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Role of polymers in solution and tablet based carbamazepine
cocrystal formulations

Shi Qiu,? Junmin Lai,?Minshan Guo, 2 Ke Wang,® Xiaojun Lai,? Unmesh Desai,2Nazmin Juma,?and
Mingzhong Li*?

The aim of this studywas toevaluate the influence of three chemically diverse polymers of Hydroxypropylemthyicellulose
acetate succinate (HPMCAS), Polyvinylpyrrolidone (PVP) and PolyEthylene Glycol (PEG) on the phase transformation of
three carbamazepine (CBZ) cocrystals of carbamaze pine-nicotinamide (CBZ-NIC), carbamazepine-saccharin (CBZ-SAC) and
carbamazepine-cinnamicacid (CBZ-CIN) in solutionand tablet based formulations. Based on the solubility and powder
dissolutionstudies, it demonstrates that cocrystals can be easily formulated through a simple solution formulation or
powder formulationto generate supersaturated concentrations and faster dissolution rates to overcome th ose drugs with
solubility and/ordissolution limited bioavailability. However, a polymerbased CBZ cocrystal tablet formulation has not
shown any advantage of an improved CBZ release rate compared with the formulation of CBZ Ill or physical mixtures of
CBZ Il and coformers. This is contradictive to the solution behaviours of CBZ cocrystals in the solubility and powder
dissolutiontests because crystallization of the stable solid form of CBZ dihydrate (CBZ DH) within the tablet has taken
place, leading toa reduced drug release rate and incomplete release. The mechanism of a polymer inhibition effecton the
drug precipitation insolution has been elucidated through investigating the molecular interactions among CBZ, coformers
and polymersinsolution using infrared spectroscopy. Finally the formulation strategy has been proposed to capture the

significant advantage of cocrystals.

Introduction

Solubility and dissolution rate are the most important
physicochemical properties ofactive pharmaceutical ingredients
(APIs) indrug discoveryanddevelopment. Many candidates with
promising pharmacological properties have to be withdrawal from
development due to their poor aqueous solubility and/or
dissolutionrates. There has beensignificant ongoing research in
improvingthe aqueous solubilityand dissolution rates of such drug
candidates, in particularthose of BCS Il compounds with high
permeabilityandlowsolubility . Amongmany effective methods,
such as particle size reduction, solid dispersion, salt formation and
cyclodextrincomplexing agents, pharmaceutical cocrystals have
been recognised as an alternative approach to improve the
solubilityand bioavailability of poorly water soluble drugs In
orderto form cocrystalswith higher solubilitythanits parent drugs,
different solubility coformers are require . When these
cocrystals are dissolved, they cancreate supersaturated states of
the parent drug concentrations which exceed its equilibrium
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solubility. Although a higher drug concentration canincreaseits oral
absorption, the drugis thermodynamically unstable at such high
concentrations, leadingto crystallisation of |ess soluble solid forms
of the parentdrugs. Thisphenomenonis calledsolution mediated
phase transformation (SMPT|LP. In our previous work, we have
demonstrated that the SMPT of cocrystals can significantly
compromise the advantages of the improved solubility and
dissolution ra“.

In orderto benefitfrom the supersaturated state of drugs in
solution generated by dissolution of cocrystals, itis essential to
develop effective formulations to maintain the increased drug
concentrations for a time period for absorption to overcome
solubility limited bioavailability. This could be achieved through
inclusion of pharmaceutical excipients as precipitation (or
crystallisation) inhibitors in the formulation. A large number of
excipients have been explored as precipitation inhibitors to
maintaindrugs inother supersaturating drugdelivery systems such
as solid dispersions and lipid-based formulation These
excipients including polymers, surfactants and cyclodextrins can
interfere with drug nucleation and/or crystal growth to inhibit
and/orretard the drug precipitation from solution. However, very
limitedresearch hasbeen carried out to study a supersaturati
cocrystal systeminorderto capture the solubilityadva ntages
In an earlierstudy, ithas beenfound that the combinations of
celecoxib-nicotinamide (Cel-Nic) cocrystal with both 1-10% solid
SDS andPVPcan have up to 4-fold more bioavailable than marketed
Cel-lllin contrast withthe neat Cel-Nic cocrystal formulation which
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dissolves more slowly than commercial Cel-1llinto 1% SDS solution

In anotherstudy, ithasbeendemonstrated that the advantage
of the improved solubilityof a 1:1 danazole-vanillin cocrystal can
onlybe capturedbya suitable formulation containing 1% vitamin E-
TPGS and 2% Klucel LF Pharm hydroxypropylcellulos. In the
meantime, severalprevious studies have revealed thatinclusions of
the excipients of polymers and surfactants informulations have not
shown the effectiveness to capture the enhanced solubility
advantage of the cocrystals of indomethacin-saccharin and
carba mazepine-nicoﬁnamid. Therefore, the selections of both
excipients and coformers are essential for success of enabling
cocrystalformulation In our previous studyithasbeen found
thatthe rate difference between the cocrystal dissolution and
formation of a soluble complex between the parent drug and
polymerinsolution is a vital factor to inhibit the precipitation of the
drugs atsupersaturated concentration. In parallel, our very
latestworkhas shownthatthrough selection of a suitable coformer
to form stable cocrystals in solution the dissolution advantage can
be easilycaptured ina cocrystal formulation n order to select
the optimal polymer and coformer for a given APl in a cocrystal
formulation, more systematicinvestigation is needed to provide
guides to avoid potential performance risks of the cocrystal
formulations.

The aim of the current study was to evaluate the effects of three
chemicallydiverse polymers on phase transformation and release
profiles of three carbamazepine cocrystals with significantly
different solubility and dissolution rates including 1:1
carbamazepine-nicotinimide (CBZ-NIC), 1:1 carbamazepine-
saccharin (CBZ-SAC) and 1:1 carbamazepine-cinnamic acid (CBZ-AN)
cocrystalshree chemically diverse polymers including
hydroxypropylemthylcellulose acetate succinate (HPMCAS),
polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG) were
selected in the study because they have been widelyused as
precipitation inhibitors in other supersaturating drug delivery
systems and approved orally commercial productsln order
to evaluate the effectiveness of these polymers on inhibiting the
phase transformation of cocrystals, the studywas carried out with
polymers in both pre-dissolved solution and tablet based
formulations. Twotypes of dissolution testing experiments were
conducted: 1) cocrystalpowder dissolution tests in the dissolution
medium of pH6.8 phosphate buffer solution (PBS) in the absence
and presence of pre-dissolved polymers to investigate the polymer
effectsonthe drug precipitationand 2) dissolution tests fortablets
of mixture of the cocrystals (or physical mixtures of drug and
coformers) and polymers to assess the effects of the polymer
release kinetics onthe cocrystalrelease profiles. Both of powder
and tablet dissolution tests were carried out under sink conditions
with aims to identify the rate difference between the cocrystal
dissolutionandinteraction ofthe drugand polymerin solutio In
orderto investigate the mechanism of a polymer inhibition effect
on the drug precipitationinsolution, the molecularinteractions
among CBZ, coformers and polymers insolution wereinvestigated
using infrared spectroscopy. In the meantime, the apparent
equilibrium solubility of the CBZ cocrystals and parent drug CBZ IlI
in ph6.8 PBS inabsence and presence of different concentrations of
the selected polymers was measured to evaluate the polymer
solubilization effectsinsolution formulations. By comparing the
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behaviorof cocrystalswiththat of physical mixtures or the pure
parentdrug, it was expectedto elucidate the role of polymers in
solution and tablet based cocrystal formulations.

