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Abstract

New multicomponent solid forms of the nutraceutical pterostilbene have been discovered and
characterized through experimental cocrystal screening. Among the coformers tested, picolinic
a 10-fold enhancement of oral bioavailability in rats, which converts
the new cocrystal into a very promising candidate for new formulations of pterostilbene with

acid formed a cocrystal with

improved performance.
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1. Introduction

Nutraceutical ingredients are natural compounds, usually extracted and purified from
both food and nonfood plants.1 In recent years, nutraceuticals have been experienced an
increased interest because their presumed safety and potential therapeutic effects allow health
claims as food supplements with a variety of health benefits for humans and animals.2

Pterostilbene (trans-3,5-dimethoxy-4'-hydroxystilbene) is a phytoalexin found in fruits
such as grapes, deerberries, blueberries, and peanuts and in wine.3,4 It has been evidenced that
pterostilbene may have preventive and therapeutic properties in a long list of human diseases
which include neurological,5,6 cardiovascular,7,8 metabolic,9,10 and hematologic
disorders.11,12 In addition, it has been reported that it can act as a nontoxic modulator of
anticancer response in drugs such as sertraline and gefitinib.13

Pterostilbene is known to exist as a variety of polymorphs, and the crystal structures of
forms |-V have been reported recently by some of us.14,15 It is structurally similar to
resveratrol, another nutraceutical present in red wine but with a better human bioavailability
probably due to its higher lipophilicity,16 which has motivated their use as dietary supplements
claiming antioxidant,17 anti-inflammatory,18 and anticarcinogenic properties.19 However, in
the search for a safe formulation of a nutraceutical it is desirable to have a further increase in
bioavailability because this allows reduction of as much as possible the side effects by reducing
the dosage. For instance, it has been recently reported that pterostilbene could cause an
increment of low-density lipoprotein (LDL) cholesterol20 in humans. Thus, a more bioavailable
formulation of pterostilbene could preserve the health benefits with a reduced effect of known
or unknown side effects.

In this sense, the use of crystal engineering approaches has produced successful and
promising case studies of both nutraceutical and pharmaceutical compounds with bioavailability
enhancement.21,22 This is because each solid form of a drug compound shows unique
properties and some of them can offer certain advantages with regard to solubility and
dissolution rate, which converts cocrystal formation into a viable strategy toward improving the
pharmacokinetic data of active ingredients. Thus, the discovery of multicomponent solid forms
of nutraceuticals is currently a very active field of research which requires the selection of
acceptable coformers in order to form cocrystals with the nutraceutical having suitable
physicochemical properties.23

Moreover, the importance of the coformer is not just structural (i.e., a compound able
to reduce the free energy of the system by establishing strong intermolecular interactions and
favoring efficient packing) since its role as a counter partner can provide to the new entity not
only with advantageous physicochemical properties but also with the ability to generate
potential synergetic health benefits in a single solid form that can also be exploited.24

On the other hand, due to the low solubility of pterostilbene, the development of
potential new oral formulations has been focused on increasing the aqueous solubility of this
compound by using hydroxypropyl-B-cyclodextrin as a complexing agent25 or by cocrystal
formation26 using as coformers piperazine and caffeine27 and carbamazepine and glutaric
acid.28 Actually, the commercial pterostilbene:caffeine cocrystal PURENERGY has been
commercially available in the US market for years (Chromadex, USA).

In this manuscript we report the discovery and characterization of eight pterostilbene
cocrystals by following a multicomponent solid form experimental screen. Among the new
forms, a picolinic acid cocrystal showed a remarkable enhancement in both dissolution profile
and bioavailability, which makes it a very promising candidate for more efficient formulations at
a lower dosage of this important nutraceutical compound.



2. EXPERIMENTAL SECTION

2.1. Materials. Pterostilbene was purchased from Dynveo. Details of the purification
and characterization of pterostilbene (form Il) can be found in the Supporting Information. The
coformers picolinic acid, ethylenediamine, 1,4-diazabicyclo[2.2.2]octane (DABCO), 1,4,8,11-
tetraazacyclotetradecane, 1,4-dimethylpiperazine, theophylline, and 2,3,5-trimethylpyrazine
were purchased from Sigma-Aldrich.

