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ABSTRACT: Effects of three polymers, polyethylene glycol (BE@olyvinylpyrrolidone
(PVP), and copolymer of vinyl pyrrolidone/vinyl date (PVP-VA), on the dissolution
behaviour of the cocrystals of flufenamic acid witheophylline (FFA-TP CO) and
nicotinamide (FFA-NIC CO) were investigated at npt length scales. At the molecular
level, the interactions of crystal surfaces withadlymer were analysed by observing etching
pattern changes using atomic force microscopyh@tacroscopic scale, dissolution rates of
particular faces of a single crystal were deterghibg measurement of the physical retreat
velocities of the faces using optical light microgg. In the bulk experiments, the FFA
concentration in a dissolution medium in the absasrgpresence of a polymer was measured
under both sink and non-sink conditions. It hasnbfeeind that the dissolution mechanisms
of FFA-TP CO are controlled by the defect siteshef crystal surface and by precipitation of
the parent drug FFA as individual crystals in thékbfluid. In contrast, the dissolution
mechanisms of FFA-NIC CO are controlled by surféeyer removal and by a surface
precipitation mechanism, where the parent drug BFekipitates directly onto the surface of
the dissolving cocrystals. Through controlling thesolution environment by pre-dissolving
a polymer, PVP or PVP-VA, which can interact wiie crystal surface to alter its dissolution
properties, improved solubility and dissolutionesabf FFA-TP CO and FFA-NIC CO have

been demonstrated.
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1. INTRODUCTION
Pharmaceutical cocrystals have attracted remarkabdeests for enhancing solubility and
dissolution rates of poorly water soluble driigsA highly supersaturated solution
concentration, which is significantly greater tithe equilibrium saturation concentration of
the parent drug, can be generated due to rapidldism of cocrystals, which is a key
requirement for improved drug oral absorptfddowever, maintaining such a supersaturated
state is challenging because of the tendency fad narecipitation of a more stable form of
the parent drug during dissolutiof.In order to maximise the potential of cocrystalss
critical to include inhibitors in a formulation torevent or delay the precipitation of the
parent drug during dissolutidit? Although polymeric crystallization inhibitors haween
extensively studied in many other systems, in paldir amorphous solid dispersiofis?®
such studies are still rare for cocrystal basethidations. In a recent study, we have found
that the competition of intermolecular hydrogen diog among drug/coformer,
drug/polymer, and coformer/polymer was a key faatesponsible for maintaining the
supersaturation through nucleation inhibition and/s@l growth modification in a
supersaturated cocrystal solution with a pre-digsblpolymer:! Therefore, selection of a
polymeric excipient in a cocrystal formulation stbeonsider the interplay of a polymer
with both the parent drug and coformer in soluti@m the other hand, it has to be stressed
that pre-dissolved polymeric additives in soluticem not only function as an inhibitor to
maintain the supersaturated state of the parerq, dout also influence the dissolution
properties of solid crystals. Therefore, the permiance of cocrystal based products is
determined by the overall effects of an inhibitarlmth cocrystal dissolution and parent drug
precipitation.

The process of crystal dissolution can be constasespecific types of heterogeneous

reactions between the solid and solvent, in whakent molecules are first adsorbed onto



the crystal surfac® Then, through interaction or reaction between ¢hgstal and the
adsorbed solvent molecules, the crystal molecud¢gct and diffuse away from the surface.
Using atomic force microscopy (AFM), different etolp patterns can be observed during
crystal dissolution, affected by the crystal intti@n network and the interactions between
the crystal molecules in the lattice and solventemales:’?? When a polymer is present in
solution, the polymer molecules can also be adsbodpethe surface of the dissolving crystal
to form an adsorption layer, which affects solutékdiffusion as well as surface diffusion.
There are many factors affecting adsorption of &rmer on a crystal surface, such as
properties of the polymer (i.e. polymer chains a&hdin rigidity) and crystal structure (i.e.
molecular packing) and the adsorption energy inelin the specific interactions between
the polymer and crystal surfat&*? For example, polyvinylpyrrolidone (PVP) and
hydroxyporpyl methylcelluclose (HPMC) can slow dowhe intrinsic dissolution rate of
acetaminophen crystals due to their strong intenastwith the crystal surface through either
van de Waals or hydrogen bonding interactionsolmtrast, although the polymers poly(vinyl
alcohol) (PVA) and poly(ethylene glycol) (PEG) camteract the crystal surface of
acetaminophen through hydrogen bonding, they hadigmficant inhibitory effect on the
dissolution and crystallization, because of highbitity of the functional group®®

As a crystal dissolves, rates of dissolution ofaises are distinctly different due to their
different interactions with the dissolution mediufpolar solvent is more likely to interact
with polar crystal faces where polar atoms or fiomal groups are exposed normal to the
faces?® Through measurement of the physical retreat ratésdividual faces of a single
crystal, a crystal surface dependent dissolutié@ can be obtained, which can be used to
determine the relationship between crystal morpiland bulk dissolution raté5?® This

knowledge of anisotropic dissolution behaviour wigke crystals can highlight the factors



affecting crystal dissolution, which is crucial the design, evaluation and control of
therapeutic efficacy of solid dosage forfg?

Due to the complexity arising from the multi-compoh nature of pharmaceutical
cocrystals, it is expected that the knowledge freingle component crystals needs to be
rigorously validated and further extended when iggplo the dissolution of cocrystals. The
present work, for the first time, is aimed at umstiending the dissolution mechanisms of
cocrystals in solution in the absence and presehaepre-dissolved polymer. We carried out
different dissolution experiments of both singledapower cocrystals to examine the
dissolution properties at multiple length scalesth® molecular level, we investigated how a
cocrystal surface interacted with a polymer by gsiab the etching pattern changes observed
by AFM. At the macroscopic scale, dissolution radégarticular faces of a single crystal
were determined by measurement of the physicatattrelocities of different faces using
optical light microscopy (OLM). In the bulk expemmis, the concentration of a drug in a
dissolution medium in the absence or presencepaflyaner was measured under both sink
and non-sink conditions and the dissolution rates \waduced from the evolution of this
concentration. Sink condition experiments weregrened to evaluate the effect of a polymer
on the dissolution rate of cocrystals, and non-simkdition ones to evaluate the ability of a
polymer to generate and maintain supersaturateg siolutions. Under sink conditions the
change of a cocrystal dissolution rate during diggmn should be directly related to the
interaction between the pre-dissolved polymer intsmn with the dissolving crystal surface.
Evaluation of the supersaturating systems benftta the use of non-sink conditions that
mimic the in vivo conditions in the gastrointestitract. The cocrystals of flufenamic acid-
nicotinamide (FFA-NIC CO) and flufenamic acid-thégfline (FFA-TP CO) with three
chemically diverse polymers, polyethylene glycoE(®), polyvinylpyrrolidone (PVP), and

