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Thesis Summary

Orally disintegrating tablets (ODTs) are a dosage form ideal for paediatric or geriatric patients as they
disintegrate/dispersevithin the oral cavity. Direct compression manufacture of ODTSs is increasing in
popularity due to its cost effectiveness and use of traditional tableting equipment, however excipients
are required to fulfil certain requirements to form robust, fast disgr&ting tablets. Mannitol is a vital
excipient for ODT manufacture due to its high palatability, however its fragmentation behaviour under
compression leads to mechanically weak and friable tablets. The work in this thesis aimed to
investigate the fragmemtion behaviour of milled mannitol, followed by development of preblends

to obtain ideal ODT properties without the use of any superdisintegrant. Development of a novel
method for ODT disintegration testing was also conducted due to the lack of currémidgees that

are representative of oral conditions.

Mannitol fracture occurred primarily at the (011) crystal plane, which was the most hydrophilic,
therefore increasing the wettability of milled mannitol. Resulting ODTs had a faster disintegration time
than the unmilled equivalent, with enhancement in compressibility due to increased plastic
deformation. Milled mannitol presented a suitable alternative for ODT production compared to
current commercial grades, with high mechanical strength and improvedteligation time. Novel
optimised ODT preblends were developed with milled mannitol incorporated alongside micro
crystalline cellulose (MCC) and silica to aid powder flow.

Dry patrticle coating was also employed to develop an MCC/silica hybrid to enharfe@idaerties.
Silicified MCC had previously been shown to enhance MCC compression, whilst improving MCC
powder flow and reducing lubricant sensitivity. Dry coated MCC was optimised with 1%w/w silica,
with ODT disintegration being significantly lower thae spray dried alternative or uncoated MCC,
whilst allowing a 40% drug load of a noompressible APl to be formed into a robust fast
disintegrating ODT.

A novel ODT disintegration method was developed to mimigivooral conditions. A vastly improved
correlation to In Vivoresults was observed with the newly developed method, in comparison to the
recommended USP tester, with a linear correlation obtained with the new test method compared to
the curved dataset gathered with the USP test.

Novel preblends wre developed utilising dry particle coating, with resultant ODTs showing improved
ODT behaviour, with disintegration time being low even without the use of superdisintegrant. To
supplement ODT disintegration, novel ODT disintegration time test methodevetoped and results
indicated it was a superior alternative compared to the currently recommend USP test.
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P50/Avicel PH101 compared powders @&rdsolv P90/Avicel PH102 compared powders) passed the
test with friability being below the designated 1% threshold and no clear pattern observed. Porosity
results also displayed no significant differences and no clear pattern, indicating friability asitypor

of the dry coated tablets were very similar to the Prosolv and the Avicel control (n=3, p=>0.26%

Table 5.4: A table slng the friability and porosity results for the API loaded powders of Prosolv and
the respective Avicel dry coated powders, with friability being similar with the Prosolv P50 and PH101
results at 59.5% preblend load, however PH102 dry coated tabletshiglrer friability compared to
Prosolv P90 at 59.5% preblend load. Friability is well above threshold for the 29.5% preblend loaded
powders, due to low mechanical strength of tablets. Porosity results indicated no significant
differences between the Prosofyrades for either particle size compared to the dry coated powders,
however compared to the Avicel controls for each of the powders the porosity of the dry coated

powder tended to be higher. Data significantly different is marked with an asterisk (*) §g8305).

Table 6.1: Table highlighting tablet formulation details for the 9 batches of tablets utilised In the

Vivodisintegration study. Each formulation, except formulation 9, was compressed at two different

compression forces to provide tablets of different disintegration times.............ccccccccoeoee. 231
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Table 6.2: Table showing tableting results for all tablets tested in this study. All data is presented as
mean = SD, with data marked with an asterisk (*) showing the maximum time for the disintegration
test, and herefore shows this tablet had not disintegrated within the stated time and was still left as

=Yoo [ o [0 1SY= To [N (0] /o TP EERRRPRRRRR 240

15



List of Figures

Figure 1.1: Chemical structure of tteblet binder MCC, with the chemical formula (C6H10Q5%4

Figure 1.2: Chemical structure of the naturally occurrinlyldnnitol, with the chemical formula
GsH140s and molecular MasS Of 182.........iiiiiiiiiieiiie et saeeas 45

Figure 1.3: Chemical structure of starch, with the chemical formula (C5HL005)...................46

Figure 1.4: A schematic diagram highlighting the three main compression methods for excipients
undergoing direct compression, with plastic deformation showing particle shape retention, elastic
deformation indicating particletmpe rebound and fragmentation deformation profile highlighted
particle fracture and production of pores within the dosage farm...........ccccvvveveeiieeiieniinnnnnnn. 50

Figure 1.5: A diagram showing the motion of balls and powdeutyh a planetary ball mill. Centrifugal
force is produced through the opposite acceleration and velocity of the vial and supporting disk,
causing high levels of energy within the moving balls, which ciomeecontact with the powder,
causing particle brd@own UPON COIlISION...........oooiiiiiiiiiiii e 51

Figure 1.6: Figure showing the dry particle coating mixing process, whereby agglomerates of fine
particles are dispersed prior to attraction and coating on to a coarse particle, levels of coativeyga
between a discrete coat, where an element of the coarse particle surface is covered with the guest or
a continuous coating where the whole host particle is encapsulated with particles of the fine guest
L LT[ PPPUPPPPRRRN 57

Figure 1.7: A diagram illustrating a typical set up for the standard USP disintegration test for oral
dosage forms that is utilised for ODT disintegration testing. It shows how the basket would typically
by placed within the beaker/water bath, and how thesslblution vessels are arranged within the
DASKET. ... e e e e e e e e e e e nnnnned 60

Figure 2.1: Diagram illustrating the fracture planes for mannitol crystals along with the two most
common fracture processes; cleavage at (011) where needle lengthrisisbd and cleavage at (010)

where Needle WIALh IS TEAUCEM........ ... et et r et e e e e e e e reaareens 74

16


file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440541
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440542
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440542
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440543
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440544
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440544
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440544
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440544
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440545
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440545
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440545
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440545
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440546
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440546
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440546
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440546
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440546
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440547
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440547
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440547
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440547
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440548
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440548
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440548

Figure 2.2: A schematic diagram of some of the mill parametsesl in the calculation for energy
input. This includes angular velocity of the dislk)Ahgular velocity of the vial ()Y disk radius (R

AN VIAI FAAIUS (Rt e oottt e e e e s e e e e e e e e e e 16
Figure 2.3: Xay diffraction patterns showing that all palers tested represent a strong fit forD-
Mannitol. The patterns for milled mannitol (FFB) also indicate the extent of peak intensity reduction
across all milled powders compared to unmilled mannitol (FO), with Table 1.2 showing the
corresponding peragtage of peak intensity redUCHiON...........ccccviiviiiiiiiieiiiiiieer e e e 88
Figure 2.4: A graph comparing measured values of peak intensity reduction to the values calculated
using Equation 18, against energy input per unit mass, showing that this model rejgrasgood fit

and provides a novel method of calculating energy input during milling.............cccccceeevvennee 89
Figure 2.5: DSC scan of amilled mannitol (FO) compared to Heid powders (FE8) showing no
difference in melting point, enthalpy of fusion or onset of melting, indicating there was no alteration
IN CryStal STALE OF SITUCTUIE........iiiiiiie ittt e e s r e e e s e ee e 90
Figure 2.6: SEM images showing the morphology ofrthanitol powders; A FO (control) showing
needle like morphology at x1200 magnification (all milled samples are at x5000 magnificatiea); B
with circle indicating particle fracture at the (011) plane;R2, with circle indicating particle fracture

at the (011) plane; BF3, with arrows indicating agglomeration of particlest&, with circle indicating
particle fracture at the (010) plane, and arrow indicating agglomeration of particié<g,Rvith circle
indicating particle fracture at (0O1Xlane; G- F6; H- F7, with arrows indicating agglomeration of
PAITICIES AN F ... .ot e e e e e e e e e e e aeeas 92
Figure 2.7: A graph showing the hardness and disintegration of the manufactured ODTs at a
compression force of 75 and 225MPa. At 75MBalhess of the milled ODTs has improved indicating
improved compressibility of the milled mannitol. At 225MPa disintegration time has improved for
milled ODTs even with the increased mechanical strength of the tablets, indicating improved

wettability of the milled powders (p<0.05). Data presented as mean £.SD.........cccccevvieeen ! 96
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Figure 2.8: An oubf-die Heckel plot of the milled powders @F8) compared to nomilled mannitol

(FO) indicating a decreased yield pressure o#ling as seethrough a steeper gradient.......... 97
Figure 2.9An indie Heckel plot of the milled powders @8)compared to normilled mannitol (FO)
indicating an increased yield pressure postling as shown by a smaller gradient.................... a8
Figure 2.10: DSC melting point of the three milled mannitol powders tested at ambient and
accelerged storage conditions over 6 months. Gives a clear indication that the melting point remain

very consistent between 16¥69°C, indicating a stable crystal form. Data presented as mean + SD.

Figure 2.11: A graph indidat 3  (i-idaBnit¢d, thiough Rietveld refinement of the XRD patterns, of
the milled powders stored at ambient and accelerated conditions over the 6 month stability testing
LISNAZ2R® Ly ! -©anaitlaemains $98% Mdcdtiyigithat2ttie paigrphic form
remains stable post milling during storage in ambient and accelerated conditians.............. 101

Figure 2.12A graph showing the TGA degradation temperaturéhefmilled mannitol powders stored

at ambient and accelerated conditions over a 6 month period Degradation remains fairly constant at

around 235240°C, indicating very little/no formation of by products during storage, and that post

Figure 2.13A graph indicating the moisture content of the milled mannitol powders stored at ambient
and accelerated conditions over a 6 month period, measured using T®&ian&he moisture content
remains very low (<1%) in all cases, even when stored in accelerated conditions at 75%RH, indicating

that the milled mannitol does not become susceptible to moisture uptake during stor&pa

Figure 2.14: A graph showing the angle of repose of the milled powders, indicating that addition of
Starch 1500® is advantageous in improving flow characteristics of the milled powders, with
concentrations above 4% being staitistly significant. However it was also shown that addition of

silica significantly improved flow compared to the control, similar to starch at high concentrations,
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with further improvement in flow seen at all starch concentrations (only 4% starch shaeestisal
significance. Data presented as mean = SD (N=3, P<O.05)......ccouiiiiiimmimreeniiiiiee e 104

Figure 2.15: A graph showing the angle of repose of the milled mannitol + 0.5% silica mixed in the
novel composite blender at different parameters. hosvs that increased speed does help in
improving the flow behaviour of the powder, with a significant improvement seen between the
powder tested at 1500rpm and 2000 with 1bar of air pressure. Data presented as mean + SD (n=3,
O ) TR RSP TOP TR 106

Figure 2.16: A graph showing the angle of repose of the vanllesd mannitol powders comparing

cube mixing and composite mixing for 10minutes. It can be seen in general that composite mixing
proves advantageous in improving flow, with significant flow improvement observed with 0.5% silica.
Data presented as meanSD (N=3, P<O.05).......uuuiiiiiiiiiiiiiiiie e 107

Figure 2.17: A graph showing the angle of repose of milled mannitol + 0.5% silica comparing cube and
composite blending over a 30min period, highlighting that composite blending is advantageous over
cube mixing as flow improvements are evident, with mixing at 10mins being statistically significant.
Data presented as mean £ SD (N=3, P<O05)......cccciiiuuiimriiiiiiiiiiiirrrrer e e e e e e e e e e e e e e e e e e 109

Figure 2.18: A picture showing tablets produced from the auto tablet prestdo4 powder milled
mannitol blends test; I, Cube blended with starch, @Cube blend with MCC, 3Composite blend

with Starch and 4 Composite blend with MCC. Observed that tablets made from cube blended
powder were prone to capping and lamination,dathe quality of the tablets were very poor
compared to compositely blended powders which provided uniform tablets with very little/no
a0 LT (=Tot 1 (o] I PO EPP PP 112

Figure 3.1: SEM images showing the morphology of the graded manmithigis compared to milled
mannitol (F2); A, F2 Milled mannitol showing very small particle size at x2000 magnificatign; B
Mannogem powder showing crystalline structure at 500x magnificatigiyl@nnogem 2080 and B
Mannogem Granular highlighted grdated mannitol both at 800x magnification;,;gBMannogem EZ

illustrating a porous spray dried mannitol at 800x magnificatianfPEarlitol 50C showing a crystalline
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mannitol powder with needle like structure at 500x magnification; Bearlitol 500DC higighting
granular mannitol at 100x magnification andgHPearlitol 200SD showing a spray dried mannitol at
250X MAGNIFICALION. ...t e e e e e e e e e e e e e e e s e e e e e e e e e e annnees 126

Figure 3.2: A graph showing the flowability of the graded nmahpiowders compared to the ideal
YAff SR LRSGRSNE CHEZ GKNRIAK /I NNR& LYRSE |yR |
forms have very poor flow alongside the F2 control. All graded powders display an improved flow as
expected due to the fpysical modifications to the mannitol particle, leading to an enhanced patrticles
Size and More UNIfOrM SNAPE........cooo e e e e e e e e e e e e e e e e e e e 127

Figure 3.3: Particle sizing graph for the crystalline Mannogem powder indicating a wide particle size
range within the powder, with sizes varying from @160um, with VMD being 36.97um (n=3)..128

Figure 3.4: Particle sizing graph for the crystalline Pearlitol 50C powder indicating a slightly narrower
particle size range within thegwder compared to Mannogem Powder, with sizes varying from 0.6

80um, with VMD being 35.33um (n=3), although SEM showed particles of around 50um (Figure 3.1

Figure 3.5: Particle sizing graph for the Milled manmmlvder (F2) a very small particle size range

with a bimodal distribution, with a high proportion of particles within thdm VMD size range and

a high proportion in between the P0um size range, with the VMD being 11.76 ym (n=3)..129

Figure 3.6: XRD patterns for the different Mannogem gradesdtest this study. The Mannogem
L2SRSNI YR GKS G662 3INIydzZ I SR F2N¥a NBLINBaSyid
polymorph, however the Mannogem EZ, the spray dried form, showed peaks that are clearly
NEBLINBASY(l GAGS HBHRIEKSS ah FLIND &iK2SNLUIK. LI2E.2.Y.2. NBIK ¢
Figure 3.7: XRD patterns for the different Pearlitol grades tested in this study. The Mannogem powder
YR GKS 3INYydzZ FGSR F2NXY NBLINBASY(iSR @dymMaEphONE &
however the Pearlitol 200SD, the spray dried form, showed peaks that were clearly representative of

GKS h LREfEe&Y2NLK Fa ¢Sf.f. LA . T2NL0KS. . 1..L}2£184Y 2 N1J
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Figure 3.8: A graph showing the in die Heckel profile otdmmercial mannitol grades tested in this
study, with all powders, with the exception of Mannogem 2080, compressing through brittle
fragmentation, as highlighted by obtained yield pressures shown in Table.3.2................... 136

Figure 39: A graph showing the hardness of the commercially available mannitol grades compared to
milled mannitol F2. Significant improvements in hardness were observed with the milled mannitol
compared to the Mannogem 2080 (only at 225MPa), Mannogem GranulkarjtBe50C and Pearlitol
500DC. However both spray dried grades (Mannogem EZ and Pearlitol 200SD) were significantly highe

in mechanical strength compared to the milled mannitol. Data presented as mean = SD (p<0.05, n=3).

Figure 3.10: A graph showing the disintegration times of thmmercial mannitol grades compared

to the milled mannitol. The results clearly show that milled mannitol provides advantages for tablet
disintegration with the milled mannitol being significantly better than all grades at both compaction
forces (except fothe Mannogem Powder and Pearlitol 50C at 75MPa. Data is presented as mean +
SD (N3, PLO.05)-c. ettt et et e et e et eeeeeeee et e es et ee et e eeeeesee e et et es et e ee et et en e eeeteeeneneeeeeees 143

Figure 4.1: A graph showing the powder flow of the MCC/mannitol preblends, comparing the
difference between milled and unmillemannitol in the two different mixing processes, through the
angle of repose. Results indicated that unmilled mannitol had a superior flow (p<0.05), whilst
composite blending was also beneficial in reducing the angle of repose (p<0.05) for milled mannitol
Data is presented as MeEaN £ SD (NMF3)u . .uuurtiieaiiiiiiiiieee e s s e e e e e e e eneeees 156

Figure 4.2: A graph showing the disintegration times of manufactured ODTs containing the model API
ibuprofen at concentrations varying from -BD% comparing milled and unmilled nmatol. Only
compositely blended tablet data is shown on the graph. Results indicated that at concentrations of
30% ibuprofen and above tablets containing milled mannitol had significantly lower disintegration
times than tablets containing unmilled mannit@ata is presented as mean = SD (n=3, p<0.05 at all

concentrations except 10% iDUProfen)....... ..o 157
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Figure 4.3: A graph showing the hardness of manufactured ODTs containing the model API ibuprofen
at concentrations varying frorhi0-50% comparing milled and unmilled mannitol. Only compositely
blended tablet data is shown on the graph. Data is presented as mean + SD (n=3, p<0.05 for all
conditions except MCC/IDU LOU0)-.......ccooerieiii e r e e e e e e e e e e e e aaaaaaaaaaeas 158

Figure 4.4: A graph showitige friability of manufactured ODTs containing the model API ibuprofen

at concentrations varying from 180% comparing milled and unmilled mannitol, showing a mixed
pattern with friability for both unmilled and milled mannitol being similar, ranging frdsa315%. Only
compositely blended tablet data is shown on the graph...........ccccoc e 159

Figure 4.5: SEM images showing images of a typical MCC particle within the investigated preblends. A
¢ Cube mixed milled mannitol/MCC;cBCube mixedinmilled mannitol/MCC; € Compositely mixed

milled mannitol/MCC and @ Compositely mixed unmilled mannitol/MCC, with compositely mixing
milled mannitol resulting in higher levels of dry coating...........ccccoveeiiiiiiiieiee s 161

Figure 4.6: A graph etving the disintegration time of manufactured ODTs containing the model API
ibuprofen at concentrations varying from -BD%, comparing the cube and composite mixing
methods, with statistically significant results only observed at MCC/Ibu 50%. Only mélenitoh

results are shown in the graph. Data is presented as mean + SD (n=3, p<Q.08)................. 162

Figure 4.7: A graph showing the hardness of manufactured Gipifaing the model APl ibuprofen

at concentrations varying from 180% comparing the cube and composite mixers, with no
statistically significant results observed between the methods. Only milled mannitol data is shown on
the graph. Data is presented agan £ SD (N=3, P>0.05)........ccccimiiiieiiiiiiiiie e 163

Figure 4.8: A graph showing the friability of manufactured Gdongining the model API ibuprofen

at concentrations varying from #0% comparing the cube and composite mixer. Results indicated
no clear pattern in friability for the mixing methods, and friability was varied according to a particular
blend. Only milld mannitol data is shown on the graph............cccoooiiici 164

Figure 4.9: A graph showing the effect of silica concentration on the flow of the preblend powder

through angle of repose. Significant differences were observed at 0.5%/1.5% amh§¥4red to the

22
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blend where all of the excipients were mixed together (0.5% blended 30mins). Was seen that after 1%
of silica addition a flow category improvement was seen, from fair to good. (n=3, p<0.05 for all powder
EXCEPE 190 SMINS ENA)......eiieieeie et e e e e e e e e e e e e e s snnrnreeeeeneaans 166

Figure 4.10: SEM images showing particles af:046% silica blended for 30mins alongside milled
mannitol and MCC; B1% silica mixed for 5mins after 30min blend of milled mannitol and MGC; C
2% silica mixed for 5mins after 30mblend of milled mannitol and MCC. Images clearly show that
increasing the concentration of silica increases the surface coverage of silica on the larger preblend
particles, with 2% silica having the highest levels of surface adhered.silica.............ccc......... 167

Figure 4.11: A graph showing hardness of the tablets produced from the preblends mixed with
differing concentrations of ibuprofen. Results indicated that in general as the concentration of silica
increased the hardness of the dosafgem also increased. Significant differences were observed
between several tablets, with 10% ibuprofen showing an improved hardness at 0.5% blended for

30mins and 1.5% silica and 30%/50% ibuprofen showing improved hardness at 2% (n=3, p<0.05)

Figure 4.12: A graph showing the disintegration of the taletsluced from the preblends mixed

with differing concentrations of ibuprofen. Results gave a clear indication that as silica concentration
increased the disintegration time of the talalso increased, which was especially evident at 30 and
50% ibuproferconcentration, with concentrations of 1% silica and above significantly different to the
0.5% total blend at 30% ibuprofen concentration and concentrations of 1% silica and above being
significantly longer disintegrating than either of the 0.5% silica lprets at 50% ibuprofen
concentration (N=3, P<O.05). ... iii it e e e e e r e e e e e e re e e e e e e e 169

Figure 4.13: A graph showing the porosity of the tablets produced from the preblend powders
containing different concentrations of silica at different ibuprofen drugde Results indicated that

as the concentration of silica increased the porosity of the tablets decreased; at 10% ibuprofen load
statistical significance was observed at all concentrations except when comparing the two 0.5% silica

preblends and between 8% and 2% silica; and at 30% and 50% ibuprofen load significant differences
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were observed at all concentrations of silica except between the two 0.5% blends and between 1%
and 2%/1.5% and 2% (N=3, P<O.O5)............oiveeeeireeeeeeeeeesesseseesseeseessees s seesessesenesseseenens 170

Figure 4.14: Ayraph showing the friability of the tablets made from preblends containing different
concentrations of silica, at three different ibuprofen drug loads. It was seen that no clear observable
pattern was seen with friability, with the 0.5% total blend hawsyvgood friability whereas 5min

mixed silica blends had higher friability. Could also be said that a general reduction in friability was
seen as the silica concentration increased UP 10 L.5%0..........uuvririiiiriiiiiriiiiierieieiieeeeeeeeeeeeeeen 172

Figure 4.15: A graph shavg the effect of silica mixing time on the flow of the preblend powder
through angle of repose. Significant improvements in flow were observed after a 10min mixing time
compared to the 5min silica mixed powder, with 20 and 30min mixed powders also kgmnifgcantly

more flowable than powder mixed for 20mins (N=3, P<0.05)........ccccirririieeiiiiiiiiiee e 173

Figure 4.16: SEM images of the calculated surface coverage blends compared to the all in one mixtures
with A- showing an uncoated particle of MCC PH10&hBwing an uncoated particle of MCC PH102;

C - showing the all in one powder blend of PH102¢ Ehe PH102 blend with calculated surface
coverage; E the all in one powder blend of PH101 and fhe PH101 blend with calculated surface
coverage. Levels of coating appeared to be slightly higher on the calculated surface coverage blends

for both PH102and PH101, although the loading amount of the mannitol and silica was high in both

Figure 4.17: A graph showing the flow of the surface coverage calculated blends compared to the all
in mixed blends for the two &ks of MCC investigated, through the angle of repose. The general
pattern was that surface coverage resulted in a slight worsening in flow, with a statistically significant
difference seen with the PH101 blends (N=3, P<O.05).....cciiiiiiiiiiiiieee e 177

Figure 4.18: A graph showing the hardness of the surface coverage blends compared to the total
addition of powder blends at three difference concentrations of ibuprofen. No observable pattern was
seen in the results, however a significant increaseairdness was seen at 50% ibuprofen for both of

the surface coverage blends compared to their total addition counterpart (n=3, p<0.05).....178
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Figure 4.19: A graph showing the friability of the surface coverage blends comipatked total
addition of powder blends at three difference concentrations of ibuprofen. No observable pattern was
seen when comparing the surface coverage blends to the total addition blends.................. 179
Figure 4.20: A graph showitige disintegration time of the surface coverage blends compared to the
total addition of powder blends at three difference concentrations of ibuprofen. No observable
pattern was seen in the results, with PH102 MCC showing lower disintegration with stwfaarage
blending, whereas PH101 showed lower disintegration with the total addition of the powder.

Statistical significance was seen between 10%ibu for PH102, and 30% lbu for PH101 (n=3, p<0.05)

Figure 4.21: A graptewing the flow of glyceryl Behenate and Ethocel compared to Silica through
angle of repose. Results indicated that powders containing silica flowed significantly better than
powders containing the other two excipients. Ethocel flowed significantly bdtian glyceryl
Behenate (N=3, PRO.05). ittt e e e e e e e e r e e e e e s aaeeas 181

Figure 4.22: A graph showing the hardness of the tablets manufactured from the powders containing
the two new investigated flow aids compared to silica, with different ibuprofen Wrags. The general
pattern observed was that glyceryl behenate had the lowest hardness at 10 and 30%, with silica being
significantly harder at 10 and Ethocel being significantly harder at 30% ibuprofen drug load and silica
being significantly harder thaBthocel at 10% ibuprofen load. Glyceryl behenate was significantly
harder than silica at 50% ibuprofen load (N=3, P<O.05)-....ccoiiiiiiiiiieeeiieee e 183

Figure 4.23: A graph showing the disintegration times of the tablets manufactured from theéepow
containing the two new investigated flow aids compared to silica, with different ibuprofen drug loads.
The general pattern observed was that there was no clear difference in disintegration time at 10/30%
ibuprofen load, however at 50% the Ethocel waster disintegrating compared to the silica and
glyceryl behenate(N=3, P<0O.05) ... .. it e e e e e e e e e e e e e e e e e e e e e e s e e nnnnes 184

Figure 5.1: Raman spectroscopy data showing the Raman sigratigilica, uncoated Avicel PH101

and dry coated Avicel PH101 with 2% silica loading. Raman signature shows MCC peak reduction pos
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dry coating, indicating a lower MCC signal due to lower exposure of the MCC surface due to the
presence of fine silica pa@eles on the MCC SUMaCE............cciiiiiieie e 197

Figure 5.2: Raman spectroscopy data showing the Raman signature for silica, uncoated Avicel PH10:
and dry coated Avicel PH102 with 2% silica loading. Raman signature shows MCC peak resfiiction p
dry coating, indicating a lower MCC signal due to lower exposure of the MCC surface due to the
presence of fine silica particles on the MCC surface...............ooo oo, 198

Figure 5.3: SEM images of the different powders investigatedisnsthdy, with A, C and E at 1000x
magnification and B, D, F at 500x magnificatiog;P%osolv P50 showing a rough particle surface, B
Prosolv P90 showing again a rough surface;Avicel PH101 showing a smoother particle surface
compared to the Prosw| D¢ Avicel PH102 showing a smoother particle surface compared to the
Prosolv; E, Avicel PH101/1% silica dry coated blend, showing an MCC particle with a clear coating of
silica upon the particle surface and Rvicel PH102/1% silica dry coated blenthwlear evidence of

silica dry coated upon the MCC particle SUrface..........cceeeeeee e 199

Figure 5.4: SEM images of the Avicel PH102 with different silica loading, with all images at 2000x
magnification; A; 0.5% silica; B 1% silica an€¢ 2% silica. Images indicate a large difference in silica
loading between 0.5 and 1%, however when the concentration is increased up to 2% a significant
difference in silica loading upon the MCC is not observed.............ccccccciiniiniiiiiniirereeeeeeeee. 200

Figure 5.5: A graph showing the powder flow, through angle of repose, of the Prosolv P50 compared
to the dry coated Avicel PH101 powders, with uncoated Avicel PH101 used as a control. Little
difference observed between the Prosolv and the dry coated pos{ier3, p>0.05)................ 201

Figure 5.6: A graph showing the powder flow, through angle of repose, of the Prosolv P90 compared
to the dry coated Avicel PH102 powders, with uncoated Avicel PH102 used as a control. Significant
difference was observed between the Prosolv and all of the dry coated powders, with dry coated
powders providing a more flowable powder (N=3, P<0.05)......cccocummrmmimiiiiiiiiiiieeeeeeer e 203

Figure 5.7: A graph showing the hardness and disintegration time of thet¢acompressed at 75MPa

of the Prosolv P50 and Avicel PH101 dry coated tablets/control, with different proportion of silica,

26


file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440599
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440599
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440600
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440600
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440600
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440600
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440601
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440601
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440601
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440601
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440601
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440601
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440601
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440602
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440602
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440602
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440602
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440603
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440603
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440603
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440604
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440604
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440604
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440604
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440605
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440605

with hardness represented by the line and disintegration time by the bars. Results indicated that
Prosolv displayed advantageomsechanical strength compared to dry coated grades (n=3 p<0.05),
however disintegration time was significantly improved with the dry coated grades, even though
mechanical strength was still very high (n=3, P<0.05).......cvviiiiiiiiiiiiiii 204
Figure5.8: A graph showing the hardness and disintegration time of the tablets compressed at 75MPa
of the Prosolv P90 and Avicel PH102 dry coated tablets/control, with different proportion of silica,
with hardness represented by the line and disintegration tinyethe bars. Results indicated that
Prosolv displayed advantageous mechanical strength compared to dry coated grades (n=3 p<0.05),
however disintegration time was significantly improved with the dry coated grades, even though
mechanical strength was stlery high (N=3, P<O.05)......cumriiiiiiiiiiiiiiiee e 205

Figure 5.9: A graph showing the compressibility profile oRtesolv P50 and Avicel PH101 dry coated
powders, with results displaying a very similar compressibility profile between all powders, this
indicated bonding area was very similar amongst all POWdELS.............ccccviiiieeeiiiiiiiiieeeeee 209

Figure 5.10: A grapkhowing the compactability profile of the Prosolv P50 and Avicel PH101 dry
coated powders, with results showing Prosolv and the Avicel control had superior compactability, and
therefore bond strength compared to dry coated powders..........ccccceveeeeeeiiii e, 209

Figure 5.11: A graph showing the tabletability profile of the Prosolv P50 and Avicel PH101 dry coated
powders, with results showing Prosolv and the Avicel control had increased tabletability, due to the
increased compactability of the powderempared to the dry coated powder......................... 210

Figure 5.12: A graph showing the compressibility profile of the Prosolv P90 and Avicel PH102 dry
coated powders, with results displaying a very similar compressibility profile betalegowders, this
indicated bonding area was very similar amongst all POWdELS.............ccciiiiiiieiiiiiiiieeeeeee 210

Figure 5.13: A graph showing the compactability profile of Rnesolv P90 and Avicel PH102 dry
coated powders, with results showing Prosolv and the Avicel control had superior compactability, and

therefore bond strength compared to dry coated powders............cooovvveeeiiiiiiiee 211

27


file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440605
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440605
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440605
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440605
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440606
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440606
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440606
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440606
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440606
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440606
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440607
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440607
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440607
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440608
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440608
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440608
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440609
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440609
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440609
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440610
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440610
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440610
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440611
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440611
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440611

Figure 5.14: A graph showiniget tabletability profile of the Prosolv P90 and Avicel PH102 dry coated
powders, with results showing Prosolv and the Avicel control had increased tabletability, due to the
increased compactability of the powders compared to the dry coated powdet.................... 211

Figure 5.15: A graph showing the powder flow through angle of repose of the API loaded Prosolv P50
and Avicel PH101 dry coated powders/control, with very little difference observed between the flow
of the powders at both preblahloads (N=3, P>0.05).......cccociiiiiiiiiiiiiiiriirre e e 214

Figure 5.16: A graph showing the powder flow through angle of repose of the API loaded Prosolv P90
and Avicel PH102 dry coated powders/control, dry coated Avicel PH102 showing an improvement in
flow compared to both the Prosolv P90 and Avicel control for both preblend loads (n=3, p20495).
Figure 5.17: A graph showing the disintegration time and hasslioé tablets compressed at 75MPa
produced from the API loaded Prosolv P50/Avicel PH101 dry coated powders investigated in this
study, with disintegration time displayed on the bars and hardness on the line. Results indicated that
hardness for Prosolv wamproved over the Avicel PH101 dry coated powder and control (n=3,
p<0.05) at 59.5% preblend load, with little difference observed at 29.5% preblend load (n=3, p>0.05).
However disintegration time was markedly improved for the dry coated powder over ds®Rr(n=3,
p<0.05) at the 59.5% preblend load, again with little difference seen at the 29.5% preblend load (n=3,
D30.05) vttt ettt ettt ettt et ettt e ettt ettt et ettt et et ettt et et et et et ee et et ettt et et e et e et eneeen, 215

Figure 5.18: A graph showing the disintegration time and hardness of tablets compressed at 75MPa
produced from the API loaded Prosolv P90/Avicel PH102 dry coated powders investigated in this
study, with disintegration time displayed on the bars and hardness on the line. Results indicated that
hardness for Prosolv was improved over the Avicel PH192coated powder and control (n=3,
p<0.05) at 59.5% preblend load, with little difference observed at 29.5% preblend load (n=3, p>0.05).
However disintegration time was markedly improved for the dry coated powder over the Prosolv (n=3,
p<0.05) at the 59.5%reblend load, again with little difference seen at the 29.5% preblend load (n=3,

D30.05) ..ottt ettt ettt 216
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Figure 6.1: A diagram illustrating a typical set up for the standard USP disintegration test for solid oral
dosage forms, thasiutilised for ODT disintegration testing. It shows how the basket would typically
by placed within the beaker/water bath, and how the dissolution vessels are arranged within the
DBSKEL. ...ttt e e 221

Figure 6.2: A schematic diagratmowing the proposed design of the specific disintegration tester for
ODTs, comprising of conditions representative of the oral cavity, including temperature/humidity,
disintegration medium flow rate and applied pressure on the tablet. An area for doleof the

disintegrating fragments from the tablet could also be added to assess drug leakage/absorption in the

Figure 6.3: Diagram of the setup of the new disintegrationeiestighlight all key components of the
equipment. The texture analyser probe comes through an entrance at the top of the container which
has been cut out and covered with silicon sheeting to allow humidity and temperature to be retained
but still allow the probe to enter without triggering the texture analyser probe..................... 226

Figure 6.4: An image of Phase One of the modified disintegration test being developed. It shows the
texture analyser probe using a large upper palate presdiown on to an ODT which is placed upon

the bovine tongue. The heating block maintains tongue temperature at 37°C, and a hot plate placed
behind the peristaltic pump is used to keep saliva at 375C...........ccccoeeiiiiiii e, 233

Figure 6.5: An imagaef Phase Two of the modified disintegration test being developed. It shows the
texture analyser probe with an ODT attached by double sided sticky tape. The disintegration bed is a
watch glass with 10ml of water in with a piece of filter paper placed @ntdosimulate the tongue.

The heating block maintains tongue temperature at 37°C, and a hot plate placed behind the peristaltic
pump is used to Keep Saliva at S77C.......oo et 234

Figure 6.6: A distance versus time plot of the diginiion time of Nurofen Meltléttablets obtained

using the Phase 2 modified disintegration test (n=3), the plateau represents the end of disintegration.
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Figure 6.7: A distance versus time plot of the disintegration time of the laboratory manufactured
tablets obtained using the Phase 2 modified disintegration test (n=3), the plateau represents the end
(o]0 K] a1 (=To ] =11 T0] o FO PP PP PPPPPP 236

Figure 6.8: Distance against time plot representing disintegration time of placebo ODTs manufactured
in the lab (n=3) measured from time 0 to when plot plateaus and starts reducing in extension. Areas
1-4 highlight the different disintegration phases@DT disintegration............ccccccvvvvvvveiieeneee... 237

Figure 6.9: Distance against time plot representing disintegration time of Nifildfeltlet ODTs (n=3)
measured from time 0 to when plot plateaus and starts reducing in extension.................... 238

Figure 6.10: Distance against time plot representing disintegration time of standard Paracetamol
tablets that are not designed to disintegrate within the oral cavity (h=3) measured from time 0 to
when plot plateaus and starts reduCiNgERIENSION............uuiuiiiiiiiiiiiiieieereeee e rae e e e e 239

Figure 6.11: A graph showing the disintegration times of the various tablets tested in the new
disintegration testing equipment. Values for the matrix tablet and paracetamol tablet are at the
maximum time of 180s of the disintegration tester and regmsa tablet that did not disintegrate
during the test. All data is presented as mean + SD (n=8, p<0.0001)................eeeeeiriiiiiennns 241

Figure 6.12: Disintegration profiles (Distance vs time plots) of the seven formulations tested within
this study showing marked differences between disintegration pathways for ODTs and
standard/controlled release formulations, and statistical significance observed (n=8, p<0.(1%)2

Figure 6.13: A graph comparing disintegration snfier the new ODT specific disintegration test and

the standard USP test, showing that for ODTs the USP test provides much lower disintegration times
than the new test. Both values for the matrix tablet and the disintegration time for the paracetamol
both reach the maximum time of 180s in the new test and 1800s in the USP test, so values have been
set at 180s to represent maximum. Data is presented as mean + SD (n=8 for new test and n=3 for the

USP test, p<0.0001 between tests indicating results are sigmily different between the two tests).
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Figure 6.14: A graph comparing the correlation between hardness and disintegration time data for
both the new disintegration test and the standard USP test, with results inagcatbetter correlation

with the newly developed diSiNtegration tESt...........oociiiiiiie i 246

Figure 6.15: A graph comparing the correlation between tesitngth and disintegration time data

for both the new disintegration test and the standard USP test, with results indicating a better
correlation with the newly developed disintegration test...........ccccvvvvieeviieieeiiiiiiieeeeeeeeeeeeee, 247

Figure 6.16: A graph comyiag the correlation between porosity and disintegration time data for both
the new disintegration test and the standard USP test, with results indicating a better correlation with
the newly developed diSINtEgration TESL. ........cc.vviiiiie e 248

Figure 6.17: A graph comparing the correlation between compression force of the tablet press and
disintegration time data for both the new disintegration test and the standard USP test, with results
indicating a better correlation with the newly develapdisintegration test.................cccvveeeeen. 249

Figure 6.18: A graph showing the IVIVC of the newly developed disintegration tester compared to the
standard USP disintegration test. Results show that the newly developed tester has a linelatioorr

for the In Vivo In Vitro disintegration times whereas the USP tester appears to show a curved data set

31


file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440630
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440630
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440630
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440631
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440631
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440631
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440632
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440632
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440632
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440633
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440633
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440633
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440634
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440634
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440634
file:///C:/Users/konerjs/Documents/PhD/Thesis/With%20Prof%20Edits/Final%20thesis%20chapters/Final%20Doc/Final%20Document%205%20List%20of%20Tables.docx%23_Toc486440634

Publication List

Peer Reviewed Articles:

Koner, J. S., RajaBiahboomi, A., Bowen, J., Perrie, Y., Kirby, lBoBammed, A. R. (2015). A Holistic
Multi Evidence Approach to Study the Fragmentation Behaviour of Crystalline Mai@ttdRep5,
16352.

Al-Khattawi, A., Koner, J., Rue, P., Kirby, D., Perrie, Y.,-Baaboomi, A. & Mohammed, A. R. (2015).
A pragmdc approach for engineering porous mannitol and mechanistic evaluation of particle
performance European Journal of Pharmaceutics and Biopharmace@#¢cs;10.

Alyami, H., Koner, J., Dahmash, E. Z., Bowen, J., Terry, D. & Mohammed, A. R. (2016itidiecropa
surface layering through dry coating: impact of moisture content and process parameters on the
properties of orally disintegrating tabletd.Pharm Pharmacd9, 807822.

Conference Proceedings:

Koner, J., Rajaldiahboomi, A., Perrie, Y., Kirlly, Mohammed, A. R. A Systematic Investigation of
Surface Properties and Compression Profiles of Millellabnitol. UKPharmSci, Hertfordshire,
September 2014.

Koner, J., Perrie, Y., Kirby, D., Raghhboomi, A., Bowen, J., Mohammed, A. R. A Systemalic M
Evidence Investigation to Study the Fragmentation Behaviour and Compression Profiles of Milled D
Mannitol. CRS Edinburgh, July 2015.

Koner, J., Perrie, Y., Kirby, D., Ragidhboomi, A., Bowen, J., Mohammed, A. R. A Holistic Multi
Evidence Approacko Study the Fragmentation Behaviour of Crystalline Mannitol. AAPS Denver,
November 2016.

32



Introduction and Literature Review

Chapter 1

Introduction and Literature Review

33



Introduction and Literature Review

1.1 Paediatric Drug Delivery

Over the last decade, paediatric drug delivery has come to the forefront of pharmaceutical
formulation due to the financial rewards and patent extensions offered to big Pharma from the
regulatory bodies in the US and within the EXlirneret al,, 2014) The companies had previously
F20dzaaSR 2y YI1Ay3 WE26SNI NA&1S KAIKSNI NBsI NR
due to the increased financial reward and the development of fixed dose dosage forms required for
a typical adult patient. Thiresulted in few paediatric friendly dosage forms being available, with
liquids being the primary treatment option, and many treatments plans, especially in primary care,
consisting of unlicensed and off label use of adult medicines for a paediatrinp@tianovskaet al.,

2014) Due to the clinical and safety issues arising from the limited research into drug treatment for
paediatric patients, legislation was drawn up in the US and the EU, led by the World Health
Organisation (WHO), which stated a nefdt more paediatric drug research, offering financial

incentives and patent extensiofgU, 2006, FDA, 2007)

The paediatric age range varies significantly up to adulthood, with the first 18 years of life subdivided
into different categories starting fra Premature newborns (<38 weeks gestational age); Term new
borns (>38 weeks gestational age); Neonat&@0days); Infant (1 montl years); Young child-@
years); Child (@2 years) up to Adolescents (18years)Kellie and Howard, 2008Due to therapid

rate of development within paediatric patients, variations in pharmacokinetics and
pharmacodynamics present a multitude of challenges, leading to different dosing requirements for
different ages, as well as a preference for certain dosage forms,ndépg both on the patients
capability to take the medicine, as well as their liking of the dosage (&A, 2006) Medication
adherence is governed by the acceptability of the dosage form by the patient with taste, colour, shape
and size of dosage form being very importéAtyamiet al., 2016a) Liquid dosage forms were, and

still are, the most common dosage formwr fpaediatric patients, due to their ease of administration
and ability to adjust doses according to the age of the pat{dhinn and Williams, 2005However,

due to the newer legislation and the subsequent increase in research into paediatric
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pharmaceutts/formulation, the availability of newer, more suitable and advantageous dosage forms

has also risen.