2.2. Methods. 2.2.1. Coformer Selection. A list of 58 coformers with potentially
acceptable toxicity were tested (see section 1.1 in the Supporting Information for further
details). We recently reported24 the molecular electrostatic potential surface (MEPS) computed
at the DFT level of computation, and it revealed that the pterostilbene molecule has highly
negative values of MEPS located at the O atoms of the methoxy and phenol groups and a highly
positive value at the phenolic H atom, as expected (Figure 1). Thus, when its dual electrostatic
nature is taken into account, coformers having both strong hydrogen bond donor and acceptor
groups such as carboxylic acids, hydroxybenzoic acids, phenols, and amine compounds, having
the potential to interact satisfactorily with the methoxy and phenol functional groups of
pterostilbene, were chosen.

2.2.2. Solubility Determination. In order to choose the most suitable solvents in
which the screening would be performed, a qualitative determination of solubility in 30 solvents
was conducted for both pterostilbene (form Il) and each coformer. Pterostilbene (20mg, 0.078
mmol) was suspended in each solvent, using a maximum volume of 2.0 mL at room temperature.
When the sample was not soluble, the temperature was increased to a maximum of 90 °C. In
this qualitative solubility determination, solvents are classified as soluble, insoluble, or partially
soluble at each temperature (see section 1.2 in the Supporting Information). The same
procedure has been followed with all of the coformers, and for this study mainly solvents in
which both components (pterostilbene and coformer) were partially soluble at 25 °C were
selected to be tested in the grinding experiments.

2.2.3. Cocrystal Screening Methodologies. 2.2.3.1. Grinding Methodologies.
Screening through net grinding (with liquid coformers) and liquid-assisted grinding experiments
(LAG) was conducted by grinding 20-50 mg of a 1:1 mixture of pterostilbene and each coformer
together with one drop of different solvents using a Retsch MM 2000 grinding mill. The samples
were placed in 2 ml volume stainless steel jars, along with two stainless tungsten grinding balls
of 3 mm diameter. Grinding was performed for 15-30 min, with a mill frequency of 30 Hz. Finally,
the samples were collected immediately without prior drying for PXRD analysis. The formation
of a new solid form was determined by comparing PXRD patterns of the starting materials (any
known crystal form of both pterostilbene and each coformer) and the LAG experiment products.

2.2.3.2. Reaction Crystallization Methodology. When evidence of new forms
was detected, reaction crystallization experiments (RC) were conducted by preparing a
saturated solution of the most soluble component (pterostilbene or coformer) in a suitable
solvent in a sealed vial under stirring. A small quantity of the less soluble component was added
until it did no longer dissolve. The suspension was stirred at different times, and the resulting
solids were filtered and analyzed by PXRD.

2.2.3.3. Solvent-Mediated Transformation Methodology. Screening through
solvent-mediated transformations (SMT) was conducted by preparing suspensions of
pterostilbene and the coformer in different molar ratios (40-300 mg of the final mixture) in
suitable solvents. The sealed vials were stirred for different times, and the resulting solids were
filtered and analyzed by PXRD.



2.2.3.4. Solution Crystallization Methodologies. Solutions of pterostilbene and
coformer mixtures in different molar ratios (20-1100 mg of the final mixture) were prepared in
different solvents at 25 °C and heated (to 50 or 60 °C) in a stainless steel heating block. The
heater was switched off, and the solutions were slowly cooled to 25 °C inside the heating block.
The samples that did not crystallize were tightly sealed and kept at 4-8 or 25 °C until
precipitation was observed.

2.2.3.5. Preparation of the New Solid Forms: Scale-up Batches. Experimental
procedures for the preparation of picolinic acid and ethylenediamine cocrystals have been
optimized, and several scale up batches were prepared for dissolution rate and
pharmacokinetics studies. A summary of the experimental procedures can be found in Table S1
in the Supporting Information.

2.2.4. X-ray Crystallographic Analysis. Single-crystal X-ray diffraction (SCXRD)
intensity data of the different crystal forms of pterostilbene were collected using a D8 Venture
system equipped with a multilayer monochromator and a Mo microfocus (A = 0.71073 A).
Frames were integrated with the Bruker SAINT software package using a SAINT algorithm. Data
were corrected for absorption effects using the multiscan method (SADABS).30 The structure
was solved and refined using the Bruker SHELXTL software package, a computer program for the
automatic solution of crystal structures, and refined by a full-matrix least-squares method with
ShelXle Version 4.8.0, a Qt graphical user interface for the SHELXL computer program.31