Results

Solubility studies

Figs.1(a)-(d) showthe CBZ concentrations after the solubility tests
of CBZ Il and cocrystals of CBZ-NIC, CBZ-SAC, and CBZ-CIN in the
absenceandpresence of the different concentrations of a pre-
dissolved polymer of HPMCAS, PVP or PEG in pH6.8 PBS at
equilibrium after 24h.

Itis revealedthatall three polymers of HPMCAS, PVP and PEG
can enhance the solubility of CBZ Il shown in Fig. 1(a). The
equilibrium concentration of CBZ in solution increased with
increasinga polymer concentrationandreached its maximum at 1
mg/mLforallthe polymers andthen was constant. Itis found that
the solubility enhancement by the polymers was limited, which was
1.5 fold increase by polymers of both of HPMCAS and PEG and
slightly higher increase of 1.6 fold by PVP. The solubility
enhancementwascaused by formation of the soluble complex
through hydrogen bonding between CBZ and polyme'
However, these polymers showsignificantly different precdpitation
inhibition abilities. HPMCAS can completely inhibit the
transformation of CBZ lll into CBZ dihydrate (CBZ DH). In contrast,
either PVP or PEG can inhibit the transformationof CBZ Il into CBZ
DH. This was confirmed by the DSCthermographs of the solid
residues retrieved from the solubility tests. Fig. 2 shows the
comparison of DSCthermographs of original samplesand the solid
residues obtained from the solubility tests in the absence and
presence of a 2 mg/mLpolymerin pH6.8 PBS. In pH6.8 PBS without
a polymer, the solid residues of the CBZ Ill test were CBZ DH
crystals, showing that the dehydration process happened between
80-120°C under DSCheating. After dehydration, CBZ DH converted
back to CBZ Ill which melted around 175°Candthenrecrystallized a
more stable form CBZ | which was melted around 196°C In the
presence of 2 mg/mL PVP or PEG in pH6.8 PBS, CBZ DH crystals
were foundinthesolid residuesof the CBZ Il test, showing a similar
DSCthermograph as that of solid residues in pH6.8 PBS in the
absence of a polymer. However, the dehydration peak of the DSC
thermograph from the test in the presence of PVP or PEG was
significantly lower than that of the solid residuesinthe absence of a
polymer, indicating the solid residues were the mixture of CBZ DH
and CBZ Ill. Therefore PVP or PEG can partially inhibit the
transformation of CBZ Il into CBZ DH. In the presence of 2 mg/mL
HPMCAS in pH6.8 PBS, the DSCthermograph ofthesolid residues
was the same of the starting materials CBZ |1l due to HPMCAS
inhibition effect. Similaras HPMC, the hydroxyl groups of HPMCAS
can attach to CBZ atthesite of waterbinding to form stable CBZ-
HPMCAS complexes, resulting in inhibiting CBZ transformation to
the dihydrate form CBZ DH EM photographs of solid
residues obtained from the tests in Fig. S1in the Supporting
information have further supported the above analyses. Similar
results canbe foundinthe othersolubilitytestsinthe presence of
different concentrations of a polymer of HPMCAS, PVP or PEG,
including 0.5 mg/mL, 1 mg/mLand 5 mg/mL by the DSC

This journalis © The Royal Society of Chemistry 20xx
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Fig. 1 CBZ concentrationsinthe absence and presence of the different concentrations of pre -dissolved polymers in pH6.8 PBS at

equilibrium after24 H: (a) CBZI1I;(b) CBZ-NICcocrystal; (c) CBZ-SACcocrystal; (d) CBZ-CIN cocrystal; (e) eutectic constant for CBZ-NIC
cocrystal; (f) eutectic constant for CBZ-SAC cocrystal; (g) eutectic constant for CBZ-CIN cocrystal
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Fig. 2 DSCthermographs of original samples and solid residues retrieved from solubility studies in the absence and presence of 2 mg/ml polymerin pH6.8 PBS
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thermographs of the solid residuesin Fig.S2and SEM photographs
in Fig. S3in the Supporting information.

For CBZ-NICcocrystal,the apparent CBZ concentrationwas the
sameasthatof CBZIllin pH6.8 PBS inthe absence of a polymer. It
was increased slightly withincreasingthe concentration of HPMCAS
up to 1mg/mLin pH6.8 PBS andthen wasconstant. A pre-dissolved
polymerof PVPorPEGin pH 6.8 PBS at any concentration tested
did not affect the apparent CBZ concentration of CBZ-NIC cocrystal
which was the same as the solubilityof CBZ Ill in pH6.8 PBS in the
absence of a polymer, although the apparent CBZ concentration
was slightlydecreasedinalow polymer concentrationshowninFig.
1(b). Having examined the DSC thermographs and SEM
photographs of solid residues after the solubilitytestsin Fig. 2 and
Fig.S1in the Supportinginformation (Fig. 52 and Fig. S3 show the
results in the other polymer concentrations in the Supporting
information), itis clearlyshownthatthe original CBZ-NICcocrystals
have completely transferred into needle-like CBZ DH crystals,
indicating thatnone of the polymers of HPMCAS, PVP,and PEG can
inhibit the crystallisation of CBZ DH from solution, which is similar
to the polymerof HPMCin our previous publicatio. Based onthe
solubilitytest ofthe physical mixture of CBZ I11-NIC, it has been
found that NICdid not affect the apparent solubility of CBZ I1lin the
absence and presence of a polymerin pH6.8 PBS showninFig.S4in
the Supporting information. A pre-dissolved HPMCAS in pH6.8 PBS
can inhibitthe transformation of CBZ into CBZ DH for the physical
mixture of CBZ I1I-NIC, confirmed bythe DSCthermographsinFig. 2
and SEMphotographs in Fig. S1in the Supporting information.

