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Abstract

The aim of this study was to enhance the kinetic solubility and dissolution rate of ibuprofen by
co-milling with different excipients and to establish the underlying mechanism(s) for such
enhancement. In the firgpart, two excipients (HPMC arsdluplug were selected fronseven

and the optimal balmilling parameters of speed and time (H&, 15min) determined based on
solubilitenhancement and flovability criteria. In the secongart, comilling of different
weightratios of ibuproferto-excipient wascarried out and solubility and dissolution rates
determined. Mechanisms of biopharmaceutical enhancement were studied by SEM, laser
diffraction, DSC, and FTIR analysis of thenodures. Ibuprofen solubility (0.09 mg/mL for-un
milled) was increased by dtors of 45 and 1620 for HPMC andoluplus, respectivelyThe
weakening of crystals, stabilization of the amorphous phase and an increase irstatdid
hydrogen bonding are thdikely mechanisms for this enhancement. Reductions in Q70%
dissolution timewere also observed, by a factor of four and seven for ibuprofen:HMPC and
ibuprofensoluplusco-milled mixtures, respectively. In both, cases there were similar reductions
in particle sizedispersibilityand degree of amorphization and so the enhanceddlig®n rate

for soluplus over that for HPMC, must be due to the additional solubilisation contribution to the

kinetic solubility provided bgoluplus

Key wordsPoor solublelrugs,ball milling,solubility enhancementdissolution rate particle size

amorphous content.
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1 Introduction

Milling and cemilling (which isdefined as milling in the presence of an excip)eme well known
techniques that have a positive influence thie kineticsolubility and dissolution ratef sparingly
soluble drugg(Jagadislet al., 2010; Szafraniest al, 2017) These procedures havweeen shown
to provide asimple, efficient and economicahethod that does not requireany particularly
sophisticatedequipment (Fisher, 2007)Moreover, the method has less of aanvironmental
impact as it does notrequire the use an organic solven{Friedrichet al., 2005) Comilling
combines the advantages afreductionin particle sizeand the amorphization ofa crystalline
drug substance, which ia benefit of conventionalmilling of single materiad, but with the
additional benefis of improved wettability and solubilizatiotinat are providedby the cemilled
excipient(Mosharrafet al,, 1995) Furthermore,it mayalso prevent aggregatiomy the surface
coverage of the charged particlgsroduced by millingwhile stabilizing the amorphous phase
in the solid stateand reducing the mechanical/thermal degradation of drugs by moderating the

effect of the heat generated on millin@.inet al.,, 2010)

Solubility is gphysicochemicaproperty of substancewhich depends on thehermodynamic
propertiesof the crystal latticei(e.the bonding energies which define the melting point) and the
balance between solutgolute and solutesolvent (solvation) interactions in the solution state.
The solutesolvent interactions may be chaad by adding other chemicals to theolvent, for
examplesurfactants whichproviding a micellar environment for the solubilisation of the drag.
is also important to remember that the solubility of a milled crystalline matedaihtaining
metastable (pdially amorphous) phaserepresens the kinetic solubility rather than

thermodynamic/equilibrium solubilityBrittain, 2014)

The rate of dissolutionwhich defines the rate of mass trsferfrom the crystalline state to the
dissolved (solution state) is coupled to the solubility but is a&igoacted byattributes of the
material such as the particle size distribution (surfaceatume ratio), surface tension (which
influences the wettability of the surface) and tpéysical form(i.e. whether in acrystalline or
amorphousstate). In the case of an amorphous sof{which is often present in milled materia)
the supersaturate solution (i.e.one whichexceed the thermodynamic equilibrium solubility)
can be obtainedor a short time until the systemelaxes and returns téhe thermodynamic
equilibrium vhenthe exessdrug precipitates from solution)lhe presence adn excipient in

the solution orfrom co-milling with excipient can affect both the solubility of drug (duethe



alteration ofthe liquid medium and presence of more complex interactions between solvent,
excipient and drugmolecules) and the dissolutiomate (including the relaxation time of
oversaturated solution). An extension of the oversaturated stattefsolution for few hours is
desirablein orderto increase the bioavailability of dru@o-milling processnay have anmpact

on all three aspectsa reduction in drug particles size partial conversion to amorphous state

andthe alterationsto the molecular interactions between drug and solvent.