copolymer of vinyl pyrrolidone/vinyl acetate (PVPAY were selected, with the aim to



identify the different influences of these polymens cocrystal dissolution. The chemical
structures of the model drug, the coformers, ared tftonomer units of the polymers are
shown in Table 1 and their detailed description lsariound in our previous publicatihin
order to eliminate the effect of viscosity, a lowlymer concentration of 20fxg/mL was
used in the study. At this polymer concentratioa élguilibrium solubility of FFA remained
virtually the same as without the presence of thelympers. Because of the
thermodynamically unstable nature of a cocrystasatution, the solubility of FFA-TP CO
and FFA-NIC CO was determined by their eutectimfgothrough measuring their solubility
curves® The faces of FFA | (flufenamic acid form I), FFARTCO and FFA-NIC CO single
crystals were indexed using X-ray diffraction andnometre-scale models of their
morphologies which were created using Mercury 318e(Cambridge crystallographic Data
Centre, Cambridge, UK). These morphology modelsvedso used to explain the properties
of each face of a single crystal in the AFM and OHMsolution experiments. In order to
guantify the effect of a pre-dissolved polymer te powder dissolution performance, the
dissolution performance parameters (DPPSs) in d@iffenon-sink condition experiments were
calculated and compared. The solid residues afftersblubility and powder dissolution
experiments were examined by differential scanntadprimetry (DSC), powder X-ray
diffraction (PXRD) and Fourier transform infrargaestroscopy (FTIR).
2. MATERIALSAND METHODS

2.1. Materials. Flufenamic acid form | (FFA 1), nicotinamide (NIC}99.5% purity),
theophylline (TP) X99.5% purity), potassium dihydrogen phosphate fKB}) and sodium
hydroxide (NaOH) were purchased from Sigma-AldiiDlorset, UK). Poly(ethylene glycol)
4000 (PEG) was purchased from Sigma-Aldrich (Dorgét). Plasdone K-29/32 (PVP) and
Plasdone S-630 copovidone (PVP-VA), which is a 6@dpolymer of N-vinyl-2-pyrrolidone

and vinylacetate, were gifts from Ashland Inc. (&tiausen, Switzerland). Methanol (HPLC



grade) and acetonitrile (HPLC grade) were purchasein Fisher Scientific UK
(Loughborough, UK) and used as received. Doublglld water was generated from a Bi-
Distiller (WSC044.MH3.7, Fistreem International lited, Loughborough, UK) and used
throughout the study.

2.2. Methods. 0.01M pH 6.8 Phosphate Buffer Solution (PB&)this study 0.01 M
pH6.8 PBS was prepared as a dissolution mediunrdiogpto British Pharmacopeia 2010.
50 mL of 0.2 M potassium dihydrogen phosphate (KB12Pand 22.4 mL of 0.2 M sodium
hydroxide (NaOH) were mixed and diluted to 1000 with double distilled water.

Powdered FFA Cocrystal€ocrystals of FFA-NIC CO and FFA-TP CO were prepa
by solvent evaporation and cooling crystallizatimethods respectively, as detailed in our
previous publicatiori! Formation of cocrystals was confirmed by DSC, FatiRl PXRD.

Single FFA CocrystalsSingle crystal of FFA | was directly selected frothe
commercial products while the single cocrystalsF6A-NIC CO and FFA-TP CO were
grown from a saturated 1:1 equimolar mixture solutof FFA and coformers in cosolvent
(7:3 mixture of actonatrile and water) by slow ewaion at room temperature over a period
of 3-4 days. FFA cocrystals were harvested by varcfiliration of the mother solutions. The
phase identities of the single crystals were cardnt by DSC, FTIR and PXRD.

Single Crystal Face Indexing and Morphology Mod@ls.identify the exposed crystal
faces during AFM and OLM dissolution experimenepresentative crystals of each type
were mounted on an Oxford Diffraction XCalibur dittometer. Only a few X-ray images
were collected for each crystal, which allowed dateation of the unit cell parameters and
the orientation matrix. The major faces could thenidentified by orienting the crystals in
specific crystallographic directions on the difti@oeter, while observing them through the
built-in camera. Models of the observed morpholsgieere created in Mercury 3.9 (The

Cambridge crystallographic Data Centre, Cambridgf€) by manually adjusting the list of



faces and face-to-centroid distances to match thasserved experimentally on the
diffractometer. A summary of these results is giwenFigure 2, with the single crystal
indexing data in Table S1 in the supplementary nedse

Apparent Equilibrium Solubility of FFA Bpparent equilibrium solubility of FFA | was
measured by adding excess amount of crystallinenmadt into a small vial with 20 mL of
0.01 M pH 6.8 PBS with or without 200 pg/mL of ayer (PEG, PVP or PVP-VA) in a
shaking water bath at 250 RPM sharking rate andZ3€ for 24 h. The suspension was
separated by an MSB 010.CX2.5 centrifuge (MSE Lahdon, UK) at 1.3 x 10000 RPM for
1 min. The FFA concentration was determined by HPLI: solid residuals retrieved from
tests were analysed by DSC, FTIR, and PXRD. Atktesere repeated in triplicate.

Cocrystal Solubility.For a 1:1 cocrystal of AB without consideration iohization of
each component, its solubility is calculated as,

Sap = Ksp = \AeuBeu 1)

whereK, is the solubility product of the AB cocrystal acehcentrations of,,, andB,,, are
transient concentrations of drug and coformer whieeesolution is in equilibrium with solid
drug and cocrystal.

In order to measure the transition concentratidrfsSFé\ and a coformer of TP or NIC in
PBS, a series of the coformer solutions were pezhad, 7.1, 8.9, 10.7, 12.4, 14.2 mmol/L
for TP solutions and 0, 17.8, 57.4, 61.8, 66.2,1,/142.3 and 213.4 mmol/L for NIC
solutions. Excess amount of FFA | crystalline materwas added into a small vial with 20
mL of each of the prepared coformer solutions shaking water bath at 250 RPM sharking
rate and 23+0.5°C for 24h. The concentrations oA BRd coformer of TP or NIC were
determined by HPLC and the solid residues retriewece analysed by PXRD, DSC, and

FTIR. The transition concentrations (or a euteptimt) of a cocrystal were determined in the



lowest coformer solution prepared where two soldges of the solid drug and cocrystal
coexisted in equilibrium with solution. All experents were repeated in triplicate.