The apparent CBZ concentration of CBZ-SAC cocrystal (about
0.35 mg/mL)in pH6.8 PBS inthe absence of a polymer was 1.4 fold
ofthatof CBZ I11(0.25 mg/mL), indicatingthe enhanced solubility
advantage of the cocrystals. Basedon the SEM photograph of the
solidresiduesafterthetestinFig.S1, it was foundthat part of CBZ-
SAC cocrystals had transferred into needle-like CBZ DH crystals.
When HPMCAS was pre-dissolved in pH6.8 PBS, the apparent CBZ
solubility of CBZ-SACcocrystal increased dramaticallyandit reached
its maximum 0.74 mg/mL at 2 mg/mL of HPMCAS concentration,
which was 2.1-fold of the solubility of CBZ I1lin the same polymer
solution and 3-fold solubility of CBZ I11inpH6.8 PBS inthe absence
of HMPCAS. Althoughthe CBZ DH crys tals were found in the solid
residues of the tests shown inthe DSCthermographs inFig. 2 (other
resultsinFig.S2inthe Supporting information), its percentage was
signifiantlylowerthan thoseinthe absence of HPMCAS in pH6.8
PBS shown in the SEM photographs in Fig. S1, indicating that
HPMCAS can partiallyinhibit the precipitation of CBZ from solution.
Pre-dissolved PVP in pH6.8 PBS did not affect the apparent CBZ
concentration of CBZ-SAC cocrystal, showing the constant CBZ
concentration with different concentrations of PVPshownin Fig. 1.
The solid residueswere the mixture of CBZ-SACcocrystals and CBZ
DH crystals confirmed by the DSCanalysisinFig. 2 (otherresults in

This joumnal is © The Royal Society of Chemistry 20xx
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Fig.S1in the Supportinginformation) and SEM photographs in Fig.
S1(otherresultsinFig.S3in the Supporting information), indicating
the pre-dissolved PVP can partiallyinhibit the crystallisation of CBZ
DH, butitwas less effective than HPMCAS. Pre-dissolved PEG in
pH6.8 PBS slightlydecreased the apparent CBZ concentration of
CBZ-SACcocrystalincomparisonwiththat of CBZ-SAC cocrystal in
the absence of the polymer, showing that PEG enhanced the
precipitation of CBZ DH from solution, which wasconfirmed by the
SEM photographs in Fig. S1 (other results in Fig. S3 in the
Supporting information), in which large amount ofneedle -like CBZ
DH crystals was foundin the solid residues after the tests. The
solubilityof SACdecreased slightly when a polymer of HPMCAS,
PVP or PEG was pre-dissolved in pH6.8 PBS shown in Fig. S4(a) in
the Supporting information. Therefore SACcan change the CBZ
concentration of the physical mixture of CBZ 111-SACin the presence
ofa polymerin pH6.8 PBS shown in Fig. S4(a) in the Supporting
information.

Fig. 1(d) shows the apparent CBZ concentration of CBZ-CIN
cocrystalsin absence and presence of a polymerin solution. The
apparent CBZ concentration of CBZ-CIN cocrystal in pH6.8 PBS was
sameasthatof CBZ Ill. When HPMCAS was pre-dissolved in the
solution, the apparent CBZ concentration of CBZ-CIN cocrystal
increased significantly. At 2 mg/mL of HPMCAS concentration the
CBZ-CIN cocrystal canincrease 2.7 fold of the solubilityof CBZ I1 in
pH6.8 PBS, which is slightlylower than that of CBZ-SAC cocrytal in
the same condition. Inthe presence of PVP in pH6.8 PBS, itis shown
thatPVP has a profound effect on the apparent CBZ concentration
of CBZ-CIN cocrystal. Ata lower concentration of 0.5 mg/mL PVP,
the apparent CBZ concentration of CBZ-CIN cocrystal was
significantly lower than that of CBZ Ill and at a higher PVP
concentration (2 mg/mLor5mg/mL) the CBZ concentration of CBZ-
CIN cocrystalincreasedto the same level of the solubility of CBZ I11.
PEG pre-dissolved in solution did notsignificantly affect the
apparent CBZ concentration of CBZ-CIN cocrystal, showinga nearly
constant CBZ concentrationin different concentrations of PEG. The
solidresiduesof CBZ-CIN cocrystalinpH6.8 PBS in the absence and
presence of a polymer of HPMCAS, PVP, or PEG were physical
mixtures of CBZ DH and CBZ-CIN cocrystal confirmed by DSC
analysis in Fig. 2 and SEM photographs in Fig. S1. The CBZ
concentration of the physical mixture of CBZ I11-CIN was constant in
the absence and presence of a polymerin pH6.8 PBS showing in Fig.
S4inthe Supporting information and is lower than that CBZ Il or
CBZ-CIN cocrystal. However, the components of the solid residues
from the tests were different. Inthe absence of a polymer, the solid
residues contained mixtures of CBZ DH, CIN and CBZ-CIN cocrystal.
In the presence of HPMCAS in solution, the solid residues were CBZ
111, indicatingthat HPMCAS completely inhibited the transformation
of CBZ 111 to CBZ DH. Incontract,in the presence of PVP or PEG in
solution, both CBZ DH and CBZ-CIN cocrystalwere foundinthe solid
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residues. DSCanalysis in Fig. 2 and SEM photographs in Fig. S1
support the above analyses.

Figs. 1(e)-(g) show the ratios of CBZ and its corresponding
coformer concentrations for the three CBZ cocrystals. This
parameteris alsocalledthe cocrystal eutectic constant Key, which
can be usedasanindicator of the stability of cocyrstalsin solution

Detailed discussionwill be given in the discussion section.

Powder dissolution studies

Fig.3 presents the effect ofa pre-dissolved 2 mg/mLconcentration
of HPMCAS, PVP or PEG on the powder dissolution profiles of CBZ IlI
and cocrystals of CBZ-NIC, CBZ-SACand CBZ-CIN. Ithasbeen found
thata pre-dissolved polymer did notimprove the dissolution rate of
CBZ IIl. Actually a pre-dissolved polymer of HPMCAS or PVP
decreasedtherelease rate of CBZ Ill while as the pre-dissolved PEG
did not affect the dissolution rate of CBZ I1I. The re duced dissolution
rate is most likely caused by the reduced diffusion coefficient of (BZ
insolutiondueto the change of the bulk solution properties, in
particulartheincreased viscosity of solution with a pre-dissolved
polymer.

In contrast, allthree pre-dissolved polymers in pH6.8 PBS can
increase the dissolution rates of three CBZ cocrystals. PEG shows
the smallest effect on increasing the dissolution rates of the CBZ
cocrystals. HPMCAS and PVP have the similar effectsonincreasing
the dissolution rates of the CBZ cocrystals. Although the
physicochemical properties are significantly different between CBZ-
NICand CBZ-CINcocrystals, the dissolution profiles (p>0.05) are
similarin the absence or presence of a polymer of 2 mg/mL

Journal Name

concentrationinpH6.8 PBS, which are faster thanthose of CBZ-SAC
cocrystals. Inthe meantime, all three cocrystals showa significant
advantage of animproveddissolution rate than that of CBZ Ill. In
the presence ofa 2mg/mLHPMCAS inpH6.8 PBS, the cocrystals of
CBZ-NICand CBZ-CIN can be dissolved about 80% within 5 minutes
in comparison with 10% of CBZ I11in the same condition and period.

