rate of hydrochlorothiazide[END_REF] About our studies, we have observed that the water solubility of nitrofurantoin was sensibly reduced by phenanthroline in both mixture and co-crystal forms. A similar phenomenon was induced by bipyridyl as mixture, but not as co-crystal, whose impact on nitrofurantoin solubility appeared weak, similarly to the mixture with isoniazid. The co-crystal of nitrofurantoin with isoniazid allowed to induce a significant increase of the drug solubility in the first 30 minutes of dissolution pattern, which then appeared superimposable with the dissolution pattern of the pure API.

The ideal solubility should be inversely proportional to the melting temperature of the solute; 67 according to this point of view, the lower melting form of structurally related pharmaceutical compounds should have higher solubility than the other forms. The nitrofurantoin melting point is about 273 °C, higher than those of its co-crystals NITRO-ISO (161 °C) and NITRO-PHE (197 °C) and similar to that of NITRO-BIP (270 °C). On the other hand, the solubility of NITRO-PHE appears lower than that of the free drug, whereas the solubility of NITRO-BIP is higher. Only the co-crystal NITRO-ISO shows an enhanced solubility with respect to nitrofurantoin properly related to a lower melting point (see Table 3 and Figure 5). It is not the first time that poor correlation between melting points and solubility values related to co-crystals was evidenced, [START_REF] Ferretti | Indomethacin co-crystals and their parent mixtures: does the intestinal barrier recognize them differently?[END_REF][START_REF] Teoh | Formulation strategy of nitrofurantoin: co-crystal or solid dispersion?[END_REF][START_REF] Good | Solubility advantage of pharmaceutical cocrystals[END_REF] indicating that the co-crystal solubility is dependent on more than a single factor. Indeed, the correlation between melting temperature and solubility can be generally applied to specific systems, such as the polymorphs, whereas it is considered poorly suitable for co-crystals. [START_REF] Roy | Co-crystal solubility and thermodynamic stability[END_REF] According to the results of the stability studies of solubilized co-crystals, only NITRO-ISO appeared not stable in aqueous environments, suggesting its potential aptitude to easily release nitrofurantoin.

The results obtained by computational analysis contribute to explain the experimental dissolution behaviour of the nitrofurantoin observed in the different systems: the drug solubility is mostly unaffected by the isoniazid, strongly impeded by the phenanthroline and differently impacted by the bipyridyl in the COC (favored) and MIX (disadvantaged) cases. Note that our MD simulations do not provide us with kinetics information about the dissolution process since we "start" our trajectories from already solvated species. We get, on the other hand, atomistic insights on the electrostatic and non-bonded interactions of the various compounds in solution possibly impacting on the thermodynamics of the dissolution process, when different concentration of drug and co-formers are present. Based on these considerations, we are, therefore, quite confident in interpreting the observed reduction in the drug solubility as arising from a decrease of the thermodynamic activity of the nitrofurantoin, rather than from a decrease in the dissolution rate.