Powder X-ray diffraction (PXRD) patterns were obtained on a PANalytical X’Pert PRO
MPD diffractometer in transmission configuration using Cu Ka1+2 radiation (A = 1.5406 A) with
a focusing elliptical mirror and a PIXcel detector working at a maximum detector active length
of 3.347°. Configuration of the convergent beam with a focalizing mirror and a transmission
geometry with a flat sample sandwiched between low-absorbing films measuring from 2 to 40°
in 26, with a step size of 0.026° and a total measurement time of 8-30 min at room
temperature (298 K). The powder diffractogram of the picolinic acid cocrystal was indexed, the
lattice parameters were refined by means of LeBail fits using Dicvol04,32 and the space group
was determined from the systematic absences. A summary of crystal data and relevant
refinement parameters is given in Table 1.

2.2.5. Differential Scanning Calorimetry (DSC). Differential scanning calorimetry
analysis was carried out by means of a Mettler-Toledo DSC-822e calorimeter. Experimental
conditions: aluminum crucibles of 40 uL volume, atmosphere of dry nitrogen with 50 mL/min
flow rate, heating rate of 10 °C/min. The calorimeter was calibrated with indium of 99.99% purity
(mp 156.5 °C, AH = 28.42 J/g).

2.2.6. Thermogravimetric Analysis (TGA). Thermogravimetric analysis was
performed on a Mettler-Toledo TGA-851e thermobalance. Experimental conditions: alumina
crucibles of 70 pL volume, atmosphere of dry nitrogen with 50 mL/min flow rate, heating rate
of 10 °C/min.

2.2.7. Nuclear Magnetic Resonance (NMR). Proton nuclear magnetic resonance
(1H NMR) spectra were recorded on a Varian Mercury 400 instrument (400 MHz). Chemical
shifts for protons are reported in parts per million (ppm) downfield from tetramethylsilane and
are referenced to residual protons in the NMR solvents (dmso-d6, & 2.50; acetone-d6, § 2.05;
chloroform-d, 6 7.26). Experimental conditions, delay, 1 s; pulse, 45°; scans, 32.

2.2.8. Dissolution Rate Determination. The small-scale Gl dissolution method33
was followed for dissolution rate measurements. First, tablets of 3 mm diameter were made
using a manual hydraulic tablet press (Applied Measurements Ltd., U.K.). The applied pressure
was 100 kg for 2 min. A 10-15 mg portion of the compound, pterostilbene or cocrystals, was
weighed. The total exposed surface area was 0.5 cm?2.

Dissolution tests were performed in FaSSIF v2 medium (pH 6.5 using phosphoric acid
28.4 mM) with a GlpKa titrator (Sirius Analytical Instruments, U.K.). Dissolution data were



recorded for 120 min at 25 °C. The procedure was as follows: 15 mL of FaSSIF v2 medium was
placed in the sample vial containing the tablet. Spectral collection started immediately after.
Spectra were collected every 30 s between 250 and 450 nm through a Sirius D-PAS spectrometer
with a bifurcated optic fiber dip probe (Hellma Analytics). The medium was stirred at a constant
rate. The spectroscopic data were converted to the concentration of pterostilbene by applying
the Beer-Lambert law using the molar extinction coefficient of pterostilbene determined in
FaSSIF v2 by UV-metric titration. Spectral regions where the signal was saturated (A > 1.5) or
presented medium interferences were discarded. Then, the concentration data were converted
into absolute sample quantities and used to generate the graphs showing the sample quantity
vs time.

The dissolution rate was obtained through the fit of the first-order Noyes—-Whitney
exponential equation to the data: [X]t = S(1 - e - kd(t - t0)). In this equation, [X]t is the weight
in grams of compound in solution at the experiment time (min), S is its extrapolated solubility
(g), kd is the rate constant for dissolution (min-1), and t0 (min) is a term allowing for a temporal
offset. S, kd, and t0 are refined in order to minimize the root-mean-square deviation between
the modeled concentrations and the measured concentrations. The dissolution rate (g min-1) is
given by the product kdS.

2.2.9. Rat Pharmacokinetics. Pharmacokinetic study in rats was conducted at the
Unitat de Toxicologia Experimental i Ecotoxicologia (UTOX-PCB, Parc Cientifi ¢ de Barcelona,
Spain). This pharmacokinetic study was carried in compliance with the current guidelines and
animal handling protocols reviewed and approved by the Institutional Animal Care Committee
of the Parc Cientifi c of Barcelona.