1.2 Types of Paediatric Dosage Form

The type of dosage form that a paediatric patient is capable of taking varies throughout the age range
as the patiebh ages from @18 years. Thus there are a wide range of dosage forms used in paediatric
drug delivery, and each of them have their own advantages and disadvantages. The key to paediatric
drug development in the current climate is the manufacture of age appate formulations for
paediatrics; as the child grows their needs and capabilities develop and thus the production of age
appropriate formulations is vital for therapeutic effect and patient adherence to their medication

regime(Lopezet al.,, 2015)

1.21 Liguid Oral Dosage Forms

Liquid dosage forms are currently the most popular type of dosage form utilised in paediatrics due to
their favourable opinion amongst healthcare professionals and patients themselves, with liquids being
acceptable from birth,Hroughout the whole paediatric age range and into adulth¢eagh RietNales

et al,, 2013) Liquid formulations include solutions, suspensions, syrups and digrsovskaet al.,

2014) The key advantage to liquid dosage forms is that they can be easiipiatkred to paediatric
patients from birth, with good dose flexibility that is near to the required therapeutic amount, through
either oral syringes or measuring spoons. The most common paediatric medicines are formulated as
liquids for this precise reas, with paracetamol, ibuprofen and a wide range of antibiotics readily
available as liquid§lvanovskaet al., 2014) However there are numerous disadvantages to liquid
preparations which has resulted in current formulation efforts going towards devejopiore
suitable dosage forms. Liquids have various stability issues related to highly moisture sensitive drugs,
which often leads to formulations with short expiry dates and those that need to be reconstituted
upon dispensing, this is especially evident datibiotic formulations. Transportation of liquids can

also be problematic as they come in bulky containers, and storage conditions often require liquids to
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be refrigeratedLopezet al., 2015, Ivanovsket al., 2014) Taste and palatability is a keyativantage

of liquid formulations as paediatric patients, especially those below 6 years will often spit out the
medicine with unpleasant taste, thus affecting medication adherence. Most drugs have a bitter taste,
therefore flavours and sweeteners need te added to mask the taste which often leads to increased
costs of liquid preparation@ennellaet al., 2013) From a formulation aspect, the limited availability

of controlled release formulations amongst liquids also affects patient adherence, as laqeidften
required to be administered numerous time throughout the day, and research efforts are ongoing
towards developing a wider range of controlled release paediatric formula(iGusaet al., 2000,

Childress and Sallee, 2013)

1.2.2 Solid Oral Dage forms

Solid oral dosage forms for paediatrics encompass a wide variety of dosage forms, including traditional
tablets and capsules, chewable/crushable tablets, orally disintegrating tablets, orally disintegrating
films and mini tablets. Traditional téddis and capsules have been the dosage form of choice for the
pharmaceutical formulators/industry due to their high stability, ease of manufacture and low
manufacture cost, whilst formulators have the ability to develop modified release formulations/fixed
dose combinations that can increase medication adherence whilst reducing medication burden on the
patient (EMA, 2008p { LISOATFAOF f f & TF2NJ LI SRAFGONROaAS GF & &
tablet would be swallowed whole, or the drug would bedrporated within the capsule shell.
However traditional tablets and capsules also present disadvantages for paediatrics that include
limited dose flexibility, which is a necessity in paediatrics, risk of choking on the dosage form due to
the sizes of damge forms, and the fact that most tablets and capsules are manufactured and licensed

only for adult patient§EMA, 2006, Ivanovsk al.,, 2014, Lopeet al., 2015)

Attempts have been made to improve solid oral dosage forms for paediatrics, with théogement
of mini tablets which are around 2mm in diameter. These have proved to be safer for paediatric

patients, however dose flexibility becomes an issue due to the limited weight available to incorporate
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the APKLopezt al., 2015, Spomest al., 2012) The development of chewable/crushable tablets and
orally disintegrating films has also accelerated due to their benefits in paediatrics.
Chewable/crushable tablets are designed to be chewed or crushed before administration, which
reduces the safety riskisk of choking of the dosage forms, however formulation of these can be
complex and they often require special packaging due to the fragile nature of the téDlatd/aet

al., 2015) Orally disintegrating films (ODF) are a fairly new innovation in phaeutis, which
incorporate API within a hydrophilic polymer that forms a wafer thin film designed to disintegrate
rapidly in the oral cavity. The advantage of ODFs is that it reduces the choking risk associated with
traditional solid oral dosage forms, hewer they can be complex to formulate, whilst dose flexibility

is also very limitedirfanet al., 2016)

1.2.3 Parenteral Dosage Forms

Parenteral administration is a common dosing method in neonates as well as in emergency drug
delivery. It bypasses firgiass metabolism and makes the API readily available for therapeutic effect.
Specifically in paediatrics its advantages lie in the absence of the need of complex formulation as there
is no need for taste masking APIs, or formulating them into oral dosauyesf It also provides a rapid
onset of action, and can be formulated as controlled release preparations. However the disadvantages
do outweigh the advantages for paediatric drug delivery as the comfort aspect of injections is very
low, often resulting inpain for the paediatric patient, with regular parenteral drug delivery causing
high levels of discomfoiVegaet al., 2014, lvanovsket al., 2014) Due to the limited acceptance by

the paediatric patient, parenteral formulations are rarely used unlessniergency cases and for

vaccination.

1.3 Orally Disintegrating Tablets (ODT)
Orally disintegrating tablets (ODTs) are a dosage form designed to disperse on the tongue when it
comes into contact with saliva, thereby reducing the need for tablets to belaweadl whole with

water. This makes them ideal dosage forms for paediatric and elderly popudatiom may have
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difficulties swallowing conventional table(Sastryet al., 2000) The standards for a dosageioto
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500 mg (FDA, 2008)Although the USP states a digigration time of 30 s the European
Pharmacopoeia provides a much longer disintegration time of (B04ur, 2013However it is more
common to adhere to the 30 s disintegration time guidance as 180 s would be a very long time for a
tablet to be presentvithin the mouth, especially for paediatric patients. A study conducted by Alyami

et al. (2016a)found that paediatric patients much preferred a fast disintegrating tablet that would
disintegrate within the USP time of 30 s. This study also providedinengsting results, with the
paediatric population giving an overwhelming positive attitude towards ODTs as a suitable dosage
form, indicating that they would prefer an ODT compared to other commonly utilised paediatric

dosage formgAlyamiet al., 2016a)

ODTs present many advantages over traditional dosage forms used in paediatric drug delivery, by
combining the stability/suitability of a solid oral dosage form whilst possessing the safety profile and
acceptability similar to a liquid formulation. Du the rapid disintegration of the dosage form within

the oral cavity, ODTs reduce the risk of choking as the dosage form is designed to disperse into a
viscous semsolid/liquid state upon contact with saliva. The manufactured formulation retains a high
stability profile, especially for moisture sensitive drugs, as they are manufactured into a solid tablet
and often stored in regular tablet bliste(dcLaughlinet al,, 2009, Hiranet al., 2009) They also
provide a more palatable dosage form compared gailils, as upon disintegration ODTs can provide

a cooling effect in the mouth and with the use of solid taste masking techniques providing a more
acceptable dosage form for the patient. ODTs also increase medication adherence compared to
liquids, due to thdess bulky nature of the tablets, and therefore transportability does not become an
issue(Navarro, 2010Q)It can also be stated that increased bioavailability may be an advantage of ODTs
as buccal absorption may occur, and upon swallowing the alreaihyegjsated tablet would provide

a faster onset of action compared to a traditional solid oral dosage thopezt al.,, 2015)
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As mentioned above, palatability of ODTs can be an advantage, but the use of sweeteners and
flavourings can be limited in impving the taste of very bitter/bad tasting APIs. This will often require
complex multiparticulate taste masking technologies, which will invariably lead to rises in formulation
costs(Barraet al., 1999) Dose flexibility is also limited with ODTs, as tvalklitional solid oral dosage
forms, ODTs are formulated in fixed strengths and the ability to alter the dosage form prior to
administration is difficult, which may not be ideal for patients requiring tailored dfisegezet al,

2015). Due to patient deing capability it has been established that ODTs are only suitable for patients
above the age of 6, as the size of tablets up to 500 mg may still present a hazard to younger patients
(EMA, 2006)As the drug/tablet is designed to disintegrate rapidlyhia imouth, highly soluble drugs

may be absorbed through buccal or sublingual pathways, and therefore the patient may be exposed

to very high doses as the drug would avoid first pass metabgBsrok, 2013)

Table 1.1 provides a summary and comparisorlafpes of paediatric dosage form highlighting both

the advantages and disadvantages of the different types.
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Tablel.1: Table highlighting advantages and disadvantages of paediatric dosage forms

Formulation

Type

Advantages

Disadvantages

OoDT

Liquids

Tablets /

Capsules

Chewable /

Crushable
tablets
h5CQa

Parenteral

1 Can increase medication
compliance
9 Safer to use than traditional tablet:
¢ low choking risk
1 Require no water
I More stable / longer shelf life than
liquid dosage forms
1 No transportability issues i.e. no
bulky containers
1 Is perceived as acceptable by
paediatric populations
1 Increased bioavailability
1 Ease of administration
1 Can be used from birth
1 Good dose flexibilitg measuring
spoons / syringes
1 Most commonly recognised /
prescribed
1 Cost effective
1 Palatability / taste not usually an
issue
I Controlled release capability
1 Large variety of drugs available
1 Can increase medication
compliance
1 Present less of a safety risk
1 Verysafe to use; low choking risk
1 Rapid disintegration in the mouth

I Increased bioavailability

1 Provide rapid onset of actiog
useful in emergency
1 Nofirst pass metabolism

1 No need to taste mask

40

1 Usually requires taste masking
9 Limited dose flexibility
1 Only suitable from 6 years onward
1 Buccal/sublingual absorption may
lead to too high dosing

1 Lack of availabtl of certain drugs

1 Require taste masking
I Can be unstable have short shelf
life
1 May have to be stored in thigidge
I Transportability issues
1 Lack of MR capability
1 Risk of choking presents a safety
risk to the paediatric pagnt
1 Dose flexibility
1 Doses usually too high for
paediatrics
1 May need to administer with water
1 Can be expensive to formulate
1 Require taste masking
1 Require complex formulation
9 Limited dosing flexibility
I Can only incorporate small
amounts of API
1 Can be painful / cause distress
1 Can be expensive
1 Hypersensitivity / extravasation ris
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1.4 Manufacturing Methods for ODTs

1.4.1 Freeze Drying

Freeze drying/Lyophilisation is a process where a solutigsnsion of excipients is formed with a
suitable solvent and frozen. The solvent is then removed from the frozen formulation through the
drying process. For ODTs, the drug/excipients str usually dissolved/dispersed in the solvent and
poured into premanufatured blisters followed by freeze drying to produce the tablets. This results in
highly porous, but fragile tablets that disintegrate rapidly on the tongue, and during the freezing
process the drug may form into its amorphous state therefore enhancirsplditon rate(Fuet al.,

2004) The freeze drying process is a fairly expensive method of ODT production as it requires
specialised equipment, a complex manufacturing method and may not always be suitable for unstable
drugs, such as those sensitive to stare. The freeze drying of ODTs also requires specialised

packaging which further fuels the cost of the manufacturing methéatiaet al., 2012)

Zydis Technology (Catalent, NJ, USA) is the most common and widely used freeze drying technolog)
employed for ODTs. It has a range of marketed ODTSs, including Maxalt Melts (Rizatriptan), Zofran Zydis
(Ondansetron) and Claritin Reditabs (Loratidine). Thechaethod consists of the drug trapped in a
matrix of saccharide and polymer, which is then dispensed into the blisters and frozen in a liquid
nitrogen tunnel. The solvent in its frozen state is then removed to form the highly porous tablets,
which are tlen sealed into the blisters with a foil packaging, as part of the specialised Zydis production
process. The resulting water content is very small, and so the tablets are considered to-be self
preserving. However the ODTs are sensitive to moisture and isaolde between the fingers, or

degrade when exposed to moisture levels greater than @=dét al., 2004, McLaughliat al., 2009)

1.4.2 Other Technologies/Manufacturing Methods

Flashdose (Bioavail, Mississauga, Canada) is an ODT production method that uses a sugar floss systel
This method involves producing crystalline fibres, similar to candy floss, from molten saccharides using

centrifugal force. The fibres are then formedangranules and subject to mixing with the API and
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other tableting excipients and compressed to form the ODTs. This system requires complex
formulation steps, and saccharides which are highly soluble and crystalline, which in turn increases

production cost(Fuet al., 2004, McLaughliat al., 2009)

Another process for ODT production is the manufacture of moulded tablets such as the WOWtab
(Astellas Pharma, Yamanouchi, Japan). The technology uses water soluble excipients (such a:
saccharides) which allow th@blet to disintegrate rapidly. The powder blend is moistened with a
solvent and then moulded into tablets under low pressures, and air dried to form porous dosage
forms. The WOWtab method includes humidity conditioning, which increases robustness of the

dosage form(Fuet al., 2004, McLaughliat al., 2009)

1.4.3 Direct Compression

Direct compression is a method whereby powder blends are compressed to form tablets without the
process of granulation(Thoorenset al,, 2014) Manufacturing using direct copmession is a cost
effective method to produce OD;Te/hich are less incling to damage upon handlingnd more
mechanically robustwhile still being able to disintegrate within the stipulated amount of €im
(Harmon, 2007) The cost effectiveness of the mé#acturing method comes from the fact that
traditional tabletting equipment can be used and no specialised processes are required for tablet

formation (Gohel, 2009)

However with the advantages of direct compression also comes some disadvantages. As tigere
pre-processing of the blend before compression, the blend is required to flow well, so that uniform
tablets are produced with the absence of any capping or lamination, and a uniform weight throughout.
Therefore the starting materials are requiredtave a similar particle size, and the bulk density of the
starting materials should not be too low, as this directly impacts the flow of the resulting powder blend
(McCormick, 2005)f poorly flowing APIs are used, this may also limit the proportiorPoftAat can

be employed in the blend, as the excipients and the mixing method would be required to enhance

flow of the bulk powder. During mixing, static charges may also build up leading to aggregation and
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increases in the amounts of cohesive and adhesarees present within the blend, therefore
ultimately worsening flow (Jivraj et al, 2000) The excipients toned to be highly
compressible/compactible to allow the resulting tablet to retain its structure, as the use of a high
proportion of fracturing orelastically deforming materials may lead to poor compression of the

powder resulting in poor quality tablets with low mechanical streniicCormick, 2005)

ODT manufacture using this method requires the inclusion of superdisintegrants/effervescent agents
or high aqueous solubility ingredients to produce rapid disintegration. Direct compression of ODTs
also requires the use of taste masking platforms which increases the palatability of the resulting
dosage form, without compromising the resultant mechanjmalperties of the tablet. However the
maghnitude of the compression force needs to be balanced with the disintegration time of the tablet,
and be low enough to allow the excipientsretain their integrity, particularly when taste masking
technologies araised(McLaughliret al., 2009) Another key advantage of direct compression ODTs
over freeze drying is that there are usually no requirements for specialised packaging, which further
fuels the cost effectiveness of this method of manufact(fP@abari and &ntoola, 2012) There are
several ODT direct compression platforms utilised in industry, which include Orasolv (CIMA Labs, PA,
USA), Durasolv (CIMA Labs, PA, USA), Flashtab (Ethypharma, Saint Cloud, France) and Advatab (Eur:

Pharmaceuticals, OH, US@cLaughliret al., 2009)

1.5 Commonly used Materials in Directly Compressed ODTs

Commonly used excipients in ODTs fall under a few different categories. The three main excipient
categories for directly compressed ODTs include; filler/binder, disintegrgpesslisintegrant and
lubricant. Many excipients can fall under more than one category especially ngwocessed

excipients which are mulunctional (AlHusbaret al., 2010)

Microcrystalline cellulose (MCC) is a very common excipient used as a-hilederithin ODTs that

are directly compressed because it has very good binding properties when it is dry, and also acts as a
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Figurel.1l: Chemical structure of the tablet binder MCC, \
the chemical formula (C6H1005)

disintegrant and low lubricant requirement. Figure 1.1 shows its chemical structure. It also has a high
dilution potential which allows high quantity of API to be incorporated within an (#dhuis and
Chowhan, 1996)An alvantage of using MCC is that it plastically deforms which provides MCC with its
highly compactable nature. The plastic deformation increases the surface area of the excipient which
leads a higher rate of hydrogen bonding between hydroxyl groups on tlaeedj cellulose particles

(Biet al., 1999) which in turn results in tablets of high mechanical hardrigesnget al., 2003) When

the particle is compressed it forms several slip planes, which in turn exposes a larger proportion of the
hydroxyl groups.The increasing proportion of exposed hydroxyl groups lead to a higher level of
hydrogen bonding resulting in highly robust dosage form produdtitiiitenrauch, 1971, Bolhuis and
Chowhan, 1996, Thooreret al,, 2014) It can act as a disintegrant due ts itapillary action and
swelling ability, which in turn promotes disintegration of the gBiEt al., 1999) However there are

some disadvantages to MCC as it does come at a high cost compared to otheffitimdeand has a

poor flowability, due to irrgularly shaped particles which are fibrous and can inter{b@kwonget

al., 2004) Also contributing to its poorly flowing nature is its low bulk density, partially attributed to
the irregular shape of the particles within the powd@&olhuis, 2011, Sta#iorth and Aulton, 2007)

Also MCC is insoluble in water which can result in a gritty rough texture when the tablet disintegrates

in the mouth(Biet al., 1996)
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Mannitol is a very popular excipient used as a filler in the manufacture of ODTSs. It yohigmner

of sorbitol which is prepared by the catalytic reduction of different sugBdhuis and Chowhan,
1996) Figure 1.2 shows the structure ofnmannitol, it is a sugar alcohol that has four chiral centres.
The D form of mannitol is the most comnigroccurring and is regularly used within the food and
pharmaceutical industrigKaminsky and Glazer, 199F)annitol is formed of crystalline needle shaped
particles which have a glass transition temperaturg) @elow room temperature. It has three
ONBAGIf AR S e V2NEREEY 2 NIIR  I2yWR NI-pklypnorphkisstheimost stable,
gAGK + 0SAy3 GKS fSrad adrotSkyYSial adl(wviflaBetl YR
al., 2007) The advatages of using sugar based excipients like mannitol include pleasant mouth feel
and taste. Mannitol has a negative heat of solution which produces a cooling effect in the mouth as
the ODT disintegrates to form a gel, while also producing a sweet tastetelémving a low sugar
content. However mannitol has low compressibility, therefore producing weaker tablets when directly

compressed. This is due to mannitol particles undergoing fragmentation under pressure which leads

to tablets which are friable upohandling(AlKhattawiet al., 2012)

Starch is one of the most common excipients used in tableting and can be classed as a multifunctional
excipient in solid oral dosage forms, where it can act as a filler/binder as well as a disintegrant, in
guantities d 3-25%w/w (Roweet al.,, 2012, Zamostngt al., 2012, Ingram and Lowenthal, 1968%

chemical structure is shown in Figure 1.3. It is made up of two molecules of glucose, amylopectin and

OH OH

OH OH

Figurel.2: Chemical structure of the naturally occurringMannitol, with the
chemical formula €+440s and molecular mass of 182
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amylose(Levina and Rajaldiahboomi, 2004)Although starch is a naturally sourced excipient it

exhibits poor compactability, partially due to small levels of elastic deformdkiomget al., 2016)

This led to concerted efforts to produce processtdrch excipients with improved properties and

functionalities. Partially pregelatinised maize starch (PPMS), which is marketed as Starch 1500 by

Colorcon Inc., is a relatively new excipient which increased the functionality of unprocessed starch,

giving &arch 1500 improved binding properties and improvements in flowability, allowing it to be

utilised in direct compressiofRoweet al., 2012) Rather than the elastic deforming properties of the

native starch, it had been shown that starch 1500 undergoghdrilevels of plastic deformation,

giving it its improved compressibility profil€olorcon, 2005)It also has the ability to act as a

sustained release excipient partially due to different levels of cross linking within the starch,

particularly with inceased amylose branches, allowing it to swell in water and therefore retard drug

release(Zamostnyet al., 2012, Levina and RajgBiahboomi, 2004)Starch 1500 is a model excipient

for ODTs due to its highly compressible nature, whilst retaining sonteedafisintegrating properties

of the native starch.
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monohydrate. It has good flow properties and compresses by plastic deformation and fragmentation,

with fragmentation being more predominant(Bolhuis and Chowhan, 1996However the

fragmentation of lactose has been shown to increase the mechanical strength of tablets, as the
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fracture of the particle into smaller parts increases the amount of bonding sites availabldy, mwhic

turn allows a stronger compact to be formé@derket al., 1983)

Crosslinked polypryrrolidone (Crospovidone) is an excipient that acts as a superdisintegrant in ODT
formulations. This is because crospovidone acts as a wicking agent and has aehigh atility which
contributes to its highly disintegrating nature when employed within tablet dosage f(ibesaet al.,

20120 / NR&LR PAR2YyS A& | &aitotS SEOALMASYG GKIG R
small particles which contrilie to poor bulk powder flow propertievohamedet al., 2012) Cross

linked sodium carboxymethylcellulose {(diesol or crosscarmellose sodium) is another
superdisintegrant used in ODTSs. It has a fibrous structure which allows wicking of water, and has a

high swelling ability allowing it to cause disintegration aiflet dosage forms quite rapid(Biet al.,

1999)

Magnesium Stearatés the most common lubricant used in ODT formulations to prevent friction
between the tablet and die wall during the ejection of the tablet in the direct compression process
and to prevent the tablet sticking to the punch face. ItisrROr2 EA O | YR R2Say Qi A
It LQ& 2NJ SEOALASYyGad 126SOSNI AG R2Sa KIF@S I K
disintegration time to be prolonged, whilst a high concentrat@rengthy mixing time can lead to
mechanically weak compacts being manufactured during direct compre&Santer, 2001)Sodium

stearyl fumarate however is a more hydrophilic lubricant used, although not as widely employed as
magnesium stearate due tésihigher cost. It has been increasingly incorporated in ODTs as it shows
better disintegrating properties than magnesium stearate, and overall aids the disintegration of the

dosage formKunoet al., 2008)

Cdloidal silicon dioxide (silica, fumed sili&(Q) is the most common glidant utilised in tabletting,
with the powder possessing a high specific surface area due to nanosized particles. It is marketed as
Aerosil by Evonik Industries (Essen, Germany), with different grades based on the speaificesada

This property is exploited during mixing to allow the highly charged silica particles to coat the main
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constituent particles within the powder, reducing cohesive forces and interparticle friction between
the bulk powder and therefore allowing amprovement in the flow of the particleRoweet al.,

2012, Kojima and Elliott, 2013Jhis is essential for the direct compression tableting process as free
flowing powder results in uniform and consistent dosage forms being prod(@&xhiforth and
Aulton, 2007) It is insoluble in water, and thus high concentrations are avoided in ODTs as this can

result in a gritty sensation within the oral cavity.

1.6 Factors affecting compressibility of excipients during Direct Compression

Direct compression is a nfatd of tableting whereby the dosage form is compressed directly from the
powder blend containing the API and excipief@®hel, 2009)Due to the very small number of steps
required in direct compression, the key requirements the powder blends are recquairkedfil include

good flow, good blending properties and high compressibility.

Powder flow is essential for compressibility of an excipient that undergoes direct compression. An
excipient which exhibits good flow contributes to homogenous bulk powder flow, and allows uniform
filling of the die, which in turn results in a uniform dgsaform(Bolhuis and Chowhan, 1998}here

are lots of factors which can affect the flow of an excipient powder which include; Particle size and
size distribution, particle shape, particle density and friction and adhesion prifliiSormick, 2005)
Partcle size is key for powder flow. Particles that are too small have poor flow properties compared
to particles of a bigger size, as the smaller particles tend to stick together due to cohesive forces,
meaning that the powder is unable to flow uniformly. ifnsar size distribution is also required for
good flow. Also powders which have particles that are more spherical tend to flow better than
irregularly shaped particles, as there is less chance of friction occurring between the spherical particles
themsehes, whereas if the particles were more irregularly shaped there is an increased risk of
interlocking/cohesion between thertLimwonget al., 2004) Bulk density can also have an impact on
flow, as low bulk density particles occupy a large volume, whicHtsesuthem flowing relatively

poorly compared to high bulk density particles which tend to flow a lot better, due to the improved
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volume to weight ratio. Also cohesion can depend on moisture content, so excipients which have a
high moisture content flow wrse compared to excipients with low moisture cont¢fhanget al,

2003, Staniforth and Aulton, 20Q7)

The compressibility of an excipient is also key in direct compression. An excipient needs to be highly
compressible to allow it to form a suitable skige form that remains intact after the compaction force

has been applied. This is referred to as plastic deformation. Plastic deformation is when an excipient
remains in its deformed/compacted state within the tablet after the compression force has been
applied and subsequently retracted. If the excipient particles exhibited elastic deformation, they
would rebound back to their original shape/form once the compression force is removed and exhibit
large amounts of relaxation, whereby the thickness of tHadaincreases postompression. Also a
material can be brittle and fragment under compression, where particles break and crack, but can still
remain formed as a tabldGuptaet al., 2006) Excipients that fragment under compression produce
tablets with high porosity due to increased bonding within the fragmeiMsittsson, 200Q)An ideal
excipient for direct compression would therefore undergo plastic deformation with little or no elastic
deformation. In some cases, brittle materials can be used whieeehighly porous nature of the
compressed dosage form could be utilised, such as in ODT formulations. The different types of
compression behaviour are illustrated in Figure 1.4. Compressibility under pressure can also be
determined by surface energiZzhary et al., 2003) This is because energy is consumed when the
pressure is applied resulting in loss of air between the particles, and allowing them to become
compact. This compaction is due to the formation of bonds which results in a loss of energyhweithin

system(Mattsson, 200Q)
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Figurel.4: A schematic diagram highlighting the three main compression me
for excipients undergoing direct compression, with plastic deformation shc
particle shape retention, elastic deformation indicating particle shape reboun
fragmentation deformation profile highlighting resulting in particle fracture
production of pores within the dosage form.

1.7 Processing of Materials prior to Dir€ompression

1.7.1 Ball Milling and its impact on Powder and Material Characteristics

The basic principle of ball milling is to reduce the size of particles which may have a variety of chemical,
physical and mechanical characteristics. Planetary balt opkrate with a rotating disk which spins
in the opposite direction to the vials, as illustrated in Figure 1.5, generating high levels of

energy/centrifugal force within the vial/balls, allowing grinding to take place. Ball mills reduce the size
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Figurel.5: A diagram showing the motion of balls and powder thrc
a planetary ball mill. Centrifugal force is produced through
opposite acceleration and velocity of the vial and supporting,
causing high levels of energy within the moving balls, which come
contact with the powder, causing particle breakdown upon collisit

of particles through transfer of energy from the balls to the powder causing comminution, as well as
mixing/blendirg/dispersing the powder. Particle size can depend on various parameters, including 1)
Characteristics of the ball, including; mass, density, ball size distribution; 2) Characteristics of the
powder, including; mass, volume, density, hardness, size, distibof charge; and 3) The speed and
time of rotation. The size reduction of particles also falls under three mechanisms; the first is abrasion
where very fine particles are broken off the main particle due to low intensity stress. The second
mechanism igleavage where particles about-80% the size of the original are formed due to slow
high intensity stresses and the final mechanism is fracture where rapid high intensity stress causes

small size fragments to form with a high particle size distribuiddanovet al., 2012)

The particle size is reduced due to the breakage of bonds within the particle which alters the shape

(Castricunret al,, 1997) Milling can also result in a loss of energy in the particles due to the weaker
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bonds, caused by repeated jpact of the ball{Shabiret al., 2011) The breakage of bonds can also
uncover parts of the particles exposing them to free radicals, and also allowing the formation of new
chains and bonds, which could in some cases increase the molecular weight afttbleg(Castricum

et al., 1997) disputing the general principle of particle size reduction and reduction of molecular mass.

The surface characteristics of materials that have undergone ball milling are also altered. There is a
larger surface area produced compared to the original powder as the particles are finer. Some studies
have shown that the particles display nanoporoudate caused by the impact of the balls that have

high energy, and the generation of heat due to friction between the particle and ball upon contact
(Shabiret al., 2011) In the study by Shabat al. (2011)the surface charge and hydrophobicity of the
material had altered. The surface charge had become less negative due to a smaller particle size and
increased drug loading, as the drug was positively charged, and the decrease in hydrophobicity was
due to the increased surface area of the particles algwhore interaction with water. This increased
hydrophilicity was also shown in another study by Joeteal. (2011) which was attributed to the

increased surface area available to interact with water.

Ball milling can also alter the crystal form of cartpowders, and change them to a more amorphous
material. The loss of crystal structure is caused by the reduction in particle size, as a result of fracturing
of the crystals along their slip planes. Milling can therefore result in a partial or totadflasgstal

form as more amorphous domains are formed. Crystals with a more needle like morphology are more
prone to loss of crystal structure than crystals with a plate like morphdldget al., 2012) This loss

of crystal form can in turn lead to chaegyin the hydrophilicity of a material as well as affecting the

solubility and bioavailability of drugdone<t al., 2011)

1.7.1.1 Ball Milling in ODTs
Ball milling can be a method of modifying excipients to optimise them for use in ODTs. Exciplents su
as mannitol can be individually ground to improve its compressibility/compactability, or excipients can

be coground to improve the characteristics of one or both the materials to optimise them for use in
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ODTs. The emilling method has been used in &l studies to improve ODT properties, mainly

employing a camilled combination of mannitol with crospovidone.

A study by Katsunet al. (2013) co-milled a mixture, of micronized crospovidone -pvp) and
mannitol to improve the stability of the powdetdnd. An SEM study to assess particle size and shape
showed that the mannitol crystals within the -gpound mix had significantly reduced in size and
changed shape to a more block like structure, with no large mannitol crystals contained in-the co
groundmix. MOLIZLI KIFR | LIRLIO2NY tA1S akKhkLIS gAGK tf20a
after milling. Postompression, SEM also showed a significant difference between the surface of the
tablet between cemilled and a physical mixture of the egigints, with the cemilled tablet having a
surface that was a lot smoother than the tablet containing the physical mixture of the two. It was
suggested that canilling promoted inter particle bonding and fusion during compression. The study
showed that a o-ground mix absorbed a lot less moisture than just themap on its own and the
physical mix of the two excipients, which meant thatoidling had led to a reduction in hygroscopicity

of the mcpvp. This was as a result of milling which had led to greggtion between mannitol and
m-cpvp, which prevented water absorption into the-epvp as mannitol is a nelmygroscopic
excipient. This was confirmed by stability studies, which showed thagacod mix was much more
stable in accelerated conditionsf4 / YR Tp: NBfFGABS KdzYARAGEO
remaining at 1.5MPa and disintegration below 30s. Storage of thailted powder for one month
under accelerated conditions showed a slight decrease in strength, with disintegration remaining
below 30s. In comparison the physical mixture and individual excipients displayed a worsening in
tablet properties. Overall this study showed that-milling was advantageous for preparing ODT
formulations as it produced stable, mechanically robust anthblyi disintegrating tablets compared

to unmilled formulations.

A study by Shwet al. (2002) used a vibrational rod mill to produce a-oulled mix of regular

crospovidone with mannitol to prepare directly compressed ODTSs. In this study the use-gifoaicd
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mix showed an overall increase in hardness of the tablets as the amount of dp@wod mix within

the formulation increased up to 30%, with the disintegration time remaining at around 60s for all of
the formulations. Particle size reduction of crosplone was evident in both egrinding and
individual grinding, whilst mannitol particle size also reduced in both cases. Howeggndimg was
found to decrease particle size more than individually ground material, which showed that
crospovidone couldact as a grinding assistant for mannitol. This study also looked at different
excipients utilised in the eground mix, with the mannitol being substituted for other saccharides
(erythritol, xylitol, lactose, glucose), and crospovidone substituted for mtlgintegrants
(crosscarmellose sodium;HPC, sodium carboxymethyl starch, partially-gedatinzed starch). The
NEf S@lIyld GSada O2yRdzOGSR aK2gSR UKI-grouvdmixyasd (0 2 f
tablets took too long to disintegrate, hower they all had good mechanical hardness. The substitution
of the crospovidone however produced tablets that were mechanically robust and disintegrated

relatively quickly, with all formulations disintegrating within-88s.

Other studies have used miliinto asses other properties surrounding ODTs. A study by &brads
(2011)looked at the impact of ball milling parameters on ODTs manufactured by freeze drying.
Mixtures of gelatin and mannitol were milled in the frozen state before freeze dryingmiillieg
parameters that were altered were milling time, rotation speed and ball to powder weight ratio (BPR).
It showed that post milled powders had increased wettability due to the increased surface area of

particles, and also porosity of the powders earsignificantly depending on milling conditions.

From the above studies it can be deduced that milling can have a direct impact on the improvement
in ODT properties, particularly those manufactured through direct compression. The one study by
Joneset al (2011)showed no improvement in ODT performance using freeze drying technology,

whereas the other studies using direct compression all showed an improvement in the properties of

ODTs. Of particular note was that studies generally found that milling ¢imodd be optimised at
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around 20mins to produce ODTs that had a fast disintegration time as well as a good mechanical

strength, and that cemnilling of mannitol and crospovidone was a very popular combination.

1.7.2 Spray Drying

Spray drying is a process whereby a solution, usually containing APIl/excipients mixed with a suitable
solvent, is atomised into a spray and dried rapidly within a heated chamber in a one step process,
forming solid powder particles, which are sphericaslape(Wisniewski, 2015, Vehring, 2008he
advantages of spray dried particles is that they have a controlled particle shape and size, the spherical
nature is obtained by the drying of the spherical droplets that are atomised into the chamber of the
spray drier, with the particle size adjusted by the pump rate of the solution and the inlet/outlet
temperatures of the equipment itself. This allows for a controlled manufacture of particles within the
desired rang€Vehring, 2008)The narrow size distributivalong with the spherical shape also allows

the powder to flow fairly well due to the reduction in segregation and mechanical interlocking
occurring between the powder particles, meaning spray dried particles are ideal for direct
compression (Staniforth ad Aulton, 2007) However as with all processes there are some
disadvantages to spray drying, which include the expensive nature of the process, the reduced
capability to process heat/moisture sensitive materials and importantly the low yields that can be
attributed to a spray drying process, as powders are usually lost on chamber walls as well as very fine

powder particles being lost in the exhaust streé®osnik and Seremeta, 2015)

Spray drying has been utilised in previous research for the productidiresitly compressed ODTs,

due to the many advantages it holds for ggecessing powders prior to direct compression. Work by
Al-khattawiet al. (2015)showed that it was possible to engineer spray dried mannitol particles with a
certain degree of porosyt which in the case of ODTs was advantageous, as this promoted rapid
RAAAYOSAINI GA2Y Fa ¢Sttt Fa | L} adAaohanhifoldavithRS F2 N
the spray dried excipient. Spray drying can also be useful for the preparation-mocessed

excipients to reduce the individual disadvantages of the materials whilst trying to optimise and utilise
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the advantages. A study by Misheaal. (2006)showed that cespray drying several common ODT
excipients together, such as mannitol, MC8patame and the superdisintegrant, prior to direct
compression produced robust tablets that disintegrated within 20s. This showed that spray drying was
a useful technique for producing rapidly disintegrating tablets whilst maintaining an acceptable

mecharical strength.

1.7.3Dry Powder Coating

Microencapsulation entails the formation of new particles that have a certain material as the core,
with a surrounding coat composed of a distinctly different material. The core can be solid, liquid or
gas, with the coat usually formed of a sql#inghet al., 2010) Dry particle coating / hybrid mixing is

an emerging process whereby fine guest particles are strongly adhered to the surface of a coarser host
particle, forming new functionalised particles in the solid st@ahmash, 2016)rhis form of mixig

utilises the cohesive nature of the fine particles and attracts them to the surface of the host particle,
as long as the difference in size is at least a magnitude of two. The coating of the fine particles is due
to the cohesive forces that are presdmgtween the coarse particle and the fine particle, with surface
energies also playing a part, and the fine particles not weighing a substantial amount. The weight plays
a huge role in the adhesion of the fines as the coating only occurs if the weighd Ghéhpatrticle is

lower than the forces of attraction present between the guest and the host. The low weight of the
guest causes the fine particle to be attracted and adhere to the surface of the coarse particle,
producing a mechanically strong coatireading to newly formed functionalised particles. This is very
useful for fine particles, which usually would be difficult to process due to problems with
agglomeration/segregation, as during dry particle coating they would be evenly dispersed upon the
surface of the host particle, allowing a uniform blend to be produg@&hhmash and Mohammed,
2015, Ishizakat al., 1989, Hondaet al., 1994, Alonset al., 1990) During the dry particle coating
mixing process the agglomerates of the fine powder would biéotmly dispersed prior to coating,
therefore promoting attraction to the surface of the coarse particles and leading to production of
either a discrete coat on the coarse particle or if highly successful, a continuous coat, as illustrated in
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Figure 1.6. ife level of coating would depend on the amounts of each excipient present within the
blend, the particle size and true density of both and the levels of attractive forces generated between
the two materials(Yanget al, 2005) Dry particle coating has several advantages over traditional
mixing mehods especially for powders utilised in direct compression. This processing method
produces very flowable powders from excipients that are very fine and cohesive in nature, allowing
the powder to flow freely during the tableting proce@sanet al., 2013,Yanget al., 2005, Dahmash,
2016) The utilisation of two excipients to produce new functionalised particles is also advantageous,
as the beneficial aspects of each of the excipients are maximised whilst reducing the negative aspects.
This can lead to pduction of particles with not only an increased flowability but also for example,
enhanced dissolution behaviour, a sustained release, an improved palatability or an increased
wettability (Hanet al., 2013, Dahmash, 2016Dry particle coating is also aenstep, solvent free
method of processing powders, which utilises widely available excipients to produce new
functionalised particles, thereby providing not only an environmentally friendly mixing method, but
also a very cost effective manufacturing pracés new materialDahmash, 2016As it is a relatively

Discrete Coating

Coarse host particle
e.g >100pm

&) o
0o —>
@) &}
@ @
. © e
Agglomerate of fine
guest particles e.g Fine particle dispersed within
<20pm coarse particles

Continuous Coating

Figurel.6: Figure showing the dry particle coating mixing process, whereby agglomerates of fine partic
dispersedprior to attraction and coating on to a coarse patrticle, levels of coating can vary between a di:
coat, where an element of the coarse particle surface is covered with the guest or a continuous coating
the whole host particle is encapsulatedtiwparticles of the fine guest particle.
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new mixing concept, a multitude of dry coating devices have been developed over recent decades;
with devices utilising high shear forces in a mechanofusion dry coating mé¢f#adyameet al.,

1987); devices utilising high shear in a hybridizer mixing metfiskizakaet al., 1988) dry coating
devices that utilise magnetic assistarfB@ach, 20113nd dry particle coating using a fluidised energy
mill (Hanet al., 2013) With these methodgarticles may undergo some forms of chemical alteration
and will often suffer attrition and damage during processing, therefore leading to changes in particle
size and potential alterations in crystallinity and stability of the materials being procedsedhigh

levels of friction are generated in these processes which leads to a heating effect, meaning that heat
sensitive materials may not be suitable for processing. With certain methods particles are required to
be of a certain size, otherwise they canibe processed, which does limit the materials that can be

utilised for these particular dry coating methods.

A novel dry particle coating equipment developed by our research group was designed to overcome
the limitations associated with previous devig@ahmash, 2016)This dry particle coater provides a
one-step, environmentally friendly process of producing functionalised particles, which utilises no
solvents or generates no heat, with the particles not suffering any form of attrition during the mixing
process. The device was able to produce materials with enhanced flowability, very high content
uniformities, and able to produce particles with new functionalities such as modified release APls
(Dahmash, 2016xhowing that the disadvantages associatethwairevious dry coating technologies
could be minimised whilst enhancing the advantages of the process. The manufactured device was
not only able to produce particles with new functionalities, but was able to enhance powder
properties, with content uniforrity and powder flow of blends produced in the mixer being superior

to other mixing methods.
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1.8 Characterisation techniques for Directly Compressed ODTs

Once the ODT has been manufactured using direct compression there are various techniques used to
analyse its characteristics. The usual parameters that need to be investigated are; Uniformity of
weight, uniformity of size (diameter and thickness), drug content, hardness, friability, disintegration
time, dissolution studies, and in some cases wetting tand water absorption ratigSrikaret al.,

2013) These are very standard tests for oral dosage forms and some of them have certain limits the

dosage form must meet for it to be suitably classed as an ODT.

Disintegration time of ODTs is one of the mostaial tests, as the tablet is required to disintegrate
within 30s, according to the US F[FDA, 2008)pr 180s according to European regulatid¢®$.Eur,

2013) Other tablet tests, like hardness, friability, uniformity of weight/size, dissolution and drug
content are relatively standard and the parameters are still the same and measured according to BP
requirements for directly compressed tablets. For example the percentage friability still needs to be
below 1%. Tablet porosity is another useful tablet mup that can be assessed, as porosity of the
ODTs is usually related to the disintegration time/hardness of the tablet. To calculate porosity the bulk
density and true density of the ODT are required. The bulk density would be calculated using tablet
weight, thickness and diameter measurements, and the true density would be calculated using helium
pychometry, and the values are put into an equation allowing the percentage porosity to be calculated

(Joneset al, 2011)

1.9 Disintegration Testing for ODTs

Characterisation techniques used for testing orally disintegrating tablets are vital in ensuring that the
manufactured dosage form is fit for purpose. Among the tests, disintegration time is one of the most
essential testing methods to ensure that the ODdirdegrates within the recommended FDA time of

30 secondg¢FDA, 2008)r European Pharmacopoeia time of 180 secadsEur, 2013)

The currently recommended test for ODT disintegration time from the US FDA is the standard

disintegration test for oral dage forms shown in Figure 1(FDA, 2008)The test is comprised of a
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basket rack attached to a rod which oscillates vertically, and a beaker filled with disintegration
medium, is kept at around 37°C and placed beneath the basket. The basket is imméoste: in
disintegration medium at a frequency of between-22 cycles per minute through a distance of
around 53mm to allow tablet disintegration to take place. The basket is made up of 6 disintegration
vessels with a wire mesh at the bottom (with holes efvieeen 1.8mm2.2mm), and disintegration

time is measured once all fragments of the tablet have passed through the wire mesh. A disk can be

placed on top of the tablet, but for ODT testing this is not usually reqFBd\, 2008)

However there are several limitations with this test for ODTs due to the vast differences between the
in vivo and in vitro conditions. In vivo, an ODT would be placed on to the tongue of the patient and
then subsequently dissolve/disintegrate through irgetion with the saliva present within the oral
cavity. As the ODT is placed on the tongue, there would also be an increase in the salivary flow rate,

due to gustatory (taste) reflex in response to the taste of the (@i, 1961)It has been shown

29-32
Cycles/min .
Disintegration eresnaffsalleauower
medium at Disintegration vessel i ;
disintegration vessel
37°C = 2°C I of diameter 20.7- -
23mm

R

‘Q:

>
R

M7 T

37°C

Figurel.7: A diagram illustrating a typical set up for the standard USP disintegration test for oral dosag
that is utilised for ODT disintegration testing. It shows how the basket would typically by placed wit
bealer/water bath, and how the dissolution vessels are arranged within the basket.
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that sour taste causes the highest increase in saliva flow rate, followed by salty, sweet and bitter taste
(Jenseret al.,, 1998, Kerr, 1961)As the tablet is placed in the mouth, and the mouth closed, there
would also be interactions between the ODT anderppalate, as well as a controlled temperature of
around 37°@Mooreet al., 1999) and relative humidity of around 986%(Mathiaset al., 2010) These
conditions would also aid in the disintegration of the ODT, as the high humidity and temperature
would promote saliva uptake into the tablet whilst the pressing of the upper palate would help
manipulate and push the ODT towards the tongue as well as aiding in the breakdown of the tablet.
The process of taking an ODT requires no water to be consumed agshgalform disintegrates
within the mouth allowing it to be swallowed easily. Having examined the in vivo conditions, it can be
seen that the current recommended USP disintegration test does not bare many similarities to in vivo
conditions. The standard $ uses a large volume of disintegration medium, and the dosage form
disintegrates within the oscillating vessel, which would be similar/correlate more to the disintegration
of a conventional tablet, that is swallowed with water and disintegrates withenghstrointestinal

tract. The significant differences between the conditions encountered by the ODT and the currently
recommended USP disintegration test provide evidence that there is an opportunity to allow for
development of a more representative ODTsidiegration test. The USP guidance for orally
disintegrating tablets stipulates that modified disintegration tests for ODTs can be developed (FDA,

2008).