CBZ release profiles from HPMCAS, PVP and PEG based tablets

Fig. 4 presents the comparisons of CBZ release profiles from
different polymer-based tablets. It hasbeen found that none of the
cocrystal formulations shows a better performance compared with
the CBZ Ill formulation.

Depending ona coformer, the dissolution profile of a physical
mixture formulation can vary significantly (p<0.05). Generally a
physical mixture of the CBZ I1I-NICformulation had a similar release
performance as that of the CBZ |1l formulation. The dissolution
performance of a physical mixture of the CBZ [11-SACin HPMCAS or
PVP tablets wasinthe middle of the formulations of CBZ IIl and
CBZ-SACcocrystal. Forthe PEG based tablets, the release profiles of
the physical mixture of CBZ I1II-SACwere betterthanthose of CBZ 11l
basedformulations. The dissolution performance of a physical
mixture of CBZ I1I-CIN varied with different polymers. In HPMCAS or
PVP basedtablets, CIN reduced therelease rate of CBZ Ill, indicating
thatthe release profile of a physical mixture of CBZ I11-CIN was
lowerthanthatof CBZ Ill alone. In a HPMCAS based tablet, the
physical mixture of CBZ IlI-CIN had a lower release profile than that
of the cocrystal formulation upto 4hours. In a PVP based tablet,
the physical mixture of CBZ I1I-CINshows a lower release profile

CBZ 1l
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Fig.3 Powderdissolution profilesinthe absence and presence of a 2 mg/ml pre-dissolved polymerin pH6.8 PBS: (a) CBZ Il1; (b) CBZ-NIC
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Fig.4 CBZrelease profilesof CBZ11l, cocrystals of CBZ-NIC, CBZ-SACand CBZ-CIN from 100mg and 200mg polymer based tablets: (a)
HPMC based tablets; (b) PVP based tablets; (c) PEG based tablets

than thatof the cocrystal formulation over the whole dissolution
period.naPEG based tablet, the physical mixture of CBZ I11-CIN
had a higherrelease profile than that of the cocrystal formulation.
Up to 3-hour dissolution, the physical mixture of CBZIII-CIN
formulationshows a lower rate profile than that of CBZ Ill alone in
PEG based tablets.

In the meantime, the drugrelease profileis also affected by the
percentage of a polymer in the tablet, varying with different
polymers. PEG shows the different effects on the performance of
the formulations in comparison with the polymers of HPMCAS and
PVP. Increasing the percentage of PEG ina formulation increased
the dissolution of the drug. In contrast, increasing the percentage of
HPMCAS orPVP in a formulationslowed down the drug release.

The solid residuesof different formulations after the dissolution
tests (ifanyreasonable amount of the solids can be collected for
testing) have been analysed by XRPD in Fig. 5 (DSCin Fig. S5 and
SEMin Fig.S6inthe Supporting information). It has been shown
thatall cocrystal formulations had solidresidues left after 6-hour

This joumnal is © The Royal Society of Chemistry 20xx

dissolution except of the 100 mg PVP based CBZ-SAC cocrystal
formulation. The solid residues from these cocrystal formulations
were the mixture of CBZ cocrytals and CBZ DH crystals confirmed by
XRPD patternsinFig.5,indicating that the CBZ DH crystals were
precipitated during dissolution. Tablets ofthe CBZ 11l formulations
and physical mixture of CBZ I1I-NIChad dissolved completely. The
solidresiduescollected from the 200 mg HPMCAS-based physical
mixture of CBZ III-SAC were CBZ Ill, indicating HPMCAS can
completelyinhibitthe transformation of CBZ I11into CBZ DH during
tabletdissolution. Forthe HPMCAS based physical mixture of CBZ
I11-CIN formulations, the solid residues were the mixture of the
originalmaterials of CBZ Illand CINshownin XRPD patterns in Fig.
5. However, for the PVP based physical mixture of CBZ I11-CIN
formulation, the solid residues were the mixture of three
components of CBZ IIl, CIN and CBZ DH, indicating PVP cannot
inhibit the transformation of CBZ Ill into CBZ DH during tablet
dissolution.
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Foranyof PEG basedformations, there was no solid residue
collected because the tablet waseither broken into fine particles or
dissolved completely.

Spectroscopic investigation of CBZ, coformers and polymers
interaction in solution

Fig.6shows comparisonof the spectra of CBZ cocrystal solids with
solution spectra of individual components and mixture in absence
and presence ofdifferent polymers. The IR spectrum of CBZ-NIC
cocrystalsolidsin Fig. 6(a) shows the strong characteristic peak of
1681 cm due to the intermolecular hydrogen bonding between
the carboxamide groups from both CBZ and NI The IR spectra of
the individualcomponents of CBZand NICin Methanol show the
strong bands at 1686 and 1674 cm? due to the carboxamide
groups. Whentwo components are mixedin solution, it can be seen
thata newstrong peakat1681 cm-1whichis exactlysame as that of
the CBZ-NICcocrystalsolidsis formed and the individual bands of
the two components disappear, indicating the formation of CBZ-NIC
complexthroughthe molecularinteraction insolution. Byadding a
polymer of HPMCAS, PVP, or PEG in solution, the spectrum of the
mixed CBZ and NICsolution is kept as the same, indicating that
none of the polymers has interacted with CBZ, NIC or CBZ-NIC
complex.

The characteristic peak of CBZ-SACcocrystal at 1724 cm™ can be
clearyseeninFig.6(b)dueto theintermolecular hydrogen bonding
between the carbonyl groups from both CBZ and SA The IR
spectra of individual components of CBZ and SACin Acetonitrile
show the strong bands at 1686 and 1743 cm™. There is no new
characteristic peak formed when two components are mixed in
solution, showing nointeraction between CBZand SACinsolution.
By adding a polymer of HPMCAS, PVP, or PEG in solution, the
spectrumof the mixed CBZand SACin solution has changed. For
example,inthepresence of PVPin solution both characteristic
bands of CBZ at 1686 cm™ and SACat 1743 cm have shifted to
1681 and 1740 cm, indicting the intermolecular bonding can be
formed between the polymer and CBZ or SAC.

For CBZ-CIN cocrystal solids, one ofthe characteristic peaks in Fig
6(c-1)is at1697 cm2due to theintermolecularhydrogen bonding
betweentheamideand acid groups from CBZ and CIN The IR
spectra of individual components of CBZ and CIN in Acetonitrile
show the strong bands at 1686 and 1716 cm. Although the
characteristicpeaks at 1697 cm? of the CBZ-CIN cocrystal solids
disappears in Fig. 6(c-1) when two components are mixed in
solution, a new characteristic peak is formed at 1311 cm?in Fig.
6(c-2), showing the formation of CBZ-CIN complex in solution. By
adding a polymer of HPMCAS, PVP, or PEG in solution, the spectrum
of the mixed CBZ and CIN in solution haschanged significantly. For
example, inthe presence of HPMCAS in solution both characteristic
bandsof CBZat1686cm™, CINat 1743 cm and CBZ-NICcomplexat
1311 cm have shifted, indicatingthat the intermolecular bonds
can be formed between the polymer and CBZ, CIN or CBZ-CIN
complex.ThefulllRspectral data can be found in Fig. S7 in the
Supporting information.