Ten male Sprague-Dawley rats (~420 g) were used in the study and kept in overnight
fasting state before administrations. Formulations of pterostilbene (20 mg/kg, free basis) and a
pterostilbene:picolinic acid cocrystal (20 mg/kg, 13.5 mg/kg pterostilbene) were prepared as
aqueous suspensions in 0.5% carboxymethylcelullose (CMC). Both formulations were
administered by oral gavage (10 mL/kg body weight). Blood samples (~0.3 mL) taken from the
tail vein were collected in EDTA-K3 tubes at predose and 1, 2, 4, 6, 8, and 24 h after
administration and centrifuged at 1500g for 10 min to obtain plasma. Plasma samples were
stored at -70 °C until UHPLC-MS/MS analysis.

2.2.10. Plasma Bioanalysis. Concentrations of pterostilbene in rat plasma samples
were determined at the Department of Chemical Engineering and Analytical Chemistry
(University of Barcelona, Spain) by ultrahigh-pressure liquid chromatography coupled to tandem
mass spectrometry (UHPLC-MS/MS).

Plasma samples (100 plL) were processed using protein precipitation with acetonitrile
(1000 pL). After vortex treatment(30 s) and centrifugation (4800 rpm for 15 min), supernatants
were evaporated to dryness under an N2 stream and reconstituted in 200 pL of
methanol/0.025% ammonia (3/1, v/v) and transferred to an autosampler vial. The UHPLC-
MS/MS measurements were carried out on an Open Accela UHPLC instrument (Thermo Fisher
Scientific, San Jose, CA, USA), equipped with a quaternary pump and a CTC autosampler. The
UHPLC instrument was coupled to a TSQ Quantum Ultra AM triple-quadrupole mass analyzer
(Thermo Fisher Scientific), equipped with hyperbolic quadrupoles and a heated-electrospray
ionization (H-ESI) source. Chromatography consisted of a Kinetex C18 column (100 mm x 4.6
mm, 2.6 um) from Phenomenex (Torrance, CA, USA) at room temperature with a gradient
elution mode using 0.025% ammonia aqueous solution (solvent A) and methanol (solvent B) at
a flow rate of 0.5 mL/min.monitoring in negative ESI (electrospray ionization) mode (m/z 255 >
240). The lower limit of quantitation was 5 ng/mL, and the linear calibration range was 5-1000
ng/mL.

2.2.11. Pharmacokinetic Analysis. Pharmacokinetic analysis was

performed by noncompartmental methods using the Kinetica version
5 software (Alfasoft Limited, Luton, U.K.).



2.3. Synthesis and Characterization of the New Cocrystals.

We have performed a comprehensive cocrystal screen with a set of coformers, which includes a
broad array of compounds (see section 1.1 in the Supporting Information) from a variety of 28
organic solvents, which produced 634 individual crystalline solids (see Table S1 in the Supporting
Information). Evidences of new solid phases with 37 out of all the coformers tested (see Table
S1 in the Supporting Information) with net grinding or LAG experiments were detected. On the
other hand, cocrystal formation with 7 out of all the coformers tested, picolinic acid,
ethylenediamine, 1,4-diazabicyclo[2.2.2]octane (DABCO), 1,4,8,11-tetraazacyclotetradecane,
1,4-dimethylpiperazine, 2,3,5-trimethylpyrazine, and theophylline, was confirmed through
reaction crystallization and solventmediated transformation experiments. As a result of the
cocrystal screen 8 new multicomponent solid forms were discovered with 7 out of the 58
coformers tested.

Synthesis details of bulk powder and single crystals together with characterization of
pterostilbene cocrystals can be found in sections 2-4 in the Supporting Information. The
stoichiometry was assessed on the basis of NMR data when the crystal structure was not
available. TGA was used to confirm or discard the presence of water/solvent in the structure.
Qualitative comparisons of PXRD diffractograms of bulk cocrystals and those simulated from the
cif files were conducted in order to confirm the identity of the crystal form, and they are shown
in the Supporting Information. Differences are due to the thermal dilatation, since the crystal
structures were solved at 100 K while the PXRD diagrams were obtained at 298 K.

2.3.1. Pterostilbene:Picolinic Acid Cocrystal (1:1). The bulk powder was
obtained by reaction crystallization in toluene at 25 °C. The 1:1 stoichiometry was compatible
with the integration of the most relevant 1H NMR signals in chloroform and with the volume
calculated from PXRD indexed cell parameters (a = 15.920(1) A, b = 9.5200(8) A, c = 12.870(1) A,
B =100.345(7)°, V = 1918.7(3) A3, Rwp = 6.68%).