The focus othis studyis the model druglbuprofen. Ibuprofen is one of many propionic acid
derivatives thaprovideanalgesia through thahibition ofthe enzyme cyclooxygenageOX). It

is widely used in the treatment of rheumatoid arthritis, osteoarthritis, ankylosing spondylitis and
acute gouty arthritigBruntonet al., 2006) Ibuprofenis practically insoluble ian aqueousor
acidc medium (Salehet al, 2008)resulting in poorbioavailabilitywhen administeredas a
conventional dosage fornThe poor solubilityf ibuprofen has beemaddressedising a variety

of approacles. One ofthem is to reduce the particle sizeby milling (Plakkotet al., 2011)
however, the milling of ibuproferaloneis difficult as it is a highly ductile materilth a low
melting point (Larssonet al., 2000) Nevertheless, the size reduction of ibuproflas been
achieved by canilling with variety of excipients, i.ealuminium hydroxide kaolin and PVP
(Mallick, Pattnaik, Swaj De, Saha, Ghoshadt al, 2008; Mallick, Pattnaik, Swain, De, Saha,
Mazumdar et al, 2008) Other approaches to improve the solubility of ibuprofencludethe
preparation ofsolid dispersioawith PEGHasnairet al., 2012)or poloxamer(Newaet al., 2008;
Passerinet al, 2002)andthe complesation g A (i-éyclodextrin(Chowdaryet al., 2012; Sallstio
et al, 2011) In the majority of thesestudies,size reduction othe dispersion ofthe drug inan
amorphous matrixwere the underlying mechanismdor solubility and dissolution rate
enhancement Among the excipients used ime co-milling of ibuprofen in aforementioned

mentioned studiesnonewould beexpected to solubilise the drug

In the recentworks usingsoluplusfor solubility enhancementby the way of hot melt extrusion
(Albadarinet al., 2017) electro-spinning(Nagyet al., 2012) micellization(Keet al., 2017) spray
drying (Herbrinket al., 2017)and freezedrying (Nagyet al., 2012) it was suggested that this
excipient may be used to advantage whennoibled with drugs aspreviouslyused to form
amorphous solid dispersiofCaronet al,, 2013) In addition, there are many otheprospective
candidate excipientsvhich have not beemvestigated to date for their potentiab enhane the

solubility and dissolution rate of ibuprofeBxamples of such excipiemtelude HPMCMCCPVP



and lactose which are the widely usednaterials owing to their hydrophiligty and wetting
propertiesfor many other druggGarget al,, 2009; Vogt, Kunattet al, 2008; Vogt, Vertzonet
al., 2008)

The objective of this studyare the enhancement of solubility and dissolution rate of ibuprofen
and to understand the mechanigmvolved Thedevelopmentof method for assaying ibuprofen

in the presence of interfering substancesvalsan objective of this study.

There are twghasedo this work;In the first (screening phase in which a sukset ofexcipient
type and processing conditions (including the speed and time of milkeg selected on the
basis of best outcomes ierms of processing properties (like flowability) asdlubility of the
drug. In thesecond éxtended phase the optimal processparametersof speed and timavere
applied to prepare canilled binary mixturesof ibuprofenwith the subset ofexcipientandthe
effect on solubility and dissolution ratd# ibuprofendetermined Theseco-milled mixtures were
then characterized by various analytical techniquasorder to establish the mechanism of

solubility and dissolution rate enhancement.
2 Materials andmethods

Ibuprofenwas purchased from Fischer chemical, 8Huplus(a graft cepolymer of PEGand
lutrol ~68 (a block cgpolymer nonionic surfactantconsisting of Pokpxyethylene(POE) and
PolyoxypropylendPOP) units) were obtained from BASF, URolyunyl pyrrolidone PVP K30
(Jiaozou Fine Chemical, Chirg)droxypropylmethyl celluloseHPMGCES (Ashland, US)nicro-
crystalline cellulose MCQ, PEG6000, lactosemonohydrate were obtained from Merck,
Germany All excipients were of pharmaceutical grade andre used as received from the

suppliers.

2.1 Assay ofbuprofen inco-milled mixtures

A 0.05% w/v solution of then-milled ibuprofenin phosphate buffer of pH 7.4 was prepared and
its UV spectrum was measuredetween 200400 nm in UV spectrophotometer(2550,
Schimadzou, Japanfrrom this spectrum, the wavelength of maximum absorbahegy) was

selectedbased on the highest clear pefdee Section 3.1).

In order to determine any interferenda UV absorbancef ibuprofen byco-milled excipiens,

the UV spectrum of each excipie®@5%w/v) was also measured and overlaid on the spectrum



of ibuprofen (see Fig. IJhe interference as detected Isgluplus was corrected by applying two

wavelength assay approach multivariate least square approa¢bee Section 3.3).

2.2 <reening phase

2.2.1 Comilling ofibuprofen with excipients

At the initial stage of this studgn optimum milling speedcandtime was determined and a sub
set of these excipientselectedbased onthe binaly mixtures that providedighest solubility

while maintaining optimal flowabilitySection 35).

For this purposeolupluswas used as trial excipieds it was the only excipient that has shown
the prominent effect on solubility of drug on changing ttencentration while maintaining the
flowability) and it was co-milled with ibuprofen in an oscillatory ball mill (MM 301, Retsch,

Germany, according tdollowing protocol

)] For the selection of milling speedulprofen andsoluplus(1:0.5 ratig wereco-milled
at three different speedsyiz.15,18 and 25 Hz,dr 15 min.The milling time of 15 min
was selectean hit and trail basiso avoid melting of this drug.