The permeation experiments were performed by using glucose-enriched PBS as the simplest dissolution medium for nitrofurantoin powders. Indeed, differently from simulated intestinal buffers, PBS does not induce TEER changes of the monolayers nor interferes with the activity of efflux transporters expressed on the cell membranes. [START_REF] Ingels | Simulated intestinal fluid as transport medium in the Caco-2 cell culture model[END_REF] At these conditions the IEC-6 monolayers appeared able to behave as a physiologic barrier with TEER values of about 50 W × cm 2 , as expected for this type of cell lines. [START_REF] Gildea | Protective effects of lignite extract supplement on intestinal barrier function in glyphosate-mediated tight junction injury[END_REF] This value was not modified by nitrofurantoin but it was drastically reduced when the drug was mixed with phenanthroline. The mixture NITRO-PHE appeared therefore able to reduce the integrity of the monolayer, and such a reduction was also evidenced by a significant increase of nitrofurantoin permeability when mixed with phenanthroline. The effect of PHE along on the integrity of the IEC-6 cell monolayers could be similar to that reported extensively by Rao and co-workers for Caco-2 cells [START_REF] Rao | Tyrosine phosphorylation and dissociation of occludin-ZO-1 and E-cadherin-beta-catenin complexes from the cytoskeleton by oxidative stress[END_REF][START_REF] Rao | Glutathione oxidation and PTPase inhibition by hydrogen peroxide in Caco-2 cell monolayer[END_REF][START_REF] Rao | Oxidative stress-induced disruption of epithelial and endothelial tight junctions[END_REF] where PHE can induce the degradation of the complex occludin-ZO-1 junctional proteins, with a consequent decrease of TEER values of cell monolayers. Conversely, the co-crystal NITRO-PHE did not induce any significant change on both TEER value of the monolayer and permeability of the API. It is not the first time that we have evidenced this type of phenomenon: also mixtures between indomethacin and saccharine 28 or carbamazepine and other co-formers 29 reduced the monolayer integrity, whereas their parent cocrystals maintained it. On the other hand, we have also previously showed that the co-crystal of indomethacin with 2-hydroxy-4-methylpyridine reduced the integrity of the monolayer, which was also evidenced by a significant increase of the API permeability, whereas any significant change on both TEER value of the monolayer and permeability of the API was induced by the parent physical mixture. [START_REF] Ferretti | Indomethacin co-crystals and their parent mixtures: does the intestinal barrier recognize them differently?[END_REF] It seems therefore confirmed that the biological effects of co-crystals and their parent physical mixtures can be drastically different from each other, even if this does not appear as a rule. Indeed, both the co-crystal NITRO-BIP and its parent physical mixture did not induce any effect of monolayer integrity and API permeability, despite great solubility differences of nitrofurantoin were evidenced when dissolved from the co-crystal or the mixture. A similar behavior was found with the co-crystal and physical mixture of indomethacin with 2-methoxy-5-nitroaniline. [START_REF] Ferretti | Indomethacin co-crystals and their parent mixtures: does the intestinal barrier recognize them differently?[END_REF] Interestingly, the stability studies of solubilized mixtures evidenced that NITRO and BIP can easily interact in water as their co-crystalline form, differently from NITRO and PHE that in water did not induce their cocrystal structure. Finally, the co-crystal NITRO-ISO appeared able to increase the permeability of the API across the monolayer without reducing its integrity, whereas the parent physical mixture did not induce any effects on both API permeability and monolayer integrity. A similar result was found for the co-crystal of indomethacin with saccharine [START_REF] Ferretti | Indomethacin co-crystals and their parent mixtures: does the intestinal barrier recognize them differently?[END_REF] and with co-crystals of carbamazepine with vanillic acid or succinic acid. [START_REF] Dalpiaz | From physical mixtures to co-crystals: how the coformers can modify solubility and biological activity of carbamazepine[END_REF] These effects may be imputable to co-crystals effects on active transport systems of the cells.

It is important to evidence that the co-crystal NITRO-ISO appears able to transiently enhance the nitrofurantoin solubility and to increase its permeability across an intestinal barrier without inducing its damage, showing potential ability to enhance the NITRO bioavailability following oral administration.

CONCLUSIONS

In this work, the solubility and permeability properties of the antibacterial drug nitrofurantoin have been evaluated when dissolved from its co-crystals with isoniazid, phenanthroline and bipyridyl co-formers, or from their parent physical mixtures. The dissolution experiments showed that only the co-crystal NITRO-ISO was associated with a significant increase of nitrofurantoin concentration during its first incubation phase; indeed, the presence of phenanthroline, both in co-crystal and in physical mixture, and of bipyridyl in physical mixture, reduces the drug concentration, whereas the API dissolution properties are only slightly improved by the co-crystallization with bipyridyl or the mixing with isoniazid. MD simulations of model cocrystal and mixtures systems revealed that the detrimental effect of phenanthroline on the API solubility is due to very strong p-p interactions, able to alter both the first and the second solvation shell of the drug in water, regardless the concentration ratio between the drug and the co-former. On the other hand, calculations indicate that bipyridyl can establish significant p-type interactions with nitrofurantoin, reducing its solubility, only when present at high concentration, that is in the case of the physical mixture. No significant effects were evidenced for the isoniazid, which instead shown an initial marked increase in the drug solubility for the co-crystal. It is worthwhile to stress that, due to the small co-crystal clusters adopted in our calculations, we are simulating the "equilibrium" situation, that is the dissolution profile at long timescale, where indeed the NITRO-ISO co-crystal curve does not substantially differ from the one of the nitrofurantoin.