Previous work has looked at improving the In Vivo in Vitro Correlation (IVIVC) for ODT disintegration
time, and improvised tests, as well as actual testers have been developed to try and establish a
comparable test. Table 1.2 contains information aboutrageaof tests that have been reported after

a thorough search through previous literature.
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Tablel.2: Details of previous attempts in literature to produce disintegration tests for ODTs that give more cotepavabitions to that encountered within the oral
cavity. Each test has the details of how it works alongside the advantages and disadvantages of each tedtv&lumsdr&resent the IVIVC if it is available

Tests Mechanism Advantages Disadvantages
Tricorptester Uses two meshesupper and lower, wher 1 Saliva at 37°C Saliva dripped from above
(Yoshitaet al., they come into contact disintegration tim 1 Automated measure of time Impact of water from 80mmr
(DT) ends f Force applied on ODT height
2013) ODT place on lower mesh and time sta 9 Saliva flow can be varied Lack of humidity
Manufactured when upper mesh touches ODT
equipment Upper mesh puts pressure on ODkel
upper palate)
Saliva kept at 37°C, and dripped frc
height of 80mm at 6ml/min
R=0.79
KYO Method Water permeability test prior tc I Uses a weight to compres Stopwatch timer for
(Kakutaniet al., disintegration test (to decide whethe OoDT disintegration
0.5ml/5ml of medium used) 1 Filter paper as disintegratiol Double weight placed on OD
2010) Test tube contains predetermined volun bed Lack of humidity
Improvised Test of medium at 37°C T Small volumes o Volume of medium varie:
ODT placed on filter paper at bottom « disintegration medium (<5ml’ according to preest
tube 9 Disintegration medium a
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Tests

Mechanism

Advantages

Disadvantages

ODTF101
(Haradaet al.,
2006, Haradat
al., 2010b,
Narazakiet al.,
2004)
Manufactured

Equipment

Dissolution

Apparatus

Douwble weight placed on ODT (acts
upper palate)

Time taken for weight to touch filter pape
measured as DT

R=0.72

Weighted shaft places force a@DT and
rotates at predetermined RPM

ODT placed on porous steel plates
Water bath contains 450ml of water ¢
37°C¢ level adjusted to just below plate
and level rises during test using a weig
immersed in the water

Time measured when rotating sha
touches porous plate (shaft has conducti
sponge on the bottom)

Several studies conducted; 2®.859,
0.6100.701 and R=0.99

900ml of water at 37°C

Paddlerotated at 100rpm

=

ODT placed on a porous pla
(allows it to disintegrate from
below)

Automated measure of time
Disintegration medium &
BrRE

Pressure @ced on ODT

Disintegration medium a
37°C
Water agitated using paddle

Weighted shaft on top of OD
rotates

Uses a weight to raise wate
level

Lack of humidity

Large volume of disintegratio
medium (450ml)

High volume of water (900ml’
Uses a basket submerge

inside vessel
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Tests

Mechanism

Advantages

Disadvantages

(Biet al., 1996, Bi q
et al., 1999)

Improvised Test

Texture Analyser q
(el-Arini and Clas,
2002, Abdelbary
et al., 2005, Dor

and Fix, 2000) l

Improvised Test

Sinker placed at 8.5cm below wat
surface
DT taken as when the tablet has pass

through the sinker screen

Flat faced probe with 1chsurface area
Tablet attached to probe and probe mow:
down until trigger force detected
Predetermined weight (50q) is applied f
a set amount of time (60s)

Artificial saliva used as disintegratic
medium¢ 2ml at 37°C

Measures a distance against time pl
where disintegration time can b
calculated

Modified version of this test uses a sprul
platform where ODT is placed instead
stuck to probe.

Perforated grid allows fragments to pa

through during disintegration
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Automated measure of time
(distance v time plot)
Constant load applied ove
given time

ODT place on mesh (allows
to disintegrate from below
Disintegration medium a

37°C

Doey Q (i NB LINES & .
conditions
Not to dissimilar to current

<701> test

Varied volumes 0]
disintegration medium use(
(often too high e.g. 18ml)

Distance/time plot can

complicate disintegratior
process
Lack of humidity
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Tests

Mechanism

Advantages

Disadvantages

Simulated Wetting q
Test T
(Parket al., 2008)

Improvised Test q

OD Mate 9
(Haraguchkt al.,
2014, Uchidaet

al., 2013) q

Uses 18ml artificial saliva at 37°C
Different R values when parameter.
altered for differet ODTs

Used as a measure of DT

Whatman filter paper disk placed in eau
well of corning 12 well polystyren
microplate

Givenvolumes of Sensient blue #1 0.1
w/w dye added to each well based on Ol
size

ODT added to well carefully and time f
dye to diffuse through tablet and cove
surface measured

ODT placed orrapezoidal mesh in fla
bottomed test tube (acts as tongue)
Compressed by two weights (upp
palate), 30g inner and 100g outer
Measurement starts when tube touche

medium (20ml water at 37°C)
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Die allows you to see whe
whole tablet has disintegratet
Small volume of disiegration

medium (<1.75ml)

Adjustable mesh/weight type
Automated measure of time
ODT placed on a mesh (allo
it to disintegrate from below)
Uses a weight to compres
oDT

Stopwatch timer for
disintegration

Not much similarity to in vivc
conditions

PLIGE1 S 2F R
necessarily indicate

disintegration

Uses two weights as
compression force
Conditions are altered
according

time of ODT

to disintegratior

Lack of humidity
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Tests Mechanism Advantages Disadvantages
Manufactured I Time taken for weight to touch test tub I Can adjust volume of tes  20ml water which can be
Equipment represents DT media stirred
9 Two studes with R=0.95 and 0.936
CCD Camera 1 Two sectiong; disintegration component 9 Can record disintegration  Time method -calculatior
(Morita et al, and measurement device 1 Disintegraton medium a R2SayQi asSSy
T Measurement uses continuous picture 37°C 9 Poor correlation with in vivc
2002) taken by a CCD camera to reco data
Improvised Test disintegrationg visualises tablet surface 1 Large volume of medium
1 Disintegration section has twi
components, inner tank with a stirring ba
steel grid and disintegration mediur
(200ml water at 37°C), grid has hollc
areas for ODT placement. Outer tark
water bath kept at 37°C
Electroforce 1 Uses low force on the ODT (10mN or 1g 1 Small volume of medium 1 Distance/time plot  can
(BOSE) 0.1N/s (5ml) at 37°C complicate disintegratior
9 Tablet placed in lower platform and forc 1 Very small force applied o process
applied oDT 1 Water added after force ha
1 5mlwater at 37°C added when 10mN for ! Constant load applied ove been applied to ODT
reached given time 1 Lack of humidity
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Tests

Mechanism

Advantages

Disadvantages

Manufactured i
Equipment used
for improvised test
Prototypical ODT q

disintegration

tester

1
(Kondoet al.,

2012)

_ 1
Improvised Test
1
Test for Orally q
Disintegrating Mini

1

Tablets

(Hermes, 2012)

Disintegration plot drawn up as distanc
against time, and max distance reachec
end of DT

Tablet placed on centre of mesh ai
acrylic board acts as upper palajeotates

via attached motor at 25rpm

Test medium added to tank beneath me
using a syringe until it makes contact wi
tablet (at 37°C)

Water levelmaintained by sink of table
fragments into tank

CCD camera placed above tablet to rect
disintegration process, and is played be
to calculate DT

Measures the electrical resistance of a g
where the sample tablet is placed

Uses a plunger with an adjustable weic
to correspond the force to the force of th

tongue
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Camera replay system allow
multi views of the
disintegration process
meaning that disintegratior
time can be calculated
repeatedly from one film
Disintegration medium &
37°C

Uses a weight to apply a loz

to tablet

Uses very small amounts ¢
disintegration medium whick
are similar to that withiroral

cavity

Disintegration medium
volume will vary as a specif
FY2dzy i AayQi
and would be more thar
present in the oral cavity
Lack of humidity

w2il dAz2y 27

simulate oral conditions

Study stées an absolute
disintegration could not be
achieved

Does not take into accoun

humidity
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Mechanism

Advantages

Disadvantages

Tests
Manufactured T
Equipment
Other Tests 1

Disintegration medium is added to th
measuring celt volume is small to allov
complete wetting of the sample (can &
<1ml)

100x10mm petri dish with 90mm filte
paper and 910ml disintegration medium

solution of 10% w/w cobalt Il 6 hydrate, [
taken as when tablet appears fully w
(Segado, 2003)

ODT placed on No.10 wire cloth and wa
dripped on to ODT at 4ml/min, DT taken
when all of ODT has passed through 1
wire (Ohtaet al., 2001)

ODT placed in measuring cylinder w

10mesh base along with 1ml wate

68

Disintegration medium usel
for testing was atrtificial salive
which disintegrated tablet
similar to in vivo conditions
Non-subjective measure o
disintegration time
Assessment of tongue force |
vivo to gather data for plunge
weights
Disintegration medium &
37°C

Simple to do easy tests

Only appears to apply to mir
tablets

Takes 40% loss in tabl
structure to be the end of

disintegration

52y Qi repi&ent in @vo
condition

Lack of humidity

No automatic recording cal

still be subjective
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Tests Mechanism Advantages Disadvantages

Cylinder placed in water bath and shak
at 150rpm, and maintained at 37{Euet
al., 2006)
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From the literature review it was seen that extensive work had gone into trying to develop an ODT
specific disintegration test, with some testach as the Tricorptester, OR0D1 and OD Mate being

specifically developed with the purpose of measuring ODT disintegration time.

1.10 Research Aims and Objectives

Orally disintegrating tablets are a key dosage form for paediatric drug delivery. desggs many
advantages over traditional dosage forms, however the complex and expensive freeze drying process
can lead to dosage forms that are mechanically weak and costly to produce. Utilising the traditional
direct compression technique to manufactureDDs yields tablets with impressive mechanical
properties whilst maintaining low disintegration times and minimising manufacturing costs. However
for direct compression a more in depth understanding of the materials is needed, as

compression/compaction pragties of excipients are key in providing a suitable dosage form.

The principal aim of this thesis is to produce materials that are highly compressible/compactable for
ODT/solid oral dosage forms, whilst keeping disintegration times low, as this isiak&emgroducing
successful directly compressed ODTs. It is highly advantageous to produce compressible preblends
GKFG INB WNBIFRe (G2 dzaSQ LR2GRSNE Ff2y3aARS |y
lengthy formulation processes as thesplends are able to produce robust/fast disintegrating tablets

without the need for excessive alteration of the formulation.
The objectives of the work in this thesis include:

1. Evaluate the fragmentation behaviour of crystalline mannitol using a waee of
characterisation techniques and relate this to the performance of mannitol as a filler/binder,
utilising particle size reduction through mechanical fracture

2. Investigate the possibility of milled mannitol as an alternative mannitol product foriruse

directly compressed tablets, comparing it to commercially available grades
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3. Utilising a novel dry particle coating technique to produce several preblends for use in
ODT/solid oral dosage forms, using hydrophobic andemmpressible APIs

4. Development of novel disintegration method for testing ODTs due to the current limitations
with the USP recommended method. Key aspect is to gather IVIVC to assess the suitability of

the improvised test in its ability to obtain accurate and suitable disintegrationgtime
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Chapter 2
A Holistic Multi Evidence Approach to Study
the Fragmentation Behaviour of Crystalline

Mannitol
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2.1 Introduction

The high patient compliance for orally disintegrating tablets (ODTs) among paediatric and geriatric
populations, as well as patients with dysphagia, has led to a surge in the popularity of these dosage
forms, as well as an increased number of licensed fations becoming available on the markét
khattawi and Mohammed, 2013, AlHusbahal., 2010, Seager, 1998pwing to the disintegration of

the dosage form within the oral cavity, the formulation, and in particular the excipients used to
formulate theODT, are key to manufacturing a palatable, robust and fast disintegrating tablet. For the
manufacture of ODTs, direct compression (DC) is an advantageous method as it utilises traditional
tableting equipment and is able to produce tablets that have higlehmaical strength, whilst being

able to disintegrate within the recommended US FDA guidelines of 30 se@ddds2008)compared

to freeze drying technology where tablets are mechanically weak and friRblkashet al., 2011,

Harmon, 2007)

Mannitol, apolyol isomer of sorbitol, is one of the most widely used fillers/diluents in ODTs as it has
sweet taste and cooling effect within the mouth upon its disintegration, whilst also being non
hygroscopic, minimising moisture uptaketo the tablet during storge (Yoshinariet al., 2002)
Although it is widely employed within ODT formulations in high concentratifunsget al., 2012) its
primary disadvantage is that it fragments under compaction resulting in mechanically weak and friable
tablets(Carlson and &hcock, 2006, Westermarek al., 1998) Mannitol has a needle shaped crystal
particle with very little or no amorphous regio(Sampbell Robertst al., 2002, Yt al., 1998, Heet

al., 2009) Kaminsky and Glaz€r997)identified that mannitol exhibitedive crystal planes; (011),
(010), (120), (110) and (210). Similarly, a study byeHal. (2012)identified that large recrystallised
mannitol needles tended to fracture at the (010) and 1D planes, as shown in Figurd 2with the
lowest attachment eergy and shortest dimensions across all axis respectively. The particle shape of
mannitol contributes to its increased fracture behaviour and low plastic deformability, as the crystal
tends to breakinto smaller fragments. These smaller fragments theenatt with the dies causing

high friction(AbdetHamid and Betz, 20113ubsequently inhibiting strong bond formation between

73



A Holistic Multi Evidence Approach to Study the Fragmentation Behaviour of Crystalline Mannitol
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Figure2.1: Diagram illustrating the fracture planes for mannitol crys
along with the two most common fracture processes; cleavage at (
where needle length is shortened and cleavage at (010) where ne
width is reduced.

the particles(Carlin, 2008)It has been reported that fragmentation can be advantageousdotain
excipients, particularly lactose, as the increased number of particles leads to a larger number of
bonding sites during compressigdromanset al., 1987) However with mannitol, the high die wall
friction, due to the interaction of the needle dgments with the dies, leads to poorly formed
O2YLJ Otlad alyyAaiaz2t KFa GKNBS LRfa@Y2NLIKAO T2NY

Y2aid adGlof Sz

(@]}
w
>
<,
L
[e=N
R
w»

S ad adlrotsS (wWae h S

KFa 0SSy aKz2g¢gy GKIG GKS 1 LRfe&Y2NLK

(e

et al, 2007 L
turn reduces compressibility, forming mechanically weak tal{ietsgeret al., 2000) but is the widely

available form due to its highly stable nature.

The aimof this study was to assess the fracture behaviour of unmodified crystalline mannitol using
ball milling as a method of energy inputo the particles. Particle size reduction durirapleting
occurs between the punches the upper and lower punches ekenergyinto the powder and cause
subsequent fracture of the mannitol crystals. Particle size reduction through high energy input was
used to assess the fracture behaviour of mannitol and to develop an understanding of the
fragmentation of the excipientduring the tableting process. The morphology and powder
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characteristics of the milled powders were assessed using multiple techniques such as; scanning
electron microscopy; atomic force microscopy; dynamic vapour sorption and differential scanning
calorimdry, to determine the exposed plane after particle size reduction. It was hypothesised-that X
ray diffraction could be used as a novel method to predict energy input during milling, as the increased
number of particles alongside a loss in their crystajliduring the milling process presented an overall
reduction in the intensity of diffracted-says. In addition, compressibility was evaluated, with a view

to investigating a pragmatic strategy to overcome the limitation of particle breakdown and widen the

use of mannitol in various solid dosage forms.

2.2 Methods

2.2.1 Materials
Dal yyAG2t o0xdy s LIzNR { AldrichyDoéset,2JJE)and inggBeRiuntskeBrafe wash 3 °

obtained from Fischer Scientific (Loughborough, UK). Both powders were used as received.

2.2.2 Preparation of Ball Milled Powders

Milled samples were prepaceusing a Fritsch Pulverisette 7 planetary ball mill ¢(dberstein,
Germany) accordinto parameters shown in Tablel2 Powders were accurately weighed according

to the ball to powder weight ratio (BPR) stated for each powder. The weighed samples were
transferredinto agate vials (4&m? volume) along with 13 agate balls (diameter h@n). The vials
were sealed with a plastic ring to prevent atmospheric contamination.-ididled mannitol (FO) was

used as a control.

2.2.3 Energy Involved in Ball Milling

The energy inpuinto the powder during milling was calculated based on the hypothesis developed
by Burgioet al (1991) Maurice and Courtney1990) and Abdellaoui and Gaff¢Abdellaoui and
Gaffet, 1994, Abdellaoui and Gaffet, 199%he calculated valgewere an estimation of the overall

energy input per unit masto the system as it was virtually impossible to view what was happening
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Table2.1: The milling parameters used to prepare the differeotvders tested in this study, with varying milling
times, rotation speed and ball:powder weight ratio. Namlled mannitol (FO) was used as a control

Powder Milling Time (min) Rotation Speed (RPM) BPR
F1 30 200 10
F2 30 200 5
F3 30 400 10
F4 30 400 5
F5 15 200 10
F6 15 200 5
F7 15 400 10
F8 15 400 5

inside the vials to enable an exact calculation of the energy input. However it was assumed milling
was conducted under ideal conditions, therefore the equations provided an estimation of the energy
input per unit massnto the powder bed upon alteringhe milling parameters. Figure.2 shows a

schematic diagram of some of the parameters of the ball mill system that were used as integral parts

of the energy calculation equations.

Disk Rotation

Vial Rotation

Figure2.2: Aschematic diagram of some of the mill parameters used in the
calculation for energy input. This includes angular velocity of the digk (W
angular velocity of the vial (W disk radius (fgand vial radius (R
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The speed of the mill was firstly convedt from RPM to radians to allow angular velocity to be

calculated with the equations:

Radians =—— c" (Eq. 2.1

Angular Velocity & @ Q QoY i€ 1Y (Eg.2.2)

With R, representing the radius of the disk (distance from centre of disk to centre of vial), \and R
representing the radius of the vial (distance from centre of vial to vial wall). This enabled the angular
velocity of the disk (\)) and vial (W) to be calculatedThe angular velocity of the vial was negative as

the vial movement was in the opposite direction to the movement of the disk.

Once angular velocities had been calculated the absolute velocity of one ball detaching from the vial

wall (M) was given by:
Vo= @Y w Y QFc p cotn 7 (Eq.2.3)

With d, representing the diameter of the ball. The velocity of the ball after the collision with the

powder/inner wall () was given by:
V= @ Y 0 Y QTc com'yY Y QI 7 (Eq.2.4)

Once the velocity of the ball was calculated, it enabled the kinetic energy of that ball to be worked

out. When the ball was launched from the vial wall the kinetic energyw&s given by:
B-p¥C 0 w

With m, being the mass of one ball. During the collision of the ball with the powder/inner vial wall
only a small amount of the kinetic energy of the launched ball was released, which was the energy
imparted to cause particle fracture/deformation withihe milling system. The residual energy of the

ball after the collision event {Ewas calculated with the equation:

E=pfg & w

This allowed the total energy released by that single ball to be calculated:
ne=kE¢E= a w Y Q¥ Tw ww'yY Y QTYF¢q (Eq.25)

For the theoretical energy value to be a more accurate estimation, the degree of filling of the vial by
iKS olffta KIR (G2 0S O2yaARSNBRZ a GKS oltf t a
The vial filling factor () had two limiting factors, ,=1 for only one or very few balls in the vial or
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p=0 for when the vial was completely full and no movement possible. In the experiment the amount
of free space within the vial was calculatesing measurements of the empty and filled vial, and the

vial filling factor worked out as a percentage. The adjusted equation became:
neg= )9y (Eq.2.6)

2 A ( K repr@senting the energy release of one ball within a system containing drcereber of
balls (N).

The value for total energy transfer per unit mass from the imitl the powder E€/my) was calculated

using the equation:

E .
— = bmeot(VVp B} VVV)vas(R/ - db/z)/wp +WpV\/VRp](R, - db/2)/2,0mp (Eq.2.7)

p

The equation included all variables that were altered during the mipirmgess; time (t); the mill
speed/angular velocities of the disk and vial,(&4d W, respectively); and the powder weight gn
+ £ dzSa &dzOK | &p) n@riblerfof bAN4 (),fthe yidds of d bAllERand thie ball diameter
(dy) were all keptonstant. The radius of the vialfRnd disk (B were also constant according to the

manufacturers design.

2.2.4 Scanning Electron Microscopy (SEM)

SEM micrographs were obtained using a Phillip80XEEG ESEM (Eindhoven, Netherlands) to allow
anexploration of particle shape/size and fracture behaviour. Approximately 1mg of each sample was
adhered to a doublsided adhesive strip and placed on to an aluminium stub. The samples were
coated with a thin layer of gold using an Emscope SC500 spusttr¢@uorum Technologies, Lewes,
UK) at 20mA for 1 minute. After gold coating each sample was examined using SEM, with the

acceleration voltage (kV) and magnification stated on each monograph.

2.2.5 Atomic Force Microscopy (AFM)

Acquisition of topograpleal data was performed using a NanoWizard Il AFM (JPK Instruments,

Cambridge, UK) operating in force scan mapping mode under ambient conditicits, 8®@4 relative
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humidity). This involved the use of a scanner with a maximum lateral range of 106xY00d: a
maximum vertical range of 5 Y ® 5 GF | OljdZAAAGA 2y & a LISNF 2 NY
(HQ:CSC17/noAl, MikroMasch, Sofia, Bulgaria) having pyramidal tips with 10nm nominal radii of
curvature. Cantilever spring constants were of the orderN18, calibrated according to the method
reported by Boweret al. (Bowenet al., 2010) Topography was assessed over a2x2 | NB I dza A
grid of 128x128 pixels. Data was acquired by driving the fixed end of the cantilever at a velocity of 50
>Yka G(G26FNRa (GKS al YLX S adaNFI OSsE KAt ald Y2yAl
using a laser beam. Upon making contact with a surface feature, the height of the contact point was
recorded, representing one pixel in the image, which e@svertedinto a map of surface topography.

A maximum compressive load of 10nN was applied to the surface during data acquisition.

2.2.6 Xray Diffraction (XRD)

XRD was performed using a Bruker D2 Phaser (Massachusetts, USA) equipped with a Qb dzo S
(1.78896A). Approximately 1g of each powder was analysed across an angular rapgé {250° in

steps of 0.02° every 0.2 A rectangular beam of size 0.6mm was used for measurement and the
sample spun at 15rpm to allow maximum surface analysis. XR&rm&ivere obtained in counts per
second (cps) and analysed using Eva 18.0 software. To quantify the polymorphic compaosition a
Rietveld refinement was performed using MAUD software 2.49 (Luca Luterotti, University of
California, USA(Lutterotti, 2010) Catulated patterns for the mannitol polymorphs were obtained
from the Cambridge Crystallographic Data Centre and impartedMAUD. The XRD patterns were

then fitted to the calculated patterns and percentages of each polymorph generated using MAUD.

2.2.7 Pdicle Size analysis

Laser diffraction was employed to measure particle size using a Sympatec HELOS/BR equipped with
RODOS dry dispersing system with VIBRI/I feeder (Clausalfeld, Germany). Around ¢ of

sample was placed on the VIBRI/I feeded aispersed through the RODOS withdts of pressure.
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The volume mean diameter (VMD) of each sample was detected on the HELOS/BR set at a measurin

rangeof 175> Y ®d | ff LR S6RSNE 6SNB FylFfteasSR Ay GNXLX A

2.2.8 Powder Flownalysis

A Sotax tap density tester USR.  F LILJF NJ (idza o! f ft aOKoAE S { 6 Aid)l SNI
YR 0 LILIS RyppedR@ ¥atH sadple dallowing the test parameters set out in the USP
monograph <6168USP37, 2014al 50mL cylindemwas used for measurement as there was a limited

jdz yGAGE 2F &FYLXS FQOFAflIoftSd t26RSNI Ft26 oI

eguations.
. rtapped_ ! buik
Carr's Index=———23100 (Eq.2.8)
rtapped
: rtapped
Hausner Ratio=——— (Eq.2.9)
rbulk

2.2.9 DifferentiaEcanning Calorimetry (DSC)

DSC was undertaken on a TA Instruments DSC Q200 (Delaware, USA) using nitrogen as purge gas
analyse thermal properties of powders pesilling. DSC heat flow was calibrated using indium
(melting point 156°C), and samples wditng 3+0.1mg were sealed inside Tzero pans. A sealed empty
Tzero pan was used as a reference, and each sample was ramp heatéCanirOfrom 3C°C to 180

°C to detect for thermal differences. Analysis of the thermographs was performed using TA Universal

Analysis 2000 software v4.5A. Each powder was analysed in triplicate.

2.2.10 Dynamic Vapour Sorption (DVS)

Specific surface area (SSA) and surface energy measurements were performed using a Dynami
Vapour Sorption instrument (DVS Advantage, Surface Measnt Systems, London, UK). Samples
of powder in the range 260 mg were dried for a minimum of 4 hours using oxy@e&® nitrogen,

before being subjected stepwise to increasing partial pressures of octane (HPLC grade&\ligma
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Dorset, UK) from @0 % in 5% increments. The chamber temperature was kept constant at 25+0.1
°C. Samples were allowed to reach a requilibrium state (%dm/dt = 0.000% min') at each partial
pressure step before progressing to the next stage. Application of the Bruamaett-Teller (BET)
theory (Brunaueret al., 1938)was employed for calculation of the SSA, fitting data in the partial
pressure range-50%. Surface energies were calculated using the Advanced Analysis Suite in the DVS

software.

2.2.11 Compressibilignalysis using Heckel Profiling

To analyse compressibility differences between milled and-mdled powders, irdie/out-of-die
Heckel analysis were performégtieckel, 1961a)A Hounsfield Test Equipment H10K (Tinius Olsen,
Pennsylvania, USA) @igped with13 mm flat faced punches compression range of4D MPa and
upper punch speed of 40&im/min was used to compress the powdenso ODTs for irdie Heckel
analysis. Dies and punches were externally lubricated usti@@magnesium stearate in acetone
soluion before each measurement. An accurately weighed sample ofi®®f each powder was
filled into the dies for each test run. A Heckel plot follows first order kinetics and is a model that

represents densification of solids under pressure.

\

e 1

gl- D

Heckel Equation=In g: P3K+A (Eq.2.10)

Where (In[1/ED]) is plotted against compaction pressure (P), with K being the gradient from the linear
portion of the plot. K was obtained above 30Pa i.e. the linear region with?R0.98, with the
reciprocal of K representing thie-die yield pressure (f All powders were repeated for triplicate

measurements.

An outof-die Heckel analysis was performed to supplemendignHeckel data. 50thg samples of
each powder were weighed and compressed using a Specaeasgéomatic hydralic press (Slough,
UK) equipped with 13mm flat faced dies at compression forces ranging fre300/BPa. Dies and
punches were externally lubricated withSa%magnesium stearate in acetone solution. Porosity of
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the tablets was assessed post ejection,etrwolume was obtained using a Quantachrome Helium
Multipycnometer (Florida, USA), and bulk volume taken using tablet diameter and thickness measured
with a digital calliper. The Heckel plot was drawn udrggorosity) against compaction pressure and

the reciprocal of the gradient taken as the eof-die yield pressure (}

2.2.12 Tableting Studies

ODTs were prepared using a blend of %&%nannitol and 0.86 magnesium stearate mixed for one
minute. Tablets were compressed using a Specac -aatoimatic hylraulic press (Slough, UK)
equipped with 13mm flat faced punches compression forces of 75/228Pa. ODTs were analysed

immediately after manufacture to reduce storage effects.

2.2.12.1 Hardness
Hardness of thdablets was measured using a Copley TBFH&@iness tester (Nottingham, UK).

¢CSyaAtS AGNBYIGK 60 6+a G(KSy OFfOdA (SR daAy

. — (Eq.2.11)

Where H is the hardness, D is the diameter and T is the thickness of the tablet. All readings were taken

in triplicate anaddisplayed as mean + SD.

2.2.12.2 Disintegration Time

The standard USP disintegration method was used to assess disintegration time of the(taBR33,
2014b) A Copley ZT41 disintegration apparatus (Nottingham, UK) was used, with a single tablet being
tested each time for accuracy. Each tablet was placed in the vessel (without a disk) and oscillated at
30 cycles per minute. A dissolution medium of 800ml distilled water was maintained ‘&, 3hd
disintegration time measured when all of the fragmentsatflet had passed through the mesh at the

bottom of the vessel. All readings were taken in triplicate and represented as mean + SD.
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2.2.12.3 Porosity

Porosity of the tablets was assessed using a Quantachrome Helium Multipycnometer (Florida, USA).
Diameterr YR G KAOlySadaa 2F (KS h5¢Qa gta YSI adaNBR dz
hs5¢Qa GF 1Sy dzaAy3 |y St SO NRYRO O dud)lofffB fhidelsti & S ¢

were then calculated using the following equations:

Ve=—o (Eq.2.12)

" puk =————————— (Eq.2.13)

The true volume (Y of the tablet was calculated using the pycnometer, which applies the theory of
gas displacement allowing the porous nature of the tablet to be asse§dexltrue volume was

calculated using the equation:

Vi=w 0w — p (Eq.2.14)

Where \tis the volume of the sample cell; i¥ the volume of the reference cell, P1 and P2 are the
atmospheric pressure and pressure change during the measurement respectively. The true volume

was then used to calculate true density in the equation:

" trye = ————————— (Eq.2.15)

¢KS FAYLFf adGdSL) G2 OFfOdz FdS LR2NRaAGE 60 27F

s pl —— (Eq.2.16)

All results were taken in triplicate and presented as mean + SD.

2.2.13 Stability Study

Stability testing of three of the milled mannitol powders was conducted. Powders F1, F2 and F8 were

chosen based on their favourable powder and ODT characteristics due to the optimum levels of energy
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input per unit massnto the powder during the milling necess. Stability testing was conducted
according to ICH guidelind$CH, 2003)Powders were freshly milled and placed inside opaque plastic
containers and sealed with a twist lid. Each formulation was tested in ambient and accelerated
conditions, with lumidity cabinets (Fraiolabo, Meyzieu, France) set at’@5with 60% relative
humidity (RH) and 40C with 75% RH. Powders were tested over a 6 month period, with testing
occurring at 2 weeks, 4 weeks, 2 months, 3 months, 4 months and at the 6 montReamnders were

tested for melting point using DSC to establish crystal state, alongside XRD analysis, and degradatior
and moisture content of the powders tested using thermogravimetric analysis (TGA). TGA analysis was
conducted on a Perkin Elmer Pyris 1 T@Assachusetts, USA). Approximatel,n§ of each sample

was carefully weighethto the sample pan and tested over a temperature range 6880°C, with a

heat ramp of 10°C/min. Moisture content was measured between the range ofl30 °C, and

degradationtemperature taken when the % loss of material started to rapidly decrease towads 0

2.2.14 Flow Improvement Study

To assess the possibilities of mannitol being used in a commercial formulation a flowability study was
conducted to see if it was possibie tablet milled mannitol through an auto tablet press (Riva Ml
Minipress, Hampshire, UK). Materials assessed for flow improvements, alongside milled mannitol,
included varying concentrations of Starch 1500R(%b) (Colorcon Inc, Pennsylvania, USA)abeét

fumed silica (Aersl 200, Evonik Industries, Essan, Germany). To investigate flow two mixing methods
were assessed, standard cube mixing in an Erweka AR403s (Heusenstamm, Germany) with the cub
mixer attachment; and novel composite mixing usingo&et blender developed in our laboratory.
Cube mixing was conducted for dfins at a speed of 25@m. Composite blending was conducted at
speeds from 150@000rpm for 1330 mins, with and witlout air pressure. Angle of repose was used

as the method of abice for assessing powder flow of the investigated blends. For angle of repose the
method outlined in the USP monograph <11 {#sSP37, 2014ayas followed, and the height and

diameter of the pile measured. This was then added to the equation, Jan(heidt/0.5diameter,
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where was the angle of repose. All powders were analysed in triplicate and results displayed as

mean = SD.

Tablets of approximately 506g weight and of 13nm diameter were compressed on a Riva Ml
Minipress (Riva, Hampshire UK), at mpoession force 1&N. MCC (Avicel PH102, FMC Biopolymer,
Philadelphia, USA) was used as a comparison to Starch 1500® as it is adugpidder used in ODT
formulations. Magnesium stearate (Fischer Scientific, Loughborough, ddKyaks used as a lubaiat.

A powde preblend of milled mannitol 87.%, Starch 1500®/MCC %and silica 0.% was produced,

the preblend (9%%) was then mixed with magnesium stearateq) to be tableted. Tablets were
assessed for hardness, disintegration time (as above) &ability using a Sotax F2 Friabilitor
(Allschwil, Switzerland). Ten tablets were brushed off and weighed altogether for the initial weight,
they were then inserted friabilitor. The test was conducted for a total time of 4 minutes gir@5

with 100 revolitionsin total. The tablets were then brushed off and reweighed to get the final weight.

Percentage friability was calculated using the equation:
b Oi QN Qé—— P (Eq.2.17)

Uniformity of weight was conducted according to BP requiremé&is 2015)with 20 tablets weighed

at random and the % deviation from the mean calculated.

2.2.15 Statistical Analysis

hyS & ! bh+! FT2f{f26SR 08 |hoote]) Bwd Nay ANOVA fallaviell S
by a Sidaks multiple comparison post hoc test were performed using GraphPad Prism 6 software
(California, USA). For statistical significancevalpe <0.05 wassed, and all data was presented as

mean * standard deviation.
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2.3 Results and Discussion

2.3.1 Milling Energy Input and Crystal State

The first set of investigations were focused on evaluating the energy input on various processing

parameters such as bao-powder weight ratio (BPR), speed of rotation and duration of milling.

Theoretical energy calculations showed that mill speed was the most influential factor in increasing
the energy input during each milling cycle, with powders processed atpti@xperiencing an eight

fold increase in energy input compared to 2fffim; whereas doubling the milling time and BPR
resulted in doubling of the theoretical energy inp&esults, presented in Table22 indicated that
powder F3 had the highest amount of eggrinput per unit mass, as expected, as it had all three of
the highest parameters, and that powder F6 had the lowest amount of energy input per unit mass due
to it having all of the lowest values for all the variables. However from the theoretical daloslét

was seen that there was an overlap for the calculated energy between powders F2/F5, and F4/F7. This
was because the theoretical calculations included limitations in that they were calculated based on
ideal conditions, where it had to be assumedtlthe heating of the vial was negligible; the powder
was only affected by energy transfer from the balls to the grinding media and that the majority of

energy input occurred during the collision of the balls against the powder along the wall of the vial.

In order to overcome the limitations presented with theoretical calculation of energy, it was
hypothesised that XRD patterns could be investigated as a novel tool for prediction of energy input,
on the premise that the increased number of particles comdiméth a loss in crystallinity of the
material would impact on peak intensity of the diffraction pattern, provided the polymorphic form of
the material remained unchanged. To evaluate our hypothesis, initial investigations were aimed at
studying peak intesity changes of the diffractednays between nomnilled and milled powders of
YIYyyAG2t® ¢KS - w5 LI GGSNya F2NICn FyR GKS adz
D-mannitol, as shown in Figurex(Hulseet al., 2009, Kinet al., 1998) XRDiata showed that milling

had caused a reduction in peak intensities along the patterns obtained for all milled powders as
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Table 2.2: A table showing the theoretical energy input#to the milled powders (FE8), along with the
reduction in peak intensities observed upon XRD analysis with a subsequent energy ranking according to XRD
data. Percentage of alpha mannitol within the powders is also included as obtained through Rietvelthesfin
Morphological and topographical characteristics of the mannitol particles are also included for all powders; Data
indicates particle size/surface area and flowability, alongside the surface roughness and surface energy of the
powders. Data marked i a single asterisk (*) indicates results that are significantly different from the control
(ANOVA p<0.05 when compared to FO0). (**) indicates the rank order of energy input according to XRD peak
intensity reduction data.

Powder Theoretical % % Alpha Particle BET [/ I N. Hausner AFM DVS
energy reduction  Mannitol Size  Surface Index Ratio average Surface
input per in peak present  VMD Area surface  Energy
unit mass intensity in 0>Y1 (mig) area (mN/m)
(J/kg) comparison roughness
to FO** Ra (hm)
FO - - 0.00 3654+ 0.261 3891 164+ 20.39 73.37
0.28 + 0.04
1.38
F1 3.42 47.59° 0.70 1046+ 2.183 39.89 1.67% 51.59 67.45
2.51* t 0.03
1.03
F2 1.71 44.83° 0.26 11.76 £+ 1.585 38.85 1.64+ 188.8 63.79
1.58* + 0.06
2.04
F3 27.37 68.971 0.54 20.00+ 3.302 3333 1.50# 90.28 65.27
1.61* t 0.05*
2.08*
F4 13.69 60.00° 0.24 1451+ 3.173 34.03 152+ 163.4 64.74
1.91* + 0.03*
1.20*
F5 1.71 33.037 0.38 11.14+ 1.633 39.12 164+ 110.8 66.75
0.38* + 0.03
1.06
F6 0.86 15.178 0.40 1696+ 1.068 37.50 1.60z 131.0 63.96
0.18* * 0.05
1.79
F7 13.69 62.762 0.19 1438+ 3.486 38.61 1.63x 115.5 64.07
1.81* + 0.04
1.36
F8 6.84 58.624 0.24 1146+ 2826 41.83 1.72+ 162.8 63.14
0.44* +1.78 0.05

illustrated in Figure 3. The process of milling had produced particles of reduced crystal size, leading
to increased numbers of particles under examination by thrayxbeam, this lead to differences in
orientation of the sample which therefore affected the intensity of th#rdcted xrays(Baerlocher

and McCusker, 1994\dditionally, a reduction in the crystallinity within the particles, from continued
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Figure2.3: X-ray diffraction patterns showing that all powders tested represent a strong fitfdfMannitol.
The patterns for milled mannitol (FA8(FO line at bottom to F8 line at topdlso indicate the extent of peak
intensity reduction across all milled powdetompared to unmilled mannitol (FO), with Table 1.2 showing 1
corresponding percentage of peak intensity reduction.

collisions with the milling media, resulted in further lowering of peak intensity observed on XRD

data(Raoet al.,, 2011, Taret al., 2012)

The extent of peak reduction on the XRD patterns correlated well with the theoretical energy
calculations, as shown in Table22For the peak intensity reduction calculations, the large right hand
side peak at a-@pacing of 3.82was used asthis@& (G KS Y2aid LINRYAYSyld LIS
almost Ocounts per second Yy h  Y(Husgeh all, 2009, Kinet al., 1998) The results from the

XRD patterns showed that powder F3 exhibited the sharpest peak intensity reduction at around 69
whereas F6 had the lowest peak intensity reduction at aroundd S his was related to the increased
number of particles and their crystallinity, as the higher amount of energy inputhe milling system

caused a larger number of collisions between the lzaits powder. Therefore a greater level of strain

was placed upon crystal lattice, whilst milling also cleaved and refined the crystal to a higher extent,
reducing the peak intensities along the XRD p{&®asoet al., 2011, Taret al., 2012) The XRD data

therefore provided a good model to define the exact order of energy input, as each separate powder
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had different degrees of peak reduction. This allowed an order to

be distinguished between powders

F2/F5, and F4/F7; with F2 having a higher energy input Btaand F7 having a higher energy input

than F4.

Equation2.18 was developed according to the data obtained, and
() as a function of energy input per unit maggnf,), wherelmaxis the

a congant andb is an exponent. Measured and calculated results

expresses peak intensity reduction
maximum peak reduction,is

werepamed in Figure 2, and

the model suggested that as the energy input was increased the value(af(B/m,)"] decreased,

which in turn resulted in a largéwalue. However the peak inteity reduction plateaued as energy

input was increased towards the higher values.