2.3.2. Pterostilbene:Ethylenediamine Cocrystal (2:1). The bulk powder was
obtained by slow evaporation of a solution of pterostilbene in ethylenediamine at 25 °C.
According to its crystal structure it can be attributed to a new form containing a half-molecule
of ethylenediamine per one molecule of pterostilbene.

2.3.3. Pterostilbene:Ethylenediamine:Water Cocrystal Hydrate (2:1:2). The
bulk powder was obtained by slurrying pterostilbene in ethylenediamine during a scale-up
process at 25 °C. The 2:1:2 stoichiometry was compatible with the integration of the most
relevant 1H NMR signals in chloroform and with the volume calculated from PXRD indexed cell
parameters (a = 26.745(3) A, b =5.1961(4) A, c =22.971(2) A, B = 100.526(6)°, V = 3138.5(6) A3,
Rwp = 7.99). The amount of water was determined by TGA.

2.3.4. Pterostilbene:DABCO Cocrystal (2:1). The bulk powder was obtained by
reaction crystallization in xylene at 25 °C. According to its crystal structure it can be attributed
to a new form containing one molecule of DABCO per two molecules of pterostilbene.

2.3.5. Pterostilbene:1,4,8,11-Tetraazacyclotetradecane Cocrystal (2:1). The
bulk powder was been obtained by slow evaporation in chloroform at 25 °C. According to its
crystal structure it can attributed to a new form containing a half-molecule of 1,4,8,11-
tetraazacyclotetradecane per one molecule of pterostilbene.

2.3.6. Pterostilbene:1,4-Dimethylpiperazine Cocrystal (2:1). The bulk powder
was obtained by slurrying pterostilbene in 1,4-dimethylpiperazine at 25 °C. According to its
crystal structure it can be attributed to a new form containing a half-molecule of 1,4-
dimethylpiperazine per one molecule of pterostilbene.

2.3.7. Pterostilbene:Theophylline:DCM Cocrystal Solvate (1:1:1). The bulk
powder was obtained by reaction crystallization in dichloromethane at 25 °C. According to its
crystal structure it can be attributed to a new form containing one molecule of theophylline and



one molecule of dichloromethane per 1 molecule of pterostilbene. This cocrystal is the subject
of a computational study we have reported elsewhere.24

2.3.8. Pterostilbene:2,3,5-Trimethylpyrazine cocrystal (2:1). The bulk powder
was obtained by slurrying pterostilbene in 2,3,5-trimethylpyrazine at 25 °C. According to its
crystal structure it can be attributed to a new form containing a half-molecule of 2,3,5-
trimethylpyrazine per one molecule of pterostilbene.



3. RESULTS AND DISCUSSION

3.1. Crystal Structure Analysis. The crystal structures of the ethylenediamine,
DABCO, 1,4,8,11-tetraazacyclotetradecane, 1,4-dimethylpiperazine, and 2,3,5-
trimethylpyrazine cocrystals were solved by single crystal X-ray diffraction. Single crystals of the
picolinic acid cocrystal of suitable quality could not be obtained; thus, we indexed a good-quality
powder diffractogram obtained from a pure polycrystalline material and refined the lattice
parameters by means of LeBail fits. A 1:1 stoichiometry was deduced from 1H NMR experiments
and the indexed cell volume.

3.1.1. Crystal Structure of the Pterostilbene:Ethylenediamine Cocrystal.
The crystal structure has one molecule of pterostilbene and a half-molecule of ethylenediamine
in the asymmetric unit (Figure 2). As expected, a strong hydrogen bond is established between
the pterostilbene phenol group and the primary amine. Moreover, CH-m interactions
established between the methoxy hydrogens and the dimethoxy aromatic ring (dH-centroid =
2.71 A) and between methoxy hydrogens and benzene hydrogens with phenol aromatic ring
(dH-centroid = 2.89 and 2.96 A, respectively), together with methoxy-methoxy interactions
forming an R2 2(14) supramolecular synthon, are the most relevant secondary forces in the
crystal.