Discussion

8 | S. Qiu., 2016, 00, 1-3

From a theoretical point of view, cocrystals can significantly
improve the solubility of a drug compoundwith solubility limited
bioavailability through selection of suitable coformersHowever,
the realityis thatthe improved drug solubility by the cocrystals
cannotbe sustainedinthe supersaturated solution generated due
to the solution mediated phase transformation, resultingin
precipitation ofa less soluble solid form of the parent drug. The
drug precipitation process can occur simultaneously with the
dissolution of cocrystals, showing that the apparent drugsolubility
of cocrystals hasnotbeenimprovedincomparison with that of the
stable form of the parent drug. Study on maintaining the
advantages of cocrystals is of importE 1519,

Cocrystals in pre-dissolved polymer solutions

In the absence of a polymerinpH6.8 PBS, the solubility advantage
of CBZ cocrystals hasnot been seen, in which both CBZ-NICand
CBZ-CIN cocrystals generated the same apparent CBZ
concentrations as that of the parentdrugCBZ Illwhile as the CBZ-
SAC cocrystal produced a slightly highervalue shown in Fig. 1. This
was due to crystallisation of CBZ DH from the supersaturated
solution generated by the dissolution of CBZ cocrystals, confirmed
byDSCanalysesin Fig.2. When HPMCAS with a concentration of 2
mg/mLorhigherwas pre-dissolvedinsolution, both CBZ-SAC and
CBZ-CIN cocrystals can generate significantly higher CBZ
supersaturated solutions with around three-fold increase in the
solubilityof CBZ IIl. Thiss upersaturated state had been maintained
for more than 24 hours and therefore it can certainly allow
sufficient CBZ absorption forincreasing bioavailability.

Basedonthesolution IR spectra of the individual components
and mixtureinthe absence and presence of a polymer of HPMCAS,
PVP or PEG, it was concluded that the mechanism of the
supersaturated state of CBZ canbe adjusted through the polymer
interaction withinduvial components and/or complex of the API
and a coformer. Forthe mixture of CBZ and NICinsolution, none of
three polymers of HPMCAS, PVPand PEG can interact with CBZ or
NICdue to the strongbonds of the CBZ-NIC complexin Fig. 6(a),
showing a constant a pparent CBZ solubility of CBZ-NIC cocrystal in
the absence and presence of a polymerin Figl(b). Based on the IR
spectroscopicresultsin Fig. 6(b), it was found that a polymer of
HPMCAS, PVP or PEG can interact withboth CBZ and SAC, resulting
in the change of the apparent CBZ solubility of CBZ-SAC cocrystal,
notably2.1fold increase of the solubilityof CBZ Il in the presence
of HPMCAS. The similarsituationisapplied to the mixture of CBZ
and CINinsolutioninwhich a polymer of HPMCAS, PVP or PEG can
affect the apparent solubility of CBZ-CIN cocrystal through
intermolecularbinding betweenthe polymer and CBZ, CIN and/or
CBZ-CIN complex. Itis worth noting thata solvent used in the
spectroscopicinvestigation was different from the dissolution
medium used inthe solubility measurements due to the limitation
of the IR approach. Therefore the results did not provide the
informationonselection of the best polymer for maintaining the
CBZ supersaturation in solution.

Basedon the powderdissolution studies, all three cocrystals
showedatleasttwo-foldincrease of the drug release compared
with thatof CBZI1linpH6.8 PBSin the absence of a polymerat5s
minutes. In the presence of 2 mg/mL HPMCAS in pH6.8 PBS, the
drug release of CBZ-NIC or CBZ-CIN cocrystal was increased to

This journalis © The Royal Society of Chemistry 20xx
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around8times ofthat of CBZ Illinthe same conditionat 5 minutes.
Theseresults are much betterthanthose of previous work based
on a solid dispersion approach herefore, the implication of
these observations is of significance because itdemonstrates that
cocrystalscan be easily formulated through a simple solution
formulationorpowderformulation to generate supersaturated
concentrations and faster dissolution rates to overcome those
drugs with solubility and/or dissolution limited bioavailability. This
conclusionhasbeen supported bya similar workwhich hasrecently
been done for development of an enabling danazol-vanillin
cocrystal formulation, although a relatively complicated approach
has beenused containing both a surfactantand polymerin the
formulaﬁo Therefore the cocrystal approach should have the
same priorityto be considered for formulating drug compounds
with solubilityand/or dissolution limited bioavailabilityas many
othersuccessfully supersaturating drug deliveryapproaches, such
as solubilized formulations, solid dispersions, nanoparticles, and
crystalline salt forms and particle size red ion 13,

In order to develop an enabling cocrystal formulation, a
mechanisticunderstanding of the role of a polymer on inhibiting
the phase transformation of cocrystals is required. Base on this
studywith our previous workt hasbeen found that the key
factors in controlling the maintenance of the apparent parent drug
supersaturating level ofa cocrystal indude the cocrystal stability in
solution, rate difference between the cocrystal

This journal is © The Royal Society of Chemistry 20xx

dissolution/dissociation and formation of a soluble complex
betweenthe parentdrug and polymer, stability of the complexes of
the drug and polymer. Aschematicdiagram that summarizes the
important processes duringdissolution of cocrystals is given in Fig.
7.1tcan be seenthatwhenthe cocrystal molecules dissolve into
solution, theycan be dissociatedintothe parent drug and coformer
moleculescompletelyor partially depending on the stability of
cocrystalsin solution. Ifa pre-dissolved polymerinsolution cannot
form soluble complexes with the drug molecules, the solid crystals
will be certainly precipitated fromsolution due to supersaturated
states. On the other hand, althougha pre-dissolved polymer can
form soluble complexes with the APl insolution, precipitation of the
drugcrystals can alsooccurif the rate of cocrystal dissolution and
dissociation is fasterthantherate ofthe formation of the soluble
complexes. Finally, the stability of the soluble complex of the drug
and polymerformedinsolutionis anotherfactorto determine the
precipitation ofthe drugsolid forms from solution. Therefore, if we
wantto completelyinhibitthe crystallisation of the stable solid
form of the parentdrugin a formulation, two different approaches
can be taken as:

Scheme 1: selectingcocrystals which are stableinsolution. This
can be achieved through selection of a suitable coformer. The
schemeis particularly suitable to formulate drug compounds with
dissolution limited bioavailability because most of cocrystals have

$.Qiu.,2016,00,1-3| 10
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of cocrystals

fasterdissolutionrates,although the apparent solubility of the
parent drug has not been improved.