Atomic Force Microscopy (AFM) Measuremerfigngle crystals with well-defined and
visually flat faces were selected for dissolutiondy. In order to correlate the etching pits
with the crystal structure, the axis directions eveletermined by comparing the observed
crystal face with the indexed crystal morphologgated by Mercury 3.9. A single crystal
was first mounted onto an AFM sample disk usingbdesided seal tape, in which the
studied face was up. The prepared sample disk lvessitnmersed in a petri dish with 20 mL
of 0.01 M pH 6.8 PBS in the absence or presence pdlymer at room temperature for a
period of time varying from 2 min to 10 min as simoiw Table 3. After a predetermined time
interval, the disk was taken from the solution dhd remaining solution on the crystal
surface was removed with filter paper. Finally, #@nple was air-dried for at least 0.5 h
before AFM observation.

The surfaces of single crystals of FFA |, FFA-TP @@l FFA-NIC CO before and after
the immersing dissolution tests [Table 3] were oles@ with an AFM (Agilent 5420 SPM,
USA). AFM measurements were carried out in comtaatle at room temperature using a J-
type piezo-scanner with a standard silicon nitrige (Windsor Scientific Ltd, UK). The
resolution of a measurement was 512x512 points wgbal steps along the x and y
directions. Three scans on the same area were cimudat 80x80 pfm 40x40 pm, and
20x20 prfor single crystals of FFA | and FFA-TP CO and 40x4nf, 20x20 prf, and
10x10 pnifor single crystals of FFA-NIC CO. The images cegby AFM system software
were saved as the deflection mode, which was theadiee along the scan directions of the
surface profile.

Optical Light Microscopy (OLM) Dissolution Monitoig for Single Crystals of FFA |

and FFA COs A LEICA DM 750 polarized light microscope (Leiddicrosystem Ltd,



Milton Keynes, UK) with video camera at 200x magrafion and version 4.0 of the Studio
Capture software were used to monitor the displaceraf different faces of a single crystal
during dissolution. A single crystal was horizohtallaced inside a petri dish with one end
fixed by blue tack and then followed by addition2& mL of PBS in the absence or presence
of a 200ug/mL pre-dissolved polymer. Data were collecte@ bt 2 h, 4 h and 6 h.

Powder Dissolution Test®owder dissolution experiments of FFA |, FFA-TP @
FFA-NIC CO were performed under both sink and niak-conditions. All crystalline
materials prior to the tests were slightly grourydabmortar and pestle and sieved by a 60
mesh sieve (below 25@n) to reduce the effect of particle size on thesalistion rates. 400
mL of 0.01M pH 6.8 PBS in the absence or preseh@ 0@ ug/mL of a polymer (i.e., PEG,
PVP or PVP-VA) in a flat bottom beaker was useccath of the experiments. Cocrystal
powders with equivalent 40 mg of FFA | were usedtifie sink condition experiments, while
powders with equivalent 400 mg of FFA | were used fon-sink condition tests. The
dissolution tests were conducted at 23+0.5°C vhthdid of magnetic stirring at 250 RPM.
Samples of 1+0.1 mL were withdrawn from the disBoluvessel at predefined time points
of 5, 15, 30, 60, 120 and 240 min and analysed BiEito determine the concentrations of
FFA and coformer NIC or TP. Solid residues retreviecom the non-sink condition
experiments were dried at room temperature andyselby DSC, FTIR and PXRD. All
experiments were repeated in triplicate.

Dissolution Performance Parameter (DPB)issolution performance parameter (DPP),
analogous to the supersaturation parameter in oeviqus publicatiot> was used to
evaluate the dissolution profile of cocrystal poveden the absence or presence of a pre-
dissolved polymer in comparison to a referenceesystFigure 1 shows the dissolution
profiles of different solid powers in whiche&iibrium iS the equilibrium drug concentration in

the dissolution medium. The area under the cun@QPAUC, ) 0f a dissolution profile (t)



indicates the amount of drug dissolved and is maietl over the period of the dissolution
time from O to t. A higher AUC of the dissolutiomofile indicates a better dissolution
performance. A curvég(t) is the reference dissolution profile of soliBswith AUCc, ).

For solid A with a dissolution curvg,(t), its concentration passes the equilibrium value at
Tequitiprium @nd reaches the maximuip ,,,q,. TheAUC¢, 1) is significantly higher than that
of the reference solids R, indicating more of sdlidissolves. Compared with the reference
solid R, the solid B dissolves less, because ofmaller value of AUC¢, ). In order to

guantitatively compare the dissolution performaotcvo solids, DPP is defined as

AUCC(t)_AUCCR(t)
AUCCR(t)

DPP = x 100% (2)

Solids with a positive DPP value have an increaabiity to dissolve and to be
maintained in a dissolution medium, while as a iegdDPP value indicates that solids have
a less ability to dissolve and to be maintainesalution.

High Performance Liquid Chromatography (HPLC) ArsadyThe concentration of FFA,
NIC or TP in solution was determined by Perkin Eirseries 200 HPLC (PerkinElmer Ltd,
Beaconsfield, UK) with a HAISLL 100 C18 column {&n, 250 x 4.6 mm) (Higgins
Analytical Inc., Mountain View, CA, USA) at ambiet@mperature. An isocratic method was
used with 15% water (including 0.5% formic acidd&86% methanol at 1.5 mL/min flow
rate and 286 nm wavelength was used for detectiy ¢oncentration. Both NIC and TP
concentrations were identified by an isocratic rodtlvith 55% methanol and 45% water at
1mL/min flow rate and 265 nm.

Differential Scanning Calorimetry (DSCA. PerkinElmer Jade DSC (PerkinElmer Ltd.,
Beaconsfield, UK) was employed to characterizentieéting points of solids. 8-10 mg of the
samples was added into a crimped aluminium pan avighnhole pierced lid for testing at

20°C/min heating rate under a nitrogen flow rat20fmL/min. The temperature range of



FFA |, NIC and FFA-NIC cocrystal was 25°C to 2508@ile for TP and FFA-TP cocrystal it
was 25°C-320°C.

Powder X-ray Diffraction (PXRDPowder X-ray patterns of solids was recorded from
5°0 to 35° at a scanning rate of 0.38)(hin™ by a D2 PHASER diffractometer (Bruker UK
Limited, Coventry, UK). Solids of FFA | and FFA agstals were crushed using a mortar
and pestle before the measurements. @uddiation was used with a voltage of 30 kV and a
current of 10 mA. The calculated PXRD patterns afdspowders were obtained utilizing
Mercury (The Cambridge Crystallographic Data Cer@@mbridge, UK).