3.1.2. Crystal Structure of the Pterostilbene:DABCO Cocrystal. The crystal
structure has two molecules of pterostilbene and one molecule of DABCO in the asymmetric
unit (Figure 3). Again, a strong hydrogen bond is established between the pterostilbene phenol
group and the primary amine, together with CH:---1t interactions established between the
methoxy hydrogens and the dimethoxy aromatic ring (dH-centroid 2.91 A). Moreover, a R2 2(6)
supramolecular synthon is established between methoxy groups. Static disorder is present in
the DABCO molecule, and two different positions have been determined with different
occupancy factors (52.4% and 46.7%, respectively).

3.1.3. Crystal Structure of the Pterostilbene:1,4,8,11-

Tetraazacyclotetradecane Cocrystal. The crystal structure has one molecule of
pterostilbene and a half-molecule of 1,4,8,11-tetraazacyclotetradecane in the asymmetric unit
(Figure 4). Each tetraamine molecule establishes strong hydrogen bonds with pterostilbene
phenol groups by using two of the four nitrogen atoms, forming 2:1 sandwich-type assemblies,
which are packed in a linear fashion.

3.1.4. Crystal Structure of Pterostilbene:1,4-Dimethylpiperazine Cocrystal.
The crystal structure has one molecule of pterostilbene and a half-molecule of 1,4-
dimethylpiperazine in the asymmetric unit (Figure 5). Both nitrogen atoms of the piperazine ring
establish strong hydrogen bonds with pterostilbene phenol groups, and the CH---it interactions
are in this case established between the methoxy hydrogens and the phenol aromatic ring
(dH-centroid 2.73 A). Again, a R2 2(6) supramolecular synthon is formed between methoxy
groups. Interestingly, methoxy groups are in the less stable configuration, which is in a
counterclockwise direction with the methoxy groups pointing to opposite directions.

3.1.5. Crystal Structure of the Pterostilbene:2,3,5-Trimethylpyrazine

Cocrystal. The crystal structure has two molecules of pterostilbene (one having the methoxy
groups in a clockwise and the other in a counterclockwise configuration) and one molecule of
2,3,5-trimethylpyrazine in the asymmetric unit (Figure 6). Similarly to previous structures, both
nitrogen atoms of the pyrazine ring establish strong hydrogen bonds with pterostilbene phenol
groups. Remarkably, an uncommon 1(CRC)---pyrazine ring interaction (distances between the
pyrazine centroid and the carbon atoms of the double bond are 3.37 and 3.41 A) is established
between the surface of the pterostilbene double bond, which is m-basic (electron rich), and that
of the pyrazine ring, which is particularly mt-acidic (electron poor) due to the strong hydrogen
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bonds formed with the phenol groups. Actually, a similar synergistic effect has been
computationally studied in pyrazine complexes, where anion-mt interactions are reinforced as a
consequence of halogen bonds established by the nitrogen atoms.34 Moreover, M1
interactions are established between the dimethoxy aromatic ring and the pyrazine ring
(dcentroid-centroid 3.55 A). Finally, CH---1t interactions are established between the methoxy
hydrogens and the phenol aromatic ring (dH-centroid = 2.73 and 2.76 A, respectively).

3.2. Dissolution Profiles. In order to gather some basic information about the effect
of the coformer on the dissolution rate, two of the new cocrystals having GRAS status and
different chemical functionalities were chosen for a preliminary dissolution profile
determination. Ethylenediamine and picolinic acid cocrystals were tested in FaSSIF v2 medium
together with pterostilbene form | and the commercial caffeine cocrystal for comparative
purposes. Figure 7 shows their average dissolution rate curves. While in tablets of pure
pterostilbene the amount of pterostilbene in solution is still increasing after 120 min of
dissolution, the cocrystals dissolve at a higher rate, reaching a concentration plateau after 20
and 60 min for picolinic acid and ethylenediamine cocrystals, respectively. The amount of
pterostilbene in solution achieved with the dissolution of the cocrystals is 3-4 times higher than
the amount reached after 2 h of dissolution of the pure compound. Although the
ethylenediamine cocrystal takes longer to reach the final pterostilbene concentration, the
solution obtained through the dissolution of this cocrystal is the one that contains a greater
amount of dissolved pterostilbene.