1)) For the selection of milling timehe mill speedwas fixed(i.e. 18Hz see results in
Secton 35) andibuprofenwas cemilled with soluplug1:0.5ratio) for 5, 10, 15 and
30 min.

iii) For the selection of best excipient for -aalling, Ibuprofen was cemilled with
different excipients(soluplus HPMC, lutrgIlPVP, MCC, lactose and F&B0) with

1:1 ratioat the selected speed and time (18 Hz and 15, re@® results Section 3.1

Thesolubilityof co-milled mixtureswasdeterminedas per method described fBection 2.22.

2.2.2 Solubility studies

The welknown $akethe flask methodNandiet al., 2003)was usedo determinethe solubility
of ibuprofen in distilled watefpH 6.1). For this purpose, anxeess quantity of ibuprofen or its
mixtures equivalent to 200 mg ibuprofewas added to 400 mLconical flask containing S0L
of the distilled water The flasks were capped and shaken at 100 rpm owuki-flask shaker
(Heidolph Unimax 2010, Germany)-&5 °Gemperature The samples were collected afte4
hr, filtered through 0.45um syringe filters (Millipore, US) and diluteghpropriatelyand the

concentration of ibuprofen was determindry UV spectrophotometry



Sandard solutions of known concentrations of ibuprofen in distilled watere alsoprepared
and used to constructcalbration models The calibration standard solutionsgesignedin
adherence to Beetambert law i(e. A < 1) were linear in the range of 0.005 to 0r@8/mLin
distilled water with value of correlation coefficient near unity and value of intercept on the

ordinate, near to zero.

2.3 Extended phase

In this phase, the selected excipierfi®. soluplus and HPM@nd processparameters fnilling
speed 18 Hz and time 15 minjere used to produce cmilled mixtures with ibuprofen. The
solubility and dissolution rates of these mixtures were determined and these were evaluated
with different analytical techniques to establish the possible mechanism for solubility

and/dissolutionrate improvement (if any).

2.3.1 Comilling of ibuprofen with selected excipients

Ibuprofenwas cemilled with soluplusand HPMC idifferent drugto excipient ratiogi.e. 1:0.25,
1:0.5, 1:0.75 and 1)1in order to determine the effect of excipient concenti@tion the solubility

and dissolution rat®f drug.

The physicamixtures of buprofenwith these excipient@ndthe physicamixturesof the pre
milled materials (abbreviated as PM and PMPM, respectiwedy® also prepared for the purpose
of a comparisonwith co-milled mixtures.The PMwas prepared by simelmixing of both
componentswith spatula in a weighing bogBarzegatJalaliet al, 2010)and thePMPMswere
prepared bymilling the ibuprofen and excipients separatehaiball mill then mixinghesein 1:1

ratio.
2.3.2 Solubility studies
Method already described und&ection 2.22.

2.3.3 Dissolutionrate Studies

Ibuprofen and its camilled mixture with different excipients, equivalent to 200 mg ibuprgfen
were filled in colourless hard gelatine capsule sheeild subjected to dissolution studiesa USP
type | (paddle apparatugdDTF700, Erweka Germanyd00 mL ofphosphate buffer(pH 7.4)was

selected as the dissolution mediuamd the temperature maintained at 37 0.4 °C Thepaddle



speedwas set up ab0rpm. Aliquos of 5mLwere withdrawn atintervals of 5, 10, 20, 30, 45, 60
and 90 min and replaced ith the equal volume of the fresh dissolutionmediumin order to
maintaina constant volumeEachsample was filtered through 0.45 pmsyringefilter and then

diluted adequately(i.e. Amax< 1) for assay by UV spectrophotometry.

2.3.4 Particlesizedetermination

The particle size distribution (D) of urmilled buprofen and its camilled mixtureswith HPMC

or soluplus(1:1)was determined with dry dispersion laser diffraction technique according to the
method describedin literature. (Krauseet al., 2011) The powder was dispersed in compressed

air atapressure of 3 + 0.05 bar using a dispersion unit, RODOS (Sympatec, Germany), dispensed
at the feed rae of 60 mm se¢ using a micredosing unit, ASPIRO (Sympatec, Germany) and
measured under the pressure of ~0.5 bar with a laser diffractometer (HELOS H1360, Sympatec,
GmbH, Germanyfjtted with R5 lens (Sympatec) theanmeasure theparticlesize betweert.5

to 875 um.Measurements were taken in triplicate and results presented as average values.

2.3.5 Scanningelectron microscopy (SEM)

SEMimages oun-milled, milled and ceanilled Ibuprofen samples wembtainedon aZEISS EVO
HD 15 scanning elecon microscope (Carl Zeiss, NTS Ltd. Cambridgead#i§yding to the
method described(Qiaoet al., 2013) Thesamples weremounted on the carboradhesive tape
fixed on aluminiunstubs Aga Scientific Ltd., Stansted, Yahdflushed with airTheSEMmages

were takenat the electron beamvoltage of 10 K.