& o D
D=D_a- 2 a8 8§ (Eq.2.18)
= - q.2.
max
= E/m)9¢
g QE/M)=Y
t NEBOA2dza ¢2N] KIR adz33SadSR GKIG YATEAYy3I-YIyyYy
70.00 - P
@ T N
AGO.OO . Y S o
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2 ' //.
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Figure2.4: A graph comparing measured values of peak intensity reductio

n to the values calculated usir

Equation2.18, against energy input per unit mass, showing that this model represents a good fit and prc

novel method of calculating energy input duringlmd.
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polymorph after a three hour cyc(®escampet al., 2007) In the current study a Rietveld refinement
(Lutterotti, 2010)was conducted to quantify the polymorphs of mannitol present in all of the samples.
¢tKS NBFAYSYSYyld AYRAOFGSR I @OSNER avYlffkyS3ataaa
as shown in Tabl@.2, with the samples being composed of £99 i ot. Yhys very small

z

y Rdz§ G2

(p))

LISNODSyGF3asS 2F h YIyyAaGzt Yire& KIFE@S 685
peakata22 ¥ HTc NBRAdzOSR R2gy (261 NRa 1 SNRZ | & 62dz
Additionally, the milling time emnlpyed in this study was very short compared to the previous study
and as such it was likely that higher energy input was needed to withess a greater percentage of the
alpha polymorph within the milled samples. However DSC thermal profiling, as shownra Fig

also suggested that there was little difference in the crystal state-poling, as the thermal profiles

had remained very similar to FO. This suggested that there were no amorphous regions in the milled
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Figure2.5: DSC scan of nemilled mannitol (FO) compared to milled powders-8) showing no diérence in
melting point, enthalpy of fusion or onset of melting, indicating there was no alteration in crystal state ol
structure.
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2.3.2 Powder Properties and Morphology

It was evident fronSEM images, as seen in Figus@ that milling had caused a drastic alteration in

the particle morphology of the mannitol crystals. It was observed that the control, FO, had the
characteistic needle shape of mannitol, with a varied particle size on the SEM images, some being as
largeas5 YX YR 20 KSNJ LI NI A Of S darticlFzeézshRlysie (TabF It | &
was also recorded that the particles were fairly smoothd aasults from AFM surface roughness
analysis also confirmed that the namilled mannitol had a roughne¢Ra) of around 20.39 nm (Table

2.2). From the SEM it was observed that milling had modified most of the needle like structure of the
original crystato more globular structures, with maximum particle size reduction down to a size of
around1011>YX a4 20aSNIWSR Ay LR2GRSNHE CmMXI CHX Cp Y
input displayed an increased particle size VMD, with powder F3 haviMipeo¥20> Y | y R L2 4 R
F4 and F7 havingaVMD ofaround>1¥ @ ¢ KA & 61 ay Qi SELISOGSR & Al
energy powders would have had the most particle size reduction. However due to the high level of
energy input, the particle size radtion of the mannitol crystals had reached its maximum and
subsequent agglomeration had started to occur. This was evident on the SEM images, as the white
arrows on powder F3 and F7 indicated the presence of large agglomdiatsz, 2008)As the
partides were reduced in size, they started to become more cohesive possibly due to the increased
surface area which subsequently, through larger van der Waals forces and electrostatic interactions
produced larger agglomerates. It was proposed that the smatlghes produced during the milling
process had aggregated due to the high levels of cohesion and large amounts of dispersion between
the particles. However as the levels of dispersion reached zero, where no further particle size
reduction was possible, éhrepeated impact of the balls upon the aggregates induced strong bond
formation between the aggregated particles, which consequently produced larger more spherical
shaped mannitol agglomeratéBalaz, 2008)Conversely powder F6 had a large particle sizgound
17>Y% odzi Ay GKA& OF aS ( KiBdNBe povider 1o Qllow & stBstedidd Sy

reduction in particle size; therefore particle sizing data indicated that an ideal energy input for
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Figure2.6: SEM images showing the morphology of the mannitol powderdg:®\(control) showing needle lik
morphology at x1200 magnification (all milled samples are at x5000 magnificatioR};, Bvith circle indicatin
particle fracure at the (011) plane; €2, with circle indicating particle fracture at the (011) planef, with
arrows indicating agglomeration of particles; 4, with circle indicating particle fracture at the (010) plane
and arrow indicating agglomeratioof particles; F F5, with circle indicating particle fracture at (011) plane;
F6; H F7, with arrows indicating agglomeration of particles an&8.
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maximum particle size reduction of mannitol was between 6784 J/kg. BET surface area analysi

also confirmed that milling had caused a big shift in the powder morphology and size with an increase
in the surface area from 0.26 18%g up to 3.4865n?/g (Table2.2). This was due to the large decrease

in particle size of the powders, as was evidahbg SEM. AFM topographical analysis (Taldpalso
indicated that milling resulted in rougher particle surfaces which gave rise to a larger surface area, due
to the indentations on the milled particles. The high roughness was also an indicator thatitbeld

have been increased amounts of adhesion between the part{Ellesnentet al., 2004) SEM images

also supported this theory as there was visible aggregation of the milled mannitol particles. Powder
flow analysis, shown in Tabl®@2 dza A y 8x/HaksheN&RI@, indicgt® a very poor flow of all the
milled samples. Powder flowability is essential for pharmaceutical tableting, and it was seen that the
control, FO, also had very poor flow, largely due to the needle shape and the large particingize

which promoted interlocking and segregation of the particles. However with the milled samples a
more uniform shape was observed with a reduction in particle size. For most of the milled powders,
the flow remained in a similar category to the confrdue to the high levels of adhesion between the
particles owing to increased roughness and small particle size, which also promoted interlocking and
segregation. An improved flow was observed in powders F3 and F4, where the largest amount of
agglomeratiom was produced. It can be hypothesised that the larger agglomerated particles lose the
needle shaped feature of nemilled mannitol and have reduced levels of segregation and cohesive
forces, due to the slightly enlarged agglomerated particles, whichtesbinl slightly improved powder

flow, although it remained very poor.

2.3.3 Fracture Properties of Milled Mannitol

From morphological angsis of the SEM images (Figur6)2it was seen that the predominant plane

of fracture for the crystalline mannitaas the (011) plane, as powder F2 showed a defined fracture
plane parallel to the direction of growth for the crystal, and shortened the length of the particle. This
was also evident in other powders, such as F1 and F5, as needle length was shorteatbas¢nved

in the control powder FO, whilst the width of the particles tended to remain at around XX
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indicating that predominant fracture occurred at the (011) plane. The SEM images also showed that
there was extensive particle size reduction, withtjdes visible within the nanometre range, which
indicated high levels of cleavage at the fracture planes of the mannitol crystals. Due to this high level
of particle size reduction there was likely to be some fracture at the (010) plane, where theokidth
the crystal had reduced due to the low attachment energy of the (010) planejidsnt on SEM for

F4 in Figure .B. This was in agreement with work by tebal (2012) who found that milling a large

recrystallised mannitol crystal caused fracturela {010) and (011) plane.

DVS analysis was employed to measure surface energy using octane as an organic vapour probe. Th
amount of adsorbed octane was calculated as a function of the partial pressure, which allowed the
spreading pressure of the octane be obtained. The spreading pressure of the probe molecule was
GKSYy dzaSR Ay | O2YoAylGAz2y 2F (G(KS [ 2dzy3Qa Sijdz
and therefore dispersive surface energy, as the adhesion forces between the solid angizhéd

were related to the surface energy of the mannitol powders. DVS analysis is able to measure all of the
exposed crystal planes within the powder sample, thereby identifying a change in the overall
dispersive surface energy. The surface energy resulicated that there was a reduction in the
overall dispersive surface energyalffthe milled powders (Table2), which indicated that it was the

low dispersive surface energy plane, (011), that was increasing in exposure. Worletal.Hido et

al., 2010)suggested that the (011) plane had the lowest dispersive surface energy ofn3ms,
compared to the higher dispersive surface energy of the (010) plane, am@n®. If the (010) plane

was increasing in exposure there would have been expdotéd an increase in the overall dispersive
surface energy of the powder, however due to the reduction in dispersive surface energy of all the
powders ested, compared to FO, it wamncluded that (along with SEM analysis) the predominant
plane of fracturdor the unmodified crystalline tableting grade of mannitol was the (011) plane, where

the needle length was shortened.
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¢2 FTAINIKSNI SO fdz §S GKS LI LyYyS 2F TN OGdNBS RA
powders were evaluated anshown in Table 2 and Figur@.7. The results indicated that at MPa
compression force, disintegration times tended to increase alongside the improved hardness of the
tablets (Table2.3); this was expected as the harder tablets resulted in less water bdilegto wick

into the dosage form. However at 228Pa, where large improvements in hardness were also
observed, the disintegration time of the ODTs was generally lower than the control formulation, FO.
Significant improvements in disintegration was seeralinpowders, except F3 and F7 which both
displayed significant improvements in hardness over the control. This indicated that the tablets had
an improved wetting time, which was likely to be a contribution between the small particle size of the
mannitol making up the ODT and the increased exposure of the (011) plane, which is the most

hydrophilic plane

Table2.3: A table showing the compressibility of the powders as analysed througbfedie and indie Heckel
Analysis, with yield pressures giving an indication to the compression mechanism of the powdeldmed.
displayed are the hardness and disintegration time of ODTs manufactured from milled mannitol powders (F1
F8) compared to the control (FO) at cpression forces of 75 and 228Pa.Data marked with a single asterisk

(*) indicates results that are significantly different from the control (ANOVA p<0.05 when compared to FO0).

Powder Out-of-die In-Die Yield Disintegraion Time (s) Hardness (N)
Yield Pressure  Pressure 75MPa 225MPa 75MPa 225MPa
(MPa) (MPa)
FO 3333.33 14447 +8.02  35.67 % 280.00 + 45.70 + 120.47 +
2.08 8.54 5.61 6.59
F1 1250.00 156.19 + 52.33 133.00 + 63.40 + 161.80 +
17.35 4.16 6.08* 10.13 17.41
F2 714.29 280.88 + 34.33 % 125.33 + 52.03 £ 148.83 +
15.07* 2.08 7.51* 8.79 5.69
F3 833.33 380.37 £ 283.00 + 281.67 + 113.00 + 320.53 +
38.95* 8.00* 6.03 18.49* 45.76*
F4 1666.67 229.62 + 126.67 + 190.67 + 93.27 + 243.00 £
15.20* 37.90* 13.61* 10.17* 13.95*
F5 1666.67 240.10 £ 35.33 % 119.00 + 51.13 + 155.93 +
31.98* 2.89 6.24* 2.32 11.16
F6 1250.00 324.26 + 36.67 = 128.67 + 47.20 + 142.53 +
17.44* 2.08 3.51* 6.68 7.91
F7 1250.00 202.85 + 154.67 249.67+ 107.10 + 238.10 +
43.75 10.07* 6.81 11.44* 24.21*
F8 1250.00 226.85 + 57.67 169.67 + 87.80 £ 181.93 +
43.21* 4.73 23.59* 0.70* 44.00
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Figure2.7: A graph showing the hardness and disintegration ofrtrufactured ODTs at a compression fo
of 75 and 225VPa. At 79MPa hardness of the milled ODTs has improved indicating improved compressi
of the milled mannitol. At 22MPa disintegration time has improved for milled ODTs even with the increa
mechanical strength of the tablets, indicating improved wettability of the milled powders (p<@@atg.
presented as mean + SD.

on the crysta{Hoet al., 2010) The improved dintegration time indicated that the ODTs had a higher
affinity for water, which was an additional evidence for increased fracture at the (011) plane, as

opposed to the hydrophobic (010) plane.

2.3.4 Compressibility

Compressibility of the powders was assed using both itlie Heckel/outof-die Heckel plots, as4n

die equipment was limited to a maximum compaction force oM#a.Out-of-die Heckel data (Figure
2.8), showed a typical plot for a brittle fragmenting material for aoifled mannitol (F0), whelsy

there was an initial sharp rise representing particle rearrangement, followed by a plateau region which
indicated that the material was densifying largely through fragmentation as compression force was
increased(Paronen and llka, 1996However resultgor the milled mannitol showed a more linear
compression profile, indicating an improvement in compressibility of the powder bed, possibly due to

the lower degree of fragmentation under compression and a more plastic deformation profile. This
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may have bee because the particles within the milled powders underwent fragmentation/cleavage
during the milling process therefore reducing the levels of fracture during tablet compression. The
more linear profiles displayed steeper gradients, giving much lower gielsures in comparison to
powder FO, as seen in Talde3. This indicated that milling had reduced the levels of fragmentation
during compression, and the compacts were formed through increased plastic deformation. To further
support the outof-die Hecké data, an indie Heckel analysis was conducted over the initial

compaction force range.

In-die Heckel results (Figure9}, displayed a different pattern to thaf the out-of-die results, as this
was a real time simulation of the compaction rather than an analysis of the ejected compacts. £or non
milled mannitol (FO) it was seen that there was the characteristic rearrangement stage followed by
densification, wheré¢he profile had become linear and the yield pressure wasMP4a, similar to that
reported in previous literaturéGharaibeh and Aburub, 2013, Klewral.,, 2010) The milled powders

showed a clear difference in the compression profiles within the regearent stage, as the data
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Figure2.8: An outof-die Heckel plot of the milled powders @F8) compared to nomilled mannitol (FO)
indicating a decreased yield pressure postling as seen through a steeper gradient.
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revealed that they underwent lower degrees of rearrangement within the dies, shown by the faster
onset of densification. This was due to the milled particles being smaller in size along with being very
cohesive, prompting the particles to faito the smaller voids amongst the packed powder within the
dies, therefore leading to less rearrangement being required during the initial stage of compaction
(Roberts and Rowe, 1986jowever the yield pressures obtained appeared to be larger for thednil
powderscompared to the control (Table.2), which would have indicated that the milled powders
were densifying through brittle fragmentation to a larger extent. However, these results revealed that
there was less fragmentation occurring during compies, as when the particle size of a brittle
material was reduced through milling, the larger yield pressures obtained indicated that the material
was fragmenting to a lesser extent, and that the ductile behaviour of the milled powders had increased
due tothe less brittle nature of the materiéBolhuis and Chowhan, 1996, Hersewl., 1973, Roberts

and Rowe, 1985, Roberts and Rowe, 1988)is was because the particles had been previously
fractured during the milling process, which imparted stress aadks upon the crystal. This therefore

increased the stress/force required to further fracture the particles during compression, which
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Figure2.9: An indie Heckel plot of the milled powders @B) compared to nomilled mannitol (FO) indicatir
an increased yield pressure peasilling as shown by a smallgradient.
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subsequently led to higher yield pressures being obtained on thaieirHeckel plot. This study
therefore agreed with preious findings where it was stated that the reduction of particle size of a
brittle fragmenting material had reduced fragmentation during compactibierseyet al., 1973,
Roberts and Rowe, 1985, Roberts and Rowe, 1&&6)n the current study, mannitol bej a material

that densifies largely through fragmentation also had enhanced compression behaviour after particle

size reduction.

As most of the fracture on the mannitol particle was occurring prior to the material being tableted,
the particles were lesskely to fracture during the compaction process. This therefore led to less
fracture at the (011) plane between the dies, which in turn was likely to lower the amount of die wall
friction occurring during compression, as there would be an absence of reaelyred surfaces
interacting with the dies. This was shown by the production of more robust, mechanically stronger
ODTs manufactured from the naitl samples, as shown in Figur& and Tabl.2. The fracture at the
(011) plane during milling and prior to tableting led to an improvement in compressibility, as the
reduction in die wall friction allowed the particles to interact and bond more tightly together. It can
also be concluded that a langproportion of the compression energy appligdo the material would

have been used to bond the particles together as opposed to causing the particles to break/fragment
(CoffinBeach and Gary Hollenbeck, 1988hich was shown by the improvement in haeds of the

tablets at both compression forces.

2.3.5Long Term Physicatability Study

To establish the long term stability of milled mannitol three of the most favourable powders, with the
optimum powder and ODT characteristics, were taken forward. Thaseulations had the ideal
energy input during milling, with the energy input per unit mass being-6.84 J/kg. The selected
powders were F1, F2 and F8. Figure 2.10 atddidvn A Y RAOF S GKS 5{/ -YSt i

mannitol present in the powder gpectively. It was sedhat the melting point (Figure.20) remained

very close to the literature reported value and the value tested immediately post milling, of around
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Figure2.10: DSC melting point dhe three milled mannitol powders tested at ambient and accelerated stc
conditions over 6 months. Gives a clear indication that the melting point resdaiary consistent between
167-169°C, indicating a stable crystal fofbata presented as meanSD.

167°C(Roweet al., 2012) In Figurdmm A G g+ a aSSy (KL (-Mankitd aldaS NO S
remained consistent throughout the testing period, with the amount in the powder constantly above

98 %, although a slight reduction from the first feveeks, and a plateau was observed. This gave an
indication that the milling process had very little effect on the stability of the mannitol crystal, and
that it remained crystalline material with little or no amorphous regions. The XRD patterns produced
veNE & KIFNLJ LISl 144 AYRAOI GAY 3 KA I unarbiddBEndicated thang A § & |
LRt EeY2NLIKAO GNIYAT2NNIGAZ2Y g1 a (pdymnefh(WilkrtetO S =
al,2007% ¢ KS y S3t A ImaonitoB(<1b%)dsfved upoh Rietveld refinement may have
been due to impurities within the material or due to the reduction in peaks across the pattern, that
was characteristically observed after the milling process. With the accelerated study at a high
temperature and humidity, it was observed that the crystal properties of mannitol remained very
stable for long periods of time, and that storage did not result in a reduction in the crystallinity of the

material.
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Figure2.11:! 3 NJ LIJK A y R-imabhitdl khyoHgh Righ@Id:iefinément of the XRD patterns, of the
milled powders stored at ambient and accelerated conditions over the 6 month stability testing peraiid. |
cases the amount af-Mannitol remains >986 indicating that the polymorphic form remains stable post
milling during storage in ambient and accelerated conditions.

Figures 2.12 and.23 indicate the degradation temperature and moisture content of the milled
mannitol that was stored at ambient and accelerated condition over the 6 month period respectively,
which was measured using TGA analysis. It was observed that over the 6 months, at both ambient and
accelerated conditions, the degradation temperature remained very gimiath degradation
occurring at around 23245 °C, in one large mass loss, similar to what was observed in literature
(Tonget al., 2010) This consistent degradation temperature, with very similar patterns observed
throughout the stability study, indicat that the mannitol was remaining fairly stable, and there was
very little production of byproducts occurring during the storage of the milled mannitol. Along with
DSC analysis, where no other transitions or melting points were observed, the data sheawigd

that milled mannitol was chemically stable, and that there were no reactions of the material that led
to the formation of byproductsduring storage. Also in Figurel3, it was seen that the moisture
content of the milled mannitol remained similghroughout the study, and more importantly during

accelerated storage conditions where RH is a¥/3here was very little/no water uptakato
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Figure2.12. A graph showing the TGA degradatitamperature of the milled mannitol powders stored
ambient and accelerated conditions over a 6 month period Degradation remains fairly constant at arou
240 °C, indicating very little/no formation of by products during storage, and that post milfireqnitol
remained stable.Data presented as mean * SD.

the milled mannitol. As was mentioned previously mannitol is almggroscopic material, which gives

it one of its key advantages for employment in ODTSs. In this study it was seen that milbisgaKpe
hydrophilic (011) crystal plane, and therefore it was necessary to test moisture uptake during storage
as the wettability of the powder had increased when it camte contact with water. However upon
storage at a high relative humidity it was seat there was no increase in moisture within the milled
mannitol, with moisture levels remaining below% at both ambient and accelerated conditions,

indicating that the milled mannitol still had the advantage of being amygroscopic material.

From the stability study it was concluded that across the 6 month period, at both ambient and
accelerated conditions, very little change in any of the milled mannitol formulations (F1, F2 and F8)
was observed and the properties of the material remained coastdhroughout. This indicated that

the material would be suitable as a long term alternative to regular mannitol, as the milling did not
affect the crystallinity, polymorphic form, melting point, degradation temperature or moisture

content during long temn storage, and in fact the material remained very stable.
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Figure2.13: A graph indicating the moisture content of the milled mannitol powders stored at ambier
accelerated conditions over a 6 mongieriod, measured using TGA analysis. The moisture content read
very low (<1%) in all cases, even when stored in accelerated conditions at 75%RH, nydtbati the millec
mannitol didnot become susceptible to moisture uptake during storaBata pesented as mean + SD.

2.3.6 Milled Mannitol Flow Improvement

From the above work it was concluded that milled mannitol provided a pragmatic strategy to
overcome the inherent poor compression properties it displays during direct compression, and was
advantageous for ODT production. However the unaided mannitol powder had an extremely poor
flow due to its highly cohesive nature, which was due to its very small particle size of aroddd 10
>Y® D22R odzZ 1 Ft2g OKI NI Ol S NHKaatire\oOtablets tliBng Sirkcd S v (i
compression as this results in a uniformly weighted dosage form, with the absence of any capping or
lamination, as well as having a consistent drug conf@beet al., 2009, Thoorenst al., 2014) With

the milled mannitol having a small particle size, it led to a high surface area to volume ratio, which
resulted in the cohesive Van der Waals forces increasing and therefore when the powders were
poured it was more inclined to resist bulk flgiMullarney and Leyva, 2009%Iso as a result of milling

the particle size distribution was wide which also contributed to the poor flow behaviour; segregation

would be prevalent as the smaller particles aggregated due to their highly cohesive nature, sgparatin
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from the larger particles; there would also be high incidences of interlocking, as the smaller particles
were able to pack in between the voids between the large particles, and along with their highly
cohesive nature reduce the bulk flow behaviour. Pomi2 was taken forward for flow investigation

due to its advantageous ODT properties and because of its highly stable nature. It had an ideal energy

input per unit mass, being 1.71kg, which would also be the least labour intensive if translated to

larger scale production.

2.3.6.1 Optimising Flowability with Starch 1500®/Silica in the Cube Mixer

Figure 214 indicates a graph comparing varying concentrationStafch 1500® {20 %) against the

F2 mannitol control, with and without the use of silica as a flow aid, with all powders blended in the
cube mixer at 250pm for 10mins. The angle of repose data showed that adding sté@planc 2.44

pum) to the milled mannitol tended to improve the flow of the milled mannitol, with statistical
significance seen at concentrations d¥f8and above, from an angle of repose of 48.75° (poor flow) to

60 = No Silica m Silica 0.5%

Control F2 4% Starch 8% Starch 12% Starch 16% Starch 20% Starch
Powder
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Figure2.14: A graph showing the angle of repose of the milled powders, indicating that addition of Starc
1500® is advantageous in improving flow characteristics of the milled powders, with concentrations &b
being statistically significant. However it was also shown that addition of silica significantly improved flo
compared to the control, similar tstarch at high concentrations, with further improvement in flow seen at
starch concentrations (only % starch showed statistical significance. Data presented as mean + SD (n=
p<0.05).
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39.26° (Fair) when 2% starch was incorporated. Starch 180b@ad a larger article size compared to
mannitol, aroundaVMD of 88Y  OO2NRAY 3 (2 fF AaSNJ RAFFTFNI OGAz2Yy
flowed better than the milled mannitol, and once added to the mannitol helped to aid the flow, as the
cohesive mannitol particlelsad been attracted to the larger starch particle, which resulted in lower
cohesion between the mannitol particles. However when silica was incorporatedhe powder

blend the flow was further improved compared to adding the starch on its own (witlisttat
significance seen with the F2 control anélodstarch). This was because silica is designed as a flow aid,
so it was expected that the addition of silica would increase the flowability of the powder. The very
small silica particles were able to cdae milled mannitol particles, which consequently would have
reduced interparticle cohesion and friction between the mannitol, and improved eyima and
Elliott, 2013, Zimmermanet al., 2004, Zhoet al., 2010) This was shown by the F2 formulatiwhich
displayed a significant decrease in angle of repose between the unaided mannitol and mannitol
containing 0.8% silica. When the starch was added further improvements in flow were seen, and it
was observed that an optimum concentration of Starch 508s 12%, as this displayed the best
angle of repose at 35.45° (Good). The angle of repose with 20% starclo+siliéa was also low at
35.89°, however a worsening in angle was observed in the results for stafth+18.3% silica, with

an angle of 3M7° (passable). This may have been attributed to the packing geometry of that particular
powder, as having the larger starch particles may have allowed the small milled mannitol to pack
within the voids of the starch particles, which subsequently inhibited bulk flow of that powder,

and cause a reduction in flowability of the bulk powder blend. From these results the powder taken
forward to investigate for further flow improvement in the composite mixer was th&d 2tarch

formulation, with 0.5% silicaas it displayed the best flowability according to angle of repose.

2.3.6.2 Optimisation of composite blender parameters

Figure 215 shows the angle of repose of milled mannitol with%.Silica mixed in the novel composite
mixer at speeds of 150(pm campared to 2000pm, with and without the use of thar of air to help
disperse and mix the powder. From Figlr#5 it was seen that the angle of repose tended to decrease

105



A Holistic Multi Evidence Approach to Study the FragmeméaBiehaviour of Crystalline Mannitol

as the speed of the mixer was increased, with the angle of repose viatr air at 500 rpm being
39.59° (Fair) compared to at 2000m where the angle was 34.48° (Good). This was because at a
higher mixing speed the particles were able to disperse more readily through the powder blend as
higher shear forces were applied to the mannitgheegates, which essentially broke them (lyeet

al., 2012, Kalet al.,, 2009, de Villiers, 1997y his allowed the silica flow aid to then coat the cohesive
mannitol particles more effectively, rather than coating the aggregated patrticles, and produced a
more uniform particle size distribution, with a lower range of large agglomerates. From RBigGri

was seen that there was statistical significance (ANOVA p<0.05) when the speed was increased from
1500 to 2000pm with 1bar of air, which also showelat increasing mixing speed allowed further
improvements in flow categories. From this it was concluded that using ar@d0&peed with the
composite mixer with bar of air produced the most favourable flowing powder, and was therefore

used for further mvestigation of the composite blender.

45 m No Air m 1bar air

1500rpm 2000rpm
Composite blender speed

Figure2.15: A graph showing the angle of repose of the milled mannitol ®#®d$lica mixed in the novel
composite blender at different parameters. It shows tiratreased speed does help in improving the flow
behaviour of the powder, with a significant improvement seen between the powder tested atrpfd@nd
2000 with 1bar of air pressure. Data presented as mean + SD (n=3, p<0.05).
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2.3.6.3 Comparison of tfzube and Composite mixer

Figure2.16 shows a graph of the angle of repose of milled mannitol mixed in different pdseteis
containing 0.5% silica, 126 starch and a combination of both. It was seen that the formulation
containing 0.%% silica mixed in the composite blender had the best flowability with an angle of repose
of 34.48° (Good), compared to the cube mixerhajitst 0.5% silica which had an angle of 41.319°
(Passable), which was statistically significant (ANG¥A0B) . It was seen that in all cases adding 0.5
% silica did improve the flow, as it was utilised as a flow aid, and was able to reducdh#siveness

of mannitol, therefore allowing the particles to flow better due to the lower Van der Waals forces.
When 12 starch was used, it was observed that there was very little difference in the angle of repose,
as both were around 35° (Good). It mzgve been that for milled mannitol it was difficult to improve
the flow further, as it appeared that, alongside the Obsilica blend in the composite mixture, the
lowest angle achieved was 3%°. This was as a result of the cohesive nature of the povedethe

particles of mannitol were very small, and interparticle/electrostatic forces would hrdvbited the

45 . . .
®m Cube mixer. m Composite mixer

40
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Figure2.16: A graph showing the angle of repose of the various milled mannitol powders comparing cub
mixing and composite mixing for Mdinutes. It can be seen in general tle@mposite mixing proves
advantageous in improving flow, with significant flow improvement observed with 0.5% silica. Data pres
as mean + SD (n=3, p<0.05).
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flow behaviour of the bulk powder, even with the presence of silica which was acting as a lubricant. It
was seen that including starch hadlgtbenefit in improving the flow properties of the powder, unless

it was included with silica. The angle of repose tended to be around 40°, which in the case of the cube
mixer was comparable to the silica blenawéever in the composite mixer the flow dfa starch blend

was much higher than the mannitol with the silica alone. This may have been because in the composite
mixer, which was able to dry coat smaller particles onto larger coarse particles, the mannitol may have
coated on to the surface of the stah. The blends tested for alegof repose were not sieved remove

the finer particles, so in this particular batch there would have been a wide particle size distribution,
therefore leading to particle segregation, and a more closely packed particieedeg which would

have therefore inhibited the flow further. Including starch with silica provided the best option for flow
improvement at a concentration of 1% starch, with the angle being around 35°, as the cohesive
nature of the mannitol would haveden reduced due to the presence of silica, whilst the good
flowability of the starch would have also contributed to the better flowing nature of the bulk powder.

It was shown here that the composite mixer presented a better option for flow improvemengrath
than the standard cube mixer, as the presence of high shear forces dhangixing process would

help deagglomerate the cohesive milled mannitol particles, allowing it to coat the surface of larger
particles, therefore reducing overall cohesivity bétpowder blend. The ability of silica to coat the
surfaces of mannitol was also increased as a larger surface area of mannitol was exposed due to the
deagglomeration of the particles, allowing a larger area for the silica to (@ahmash and
Mohammed, 2@5). Work in the group had shown optimisation of the composite mixer parameters
were needed for peak powder performance. Therefore the composite mixer was taken forward for

further flow improvement assessment.
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2.3.6.4 Assessing the effect of mixingetohring Composite blending on Milled Mannitol flow

Figure2.17 shows the differences observed betweemgmsite and cube mixing over a 8&tn time

period. It was seen that over the 30in period the flow of the milled mannitol with silica was further
enhanced, with composite blending proving more advantageous than cube mixing. This was down to
the longer duation of powder mixing, which enabled the high shear forces within the composite mixer
to break down aggregates of both silica and mannitol, and therefore the small silica particles were
able to coat the milled mannitol more thoroughly. This would havadddwer cohesive forces being
present in the powder blend as the silica was effectively coating a larger proportion of the mannitol
and inhibiting the cohesive forces between adjacent mannitol particles. A statistically significant
difference was seen ahe 10min mixing time (ANOVA<0.05), but not at 20 om3ids, however it

was still seen that composite mixing gave a more flowable powder than cube mixing, with the lowest
angle of repose being 32.53° (good), which was mixed fami8@ in the compositdlender. The
corresponding cube mixed value was 34.56° (good), indicating a difference of approximately 2°, which
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Figure2.17: A graph showing the angle of repose of milled mannitol 490 &lica comparing cube and
composite blending over a 3@in period,highlighting that composite blending is advantageous over cube
mixing as flow improvements are evident, with mixing atids being statistically significant. Data present
as mean + SD (n=3, p<0.05).
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was also similar for the 2@in time interval where the composite mixed powder had an angle 34.94°
(good) as opposed to the cube blended powde36.75° (fair). With flow the USP gives guidelines on
powder flow classificatiofUSP37, 2014cpand in the case of the 2@in mixed powder, although
atdrdAradAort aA3aAYyAFTAOIYOS gl ayQi 206aSNBSR | Ff
composite powder would be more flowable and actually be classed as a lower risk powder. Therefore
in terms of the angle of repose it could be said that a 2° difference could be significant and therefore
composite blending represented a more advantageoughwoe for flow improvement over cube
mixing, with a 3@nin time giving the most flowable powder with a 2° improvement seen between the

composite mixed powders at 3@ins compared to 2énins.

2.3.7 Scale Up Study

To assess the suitability of milled manni&asl a viable option to unmilled mannitol, a scale up study
was conducted, whereby a preblend of milled mannitol had undergone flow enhancement with an
ideal blend from the flow investigation above. It was established that flow improvements could be
seen wha milled mannitol was dry coated on to a host particle, in the above ca%e $farch 1500®,

and used in combination with the flow aid, fumed silica. MCC was used as an alternative to the Starch
1500®, with a slightly larger particle size of 6 to endle a different loading capacity of the guest
mannitol on to the host particle. The powder blends were mixed in the composite mixer and compared
to cube mixed blends. TabR4 shows results for the uniformity of weight test carried out according

to BP speification(BP, 2015)BP requirements indicate that no tablet should fall outside of the range

of 10% from the mean fothat batch, and no more than twshould fall outside of % from the mean.

The composite blended starch passed the uniformity of weligtt as no tablets fell outside the%

range, and provided a flowable powder that was easily tableted. The compositely blended MCC
powder also gave fairly good results with tablets only varying in th@ % range, @hough this test

did fail with sixfalling within that range. Cube blended results however had tablets in both batches
falling outside the 106 variation parameter (13 for starch and 2 for MCC), indicating poor flowability
and tableting capability of that powder. The results gave an indicdtiat composite blending was
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providingmore uniformly weighted dosage formas the standard deviations observed were much
tighter than thoseof the cube blended tablets. Twentgblets were tested, and as was seen with the
cube blending, massive variati® in weight were seen, with SD being 79.59 and 3@@6for starch

and MCC respectively, compared to the composite blended SD being 11.88 anang3#r starch

and MCC respectively. The above results showed that the flow of the compositely blendddrpow
proved advantageous, however with the use of angle of repose as the primary measure of flow this

could been classed as subjective.

Table2.4: A table showinghe uniformity of weight of the foupowder blends tested in the auto tablet press,
with the amount of tablets falling between-80 % and greater than 18 of the mean highlighted as per BP
requirements(BP, 2015)Resultshow that composite blendingrovided more uniform dosage forms andthe

case of compositely blended starch passed the compendial test. Results are displayed as mean + SD (n=20)

Starch Cube MCC Cube Starch Composite  MCC Composite
Mean Weight 467.65 498.89 + 536.31 = 503.02 =
(mg) 79.59 33.16 11.88 23.67
5-10% 1 3 0 6
>10% 13 2 0 0
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To provide evidence that the flowability of the composite blended powders was superior to the cube
blended the tableting study was essenttal provide actual practical evidence that the composite
blended sarch and MCC were giving powders that were able to flow down the hopgerthe dies

and produce uniform dosage forms successfully. Figut® shows images of the produced tablets.
Again this, alongside the uniformity of weight test showed that the cositp blender provided far
superior tablets compared to traditional cube blending, as the cube blended tablets had evidence of
capping and lamination, due to the poor flowability of the powder, whereas the composite blended
tablets looked more niform, with much less imperfections. With cube blending the starch/MCC and
silica were not being evenly dispersed throughout the milled mannitol, which was the largest

constituent of the blend. Whereas in the composite blender the milled mannitol would have started

P
Figure2.18: A picture showing tablets produced from the auto tablet press for the 4 powder milled manr
blends test; Ic Cube blended with starch,Cube blend with MCC,@3Composite blend with Starch and;4
Composite blend with MCC. Observed that tablets made from cube blended powder were prone to car
and lamination, and the quality of the tablets were very poor compared to compositely blended powder
which provided urform tablets with venfittle/no imperfections.

112



A Holistic Multi Evidence Approach to Study the Fragmentation Behaviour of Crystalline Mannitol

to coat the surface of the large starch/MCC particles, whilst the silica would have been more likely to
coat the mannitol surface and reduce the cohesiveness. The flow of the cube blended powders would
have been inhibited due to the large particle sizeganincreasing the amounts of segregation in the
blend, whilst also being more cohesive due to the increased sudectrostatic forces. Thisddo

the powder flowing very poorly dowinto the dies duringthe automated process, whichdeto
trapped airduring the compression cyglwhilst the segregation causedcess fine particles within

the powder which would have increased die wall friction, and therefore lead to dusty surfaces on the
tablet, as was clear in Figugel8 (Staniforth and Aulton, 2007However in the composite blender,

the dry particle coating would have negated excess surface charges on the milled mannitol as the
mannitol was able to utilise its cohesive nature to coat on to the surface of the starch/MCC, whilst
also attracting largeguantities of silica, which helped improves it flow behavigDahmash and
Mohammed, 2015)This also produced particles of a more uniform size as the levels of small milled
mannitol particles were reducing due to their coating on the larger particlés.tfarefore led to a

more uniformly dispersed powder and improved bulk flawto the dies during tableting allowing the

automated tablet process to produce taié of a uniform weight and @ood quality.

Tablet2.5 shows the tablet test results of thablets produced from the auto tablet press from the

four blends investigated. The results indicated that the mechanical strength of the composite blended

Table2.5: A table showing the tablet test resulisr the ODTs produced usitige auto tablet press for the four
different powder blends tested. Results indicated improved mechanical properties of the compositely blended
ODTs alongside improved disintegration times, with hardness of composite blendesi@iD§ significantly

better than the cube blended alternatives. Results are presented as mean = SD (n=3, p<0.05). Data marked with
an asterisk (*) indicates statistically significant results compared to the cube blended alternative.

Starch Cube MCC Cube Starch Composite  MCC Composite
Disintegration 52.7+18.4 43.7 £19.0 34.0+17.3 41.0+£7.9
time (s)
Hardness (N) 71.40+2.31 99.70 £ 14.90 136.17 + 11.64* 146.70 £ 16.74*
Friability (%) 2.23 1.67 0.77 0.76
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powders was improved compared to the cube blended powders, with the improvement in hardness
being statistically significant (ANOVA p<0.05). The primary reason for this would have been due to the
poor quality of the cube blended dosage forms, as observdeigare2.18, with tablets displaying
capping and lamination, alongside a dusty exterior. During auto tablet manufacture the powder is only
within the dies for a matter of a few seconds at most, the reduced flow capability of the cube blended
powder wouldhave resulted in an incomplete filling of the dies and therefore poor compression of
the powder, which resulted in weak dosage form production. This was reflected with the friability
results, as excess dust was lost during the test, and the weaker cubdeblgablets were more
inclined to damage during the test. The hardness of the composite blended tablets wasvhigin

resulted in the friability being below the% standard.

Interesting results were observed for disintegration time. Although stasiksignificance was not
evident, possibly due to a slightly high standard deviation, it was seen that the compositely blended
tablets had an improved disintegration time, even with the higher mechanical strength. During
disintegration testing it was seetat the cube blended tablets would disintegrate at a fast rate,
however large pieces were left to disintegrate over the longer duration, whereas with the composite
blended tablets a uniform disintegration of the tablet was observed. This again pointée fmobrly
flowing nature of the cube blended tablets, as segregation would have been more prevalent
(Staniforth and Aulton, 2007 his meant that during flomto the dies, and compression, the larger
starch/MCC particles were more closely packed and bantbgether, rather than with the other
powder constituents, leading to the noticeable long disintegrating pieces observed during testing.
Whereas the more uniform distribution of the starch/MCC through the composite powder, as well as
the surface coatingf mannitol, led to a tablet with a uniform composition of excipients throughout
and therefore complete disintegration in a faster time, with disintegration occurring almost within

USP ODT disintegration time standards even with the absence of any gliaintte
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2.4 Conclusion

Ball milling resulted in an alteration in the powder morphology of mannitol, with little of the original
crystal structure remaining due to the high levels of energy input during the milling process. It was
observed thatoptimisation of energy input is essential to overcome particle agglomeration- post
milling, and that xay diffraction provides a useful model to predict energy input during milling.
Additionally, the crystal structure remained stable as there were no ahmrg regions formed with
negligible polymorphic transformation. The main plane of fracture for mannitol during the milling
process was the (011) plane as visualised on the SEM images and subsequent evaluation of surface
energy analysis and disintegrationme profiles. It can be concluded that inclusion of fractured
mannitol in tableting would result in an improvement in the compressibility of the excipient as more
of the compaction energy would be utilised in the bonding of the compact as opposed to
fragmentation of the excipient. ODT properties were also improved when milled mannitol was used,
with disintegration times being shorter at higher compaction forces, as the mannitol particles had
increased wettability due to the exposure of the (011) plane.fdreness of the ODTs also improved

due to the increased compressibility of the mannitol.

The scale up study provided evidence that the newly developed composite blender provided clear
advantages for producing a flowable powder that was capable of beingre@ased in an auto tablet
press. In fact without the composite blender, milled mannitol would not have been suitable for
tableting on a larger scale due to the poorly flowing nature of the powder that was produced. The
composite blender gave a powder thfibwed well into the dies during autacompression, and
provided uniformly weighted tablets of a high quality, that were mechanically sound and disintegrated

rapidly.

It can be concluded that particle size reduction is a pragmatic strategy to overcomwérent poor

compression properties of mannitol, and dry particle coating can be utilised as a novel method to
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provide a scalable powder capable of providing tablets of a high mechanical strength as well as fast

disintegrating properties.
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3.1 Introduction

The milled mannitol tested ithe previous chapter provided interesting results in terms of ODT
OKF NI O SNARaGAOaDd ¢KS h5¢Qa YIydzZFl OGdzZNER A GK
properties with relatively low disintegration times, which confirmed that milling the nitahprior to
compression can improve ODT characteristielwever the main drawback of milling was the poor
flowability of the powder due to the very small particle size, which increased cohesiveness and
electrostatic forces between the individual paréisl The wide particle size distribution also resulted

in segregation which in turn inhibited powder flow. This poor flowability will cause the powder
particles to not travel uniformlynto the dies and can affect the uniformity of content and weight of

the final dosage form, whilst also causing sticking and capping during the tabletting p(Resssiack

and Mdller, 2002, Sandlast al., 2010, Staniforth and Aulton, 2007Jhis was addressed with the
flowability study whereby the milled mannitol was compeki blended in the dry particle coater
alongside the glidant, fumed silica, and a larger particle, either Starch 1500® or MCC. The promising
results achieved with dry coating of milled mannitol indicated that flow could be improved to

acceptable levelsgesulting in a powder that could be successfully tableted on a large scale automated

tablet production process, giving tablets of an acceptable quality and rapid disintegration.

Mannitol is available commercially in two maimodified forms, spray dried andranular powders.
These are designed to overcome the inherent poor flow properties of crystalline mannitol, which due
to its needle shape and small particle stzas high levels of cohesiveness and increased interlocking.
Granulation is a process which designed to increase particle size by fusing the mannitol particles
together to form larger agglomerates/particl€Shanmugam, 2015)vhich in the case of mannitol will
reduce the levels of needle shaped particles within the powder. This increase amdiadteration of
particle shape leads to an improvement in powder flow by reducing the cohesiveness of the powder
and lowering the levels of interlockingummers and Aulton, 20Q7Also the introduction of more
uniformly shaped particleseduceslevelsof segregation, and provides a more uniform bulk flow

(Shanmugam, 20155pray drying is a process by which a solid excipient, for example mannitol, is
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dissolved to form a solution. This solution is pump#d an atomiser on the spray dryer and sprayed
into the chamber wherebyhe hot air evaporates the solveand causes rapid drying of the droplets.

The solid particles are then collected at the end of the process, with particle size of the solid powders
controlled by the pump rate, which affects the ditepsize, and the drying temperature of the device
(Wisniewski, 2015)This forms particles which are spherical in shape, and have a uniform size
distribution, with the size often described by the diameter of the part{&ehring, 2008)which in

turn inadeases powder flowability by reducing the interlocking and electrostatic forces between

mannitol particlegAulton, 2007)

The aim of this study was to assess powder characteristics and ODT properties of commercially
available mannitol grades, and compainés to the milled mannitol that was prepared in the previous
study. Processing of mannitol through milling provides a much more cost effective alternative to spray
RNEAY3I YR ANI ydz | GA2y 2F ONRBRAGEt f A yn®adolutoy A (i 2
0ST2NBE LINBRdAzOGA2yX & Aa (GKS OFrasS 6A0GK aLINI @
process. Results for powder F2 were taken from the previous study and brought forward for
comparison as it provided the ideal ODT properties (eyéngut per unit mass being around 1.71

J/kg) and allowed a true comparison to the commercially available grades. This will highlight any
advantages and disadvantages that current commercial grades hold over the milled mannitol samples
prepared, whilst shaing areas where milled mannitol may actually perform similarly to the

commercial grades.

3.2 Materials and Methods

3.2.1 Materials

Several different grades of-Mannitol were investigated from two different suppliers. Mannogem
powder, Mannogem 2080, Maimgem Granular and Mannogem EZ SD were provided by SPI Pharma
(Wilmington, USA), and Pearlitol 50C, Pearlitol 500DC and Pearlitol 200SD were provided by Roquette

(Lestrem, France). Milled mannitol results from the previous chapter were used as a refecenice p
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for comparison in this study. Magnesium stearate was used as a tablet lubricant and was obtained

from Fischer Scientific (Loughborough, UK).

3.2.2 Methods

3.2.2.1 Scanning Electron Microscopy (SEM)

SEM monographs were obtained using a Zeiss Supv® g§®berkochen, Germany) scanning electron
microscope, allowing an analysis of the particle morphology of the graded mannitol products. A few
milligrams of each sample was adhered to a separate double sided strip and then fixed on to an
aluminium stub whichvas subsequently attached to the SEM holder. Each stub was then gold coated
using an Emscope SC500 Sputter Coater (Quorum Technologies, Lewes, UK) at a curneAtayfd0
acceleration voltage of 1.BV for 40 seconds. Each sample was the placed inENedhd analysed
under vacuum conditions, the magnification and acceleration voltage are on each of the monographs

presented.