Fourier Transform Infrared Spectroscopy (FTIRn ALPHA interferometer (Bruker
UK Limited, Coventry, UK), equipped with a horizahuniversal attenuated total reflectance
(ATR) accessory, was used to measure the FTIR rgpettsolid samples. For each of the
samples, 30 scans were collected per spectrum avitssolution of 2 cfh in the spectral
region of 400 to 4000 cthusing the OPUS software. All the spectral dataevwesilected at
an ambient temperature.

3. RESULTS

3.1. FFA | and FFA Cocrystals Characterization, Morphology Prediction and Face
Indices. Single cocrystals of FFA-NIC CO and FFA-TP CO wegrewn using the slow
solvent evaporation technique described in the Nadseand methods section. The identities
of the crystals have been confirmed by PXRD, DSE@ RhIR measurements [See Figure S1
in the supplementary materials]. Single FFA-NIC G@svested were thin, brick-shaped and
single FFA-TP COs were chunky, with sizes rangiognf millimetres up to one centimetre.
The single crystals of FFA | from the received mate were plate-like with a wider size
range from millimetres up to one centimetre. Repméaive microscopy images of these

single crystals are shown in Figure 2.



Models of the crystal morphologies were createdgidilercury 3.9 based on the crystal
structures of each material obtained from the CaigbrStructural Database (CSD refcodes:
FPAMCALS for FFA I; EXAQAW for FFA-NIC CO; ZIQDUA ér FFA-TP CO, detailed in
Table S1 in the supplementary materials) and fadexing of representative single crystals
using an X-ray diffractometer [Section 2.2, Figuzg

The FFA | structure is formed with hydrogen-bonddéichers between the carboxyl
groups of two FFA molecul€s.In the FFA-NIC CO structure, hydrogen-bonded riags
formed by two FFA and two NIC molecules. These falecule rings are linked into
infinite tubes by the amide chain motifRegarding the FFA-TP CO structure, TP molecules
form a dimer via N-H-O hydrogen bonds involving the saturated N atonthefimidazole
ring and one of the carbonyl groups. An O-N hydrogen bond involving the carboxylic
acid of the FFA and unsaturated N atom of the igotka ring of TP results in a four-
component supramolecular urittThe identity of each powder sample was confirmgd b
comparison of the measured and predicted PXRD rpat&hown in Figure 2. It can be seen
that the calculated PXRD patterns were in goodeagent with the experimental data for all
crystals. All main PXRD peaks of FFA | were predittaccurately. Some mismatched peak
positions in the predicted and measured PXRD pattef cocrystals of FFA-NIC CO and
FFA-TP CO were found in Figure 2 (indicated by arsh These differences were likely to
come from the different temperatures of the measeangs, i.e., room temperature for PXRD
measurements and around 100 K for the single drgata®*3* At different temperatures the
size of the unit cell will be (slightly) differenteading to the shifts of the PXRD peak
positions.

In comparison with the observed single crystal iesagp Figure 2, it can be seen that the

crystal morphologies of FFA I, FFA-TP CO and FFAGNCO are represented accurately by



the models created by the software of Mercury Btferefore each surface of a single crystal
can be assigned through directly comparing the mredsmage with its morphology model.

Six well-defined planes of a single FFA | crystagére identified, with a pair of major
faces, (100) and (-100), bounded by two pairs efléss prominent side faces (011), (0,-1,-
1), (01-1) and (0-11). The (100) plane could expegker the COOH or the GFroups
[Figure 2]. The (0-11) face, on the other hand, omgs the COOH and GFRgroups
simultaneously, along with the aromatic rings [Fe@]. Based on this structural inspection,
it is expected that subsequent (100) layers wittnidant Ck...CF; contacts should have
lower attachment energy than the (0-11) faces aw la slow growth rate normal to the
surface, leading to a large face.

The rectangular shape of FFA-TP CO is formed witbaa of the dominant (001) and
(00-1) faces, larger side faces (0-10) and (018J, ssmaller side faces (100) and (-100). The
(001) face could again have a more hydrophobicreatecause the trifluoromethylbenzene
rings of FFA are exposed almost perpendicularlyaduhis surface. In contrast, the crystal
faces (0-10) and (100) are more hydrophilic, beeailey expose more hydrogen-bond
donors and acceptors.

The dominant pair of FFA-NIC CO faces are (0-11) 461-1), with less prominent
faces (011) and (0-1-1) and the smallest pair D@} and (100). On the (100) face, both
COOH groups of FFA and CONHyroups of NIC are exposed, resulting in a polafase.
The (01-1) plane is less polar, carbon, fluorinel &ydrogen atoms are dominating the
exposed area.

3.2. Solubility Study. The apparent FFA | equilibrium solubility at 23°Gsv373.34.2
pg/mL in PBS and was comparable of those of FFA the presence of 200 pg/mL PEG
(376.3t6.7 pug/mL), PVP (38745.9) or PVP-VA (398.82.3 ng/mL) shown in Table 2,

indicating that none of the polymers changed thaliégum solution properties. The solid



residues collected after the experiments were aadlypy DSC, FTIR and PXRD, and
indicated that they were the same as the startiatenmals [Figure S2, supplementary
materials].

The concentrations of FFA and TP after equilibratior 24 h when excess amount of
FFA | was added into each of the prepared TP swistiare shown in Figure 3(a). The
solubility of FFA 1 initially increased slightly wh increasing the TP concentration due to
soluble complex formation between the two compoundhen the TP concentration
exceeded 8.9 mM, it was found that the apparentbddl of FFA | reached a plateau,
because the solubility limit of the complex formeds exceeded and the concentration of
uncomplexed FFA in solution did not change sigaifity. Only an averaged 1.2-fold
increase in the apparent solubility of FFA | was@tved in the presence of TP in comparison
to FFA | solubility in PBS alone. Precipitation tife FFA-TP CO was observed based on
PXRD analysis [DSC and FTIR results in Figure S3h@ supplementary materials] of the
solid residues, which indicated the presence of solad phases, FFA-TP CO and FFA | as
shown in Figure 3(b). Therefore, the measured aanagons of FFA and TP in this solution
represent the FFA-TP CO transition concentraticab[& 2]. The molar ratio of FFA to TP at
the transition point was 0.26:1, indicating tha¢ $ystem is incongruently saturating. The
solubility of FFA-TP CO was calculated as 2.99 mimdl using Equation (1), which is a
2.25-fold increase compared to the solubility oAHRalone.