Table 2 shows the dissolution rate of the studied solid forms measured in the UV range
of 300-400 nm (for pterostilbene) and 350-400 nm (for the cocrystals), obtained in a 50 min
time frame. As expected, these exploratory data confirmed that very water-soluble coformers
increase greatly the solubility of pterostilbene cocrystals and suggested that the bioavailability
could also be favorably affected.27

3.3. Pharmacokinetics Study. We decided to focus on the picolinic acid cocrystal
(rather than the amine cocrystals) because the promising dissolution profile together with its
GRAS status made it a good candidate for a potential formulation. Picolinic acid is an
endogenous metabolite of Ltryptophan (TRP), which has been reported to possess health
benefits such as neuroprotective, immunological, and antiproliferative properties.35 It is
inexpensive, safe, and the most important human chelator for metal ions, such as Zn2+ and
Fe2+. Moreover, chromium picolinate is used as a dietary supplement that may promote weight
loss.36 The mean plasma pterostilbene concentration:time profiles after oral administration of
commercial pterostilbene (20 mg/kg) and pterostilbene:picolinic acid cocrystal (20 mg/kg, 13.5
mg as pterostilbene) are represented in Figure 8. The pharmacokinetic parameters of
pterostilbene after oral administration of commercial pterostilbene (20 mg/kg) and
pterostilbene:picolinic acid cocrystal (20 mg/kg, 13.5 mg as pterostilbene) are summarized in
Table 3. The systemic exposure to pterostilbene was 4.5-fold and 6.7-fold greater in Cmax and
AUCinf, in spite of the fact that the cocrystal dose was not equimolar with that of commercial
pterostilbene. The variability in the tmax value was higher for the cocrystal formulation and
ranked from 1 to 6 h, which translated into a greater variability in the Cmax values found in
comparison to the commercial pterostilbene. The relative oral bioavailability (pterostilbene
dose corrected) was 9.9-fold higher following administration as a cocrystal, which was in
agreement with the substantial increase in the solubility rate observed for this cocrystal in the
dissolution test conducted in FaSSIF medium. These results demonstrate that the aqueous
solubility of pterostilbene plays a key role in its oral absorption.In comparison, the oral
administration of a commercial pterostilbene:caffeine cocrystal (1:1)28 (PURENERGY,
Chromadex, USA) provided a modest increase of 1.5-fold on the oral availability of pterostilbene
versus a commercial pterostilbene.37 Therefore, the pterostilbene:picolinic acid cocrystal (1:1)
developed in this study is an excellent solid oral formulation with an excellent potential to
maximize the oral absorption of pterostilbene.
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Following intravenous administration of different doses of pterostilbene (2.5, 10, and 25
mg/kg) to rats, this compound showed dose-dependent pharmacokinetics. This lack of dose
proportionality was the cause for around a 2-fold reduction in the systemic clearance at higher
doses. This clearance reduction can be explained by a saturation of the major phase Il
elimination pathway of pterostilbene in rats, leading to a limited elimination of pterostilbene at
higher doses.38

The oral bioavailability in the fasted state of different formulations of pterostilbene has
been widely studied in the literature.25,37-39 Following oral administration of pterostilbene,
the estimation of the absolute oral bioavailability was highly variable and dependent on the
formulation used, the oral doses administered, and the pharmacokinetic intravenous data used
in calculations. This is consistent with the dosedependent proportionality showed by
pterostilbene after oral and intravenous administration. The absolute oral bioavailability ranged
from 59% (15 mg/kg) to 116% (60 mg/kg) on administration as a hydroxypropyl-B-cyclodextrin
formulation38 and from 67% (56 mg/kg) and 94% (168 mg/kg) on administration in 0.5%
methylcellulose-0.2% Tween 80 suspensions.39 This high variability observed between studies
must be evaluated in the context of the lack of dose proportionality showed by pterostilbene
after administration of high oral doses. Therefore, for a proper estimation of the absolute oral
bioavailability of pterostilbene, one needs to take into account the systemic exposure (AUCinf)
obtained by an intravenous route as a reference value, which should be on the same order as
that found after oral administration. In the two previous publications,37,39 the AUCinf value
after the intravenous route used in calculations was substantially lower than that obtained after
administration of oral doses greater than 10 mg/kg; therefore, the absolute oral bioavailabilities
of these formulations at those doses were clearly overestimated.