2.3.6 Differential scanningcalorimetry (DSC)

DS@xperimentsof un-milled ibuprofen and its conilled mixtures with different excipientsave
performed according tothe method describedn our previous studySmithet al, 2015) The

sample wasnalysed ovethe temperature rangdrom 25 to 150 °C aramprate of 20 °Qhin.

In order to comparehe results of milled ibuprofen with tht of a 100% amorphousample a
sample of crystallingdbuprofen contained in noinermetically sealed DSC pan was vitrified by
heating inanoven at 90 °C for 1®in then quenched by dippingin the liquid nitrogen. This pan

was loaded ira pre-cooled DE furnace antheatedfrom -60°C to 110C



2.3.7 Attenuatedtotal reflectance (ATR3pectroscopy

The IR spectra ain-milled, milled and canmilled buprofen wererecorded in Bruker AlphaFTIR
Spectrophotometer (Bruker, Japan) fitted wahSmart Pgormer, platinum ATR accessoffhe
data were analyzed by Alpha Opus Software. The instrumentard@guredwith anATR sample
cell containing a diamond crystaith scanning depth of 2m. Sample powder was placed on
the surface of crystal ansecuredin place vith clutch type lever. Each sample was scanned for

20 times against air between 400400 cm! at the resolution of 2 crh.



3 Results andliscussion

3.1 UVspectra ofibuprofen andexcipients

A 0.05% w/v solution of the umilled and milled ibuprofen in pH 7.4 phosphate buffer showed

a welldefined, large peak at 221 nm (visible in the diluted samplest shown here) and two
other peaks; one at 264 nm and a second at 273 nm alonganstioudler at 258 nm (Appendix

1). The overlaid spectra of 0.05% w/v ibuprofen and excipients in phosphate buffer have shown
that, lutrol, MCC, PEGO0O, Lactosand HPMC solutions have negligible absorbance over the
entire UV range. In contrast, PVP and solugloksitions exhibit a high absorbance, with the
former only at wavelengths below 230 nm while the later over the entire range of wavelengths
(210¢ 330 nm)

3.2 Selection of U\absorbancepeak for theibuprofen assay

The absorbance peak of ibuprofen at 221 nm has been reported previously in many studies
(Nokhodchiet al,, 2010) However, the solutions abluplus and PVP exhibit absorbance values
greater than 0.7 (A 0.7) below 230 nm. This precluded the use of the absarbgreak of
ibuprofen at 221 nm in the development of the dgsay of ibuprofen in the presence of these
two excipients. For consistency the peak at 221 nm was also not used for the other excipients. In
order to select the analytical wavelength, the absarba of ibuprofen was determined at three
potential analytical wavelengths 258, 264 and 272.4 nm (Table 1). The results indicated that
lutrol, HPMC and PVP have onh2% relative absorbance at these three wavelengths for
ibuprofen. Therefore, the wavelengiof maximum absorbancé {ay) i.e. 264 nm, was selected

for the assay of ibuprofen in the presence of these excipients.

On the other hand, the UV spectrumsailuplus solution has shown a significant absorbance over
the entire wavelength range, which increases towards lower wavelengthsendix ). This
spectrum, when overlaid on the spectrum of same concentration of ibuprofen shows higher
absorbance than ibupfen solution towards higher wavelength (> 285 nm). The absorbance of
ibuprofen starts increasing and becomes higher than the soluplus solution absorbance towards
lower wavelengths. Therefore, two wavelengths are selected for the estimation of ibuprofen in

the presence of soluplus: first, 264 nm which is khexof ibuprofen and has the lowest relative



absorbance ofoluplus among its three potential wavelengths (Table 1); second, 287 nm at which

soluplusshows higher absorbance.

Tablel: a) Relative absorbance of the excipients as compared to the absorbandeupirofen
at three potential wavelengths of ibuprofen

RelativeAbsorbance (%)
258 nm 264nm 272.4nm

HPMC 1.4 1.1 1.2
lutrol 0.4 0.3 0.4
MCC 1.1 0.9 0.7
Lactose 0.2 0.4 0.4
PVP 2.1 15 15
PEG6000 0.4 0.3 0.4

Soluplus 55.2 40.5 45.2

3.3 Correction of theinterference (UVabsorbance) ofsoluplus in the quantitative

determination of ibuprofen in themixture

3.3.1 Twowavelengthassay

The wo wavelength assay approach, which is described in literature as absorbance ratio method
(Erk, 2000)r simultaneous equation metho(Nallasivanet al., 2010; Patilet al., 2009)was
applied with minor modifications and generally involves the measurement of the absorbance of
both the drug and interfering excipientd.ibuprofen andsoluplug at two different wavelengths;

| 1 andl 2. The calibration curves are constructed by plotting these absorbance values against
concentrations of both single component solutions of ibuprofen dd@)and soluplusexcipient
x(e)respectively. From this calibration curve, the absorption of both dnmd excipient at two

wavelengths can be described by the following relations:

Atl 1
A Hi i "W "H )
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Atl 2
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of the mixture of drug and excipient at both wavelengths is measured as¢ Z <m0 | Yy R !

respectively. The individual contributions to the total absorbandelaand| 2 are presented as
Afh A "H AH 5)

A fh A "Hh AH (6)

Now bysubstitution of the expressions for thedividual absorbance of both components from
equations 1 to 4 in equation 5 and 6, gives thkkowing expression for total absorption:as

A fh i " &H i W &H (7
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The unknown concentration of drug x(d) in the mixtureésermined by applying the following

equation obtained from rearranging and substituting the equations37
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3.3.2 Multivariate Least Squar Approach
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ibuprofen and soluplus (1:0.5) solutionsas higher thanthe theoretical spectrum, ..
mathematical sum of individual spectra of both materi@lspendix 2. This might be due to light
scattering effect of soluplus that has formed micelles in the solution. Therefore, the interference

by the soluplus could ndie corrected simply by two wavelength method.

Another approach, i.e. multivariate analysis, was applied to examine the spectrum of such
mixture. The leassquares solution to calculate the contribution (concentration) of each
component from the mixture sperum, using reference spectra may be given by the Equation
10.



+ {4 { e Equation10

where c is the concentration factor, which represents the exact contribution of the individual
components in the mixture of ibuprofen drsoluplusandy is the measured spectrum of the
mixture of both componentsAn advantage of the multivariate approach is that the component
concentrations are estimated using many spectral variables and thus helps to average out the

measurement noise presit in each variable.

The least squares approach can be applied using the original spectra; or first derivative spectra
(calculated using the Savitzidolay method, using a I%oint window and a secondrder
polynomial) The spectraf both ibuprofen and soluplus with concentration of 0.25 mg/mL and
0.125 mg/mL, respectively (1:0.5 ratiggre used to create awo column matrixS In case ofirst
derivative spectra, the matri$is constructed from first derivative reference specffeopendix

3a) that minimizes the spectral contribution of soluplus, and the mixture spectrum (dengted

is also transformed to the first derivative prior to applying equation 1

The new spectrum (derivative) predicted from the matrix based on ¢biscentration factor
overlaid the measured spacim (Appendix 3b. Theresidual spectrum in this plot illustrates that

the soluplus spectrum is smooth and featureless, so most of the values in the soluplus first
derivative spectrum are zero. This servestihance the selectivity of the ibuprofen spectrum
and thus provides more robust estimates of the concentration of ibuprofen. Therefore, the
estimated concentrations; can then be used to reconstruct a mixture spectrand was used

to calculate the concemation of ibuprofen in the mixture with soluplu$he values of obtained

for mixture of ibuprofen and soluplus in four different ratios have been summarized in Table 2.

Table2: Values of concentration factor and predictezbncentrations calculated for ibuprofen
in various mixtures with soluplus applying multivariate analysis.

Ibuprofen to soluplus Concentrationfactors Predicted concentration of
P ratio P of ibuprofen (from Ibuprofen in mixture ¢* 0.25
b ne. 0.25 ma/mL predicted derivative mg/mL)
(Ibu conc. 0. g/mL) spectrum)
1:0.25 0.99 0.2475
1:.0.5 0.98 0.2450
1:0.75 0.97 0.2425
1:1 0.97 0.2425

The solubilities of ibuprofen in all other excipiedrug combinations were determined by simply
taking the absorbance at the analytieghvelength of 264 nm and equating that to ibuprofen via

the calibration curve for pure ibuprofen in distilled water.



3.4 Solubility ofun-milled andmilled ibuprofen

The solubility of ummilled ibuprofen (n=3) in distilled water at roomnperature (~25 °Gyas
~0.09 mg/mL Unsurprisingly, milled Ibuprofen was found to have almost the same solubility.
These values were comparable or slightly higher than the reported solubility values of Ibuprofen
from the literature (viz. 0.056 0.004 (Kocbelet al., 2006)0.09 mg/mLMilhemet al., 2000)and

0.081 mg/mL(Salehet al., 2008)

3.5 Results of screening phase

The ®lubility of ibuprofen increasewith the milling speed(Table3); however at the higher
speed(> 18 H2), the cemilled mixture becomssticky massnd difficult toremovefrom the jar
of the mill. Thereforethe speed of 18 Hwasused forall subsequentilling experiments.
Table 3: Effect of \arious milling speeds on the solubility and physical state of-rodled

mixtures of ibuprofen and soluplus (the milling time was 15 min and the ditogsoluplus ratio
was constant).