The apparent concentration of FFA | as a functibiNIC concentration is shown in
Figure 3(c), which is similar to a previous wdrkhe apparent solubility of FFA | increased
with increasing NIC concentration up to 61.8 mMjigating complex formation of FFA and
NIC in solution. In this region, the solubility linof the complex formed was not exceeded,
therefore the solid residues were FFA | alone, icovdd by PXRD results in Figure 3(d)

[DSC and FTIR results in Figure S4 in the supplet@gnmaterials]. In solutions with a NIC



concentration of 66.8 mM or above, the solid resgdindicated the presence of two phases:
FFA-NIC CO and FFA 1| solids, again confirmed by PXResults in Figure 3(d) [DSC and
FTIR results in Figure S4 in the supplementary mgd. Therefore the measured
concentrations of FFA and TP in the 66.8 mM NICusoh represent the FFA-NIC CO
transition concentration shown in Table 2. The moddio of FFA to NIC at the transition
point was 0.026:1. The solubility of FFA-NIC CO wdstermined to be 10.4 mM, which is a
7.83 fold increase compared to the solubility oAHFRalone.

3.3. AFM Measurements of Single Crystals. Figure 4 shows the representative AFM
images of the faces of single crystals at a 40x#0 gtan area after exposure to PBS in the
absence and presence of PEG, PVP, or PVP-VA. Thd ARages at other scans can be
found in Figure S5 in the supplementary materi8lsfore the etching experiments, the
surfaces of FFA | and FFA-TP CO studied were gdiyefiat and smooth, but with clear
defects shown in Figures. 4(a) and (f). In conirds® FFA-NIC CO (01-1) face was not
smooth, but was marked with many parallel strips.

After being etched by PBS, clear etching pattenmgeared on the FFA | (100) face
shown in Figure 4(b). The pits observed were roygivicular in shape and were randomly
distributed on the surface. Their diameters rarfg@t 1 pm to 10 um with depths of up to
0.5 pm shown in three dimensional AFM images inufégS6 in the supplementary
materials. When the FFA | (100) face was etchedguBBS in the presence of PEG, bigger
and deeper pits were obtained in comparison witkdletched by PBS alone [Figure 4(c) and
Figure S6]. Similar pits were also obtained by etghin the presence of PVP, but they
appeared at a much smaller in diameter. In contfasipattern etched by PBS in the presence
of PVP-VA was less regular, with pits of varied gés.and sizes.

When the FFA-TP CO (001) face was etched by PBSiynsmnall interpenetrating

trapezium pits with some isolated pits were formeith diameters of less than 1 um [Figure



4(g)]. At the same time, several long ditches wabserved, with depth of about 1.3 pm
[Figure S6]. In the presence of PEG in PBS, simgf@hing patterns were obtained to that
etched by PBS alone [Figure 4(h)]. The sizes olwib#-defined separate pits in Figure 4(i),
etched by PBS in the presence of PVP, were mugerddhan those by PBS alone or in the
presence of PEG. The etching pattern by PBS irptasence of PVP-VA, shown in Figure
2(j), was very different, with less clearly defindidiches than in PBS alone.

The etching patterns in Figure 4(i)-(0) on the ARKG CO (01-1) face etched by PBS in
the absence and presence of PEG, PVP or PVP-VA weyesimilar to the original surface
[Figure 4(k)], showing striped patterns with lineshe direction of the-axis. However, the
roughness of the FFA-NIC CO (01-1) face was diffieéter etching dissolution in different
dissolution media in Figure S6 in the supplementaagerials. In PBS with the pre-dissolved
PVP-VA the roughness of the etching surface istpmatch same as the original one while
the surface is roughest etched by PBS in the msotlied PEG.

3.4. Face Dissolution Rate Determination of Single Crystals. The temporal change in
the lateral dimensions of a single crystal was mdet by measurements of the retreating face
using OLM. The measurements were made for two fateach single crystal: (100) and (0-
11) faces of FFA I, (001) and (100) faces of FFAQO® and (01-1) and (100) faces of FFA-
NIC CO.

Representative images of a single crystal durisgalution recorded by OLM are shown
in Figure 5(a) [all other images can be found igufé S7 in the supplementary materials]
and the face dissolution profiles of each singhstal are shown in Figure 5(b). A linear
relationship for different faces of both FFA | aRBA-TP CO single crystals in PBS in the
absence or presence of a polymer was observedqyurds 5(b1)-(b8), indicating a constant
dissolution rate. The face dependent dissolutio® was determined from the gradient of a

plot of displacement of the edge of a face versssotltion time. It can be seen in Figure 6



that the dissolution rates of different faces fa¥ same crystal are distinctly different. It was
found that for the same crystal the bigger faced&mver dissolution rate. In the presence of
PEG in PBS, the dissolution rates of the facesFoh [For FFA-TP CO increased slightly
except the FFA-TP CO (100) face, indicating PEG enhance the crystal dissolution. In
contrast, in the presence of PVP or PVP-VA, theesging rates of the faces of FFA | or
FFA-TP CO decreased, indicating PVP or PVP-VA aard the face dissolution.

FFA-NIC CO shows complicated face dependent dissoslubehaviour in Figures.
5(b9)-(b12). In contrast to FFA | and FFA-TP CCQCe tlissolution rate increased rapidly on
both of faces in the presence of PVP or PVP-VABEPThe variation of the dissolution rate
on the small (100) face was significantly higharthihe big face (01-1). It was interesting to
note that the pre-dissolved PEG in solution dee@dlse dissolution of the small face (100)
and increased the dissolution of the big face (0l1ehding to close to isotropic dissolution
behaviour of FFA-NIC CO faces. Furthermore, onhAHRIC CO faces showed good linear
dissolution behaviour in PBS in the presence dflgrper of PEG.

3.5. Powder Dissolution Under Sink and Non-Sink Conditions. Figure 7 shows the
dissolution profiles of FFA |, FFA-TP CO and FFAQICO in the absence and presence of a

polymer under sink conditions in whicl€,,iiprium Was 100ug/mL (based on all the

materials dissolved in solution). The gradient ofliasolution curve indicates the solid
dissolution rate. Without a pre-dissolved polymersblution, FFA-TP CO was shown to
dissolve fastest, with 24% increase of AUC in corigmm with that of pure FFA | solids.

FFA-NIC COs dissolved rapidly in the first 5 miryttafter that their dissolution rate slowed
and became comparable with FFA I, indicating thphase transformation to FFA occurred.
Overall the AUC of FFA-NIC COs was 11% higher thédwat of FFA I. There was no

significant change (withie2%) of DPP and dissolution rate of FFA |, FFA-TP <@ FFA-

NIC COs in the pre-dissolved PEG solution. With-gigsolved PVP or PVP-VA, the



dissolution performance of FFA-NIC COs improved agkably, i.e., in the pre-dissolved
PVP solution 75% of solids dissolved within 15 raimd AUC increased by 34%, while in the
pre-dissolved PVP-VA solution 89% of solids disgalwithin 15 min and AUC increased
by 38%. In contrast, both PVP and PVP-VA reduceddissolution rate and DPP of FFA-TP
COs and FFA I solids as shown in Figure 7(e).