3.2.2.2 XRay Diffraction (XRD)

XRD was performed to detect the polymorphic form present in the samples of different grades of
manritol. A Bruker D2 Phaser (Massachusetts, USA) equipped with a lynxeye detector comprising of
aCeYh (dzo6S3 GAGK | YEI OFK $ydEadER 2F2 NIOT S Hicy | £ & & A 2
of 1050 in steps of 0.02 every 0.25 seconds. A rectanguwanbof size 0.6nm was used for
measurement and the sample spun atrpsn to allow maximum surface analysis. Aroungl df each

sample was poureihto the centre of a grooved plastic disk and lightly flattened to obtain an even
surface for the analysis; the sample disk was then insartiedcthe diffractometer. Eva 18.0 software

was used for analysis of the obtained patterns.

To quantify the polymorphiphases within the commercially available grades a Rietveld Refinement
was conducted using Material Analysis by Diffraction (Maud) software v2.49 (Luca Luterotti, University
of California, USAJutterotti, 2010) The obtained patterns for each of the gesdwas individually
importedinto 0 KS LINPINIJ YYSZ gKAtad + OFtOdzZ FGSR ARSH
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obtained from the Cambridge Database, were imported as a .ciffdeMaud. The software was then
able to fit the obtained pattern from XRanalysis to the calculated patterns, and the refinement

calculated as percentage quantity of each of the polymorphic forms.

3.2.2.3 Powder Flow

t 26 RSN Ft2¢ o6l a aaSaaSR daAy3d GKS |1 dzay SN NI
' rtapped_ I puik
Carr's Index=—"—"————-3100 (Eq. 31)
rtapped
. rtapped
Hausner Ratio=——— (Eq. 3.2)
rbulk

2 A Oulpea0 SA Y 3 (I LILIS Rib&lrfy Wik kidngity. Th¢sk were calculated as follows:

’ bulk="" (Eq. 3.3)

With M being mass gpowder, and ¥being bulk volume.

’ tapped =" (Eq 34)

With M being tapped volume.

A known weight of sample was pour@do a measuring cylinder to allowlaulk/true volume to be

taken. The measuring cylinder was tightly fastened in a Sotax TD2 tap density tester (Allschwil,
Switzerland), using a&mn ring to get an extra tight seal, and tapped 1250 times. A reading for tapped
volume was taken at 10 taps, 500 taps and 1250 taps, and value for 1250 taps, i.e. with no further

volume reduction, taken as the tapped volume.
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3.2.2.4 Particle Size analysis

A Sympatec Helos detector equipped with a Rodos dry disperser and Vibri vibratory feeder (Glausthal
Zellerfeld, Germany) was used to analyse particle size of Mannogem powder and Pearlitol 50C to
assess particle size in terms of contribution to powder fl@ther powders exceed the maximum
measuring range of 178m, therefore particle sizevasobserved on SEM images. All readings were

taken in triplicate, and volume ean diameter (VMD) obtained and presentasit SD.

3.2.2.5 Heckel Analysis

An indie Heckebnalysis was performed on all samples to assess the compressibility of the modified
forms of mannitol compared to the crystalline powdgteckel, 19618 h5¢ Qa 6SNB Y I
using 100 mannitol, so only the compressibility of the sole excipient wstet; 500ng of mannitol

was weighed out and poureitito the punch containing the lower die. The tablet was compressed
using a Hounsfield Test Equipment H10K (Horsham, USA) equipped with 8t faced punchesp

to a compression force of 5000, at aupper punch speed of 4a@m/min. This allowed a force over
distance plot to be formed, and this data was transformed to calculate true and bulk densities of the
GFofSiz 6KAOK [ft26SR I adzoaSljdzsSyd OF fréndeof A2
0-5000N. Aplotokf yoes 0 | AL Ayad O2YLI OQlAzy F2NOS s a (K
was taken as the yield pressurg)(FAll readings were repeated in triplicate angiBplayed as mean

+ SD. Both dies were externally ludaied using B6w/v magnesium stearate in acetone solution.

3.2.2.6 Tabletting Studies

A powder blend containing 99% of mannitol and 0.% magnesium stearate was mixed for 1 minute,

and individual 500ng powder portions were weighed out. This was repédta each of the mannitol

INI RSa FylrfteaSR® h5¢Qa ¢ SipwdeiNBhlalSpeBaRsedmitomai® Y LIN.
hydraulic press (Slough, UK) equipped withnir@ flat faced puncheat a compression force of 75
MPaand22@t | & | y I f & & ivas cohductdd nSediately after manufacture to reduce any

storage effects on the tablet properties.

122



An Investigation into the Powder and ODT Properties of Commercially available Grades of Mannitol in Comparison to Ball
Milled Mannitol

3.2.2.6.1 Hardness
Hardness of the tablets was established using a Copley TBF 100 Hardness tester (Nottingham, UK). Th

hardness was then converted tortsile strength using the equation:

.  — (Eq. 3.5)

Where H is the hardness, D is the diameter and T is the thickness of the tablet. All readings were taken

in triplicate and displayed as mean + SD.

3.2.2.6.2 Friability

ODT friability wasneasured using a Sotax F2 Friabilitor (AllSchwill, Switzerland). Six tablets were
RdzZAGSR 2FF dzaAy3a I+ avlitft az2Ffd oNHAK FyR Iy Ay
the friabilitor, which was rotated for 100 revolutions at g% for 4minutes. The tablets were then

dusted off again and a final weight taken. The percentage friability was taken as:

b Ol "QM 0 Q066 pTT (Eq. 3.6)

3.2.2.6.3 Disintegration

The standard USP disintegration test was used to analyse the disintegration times of the manufactured
h5¢Qad ! aAy3atsS hs5¢ gla LIIFOSR AyaARS (KS ¢
(Nottingham, UK) without a disk and oscillated at 30 cycles peuts A single tablet at a time was
analysed for accuracy of the timings. 800ml distilled water kept &C3#Was used as the disintegration
medium, and disintegration time was recorded when all fragments of ODT had passed through the

mesh at the bottom bthe vessel. Disintegration time was conducted in triplicate and displayed as

mean = SD.

3.2.2.6.4 Porosity
Porosity of the powders was assessed using a Quantachrome Helium Multipycnometer (Florida, USA).

All measurements were carried out in triplicatedadisplayed as mean + SD. Diameter and thickness
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2F (KS h5¢Qa 61 4& GF1Sy daAy3I F RAIAGHE OF AL

an electronic balance. The bulk volume{V I YR o6dzZ { RSyairde o 0o 27F

using the following equations:

Ve = (Eq. 3.7)

’ = ————————— (Eq. 3.8)

The true volume (Y of the tablet was calculated using the pycnometer, which applies the theory of
gas displacement allowing the porousiture of the tablet to be assessed. The true volume is

calculated using the equation:

Vizw ® — p (Eqg. 3.9)

Where \4is the volume of the sample cell; & the volume of the reference cell, P1 and P2 are the
atmospheric pressure and ggsure change during the measurement respectively. The true volume is

then used to calculate true density in the equation:

T = (Eq 310)

¢KS FAYLf adGdSL) G2 OFfOdz S dgateB:a A& o6¢ 0 27F

s pl —— (Eq. 3.11)

3.2.2.7 Statistical Analysis
One way ANOVA was used to statistically analyse data from the different powders in all the tests that
they underwent, using GraphPad Prism 6. The F2 milled mannitol pomaieused as a control to

O2YLI NB GKS O2YYSNDALE LRoRSNR (G2 FyR | ¢dz] S&
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analyse the significant differences among powders. For statistical significant a p value <0.05 was used.

All data was presented as meargD.

3.3 Results and Discussion

3.3.1 Powder Morphology and Characteristics

Figure3.1 displays SEM monographs tbe Mannogem and Pearlitol grades compared to the F2
milled mannitol. From image (B) on Figure 3.1 it was evident that the Mannogem powadarotthe
characteristic needle shape of mannitol, although it appeared as a crystalline material with a slight
longitudinal shape and grooves following the direction of growth for the crystal. With the Mannogem
on all SEM monographs (Figure 3.3E[BtS dzadz- £ €2y 3 ySSRfS akl LS &
the patrticles tending to be quite short and wide. This was related to the particle size, as the particle
size was quite smalVMD- 37 > Y spang 3.27 um), although the Sigma Aldrich brand testedain
previous chapter also had a similar particle size, the characteristic needle shape was observed,
however the particles with the sigma brand tended to be a lot thinner and more needle like. The
Pearlitol 50C, seen in Figure 3.1 (F), represetitedypicd structure for crystalline mannitol, with a

long needle shape, and particles around5® Ay &A1 S® Ly O2YLI NrRazy i
Pearlitol crystalline powder had a similar particle size and was visibly similar to what was expected
from a mannibl crystal(Hoet al., 2012, Koneet al., 2015) Figure 3.2 shows the graph of flowability

of the graded mannitol powders tested; Mannogem powder and Pearlitol 50C clearly had the worst
Ft2ortoAtAles gAGK GKS /I NN a&1l.6whighSnbicatedavens veryn |
poor flow. This was expectetbi the crystalline powder as théyad a relatively small particle size
which in turn promoted cohesiveness between the parti¢@snedettiet al., 2007, Rowet al., 2012)

The crystalline rmnnitol had a more needle like shape, as observed in the SEM images, which could
have promoted interlocking between particles and in turn may have contributed to a poorly flowing

material. Figures 3.3 and 3.4 show particle size graphs for the Mannogenepawd Pearlitol 50C
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Figure3.1: SEM images showing the morphology of the graded mannitol products compared to milled
(F2); Aq F2 Milled mannitol showing very small particle size at x2000 niagtiin; B¢ Mannogem powde
showing crystalline structure at 500x magnification;Mannogem 2080 and [ Mannogem Granul:
highlighted granulated mannitol both at 800x magnificatior;annogem EZ illustrating a porous spray d
mannitol at 800x magjfication; F¢ Pearlitol 50C showing a crystalline mannitol powder with needle
structure at 500x magnification; GPearlitol 500DC highlighting granular mannitol at 100x magnification .
¢ Pearlitol 200SD showing a spray dried mannitol at 250xmifiaation
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Figure3.2: A graph showing the flowability of the graded mannitol powders compared to the ideal millec
L26RSNE CHZ GKNRAZAK /FNNR& LYRSE yR | FdzAy SN\

very poor flow alongside the F2 control. All graded powedtisplay an improved flow as expected due to tt

physical modifications to the mannitol particleading to an enhanced partictize and more uniform shape
respectively, it was observed that there was a wide raofgearticle sizes within the samples that lead

to increased segregation amongst the powderthier inhibiting powder flow, as the larger particles
tended to bunch together while the smaller fines started to aggregate due to increased Van Der Waals
forces present between the smaller particles of mannf&taniforth and Aulton, 2007)nterestingly

these results were very similar to those observed with the milled mannitol F2, which also had a very
poor flow due to the very small and cohesive particles, observed in Figure 3.1 (A), with particle size
data shown in Figure 3.5. Howeweith cohesive powders, like tr@ystalline Mannogem and Pearlitol
grades, as well as the milled mannitol, tap density may not be the most accurate representation of
powder flow. This is because the cohesiveness of the powders could lead to entrappedhiairthrat

sample and providencorrect starting bulk volum& ¢ KA OK ¢g2dz R Ay (dz2NYy A

index and Hausner ratio.
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Figure3.3: Particle sizing graph for the crystalline Mannogem powddicating a wide particle size range
within the powder, with sizes varying from @160um, with VMD being 36.9¥m and span 3.2um (n=3).

0.900 r r
0.875
0.850
0.825

ITITTIINTIT]

0.800
0.775
0.750
0.725
0.700
0.675
0.650
0.625
0.600
0.575
0.550
0.525
0.500
0.475
0.450
0.425
0.400

Density distribution 3¢

0.375
0.350
0.325
0.300
0.275
0.250
0.225

0.200
0.175
0.150
0.125
0.100
0.075
0.050
0.025

/ \
N
0.000 & 111 I I I L1 I I I L
0.4 0.6 0.8 1 2 4 6 8 10 20 40 60 80 100 200
particle size / um

L LN E RN RRR RR RN YL LR R RN IRR IR RE RN N LR R R R RN LRI RN R AL LA AR AR IRN RN A LA AR R R L R L R S LR R R

Figure3.4: Particle sizing graph for the crystalline Pearl80C powder indicating a slightly narrower particl
size range within the powder compared to Mannogem Powder, with sizes varying fre®@m8, with VMD
being 35.331m and span 2.92m (n=3), although SEM showed partiadéground 50unm(Figure 3.1 (F)).
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Figure3.5: Particle sizing graph for the Milled mannitol powder (®ih a very small particle size range wit|
bimodal distribution, with a high proportion of particles within theim size range and a high proportion i
between the 1620 um size range, with the VMD being 11.76 gnd span 5.5um (n=3).

Figures (C) and (D) on Figure 3.1 represent Mannogem 2080 and Mannogem granular respectively,
and are both granulated forms of cryitae mannitol. The foremost difference between the two in
terms of physical properties was the particle size, as the Mannogem granular had a much wider
particle size range of between 12090 > Y(SPIPharma, 2012)which was evident on the SEM
monographsas lots of different sized particles of different shapes were observed. The SEM
monographs of Mannogem 2080 displayed a more of a uniform particle size distribution as was
expected, as the particle size was between-390> Y{SP{Pharma, 2012)The granwted forms of
mannitol, as seen Figure 3.1 (C), showed the presence of needle shaped, crystalline grains within the
granule. It was also clear that these granules were made up of agglomerated patrticles of crystalline
mannitol, which were fused together thugh the granulation process. The Pearlitol 500DC (Figure 3.1
(G)) had an image at 100x magnification, as this was the only magnification whereby the whole patrticle
could be visualised. This confirmed the manufacturer stated particle size of aroun@rs0mh

comparison to the granulated Mannogem grades, the Pearlitol grade displayed much less graininess
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on the surface, and the presence of fine particles was reduced. Although it was expected that the
granulated Pearlitol was also made up agglomerated clysththe regular crystalline mannitol, the
particle surface was much more smooth and regular. The particle size distribution in the Pearlitol
sample was also much more uniform compared to both the samples of Mannogem which may explain
better powder flowalility results. From Figure 3.2 it was observed that the two Mannogem granulated
grades did have the worst flow out of the five modified forms; however both had a fair flow which
AYRAOFGSR GKIFG GKS LR2oRSNE ¢ 2dz Rasgddd flowabiliylag f S
the other grades, particularly the Pearlitol 500DC alternative, because of the wide particle size range
indicated by the manufacturer. This wide particle size range would therefore have inevitably led to
certain levels of segregatiomamongst the particles which in turn decreased the flowability of the
powder. However this was overcome with the large particle size of these granulated form, which
would have led to low levels of cohesiveness and promoted a homogenous bulk flow. ThelPearl
pnn5/ | LIISFNBR (G2 KI@S GKS o0Said Ft2¢ LINRLISNI;
13.21 and Hausner Ratio of 1.15, which both indicated a good flowing powder. This was because this
sample had a large particle size which negated angsiok forces between the individual particles,

and also the particle size distribution was narrower than what was observed with the Mannogem

grades, which reduced the levels of segregation and promoted a better bulk flow of the powder.

Figure 3.1 (E) shovesr image of Mannogem EZ, which is the spray dried grade of mannitol from SPI
Pharma. From this diagram it was observed that the particles had a very uniform spherical shape, and
had a narrow particle size range, which is a key advantage of spray (hiaget al., 2009, Vehring,

2008) It was also evident from the SEM that there appeared to be pores present within the structure
2F 0KS ALKSNAOIE YIFyyAadz2ft LI NIAOESE gKAOK YI @&
promote disintegration byhaving a more porous tablet, which would allow a faster influx of
water/salivainto the tablet(Parkastet al., 2011) Pearlitol 200SD, Figure 3.1 (H), was the spray dried
mannitol grade from Roquette. Similar to the Mannogem it had uniform sized sphesdditles,

however the key difference between the two brands was that the Pearlitol appeared to be much less
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porous compared to Mannogem. Pearlitol had a smooth all round surface, whereas the Mannogem
had large pores visible on the particle surface. Bgphay dried forms of mannitol also had good
powder flow properties, as would be expected from a spray dried formulation. This was because the
spray drying process controlled particle size and shape, which in turn helped to improve powder flow
by producingspherical particles with a narrow size distributi@tulseet al., 2009, Leet al., 2011)

Both spray dried powders also had particle size of around2DB®> Y~ g KA OK g2 dzZf R KI ¢
cohesiveness between the particles, thus helping to promote dnkl flow of the powder. Overall it

was seen that the Pearlitol brand did appear to have better flow properties than the Mannogem grade,
as there was a flow category difference between the granulated forms, possibly due to the wider

particle size distribuon.

In comparison to the milled samples the modified grades were all larger in size, and tended to have a
Y2NB dzy AF2NY LI NIGAOES aAl S RA&AGNRAOdzIAZY P ¢KS
and the shape varied on how the particles had iatded with the grinding media during the milling
process, as seen in Figurd 8A). This in turn led to poor flowability of the milled samples, with the
modified grades of mannitol (excluding Mannogem powder and Pearlitol 50C, which are both regular
crystalline mannitol powders) displaying a much improved powder flow, as would be expected as they
had been manufactured with the main purpose of increasing powder {lRaweet al., 2012)
However the crystalline powder displayed a similar flow to the miti@dnitol, as this was unmodified

and still had the small needle shaped patrticles, leading to poor flow. The difference with the milled
mannitol and crystalline form of Mannogem and Pearlitol was that there were high levels of
cohesiveness in the milleds@le as the particle size was very small, around™M > 6 dzi 0 K S NE
have been lower levels of interlocking as the particle shape had been altered to become more uniform,
and the needle shape was less evident. However there was a large particle sibattha within all

the milled samples (as shown in Figure 3.5) which would have led to high levels of segregation and in
turn decreased the flow properties further. The particle shape of the milled powder appeared to be
more rounded / popcorn shape, alsd particles had been fractured during milling, which was similar
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to the granulated and spray driedagles which also hathore rounded shapgas opposed to the
needle shape of unmodified crystalline mannitol. With the milled powder that had undergone flow
improvement through dry coating, powder flowability was substantially improved to allow for its use

as a preblend in ODT development.

3.3.2 XRD and Polymorphic Form

Figures 3.6 and 3.7 represent the XRD patterns for the Mannogem and Pearlitol powgerdivedy.

¢KS alyy23SY L} ¢ RS NdolRrorph patlerd, Svith two laife pediksin the middle
at20 KSGl 2F HH FYR HTZE 6AGK GKS f I NB®NhopRon KS
peaks at a 2heta of 17 and 34, and the thrgeeaks of the fork at a-theta of around 24. The XRD
peaks were slightly shifted to the right due to the utilisation of a cobadtyxsource as opposed to a
copper xray source, however the pattern remained simildiulseet al., 2009, Kinet al., 1998) From
analysing the data, there were no significant differences between the Mannogem crystalline powder
and the granulated Mannogem grades. The peaks all followed the same pattern, as seen in Figure 3.6,
which indicated that the crystals within the granflaR T2 NY $SNB adAf - LINB
polymorph, although there was a slight reduction of the large right peaktheta of 27, which could

have changed due to the agglomeration of the crystals within the gréeui@articles structure. Table

3.1 shaws the results of the Rietveld refinement that quantified the phases present within the powder
YAESZ FyR AG 61 a&8 204SNBUSR (KFi GKSNB 6SNBE OSNE
and granulated forms, although this may possibly be attgduo the impurities within the powder.
However there were also slight reductions of the peak intensities across the whole pattern for both
alyy23aSY wnyn YR alyy23SY DNI ydz I N®lymoh UK Y|
it was more likely dudo the change in shape and size of the particles, as the whole pattern
NBLINBASY (SR ImarniioNPhg gandated forf®dilthé SEM displayed a much more
uniform shape with the loss of the characteristic needle form of mannitol. This in tuutdwaave
affected the way that the Xays diffracted off the crystal due to the alteration of the particle shape

and surface, and the fact that the granulated particle was now made up of agglomerated needle
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Figure3.6: XRD patterns for the different Mannogem grades tested in this study. The Mannogem powde
GKS (g2 3INIyYydzZ I GSR F2N¥Ya NBLINSaSYyiSR OGSNE ONERa
the Mannogem EZ, the spray driedforf,2 ¢ SR LIS 1 & GKF G FNB Of SI NI &
gStt Fa F2NJGKS 7 LRfe&Y2NLKO®D

particles of mannito{Scardi and Leoni, 2001jhis was also evident with Pearlitol grade, as Pearlitol
pn/ YR pnn5/ R Apdynibrphépatiern,but PaailitdPSg0BC had a reduction in
intensity of the peaks across the XRD plot due to the alteration of particle shape, and increase in
LI NG AOES &aAal So ! 3l -mahnitd Sevdkdetectéd oh the refiNeneay iodever for h
the granulated fo A G 61 & AyaA3adyAaAFAOIydzZ adAa3asSaidiy3a i
polymorph. The reduction of the peaks across the pattern may have been due to the enlarged particles
and the inability of the xays to penetrate to the different crystal planes,raay have been possible

with a single small mannitol crystal, which would have led to a higher intensity of diffraetgcx

The XRD pattern for the spray dried forms, Mannogem EZ and Pearlitol 200SD, suggested that a
polymorphic transformation had occwd during the spray drying process as both of the patterns
aK2gSR (0KS ad NZyaymuphBvithSyne pealds also indicating the presence of the

i -polymorph. The appearance of a peak @h@ta of 15.5, the alteration of the peaks within therk

at 2-theta of 24, the reduction of the peak at atl?eta of 27 and the change of the pattern after a
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Figure3.7: XRD patterns for the different Pearlitol grades tested in this study. The Mannogenepawd the
AN ydzf F GSR F2NY NBLNBaSyidSR @OSNEB ONeradGltftAyS 1
t SENIAG2t wnn{5% (4KS &LIN} & RNASR FT2NI¥I &K2gSR
gStt Fa F2NJGKS 7 LRfe&Y2NLKO®D

2thed I 2F nn FEf AYRAOFGSR G KI-polyniokps WBin tdelsamples. & G N
The presence of other peaks ataiZK SGF 2F HMZ Hn YR HT -ntafndioR A Y F
with large parts of the plot between atPeta of 3040 beid (& LA OF €t 2F (GKS 1 L
confirmed through the Rietveld refinement, which indicated that Mannogem EZ had around 57% of
GKS h LIR2fEY2NLIK LINBaSyl Ay GKS YAEGdZNBE FyR t ¢
This was similar to préws findinggHulseet al., 2009, Leet al., 2011, Littringeet al., 2011) who

all found that the spray drying induced a polymorphic change, although a quantification of the amount
2F LRfEY2NLIK LINBaSyid ¢layQi O2yRdzZOGSRXI 6AGK LI
of polymorphic transformation. This is becaule spray drying procesapidlyforms a solid mannitol
particle from a liquid solution, so the orientation of the atoms within the newly formed crystal would
determine the polymorph present within the spray dried sample, and the results indicated that spra

RNEAY3 gla tA1Ste G2 AYyRdz0S (GKS FT2NXIFGA2Yy 27
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Table3.1: A table showing the polymorphic composition of the commercially available mannitol gradesllas w

as the milled mannitol tested in the previous chapter. The regular crystalline mannitol grades, alongside the
INY ydzft F SR INIRSE YR YAfESR YIyyAd2f LINRGARS | Of
present, however spray dried forrlsA @S |y | fY2ad pnYpn aL} Ad F2N SI OK
spray drying clearly has an effect on the polymorphic form of mannitol.

Powder 2”2 -Mannitol 2”2 -Mannitol
F2 99.81 0.19
Mannogem Powder 99.74 0.26
Mannogem 2080 99.83 0.17
Mannogem Granular 99.98 0.02
Mannogem EZ SD 43.45 56.55
Pearlitol 50C 99.46 0.54
Pearlitol 500DC 99.96 0.04
Pearlitol 200SD 51.01 48.99

2 FT-mannitol suggested tit the spray dried mannitol woulde highly compressible, as Burggral.

(20000 K26 SR GKI G GKS h  F2 NXompdctablegblgntorplydt mainnitdd Thé LINS
YAfTESR YIyyAd2ft NBLNBaAaSyGSR I adNey3I FAG G2 0
crystalline grades, as shown in Table 3.1, indicating that it waspased of the most stable
polymorph of mannitol, however the spray dried grades represented a clearly diffeoemposition

which, inthe case® GKS h LIRf&@Y2NLKZI &K2dzZ R 3IAPS GKS

advantaggBurgeret al., 2000)

3.3.3Compressibility

Figure 3.8 represents a Heckel plot of the branded mannitol tested in this study. A clear pattern could
be established between all powders, except Mannogem 2080 which followed a completely different
pattern, with no visible plateau seen dhe plot. This compaction simulation was conducted over a
range of 5 Yb = a2 F+ FdzZA f NIy3aS 2F O2YLI OldAzy O2dzd

equipment available.
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Figure3.8: A graph showinghe in die Heckel profile of the commercial mannitol grades tested in this stuc
with all powders, with the exception of Mannogem 2080, compressing through brittle fragmentation, as
highlighted by obtained yield pressures shown in Table 3.2.

From theseresults it could be observed that all three Pearlitol powders, Mannogem powder,
Mannogem Granular and Mannogem EZ compressed through brittle fragmentation. This was seen by
the initial rearrangement stage where the line of the graph had an initial shegepand curved over
towards the linear region, whereby the line reached a plateau and the linear part of the line indicated
that further densification of the material was through fragmentation of the manr(i®dronen and

llka, 1996) The fragmentation of mnnitol had been seen in previous studi@¢do et al., 2012,
Gharaibeh and Aburub, 201 3yhere it hadbeen described as a brittle material. Other studi€kvan

et al., 2010) described mannitol as a plastic, ductile material, but in the same stadg high yield
pressure of around 13®1Pa. This did however suggest that the material was compacting through
fragmentation, due to the high yield pressure (>MPa), with plastic ductile materials usually having

a yield pressure below 5MPa (Gharaibeh andAburub, 2013) Table 3.2 shows the graph of the
calculated yield pressures of the powders tested, alongside the milled mannitol (F2) from the previous

chapter, with six of the seven commercial grades having yield pressures above 100, indicating a brittle
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fragmenting material, which was in agreement with previous litera{@karaibeh and Aburub, 2013,
Klevaret al., 2010) However, an interesting pattern emerged with Mannogem 2080, as it had a yield
pressure of 17.04 = 1.4BIPa, which indicated that thisopvder displayed plastic compression
behaviour. The standard deviation was very small, and this material was tested on several different
occasions to ensure that this was a true representation of this material, and each time a similar Heckel
plot was obsered, with a low yield pressure of below 20t | @ ¢ KA & ¢l a4y Qi SELISC
fragmenting material and as seen in the previous witkneret al., 2015) and with the other six
powders tested here, each different mannitol had fractured during agppeessure. The -kKay
RAFTFNI OGAZ2Y RARY QO AY RApOymorgh, whichkwoddKincredsds @ast O S
behaviour, whilst other powder properties were not significantly different to the Mannogem granular

or Pearlitol 500DC. However in the tabeti dzZRA Sa% h5¢Qa YIRS GgAGK (K¢
better hardness (Figure 3.9) than the other granulated mannitol powders tested, and friability was
also low, which also led to the suggestion that this mannitol grade promoted plastic deformation
rather than the fragmentation usually obsved with mannitol. However because tie small
O2YLI OGA2y NIYy3aS |yl feéasSR BaMN), thig may KoShae fhedrihigh S v |
enough to allow the fragmentation pattern of the granular mannitol tecbme apparent. In
comparison to the milled mannitol, which was established as a less brittle fragmenting material, likely
to promote plastic compression behaviour, the yield ptees of the commercial grades wemver.
However as patrticle size reductiaf the original mannitol had occurred, the larger yield pressure
indicated that mannitol was fragmenting to a lower extent and had increased ductile beh&imer

et al, 2015, Bolhuis and Chowhan, 1996, Hewsegl., 1973, Roberts and Rowe, 1986, Bxdb and

Rowe, 1985)as opposed to the brittle fragmenting mannitol observed with the commercial grades.
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Table3.2: A table showing the yield pressures of the commercial grades of mannitol obtained thioulih
Heckel analysis, compared to the milled mannitol (F2), showing brittle fragmentation is prevalent in most grades.
Also displayed are friabilitgorosity results are displayed as an indicator ofehanical properties of the tabls
showing that spay dried powders are advantageous in reducing friability, with milled mannitol having quite a
high friability. Data highlighted with an asterisk (*) indicates statistically significant data compared to F2 (p<0.05)

Powder Yield Pressure (MPa) Friability Porosity

75MPa 225MPa  75MPa 225
MPa

F2 280.88 + 15.07 2.647 1.674 0.651+ 0.506 +
0.013  0.036

Mannogem Powder 156.79 £ 9.35 1.310 0.801 0.576 £ 0.509 £
0.012* 0.012

Mannogem 2080 17.04 +1.46 1.702 1.345 0.602 + 0.530 +
0.011* 0.019

MannogemGranular 174.93 £5.01 2.239 1.341 0.577+ 0.528 £
0.016*  0.007

Mannogem EZ 252.06 + 6.29 1.275 0.676 0579+ 0.512+
0.018*  0.002

Pearlitol 50C 124.38 + 0.23 4.982 1.740 0.604 £ 0.527
0.011* 0.013

Pearlitol 500DC 119.33+8.72 1.354 1.084 0.594 + 0.540
0.014* 0.007

Pearlitol 200SD 175.60 + 13.80 0.865 0.675 0.616 £+ 0.544 +
0.018* 0.001
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Figure3.9: A graph showing the hardness of the commercially available mannitol grades compared to m
mannitol F2. Significant improvements in hardness were observed with the milled mannitol compared tc
Mannogem 2080 (only at 229Pa), Mannogem Granular, Pearlitol 50C and Pearlitol 500DC. However b
spray dried grades (Mannogem EZ and Pearlitol 2D@@Ee significantly higher in mechanical strength
compared to the milled mannitol. Data presented as mean £ SD (p<0.05, n=3).

An interesting pattern observed from these results was that the spray dried forms of mannitol,
Mannogem EZ and Pearlitol 20080N2 RdzOSR &aAIYyAFAOFIy Gt & KI NRSNJ h
as well as the milled mannitol (ANOVA p<0.05), indicating improved compressibility, as shown in
CAIdzNBE odhpd ¢KAA gl & RdzS G2 GKS LINBaSyOShe2T
w5 RFGF o6¢kofS oom0E gKAOK KIF R KBurgeeiial, 2000) 02 Y L
thus allowing a better, more robust tablet to be formed. The Heckel analysis showed that
fragmentation of the material was still occurring and that thigh yield pressure was still indicative

2F I FNIIAYSYUGAYy3I YFGSNARAFEZ RdzS (G2 GKS LINBaSyOf
the presence of the alpha polymorph in the mixture allowed an increased level of bonding within the
compact, whichlh Yy ONB I aSR (KS &d0GNBy3idK dattosé ioBohydmte i a ¢ K A

previous study, which also showed high levels of fragmentation, but increased hardness due to the
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higher level of bonding sites becoming available through the brittle fractirthe material during

compressiorn(Lerket al., 1983, Vromanst al., 1985)

The crystalline powders displayed low hardness, with Pearlitol 50C showing significantly lower
hardness than the milled mannitol (ANOVA p<0.05). From the SEM of PearlitibMEXCobserved

that this powder had more profound needle shaped particles than Mannogem. As can be seen with
the Heckel analysis, this powder also had high levels of fragmentation during compression, coupled
with the long needle shaped particlggossibly led to tablets of a lower mechanical strength. This was
because during compaction the needle may have fragmented along the (011)(plaréal., 2012)

which increased the levels of die wall friction during the compression cycle. This highalidigction

was then inhibiting the levels of bonding within the compact leading to a weak ODT being formed.
This was evident between Mannogem powder and Pearlitol 50C, which had significantly different
hardness, as the Mannogem powder had much smaldetigies that were quite wide, which then

reduced the levels of die wall friction and allowed a stronger compact to be formed.

Allthea NI y dzf I § SR 3 NderRgbad hirdnésy & TP aa VitR the hardness being below
50N, although at 2281Pa the lardness did get to an acceptable level. The hardness of the Mannogem
granular forms were both reduced compared to the crystalline powder, although the Mannogem 2080
was not statistically significant at KBPa. This was unexpected as the yield pressurheMannogem

2080 was very low and even indicated a shift to a more plastic like behaviour during compression
which in turn should have led to a stronger compact. The Pearlitol 500DC however did display a
statistically significant improvement over the P&afl50C as expected by a granular formulation, this
would have keen due to the granular powdsrbeing made up of less needle shaped particles, and
instead having a more uniform particle shape which in turn led to lower die wall friction and a higher

binding energy allowing stronger compact formation.

Ly O2YLI NRazy (2 GKS YAttSR LR2sRSNE GKS 3IANI yd

the milled powders had a significantly higher hardness in all cases (except with Mannogem 2080 at 75

140



An Investigation into the Powder and ODT Pmips of Commercially available Grades of Mannitol in Comparison to Ball
Milled Mannitol

MPa). Thespray dried grades represented a much better comparison to the milled powder as they
had slightly improved hardness at both compaction forces compared to the F2 milled mannitol. This
indicated that (for mechanical strength) the milled powders representegbad step forward in
improving ODT robustness as they were high in strength, slightly lower than commercially available

spray dried powders, whilst displaying a superior hardness than the crystalline and granulated grades.

3.3.3.1 Friability

Table 3.2 &o shows the friability of the various mannitol grades tested in this study alongside the
YAfESR YLyyAG2f o6CHO® ¢KS NBad#A# ta F2ft26SR |
described above. It was clear that the Pearlitol 50C had the waasilfty at both compaction forces,

which correlated with the lowest hardness as shown in Figure 3.9. This was due to the needle shape
of the particle which inhibited strong compact formation and the high die wall friction during
compression which possiblled to a highly friable dosage form due to the weaker bonds. It was
203aSNDPSR GKIFd GKS aLIN} & RNASR 3INIRSa faz2 2F7F:
showed very low friability at both compaction forces, with Pearlitol 200SD slgoWwéiow the
specified 1% friability at 75 and 2ABPa. This indicated that these two forms were very useful in
LINPRdAzOAY 3 h5¢Qa gA0GK I22R YSOKFYAOIFf LINRLISNIA
low friability, even lower than the Mannogem graatéd forms, which may have been due to the lack

of long needles within the powder which allowed a stronger tablet to be formed, due to the reduction

in die wall friction. The Pearlitol 500DC however displayed a massive improvement over the Pearlitol
50C, die to the granulated particles having no needle particles present within the powder blend, and

also having a uniform particle size and shape.

In comparison to the milled powders, the spray dried grades and granulated forms were advantageous
in reducing fiability of the tablets. This was because the milled powders were made up of very small
particles which were more inclined to come apart from the surface of the main compact during the

friability test and therefore a higher weight loss would have been pieskpost friability tes{Eiche
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and Kudehinbu, 2009, Samt al., 2012) This meant that the friability did come out higher for the
milled powder, although at 226 Pa it was almost acceptable at 1.674%, which was similar to all of
the granulated gradesSa 1 SR> aK2gAy3a (GKFdG YAftAy3a O2dzZ R LI
if slight changes in compaction force or formulation were undertaken, although the spray dried

mannitol appeared to be the best grade available for producing the least friabletsa

3.3.4 ODT Disintegration

CAIdNBE odmn aK2ga F INFLK 2F GKS YSIY RAAAY(S
mannitol, compared to milled mannitol (F2). From the results it was observed that the spray dried
grades, Mannogem EZ and dPi@ol 200SD, produced ODTs with fast disintegration time. Upon
statistical analysis it was also seen that the spray dried grades were significantly better disintegrating
than both the crystalline powders and granulated forms of mannitol tested. Thisbeeasuse the

spray dried powders had a fairly small particle size of betweer20B0> Y | & ¢St f | & LI
surface as seen in SEM images which may have helped increase the waterintottiee ODTleading

to faster disintegration. At 781Pa the crysdlline powders also had relatively low disintegration times

2F I NRPdzyR pn aSO02yRaz 6KAOK ¢tayQi adraraidirol
was a big increase in disintegration time at 22Ba compared to the spray dried grades. AtviBa

the ODTs composed of the crystalline powder disintegrated quite quickly as it had a relatively small
particle size which allowed wetting of the tablet, and as the hardness was fairly low, water was able
to penetrate the tablet structure more rapidipllowinga fast disintegration of the ODT. At 2RB’a

there would have been significant fragmentation occurring in the crystalline powder tablet, and as

hardness was highthe subsequent disintegration time of the tablet was also high. However the

granulaed fornms showed high disintegration time at both MPa and 228VIPa. At 75MPa the
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Figure3.10: A graph showing the disintegratigimes of the commercial mannitol grades compared to the
milled mannitol. The results clearly show that milled mannitol provides advantages for tablet disintegrat
with the milled mannitol being significantly better than all grades at both compactior$afexcept for the
Mannogem Powder and Pearlitol 50C atMPBa. Data is presented as mean + SD (n=3, p<0.05)

granulated forms had a significantly higher disintegration time thathalbther commercial grades,

and at 225MPa the disintegration time was only significantly higher when compared to the spray
dried forms, with tke crystalline form having similar times at this compaction force. The high
disintegration time of the granulated powders may have been due to the large particle size of the
mannitol, the highest disintegration time observed was with the Pearlitol 500Déhwd the largest
mean sie of particle, which in turn Bbto a slower disintegration time as the large particles took longer
to break down within the disintegration mediugf® Velmurugan and Vinushitha, 201This would

have been due to the agglomeratiofithe mannitol crystalto one large particle, which would have
resulted in large particles with the absence of pores, meaning it would have been more difficult for
water to penetrate the particle and allow subsequent disintegration. Both Mannogeates also

displayedong disitegration timesdue to the very large particles present within the powder.
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The clear advantage of milled mannitol compared to the commercial grades was its improved
disintegration time. Statistical analysis showed ti@integration times with the milled mannitol was
significantly lower tha all the commercial grades at the 228Pa compaction force, and all
commercial grades at MPa, except the crystalline powders (Mannogem powder and Pearlitol 50C).
The poor disintegating qualities of the granulated grades was due to the very large sized
agglomerated patrticles, which led to significantly longer disintegration. Although the spray dried
grades presented advantages in terms of disintegration compared to the granussshlyadue to the
spherical smaller sized particles which contained pores, the milled mannitol was still clearly
advantageous. This was due to the very small particle size of the milled powders (approximately 11
>Y0O YR AYONBI &SR ¢ Bdiyéatal oThid inciedsed 2vEttabilitik & tha” poyigen (i 2
particles was due to a higher exposure of the (011) plane, established as the most hydrophilic plane
on the mannitol crystal, which led to an improved wetting of the ODT and therefore a faster

disintegraton of the dosage forniKoneret al., 2015)

¢rotS odH aK2ga UGUKS LR2NRaAGASE 2F GKS h5¢Qa YI
in this study. Statistical analysis showed that atviB3a, the milled mannitol was more porous than

the comnercial grades, which also gave further evidence for the faster disintegration of the ODTs. The
spray dried form was expected to be more porous than the granulated grades as there were visible
pores within the particles on the SEM monographs obtained, wiigfmificant pores visible on the
Mannogem EZ (Figure 3.1 (E)). It can be said that the porosity differences between the graded
mannitol was negligible, with all powders displaying a high porosity. The high porosity of the crystalline
powder was due to thdragmentation of the needle shaped particles which led to a more porous
structure, and it was seen that the Pearlitol 50C did have a slightly higher porosity than Mannogem
powder due to more profound needle shaped crystals present within the powder bl€hd.

AN} ydzAf F GSR F2N¥a Ffaz2z F2N¥SR KAIKEE& LIR2NRdz hb5
between the individual particles during packing resulting in more open pores within the tablet
(Mattsson, 2000Q)
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However the F2 milled powder tendeo show a lower porosity at 228Pa compared to all of the
grades of mannitol tested in this study. This was due to the fact that the milled powders contained
very small particles, which when pouréedo the die before compaction, and during rearrangerhen
within the dies, could fill any small spaces of air and allow a more solid compact to be formed with a
less porous structure. Comparedtothedd I h5¢ &3> gKSNB GKS O2YLI OlA:
to force the small voids to be filled, the 2R8Pa tdlets presented a less porous structure than the
commercial grades. Howevefor milled mannitol,disintegration of the ODTs at 228Pa was
massively improved compared to the commercial grades, largely due to the increased hydrophilicity

and wettability ofthe dosage forms.

3.4 Conclusion

In conclusion it can be seen that the spray dried mannitol had the best mechanical properties for
dzG At AalGA2Y & I O0AYRSNI gAGKAY h5¢ {GloftSiaod ¢
hardness and low iability, whilst also giving the lowest overall disintegration times of all the
commercial brands tested. This was due to the presence of the alpha polymorph within the powder,
which, as previously shown in literature, had the highest compressibility lothal mannitol

Ll2f 8Y2NLIKAP ¢KS aANFydz FGSR FT2NX¥ad K286SOSNI RAR\Y
LINE LISNIAS&EAd ¢ KA A -mannitol RRedeit within thé po®def ThOdrandtated forms

did display a significant improvement in flovhieh is a key component for tabletting. If the excipient
flows well it will promote the uniform flow of the bulk powder bleimdo the dies before compression,
which is the key advantage of using granulated mannitol as opposed to the crystalline mannitol

powder.

The key advantage of the milled mannitol was its very low disintegration time due to the increased
wettability of the powder, providing ODTs thdisintegrated rapidlymuch faster than any of the
commercial grades. Although mechanical strengthardS FNAF 6 Af A& 2F (GKS Y

slightly worse than the spray dried grades the vast improvement in disintegration time provided a key
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difference and upgrade compared to the commercial powders. The main disadvantage of the milled
powders waghe flowability which was very, very poor. As mentioned above, good powder flow is key
in tableting to allow homogenous bulk powder moveméntb the dies, which produces a uniform

and reproducible tablet. The flowability of the milled mannitol, as seethé previous chapter, was
capable of being enhanced to suitable levels, and therefore the milling of mannitol provided a suitable

alternative to the commercial grades for the production of ODTSs.
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Chapter 4
Development of Novel Dry Coated
Mannito/MCC composite Powder for

Utilisation in Orally Disintegrating Tablets
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4.1 Introduction

Throughout the first two chapters of this thesis the advantages of milled mannitol have been clearly
established, with the milling of commercially available crystalline mannitol producing a vastly superior
tableting excient over the unmilled equivalentThe inherent poor compressibility properties of
crystalline mannitol were effectively reduced through the milling process, with the post milled
mannitol presenting a more plastically deforming material as opposed to the usuahdragtion
compression profile that mannitol undergo@éoneret al., 2015) The hardness of the milled mannitol
was also found to be superior compared to the unmilled mannitol, largely down to its superior
compressibility, which upon Heekanalysis showed reduction in the fragmentation behaviour. With

this increased mechanical strength it was expected that the disintegration properties of the resulting
tablets would worsen substantially, however the opposite pattern was attained. Due to the
predominant facture of the crystal at the hydrophilic (011) plane, the milled mannitol displayed
increased wettability, producing tablets that were not only of superior mechanical strength, but
disintegrated rapidly even in the absence of any disintegrants, makingdmitannitol an ideal

excipient for use in ODTs.