Scheme 2: balancing the rate difference between the cocrystal
dissolutionandformation of a soluble complex between the drug
and polymerinsolution. This can be realised through selection of
both a polymerand coformer. The schemeis particularly s uitable to
formulate drug compounds with solubility limited bioavailability
because a stable supersaturated drug concentration can be
generated to enhance the drug absorption.

Ithas to bestressedthat when a polymeris pre-dissolved in
solution, both of the dissolution rate of solid cocrysals and stability
of the cocrystalsin solution willbe affected due to change of the
bulk propertiesof the dissolution mediumand the solubility of both
the parentdrug andcoformer. The cocrystalsinsolution intend to
be stableif the solubility difference between the drug and coformer
in a pre-dissolved polymer solution becomes smaller to form a
congruent system.

Basedon the solubilitytests of CBZ Il in this study, it was found
thatall three polymers of HPMCAS, PVPand PEG can interact with

This journal is © The Royal Society of Chemistry 20xx

CBZ in solution to form soluble complexes through hydrogen
bonding, indicatingthe increased solubility of CBZ I1lin pH6.8 PBS in
the presence ofa pre-dissolved polymer shown in Fig. 1(a
However, the stability of the formed soluble complexes is different.
Due to the rigorous structure andrich hydrogen-bond acceptors of
HPMCAS in comparison of PVP and PEG, CBZ-HPMCAS complexes
are stableinsolution. Therefore, the supersaturated CBZ solution
can be stabilized, indicatingthat HPMCAS can completely i nhibit the
precipitation of CBZ from solution shown in DSCanalyses of the
solid residues of the tests in Fig. 2.

The solubilitytests in the absence of a polymerin pH6.8 PBS
show thatall three CBZ cocrystals of CBZ-NIC, CBZ-SACand CBZ-CIN
are notstable,indicating that the eutectic constants Ke,in Fi
1(e)-(g) are significantly higher than the critical value of 111 .i
Therefore whentheyaredissolved, the cocrystal molecules are
dissociated into CBZ and coformers in solution, resulting in
crystallisation of CBZ DH crystals from solution confirmed by DSC
analysesinFig.2.Because of the smallestvalue of the eutectic
constant, CBZ-SACcocrystalinsolution is relatively more stable
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than the othertwo cocrystalsof CBZ-NICand CBZ-CIN, leading to a
higher apparent CBZ concentration.

A pre-dissolved polymerinpH6.8 PBS can improve the stability of
cocrystals of CBZ-SACand CBZ-CIN significantly due to reduced
solubility differences between CBZ and coformers (coformer
solubilityis showninFigure S4(a)inthe Supporting information),
indicating decreases of the eutectic constants Key shownin Fig. 1(f)-
(g). In addition, HPMCAS is the best polymer to stabilize the
cocrystal of CBZ-SACor CBZ-CIN insolution because of the smallest
value of the eutectic constant K., indicating the significant
improvement of the supersaturating level of CBZ insolution shown
in Figs. 1(c)-(d). However, the values of K., in different
concentrations of HPMCAS solutions are well above the critical
value of 1and therefore the crystallisation of CBZ DH takes place.
There isa small change of the eutectic constants Ke, for CBZ-NIC
cocrystalinthe presence of HPCAS, PVPor PEG in solution so that
the apparent concentration of CBZ is almost constantshownin Fig.
1(b).

All three CBZ cocrystals showsignifiantlyimproved dissolution
rates compared withthatof CBZ Il based onthe powder dissolution
testsinthe absence and presence of a polymerin pH6.8 PBS shown
in Fig. 3. Selection of a coformeris the key factor to affect the
dissolution rate of cocrystals. Although there is a significant
difference of NICand CINinterm ofsolubility, itis found that both
CBZ-NICand CBZ-CIN cocrystals have similar dissolution rates,
which are higherthan that of CBZ-SAC cocrystal. A pre-dissolved
polymer in the dissolution medium of pH6.8 PBS can further
improve the dissolution rates of the cocrystals. One possible
explanation is thatthe presence of a polymerin solution can
increase the solubility of the cocrystals, resulting in an increased
drivingforce forfasterdissolution. Inthe meantime, because ofthe
improved stability of cocrystals insolution inthe presence ofa pre-
dissolved polymer, the dissolved cocrystal will be stableinsolution
to avoid crystallisation of the parentdrug, indicating that the
eutectic constants K., were close to the critical value of 1shown in
Fig.S6in the Supportinginformation. The experiments generally
show that HPMCAS is the best excipientto beincluded in solution
to improve the dissolution rates as well as solubility of the
cocrystals. Incontract, the presence of HPMCAS or PVPin solution
decreasedthedissolutionrate of CBZ 1, whichis the similar to our
previous work on HPMC his could be caused by the slightly
increased viscosity of the dissolution medium, resultingin a
reduced molecular mobility of CBZ IIl. Inthe meantime, the polymer
of HPMCAS or PVP can also be adsorbed on the surfaces of CBZ 11
particles to hinderits dissolution.

Cocrystals in polymer-based matrix tablets

A polymerbased cocrystal tablet formulation has not shown any
advantagetoimprove CBZ release rate in comparison with the
formulationof CBZ Il or physical mixtures of CBZ Illand coformers
showninFig. 4. Thisis contradictive to the solution behaviors of
CBZ cocrystals studiedinthe solubilityand powder dissolution tests.
Drugrelease performance from a tabletis complexand highly
dependent notonly on each individual component properties (such
as solubility, dissolution rate, particle size, and wettability) butalso
on manufacturing factors (e.g., compression forces, tablet shape,

12 | S. Qiu., 2016, 00, 1-3

and drugloads). These factors affect the tablet dissolution kinetic
processes, including the polymer dissolution kinetics, drug
dissolution kinetics, and kinetics of the physicalform change of the
tablet. Based onthis studyandourprevious work t is found
that the polymer hydration process is the critical factor to
determine the cocrystal release performance.

PEG used in this study is highlysoluble and exhibits good
wettability. Due to the poorgellingability, all PEG based tablets
were eroded quickly and eventually disintegrated completely.
Therefore there wasno solidresidue left forany PEG based tablets
afterdissolution. PEG based tablets of CBZ Ill and physical mixtures
of CBZ 111 and coformers exhibited complete drug release because of
the sink conditions. The PEG based cocrystal tablets had an
incomplete release profile, which wasbelievedto be caused by the
precipitation of CBZ DH. Once a cocrystal tablet was immersed into
the dissolution medium PEG was dissolved quicklyto form channels
to allowwaterto penetrate the inside of the tablet. Because of the
faster dissolution rate, dissolution of the cocrystal started
immediatelyinside the tablet before its erosion and disintegration,
resulting in crystallisation of CBZ DH from the micro-
environmentally supersaturated states.