Milling Solubility (ng/mL) Physical state

speed (Hz) of ibuprofen of Comilled
mixture
15 1.21 Powder
18 1.26 Powder

25 1.89 Stickymass

Theresultsindicate that the solubility increasavith increasing the milling tim&gom 5 min to 30
min (Table4). However,on milling forthe longer time periods(> 15 min) the mixturebecame
sticky mass (presumably as a result ofrasreased temperature in the milling jarThis mixture
has poor flowability and is difficult to extract from the mill, therefdine 15 min milling timewvas

selected for the nexpart of this study

Table4: Effect of various milling times on the solubility and physical state ofrndled mixtures

of ibuprofen and soluplus (the milling speed was 18 Hz and drgoluplus ratio was
constant).

Milling Solubility (mg/mL)  Physical state

Time of ibuprofen of Comilled
(min) mixture
5 0.31 Powder
10 0.54 Powder
15 1.26 Powder
30 1.30 sticky mass

Fig.1 showsthe comparison of solubilities of ibuprofen and itsmdled mixtures with different

excipientsTheresults indicate that theolubility of ibuprofen in canilled mixturesshigher than



the unmilled drug alone, with the canilled mixturesibuprofen andHPMGCIutrol or soluplus (in
a 10.5ratio) resulting insolubilites of0.53 mg/mL, 0. mg/mLand 1.26 mg/mL, espectively
in comparison with of pure drug alone (0.09 mg/ni&alehet al., 2008) In contrast, cemilling
with lactose PEG, PVP and MCC only had a moderate impact on the solubility of ibupritifien;
values of 0.13 mg/mL, 0.19 mg/mL, 048/mL, and 021 mg/mL, respectivelyThe cemilled

mixtures with utrol and PEE&000 were sticky mass and waret workable.
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Fig.1: Solubility values ofbuprofen (in distilled water)and itsco-milled mixtureswith 1:1 ratio
of different excipient The error bars representthe standard deviationfrom repeats of the
milling processesn=3). * CMstands forco-milled mixture.

Based on the highest solubility abuprofen and their workablemixtures soluplus and HMPC

were selected fonext phaseof study:.

3.6 Results ofextended phase

3.6.1 Effect ofconcentration ofexcipients on thesolubility of ibuprofen

The cemilled mixtures of ibuprofemnd HPMQn ratios 0f1:0.25, 1:0.5, 1:0.75 and 1Havethe

solubilies 0f0.41, 0.53, 0.57 and 0.58g/mL, respectively(Fig.2), while the physical mixturg
even with highest ratipi.e. 1:1 only hasa solubility of 0.25mg/mL The comilled mixtureswith

different ratios ofibuprofen to Soluplug' have solubilifes of 0.71, 1.26, 1.42 and 1.96g/mL
respectively andhe physical mixtur€l:1)0.93mg/mL(Fig.5).
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Fig. 2: Solubility values {n distilled water) of ibuprofen and its cemilled mixture with four
different ratios with HPMCand Soluplus (as mentioned onaxis). The error bars represents
the standard deviation of three values (n = 3).

Therefore,the solubility of ibuprofen in ecanilled mixtures with HPMC is 4 to 5 times higtrean
the solubility of theun-milled or milled drugwhereas the solubility of ibuprofen in auilled
mixtures with soluplus i%0 to 20 times highethan the solubility of he unrmilled or milled drug
Thesetrends ofsolubility enhancement of ibuprofen with increasing the ratios of polynmiers
drugare comparable toesultsachievedoy (Madhuri Newaet al., 2008)in solid dispersion with
PEGB000. However the enhaed solubility values are ~5 times less than those obtaimed

dendrimer solutiongMilhnemet al., 2000)

3.6.2 Dissolution ofibuprofen and its cemilled mixtures

Thein-vitro releaseprofile of unmilled, milled ando-milled (with Soluplusand HPMCipuprofen

in phosphate buffer (pH 7.43 shownin Fig.6. The percentage of umilled ibuprofen dissolved

in first 15min is ~40%and ~75% at 90 min, whereas the milled (15 min) ibuprofen exhibited a
slightlyfaster releasewith ~43%drug dissolve in fat 15 mn and ~80% in 90 mifrig.3a). This is
contrary to the results alreadyivenin literature for milled ibuprofen, where a slight decrease in
dissolution rate was reportedHan et al, 2011) This was probably due to the lack of

agglomeration of milled particle (as discussed in $&3JIts) that was observed previously.

The cemilled mixtures withSoluplusexhibited the greatest release of driuig. 60 to 85% in first
15 min and>95%atfter 90 min Fig.3a) which increased with the proportion &oluplusn the
mixture. The physical and milled physical mixtunésoluplus also have higher dissolution rate

than the ibuprofen alonewith both the un-milled and millecdrug).