Although the intravenous pharmacokinetics in rats of pterostilbene was not evaluated
in this study either as such or in the cocrystal, we can estimate the absolute oral bioavailability
of the pterostilbene:picolinic acid cocrystal, taking as a reference the systemic exposure
observed (AUCinf) described in the literature.38,39 After an intravenous administration of 10
mg/kg,38 the observed AUCinf value (2812 ng h/mL) was comparable to that found after oral
administration (13.5 mg/kg as pterostilbene) of our cocrystal (AUCinf 4699 ng h/mL), which
provides an absolute oral bioavailability of 125%. When the same exercise is conducted with the
intravenous PK data (11.2 mg/kg) obtained by Kapetanovic et al.39 with an AUCinf value of 4090
ng h/mL, the estimated absolute oral bioavailability of pterostilbene with our cocrystal would
be 97%. These results confirm that the oral bioavailability of pterostilbene in rats following
administration of the pterostilbene:picolinic acid cocrystal (1:1) is excellent and is close to 100%,
which makes it the best potential solid oral formulation of pterostilbene.
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4. CONCLUDING REMARKS

Nutraceutical compounds offer a long list of potential health benefits for humans, and
in particular pterostilbene has been involved in important scientific studies intended to explore
its application in different areas of health. However, the low bioavailability of many
nutraceutical compounds have hindered an efficient application of their potential health
benefits in humans. Our work demonstrates that crystal engineering can be very suitable to
approach this intrinsic problem associated with lipophilic compounds in the form of a cocrystal.
Following oral administration to rats, the pterostilbene:picolinic acid cocrystal (1:1) increased
by 9.9-fold the relative oral bioavailability of pterostilbene in comparison with its commercial
oral solid form. These results confirm that the oral disposition of this cocrystal is excellent and
the cocrystal has a great potential to be one of the best oral solid formulations for pterostilbene
in humans.
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Table 1. Crystal Data of the Different Cocrystal Forms of Pterostilbene
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Table 2. Dissolution Rate of Pterostilbene Form | and Its Caffeine, Picolinic Acid, and
Ethylenediamine Cocrystals

dissolufion rate (nmalf

solid form min)
pterastilhens |form T) 13 + 2
pternstilbens: picobinic acd oonsial 4278+ 30
pternstilbens: sthplened iamine hydrate coaystal 2304 + X7
prerastibens: ethylenediamine cocrystal 1761 = 15
pternstilbens: @ffeine cocrystal 454+ 9
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Table 3. Pharmacokinetic Parameters of Pterostilbene after Single Oral Administration of
Pterostilbene form | (20 mg/kg) and Pterostilbene:Picolinic Acid Cocrystal (20 mg/kg, 13.5 mg as
Pterostilbene)a

farmulation C oz [ng/mL) o (B 2 (h) AUG, , (ng himL) AUC,, (ng himL) By
perostihens 1248 + 395 I(2-3) AT+ 20 575 £ 295 TI: + 294
pierostilhens: pimbinic acid cocrystal ST H + 2B4Z I [1-8) EE N ) AE9 £ 089 A7TE £ M54 Qa9

“Mean values + SD (n = 5). i, is the medin (minimum—madmum). F, i cloubted wsing nomalized doses for pterostibens; K, =

(AU C e (135 mgg k) ) (AUC e (20 mg g} ).
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Figure Captions

Figure 1. MEPS of pterostilbene on the 0.002 bohr A-3 electron density isosurface calculated
with Spartan29 at the DFT level of computation using a B3LYP/6-31G* basis set. Red and blue
isosurfaces represent negative and positive values of MEP.

Figure 2.. Crystal structure of pterostilbene:ethylenediamine cocrystal. Some of the most
relevant interactions have been represented.

Figure 3. Crystal structure of the pterostiloene:DABCO cocrystal. Some of the most relevant
interactions have been represented.

Figure 4. Crystal structure of the pterostilbene:1,4,8,11-tetraazacyclotetradecane cocrystal.
Some of the most relevant interactions have been represented.

Figure 5. Crystal structure of the pterostilbene:1,4-dimethylpiperazine cocrystal. Some of the
most relevant interactions have been represented.

Figure 6. Crystal structure of the pterostilbene:2,3,5-trimethylpyrazine cocrystal. Some of the
most relevant interactions have been represented.

Figure 7. Average dissolution rate profiles of pterostilbene form | (blue), pterostilbene:caffeine
cocrystal (purple), pterostilbene:picolinic acid cocrystal (red), anhydrous
pterostilbene:ethylenediamine cocrystal (green), and pterostilbene:ethylenediamine hydrate
cocrystal (gray).

Figure 8. Pharmacokinetic profiles of pterostilbene in male SD rats following a single oral

administration of pterostilbene form | (20 mg/kg) and pterostilbene:picolinic acid cocrystal (20
mg/kg, 13.5 mg as pterostilbene). Mean values (n = 5).
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Figure 7
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Figure 8
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