Similar to PEG, PVP can be dissolved quickly in the water.
However, PVP which is a good gelling agent canform a gel matrixto
modifythe drugrelease profilein an extended release formulation.
Due to a loosen structure of the gel matrix formed by PVP, the
dissolution medium can easily penetrate inside the tablet to
dissolve the drug. Because of highly viscous environment inside the
matrix, the dissolveddrug cannot diffuse into the bulk solution
immediately. Whenthe drug concentration was built up to exceed
its solubility, crystallisation of a stable solid form of the drug
occurred. The three CBZ cocrystals used in this study had
signifiantlyimproved dissolutionrates compared with that of CBZ
111 therefore the concentration ofthe cocrystalsinside the tablets
quickly exceeded their solubility. Inthe meantime, the formation of
the soluble complexes between the drug and polymerwas slower.
Thereforea PVP based cocrystal formulation has a slowerand
incomplete release compared with that of the CBZ |1l or physical
mixture formulations because of crystallisation of CBZ DH inside the
tablet, shown in Fig.4(b) and analyses of the XRPD in Fig. 5. The
formulation of physical mixture of CBZ Illand CIN hadsignificantly
slowerrelease rate of CBZ Ill formulation. It is believed that poor
solubilityand slowdissolutionrate of CIN retarded the hydration
and dissolution of CBZ lll inside the tablet.

HPMCAS based cocrystal formulations have showed animproved
releaserate atthe earlystage of the tablet dissolution test, which
are similar to our previous work on HPMC based cocrystal
formulationThis is caused bytheslower hydration property
of HPMCAS. At the beginning of the dissolution test, cocrystal
dissolutioncanonly take place atthe surface of the tablet and
therefore the dissolved cocrystal can diffuse into the bulk of
dissolution medium directlyto avoidthe supersaturated states of
the drug concentration, whichis similarto the powder dissolution
tests. Once the gel layer formed, the water can penetrate inside the
tabletto dissolve the cocrystals, resulting in crystallization of CBZ
DH inside the tablet.

This journalis © The Royal Society of Chemistry 20xx



Conclusion

The influence of three chemically diverse polymers of HPMCAS, PVP
and PEG on the phase transformation of three CBZ cocrystals of
CBZ-NIC, CBZ-SAC and CBZ-CIN in solution and tablet based
formulations has beeninvestigated. The study has shown that the
improved CBZ solubility of the three CBZ cocrystals cannot be
sustainedin thesupersaturated solution generated due to the
solution mediated phase transformation, resulting in precipitation
of a less soluble solid form of CBZ DH. When HPMCAS with a
concentration of 2 mg/mLorhigher was pre-dissolved in solution,
both CBZ-SACand CBZ-CIN cocrystals can generate significantly
higher CBZ supersaturated solutions with around three-fold
increaseinthe solubility of CBZ I1l, which can be sustained for more
than 24 hours. All three cocrystals showed at least two-fold
increase ofthe drugrelease compared with that of CBZ Il in the
absence of a polymerinpH6.8 PBS at 5 minutes. In the presence of
2 mg/mLHPMCAS in pH6.8 PBS, the drugreleaseof CBZ-NICor CBZ-
CIN cocrystal wasincreased to around 8 times of that of CBZ Il in
the same conditionandtime period. These results demonstrate
that cocrystals can be easilyformulated through a simple solution
formulationorpowderformulation to generate supersaturated
concentrationsand faster dissolution rates to overcome those
drugs with solubilityand/or dissolution limited bioavailability.
However, a polymer based CBZ cocrystal tablet formulation has not
shownanyadvantage of an improved CBZrelease rate compared
with the formulation of CBZ Il or physical mixtures of CBZ Ill and
coformers. Thisis contradictive to the solution behaviours of CBZ
cocrystalsin the solubilityand powderdissolution tests because
crystallization of the stable solid formof CBZ DH within the tablet
has taken placed, leading to a reduced drug release rate and
incomplete release. Finallyitis worth noting that the investigation
of CBZ and polymerinteractions were based different solvent
systems because of the IR strong absorption inaqueous media. The
direct evidence for the polymer-cocrystal and polymer-API
interactionsin aqueous solutions is required, which is part of
ongoing research in the group.

Experimental section

Anhydrous CBZ (CBZ I1l) was purchased from Zhenjiang Jiuzhou
Pharmaceutical Co., Ltd (Taizhou, China). Nicotinamide (NIC, purity
>99.5%), Saccharin (SAC, purity >98%) and trans-Cinnamic acid
(CIN, purity >99%) were purchased from Sigma-Aldrich (Dorset, UK).
Hydroxypropylemthylcellulose acetate succinate (HPMCAS,
Hypromellose Acetate Succinate AS-MF) was provided by Shin-Etsu
Pharma& Food Materials Distribution GmbH (Steve nage, UK) as an
in-kind contribution. PolyEthylene Glycol (PEG, average M, 4000)
and Polyvinylpyrrolidone (PVP, K30 and average My, 40,000) were
purchasedformSigma-Aldrich (Dorset, UK). Sodiumlauryl sulphate
(SLS, purity >99%), methanol (HPLC grade) and Ethyl acetate
(EtOAc, purity >99%) were purchased from Fisher Scientific
(Loughborough, UK) and used as received. Double distilled water
was generated from a Bi-Distiller (WSC044.MH3.7, Fistreem
International Limited, Loughborough, UK) and used throughout the
study.
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Formation of the carbamazepine cocrystals

CBZ-NICcocrystal and CBZ-SACcocrystalwere prepared byreaction
crystallisation method. The CBZ-CIN cocrystal wasprepared by slow
evaporation method. Detailed methods can be found in our
previous publicatioE. XRPD, Raman spectroscopy and DSC
were used to confirm the formation of the carbamazepine
cocrystals.

pH6.8 phosphate buffer solution (PBS)

The dissolution medium used for s olubility and dissolution tests was
pH6.8 PBS prepared according to British Pharmacopeia 201 250
mLof 0.2 M potassiumdihydrogen phosphate (KH,PO4) and 112 mL
of 0.2 M sodium hydroxide (NaOH) were mixed and diluted to
1000.0 mL with double distilled water.

Preparation of tablets

The formulations of the matrix tablets for each polymer are
provided in Table 1 and therefore in total there were 42
formulations studied. Cylindrical tablets were prepared by direct
compression of the blends, usinga laboratory pressfitted with a 13
mm flat-faced punch and die setand applying 1ton force. All tablets
contained the equivalent 200 mg CBZ I11.