As for the permeation experiments, the physical mixtures NITRO-ISO, NITRO-BIP and the NITRO-PHE, NITRO-BIP co-crystals did not evidence effects neither on the pure nitrofurantoin permeation nor on the TEER values of the IEC-6 monolayers, whereas NITRO-PHE mixture was able to induce a drastic reduction of the TEER value jeopardizing the monolayer integrity. Finally, the incubation of the NITRO-ISO co-crystal showed a significant increase of nitrofurantoin permeation without any significant alteration of the TEER value of the monolayer. These results confirm, as we evidenced in the past, [START_REF] Ferretti | Indomethacin co-crystals and their parent mixtures: does the intestinal barrier recognize them differently?[END_REF][START_REF] Dalpiaz | From physical mixtures to co-crystals: how the coformers can modify solubility and biological activity of carbamazepine[END_REF] that the co-crystals can induce effects on the permeability and integrity of intestinal monolayers be drastically different than the effects produced by those of their parent physical mixtures or the API alone, suggesting that appropriate regulatory procedures should be required in order to define the safety and toxicity of pharmaceutical co-crystals. This phenomenon could derive from specific molecular aggregations obtained in water by dissolving the drug from the co-crystal or its physical mixture. In particular, it is suggested that the molecular aggregations obtained by the dissolution of co-crystals can be characterized by conformations different than those obtained by the dissolution of parent physical mixtures or the pure drug. Each type of specific conformation may be able to differently influence the protein activity of a biological system; as a consequence co-crystals and their parent physical mixtures can produce final specific effects on a physiologic system that be drastically different from each other. 
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 1 Materials. Nitrofurantoin, 2,2′-bipyridyl, 1,10-phenanthroline, isoniazid, N,N'dimethylformamide (anhydrous) and ethanol (absolute alcohol) were obtained from Sigma Aldrich (Milan, Italy). Acetonitrile and water were of high-performance liquid chromatography (HPLC) grade from Sigma-Aldrich. Dulbecco's modified Eagle's medium (DMEM) + Glutamax, fetal bovine serum (FBS), penicillin, streptomycin, trypsin, phosphate buffered saline (PBS) and trypsin-EDTA were obtained from ThermoFisher Scientific-Life Technologies (Monza, Italy). The IEC-6 cell line was obtained from Sigma Aldrich, following terms and conditions of supply of products from the Culture Collections of Public Health England (Culture Collections) comprising of the European Collection of Authenticated Cell Cultures (ECACC). The 12-well Millicell inserts were obtained from Millipore (Milan, Italy). All other reagents and solvents were of analytical grade (Sigma Aldrich).
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 122 Figure 1. Schematic representation of nitrofurantoin and the co-formers isoniazid, 2,2′-bipyridyl and 1,10-phenanthroline in co-crystals NITRO-ISO, NITRO-BIP and NITRO-PHE, respectively.

2. 6 .

 6 HPLC Analysis. Nitrofurantoin was quantified through HPLC, using a chromatographic apparatus made of a modular system (LC-10 AD VD model pump and SPD-10A VP model variable wavelength UV-Vis detector; Shimadzu, Kyoto, Japan) and completed with an injection valve provided of a 20 µL sample loop (model 7725; Rheodyne, IDEX, Torrance, CA, USA). The separation was conducted at room temperature on a Hypersil C-18 BDS reverse-phase column (150 x 4.6 mm, 5μm) with a precolumn filled with the same separation phase (Alltech, Milan, Italy). Data were acquired and processed through CLASS-VP Software, version 7.2.1

  4) at 37 °C and incubated in a water bath under gentle shaking (100 rpm). The quantity of sieved powders used were 150.0 mg of nitrofurantoin; 198.85 mg of co-crystal NITRO-ISO; 263.43 mg of co-crystal NITRO-PHE; 199.18 mg of co-crystal NITRO-BIP; 150.0 mg of nitrofurantoin mixed with 43.18 mg of isoniazid, 124.85 mg of phenanthroline monohydrate, or 49.18 mg of bipyridyl for the parent physical mixtures NITRO-ISO, NITRO-PHE, or NITRO-BIP, respectively. Aliquots (200 µL) were withdrawn from the suspensions at predefined time intervals, filtered through regenerated cellulose filters (0.45 µm) and diluted 1:20 in water. 10 µL of the treated sample were injected into the HPLC system to quantify the nitrofurantoin concentrations. The obtained values were the mean of three independent experiments.

8 .