Figure 8 shows the dissolution profiles of FFA EATP CO and FFA-NIC CO in the
absence and presence of a polymer under non-sitktmms. Therefor€,,y,iiprium Was the
FFA | solubility of 373.3 pg/mL measured in thisidy in Table 2T,g,uiprium aNdCrgx
values of each test are shown in Tables 4 and thempresence of a polymer, FFA | solids
dissolved slower [Table 4], in particular, the piissolved PVP lead to 38% reduction of
AUC in Figure 8(e). There was no supersaturatiaregeted from FFA | dissolution in PBS
in the absence or presence of PEG, PVP or PVP-V&bIEr 5]. FFA-TP COs show an
advantage of improved dissolution relative to FFolids both in the absence or presence of
a pre-dissolved polymer. Pre-dissolved PVP can stbdecrease the DPP of FFA-TP COs,
to 40% from 30% in pure PBS, while pre-dissolved®P¥A can slightly decrease its DPP to
24%. A significant increase of DPP of FFA-TP CGs,56%, was observed in the pre-
dissolved PEG. Pre-dissolved PEG in PBS can inerdes dissolution rate of FFA-TP CO,
showing a reducedT,qyiiiprium IN CONtrast to the slow FFA-TP CO dissolution fret
presence of PVP or PVP-VA in PBS [Table 4]. Theeswo dissolution advantage observed
for FFA-NIC COs in PBS alone or in the presencem-dissolved PEG. However, in the
presence of PVP in the solution, the advantageFé-RIC COs in dissolution performance
was apparent, with a 64% increase of AUC [Figue]860% higher peak solubility [Table
5], and faster dissolution rate [Table 4]. Simyarh the presence of PVP-VA in solution, the
DPP of FFA-NIC COs was increased by 60% and theirmax FFA concentration was 1.6

times of its solubility.



The PXRD results of the solid residues collectedrahe FFA | dissolution experiments
were the same as for the starting materials, showigure 9(a), indicating that there was no
phase transformation for FFA | in solution. Theidalesidues from the FFA-NIC CO
experiments in the presence or absence of a psebdesl polymer gave PXRD patterns
[Figure 9(c)] that matched the characteristic fesguof FFA I1I?° indicating that FFA Il
crystals precipitated during dissolution. Intenmagly, in the presence of PVP or PVP-VA, the
solid residues after the FFA-TP CO dissolutionstasére their starting materials, FFA-TP
COs, as shown in Figure 9 (b). In contrast, thedsasidues after FFA-TP CO dissolution
tests in PBS or in the presence of pre-dissolve@ REre the mixtures of FFA-TP CO and
FFA Il solids. The DSC and FTIR results of theidaksidues are shown in Figure S8 and
Figure S9 in the supplementary materials
4. DISCUSSION
It is well known that the dissolution mechanismtloé cocrystals of poorly water soluble
drugs is complex, in which both dissolution of th@crystals and the precipitation of the
parent drug can occur simultaneously dependinghenptoperties of the parent drug and
coformer and the experimental conditionk this study, through rational selection of a
coformer as well as the dissolution medium in trespnce of a polymeric additive, we aimed
to provide mechanistic insights into the intrinsielationship among dissolution,
supersaturation and precipitation for pharmacelticerystals.

Based on the measured transition concentratiotisegbarent drug FFA | and coformers
of NIC and TP, it was shown that FFA-NIC CO inceshshe FFA solubility by 7.83 fold,
while the increase was 2.25 fold for FFA-TP CO. dieépancies between predicted and
observed solubility advantages were significantthe bulk experiments. In the powder
dissolution experiments FFA-TP CO partially reveals solubility advantage in PBS. Under

sink conditions [Figure 7(a)] it showed 24% inceea$ AUC and under non-sink conditions



[Figure 8(a)] achieved a maximum FFA concentratdd97.5ug/mL, which was just 1.33
fold of its parent drug solubility. Despite haviadhigher solubility, FFA-NIC CO dissolved
slower than FFA-TP CO in PBS under either sinkam-sink conditions [Figure 7(a), Figure
8(a)]. However, when PVP or PVP-VA was pre-dissdliwe the dissolution medium, the
expected improvements in dissolution rate and apaFFA concentration were clearly
revealed in the bulk dissolution experiments of AR CO shown in Figures. 7(c)-(d) and
Figures. 8(c)-(d). In contrast, under non-sink ¢bods the dissolution rate of FFA-TP CO
decreased with slightly highef,,,, in the presence of PVP or PVP-VA relative to
dissolution in PBS without a polymer.

Based on the crystal structure illustrated in Feg@r it is shown that the hydrogen
bonding between the FFA and NIC molecules creatieyex structure of the crystal lattice
where the NIC molecules form channels among the Fiekecules. Such configuration in the
crystal lattice allows complete layers of moleculede easily removed from the surface by
the solvent mediun’, Therefore the etching surface shown in Figureef(the FFA-NIC CO
(01-1) face etched by PBS was almost same as ited surface Figure 4(k). Due to rapid
removal of the hydrophilic NIC molecules from tharface during dissolution, a local
supersaturation of FFA near the dissolving surfafdeFA-NIC CO was generated, leading to
precipitation of the stable form FFA solids on toerystal particle, indicating changes in the
roughness of the etching surface [Figure S6] oleskby AFM. Consequently this resulted in
reduction of the dissolution rate of FFA-NIC CO.€eféfore, the dissolution profile of FFA-
NIC CO was similar to FFA |, which was observedhe bulk powder dissolution in Figure
8(a). It has been reported that FFA has up to diffierent crystal forms, among which FFA |
(white colour) and FFA Il (yellow colour) are tlmeost commonly encounterédBelow a
temperature of 42°C FFA Il is the most stable foamd has a lower solubility than its

metastable form of FFA 1, although the solubilityfetence between the two forms is very