The cemilled mixtures with HPMC, in contrast, show a relatively slow release ugf that
gradually increases as the amount of HPMC increaseseirtdimilled mixtures Fig.3b). The
percentage release fromi:1 physical mixtureavas almost similato that for the unmilled
ibuprofeni.e.~40% in 15 min time. The cumulative release increases by ~5% in milled physical
mixture andby afurther 10% in each emilled mixture withanincrea® the HPMC ratio from
0.5:1to 1:1(HPMC to ibuprofen)
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Fig.3: Dissolution profiles(in phosphate buffer pH7.4) of un-milled, 15min milled ibuprofen
and its physical and cailled mixtures with a) soluplus, b) HPMCThe earor bars represent
standard deviation with n = 3.

These results indicate thétte time for 70% drug release (Q70%#)ich was ~Z min in unmilled
ibuprofen, has reduced t62 min in milled ibuprofen-20 min inco-milled mixtures with HPMC
and~10 min in camilled mixtures withSoluplus The dissolution rate of ibuprofen, particularly
from the comilled mixture withSduplus was faster than that already reported for-called
mixture with kaolin(Mallick, Pattnaik, Swain, De, Saha, Ghagsé@ahl, 2008)and aluminium
hydroxide(Mallick, Pattnaik, Swain, De, Saha, Mazumegal, 2008)while comparable to those
co-milled with PVP(Han et al, 2011) In order to determine the mechanism of such

enhancement, the canilled mixtures were then characterized by a number ahteiques.

3.6.3 Analytics to study the changes brought by milling
3.6.3.1 Changes inparticle size distribution on co-milling (Laser Diffraction Results)

Thesizedistribution of unrmilled ibuprofen and its cemilled mixtures withHPMC andoluplus
has been presented as cumulative pl¢Esg.4). This plot indicates thain un-milled ibuprofen
~50%particles have size less than 12%, while the rest of 50% have size between 125 and 400

um. On the other hand, in samples-adlled with HPMC ~80% p#&les have size less than 35



pm and the cemilled mixtures with soluplus contain ~90% particles of 2&pm or less.These
reductionsin the particle sizevould be accompanied by a dramatic increas¢he surface area
of the ibuprofen in theco-milled mxturesfor both excipientsand hence the observed increase

in the dissolution rate of ibuprofen in the guilled mixture.

—&— Un-milled Ibuprofen
—8— CM with HPMC 1:1
—a— CM with Solu 1:1

Cumulative distribution (%)

0 200 400 600 800 1000
Particle diameter (um)

Fig.4: Particle sizeplots (cumulative distributior) for un-milled Ibuprofen and its cemilled
mixture with HPMCand Soluplus.

3.6.3.2 Changes insize, shape and dispersibility of ibuprofen on co-milling - SEM
Results

The SEM images of ibuprofen have shown that thenilfed ibuprofen Fig.5a) occurs as acicular
shape crystals (80 to 160m in size) that are longer than width and haveosrh surfacegHan

et al, 2011) On millingibuprofen alonethe particles are fragmented and showultiple cracks

on the surface of particlesKig.5b), which might have provided the enlarged surface for wicking
of the solvent during dissolution experimernthereby providing additional mechanisms for the

observed dissolution rate enhanceme®40% ,20 min redwed, see Section 3.6.2

The cemilled mixtures of ibuprofen witlsoluplusand HPMQFig.5¢c and 5d) show that the drug
particles lose theimore regular aciculashapewhile being partially embedded within what
appears to be the excipientThis phenomenomight prevent the aggregation of particles
therebyenhanangdispersibility, leading to an increase in surface area exposed to the dissolution
medium(BarzegatJalaliet al., 2010)while providing additional mechanisms for ttiag the drug

particle surface This might be one of the reasons for enhanced dissolutitmof drug in these

co-milled mixtures.



Fig.5: SEMmagesof un-milled (a), 15min milled (b) ibuprofen and its cemilled mixtures with
Soluplus (cand HPMQd) at X 500 magnification

3.6.3.3 Changesin crystallinity of ibuprofen on milling and co-Milling - DSC Results

The DSCurve of un-milled Ibuprofen (Fig.6a) shows a single endothermic peak aBe °C
corresponding to the melting of ibuprofdiMadhuri Neweet al., 2008) In themilled ibuprofen,

the melting temperature is almost the same but the enthalpy of melting slightly decreases from
~116 Jg to ~107 Jg after 15 min of milling. TheyBtep, the first signature of amorphous phase,

is not observed in milled ibuprofen, however the-déification peak is present at almost the

same temperature as observed in case of fully amorphous (quenched) ibuggFoée6a).
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Fig. 6: DSC curves ofumlled, 15min milled and amorphous (quenched) ibuprofen (a) and that
of co-milled mixtures (b), the inset shows theyEtep near-35°C in quenched ibuprofen and €o



milled mixtures and devitrification peaks inquenched and milled ibuprofen near 25°C (onset)
only which were otherwise absent in emilled mixtures.