In comparison to the currently available commercial mannitol products, including the popular spray
dried and granulated grades, milled mannitol presented a viable alternative. In terms of the tablet
properties of the resulting ODTs, milled mannitol had many advantages over the granulated forms,
with hardness being higher and disintegration of the tablets being lower. The mechanical properties
of the tablets produced from the spray dried powders were impressivhilst disintegration times
were also low. This was due to the highly porous nature of the particles, whilst the presencé of the
polymorph gave spray dried mannitol an increased plastic deformability, resulting in the high
mechanical strengtfHulseet al., 2009, Leet al., 2011, Littringeet al., 2011, Burgeet al., 2000) Yet

milled mannitol gave very similar properties to the spray dried product, with mechanical strength
being similarly high, whilst disintegration times of the tablets were loswéier, the very small sized
particles (<12m) resulted in poor powder flow. Particles of this size are highly cohesive due to the
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large degree of electrostatic/Van der Waals forces, leading to a poor homogenous bulk flow of the

powder (Staniforth and Autin, 2007, Mullarney and Leyva, 2009)

Powder flow is a major factor in the industrial scale processing of tablets, as the flow can impact on
the tableting machines ability to produce a uniformly weighted tablet with a uniform dose, whilst the
quality of the tablet surface can also be affectétaniforth and Aulton, 2007, Sun, 201Bjeliminary

flow optimisation studies wereonducted in Chapter 2 whereby it was established that the flow of
the milled mannitol could be optimised using a standard tabletrgipient alongside the flow aid,
colloidal silicon dioxide. The novel composite blender designed in the laboratory was the most
effective at producing a flowable powder, whilst the industry standard cube mixing method was not
able to replicate the same sailts. The powders were processed on a larger scale auto tablet press,
whereby the composite blender produced dosage forms of a higher quality, whilst the uniformity of
the cube blended tablets were poor. This gave a clear indication that milled maroitdlilwe used in

scale up processes, however further optimisation was required.

The aim of this study was to utilise the novel composite blender to produce an optimised powder
blend containing a large proportion of the milled mannitol. It was important thannitol was the

largest proportion of the blend due to the advantages it possessed in producing fast disintegrating,
robust ODTs. The novel composite blender possesses unique qualities in its method of mixing
powders. The utilisation of high speed and piessure in the mixing vessel allows the powders to
undergo a dry coating proce¢Pahmash, 2016)Due tothe relatively small particle size of milled
mannitol, it presented an ideal candidate for dry coating as a guest particle. MCC was chosen as the
host particle for milled mannitol, as it is a commonly usedpgai for direct compressiofirhoorens

et al, 2014) The overall aim of this study was to develop an optimised ODT blend capable of
incorporating high payload of insoluble drug without comprsimg mechanical properties and

disintegration time of the resultant ODT.
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4.2 Materials and Methods

4.2.1 Materials

Dal yyAG2t o0xdy s LzNRK (i eAldrick (Dérset2 WKy, MEG/ &8 Rvicd REE2 { A 3
PH101were used for this study and was obta&id from FMC Biopolymer (Philadelphia, USA) and
colloidal silicon dioxide (Aerosil 200) was obtained from Evonik Industries (Essan, Germany). For
tableting studies magnesium stearate was obtained from Fischer Scientific (Loughborough, UK) and
the API Ibupréen was purchased from Shasun Chemicals (Tamil Nadu, India). Glyceryl Behenate
(Compritol 888 ATO) was obtained from GattefosséP¢&ist, France) and Ethocel HP was obtained

from Colorcon Inc (Harleysville, USA) and were utilised as glidants.

4.2.2 Compsite Blending

In total, 4 powder blends were manufactured as shown in Table 4.1. The blends were predominantly
composed of 87.5% -annitol, (unmilled or milled), (F2 formulah taken from a previous study
(Koneret al., 2015) as it was found to provid&blets with the most promising ODT characteristics)
along with the addition of other excipients. The energy iriptd this powder was 1.71/kg, with the
powder being milled for 3tnins at a speed of 20(m, with the ball to powder weight ratio (BP&)

5. 12%w/w of MCC was added to the milled mannitol for preblend mixing, as this was the
concentration that gave the most beneficial flow results from Chapter 2. Colloidal silicon dioxide was
used as a flow aid. These powders were treated as premixesp@asder blend which could be added

to varying concentrations of API to manufacture an ODT. The composite blender is a lab scale device
built and manufactured in the laboratory and uses a novel one step dry coating process to adhere
small guest particlesn to larger host particles to enable functionalised particles to be manufactured
(Dahmash, 2016)All powders were accurately weighed according to the specifications outlined in
Table 4.1, and added to the coater. The coater was then sealed and runran8@t 2000pm with

1 bar of air pressure to aid the coating process.
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4.2.3 Cube mixing

To analyse effects of composite blending, cube mixing was also used as a control to mix the preblends
to allow assessment of any differences between the resulfogiders from the two processes.
Powders were weighed and added to the standard cube mixer, part of the Erweka AR403saldulti

(Heusenstamm, Germany), and mixed fom3i@s at 250 pm. Details are outlined in Table 4.1.

4.2.4 Investigation of Powder Flow

Angle of repose was used as the method of choice for assessing powder flow. For angle of repose the
method outlined in the USP monograph <11{#sP37, 2014ayas followed, and the height and
diameter of the pile measured. This was then added to the eqoatian( ) = height/0.5diameter,

where was the angle of repose. All values were analysed in triplicate and displayed as mean + SD.

This was conducted on the preblends only to allow the effects of processing methods to be assessed.

4.2.5 Blending with aAPI

Ibuprofen was used as a model low solubjBZS class Il dr@glvarezt al., 2011, Rinaldt al., 2004)
which is also poorly compressible at high do@émsdaet al., 2005, Patel and Bansal, 2011, Metall.,
2013) Ibuprofen was added in conceations varying between 180% to the each of the premix
blends and mixed for 1®ins at 250pm in the cube mixer (Erweka Ar403s, Heusenstamm. Germany).

1%w/w magnesium stearate was added to lubricate the powder ready for tableting.

Table 4.1: A table outlining the powder compositions and blending process for each of the preblends
investigated in this study.

Powder Mannitol (87.5%) Excipient (12%) Mixing Method
1 Milled MCC Cube
2 Milled MCC Composite
3 Unmilled MCC Cube
4 Unmilled MCC Composite
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4.2.6 Tableting and tablet properties

Individual 500ng portions of powder from each of the blends were weighed and compressed using a
Specac semautomatic hydraulic press (Slough, UK) equipped withmh3 flat faced punchesAn
initial compression force of 19@Pa was chosen to manufacture robust tablets at 0% ibuprofen

concentrationand 7at I F 2 NJ ( Wi bupridfan. x o /g’

4.2.6.1 Hardness
Hardness of the all the tablets was measured using a CoplefO0BHardness tester (Nottingham,

YO ¢SyairftsS AGNBy3aIdK 6 0 ¢la GKSy OIF f OdAf I GSR

” —_— (Eq. 4.1

Where H is the hardness, D is the diameter and T is the thickness of the tablet. All readings were taken

in triplicate anddisplayed as mean + SD.

4.2.6.2 Friability

The standard USP friability test was used for the assessment of the percentage friability of the
manufactured tablet{USP37, 2014d5ix tablets were brushed off and weighed altogether for the
initial weight, they were then inserteitito a Sotax F2 Friabilitor (Allschwil, Switzerland). The test was
conducted for a total time of 4 minutes at 2&m, with 100 revolutioné total. The ablets were then
brushed off and reweighed to get the final weight. Percentage friability was calculated using the

equation:
b 'Ol QOO 06— —— p T (Eq. 4.2

4.2.6.3 Disintegtion Time
The standard USP disintegration method was used to assess disintegration time of the(taBR33,
2014b) A Copley ZT41 disintegration apparatus (Nottingham, UK) was used, with a single tablet being

tested each time for accuracy. Each tablets placed in the vessel (without a disk) and oscillated at
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30 cycles per minute. A dissolution medium of 830distilled water was maintained at 3T, and
disintegration time measured when all of the fragments of tablet had passed through the mdsh at t

bottom of the vessel. All readings were taken in triplicate and represented as mean + SD.

4.2.6.4 Porosity

Porosity of the tablets was assessed using a Quantachrome Helium Multipycnometer (Florida, USA).
5AFYSGSNI FYR (KA O] Y S adsinga¥igiialkallipen, and tcweight chindiiGulal & dz!
hs5¢Qa GF 1Sy dzaAy3 |y St SO NRYRO O dud)lofffB fhidelsti & S ¢

were then calculated using the following equations:

Ve = (Eq. 4.3

Tpuk = (Eq. 4.4)

The true volume (Y of the tablet was calculated using the pycnometer, which applies the theory of
gas displacement allowing the porous nature of the tablet to be assessed. The true volume was

calculated using thequation:

Vi=w @ — P (Eq. 4.3

Where \4is the volume of the sample cell; i¥ the volume of the reference cell, P1 and P2 are the
atmospheric pressure and pressure change during the measurement respectively. The true volume

was then sed to calculate true density in the equation:

Crue = (Eq 4.6

¢KS FAYFIE aGSLI G2 OFtOdA I GS LR2NRaAGe o0 2F

Y — (Eq. 4.
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4.2.7 Optimisation of Silideddition

Optimisation studies for silica included evaluation of concentration, time and stage of additton

the preblend. For addition stage, the aliquots of milled mannitol and MCC were mixed for the first
30mins, silica at a concentration of 0.5% ween added to the powder and mixed for a further 5mins
and compared to when silica was adbdat the start of processing alongsitdeth the mannitol and
MCC. To gather data for the optimal mixing time of silica, an initial mixture of milled mannitol and
MCCwas compositely mixed for 3@ins, with 0.5% silica being added after thigial mixing step.
Portions of powder were removed at hdins, 20mins and 30nins and analysed for angle of repose.
The final stage of silica optimisation was the amount otssikddedinto the preblend. Several
concentrations including 0.5%, 1%, 1.5% andwZ® were investigated. The silica was added after
initial preblend mixing of 3énins and blended for a further 2@ins. These blends were analysed for

powder flow accordingo the angle of repose.

4.2.8 Surface Coverage Optimisation of the Preblend

For dry particle coating, there is a critical concentration of guest particle which results in full surface
coverage of the host particle. This could be used to optimise the psoockdry coating to allow one

or more layers of coated pacles on the host if the guegtarticle is added in separate stages, with

the first stage involving the addition of the required amount of mannitol for full surface coverage, and
the second stage whereby a second quantity of mannitol is added according to blend requirements.
This percatage of mannitol was calculated using equations and methods developed byeYahg
(2005) The equation found that 36%/w of mannitol was needed for full surface coverage, with 64%

MCC (Avicel PH102) as the carrier particle.

An additional investigationonducted was the effect of particle size of the host MCC. A comparison of
the initially studied Avicel PH102 and Avicel PH101 was undertaken, with particle sizes beging 100
and 50um respectivelfFMGCBiolpolymer, 2016)The use of a smaller sized hepsirticle resulted in

the surface coverage calculations giving a 86 of mannitol and 42%w/w of the MCC (Avicel
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PH101), showing that the smaller sized particles were capable of hosting more of the guest mannitol.

Blends were tested for flow followed lilge addition of ibuprofen as outlined above.

4.2.9 Assessment of Alternative Glidants

An investigationnto the type of glidant in the powder blends was undertaken to assess if there could
be a suitablealternative to colloidal silicon dioxideSlycerylBehenate (Compritol 888 ATO) and
Ethocel HP were investigated. The same concentration and mixing time/method as silica was used to
allow a direct comparison between the prapies of these threeexcipients (1% added post
MCC/mannitol mixing and mix for 20ns) Blends were analysed for flow and Ibuprofen added at the
same concentrations as above. 50 tablets were manufactured at MPa and tested for their

properties.

4.2.10 Statistical Analysis

One/Twoway ANOVA followed by & dz] JeACRi k] Q& oMpmisdnA po¥h&e te€t were
performed using GraphPad Prism 6 software (California, USA). For statistical significaveleiea p

<0.05 was used, and all data was presented as mean + standard deviation.
4.3 Results and Discussion

4.3.1 Milled vs Non MikkeMannitol

The first set of investigations focussed on assessing the difference between employing milled-and non
milled mannitol with the model API ibuprofen. In terms of powder flow, data from the previous
chapters showed that milled mannitol flowed veoorly due to its very small particle size, resulting

in cohesive powders when compared to unmilled mannitol. This was also evident with the angle of
repose results generated in this study (Figure 4.1). Unmilled mannitol was several flow categories
below that of milled mannitol for both cube and comgite mixing indicating it wasuperior. This was

attributed to the larger patrticles, resulting in lower Van der Waals and electrostatic forces.
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Figure4.1: Agraph showing the powder flow of the MCC/mannitol preblends, comparing the difference
between milled and unmilled mannitol in the two different mixing processes, through the angle of repos
Results indicated that unmilled mannitol had a superior flow (p5) whilst composite blending was also
beneficial in reducing the angle of repose (p<0.05) for milled mannitol. Data is presented as mean + SC

As highlighted in the previous chapter milled mannitol presented several advantages over its unmilled
counterpart, especially when employed in OD(Roneret al., 2015) with mechanical strength being
higher and disintegration times being lower regardless of the improved strength of the tablet. Figure
4.2 and 4.3 shows the comparison of milled and unmitheshnitol in terms of the disintegration time

and hardness respectively. From Figure 4.2 it was seen that the disintegration time with milled
mannitol, even when employed with the poorly soluble drug ibuprofen, remained low. Compared to
unmilled mannitol asignificant improvement in disintegration time was observed at Ibuprofen
concentrations of 30 and 50%/w (p<0.05). When unmilled mannitol was used at the 5084
concentration the tablets could not be classed as an ODT, even within EU guidelinestotutatidts
disintegrating beyond 3@nins. However when the milled mannitol was usedintegration time
remained below 8@, highlighting the superiority of milled mannitol for ODT production, due to the
increased wettability of the excipient, attributetd the increased exposure of the hydrophilic (011)

crystal plane and small particle sigoneret al., 2015, Heet al., 2009)
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Figure4.2: A graph showing the disintegration times of manufactured ODWtagung the model API

ibuprofen at concentrations varying from -BD% comparing milled and unmilled mannitol. Only composite
blended tablet data is shown on the graph. Results indicated that at concentrations of 30% ibuprofen al
above tablets containig milled mannitol had significantly lower disintegration times than tablets containir
unmilled mannitol. Data is presented as mean = SD (n=3, p<0.05 at all concentrations except 10% ibug

Including milled mannitol was key in keeping disintegratiores lov, even in the presence of a lew
soluble API at a high drug load. This study gave clear indication that milled mannitol was very beneficial
in improving the wettability and disintegration profile of the dosage form as a whole. The small sized
particles making up the milled powder would have been able to distribute themselves throughout the
ibuprofen powder more uniformly than the larger unmilled particles. This would have resulted in not
only the outer layer of the tablet havingjgher affinity forwater, but the inner structure of the tablet
having a higher affinity for water, resulting in a quicker breakdown of the whole table structure and

resultant faster disintegration of the tablet.

However in terms of mechanical strength, shown in Figure 4rBopposite pattern was observed
from the previous study; here it appeared that although mechanical strength was within acceptable
levels for milled mannitol it was actually lower than the unmilled alternative. It was possible that the

inclusion of ibupofen had actually affected the bonding mechanism of the milled mannitol, as in the
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Figure4.3: A graph showing the hardness of manufactured ODTs containing the model API ibuprofen at
concentrations varyig from 1050% comparing milled and unmilled mannitol. Only compositely blended t

data is shown on the graph. Data is presented as mean + SD (n=3, p<0.05 for all conditions except MC

10%).

previous study milled mannitol had improved mechanicedrsgth compared to the unmilled control,

at a compression force of 228Pa(Koneret al., 2015) This could have been due to the addition of
the silica during the initial 3thin mix of the preblends. The milled mannitol was far more cohesive
than the unmilled alternative due to its very small particle size. This could have led to the silica
particles that were added at the start of mixing being more inclined to coat on to the milled mannitol
as a result of the high interparticulate forces attracting tsurrounding particles within the powder
blend. Due to the mixing time of 3Qins, it provided a sufficient time for the silica to largely coat the
surface of the milled mannitol. The coating of the silica on the milled mannitol would have therefore
reduced the ability of the mannitol to form strong bonds with adjacent mannitol particles during tablet
compression and therefore reduced the strength of the resulting comg@&ttswhan and Yang, 1983,
Ohtaet al., 2003) The unmilled mannitol was féss coheive and there weréess surface attractive

forces present within the powder, therefore promoting a more even distribution of the silica

throughout the powder blend, resulting in less disruption between the bonding of the mannitol
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particles. Another key fference in this study compared to the previous study was that lower
compression forces were used. Therefore it was possible that in this study the compression force was
lower than that needed to induce levels of plastic deformation with the milled mahresulting in

tablets of a slightly lower mechanical strength.

In terms of the friability of the ODTs, sisown in Figure 4.4, it was previously found that friability of

the milled ODTs was generally similar to the unmilled tablets. This was primarily due to the very small
mannitol particles making up the bulk of the tablet, which were more inclined to corag fipm the
surface of the tablet during the friability test. In this study the reduced interparticulate binding
capability of the mannitol particles due to the lower compression force and presence of silica was
expected to slightly increase the friabjliof the tablets made of milled mannitol. It was observed that

the friability did vary between the powders, some indicating that milled mannitol had improved
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Figure4.4: A graph showing the friability of manufactured ODTs containing the model API ibuprofen at
concentrations varying from $80% compring milled and unmilled mannitol, showing a mixed pattern witl
friability for both unmilled and milled mannitol being similar, ranging from3. 5. Only compositely blende

tablet data is shown on the graph.

159



Development of Novel Dry Coated Mannitol/MCC composite Powder for Utilisation in Orally Disintegrating Tablets

friability and others indicating an increased friability. Overall it could be concluded ihlaiity of the
irofSta 6layQli RAalGAyOUlfte RAFFSNBYyd o0Si¢SSy i

4.3.2 Composite Mixing vs Cube Mixing

The next set of investigations were designed to assess the differences between the composite and
cube blending processes. 8ltomposite blender was utilised as a method for dry particle coating
whereby small guest particles adhere to a larger host particle to form new functionalised particles.
Whereas the cube mixer is an industry standard mixing process that uses much leaeds sp a
larger mixing volume. Figure 4.1 shows the flowability of the premix powder blends and allows a
comparison of the two mixing processes. From the angle of repose it was evident that the composite
blender was beneficial in providing a more flowaptevder with both unmilled and milled mannitol,

with an approximate reduction of 4° and 8° for the powders respectively. The key advantage with
composite blending was evident with the milled mannj@s$ a several category flow improvement
was observed, &m a poor flowing powder to a fair flowing powder, where no flow aid was needed,
therefore being acceptable for use in an at&dblet press (as highlighted in ChapteX@BP37, 2014c¢)
There was also an improvement in flow observed with the unmilled powaithough both the cube

and composite mixer provided powders that flowed well.

The improvement in flow with the composite blender was attributed to the dry coating process,
whereby the highly cohesive small mannitol particles were coated on to thecguofathe larger MCC
particles as observed in the SEM images (Figubg. It was observed thahe milled mannitol
composite blend (Figure 4.5(C)) resultedmore surface coating of the MCC, as small mannitol
particles were clearly visibly adhered todarareas of the MCC surface. The surface layering was not

as evident with both the unmilled mannitol (Figure 4.5(B) and (D)) and to the cube mixed powder
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Figure4.5: SEM images showing images aypical MCC patrticle within the investigated preblends. @ube

mixed milled mannitol/MCC; 8Cube mixed unmilled mannitol/MCCg@ompositely mixed milled

mannitol/MCC and [ Compositely mixed unmilled mannitol/MCC, with compaositely mixing milled fit@nn
resulting in higher levels of dry coating.

(Figure 4.5(A)). The milledamnitol was on average around lin, with particles observed in the
nanorange, which led to the particles being highly cohesive. The dry coating process was a high shear
procedure employing high speed and an air blade, through the introduction of 1 bar of air pressure.
This produced deaggmeration of the cohesive mannitol particles, followed by deposition on to the
surface of the much larger MCC particles. Compared to cube mixing, where the physical method of
deagglomeration was absent, the composite blender resulted in more mannitoiclegrtbeing
available to adhere to the larger MCC particles. There would besehigh levels of attractive forces
between the milled mannitol and the MCC due to the large difference in the particle size between the
leading to robust new patrticles beingrined (Dahmash and Mohammed, 2015he resulting powder

therefore had less free milled mannitol within the blend and therefore overall cohesivity of the

powder would have been reduced, allowing an improvement in powder flow compared to the cube
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provided an interactive mix, whereby no/low levels of coating would occur, as seen in Figure 4.5. Due
to the large patrticle size difference, leading to increasedegggion, and high cohesivity, the powder

would have flowed very poorly, as indicated by the high angle of refidset al., 2013)

In terms of tableting properties, graphs comparing disintegration time, hardness and friability are
shown in Figures 46 ®y NBALISOiAOSted ¢KS ASYySNIft O2yasSy
between theODT prpertiesin terms of the method required to produce the premix powder blend.
Most of the disintegration times for ODTs (Figure 4.6) were lower for the composite mixer, however
a significant difference was only observed with the MCC/Ibu &D&oblend. The adantage of using

the composite mixer for disintegration time was that it provided a more uniform/homogenous mix,
as the mannitol coatdthe larger MCC patrticles. This allowed water to be attracted to within the inner
structure of the tablet to a higher eant, as the mannitol was more uniformly distributed throughout

the tablet.
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Figure4.6: A graph showing the disintegration time of manufactured O&dFgaining the model API ibuprofe
at concentrations varying from 380%, comparing the cube and composite mixing methods, with statistic
significant results only observed at MCC/Ibu 50%. Only milled mannitol results are shown in the graph.
presented as mean + SD (n=3, p<0.05).

162



Development of Novel Dry Coated Mannitol/MCC composite Powder for Utilisation in Orally Disintegrating Tablets

100
m Cube m Composite

90

80 II I

lbu 10% lbu 30% Ibu 50%
MCC Powder blend

Hardness (N)
= N w N a1 (e} ~l
o o o o o o o

o

Figure4.7: A graph showing the hardness of manufactured ODTs containing the model API ibuprofen at
concentrations varying from@50% comparing the cube and composite mixers, with no statistically sign
results observed between the methods. Only milled mannitol data is shown on the graph. Data is prese
mean + SD (n=3, p>0.05).

The mechanical strengtand friability Figure 4.7 and 4.8 respectivilgf dosage forms was very
similar for both mixing methods and no statistical difference was observed in terms of hardness when
the two methods were compared. This could have been due to the preblends mixing process, where
silica was added during the beginning of the blending process. With composite mixing, this could have
led to the silica coating a vast amount of the other excipient particles in the powder blend, resulting
in lower levels of binding between these adjacenttdes, in turn influencing the final mechanical
strength and friability of the tablets. This was further investigated below by taking the silica out of the
initial mixing process and adding it in at the end of the initial mixing stage. The results gettion
indicated the beneficial use of composite mixing for preblgmoduction as it provided auperior
flowing powder, which for large scale processing wouldkég to allow tableting in auttableting
machine. The properties of the resulting tablets through the composite blending process were also
passable, with an acceptable robustnemsd disintegration times being improved whenilled

mannitol was utilised.
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Figure4.8: A graph showing the friability of manufactured ODTs containing the model API ibuprofen at
concentrations varying from $80% comparing the cube and composite mixer. Results indicated no cleal
pattern in friability for the mixig methods, and friability was varied according to a particular blend. Only |
mannitol data is shown on the graph.

4.3.3 Effect of Ibuprofen Concentration

From Figures 4.2 and 4tGvas clearly seen that an increase in ibuprofenagntration proviged ODTs

with worsening disintegration times, however the robustness of the dosagaddncreased (Figure

4.3 and 4.). The increased disintegration was expected as ibuprofehldwa solubility and is also
hydrophobic(Alvarezet al., 2011, Rinakét al., 2004, Loweet al,, 1999, Tangt al., 2007) which
resulted in ODTs that disintegrated more slowly. This was evident by the increased disintegration time
when the drug concentration was increased from8@/bow/w. This was possibly due to the tablet
becomirg more hydrophobic as the increasing levels of ibuprofen started to increase the overall
hydrophobic portion of the tablet. This therefore reduced the wettability of the tablet and caused
them to disintegrate more slowly. However as mentioned above, tligation of milled mannitol

with 50% ibuprofen still provided very low disintegration times, considering the high drug load and
absence of any superdisintegrant. It proved that milled mannitol was useful in providing tablets with

low disintegration timesregardless of the high drug load, with the unmilled mannitol tablets taking
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significantly longer to disintegrate (p<0.05), especially at a drug load of 30/8@However it
appeared that as the ibuprofen concentration increased, the hardness of thegddsams also
increased along with a reduction in friability. This was unexpected as ibuprofen had been stated as
having a poor compressibilifiPatel and Bansal, 2011, Mageal., 2013, Nokhodclhét al., 2015) which

should have provided tablets with Higr concentrations of ibuprofen giving weaker tablets. However
GKAE 61FayQli GKS OFraSo ¢KS KAIKf@ O2YLINBaaAaAof S
content and cohesivity of ibuprofen, led to the higher concentrations of ibuprofen providimgst

tablets. The MCC/milled mannitol was able to homogenously mix throughout the ibuprofen powder,
therefore allowing a robust tablet to be formedue to the high plastic deformability of the preblend.

This would need to be investigated further to asséfse compressibility of the premix blend as well

as the grade of ibuprofen used.

4.3.4 MCC Blend Optimisation

4.3.4.1 Optimisation of Silica Concentration

This first step of preblend optimisation involved the concentration and mixing time/stage ofitiae si

In the previous investigation the silica was added alongside the milled mannitol and MCC in a one step
process, however silica may have disrupted the coating efficiency of the milled mannitol on to the
MCC host particles. To assess this affect, dhith@nnitol was mixed for 3tins alongside MCC, and

in a second mixing step silica was added to act as a glidant and improve the flow of the resulting
powder. It was also a requirement to then optimise the concentration of silica to give ttwap
powderflow, whilst providingacceptable tablets. Powder flow results are shown in Figure 4.9, which
showed that adding silica at the end of mixing fambs reduced powder flow and gave rise to a
higher angle of repose (40.97°) compared to when silica wasdthirixthe bulk powder, with statistical

analysis
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Figure4.9: A graph showing the effect of silica concentration on the flow of the preblend powder througt
angle of repose. Significadifferences were observed at 0.5%/1.5% and 2% compared to the blend wher
of the excipients were mixed together (0.5% blended8fs). Was seen that after 1% of silica addition a fl
category improvement was seen, from fair to good. (n=3, p<0.0&lfmowder except 1% Bins end)

suggestingthat this was a significant worsening in flow (p<0.05). This was expected as the silica was
YAESR F2N) ftSaa GAYSTZ YSIyAy3d GKFEG AdG 6l a¢gQi |
through the powder, whereas the 30min total mixed blend, it was able to coat a larger proportion

of MCC and milled mannitol surfaces due to the increased mixing time of the blend. Another key
observation was that as silica concentration was increased the flow of the powdeniethwith the

angle of repose coming down to 32.55° with 8w silica. Figure 4.10 shows SEM images of the
preblend particles (largely MCC and milled mannitol) coated with silica, with the three images
indicating an increased silica concentration frorC Aespectively. It was evident from the images that
increasing the concentration of silica increased the coverage of the nano sized silica upon the
MCC/milled mannitol, with 2%w/w silica showing the largest surface coverage, followed \wywl%

and then 0.8 w/w. This resulted in an improved flow at 2%/w silica compared to other
concentrations, however it was not significant when compared tan% with the flow remaining in

the good category. It was visualisth@t an increasegdurfacecoating wagpresert at 2%w/w, however
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Figure4.10: SEM images showing particles of; 8.5% silica blended for 3@ins alongside milled mannitol
and MCC; B 1% silica mixed for &ins after 30min blend of millednannitol and MCC; €2% silica mixed fc
5mins after 3min blend of milled mannitol and MCC. Images clearly show that increasing the concentr
of silica increases the surface coverage of silica on the larger preblend particles, with 2% silicehbaving
highest levels of surface adhered silica.

visibly the difference compared to 18w was insignificant The reduced loading efficiency of the
silica within the 2%w/w blend meant that there was an increased amount of free silica present within
the bulk powder blend. Also when employed in ODTs it is disadvantageous to use silica in high
concentrations due to its insolubility in water, which results in a highly gritty texture in the mouth

upon disintegration, decreasing the palatability of the dosage f(RRaweet al., 2012)

To assess tablet properties of the preblends with different concentrations of silica, powders were
compacted with different amounts of the insoluble API ibuprofen (10, 30,\80%and the resulting

compacts analysed for their disintegration time, porosity and mechanical strength. Hardness results

167



Development of Novel Dry Coated Mannitol/MCC composite Powder for Utilisation in Orally Dainggdiablets

100
m10% lbu m30% lbu m50% Ibu

0.5% Blended 30mins 0.5% 5mins End 1% 5mins End 1.5% 5mins End 2% 5mins End
Powder blend

90

Hardness (N)
al (2] ~ e}
o o o o

N
(@]

3

o

2

o

1

o

o

Figure4.11: A graph showing hardness of the tablets produced from the preblemged with differing
concentrations of ibuprofen. Results indicated that in general as the concentration of silica increased th
hardness of the dosage form also increased. Significant differences were observed between several tal
with 10% ibuprofenisowing an improved hardness at 0.5% blended fon#0s and30%/50% ibuprofen
showing improved hardness at 2% (n=3, p<0.05).

are illustrated in Figure 4.11. A general pattern was observed whereby increasing the concentration
of silica tended to increashe mechanical strength of the tablets, with the 2% silica tending to have
the highest hardness at 30/50%uprofen concentrations. The results generally indicated that at each
increment of 0.5%w/w silica, a gradual increase in hardness was observe® @%4dw/w silica load.
Statistical analysis showed that the 0.5%86 blend, alongside the 1.5% silica blend, had the highest
hardness at 10% ibuprofen with 2% silica having significantly higher hardness at 30 and 50% ibuprofen
concentration (p<0.05). Tke results were unexpected as it was thought that using increasing
concentrations of silica to adhere to mannitol/MCC surfaces would result in reduced interparticle
bonding, and therefore would negatively impact tablet strength. However it was identified i
literature that when using mixtures of colloidal silicon dioxide with magnesium stearate in the
tableting blend, compact strength would increase, due to the colloidal silica coating larger areas of the

milled mannitol/MCC resulting in an improved tabsttength, with the lubricant sensitivity of MCC
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also reduced(Bolhuis and Holzer, 1996, van Veenal, 2005, Zuurmaret al, 1999) This also
explained the increased strength of the 30min premixed total blend over the 0.5% siticatend,

as the total blend had a higher amount of time for the silica to evenly disperse through the mix and
coat the larger host particles of MCC and milled mannitol. Theredari@creased level of stronger
bonds were able to form between the mannitahd MCC during compaction. The hardness of the
tablets appeared generally proportional to the disintegration time, with disintegration time results

shown in Figure 4.12.

The disintegration time results showed that increasing the concentration of silica caused an increase
in disintegration time, with very similar disintegration times segetween the two formulations

containing 0.5%wv/w silica, and a step wise increase in disintegration time as the proportion of silica
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Figure4.12: A graph showing thdisintegrationtime of the tablets produced from the preblends mixed with
differing concentrations of ibuprofen. Results gave a clear indication that as silica concentration increas
disintegration time of the taldt also increased, which was espebjiavident at 30 and 50% ibuprofen
concentration, with concentrations of 1% silica and above significantly different to the 0.5% total blend :
ibuprofen concentration and concentrations of 1% silica and above being significantly longer disintegrat
than either of the 0.5% silica preblends at 50% ibuprofen concentration (n=3, p<0.05).
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increased up to 2%v/w silica. The disintegration time at 108w ibuprofen was very low for all
formulations due to thdow mechanical strength, therefore no statistical significance was observed.
At 30%wi/w ibuprofen, the increase in disintegration time with the increase in silica concentration
became more obvious, with significant differences seen between the @/@dsilica total blend and

the higher concentrations of silica mixed at the end, and a significant difference observed between
0.5%w/w silica added at the end and the 28w silica blend (p<0.05). At 50%/w ibuprofen
concentration statistical significance walsserved between all formulations except the two 0%y

silica formulations, which all gave a clear indication that the higher levels of silica were increasing the
disintegration time. The increased disintegration time could have been due to two possiisiens,

one being the reduced energy of interparticle separation due to the higher levels of silica present
within the compact, and secondly the reduced porosity of the compacts with increased levels of silica

(shown in Figure 4.13). From Figure 4.13 it was seen that the increasing concentrations of silica causec
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Figure4.13: A graph showing the porosity of the tablets produced from the preblend powders containing
different concentrations of silica at different ibuprofen drug loads. Results indicated that as the concent
of silica increased thporosity of the tablets decreased; at 10% ibuprofen load statistical significance was
observed at all concentrations except when comparing the two 0.5% silica preblends and between 1.59
silica; and at 30% and 50% ibuprofen load significant differemere observed at all concentrations of silic
except between the two 0.5% blends and between 1% and 2%/1.5% and 2% (n=3, p<0.05).
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a reduction in poosity across all three ibuprofen drug loads, with the two 0.5% silica preblends
showing no statistical significanceaaty of theibuprofen loads. This was similar to previous findings
where it was found that increasing levels of colloidal silica witbinger blends up to 3%/w caused

a reduction in pore volume within the resulting compé@ucluyildizt al., 1977) The porosity of the
tablets was a key factor in their resulting disintegration, as the reduced pore volume of the higher
silica concentratin tablets reduced water uptakénto the tablet. Whereas, at the lower
concentrations of 0.5%/w, where the pore volume of the compact was much higher, the tablet was
able to draw wateinto the pores more rapidly which allowed subsequent breakdown ottirapact
(Pabari and Ramtoola, 2012, Seager, 19B8ig to the absence of disintegrant in the preblend it was
concluded that the disintegration of the tablets was primarily due to the porosity of the dosage form,
which allowed water to penetrate and breakwan the structure. However it was also observed that
the porosity of the tablets wamversely proportional to the pattern in hardness of the compacts. It
was seen in previous findings that a more porous tablet structure did lead to a lower mechanical
strength in the resulting compact$-ukamiet al., 2006) with similar results also seen in this study.
This was explainable by the bonding area of the MCC and milled mannitol. The lower porosity of the
compacts indicated that the MCC and milled mannitol fodnaelarger surface area of bonds during
the compression cycle. This led to a higher tablet hardness, as the energyetetuibreak the bonds

was increasedue to increased bonding surface argéhomane and Bansal, 2013, Jaitisl., 1998)

The friabiliy of the tablets is shown in Figure 4.14, and although it could be said that the friability
followed a similar pattern to the porosity, where friability decreased with increased silica
concentration, this was only observed up to 1.8, with 2%w/w silica giving a higher friability at

all three of the ibuprofen concentrations. It was interesting to see that the Ovb&¢total blend had

a fairly low friability compared to the other tablets tested, which was comparable to the Ww/@%o
silica 5min mixed bénd. This showed that mixing silica for a longer duration helped to lower the

friability of the tablets. However in all cases it was seen that friability was above the 1%w/w
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Figure4.14: A graph showing the friability of the tablets made from preblends containing different
concentrations of silica, at three differeritiprofen drug loads. It was gatherdht no clear observable
pattern wasobtained, with the 30 mirotal blend havingrery good friability whereas &in mixed silica blend
had higher friability. Could also be said that a general reduction in friability was seen as the silica conce

increased up to 1.5%.
acceptability threshold, but this wakie to the low compression force used thg tableting and the

utilisation of milled mannitol.

The final step in optimising the silica addition was to find the most appropriate time for mixing. Figure
4.15 showed how the flow of the powder changed over time, up to a mixing time wiir3§) throudn

the angle of repose. A 1%/'w silica concentration was chosen as the flow was good with therb
YAEAY3 GAYSZI FyR AlG +Ftaz2 3F@0S RAAAYGESANIGAzZY
1.5 and 2%w/w blends, with the robustness of the dosadorms also being acceptable. Results
indicated that an increased mixingrie gave an improved flow up to 20 min blendimgth the graph
showing a clear plateau in the improvement of flow. Figure 4.15 showed that there was a huge
difference between the iagle of repose of the powder between a 5 andrmiil mixing time, with the
angle dropping by around 8°, from the passable category to the good catéd&®37, 2014cA

FAdzNI KSNJ SYyKFyOSYSyid Ay Fit26 o1 & aSSy asidrasickS -
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Figure4.15: A graph showing the effect of silica mixing time on the flow of the preblend powder through
of repose. Significant improvements in flow were observed after mitOmixing ime compared to the Bnin
silica mixed powder, with 20 and 30in mixed powders also being significantly more flowable than powde
mixed for 10mins (n=3, p<0.05).

with the flow improvement plateauing at 3@ins. The improved flow was because the dry cuati
device was able to deagglomerate a higher proportion of the silica particles, and allow them to coat
on to the larger milled mannitol and MCC. The interparticle friction between the larger particles,
especially the very small milled mannitol particless therefore reduced and the glidant effects of
the silica were more prominent. Any further mixing of the silica posiis resulted in no further

enhancement in flow.

For further study the 1% silica concentration was chosen and mixed fmirZto fom an optimally
Ft26Ay3 LRGRSNE Fa GKS y3atS 2F NBLR2Z&S NBLNBa

characteristics.

4.3.4.2 Surface Coverage during Mixing
In this study the mannitol was added to the MCC and mixed in the dry coater in gnéogpeoduce

the dry coated particles. Previous work conducted by Yetng. (2005)found that the theoretical
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concentration required for full surface coverage of the host particle could be calculated using the
particle size and true densities of the h@std guest particles for a particular mixture. It was hoped
that if the milled mannitol and MCC coating was conducted in two or more steps, several layers of
mannitol may have been observed coating the larger MCC particle. To further assess the preblend
properties a smaller particle sized MCC was introduced as a comparison, with Avicel PH101 having
particles around 5um compared to the 10Qum of the Avicel PH102. It was hoped that the larger
surface area of the smaller sized particles would reduce the levels of free mannitol in the mixture and
result in further enhancements in coating. Using the surface coverage equations proposed ley Yang
al. (1997)it was found that the amount of milled mannitol required to theoretically coat the PH102
and PH101 MCC particles was 35.9% w/w and 57.8% w/w respectively. Therefore the first mixing step
entailed a mixture of the respective amount of mannitoldaMCC mixed for 3fhins, and then the
remaining quantity of the milled mannitol required for the preblend was added in a second step for

further mixing, before 1%/w silica was added in the final step for @0ns.

Figure 4.16 shows SEM images of the ste@ addition and surface coverage powders for the PH102
and PH101 grades of MCC. From the images it was seen that the milled mannitol and the silica were
coating both grades of MCC to a large extent, with the surface appearing very rough due to the
adherence of the small sized milled mannitol partictesto the MCC surface. This representeclear
difference between the dry coated blends and uncoated MCC, with the surface of uncoated MCC being
much snoother, with no visible particles attached to the saré (Figure 4.16(A) and (B)). It was also
seen that the nanesized silica particles were coating on to the outside of the milled mannitol as well
as the MCC. It was clearly visible that the p#eticof the PH101 grade wemuch smaller in
comparison to tie PH102 particles. For dry coating the order of magnitude of size difference between

the guest and host particle needs to be at least two, with the strength of attraction increasing as the
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Figure4.16: SEM images of the calculated surface coverage blends compared to the all in one mixtures
showing an uncoated particle of MCC PH10&M®wing aruncoated particle of MCC PH1@2; showing the
all in one powder blend of PH102;¢clbhe PH102 blenavith calculated surface coveragegEhe all in one
powder blend of PH101 and¢Rhe PH101 blend with calculated surface coverage. Levels of coating app
to be slightly higher on the calculated surface coverage blends for both PH102 and PH104haitteou
loading amount of the mannitol and silica was high in both cases.

sizedifference between the particles increag@ahmash and Mohammed, 2015, Ishizakal., 1989,
Hondaet al, 1994, Alonset al., 1990) Therefore it was expected that the PHM&uld have some
level of dry coating, as the size difference between the MCC and milled mannitol was around 5 orders

of magnitude. The PH102 was expected to have higher levels of coating as the difference between the
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host MCC and the guest milled manniteds around 10 orders of magnitude, therefore the attraction
forces were expected to be higher. However it appeared as though the PH101 particles had higher
levels of surface coating than the PH102, as seen between Figure 4.21 (C) and (E), with higher leve
of mannitol and silica observed in)(H his could have been due to the larger surface area available to
coat with the 50um MCC. However the two particles that were visualised when using the surface
covaage calculations (Figure 4.16(D) and),(Fhe same difference was not seen, with surface

coverage for both particles being very high and very little difference in coverage observed.

The main point of comparison here was the difference between the total blend and the surface
coverage blend. T SEM images indicated that when surface coverage calculations wereaused
larger proportionof the MCC was covered withilled mannitol, as was observed with theH102

blend (Figure 4.16(C) and (D)). Ther@ased levels of loading of mannitol orRBI1@2 with the surface
coverage could have been explained by the increased coating upon the second addition of the
mannitol, leading to an increased number of layers. In the first step enough mannitol was added to
achieve a theoretical full surface coverageisiwould have resulted in high levels of loading on to the
MCC surface, with little of the mannitol left free within the powder blend. With an extra addition of
the small sized mannitol after the first step, the extra mannitol was able to further co&b time
previously coated MCC patrticle. This could have been explained by the large size difference between
the milled mannitol and the already coated MCC, which would have displayed a slightly enlarged
particle size due to the layer of mannitol alreadyrsunding the MCC. Such distinct differences were

not seen with the PH101 total blend and surface coverage blend, with both blends displaying a very
high adherence of the mannitol on the MCC surface. This may have been due to the smaller particle
sizeofttt t 1 mam 3INI RSZ gKAOK | FUSNI GKS FANBG RNE C

as the eleatostatic forces had been dampenég the mannitol already attached to the MCC.