small with less than 1 pg/mY.Precipitation of the solid FFA Il during dissaion under
non-sink conditions shown in Figure 9(c) demonstiathat the supersaturation was first
generated by the FFA-NIC CO dissolution and thdlodieed by precipitation of the stable
form FFA Illl. Furthermore, a nonlinear relationshgd the concentration vs time data
acquired for the FFA-NIC CO (01-1) face in Figuke)salso concluded precipitation of FFA
solids on the dissolving crystal surface. In costirano supersaturation was generated by
dissolution of FFA | crystals, confirmed by the PXResults in Figure 9(a) where the solid
residues collected after the FFA | dissolutiongestre the same as the starting materials.
According to the FFA-TP CO structure shown in Fegg@r an extended chain structure
formed by a supramolecular ladder network involvibmgh FFA and TP molecules with a
strong hydrogen bond and interactions of C-Handrt - 7t implies that the stronger crystal
lattice of FFA-TP COs hinders surface dissolution &ience impacts the overall solubility.
However, each surface of a FFA-TP CO becomes myuleophilic due to inclusion of TP
molecules in the crystal lattice in comparison witbse of FFA | shown in Figure 2, leading
to an increased interaction force between the fatdsFA-TP COs and aqueous solvent
molecules. Therefore, FFA-TP CO has a limited ghib improve the FFA solubility by 2.25
fold in Table 2. Similarly to the parent drug FFAthe dissolution mechanism of FFA-TP
COs appears to be controlled by defect locationshencrystal surface and the underlying
crystal lattice. Because the molecules at defées $iave higher mobility to be detached from
the surface, a regular etching pattern can be fordwing etching dissolution, which was
observed in the AFM etching images of both FFAd &kA-TP CO faces shown in Figures.
4(b) and 4(g). Formation of the etching patterntlom crystal surface is determined by the
crystal interaction network together with the iatgions between solvent and crystal
surface'’ On the (100) face of FFA I, there are two non-paricular crystallographic axes:

the b-axis andc-axis, in which the COOH or GKsee bottom) group in Figure 2 is exposed



out of the surface. Each molecule is surroundediyeighbors, each attracted througtt
stacking inside the surface, resulting in non-dioe@l force along either the b-axis or c-axis.
Therefore, the pits on the (100) face of FFA | wareular shape without specific preference
of directions shown in Figure 4(b). Presumably, stz or strain of individual defects on the
surface of FFA | was different before dissolutitending to a wide size distribution of the
pits. However, the situation is different for FFRTCO dissolution. When FFA-TP CO
dissolves, both of FFA and TP molecules detach fileenFFA-TP CO lattice from the defect
sites on the surface. The different etching patierRigure 4(g) in comparison with that on
the FFA 1 (100) face in Figure 4(b) reflects therenanisotropic nature of the interactions in
FFA-TP CO, with the ditches roughly parallel to 8teong hydrogen bonds. According to the
single crystal dissolution experiments, linear dlisson rates were obtained for both the
FFA-TP (001) and (100) faces, indicating that ntidséorm conversion occurred during
dissolution [Figure 5(b5)]. Under non-sink condit$p the precipitation of FFA 11l solids was
observed after 50 min [Figure 8(a)], when the FFAaentration in solution was above its
solubility. Therefore a bulk precipitation mechaniss proposed for the FFA-TP CO
dissolution, where the dissolved parent drug pretgs as individual crystals from the bulk
solution, in contrast to a surface precipitationchanism for the FFA-NIC CO dissolution,
where the parent drug precipitates directly on® shrface of the dissolving cocrytals as a
coating layer. The strong interaction between FRA &P, along with the smaller difference
in hydrophobicity between the coformers in FFA-TBD lative to FFA-NIC CO, suggests
that the coformers are more likely to remain clpsedsociated in the case of FFA-TP CO.
This would then lead to a smaller local supersatmaof FFA near the dissolving FFA-TP
CO surface, thereby explaining the lack of surfa@eipitation.

When a polymer of PEG, PVP or PVP-VA was pre-digsalin the dissolution medium,

dissolution profiles of FFA-NIC CO or FFA-TP CO cigeed to significantly different extents



under either sink or non-sink conditions. In thisdy, the used polymer concentration of 200
pg/mL was so low that the solution viscosity remdintkie same as that of the PBS
dissolution medium alone. Furthermore, the preeiesl polymer had no effect on the
solubility of FFA | [Table 2]. Therefore the effscdf polymeric additives on the dissolution
of FFA cocrystals are attributed to surface adsompof the polymers through specific
interactions with the crystal surface, in particutaydrogen bonding’2°%32633among the
polymers used in this study, PEG, containing a Ipigitentage of hydrogen acceptors in the
backbone, is the most hydrophilic, while PVP-VAntaining 40% acetate side chains in
comparison to PVP, is the most hydrophdic.

Based on the dissolution experiment of the singié Fcrystal, the FFA | (100) face is
more hydrophobic because it has a slower face Idisso rate in Figure 5(bl). The
hydrophilic polymer of PEG with its rigid backbonkains should not be easily absorbed on
the crystal surface. Therefore that there was rmmgh of the etching patterns of FFA | (100)
face in PBS in the presence of pre-dissolved PEGigure 4(c). Bigger and steeper pits
observed were most likely caused by an enhancéasitih rate of FFA molecules from the
crystal surface attracted by PEG in solution duéess hydrophilic environment generated
than water around the surface, indicating a shgimtreased surface dissolution rate in the
single crystal dissolution measurement in Figure P&P and PVP-VA have oxygen
molecules at the side chain positions, thereftveret should be no strong steric repulsion for
them to form hydrogen bonds with the COOH group&eA | on the crystal surface. Once
the polymers were adsorbed onto the surface, threyepted the dissolution medium
contacting the crystal surface to retard the etghacally, leading smaller and less deep pits
in Figures. 4(d) and 4(e). A lower density of this with irregular etching patterns in PBS in

the presence PVP-VA [Figure 4(e)] indicated thaPP¥A had more chance to be adsorbed



on the FFA | crystal surface due to more oxygenetules at the side chains in comparison
with PVP.

The hydrophobic nature of the FFA-TP CO (001) faees likely to prevent PEG to be
adsorbed on it; therefore, there was no changbeottrface etching patterns in comparison
with those in PBS alone in Figures. 4(g)-(h). Witlereasing the non-polarity of PVP and
PVP-VA, both of the polymers had more opportunite®e adsorbed on the crystal surface,
affecting the etching patterns of the FFA-TP (Of2e in Figures 4(i)-(j) and also causing a
reduction of the face dissolution rates in the leingystal face dissolution experiments in
Figure 6 and decreased DPP values in the powenldigs experiments in Figure 7(e) and
Figure 8(e). It has to be stressed that PVP or Mot only decreased the dissolution rates
of FFA-TP CO but also prevented the precipitatib-BA [l when the FFA concentration
was above its solubility through intermolecularenaiction in solution without increasing the
solubility of FFA I confirmed by the PXRD results of the solid res&luenere FFA-TP
COs were the only solid phase in Figure 9(b). Cqoueetly an increased,,, in Table 5
was generated by the FFA-TP CO dissolution.