 8 78 mg of co-crystal NITRO-PHE; 6.64 mg of co-crystal NITRO-BIP; 5 mg of nitrofurantoin mixed with 1.44 mg of isoniazid, 4.16 mg of phenanthroline monohydrate, or 1.64 mg of bipyridyl for the parent physical mixtures NITRO-ISO, NITRO-PHE, or NITRO-BIP, respectively. During permeation experiments, Millicell inserts loaded with the powders were continuously swirled on an orbital shaker (100 rpm; model 711/CT, ASAL, Cernusco, Milan, Italy) at 37 °C. At programmed time points the inserts were removed and transferred into the subsequent well containing fresh PBS; then basolateral PBS was harvested, filtered through regenerated cellulose filters (0.45 μm) and, after 1:10 dilution in water, injected (10 μL) into the HPLC system for nitrofurantoin detection and quantification. At the end of incubation the apical slurries were withdrawn, filtered, and injected into the HPLC system (10 µL) after 1:20 dilution. After the withdrawal of apical samples, 400 μL of PBS was added in the apical compartments that were inserted in the original basolateral compartments of Millicell plates filled with 2 mL of PBS, in order to perform TEER measurements.

  4:4 for NITRO-PHE and 4:2 for NITRO-BIP and NITRO-ISO. A reference MD run with 4 molecules (cluster) cut from the NITRO crystal structure in the same water box was also performed. The parent physical mixtures have been simulated considering 4:20 (NITRO-BIP), 4:12 (NITRO-PHE) and 4:120 (NITRO-ISO) drug:coformer ratios that have been chosen to reflect the relative saturation concentrations of the coformers in the mixture solutions. The simulation boxes were built by randomly distributing drug and co-former molecules using PACKMOL package[START_REF] Martínez | PACKMOL: a package for building initial configurations for molecular dynamics simulations[END_REF] and ensuring that the densities of the simulation boxes are similar among them. So, we adopted periodic boxes with a volume of 126.83*120.60*105.32 Å 3 , 110.11*116.18*109.57 Å 3 and 130.15*129.28*130.071Å 3 for the NITRO-BIP, the NITRO-PHE and the NITRO-ISO mixture, respectively. For all the simulations an initial energy minimization has been carried out for 10000 cycles to remove the bad contacts, followed by thermalization conducted for 20 ps in NVT ensemble to bring the temperature to 300K

  Co-Crystals. Six new co-crystals or salts containing nitrofurantoin have been synthesized and characterized by X-ray crystallography: (1) nitrofurantoin/isoniazid monohydrate 2:1:1 (NITRO-ISO); (2) nitrofurantoin/2-aminopyrimidine 1:1; (3) nitrofurantoin/2hydroxy-4-methylpyridine 1:1; (4) nitrofurantoin/betahistine 1:1 (salt); (5) nitrofurantoin/4aminopyridine monohydrate 1:1:1 (salt); (6) nitrofurantoin/2,6-diaminopyridine 1:1 (salt).

Figure 2 .

 2 Figure 2. ORTEPIII 45 view for (a) nitrofurantoin/isoniazid (NITRO-ISO); (b) nitrofurantoin/phenanthroline (NITRO-PHE 40 ) and (c) nitrofurantoin/2,2′-bipyridyl (NITRO-BIP 40 ) co-crystals. Thermal ellipsoids are drawn at the 40% probability level. Hydrogen bonds are drawn as dashed lines.
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 3 reports the traces obtained by thermogravimetric (TGA)

Figure 3 .

 3 Figure 3. TGA and DTA traces obtained for pure [A] nitrofurantoin and its co-crystals [B] NITRO-ISO, [C] NITRO-PHE and [D] NITRO-BIP

Figure 4

 4 reports the FT-IR spectra obtained for the NITRO-ISO physical mixture [A] and the parent co-crystal [B]. The spectrum of the physical mixture

Figure 4 .

 4 Figure 4. FT-IR spectra of NITRO-ISO physical mixture [A] and NITRO-ISO co-crystal [B].

Figure 5 .

 5 Figure 5. Solubility and dissolution profiles in PBS 10 mM at 37 °C for nitrofurantoin as free drug, or co-crystallized, or mixed in the parent mixtures. Data are reported as the mean ± SD of three independent experiments.

Figure 6 .

 6 Figure 6. Permeation kinetics of nitrofurantoin after introduction in the "Millicell" apical compartments of powders constituted by free nitrofurantoin (NITRO), its co-crystals (A), or the parent mixtures of nitrofurantoin with co-crystallizing agents (B). The permeations were analyzed across monolayers obtained by IEC-6 cells. The permeation of free nitrofurantoin (NITRO) was analyzed across the Millicell filters alone (filters) or coated by monolayers (cells).

Figure 7 .Figure 8 .