Figure 4.17 shows a graph of the flow of the surface coverage blemdsaced to the blends where

the powder was added in all at once, through the angle of repose. The data showed that the surface
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Figure4.17: A graph showing the flow of the surface coverage calculated Blenchpared to the all in mixed
blends for the two sizes of MCC investigated, through the angle of repose. The general pattern was tha
coverage resulted in a slight worsening in flow, with a statistically significant difference seen with the Pt
blends (n=3, p<0.05).

coverage blends did slightly worsen the flow of the powder, with a significant worsening seen with
the PH101 blend, alongside a flow category worsening from good to fair. The PH102 blend remained

fairly consistent with only a sligivicrease in the angle of repose.

This slight worsening in flow may have been due to the several addition steps of mannitol; in the first
step most of the mannitol was coating the larger MCC particles leaving less space for further coating;
the second stp where more of the mannitol was added led to a slight increase in the coating levels,
however the mannitol was in excess prior to the mixing step, therefore more of it would have
aggregated together to reduce the overall powder flgWesterberg and Nystrd, 1993, Dahmash

and Mohammed, 2015)Vith the total addition blend, mannitol would have had more space to attract

to the MCC surface, and although still in excess there would have been less time for the mannitol to
form aggregates, as this blend was amixed for 30mins, as opposed to the two 30in mixing times
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methods as 1% silica was added as a final addition step and mixedrfon20~vhich acted to incese

the flow of the powder blend.

Figures 4.18.20 shows the mechanicploperties and the disintegration time of tablets produced

from the surface coverage blends compared to the total addition blends. Figure 4.18 shows the

z “
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display a clear pattern, with the only difference observed at 50% ibuprofen where the surface
coverage blendvas statistically significantly stronger than total addition blend (p<0.05). It appeared
as though at 10% and 30% the total blends were more mechinitaong, however no statistical
significance was observed, but at 50% the surface coverage blends came out significantly harder.
There was no clear pattern to the mechanical strength, and the friability also reflected this (Figure
4.19), with the friadity of the surface coverage blends being higher at 50% ibuprofen and no clear

pattern observable at the other ibuprofen concentrations. The increased strength of the surface
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Figure4.18: A graph showing the hardness of the surface coverage blends compared to the total additio
powder blends at three difference concentrations of ibuprofisio. observable pattern was seen in the resul
however a significant increase in hardness was seen at 50% ibuprofen for both of the surface coverage
compared to their total addition counterpart (n=3, p<0.05).
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Figure4.19: A graph showing the friability of the surface coverage bleraiapared to the total addition
powder blends at three difference concentrations of ibuprofen. No observable pattern was seen when
comparing the surface coverage blends to the total addition dden

coverage blend at 50% ibuprofen was due to the increased levels of ibuprofen whd to an overall

higher mechanical strength as the ibuprofen used was very compressible due to its high cohesivity and
moisture content. It could also be said that the agglomerates of mannitol were higher with the surface
coverage blend, therefore thelose interactions between the mannitol agglomerates were forming
stronger bonds during the compression cycle. Disintegration time of the tablets was proportional to
the hardness, as the hardness of the tablets increased the disintegration time alsasedrelue to

the lower ability of water to penetrate and break up the compacts. Again with disintegration time no
clear pattern in how the mixing methods were affecting the disintegration capability of the tablets
was attainable. With the PH102 M@fisintegration time of the surface coverage blends was lower
than the total addition blend, however with PH101 the disintegration time of the surface coverage
blend was higher (Figure 4.20). Disintegration time at 50% ibuprofen was high due to the increased
hardness of the compacts, because the ibuprofen was highly compactable. However disintegration
times at 10 and 30%v/w ibuprofen were acceptable for all the PH102 blends as opposed to the
PH101.
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Figure4.20: A graph showing the disintegration time of the surface coverage blends compared to the tot
addition of powder blends at three difference concentrations of ibuprofen. No observabierpatas seen in
the results, with PH102 MCC showing lower disintegration with surface coverage blending, whereas Pt
showed lower disintegration with the total addition of the powder. Statistgghificance was seen between
50%ibu for both PH101 an@®H102(n=3, p<0.05).

This was because of the smaller sized particles of MCC present in PH101, which would have beer
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more compactable as they were able to fill smaller voids within the powder bed during compression.

Although flow was affected by the mixj method for the dry coated blend, with surface coverage
powders being slightly less flowable than the total addition blends. No fixed pattern was observable
with the tablet properties, as the mechanical strength and disintegration time varied depending o
the particle size of MCC analysed. Visyaliyall differences in the particle surface morphology were
seen, as surface coverage blends displayed a slightly increased loading of mannitol on the surface of
MCC, especially with the PH102, due to the inseglmixing time and possible dual layering on to the

larger MCC patrticle.

4.3.4.3 Use of Glyceryl Behenate and Ethocel as an alternative to Silica
Colloidal silicon dioxide is the most command well established glidanh the pharmaceutical

industry dueto its very small particle size, enabling it to coat larger particles and reduce interparticle
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friction. However it has its disadvantages, whereby it causes lubricant sensitivity with certain
excipients, such as MQRZuurmaret al,, 1999, Hoagt al., 2008, it can increase disintegration times

of tablets as the concentration increases, as evidenced by results above, and due to its hydrophobic
non-dissolving nature, when employed in ODTs dalay disintegration timeGlyceryl Behenate was
chosenas a compadasonas the manufacturer had stated that it can be employed as a lubricant in solid
oral dosage forms, and can help keep disintegration times low as well as improve compressibility of
the powder(Li and Wu, 2014, Janréhal., 2003) It was thereforénvestigated as a flow improvement

aid in this study. A small particle size grade of Ethocel (Ethocel HP®) was also used in a low
concentration to see if the excipient had any use as a flow aid for dry powder formulations, and if it

presented any improvenmds in tablet properties.

Figure 4.21 shows the important flowability results for the two newly investigated flow aids against
silica. The restd were very clear, showing that the silica flowed significantly better than both the

glyceryl Behenate and Ethocel. This was because of its nanosized particles which were able to evenly

45

Angle of Repose)(
= N N w w N
(&3] o o o (&3] o

=
o

(€]

Silica Glyceryl Behenate Ethocel
Glidant type

Figure4.21: A graph showing the flow of glyceryl Behenate and Ethocel compared to Silica through ang|
repose. Results indicated that powders containing silica flowed sigmnificbetter than powders containing tl
other two excipients. Ethocel flowed significantly better than glyceryl Behenate (n=3, p<0.05).
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disperse through the dry coated powder blend and coat the larger M@Cnilled mannitol particles,
reducing the interparticle friction and allowing the powder to flow more homogenously pahele

sizes of the glyceryl behenate and Ethocel were much larger than the silica, so were not able to
uniformly disperse throughdtthe blend. It was also evident that the Ethocel flowed better than the
glyceryl behenate, with statistical analysis also showing this (p<0.05). The glyceryl behenate had a
particle size of around 5@m, which explained its poor flow aid capabilities,caty 1%w/w of the
excipient was used. This would have meant that the powder was not able to uniformly disperse
through the blend, and therefore hadery little effect onthe flowability of the dry coated milled
mannitol powder. Ethocel however did havens® improvement in the flow of the powder, down to

an angle of repose of 39° as opposed to the 42° of the glyceryl behenate. The Etltbaeldwerage

size of below §m, this meant that adding 1%/w of the excipient to the dry coated blend allowed
some dstribution and layering of the Ethocel on to the MCC and milled mannitol particles. This would
have helped to reduce interparticle attraction/friction forces, and slightly improve the flow of the
powder. Compared to the silica, the particle size of Ethaas still fairly large, and therefore silica

had a higher coating efficiency on to the host particles, and proved to be the better flow aid.

Figures 4.22 and 4.23 show the hardness and disintegration time of the tablets manufactured using
the different flow aids at different ibuprofen concentrations. In terms of hardness no clear pattern
was observable between the three. Silica appeared to have the better hardness at\ddprofen

load, Ethocel had the better hardness at 3@%w ibuprofen load and giceryl behenate having a
better hardness at 50%/w ibuprofenload. It was therefore concluded that the interchanging of the
Ft26 AR ¢2dzZ RYyQli KIF@S | AAIYATFAOLIYd SFFSOG 2
Ethocel did present an advan&agver silica and the glyceryl behenate as it had high hardness at both
30 and 50%w/w ibuprofen loads. Ethylcellulose has been shown to increase the compressibility of
powder blends, and including this at a small load had in fact improved the compiigssibdve that

of silica at higher drug load&oswamet al., 2014) Glyceryl behenate in general provided tablets of
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Figure4.22: A graph showing the hardness of the tablets manufactured from the powa®rsining the two
new investigated flow aids compared to silica, with different ibuprofen drug loads. The general pattern
observed was that glyceryl behenate had the lowest hardness at 10 and 30%, with silica being significa
harder at 18band Ethocebeing significantly harder at 30% ibuprofen drug lo&tycerybehenate was
significantly harder than silica at 50% ibuprofen load (n=3, p<0.05).
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lower mechanical strength, with only tablets at the higher ibuprofen load showing strength
improvements. Ths was expected as literature had shown improvementgampressibility and
hardness of tablets was observed when a glyceryl behenate concentration of 20% wasaiseED N | 2 3
et al,, 2015) Therefore due to the lower concentration of glyceryl behenate egaldn this study, a

AAIYATFAOIYG YSOKIYAOIt &GNBY3IGK AYLNROSYSYlH o

Figure 4.23 showed the disintegration times of the tablets produced from the powder blends
containing the three different flow aids. It was seen that there were no signtfdiéferences betveen

the flow aids, except ab0%w/w ibuprofen drug load where the Ethocel proved advantageous in
having significantly lower disintegration times (p<0.05). This was because Ethocel was able to increase
pore volume in the tablet, allowing higher capillary action/water ingressto the dosage form,
causing a subsequent faster disintegration of the tablet structure. This led to an overall improvement
in the disintegration behaviour of the Ethocel containing powder blends.
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Figure4.23: A graph showing the disintegration times of the tablets manufactured from the powders

containing the two new investigated flow aids compared to silica, with different ibuprofen drug loads. Tt
general patternobserved was that there was no clear difference in disintegration time at 10/30% ibuprof

load, however at 50% the Ethocel was faster disintegrating compared to the silica and glyceryl béheBat
p<0.05).

Overall it was seen that the traditional flosd silica was advantageous, especially for powder flow
AYLINPGSYSYylGd ¢l ofSiG LINPLSNIASE ¢gSNBYyQl KdzaSt e
Disintegration and mechanical strength of the Ethocel containing powdema@®ved compared to

the silica containing powder. Ethocel helped increase porosity within the tablet, which explained its
faster disintegration properties, whilst the hardness was also improved at higher drug loads. This
indicated the Ethocel could possibly be used as a dliolwn the pharmaceutical industry as it did give

some promising results, and with further optimisation could provide compressible and flowable

powders that disintegrate very quickly.

4.4 Conclusion

The aim of the study was to investigate a suitable exaipients that could be included in a preblend
to add straight to an APl and lubricant for ODT production. Milled mannitol was carried forward from

previous work as it was found to be advantageous in producing more robust and faster disintegrating
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tablets. When it was employed in the preblend and mixed with the model API ibuprofen, it was found
to produce tablets of similar robustness to the unmilled alternative, with vastly improved
disintegration times. This was a key advantage of the milled manrstibiveas more hydrophilic due

to the exposure of the more hydroghi crystal planen the particle increasing the wettability of the
ODT. Two mixing methods were also compared when producing the preblend. It was found that the
novel composite mixer was gdntageous in producing a better flowing powder due to its dry coating

ability, particularly when milled mannitol was used in the preblend.mix

In terms of optimisation of the blend it was concluded th&nding1% silica for 20mins post mixing

of the milled mannitol and MC@rovided an ideally flwing powder that would not adher® storage
containers and not hang up. Surface coverage calculations were undertaken, however this provided
no clear advantage for the powder or resultant tablets. It waseobsd that increased coating of the

host particle was achieved when surface coverage calculations were undertaken, however this did not
materialise in clear advantages in the powder flow or to tablet properties. The final investigation
involved comparing ifferent excipients as flow aids, witthocelhavingpotential in being used as a

flow aid. It had a very small particle size and also helped tablet propantigsdisintegration times

being lower than silica and in some cases hardness also being idpridewever it was concluded

that the silica still provided the best option as a flow aid, as the primary purpose of this excipient was

to increase the flowability of the powder, and silica was far better in lowering the angle of repose.

This chapter praded a comprehensive outline for the procedure of preblend production, alongside
the idea proportion of the flow aid/mixing time to be used to improve the inherent poorly flowing
nature of the milled mannitol. However further enhancement of the blendsatbel undertaken to

prepare them more for commercial formulation.
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Method to Develop anMCC/Silica Hybrid
Powder to be employed in Directly

Compressible Orallyi§integrating Tablets
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5.1 Introduction

Microcrystalline cellulose (MCC) is an extensively used filler/binder within solid oral dosage forms,
including tablets and capsules, due to its largely plastic deformability, high dilution potential and
disintegrant propertiegRoweet al, 2012, Thoorenst al., 2014, Bhalekaet al., 2010, Bolhuis and
Chowhan,1996) LG Aa | LI NIAFTf & RSLRctlalosSamdapieis aO&5f
spray dried porous, white, tasteless, odourless crystalline powder, with some amorphous regions
(Thoorenset al., 2014, Rowet al., 2012) Its possesses excellent binding properties due to its highly
plastic nature, low lubricant requirement and low die wall friction upon compres@ivang and

Peck, 2001, Thooreret al., 2014) Primarily it is the plastideformability of MCC that gives it its
compaction behaviour, due to the large surface area available for interparticle bonding resulting from
the slip planes and dislocation occurring during applied pressure. This allows strong hydrogen bonds
to form between the closely interacting hydrogen groups on the cellulose particles, pmgvitie
resultant compact withhigh mechanical strengttHuttenrauch, 1971, Bolhuis and Chowhan, 1996,
Thoorenset al., 2014) It is marketed as Avicel by FMC Biopolymer (PHpate USA) with the two

most commonly used grades in solid oral dosage forms being Avicel PH101 and Avicel PH102, with
particle sizes of around 5Im and 10Qum respectivel(FMGBiolpolymer, 2016) MCC tends to have

a low bulk density, with Avicel PH1@khibiting poor flow due to the low bulk density, its
matchstick/needle like shape, which would lead to interlocking during the bulk flow of the powder,
and increased cohesion due to the small sized patrticles within the powder. Whereas the PH102 grade
exhibits increased flowability behaviour due to the more uniform spherical particle shape, and larger
particle size which results in lower friction and cohesive forces within the powder, however flow is
inhibited by the low bulk densit{Bolhuis, 2011, Stawifth and Aulton, 2007)Another disadvantage

of MCC is its high lubricant sensitivity which results in weaker compacts, due to the inability of MCC
to form new slip planes that areee of the lubricant, leading to eduction in the hydrogen bonding

between the adjacent cellulose particl€duurmaret al., 1999, Hoagt al., 2008)
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Due to these limitations a newly developed-pmcessed MCC was developed in combination with
colloidal silicon dioxide, whereby MCC was spray dried alongside silicon dowe particles,

which , possessed an intimate association between the silicon dioxide and($f@@voodet al.,

1996) This product was commercialised under the brand Prosolv SMCC (silicified Microcrystalline
Cellulose), and is currently marketed by JR@rma (Patterson, New York). Prosolv comes in two
different grades, with Prosolv P50, the silicified equivalent to Avicel PH101 with a particle size of 50
um, and Prosolv P90 which is equivalent to Avicel PH102, having a particle sizenofBioee SMCC

was shown to have greater compressibility, superior flow, more resistant to wet granulation and less
lubricant sensitivity over standard MCC, therefore the production of the more compressible MCC was
seen as breakthrough in the manufacture of directly poessible tablet excipient$Sherwoocet al.,

1996, Edgeet al, 1999, Edgest al, 2000, van Veemt al, 2005, Sherwood and Becker, 1998,
Luukkoneret al., 1999) Therefore it was expected that the silification process had in fact altered the
physical makeip of the excipient. However the mechanical and chemical nature of SMCC was
observed to be very similar to the standard unsilicified MCC, tests conductededchanpaction
simulations, tensile strength tests, toughness tests, effective stiffness tests, with chemical
modifications assessed using Foutiemsform infrared spectroscopy (FTIR), gas adsorptieay X
diffraction, solid state NMR, Raman spectroscaognyd calorimetryBucktonet al., 1996, Bucktoret

al., 1999, Edget al., 1999, Edget al., 2000, Tobymt al., 1998) A physical difference observed was

the presence of silicon dioxide, and the improvement in functionality of the excipient was rétated
the location of the silicon dioxide. A study by Edgeal. (1999)identified that the spray drying
manufacturing method resulted in deagglomeration of the silicon particles, and therefore a uniform
distribution of the silica over the surface of the M@Wing particles of a far rougher surface and much
larger surface area compared to unsilicified MCGukkonenret al, 1999) It was highlighted that
during processing, the silicon dioxide particles were actually present within the structure of MCC, as
well as in the surface of the M@uukkoneret al., 1999) The increase in compact strength compared

to unsilicified MCC was explained by differences in interfacial interactions due to the presence of

188



Utilisation of a Novel Dry Particle Coating Method to Develop an MCC/Silica Hybrid Powder to be employed in Directly
Compressible OralRisintegrating Tablets

silicon dioxide within the structure of MCC, where nfiéeial strength and interactions were higher
with the silicified MCC grade. The presence of the silicon dioxide in the surface of MCC also led to
improvements in the flow of SMCC, as silicon reduces friction and cohesive forces between adjacent

particles,and provided the SMCC with less lubricant sensit{tjgeet al., 1999, Edget al., 2000)

Dry particle coating is becoming more thoroughly investigated currently due to its advantageous
processing conditions compared to traditional manufacturing md#ovhereby the powders are
exposed to less chemical and physical modifications, providing powders with new functionalities
(Dahmash and Mohammed, 2013 patented composite blender developed in the laboratory has
been shown to provide functionalised pates through an environmentally friendly mixing method
whereby small guest particles are adhered to the surface of a larger host through cohesive forces,
giving novel modified particles that have undergone no chemical alteration during processing, and are
only physically attracted. The aim of this work was to assess if dry particle coating could provide a
suitable alternative to the silicified MCC grade, Prosolv, whereby compressibility enhancement of dry
coated powders was compared to the unmodified M@QJ disintegration times were compared to
Prosolv, which was known to disintegrate slowly compared to unmodified MCC. The premise was that
the environment experienced during the dry coating process was less harsh, with 4poogessing

of the material regiired before mixing, and that dry coated powders were produced in a one stop,

high yield manufacturing method, compared to spray drying of Prosolv.

5.2 Materials and Methods

5.2.1 Materials

MCC (Avicel PH101 and PH102) wlatained from FMC Biopolymer (fRddelphia, USA), Prosolv P50

and P90 were received from JRS Pharma (Patterson, USA) and colloidal silicon dioxide (Aerosil 20C
was obtained from Evonik Industries (Essan, Germany). For tableting studies the magnesium stearate

was obtained from Fischer i8ntific (Loughborough, UK),-mannitol was purchased from Sigma
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Aldrich (Dorset, UK) and Metformin Hydrochloride was purchased from Discovery Fine Chemicals

(Dorset, UK). Powders were used as received.

Prosolv P50 and P90 were used as two powders undesstigation and were the focal point of
comparison for the developed dry coated blends in this study. Prosolv P50 has an average particle size

of 50um and Prosolv P90 have a particle size gu90

5.2.2 Composite Blending

For the initial comparison, Asel PH101 (particle size Hon) and Avicel PH102 (particle size 10Q)
were utilised as the host particles for silica. To establish the effect of silica loading on to the MCC
particles, different concentrations of silica were initially used, ranging Bd8-2%w/w. The Avicel
PH101 dry coated powders were directly compared to Prosolv P50, with an uncoated PH101 powder
used as a control; Avicel PH102 dry coated powders were directly compared to Prosolv P90, with an

uncoated PH102 powder used as a control

Dry coating was conducted in a novel compaosite blender that was developed within the laboratory.
The mixing was conducted over a 8nute time periodwith each of the proportions of MCC and
silica. 1bar of air pressure was introducémato the mixing tlamber to aid the deagglomeration of the

silica particles and increase shear forces to enhance the mixing and dry coating process.

5.2.3 Scanning Electron Microscopy (SEM)

SEM micrographs were obtained using a Phillip80XEEG ESEM (Eindhoven, Netimei$y to allow

an exploration of particle shape/size and evidence of dry coating upon the MCC particles.
Approximately Ing of each sample was adhered to a doutilded adhesive strip and placed on to an
aluminium stub. The samples were coated with a thipel of platinum using an Emscope SC500
sputter coater (Quorum Technologies, Lewes, UK) am2Gor 1 minute. After platinum coating each
sample was examined using SEM, with the acceleration voltage (kV) and magnification stated on each

monograph.
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5.2.4 Rman Spectroscopy

Raman microscopy was conducted using a Horiba XploRA Plus Raman Microscope (Kyoto, Japan), |
allow molecular identification of the particles within the dry coated silica/MCC powder blends. This
allowed a qualitative analysis of the prese of silica upon the surface of the MCC. The powders were
investigated at 532 and 78%n excitation, with 78.im having a lower background noise. The &b

was used for further study, with 108W laser power utilised.

5.2.5 Investigation of Powder Flow

Angle of repose was used as the method of choice for assessing powder flow of the investigated
powders. The method outlined in the USP monograph <1{@&P37, 20144e)as followed, and the

height and diameter of the pile measured. This was then addedhto equation, tan() =
height/0.5diameter, where was the angle of repose. All values were analysed in triplicate and
displayed as mean + SD. This was conducted on all the powders to allow a comparison of the novel
dry coated MCC/Silica hybrid to the comaruially available Prosolv® preblends as well as the Avicel®

control.

5.2.6 Thermogravimetric Analysis (TGA)

TGA was conducted to assess moisture content and loss on ignition of the powders evaluated in this
study. A Pyris 1 TGA (Waltham, MA, USA) wasadtilvith 35 mg of sample measured for each run,.

The method for the TGA was optimised using different end temperatures, heat ramps and hold times.
The final optimised method that was utilised was as follows: The sample was ran ff@n&a00C

at 10°C/min and held for tnins; the sample was then heated from 1Wto 150C at 10C/min and

then from 150°C to 700C at 20C/min and held for another lins, the sample was then allowed to

cool. The sample weight was measured throughout using the Gatahce. Moisture content was
measured as the percentage loss in weight betweerl 30°C, as this wathe range for moisture loss.

For loss on ignition an initial MCC scan indicated that MCC degrades at arout@@ 8% sample was

heated well above thig remove almost all traces of MCC from the sample pan. A silica control was
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also ran and negligible amounts of silica degraded up to°@therefore any residue left in the TGA

pan was likely to be silica.

Avicel PH101 and PH102 were run as controls amd residual weight left In the TGA pan was
subtracted from the Prosolv and dry coated blendsagzertain levels of siligaresent within the
powders. Dry coated powders with 0.5, 1 and 2% silica were tested to observe whether loss of MCC
indicated highe levels of silica present within each blend. The final percentage weight left in the pan
at the end of each run was taken as a qualitative indication to the amount of silica present within each
powder, and it allowed a comparison aflica levels withinhe blend. Each of the powders were

analysed in triplicate and results are presented as mean * SD.

5.2.7 Tableting and Tablet Properties

Tablets were prepared from each of the Prosolv powders and the dry coated MCC powders
manufactured in this study, witthe Avicel tablets used as a control. 58 portions of each of the
powders were individually weighed out and compressed using a Specaastmmiatic hydraulic

press (Slough, UK) equipped withriith flat faced punchesThe tablets were compressed at ViPa.

5.2.7.1 Hardness
Hardness of the tablets was measured using a Copley TBF 100 Hardness tester (Nottingham, UK)

¢SyairtsS AdNBy3IldK 60 ¢l a GKSYy OFftOdzg SR dzaAy

.  — (Eq.5.1)

Where H is the hardness, D is the diameter &nsl the thickness of the tablet. All readings were taken

in triplicate and displayed as mean + SD.

5.2.7.2 Friability
The standard USP friability test was utilised for the assessment of the percentage friability of the
manufactured tablet{USP37, 2014dpix tablets were brushed off and weighed altogether for the

initial weight, they were then inserteitito a Sotax F2 Friabilitor (Allschwil, Switzerland). The test was
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conducted for a total time of 4 minutes at 2am, with 100 revolutioné total. The ablets were then
de-dusted and reweighed to get the final weight. Percentage friability was calculated using the

equation:
b0l QOO Q65— pTN (Eq.5.2)

5.2.7.3 Disintegt#gon Time

The standard USP disintegration method was used to assess disintegration time of the(taBR33,
2014b) A Copley ZT41 disintegration apparatus (Nottingham, UK) was used, with a single tablet being
tested at a time for accuracy. Each tabletsiplaced in the vessel (without a disk) and oscillated at 30
cycles per minute. Dissolution medium of 860 distilled water was maintained at 37C, and
disintegration time measured when all of the fragments of tablet had passed through the mesh at the

bottom of the vessel. All readings were taken in triplicate and represented as mean + SD.

5.2.7.4 Porosity

Porosity of the tablets was assessed using a Quantachrome Helium Multipycnometer (Florida, USA).
Diameter and thickness of the tablets was measurethqus digital calliper, and the weight of
individual tablets taken using an electronic balance. The bulk volugte (M Y R 6 dzfui) of RSy &

the tablets were then calculated using the following equations:

Vs = (Eq.5.3)

" pulk = ———————— (Eq.5.4)

The true volume (¥ of the tablet was calculated using the pycnometer, which applies the theory of
gas displacement allowing the porous nature of the tablet to be assessed. The true volume was

calculated usinghe equation:

iz 0 — p (Eq.5.5)
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Where \4is the volume of the sample cell; i¥ the volume of the reference cell, P1 and P2 are the
atmospheric pressure and pressure change during the measurement respectively. The true volume

was then used to calculate true density in the equation:

! true — (Eq56)

¢KS FTAYyLFf adSL)I G2 OFftOdzZ S LR2NRarAGe o0 27F 0

s pl —— (Eq.5.7)

5.2.8 Powder Comprdass Profiling

To assess the compression profiles of the powder, three properties that affect the densification of the
powder bed were assessed. Individual 50@ portions of powder were weighed out and compressed

at forces ranging from #850MPa, andanalysed for compressibility, compactability and tabletability.

5.2.8.1 Compressibility

Compressibility is a measure of the area of bonding occurring during the densification of the powder
bed, and is measured by plotting the porosity of the tablet agdimstcompression force used to
compress it. Three tablets were prepared at each of the different compression forces and assessed
for porosity to allow a compressibility profile to be built. The mean of the porosities at each of the

compression forces wasdqgted.

5.2.8.2 Compactability

Compactability is a measure of the bonding strength of the bonds that form during powder
compaction. It is measured by plotting the tensile strength of the tablet against the porosity of that
tablet. Three tablets were prepad at each of the different compression forces and measured for
their porosity and the subsequent tensile strength, then plotted on a graph. The mean of the tensile

strength and porosity was plotted.
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5.2.8.3 Tabletability

Tabletability is a measure of tafesstrength of a tablet against the compaction force that the tablet
was compressed at. It tak@®o account both compressibility and compactability of the tablet. Three
tablets were measured for tensile strength at each compression force, and the nfigha tensile

strength plotted to allow the tabletability profile to be generated.

5.2.9 Addition of a Ne@ompressible API

To investigate the effects of utilising each of the blends in a typical dosage form, thmngmessible

API metformin hydrochlodie was used to assess how well the blends compacted alongside an API
with inherent poor compression properties. As MCC was a large constituent of the preblend a non
compressible APl was chosen as this presented the worst case scenario in terms of cangfahto
powder. Two different ratios of preblend were investigated, with the compositions of the two types
shown in Table 5.1. Magnesium stearate was used as a lubricant, and a crystalline grade of mannitol
was added to blend 2 as an additional filleassess the effect of the amount of preblend in the typical
formulation. The tablets were compacted at KPa using a Specac seauitomatic hydraulic press
(Slough, UK), and assessed for the same tableting propestige aingle preblend tabletbove. Ot

of the dry coated blends manufactured above only AvicelPH101/1% and Avicel PH102/1% were taken
forward to blend with the API, along with the two Prosolv grades and the two Avicel control powders.

The dry coated powders were chosen for their favouratules fhnd tablet properties, and

Table5.1: A tableable showing the composition of the two different blends used to manufacture API loaded
tablets allowing the effect of the proportion of preblend in thewder/tablet to be assessed alongside a non
compressible API.

Blend 1 Blend 2
40% Metformin 40% Metformin
59.5% Preblend 30% Mannitol
0.5% Magnesium Stearate 29.5% Preblend

- 0.5% Magnesium Stearate
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increasing the concentration of silica beyond E#d to larger quantities of free silica being present

in the blend, as was observed post mixing.

5.2.10 Statistical Analysis

hyS 41Fe& 1! bhzx! F2f{f26SR 0@ | -hot thdt, Sver® perforraad uSiAgLIt S
GraphPad Prism 7 software (Califori&A). For statistical significance-aghue <0.05 was used, and

all data was presented as mean * standard deviation.

5.3 Results and Discussion

5.3.1 Effects of Silica Concentration during Dry Coating compared to Prosolv

Raman spectroscopy was conductedhscertain if the chemical composition of the dry coated blend
displayed any dual peaks from the constituent particles, or record absence/reduction of the MCC
peaks due to the partial covering of the MCC surface with the silica. Figure 5.1 and 5ghhtgkli
Raman Spectroscopy data for Avicel PH101 and PH102 respectively. Both the figures show a scan c
the uncoated MCC grade alongside the silica scan with the dry coated blend represented at the top.
The results indicated that uncoated MCC had largesipeaks on the scan, with PH101 showing the
largest peak at an intensity of around 11000 counts, and PH102 showing the largest peak at
approximately 9000 counts. In terms of the silica scan the only characteristic peaks that were likely to
appear in a dy coated blend were at a Raman shift clustered around 1666, as all other peaks

were likely to be engulfed by MCC. The results showed that the dry coated powders with 2% silica
were very similar for both grades of MCC, with the overall peak heightiseoMCC peaks being
reduced down to 8500 counts for PH101/2% and 4000 counts for PH102/2%, most likely due to the
presence of silica upon MCC surface, therefore reducing the exposure of MCC and downsizing the
intensity of the Raman peak. However the thremall silica peaks around 16@0n! were not
detected, which indicated that the coating of silica was very thin, which was expestédvas known

that silica particles were very small in size, down in the nanometre range, therefore detection of these

small particles using the Raman microscope would have been difficdlie dry coated blend
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However the overall peak reduction di¢g MCC represented a positive indication that the exposure

of the MCC was reduced due to the presence of fine silica particles on the MCC surface, which was
further supported using the SEM images. Figure 5.3 visualises the particles of each of the powders
through SEM analysis, allowing the morphology of the particles to be observed. Dry coated powders
were manufactured with a silica concentration increasing from @2bw/w, with SEM images
highlighting the differences between the silica concentrationstaswvn in Figure 5.4. SEM images
indicated that duringdry coating there was a clear deposition of the silica ugf@ surface of the

MCC, as observed in Figure 5.3 (E) and (F) and all of the SEM images in Figure 5.4, which correlate
with the Raman spectroscopy data to highlight that silica was present upon the surface M@,

and partial coverage d¥iCC by silecwas primarily responsible for the peak reduction observed on

the Raman data, due to the lower exposure of MCC.

For Prosolv P50 (Figure 5.5), it was observed that the uncoated PH101 had a much higher angle of

repose and therefore poorer flow compared Rwosolv, which was expected as previous findings
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Figure5.1: Raman spectroscopy data showing the Raman signature for silica, uncoated Avicel PH101 ¢
coated Avicel PH101 with 2% silica loadRRgman signature shows MCC peak reduction post dry coating,
indicating a lower MCC signal due to lower exposure of the MCC surface due to the presence of fine sil
particles on the MCC surface.
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Figure5.2: Raman spectroscopy data showing the Raman signature for silica, uncoated Avicel PH102 ¢
coated Avicel PH102 with 2% silica loading. Raman signature shows MCC peak reduction post dry coe
indicating a lower MCC signal due to lower exposure of the MCC surface due to the presence of fine si
particles on the MCC surface.

stated that an advantage of the Prosolv grade was that it had an increased bulk density compared to
unsilicified MCC, which resulted in the Prosolv having better flow properties. This increase in bulk
density was attributed to the inclusion of silica within the ym®cessed particlévan Veeret al.,

2005) The AvicePH101 also had a match stick like structure, as observed from Figure 5.3 (C), along
with the relatively low particle size, which contributed to its poorly flowing nat(Belhuis and
Chowhan, 1996)Adding silica at a concentration of 0.25% improved kb, fand it was evident that
increasing the concentration up to 2% continued to lower the angle of repose and improve the powder
flow. It was seen that at higher concentrations, the angle of repose was starting to plateau, showing
that the silica was readhg maximum loading capacity and flow improvement did not increase as
expected. Also observed within the actual powder blend were higher levels of uncoated silica, as the
concentration of silica was increased. This was a further indication that the loealragity of silica

upon MCC reached its maximum, and further increases in the levels of silica within the blend led to

no further flow improvements of the powder. This was further evidenced on the SEM (Figure 5.4) as
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Figure5.3: SEM images of the different powddrss/estigated in this study, with A, C and E at 1000x
magnification and B, D, F at 500x magnificatiog;Posolv P50 showing a rough particle surface FBosolv
P90 showing again a rough surface; &vicel PH101 showing a smoother particle surface amegbto the
Prosolv; Io; Avicel PH102 showing a smoother particle surface compared to the Prospiwigel PH101/1%
silica dry coated blend, showing an MCC particle with a clear coating of silica upon the particle surface
Avicel PH102/1% silicly coated blend with clear evidence of silica dry coated upon the MCC particle si

the monographs showed that when condration was increased from 0.5 to 1%, an increase in silica

loading upon the MCC was observed, with far more nano/micro sized silica coating the MCC.
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Figure5.4: SEM images of the Avicel PH102 W|th different silica loading, Wlth all images at 2000x
magnification;A ¢ 0.5% silica; B 1% silica and €2% silica. Images indicate a large difference in silica loz
between 0.5 and 1%, however when the concentration is increased up to 2% a significant difference in
loading upon the MCC is not observed.

However when the concentration was doubled from 1 to 2% no significant increase in silica coating
on the MCC was observed. This gave further indication that, along with flow results (Figure 5.5),
increasing the silica concentration beyond 1% led to little eickeaent in the loading efficiency of

the silica upon MCC partideOverall it was seen thdte smaller particle sized MQ@aded with >1%

silicahad a very sinfar flow to Prosolv P50, whickas a very well flowing excipient.

Loss on ignition was conduct to ascertain the level of silica within/dry coated on to the powders,

with results shown in Table 5.2. For Prosolv P50 and the PH101 powders, it was seen that 0.5% silice
loading had negligible levels of silica present within the blend, however upaeasiog the
concentration up to 1 and 2%, increasing concentrations, similar to that in Prosolv, were seen. At 0.5%
silica load flow results indicated an improvemenbighlighing that silica was present in low
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Powder
Figure5.5: A graph showing the powder flow, through angle of repose, of the Prosolv P50 compared to
coated Avicel PH101 powders, with uncoated AVd¢101 used as a contrdNo significantifference
observed between the Prosolv and the dry coated powders (n=3, p>0.05).
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Table5.2: A table showing the silica content of the Prosolv and dry coated blends obtained through loss on
ignition using TGA. For P50/PH101 there was an observable amount of silica present at 1 and 2% silica with 0.5%
significantly lower than the three other powders. However witH102 the amount of silica wasnilar for 0.5

and 1%, however 2% silica showesignificantly higher amount of silica presence. No significant difference in
silica concentration between the dry coated powders and Prosolv were observed (except P50 and 101/0.5%
P<0.05). Moisture content was similar for all blend with no significafereifice observed. (n=3, p>0.05).

Powder Silica Content (%) Moisture content (%)
PH101 - 2.95+0.20
P50 2.44 +0.19 2.66 £ 0.47
101/0.5% 0.00 + 0.00* 3.31+0.21
101/1% 2.33+0.84 246 £0.77
101/2% 2.58+0.21 3.17 £ 0.36
PH102 - 3.17 £ 0.27
P90 4.37 +0.47 3.23+0.09
102/0.5% 3.66 +0.34 3.36+0.41
102/1% 3.67+0.11 2.74£0.24
102/2% 5.33+0.51 2.80+0.34
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However when concentration was increased up to 1 and 2% silica levels were detectable, and a clear
coating of silica was present time MCC, as observed on SEMjah correlated with thémprovement

in flow compared to the uncoated MCC. There was no statistical difference in silica levels between
Prosolv P50 and PH101/1% and PH101/2%, indicating that silica levels were very simdanlieése

three powders (p>0.05) A difference in silica loading was seen with PH102, with levels appearing
higher than the PH101 powders. This was due to the dry coating phenomenon, where a larger
difference in particle size between the guest and hostltesl in more distinct coating. Theigher

levels of silica presemn the PH102 powder was due to the particle size beingud®@s opposed to

the 50um of PH101, which would have resulted in stronger cohesive forces between the silica and
MCC in PH102,nd therefore a stronger and improved coating would have been produced. The
pattern with PH102 powders was slightly different, although it was observed that silica concentration
increased as the amount in the dry coated powder was increased, the diffebetaeen 0.5 and 1%

was negligible, at 3.66 and 3.67% respectively, however 102/2% had a significantly higher proportion
of silica at 5.33%. This therefore indicated that at 2% a higher level of silica was attaching itself to the
MCC, and that loading haddreased, however it was not statistically different when compared to

Prosolv P90 (p>0.05).

Prosolv P90 was the larger particle size grade of Prosolv, and it had a clear flow improvement over
Prosolv P50 due to the larger particle size, which reducedgatécle cohesive, electrostatic and Van

der Waals forcedLiu et al, 2008, Staniforth and Aulton, 2007 was observed again that the
uncoated PH102 had a worse flow behaviour compared to Prosolv, as expected, due to the absence
of silica within the prticle itself, which resulted in a lower bulk density of the regular \M@€ Veen

et al, 2005) Upon dry coating of the silica on to the surface of the PH102 powders it could be seen
that a clear improvement in flow was observed (Figure 5.6) from 28vitB°Prosolv to 24.54° with
PH102/1% silica, with statistical significance observed amongst all dry coated formulations. The

excellent flow properties of the Prosolv (both grades) was attributed to the fact that the silica within
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Powder
Figureb5.6: A graph showing the powder flow, through angle of repose, of the Prosolv P90 compared to |
coated Avicel PH102 powders, with uncoated Avicel PH102 usedaosiral. Significant difference was
observed between the Prosolv and all of the dry coated powders, with dry coated powders providing a |
flowable powder (n=3, p<0.05).
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the particles was mainlgdhered at the surface of MCC, however some of the silica also formed part

of the internal structure due to the production procggdgeet al., 1999) However for the PH102 dry
coated powders, silica was completely at the surface of the particles. Haatrthat silica actedo

reduce interparticulate friction by coating the main constituent particles withia blend, and any

free silica within the dry coated powder also acted to further enhance the (Givattorajet al., 2011)
Moisture content was also analysed, as shown in Table 5.2, to assess if moisture levels had an impact
on flow, as a previous studyy Alyamiet al. (2016b)found that dry particle coating could be utilised

for moisture optimisation within powders. However the results in the study indicated that no
statistical difference in moisture content was observed, and that moisture levels megharound 2

3.5%w/w.

Results in this study showed that improvement in flow properties was dependent on the
concentration of silica. As with PH101, the PH102 powders beyond 1% tended to have some amount
2T FTNBS aAiAf A0l ¢A0GKAWCGparBcles Wl as alsks bbdervédiomrifieQ i O
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SEM images shown in Figure 5.4. Loss on ignition results clearly indicated an increased silica
presence with 102/2%, however even with the increased silica load no increase in powder flow was
obtained. This gee a clear indication that beyond a certain concentration of silica, levels of dry
coating were reaching their optimum level and no significant increase in silica loading on wddCC
occurringand thus led to a higher proportion of free silica within ft@vder. Therefore in this study

the optimum concentration of silica was observed to bevift to achieve optimum dry coating

and flow improvement.

In terms of tablet prperties, hardness and disintegration times of the Prosolv and the Avicel/Silica
dry coated powders are shawn Figures 5.7 and 5.8, with porosity and friability shown in Table 5.3.
From these results it was clear that the mechanical strength for Proablets for both the P50 and

P90 (Figure 5.7 and 5.8 respectively) was higher than all of the dry coated tablets, with statistical

2500 350
300
2000
250
©
(0]
£ 1500 =
= 200<
®©
g 150 5
€ 1000 I
0
o

50

100
I I I I |
0 0

A101 101/0.25%101/0.5%101/0.75% 101/1% 101/1.5% 101/2%
Powder

o
a1

Figureb5.7: A graph showing the hardness and disinteignatime of the tablets compressed at RPa of the
Prosolv P50 and Avicel PH101 dry coated tablets/control, with different proportion of silica, with hardne
represented by the line and disintegration time by the bars. Results indicated that Progpbydis
advantageous mechanical strength compared to dry coated grades (n=3 p<0.05), however disintegratir
was significantly improved with the dry coated grades, even though mechanical strength was still very
(n=3, p<0.05).
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Figure5.8: A graph showing the hardness and disintegration time ofttidets compressed at 78Pa of the
Prosolv P90 and Avicel PH102 dry coated tablets/control, with different proportion of silica, with hardne
represented by the line and disintegration time by the bars. Results indicated that Prosolv displayed
advantageos mechanical strength compared to dry coated grades (n=3 p<0.05), however disintegratior
was significantly improved with the dry coated grades, even though mechanical strength was still very t
(n=3, p<0.05).
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significance observed. It was seerathhe uncoated Avicel also displayed similar hardness to the
Prosolv at both particle sizes, which indicated that the dry coating process was affecting the binding
efficiency of MCC, due to the addition of silica to the outer surface of the particlesiiilarities
between Prosolv and uncoated Avicel were due to the silica being processed along with the MCC in
Prosolv. This allowed strong bonds to form between adjacent MCC particles, as silica was present
within the particle, whilst also being present $ome extent at the particle surface. This resulted in
very little interruption to the hydrogen bonding mechanism, whereas the presence of silica on the
surface of MCC in the dry coated blends interrupted M@ bonding. However due to the presence

of siica at the particle surface the levels of interparticle bonding may have been reduced, leading to
a lower overall hardness of the tablgigan Veeret al,, 2005) Due to the high mechanical strength,

the friability of all the tablets analysed in this syudas very low and
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Table5.3: A table showing the friability and porosity of th&blets manufactured from the different powders
tested in this study. Results indicated that in terms of friability all tablets (both the Prosolv P50/Avicel PH101
compared powders and Prosolv P90/Avicel PH102 compared powders) passed the test witky fabily

below the designated 1% threshold and no clear pattern observed. Porosity results also displayed no significant
differences and no clear pattern, indicating friability and porosity of the dry coated tablets were very similar to
the Prosolv and thévicel control (n=3, p>0.05).