In the presence of PEG in PBS, the FFA-NIC (Olatefdissolution rate increased and
its (100) face dissolution rate reduced in Figuiglb), therefore there was no change of the
overall dissolution performance of FFA-NIC CO inetlbulk dissolution experiments in
Figures. 7(e) and 8(e). In contrast, both PVP avie-N A were easily adsorbed on the FFA-
NIC CO surface to slow down the crystal dissolutiate. Consequently precipitation rate of
the stable form FFA Ill solids on the surface oé tHissolving cocrytals was reduced,
showing a similar roughness of the etching FFA-NOQ-1) in the pre-dissolved PVP or
PVP-VA as the original one prior to the etching essment. Therefore the advantages of the
improved solubility and dissolution rates of FFAENCO were observed in the single crystal

dissolution experiments in Figures 5(b11)-(b12) Aotk dissolution experiments in Figure



7(e) and Figure 8(e). It is worth re-emphasisirg the precipitation of the stable form FFA
Il was only partially inhibited by the pre-disseld PVP or PVP-VA in solution, supported
by the evidence of the nonlinear face dissolutiates in Figures 5(b11)-(b12) and PXRD
results of solid residues after non-sink powdereeixpents in Figure 9(c). Except the surface
roughness, no change of the appearance of the HEAMN.-1) face after etching dissolution
shown in Figures 4(i)-(0) is another evidence tpopsuit the surface layer removal dissolution
mechanisms of FFA-NIC CO. In order to maximize #dovantages of FFA-NIC CO, an
increasing polymer concentration or new approadtese to be developed to completely
inhibit the FFA precipitation, which is part of @oing research in our group.

5. CONCLUSIONS

Understanding the dissolution mechanisms of phagotasal cocrystals can lead to strategies
for improving cocrystal design and its optimum proddevelopment. In this study, effects of
the three polymers, PEG, PVP and PVP-VA, on thedlligsion behaviour of the cocrystals of
FFA-TP CO and FFA-NIC CO were investigated at nplatiength scales. At the molecular
level, the interactions of a crystal surface wittp@ymer by observing etching pattern
changes using AFM. At the macroscopic scale, digsol rates of particular faces of a single
crystal were determined by measurement of the palysetreat velocities of the faces using
OLM. In the bulk experiments, the FFA concentratiom dissolution medium in the absence
or presence of a polymer was measured under bokhasid non-sink conditions. It has been
found that the dissolution mechanisms of FFA-TP &@©controlled by the defect sites of the
crystal surface and by precipitation of the padmig as individual crystals in the bulk fluid.
In contrast, the dissolution mechanisms of FFA-NIO are controlled by the surface layer
removal and by a surface precipitation mechanisherevthe parent drug precipitates directly
onto the surface of the dissolving cocrytals asoating layer. Through controlling the

dissolution environment by pre-dissolving a polynYP or PVP-VA, which can interact



with the crystal surface to alter its dissolutiorogerties, the advantages of the improved
solubility and dissolution rates of the FFA-TP C@l&FA-NIC CO can be demonstrated.
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Table 1: Chemical structures of model drug, coformers, and nonomer units of polymers
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Table 2: Solubility test results

In PBS 373.3t4.2
FFA | equilibrium solubility In PBS with pre-dissolved PEG 376.316.7
(Hg/mL) In PBS with pre-dissolved PVP | 387.745.9
In PBS with Pre-dissolved PVP- 398.8+2.3
VA
FFA-TP cocrystal transition FFA concentration in 8.9 mM of | 439.9+2.0
concentration (ug/mL) TP solution
TP concentration in 8.9 mM of | 1028.9+25.3
TP solution
FFA-NIC cocrystal transition FFA concentration in 66.8 mM 474.3115.6
concentration (pg/mL) of NIC solution
NIC concentration in 66.8 mM 7812.5+300.6
of NIC solution

Table 3: AFM measurements

Crystal Face Dissolution time (min)
PBS PBS with pre- PBS with pre- PBS with pre-
dissolved PEG dissolved PVP | dissolved PVP-VA
FFA| (100) 10 10 10 10
FFA-TP CO (001) 10 10 10 10
FFA-NIC CO (01-1) 2 2 3 4
Table 4: T,qyuiprium values of powder dissolution under non-sink conditions
CryStaI Tequilibrium (mm)
PBS PBS with pre- PBS with pre- PBS with pre-
dissolved PEG dissolved PVP | dissolved PVP-VA
FFA| 166 196 >240 186
FFA-TP CO 50 10 62 87
FFA-NIC CO 223 196 23 22

Table 5: C,,4, values of powder dissolution under non-sink conditions

Crystal Cmax (H8/mL)
PBS PBS with pre- PBS with pre- PBS with pre-dissolved
dissolved PEG dissolved PVP PVP-VA
FFA | 415.316.0 397.848.40 283.3144.8 415.4+32.8
FFA-TP CO | 497.5£20.7 527.1+23.3 538.8+32.9 539.4+1.6
FFA-NIC CO | 383.6+34.1 397.3%£20.7 609.4+14.0 629110.1




Fig. 1: lllustration of dissolution performance parameter
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Figure 2: Crystal morphologies and molecular packings at crystal faces used in experiments.
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Fig. 3: Apparent solubility of FFA | in a coformer solution: (a) FFA and TP concentrations as
a function of TP concentration; (b) PXRD results of solid residues after the tests in TP
solutions; (c) FFA and NIC concentrations as a function of NIC concentration; (d) ) PXRD
results of solid residues after the tests in NIC solutions
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Fig. 4: AFM images of results at a 40x40pm? scan area
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Fig. 5: OLM dissolution experiments: a) representative OLM images of single crystal during dissolution; b) displacements of the edge of a
crystal face as a function of dissolution time
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Figure 6. Face dependent dissolution rate of a single dryst®BS in the absence and

presence of a polymer.
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Fig. 7: Powder dissolution profiles in the absence or presence of a polymer under sink

conditions: (a) PBS; (b) PBS with pre-dissolved PEG; (c) PBS with pre-dissolved PVP; (d)

PBS with pre-dissolved PVP-VA
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Fig. 8: Powder dissolution profiles in the absence or presence of a polymer under non-sink
conditions: (a) PBS; (b) PBS with pre-dissolved PEG; (c) PBS with pre-dissolved PVP; (d)
PBS with pre-dissolved PVP-VA
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Fig. 9: Test results of solid residues after dissolution tests under non-sink conditions: (a) FFA
I; (b) FFA-TP CO (c) FFA-NIC CO
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