The DSC curves of-aalled mixtues of ibuprofen with HPMC arsdluplus(Fig.6b) have shown
that the melting peak of ibuprofen shifts toward lowemperature and the Jappears near35
°C indicating the presence of amorphous phgBaidogion et al, 2008) However, the de
vitrification peak that is present in the milled ibuprofen near 30 °C is not observed in any of the
co-milled sample The stabilization of amorphous phase by theth co-milled excipientdhave

also shown in literatur¢Pokharkaset al., 2006)

Table5: The values of melting temperature, enthalpy of melting and %Q@ajimity for un-
milled, milled ibuprofen and its camilled mixtures with soluplus and HPMC.

Sample Melting Enthalpy of Crystallinity
peak (°C)  melting (g (%)
Un-milled Ibuprofen 79.7 116.5 100
15 min milled 79.7 108.9 86.7
CM with HPMC 1:1 74.9 51.4 44.1
CM with Soluplus 1:1 65.8 39.6 34.0

The percentage residual crystallinity of ibuprofen in thentiied mixtures is calculated from the
changes in enthalpies by using the method already described in our previous studies for milled
sugarg(Smithet al,, 2015) The results indicate that there is 55% and 65% loss in crystallinity of

ibuprofen in the cemilled mixtures with HPMC arsbluplus respectively.

The shiftof the melting peak ofbuprofentowards lower temperaturén co-milled mixtures along

with the reduction in enthalpies of melting (Table 5) has indicated that the drug crystals were
weakenedas previously reported b@Williamset al., 2005)for melt mixtures of ibuproferthat
might be responsible for the increased solubilities drmehce dissolution rates of canilled

mixtures as compared to drug alone.
3.6.3.4 Molecular interaction of ibuprofen with co-milled excipients/ATR Results

The IR spectrum of umilled ibuprofen has shown antense, a welldefined peak at ~1704 cm
! corresponding to the carbomgtretching of propionic acid group, a characteristic band from
800 to 1500 cm due to hydrogen bonding as ibuprofen forms dimer and a spectral band

between 2800 and 3000 chdue to the stretching ofOH bondNewaet al.,, 2008)

The IR spectra df 1 co-milled mixtures of ibuprofen with HPMC asaluplus(Fig.7a) are almost

similar to that ofun-milled ibuprofen, except that the spectral band near 3000 ctacreases in



size while the stretching vibration of carbonyl peak near 1706 evas still present in canilled
O Mplaiely lodtdtirihg/cBmilin@ Mgy o | &

10a). The carbonyl stretching peak thistrelatively broad irthe un-milled ibuprofenbecomes

mixturesindicaing( K I {

G§KS RNYzZAQa

sharper and shifts towards higher wavenumbers omilling the drug alone and ewmilling it

particularly with soluplus(Fig.7b).

The shift ofcarbonylpeak toward higher wavenumbers milled ibuprofen and itxo-milled

mixture with Soluplussuggests thathere is achange inthe dimer structure andhydrogen

bonding(Nokhodchiet al, 2010) Thismight partly explain thesolubilization action o$oluplus

in the solid statewhere the vinylacetate and vinytaprolactam moieties of this surfactant

surround thedrug while thePEG backbone forms the backifidnis provides another potential

mechanism for kinetic solubility eancement.
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Fig.7: a) IR spectra of umilled, 15min milled and itsl:1 co-milled mixtures with HPMCor
Soluplus b)XCarbonyl group peak from IR spectod these samples, the shift in position of this
peak is indicated by arrow heads

4 Conclusion

This study indicates that emilling withan excipientither apolymer, i.e. HPMCor surfactant

l.e. soluplug effectively enhances theinetic solubility andhence the dissolution rate of

ibuprofen. Thisenhanced dissolution rate is consréd to be theresult ofa number of inter

related phenomena that are likely to be working synergatyjc Comilling appears to enhance

the reduction in particle size that is observed for ibuprofen alone but the differences between

size reductioron comilling withsoluplusor HPMCR 2 y Q1 |

LILIS |

NJ G2 68

mechanism is unlikely to explain the significantly increased dissolution rate one seenfidiecb
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ibuprofen with soluplus However, the % decrease of the @atpy of melting and the %
crystallinity (which isb5%and 65%for HPMCand Soluplusrespectively) wl have a synergistic
and therefore amplified effect on the dissolution rate through the alteration of the kinetic
solubility. In addition thempact ofsoluplus on theFTIR spectrum abuprofen is further proof

of the disruption to the ibuprofen structure in the solid state (producing a highly soluble solid
state dispersion) provides further potential for increasing the kinetic solubility and dissolution

rate, along wih the enhanced solution state stability of ibuprofen iscduplusrich solvent.
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Appendix 1
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Appendix1: Overlaid UV pectraof 0.05%w/v solutions of ibuprofen (showing two peaksat
273 & 264 nmand a shoulder at 258 nngnd different excipientsin phosphate buffer(pH 7.4)