Solubility analyses of CBZ Ill, physical mixtures of CBZ Il and
coformers and CBZ cocrystals in pH6.8 PBS with a pre-dissolved
polymer of HPMCAS, PVP or PEG

An excess ofeach of test samples induding cocrystals(i.e., CBZ-NIC,
CBZ-SACand CBZ-CIN), CBZ Illand the physical mixtures (i.e., CBZ Ill-
NIC, CBZ 111-SACand CBZ I1I-CIN), allof which were slightly grinded
and sieved by 60 meshsieve (250 um), was added into asmall vial
containingl0 mLof pH6.8 PBS orwitha pre-dissolved polymer of
HPMCAS, PVEor PEG and shaken with stirring for 24 h. Aliquots
were filtered through 0.45 um filters (thermo Scientific Nalgene)
and diluted properly for determination ofthe concentrations of the
parent drug CBZ and coformer of NIC, SAC or CIN by HPLC. Solid
residues retrieved from the tests were dried at room temperature
for one day and analysed by DSC, Raman and SEM. The
concentrations of a pre-dissolved polymer of HPMCAS, PEG or PVP
in pH6.8 PBS were 0.5, 1,2 and 5 mg/mL. Each test was done in
triplicate.

Powder dissolution studies of CBZ Ill, physical mixtures of CBZ Il
and coformers and CBZ cocrystals in pH6.8 PBS in the presence of
a pre-dissolved polymer

In orderto reduce the effect of particle size onthe dissolution rates,
all of powders were slightly grinded and sieved by 60 mesh sieve
before dissolution tests. Cocrystal powders with 20 mg equivalent
of CBZ Il were added to beakers with 200 mL of a dissolution
medium to ensure the sink conditions. The dissolution tests were
conducted at 37+0.5°C with aid of magneticstirring at 125 rpm.
Samples of2+0.1 mLwere taken manuallyat 5, 15, 30, 45, 60, 75,
90 min. The samples were filtered and measured by HPLC to
determine the concentrations of CBZ and coformer of NIC, SAC or
CIN. Each dissolution test was carried outin triplicate. The two
different dissolution media used forthe tests included pH 6.8 PBS
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and pH6.8 PBS with a pre-dissolved 2 mg/mL polymer of HPMCAS,
PVP or PEG. Each test was done in triplicate

Dissolution studies of the formulated tablets

The dissolutiontests of the tablets were carried out by the USP |
basket method for 6 h. Rotation speed was 100 rpm and the
dissolution medium was 700 ml of pH6.8 PBS with 1% SLS to
achieve sinkconditions, maintained at 37+0.5°C. Samples of 5+0.1
ml were takenmanuallyat0.5,1,2,3,4,5and 6 hreplaced withan
equal volume of the fresh medium to maintain a constant
dissolutionvolume. The samples were filtered and measured by
HPLC to determine the concentrations of CBZ and coformer of NIC,
SAC or CIN. The dissolution profiles were represented as the
cumulative percentages ofthe amount of drug released at each
sampling interval. Each profile was the average of three individual
tablets.

Aftera dissolutiontest, thesolid residues (if available) were
collectedanddried atroomtemperature foratleast 24 h for the
further analyses of XRPD, DSC, and SEM.

High Performance Liquid Chromatography (HPLC)

The concentrations of CBZ and coformer of NIC, SAC or CIN in
solution were analysed by Perkin EImerseries 200 HPLC system. A
HAISLL 100 C18 column (5um, 250x4.6mm) (Higgins Analytical, Inc.
USA) atambient temperature was used. The mobile phase was
composed of 70% methanol and 30% water, and the flow rate was
1mL/min using an isocratic method.

Scanning electron microscope (SEM)

The solid-state transformation of sample residues after solubility
and dissolutiontests were investigated by SEM. SEM micrographs
were photographed by a ZEISS EVO HD 15 scanning electron
microscope (Carl Zeiss NTS Ltd., Cambridge, UK). The sample
compacts were mounted with Agar Scientific G3347N carbon
adhesive tab on Agar Scientific G301 0.5” aluminium specimen stub
and coated witha thinlayer of gold (Agar Scientific Ltd., Stansted,
UK). The acceleratingvoltage of the electron beamwas 10.00 kV to
obtain the SEM images.

X-ray powder diffraction (XRPD)

X-ray powder diffraction patterns of the solid residues of the

formulated tablets after dissolution tests were recorded ata
scanning rate of 0.5° 20 min? by a Philips automated
diffractometer. Cu Ko radiation was used with a voltage of 40 kV
and current of 35 mA.

Differential scanning calorimetry (DSC)

DSCmeasurements were conducted for all test samples using a
Perkin ElmerJade DSC (PerkinElmer Ltd., Beaconsfield, UK). The
Jade DSCwas controlled by Pyris Software. The temperature and
heatflowoftheinstrument were calibrated using an indium and
zincstandards. Test samples(8-10 mg) were analysed in crimped
aluminium pans with pin-hole pierced lids. Measurements were
carriedoutata heating rate of20 °C/min undera nitrogen flowrate
of 20 mL/min.

Infrared spectroscopy

IR spectroscopy has been used to investigate the molecular
interactionamong CBZ, NICand polymer (HPMCAS, PEG or PVP) in
solution. IR spectra ofthe solid forms of CBZ, NIC, SACand CINwere
collected using a Bruker ALPHA A4 sized Benchtop ATR-FTIR
spectrometer fitted with a horizontal universal ATR accessory.
Solutionspectra were collected using the same spectrometer fitted
with transmission accessoryandthe Bruker 6500S Circular Aperture
liquid cellwithsize 0f32x3 m CaF2 window. The path length was
0.05mm. Methanol was selectedforthe interaction study of CBZ,
NICand polymers inwhich the concentration of each material was
50, 23.73 and 2 mg/mL respectively. Acetonitrile was selected for
the interaction studyof CBZ, SAC(or CIN) and polymers (HPMCAS,
PEG and PVP) in which the solution concentration of each
componentwas 25,19.37 (or 15.67) and 25mg/mLrespectively. In
all measurements 20 scans were collected per spectrum with
resolution of2cmin the spectralregion of 400 to 4000 cm using
OPUS software. All the spectral data were collectd at ambient

temperature between 20 to 23°C.

Statistical analysis

The differencesinthe CBZ concentrations and release profiles of
CBZ Ill, CBZ cocrystals, and physical mixtures of CBZ Ill and
coformersindifferent dissolution mediawere analysed byone-way
analysis variance (ANOVA) (significance level was 0.05) using JMP
11 software.

Tab.1Matrix tablet composition (mg)

Component

Formulation

F1| F2 | F3 | Fa

F5 F6 F7 F8 F9 | F10 | F11 | F12 | F13 | F14

CBZ 111 200

200

CBZ-NIC cocrystal 304

304

equal molar mixture of CBZ-NIC 304

304

CBZ-SAC cocrystal 355

355

equal molar mixture of CBZ-SAC

355 355

CBZ-CIN cocrystal

325 325

equal molar mixture of CBZ-AN

325 325

HPMCAS or PVP or PEG 100 | 100 | 100 | 100

100 | 100 | 100 | 200 | 200 | 200 | 200 | 200 | 200 | 200

14 | S. Qiu., 2016, 00, 1-3
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