 78 Figure 7. Permeability coefficients (Papp) of nitrofurantoin across IEC-6 monolayers after introduction in the "Millicell" apical compartments of powders constituted by free nitrofurantoin (NITRO), its co-crystals, or the parent mixtures of nitrofurantoin with co-crystallizing agents.The permeation of free nitrofurantoin (NITRO) was analyzed across the Millicell filters alone (filters) or coated by monolayers (cells). All data related to permeation studies are reported as the mean ± SD of three independent experiments. *P < 0.001 versus NITRO cells.

Figure 9 .

 9 Figure 9. Calculated atom-atom radial distribution functions, g(r), for NITRO-COF and NITRO-WATER in the co-crystals (a and b) and in the physical mixtures (c and d).

Figure 10 .

 10 Figure 10. Snapshots extracted at 0 and 200 ns from the MD simulations for the NITRO-BIP, NITRO-PHE and NITRO-ISO mixtures. Water molecules are not shown for clarity. NITRO, BIP, PHE and ISO are in blue, silver, green, and red, respectively.
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 1 Figure 1. Schematic representation of nitrofurantoin and the co-formers isoniazid, 2,2′-bipyridyl
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 2 Figure 2. ORTEPIII 36 view for (a) nitrofurantoin/isoniazid (NITRO-ISO); (b)
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 34 Figure 3. TGA and DTA traces obtained for pure [A] nitrofurantoin and its co-crystals [B] NITRO-
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 5 Figure 5. Solubility and dissolution profiles in PBS 10 mM at 37 °C for nitrofurantoin as free drug,
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 6 Figure 6. Permeation kinetics of nitrofurantoin after introduction in the "Millicell" apical

Table 1 . Experimental Details of NITRO-ISO Co-Crystal.

 1 

	Chemical formula	2(C8H6N4O5).C6H7N3O.H2O
	Mr	631.50
	Crystal system, space group	Monoclinic, Cc
	Temperature (K)	295
	a, b, c (Å)	19.9687 (6), 6.5355 (2), 20.3184 (6)
	α, β, γ (°)	90, 92.010 (2), 90
	V (Å 3 )	2650.0 (1)
	Z	4
	Radiation type	Mo Kα
	μ (mm -1 )	0.13
	No. of measured, independent and observed [I >	14615, 6707, 5322
	2σ(I)] reflections	
	Rint	0.043
	R[F 2 > 2σ(F 2 )], wR(F 2 ), S	0.041, 0.104, 1.04
	No. of reflections/No. parameters	6707/490
	Δρmax, Δρmin (e Å -3 )	0.20, -0.19

Table 2 . Hydrogen Bonding Parameters; D= donor, A= acceptor (Å, °) of NITRO-ISO Co- Crystal. D -H D ...A H ...A <D -H ......A

 2 

	N3-H ...O5A	1.00(3)	3.041(3)	2.22(3)	136(3)
	O1W-H...N1	0.93(3)	2.781(3)	1.86(3)	173(3)
	N3B-H ...O1W	0.99(4)	2.824(3)	1.82(4)	177(3)
	O1W-H...O5B i	0.80(4)	2.785(3)	2.00(4)	166(4)
	N2-H ...O5A i	0.84(3)	3.104(3)	2.35(3)	148(3)
	N3-H ...O1W ii	0.93(3)	3.043(3)	2.16(3)	156(2)
	C4-H ...O5B	0.95(3)	3.321(3)	2.43(3)	155(3)
	C5A-H...O4A i	0.91(3)	3.162(3)	2.26(3)	169(3)
	C8B-H...O1 iii	0.91(2)	3.420(3)	2.55(2)	158(2)
	C5B-H...O4B iv	0.91(3)	3.298(3)	2.39(3)	170(3)
	Equivalent positions: (i) x,y-1,z; (ii) x,-y,z+1/2; (iii) x,1-y,z-1/2; (iv) x,y+1,z	

Table 3 . Melting Points (Onset, °C) for the NITRO Co-Crystals and Co-Formers as Determined by DTA. The Melting Point of the NITRO β-Form is 272.9 ± 0.2° C

 3 

	System	NITRO-ISO	NITRO-PHE	NITRO-BIP
	Co-crystal	161.0 ± 0.2	196.5 ± 0.2	269.9 ± 0.2
	Co-former	171.3 ± 0.2	118.5 ± 0.2	70.5 ± 0.2
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0.001). The resulting slopes of the linear fits were used for the calculation of permeability coefficients (Papp). All data are reported as mean ± SD of three independent experiments.