Powder Friability (%) Porosity True Density
Prosolv P50 0.102 0.291 +0.019 1.656 + 0.048
Avicel PH101 0.014 0.261 + 0.021 1.570 £ 0.049
Avicel PH101 / 0.25% 0.135 0.266 + 0.015 1.569 + 0.029
Avicel PH101/0.5% 0.168 0.277 10.014 1.586 + 0.030
Avicel PH101 / 0.75% 0.2 0.308 + 0.019 1.595 + 0.042
Avicel PH101/ 1% 0.033 0.277 + 0.005 1.545 + 0.009
Avicel PH101 / 1.5% 0.033 0.278 + 0.016 1.563 + 0.038
Avicel PH101 / 2% 0.033 0.282 +0.022 1.564 + 0.041
Prosolv P90 0.102 0.269 + 0.009 1.604 +0.019
Avicel PH102 0.216 0.255+0.014 1.572 £ 0.032
Avicel PH102 / 0.25% 0.066 0.244 + 0.021 1.497 + 0.038
Avicel PH102 / 0.5% 0.132 0.244 +0.010 1.480 + 0.022
Avicel PH102 / 0.75% 0.099 0.264 + 0.023 1.512 + 0.045
Avicel PH102 1% 0.099 0.243 +0.021 1.468 + 0.035
Avicel PH102 / 1.5% 0.066 0.242 +0.024 1.451 £ 0.041
Avicel PH102 2% 0.198 0.253 £ 0.024 1.467 £ 0.044

well within acceptable limits (friability below <0.2%) as shown in Table 5.3, with no impact from silica
concentration. However it was seen that disintegration time with the dry coated formulations was
significantly better tlan Prosolv. The reduction in disintegration time could be attributed to the
reduced mechanical strength of the dry coated formulations, but it could also be said that including
the silica during the production process of Prosolv was negatively affeceéndisimtegrating ability

of the MCC as the control uncoated version disintegrated rapidly even though itchatparable

hardness. Previous work had indicated that the silicified MCC grades (Prosolv) were more resistant to
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disintegration than unsilicifiedrades of MC@achrimanigt al., 2003) It was hypothesised that the
co-processing of silica with MCC in Prosolv, whereby silica was present within the MCC structure and
at the surface(Edgeet al., 1999) acted as a barrier to the wetting of the patéis. The adsorbed
moisture acted to reduce the energies involved in interparticle separation and therefore led to
prolonged disintegration time@Kachrimanist al.,, 2003) It was also observed by Luukkonenal.
(1999)that Prosolv tended to adsorb momoisture within its structure leading to a lower liquid
saturation, whereas Avicel tended to have higher levels of liquid within the particle, which would have
led to a faster disintegration with Avicel based tablets as the increased water within thé adaléd

aid breakdown and disintegration of the structure. Therefore the dry coated MCC presented a far
better option in terms of enhancing disintegration of the tablets as it retained properties similar to
the uncoated MCC, with powders retaining veryitmdisintegration times to the uncoated powder.

MCC has been shown to exhibit good disintegrating properties, as it forms swellable, porous tablets
which promote water uptake through capillary acti(Bhalekaret al., 2010, Thoorenst al., 2014,
Bolhuisand Chowhan, 1996)Therefore the reduction in disintegration capability of the Prosolv
indicated that the inclusion of silica within the -ppocessed MCC reduced the disintegrating
properties of the SMCC, whereas dry coating the MCC with silica preseretl Q& A Yy KS NB
RAAAYGSAINI GAYI LINBLISNIASAO® ¢tKS NBRAzZOSR RAAAY
to the porosity as it was seen that porosity across the small particle sized MCC and large particle sized
MCC, as shown in table were very similar, ranging from 0.5 to 0.3. This was low due to the highly
plastic nature of MCC, meaning it had a very good compressibility leading to a less porous particle

being producedThoorenset al.,, 2014, Almaya and Aburub, 2008)

5.3.2 Comprssion Properties of the powder

Figures 5.%.11 and 5.15.14 show profiles for the compressibility, compactability and tabletability
comparisons for Prosolv P50 against the dry coated PH101 powders and Prosolv P90 against the dry
coated PH102 powdergspectively. The tablets were compressed from a compaction force range of
between 75150MPa, as the mechanical strength beyond MiPa was not measurable by the tablet
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hardness tester. With both particle sizes of dry coated powders a very similar patterged where
compressibility of the dry coated blends was very similar to the Prosolv and uncoated Avicel, however

compactability and tabletability was reduced.

The compressibility profiles indicated the materials ability to reduce in volume duringhieation

of a compaction pressure, and displayed the relative bonding area that had occurred during the
compaction of the materiglkhomane and Bansal, 2013, Jagtisl., 1998) The results in this study,

as shown in Figure 5.9 and 5.12 for Prosolv/®R&6el PH101 and Prosolv P90/Avicel PH102
respectively, indicated that dry coating did not affect the compressibility of the matevitd the
bonding area during compaction remaining very similar. This meant that silica as an additional layer
on the ouside of the MCC particles was not significantly affecting the proportion of bonds forming
between adjacent MCC particles, as MCC is a highly plastic material which forms a large number of
bonds during applied pressure. Very similar results were observdabth particle sizes tested with

no significant differences observed between the Prosolv and Avicel for either size, which indicated

that the dry coating did not affect the compressibility of the material irrespective of the particle size.

However it wa®bserved that compactability and tabletability of the dry coated blends were reduced
compared to Prosolv and Avicel control. In terms of compactability (Figure 5.10/Figure 5.12 for Prosolv
P50/Avicel PH101 and Prosolv P90/Avicel PH102 respectively), wiaisha measure of the
interparticulate bonding strength, displayed as porosity against tensile strength; therefore a high
tensile strength at a higher porosity would indicate an increased bonding strength for that particular
material (Khomane and Bansal, 28, Joiriset al.,, 1998) The results presented in the study revealed
that although the bonding area for the dry coated material remained the same, the strength of the

bonds was reduced, due to the reduction in tensile strength of the tablets at a givesifyo
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Figure5.9: A graph showing the compressibility profile of the Prosolv P50 and Avicel PH101 dry coated

powders, with results displaying a very similar compressibility profile between all powHer#ndicated
bonding area was very similar amongst all powders.
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Figure5.10: A graph showing the compactability profile of the Prosolv P50 and Avicel PH101 dry coated
powders, with results showingrosolv and the Avicel control had superior compactability, and therefore k
strength compared to dry coated powders.
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Figure5.11: Agraph showing the tabletability profile of the Prosolv P50 and&\WwH101 dry coated powder
with results showing Prosolv and the Avicel control had increased tabletability, due to the increased
compactability of the powders compared to the dry coated powder.
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Figureb.12: A graph showing the compressibility profile of the Prosolv P90 and Avicel PH102 dry coatec
powders, with results displaying a very similar compressibility profile between all powders, this indicate:
bonding area was very similar amongst all powders.
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Figure5.13: A graph showing the compactability profile of the Prosolv P90 and Avicel PH102 dry coated
powders, with results showing Prosolv and the Avicel control had superior compactability, aetbthdyond
strength compared to dry coated powders.
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Figure5.14: A graph showing the tabletability profile of the Prosolv P90 and Avicel PH102 dry coated pc
with results showing Prosolv and the Avicentrol had increased tabletability, due to the increased
compactability of the powders compared to the dry coated powder.
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This indicated that the addition of silica to the surface of the MCC affected the materials ability to
form strong bonds. Althogh it has to be understood that the tensile strength of the dry coated tablets
was still very high for the given compaction pressure, with tablets compressed aR&Caving a
tensile strength of 7.189 and 7.548Pa for PH101 and PH102 with 2% siéspectively. With Avicel

and Prosolv displaying very similar results for both particle sizes it indicated that adding the silica
alongside the MCC during the spray drying process resulted in the M@gaidé to retain its ability

to form strong bonds. Arevious study had also indicated that at slow compaction speeds, as used in
the single tablet press used in this study, compactability of the Prosolv had remained very similar to
the unsilicified MCQEdgeet al.,, 2000) The alteration of the surface ctateristics of the MCC, due

to adsorbed silica to the MCC particle surfateing dry coatingaffected this ability and in fact
reduced the bonding strength of MCC. Silica possibly acted by reducing interparticle friction, therefore
this could have beea primary reason for the reduction in strength of the bonds, as this may have
reduced the ability of MCC to mechanically interlock, thus reducing the strength of bonds formed
between the adjacent particle@tkhattawi et al., 2014) This may have been due the increased
surface area of thailicified Prosolv gradeas shown in Figure 5.possessed a fairly rough surface,
which would have increased the levels of interlocking between adjacent particles, and promoted
strong bond formatior{Akkhattawietal., 2014% ¢ KS O2y OSY iUN} GA2Yy 2F &Af
strength, as all three powders and both patrticle sizes indicated very similar compactabilities, which
resulted in the assumption that it was primarily the presence of silica reducing thdirfmpstrength

of the material and was independent of concentration. It was observed in the above results that at a
concentration of 1%w/w silica loading on to the particle surface of MCC was optimal, whereby further
increasing the silica led to a higheroportion of free silica within the powder mix. Therefore these

results again supported that the MCC particles were coated with a large proportion of silica.

Tabletability was also reduced for both the PH101 and PH102 dry coated powders in a very similar
maghnitude to that of the reduction observed in the compactability. Tabletability is the ability of the
powder to be manufacturednto a tablet of certain strength with the application of a compaction
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pressure(Khomane and Bansal, 2013, Jagtisl.,, 1998) and is indicated by Figures 5.11 and 5.14 for
Prosolv P50/Avicel PH101 and Prosolv P90/Avicel PH102 respectively. The tabletability of a material is
dependent on its compressibility, compactability and true deng&tyomane and Bansal, 2013yue
densityof the Prosolv was always higher than the dry coated blends, which gave an indication that a
higher true density provided an improved tabletability with the investigated powders (Table 5.3). The
results indicated again that the dry coated powders hadngelaabletability than the Prosolv and the
Avicel controls used. As tabletability is a measure of both the compressibility and compactability of
the material, it was expected that the tabletability would have been reduced as a consequence of the
reduced bading strength of the dry coated powders. As mentioned above, this reduction in bonding
AUNBYy3IGK glayQid | YIF22N AaadzS Fa GKS GlFotSda
of a very high magnitude at low compaction forces for both pa&sttes investigated. However it was
seen that the addition of the silica to the surface of the MCC did produce a notable reduction in the
tabletability of the dry coated powders, as the tensile strength of the compacts for both Prosolv and

the Avicel contol were higher at each of the compaction pressures used.

5.3.3 Effect of the Addition of the n@mompressible APl Metformin Hydrochloride

In this section the effect of the addition of 40% of the rempressible API metformin was assessed,
alongside twodifferent loads of the MCC/silica grkends. The first preblend loaaf 59.5%w/w
(displayed as blue bars throughout the results below) assessed effect of the MCC/silica alone on tablet
properties of an API loaded tablet and the second preblend load.6228/w, alongside 30%y/w of
mannitol, allowed assessment of the preblend in a powder with not only acoompressible API, but

also a brittle fragmenting excipient.

In terms of the flow of the API loaded powders, it was observed that a similar patieghret100%
preblend formulations was obtained. The PH101 dry coated powder had a very similar flow to Prosolv,
however the PH102 dry coated powder with the metformin produced a more flowable preblend (as

shown in Figure 5.15 and 5.16 respectively). Althotng flow did worsen with the addition of API, it
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Figure5.15: A graph showing the powder flow through angle of repose of the API loaded Prosolv P50 ar
Avicel PH101 dry coated powders/control, with vetiye difference observed between the flow of the
powders at both preblend loads (n=3, p>0.05).
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Figureb5.16: A graph showing the powder flow through angle of repose of the API loaded Prosolv P90 ar
Avicel PH102 dry coated powders/control, dry coated Avicel PH102 showing an improvement in flow cc
to both the Prosolv P90 and Avicel control for both preblend loads (n=3, p<0.05).
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still remained within a very flowable range and would pass thedllity test for production on a

large scale. It was observed that the addition of mannitol to the powder blemdened the flow in

all cases. This was expected as mannitol is a needle shaped particle that had a tendency to interlock
and segregate, whichegatively impacted the flowing nature of the powder. However in all cases the

powder flowed well, and would have been acceptable to scale up in terms of its flowability.

Figures 5.15.18 display the hardness and disintegration time of tabletsmessedat 75 MPa, with
Table 5.4showing friability and porosity results from the drug loaded preblends investigated in this
study. Result patterns were again very similar to the unloaded preblends that were investigated, with
the hardness being significantly higy with Prosolv (both grades) especially at the 59.5% preblend

load, with little difference observed between the tablets manufactured with the 29.5% preblend,

120 mm 59.5% Preblend mm 29.5% Preblend 140
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Figure5.17: A graph showing the disintegiah time and hardness of tablets compressed atviBa produced
from the API loaded Prosolv P50/Avicel PH101 dry coated powders investigated in this study, with
disintegration time displayed on the bars and hardness on the line. Results indicated thagé$mfdnProsolv
was improved over the Avicel PH101 dry coated powder and control (n=3, p<0.05) at 59.5% preblend I
little difference observed at 29.5% preblend load (n=3, p>0.05). However disintegration time was marke
improved for the dry coaté powder over the Prosolv (n=3, p<0.05) at the 59.5% preblend load, again wi
difference seen at the 29.5% preblend load (n=3, p>0.05).
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load, with little difference observed between the tablets manufactured with the 29.5% preblend,
whereby the mechanical strengtiias quite low, due to the inclusion of mannitol which fragments
during compression, causing high die wall interactions and therefore weak bonding within the tablet
structure (Koneret al., 2015) The higher hardness of the Prosolv grades was partly attributed to its
higher bulk density leading to improved packing properties of the particles and therefore the ability
to form stronger bondgLuukkoneret al., 1999, van Veeat al., 2005) Another ley factor observed

here was that Prosolv was much harder than the Avicel uncoated grades, as well as the dry coated
grades. The difference for the dry coated blends was that the silica film around the particles possibly
reduced the levels of interparticlbonding, whereas for Prosolv the silica was embeduial the
surface, and therefore tablets of a lower hardness were manufactured. However in terms of the big

difference between the uncoated MCC and Prosolv, this was far more evident with API tharléte tab
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Figure5.18: A graph showing the disintegration time andrtiaess of tablets compressed at W8?a produced
from the API loaded Prosolv P90/Avicel PH102 dry coated powders investigated in this study, with
disintegration time displayed on the bars and hardness on the line. Results indicated that hardness for
was improved over the Avicel PH102 dry coated powder and control (n=3, p<0.05) at 59.5% preblend I
little difference observed at 29.5% preblend load (n=3, p>0.05). However disintegration time was marke
improved for the dry coated powder ovené Prosolv (n=3, p<0.05) at the 59.5% preblend load, again witl
difference seen at the 29.5% preblend load (n=3, p>0.05).
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Table5.4: A table showinghe friability and porosity results for the API loaded powders of Prosolv and the
respective Avicel dry coated powders, with friability being similar with the Prosolv P50 and PH101 results at
59.5% preblend load, however PH102 dry coated tablets haveihigability compared to Prosolv P90 at 59.5%
preblend load. Friability is well above threshold for the 29.5% preblend loaded powders, due to low mechanical
strength of tablets. Porosity results indicated no significant differences between the Prosdesdma either
particle size compared to the dry coated powders, however compared to the Avicel controls for each of the
powders the porosity of the dry coated powder tended to be higher. Data significantly different is marked with
an asterisk (*) (n=3, (©<05).

Powder Friability (%) Porosity
59.5% 29.5% 59.5% 29.5%
Preblend Preblend Preblend Preblend
Prosolv P50 0.890 3.574 0.174+0.014 0.178+£0.019
Avicel PH101 / 1% 0.788 4.803 0.183+0.031 0.174 £0.017
Avicel PH101 1.465 4.808 0.150 £0.015 0.113 £0.015*
Prosolv P90 1.125 5.218 0.183 £ 0.007 0.156 £ 0.001
Avicel PH102 / 1% 2.280 3.248 0.157 £0.010 0.143 £0.027
Avicel PH102 2.026 5.035 0.109 + 0.010* 0.109 + 0.010

without API. This was attributed to the fact that unsilicified MCC was known to be lubricant sensitive
(Zuurmaret al., 1999) Also visualised on the SEM images (Figure 5.3) was the Prosolv grades having
a far rougher particle surface, which was also observed in previous studies where the Prosolv grades
had a specific surface area about 5 times greater than Afliceikkoneret al., 1999) This surface
roughness was attributed to texturisation of the MCC by the silica, occurring during tipeqessing

of the excipienfTobynet al., 1998) This led to increased levels of mechanical interlocking between
adjacent Prosolv parties leading to strong interparticle attraction, which resulted in low levels of
tablet relaxation during compression and therefore tablets of a higher hardness being pro@lced
khattawiet al., 2014, van der Voort Maarschalkal., 1996) The study byan Veeret al. (2005)also
demonstrated that in the presence of magnesium stearate, the hardness of tablets containing
unsilicified MCC was much lower than the Prosolv grades, due to the increased relaxation time after

compression, which was the same patt@bserved with the uncoated Avicel as well as the dry coated
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MCC. This resulted in an overall lower hardness of the tablets containing Avicel compared to Prosolv.
The reduction in strength of the uncoated Avicel compared to the Prosolv was advantagetius f

dry coated blend. It had been observed in previous work that uncoated MCC was lubricant sensitive
(Zuurmanet al., 1999) highlightedby the massive reduction in hardness compared to Prosolv from

the blend manufactured with 100% preblend (Figures &xd 5.8) compared to blends containing
magnesium stearate and the API (Figures 5.17 and 5.18). The dry coated MCC maintained a similal
difference to Prosolv, and at a preblend load of 59.5% had a higher hardness than the uncoated MCC
for both particle sies. This showed that the dry coated powders had reduced in lubricant sensitivity,
and possessed this advantage over the uncoated MCC, as hardness of the compacts was not reduce

as significantly in the presence of lubricant.

Disintegration time was obsegd to be better with the dry coated preblend tablets, similar to the
results abovédor the blends without API. This was particularly evident with PH102 tablets, where the
disintegration time of the tablets at a 59.5% preblend load was as low asi@@iating that the dry
coated powder provided clear benefits in terms of disintegration. At the low preblend load of 29.5%
across both grades, no statistically different disintegration data was observed (p>l0t@8stingly

with the inclusion of API the posity of the uncoated MCC dropped below that of the dry coated
powder with both PH101 and PH102 (shown in Table 5.4), which explained the improved
disintegration time of the tablets manufactured from the dry coated powder. The reduced
disintegration time 6the tablets containing the unsilicifed MCC (Avicel) was due to the Prosolv having
slow disintegrating properties, due to the silica acting as a barrier to water ujatak¢he tablet, as

was seen with the blends with the absence of @Richrimanigt a., 2003)

218



Utilisation of a Novel Dry Particle Coating Method to Develop an MCC/Silica Hybrid Powder to be employed in Directly
Compressible Orally Disintegrating Tablets

5.4 Conclusion

From the results in this study it can be concluded that dry coated compaosite particles of silica and MCC
provided positive results giving a free flowing powder with high mechanical strength and faster
disintegration time. Altbugh tablet hardness, both with and without APl was reduced compared to
Prosolv, it still remained very compressible even at very low compression forces. It was less lubricant
sensitive than the uncoated Avicel, and therefore provided powders that remainigdly
compressible after mixing with magnesium stearate and API. A fairly high drug load of the non
compressible APl metformin was used, and using a preblend concentration of 59.5% provided tablets
of a sufficient mechanical strength. However the keyaadage of the dry coated particles was that it
retained the very good disintegrating properties of the uncoated MCC. Disintegration times were
significantly lower than the Prosolv grades at both sizes, showing that the tablets were disintegrating
more rapdly with dry coated powders compared to the gpeocessed Prosolv. Flow was also
improved for the dry coated particles, particularly with the PH102 MCC compared to the Prosolv P90,
due to the surface coverage of the silica resulting in a higher reductithrifrictional forces between
particles, giving a better bulk flow of the powder. Compression profiles of the powder also indicated
GKFG It iK2dAK 02yR a0NBYy3IiK RAR RSONBIAaS gKSy
hardness of the tabls was still very high. More importantly compressibility of the MCC was retained,
with compressibility remaining very similar between dry coated MCC and the Prosolv/Avicel control

for both particle sizes investigated.

Therebre it can be established thahe dry coated powders provide an alternative advantage over
Prosolv. Disintegration of the dry coated powders was rapid, very similar to uncoated MCC, whilst
having an improved powder flow and reduced lubricant sensitivity compared to the Avicel cmrol.
coating providé a suitable alternative to Prosolv, whilst being produced in a one stop environmentally
friendly processing catition, whereby MCC and silica meenot exposed to any chemicals or physical

alteration.
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Chapter 6
Conceptualisation, Development and
Fabrication of a Novel Disintegration Tester

Designed Specifically for Orally Disintegrating

Tablets
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6.1 Introduction

To ensure an ODT is fit for purpose the undertaking of characterisation assessments Asnotad.

the assessments conducted, disintegration time is one of the most essential testing methods to ensure
that the ODT disintegrates within the recommended FDA time of 30 seconds (FDA, 2008) or European
Pharmacopoeia time of 3 minutes (Ph.Eur, 2013)thwihe dosage form designed to

disperse/disintegrate on the tongue.

The currently recommended ODT disintegration test is the US FDA sfadidantegration test for

solid oral dosage forms, as shown in Figure 6.1. This test consists of a basket rack attached to a roc
which oscillates vertically and a beaker filled with disintegration medium, which is placed beneath the
basket assembly and geat 37 °C. The basket is immerséuto the disintegration medium at a
frequency of between 232 cycles per minute through a distance of aroundt@ to allow tablet
disintegration to take place. The basket is made up of 6 disintegration vessels withraagh at the

bottom (with holes of between 1.6im-2.2mm), and disintegration time is measured once all

29-32
Cycles/min .
Disintegration eresnaﬁfsateatotlfower
medium at Disintegration vessel - ;
379C + 2°C | 9 disintegration vessel

of diameter 20.7-
23mm

‘ \ Water bath at
37°C

Figure6.1: A diagram illustrating a typical set up for the standard USP disintegration test for solid oral dc
forms, that isutilised for ODT disintegration testing. It shows how the basket would typically by placed w
the beaker/water bath, and how the dissolution vessels are arranged within the basket.
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fragments of the oral dosage form have passed through the wire mesh. A disk can be placed on top of

the oral dosage form, but for ODT testing this is not usually utilised (USP, 2008).

Howeverin Vivg an ODT would be placed on to the tongue of the patemd then subsequently
disperse/disintegrate through interaction with the saliva present within the oral cavity. As the tablet
is placed in the mouth, and the mouth closed, there would be interactions between the ODT and the
upper palate, as well as a doolled temperature of around 37C (Mooreet al., 1999), and relative
humidity of around 985% (Mathia®t al., 2010). These conditions would aid in the disintegration of
the ODT, as the high humidity and temperature would promote further moisture upitatiiethe

tablet and the pressing of the upper palate would aid in the breakdown of the tablet.

The process of taking an ODT requires no water to be consumed as the dosage foregdisort

within the mouth allowingt to be swallowed easily. Having ewimed theln Vivoconditions, it can be

seen that the current recommended USP disintegration test does not bare resemblancdiovive
conditions. The standard test uses a large volume of disintegration medium, and the dosage form
disintegrates withirthe oscillating vessel, which would be similar/correlate more to the disintegration
of a conventional tablet that is swallowed with water and disintegrates within the stomach. Also the
time taken for disintegration is measured when the last fragment otaléet has passed through the

wire mesh at the bottom of the vessel, which does not necessarily relate to the time taken for the ODT

to disintegrate within the oral cavity, and is subsequently ready to swallow.

This highlights a significantgapintheia& & NB3IF NRAY 3 | RAAAYGSANI GA:
'{t 3dZARIFYyOS F2NJ ah5¢a Ay AYRdzZA(INER¢ aLISOATFASA
measuring the disintegration time of the ODT providing results are equivalent to the U8Bdaet

well as correlating withn Vivoconditions (FDA, 2008). Previous efforts have been made at conducting
anlIn Vivorelevant/correlating test, with methods ranging from the fabrication of tailored equipment
(Yoshiteet al., 2013, Haradat al.,, 2006,Uchidaet al., 2013, Hermes, 2012fp improvised methods

that are developed using currently available lab equipmgakutanet al., 2010, Bet al., 1996, Dor
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and Fix, 2000, éhrini and Clas, 2002, Abdelbasi/al., 2005, Parlet al., 2008, Moritaet al., 2002,
Kondoet al., 2012). However tests that have been developed use conditions that are still not entirely
representative ofin Vivoconditions (refer to Table 1.2 in Chapter 1), with methods using varying
conditions to achieve ODT disintegratidhe previous work, although successful in providing new
methods of ODT disintegration time data gathering, has limited data regatdingtro In Vivo
Correlation, and therefore further support is needed to assess the validity of the tests in representing

real ODT disintegration time.

This study was therefore designed to develop and conceptualise a new ODT disintegration test which
was not only representative dh Vivoconditions, but also correlated wittn Vivoresults. Various
phases of development tifie tester were conducted, and results from the final design were compared

to anlIn VivoODT disintegration time study to assess whether the proposed ODT disintegration test

was a valid and true in representation of real ODT disintegration times.

6.1.1 Prposed Design

The method for disintegration time was developed throughout three phases. Distance/time plots
were able to distinguish between different types of ODTs, as well as not allowing a standard release
tablet to disintegrate. The thorough literatureview had highlighted key areas that were needed to

obtain a tester that gave conditions that were representative of the oral cavity. These were:

Temperature of 37C
Humidity of 9695%

Disintegration medium flow of up to I@l/min

= =4 4 -

Minor manipulation of he tablet bed representing contact and manoeuvring of the tablet by
the upper palate

A proposed design for the disintegration tester was drawn up, as shown in Figure 6.2. The chamber
was designed to maintain a constant temperature and humidity accordirtge conditions above.
The silicon tubing was designed with perforations in the zone where the tablet would make contact,

this would allow the disintegration medium to flow from underneath and spread over the surface. The
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tablet probe would start outsidéhe chamber and the tablet would be attached to the probe. The
probe would enter the chamber at a predetermined speed and cam contact with the silicon
tubing, where the predefined force would be applied on to the tablet and chamber would move
lateraly, mimicking the action of the upper palate. The probe would be attached to software that
would draw the distance time plot required for defining the disintegration time. An area for collection
of the disintegrating fragments from the tablet could alsoauiled, and assayed, possibly in line, to

assess the leakage of the drug in the oral cavity.

Probe entrance

@ on top of

enclosure

< oDT Silicon tube with holes
attached to for saliva flow. rate can
probe be altered with control
C__ 1
~— >

N Saliva in

™~ Collection area for

Drug concentration out — disintegrated drug — comes
To HPLC or measuring apart from tablet during
method disintegration

Figure6.2: A schematic diagram showing the proposed design of the specific disintegration tester for O
comprising of conditions representative of the oral cavity, including temperature/humidity, disintegration
medium flow rate and applied pressure on the tablet. An area for collection of the disintegrating fragme
from the tablet could also be added to asseadrug leakage/absorption in the mouth.
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6.2 Materials and Methods
This study was splihto two different stages: L, Testing of the new disintegration tester, comparing
results from tablet properties to the standard USP test;An In Vivostudy togather a correlation of

In Vivoresults to be compared against the newly developed tester and the standard USP test.

6.2.1 Materials
Nurofen Meltlets, from Reckitt Benckiser (Slough, UK) were utilised as a commercially available ODT
and standard release pacetamol, from WockhatdWrexham, UK), waalso used for disintegration

testing.

Materials for ODT preparation includednmannitol (Sigm&Aldrich, Dorset, UK), MCC (Avicel PH102,
FMC Biopolymer, Philadelphia, USA), Starch 1500® (ColorcoHdreysville, USA), crospovidone
(Kollidon CL, BASF, Ludwigshafen, Germany), Pearlitol Flash® (Roquette, Lestrem France), sodiu
stearyl fumarate (Alubra®, FMC Biopolymer, Philadelphia, USA) and magnesium stearate (Fischel
Scientific, Loughborough, UK).diibnally, HPMC (Methocel K100M, Colorcon Inc., Harleysville, USA)

was used for matrix tablet production.

6.2.2 Validation of Disintegration using Newly Developed Disintegration Tester

Several different tablets were tested in this stage. Two commerciadiifable tablets were tested, an

ODT formulation, Nurofen Meltlet® and a standard release paracetamol were used as GMP tablets in
the tester. Five sets of tablets were manufactured in the laboratory to test time sensitivity within the
newly developed distegration tester, four ODTs compacted at different compression forces and a

controlled release matrix tablet were manufactured.

6.2.2.1 Tablet Preparation

The lab based ODTs tested in this study were composed of 6@8%anbitol, 35% MCC, 4%
crospovidoneas the main tablet excipients and 1% magnesium stearate as a lubricant. All excipients,
except magnesium stearate were manually blended foml@s to achieve a uniform powder blend,

and then magnesium stearate added and mixed for a further minute. Indit/i500mg portions of
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powder were weighed and compressed using a Specacaammatic hydraulic press (Slough, UK)
equipped with 13nm flat faced punches-our compression forces were chosen to allow the sensitivity

of the disintegration tester to be ahgsed, these ranged from MPa to 300vViPa.

The controlled release matrix tablets were composed of 40% HPMC, 40% MCCmEs#itdl and

1% magnesium stearate. All the excipients, except magnesium stearate, were manually blended for
10mins to achieve a uform powder blend, and then the magnesium stearate was added and mixed
for a further minute. The powders were individually weighed to B@f) and tableted using the Specac
semiautomatic hydraulic press (Slough, UK), with the samah3lat faced puncheas above. These

were compressed at a compression force of REBa.

6.2.2.2 New Disintegration Test

A new disintegration test apparatus was developed in the laboratory, according to the proposed
drawing in Figure 6.2, which was designed to mimic conditions encountered in the oral cavity, and
intended to be a more representative rasure of ODT disintegration time, shown in Figure 6.3.The
test housing is placed on top of a hot plate, which is set to an optimised temperature designed to
achieve a constant temperature of 372C within the compartment, similar ttm Vivoconditions

(Mooreet al., 1999) The test housing contains a specific amount of potassium chloride (Bilgimeh,

Tablet attached
to probe

Texture
analyser probe

Disintegration .Synnge fc.>r
disintegration
chamber .
medium flow

Disintegration
bed

Magnetic stirrer

Saturated
potassium
chloride solution

Hot plate set to
provide 37°Cin
the container

Figure6.3: Diagram of the setup of the new disintegration tester, highlight all key components of the
equipment. The texture analyser probe comes through an entrance at the top of the container which he
cut out and covered with silicon sheeting to allow humidity and temperature to be retained but still allov
probe to enter without triggering théexture analyser probe.
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Dorset, UK) which is used to form a saturated salt solution, and gives a relative humidity of
approximately 93+3% in the enclosed container, similar tsséhconditions encountered in the oral
cavity(Saraivaet al., 2015) The disintegration bed was a silicone pipe that had been slightly flattened,
with an area under where the tablet would disintegrate having smaihd holes embedded to allow
water/salivato flow through. This flow of saliva would interact with the tablet and cause subsequent
disintegration alongside the simulatdd Vivoconditions. The chosen flow rate of saliva was 10
ml/min, as previous work had shown that this amount of liquid allowexbnsistent disintegration of

the tablet.

The disintegration compartment was placed under the probe of a texture analyser (Brookfield
OYIAYSSNAYIAQa / ¢o ¢SEGdzNBE | ynimfs.dEe$aNE wds adidredl o> !
the probe with doublesided sticky tape. Once the tablet caimto contact with the disintegration

bed, the probe was set to apply a fixedg@eight for a set amount of time, similar to texture analyser
methods described previousfbdelbaryet al., 2005, elArini and Cla2002) A distance against time

plot would be drawn up and allow disintegration time to be calculated based on the plot plateauing
when the tablet cameénto contact with the disintegration bed. All tablets in this stage were tested
eighttimes and analysedza A y 3 . NB 21 FASt RQ& ¢SEGdZNBE t NB / ¢ 0

data presented as mean + SD.

6.2.2.3 USP Disintegration Test

The standard USP disintegration method was also used to assess disintegration time of the tablets to
allow a compariso to the newly developed tesfUSP37, 2014b)A Copley ZT41 disintegration
apparatus (Nottingham, UK) was used, with a single tablet being tested each time for accuracy. Each
tablet was placed in the vessel (without a disk) and oscillated at 30 cyclesimpgtie. A dissolution
medium of 80aml distilled water was maintained at 37°C, and disintegration time measured when all
of the fragments of tablet had passed through the mesh at the bottom of the vessel. All readings were

taken in triplicate and represeatl as mean £ SD.
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6.2.2.4 Hardness
Hardness of the all the tablets was measured using a Copley TBF 100 Hardness tester (Nottingham

YO ¢SyairfsS A0dNBy3adK 60 ¢gla GKSy OIFf OdA I §SR
. — (Eq.6.1)

Where H is the hardnesB,is the diameter and T is the thickness of the tablet. All readings were taken

in triplicate and displayed as mean + SD.

6.2.2.5 Porosity

Porosity of the tablets was assessed using a Quantachrome Helium Multipycnometer (Florida, USA).
Diameterandthickn@ d 2F GKS h5¢Q& 6l & YSIFadz2NBR dzaAy3a |
h5¢Qa GF 1Sy dzaAy3a Iy St SO NRYRO O dud)loffiB fdelsti B S 6

were then calculated using the following equations:

Ve = (Eq 6.2)

Tpuk = (Eq 6.3)

The true volume (¥ of the tablet was calculated using the pycnometer, which applies the theory of
gas displacement allowing the porous nature of the tablet to be assessed. Theolnrmevwas

calculated using the equation:

Where \tis the volume of the sample cell; i¥ the volume of the reference cell, P1 and P2 are the
atmospheric pressure and pressure change during the measurement respectively. The true volume

was then used to calculate true density in the equation:
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! true — (Eq65 )

¢KS FTAYLFf adSL)I G2 OFftOdzZ S LR2NRarAGe o0 27F 0

PR p— (Eq.6.6)

6.2.3 In Vivo In Vitro Correlation

6.2.3.1 In Vivo Disintegration Time Assessment
In Vivadisintegration time was investigated using nine different types of tablets across 35 participants.

The study design is detailed below.

6.2.3.2 Study Design

The study was subject to Ethics approval from the Aston University Ethics Committee, and gained a
favourable opinion letter for commencement of the study based on the Research Protocol, Patient
Information Sheet and Patient Consent form. The lead investigator, Jasdip Koner, was also certified in

Good Clinical Practice through the NHS.

The study was dagned as a single blind study whereby participants were not aware of what tablet
they were taking. Each participant was assigned a participant number according to their chosen seat
in the study room, which was used by the researchers to assign what sathley were taking.
Participants were required to take a total of six tablets per scheduled study, this involved the
participant taking two different talet formulations in triplicatehowever the participant was not privy

to this information. Participant®llowed a set of instructions set out by the research team. The tablets
were taken in the defined order set out by the researchers, and times recorded from when the tablet
entered the oral cavity to when the participant felt the tablet had disintegratedrticipants were
briefed on when end of disintegration should be/feel like. Prior to taking the first tablet participants
had to rinse the oral cavity, as well as rinsing at the end of each tablet disintegration and before the
start of each test. A watime of 1-2 mins was advised to allow oral conditions to return to resting
state before moving on to the next tablet. Participants measured their own disintegration time using
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stop watches, and recorded the time next to which number tablet was taken. tlidg gwolved no
swallowing of the tablet, with participants informed that all residue was to be removed from the oral
cavity. Once all studies had been completed results were collated. No patient demographic data was
collected and there was also no pattédentifiable data, as participants chose their own number/seat

at the study.

6.2.3.3 Participant Recruitment

A total of 35 participants were utilised for tHa Vivodisintegration time study. Participants were
required to commit up to 60nins for the stidy. Participants were recruited from Aston University
staff, and were subject to inclusion and exclusion criteria to determine eligibility for the study. The
volunteers were sent participant information sheets and consent forms prior to the study amgedllo

to make their own informed decision on whether to take part. All completed consent forms were given
to the research team to provide the participants informed consent. Patients were under no obligation
to take part and were allowed to withdraw at anyni, and also remove their results from the study

prior to collection by the research team.

6.2.3.4 Manufacture of Tablets

A total of five different formulations wermanufactured, with four formulatiomcompressed at two
different compression forces ande final formulationrcompressed at just one force, the tablet details

are highlighted in Table 6.1. Tablets were manufactured with GMP excipients as to ensure safety,
although the participants were informed to remove all residue from the mouth after ezsthTablets

were composed of Pearlitol Flash (Roquette, Lestrem, France), Starch 1500 (Colorcon Inc., Harleysville
USA) and Magnesium stearate (Fischer Scientific, Loughborough, UK), with compositions also
highlighted in Table 6.1. Excipient concentratend compression force was varied to obtain tablets

of differing disintegration times, allowing a wide range of times to be compared betweelm W0

disintegration times and the times obtained for theVitromethods.
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Table 6.1: Table highlighting tablet formulation details for the 9 batches of tablets utilised inlih&ivo
disintegration study. Each formulation, except formulatinwas compressed at two different compression
forces to provide tables of different disintegration times.

Formulation Batch Pearlitol Flash Starch 1500 Magnesium  Compression
(%) (%) Stearate (%)  Force (KN)

Formulation 1 Bl 99.5 - 0.5 4

B2 9.5
Formulation 2 B3 89 10 1 9.5

B4 22
Formulation 3 B5 79 20 1 20

BS 46
Formulation 4 B7 49.5 49.5 1 26

B8 57
Formulation 5 B9 24.5 74.5 1 32

Data Analysis

Each tablet batch was assessed 21 times, with seven participants taking a particular tablet batch in
triplicate. This was to gather not only intpersonvariability but also intrgperson variability, whilst
also providing a very robust mean value. The data was collated and analysed according to participant

means, with outliers highlighted and removed. Data was presented as mean * SD.

6.2.3.5 In Vitro Tabi®isintegration Time Assessment

The tablet formulations outlined in Table 6.1 were also tedtedlitroto allow a comparison to thin

Vivo disintegration times. The newly developed tester was set up as described above, with the
temperature maintained a87 °C with around 95% humidity. The saliva flow wasnl/nin and the

probe was set to maintain a Epload at a speed off@m/s. The tablet was adhered to the probe with
double sided sticky tape. The distance against time plot was utilised fatishegration time. The

USP test for disintegration was also conducted, with 800f disintegration medium, maintained at

37°C used. Each tablet was placed in the vessel (without a disk) and oscillated at 30 cycles per minute.
A dissolution medium of @ ml distilled water was maintained at 3T, and disintegration time
measured when all of the fragments of tablet had passed through the mesh at the bottom of the

vessel. Each tablet batch was repeated in triplicate for each test and data presente@dias188.
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6.2.4 Statistical Analysis

hyS gF& IyR (62 41 & !bh+! F2ff26SR 0 &hodtets Se& Q2
were performed in this study, using GraphPad Prism 6 software (California, USA). For statistical

significance aalue <0.05 w&s used, and all data was presented as mean * standard deviation.

6.3 Results and Discussion

6.3.1 Method Development

The fabrication of the final disintegration test set up was developed through several stages, with the

initial stages highlighted below.

6.3.1.1 Phase One

An initial design was drawn up and set up as shown in Figure 6.4. This design incorporates a texture
analyser (Brookfield CT3, Brookfield Engineering Laboratories, Massachusetts, USA) to apply a load u
to 50 g and hold for 6Gs. The speg of the probe was set to 1mm/s. Distilled water was used as
disintegration medium, and was kept at a constant temperature of 37& 2sing a hot plate. The
disintegration medium was pushed through a peristaltic pump at a flow ratenafrin to simulae

saliva flow. The tubes of the pump were attached to a plate, which contained bovine tongue as a
disintegration bed. The plate containing the tongue was placed on top of a heating block maintained
at 37 = 2°C, and contained 10ml of distilled water to siate saliva present in the mouth. For this

initial test, commercial OBT Nurofen Meltlet§ (Reckitt Benckiser, Slough, UK), were used, as they
have been shown to have a disintegration time around ROVivo(Gryczkeet al., 2011) The ODT was
placed onto the tongue and the texture analyser activated to allow the distance over time plot to be
drawn up. This test was repeated in triplicate to gather initial data to relate to literature values. From

the results obtained it was seen that there is a clesraawhere disintegration had occurred and
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Figure6.4: An image of Phase One of the modified disintegration test being developed. It shows the tex
analyser probe using a large upper palate pressing dowto an ODT which is placed upon the bovine
tongue. The heating block maintains tongue temperature at@G7and a hot plate placed behind the peristi
pump is used to keep saliva at 3C.

finished. However the time for disintegration from thesesults indicated that disintegration was

around 3s, which does not relate to the actual disintegration time of the Nurofen Meftléthis
showed that the ODT was disintegrating too quickly before the texture analyser icémneontact,

and in fact the @integration of the tablet had already occurred befa@lectingthe results. Also
another issue with this phase of the equipment was the tongue. When the ODT disintegrated on the
tongue, it left a large amount of residue on the surface, which had tddened after each test, and

with ongoing tests the residue tended to build up and was more difficult to clean.

However this first test demonstrated that the texture analyser was capable of gathering disintegration

time results, and further optimisation vganeeded.
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6.3.1.2 Phase Two

From phase one there were two main developments for phase two of testing. The firstecimantyed

the plate and tongueitilised as the disintegration bed; Instead a watch glass containing &0water

was used as the base of the mouth, with filgaper acting as the tongue in this test, as when the
paper cameanto contact with the water it proceeded to get moistened and as the texture analyser
pressed down, the water beneath the paper came through and interacted with the side of the tablet
which aided disintegration. The other development was regarding the placeofi¢he ODT. Double
sided sticky tape was used to attach the tablet to the probe of the texture analyser, as this allowed a
start time for disintegration to be established as when the tablet canmte contact with the
disintegration bed, it would allow fudistance/time plot to be drawn up (Figure 6.5). Initial data

gathered using this set up ranto complications, as the software for this particular texture analyser

Figure6.5: An image of Phase Two of the modified disintegration test being developed. It shows the tex
analyser probe with an ODT attached by double sided sticky tdygediSintegration bed is a watch glass wi
10ml of waterwith a piece of filter paper placesh top to simulate the tongue. Ehheating block maintains
temperature at 37C, and a hot plate placed behind the peristaltic pump is used to keep salivd@t 37

234



Conceptualisation, Development and Fabrication of a Novel Disatieg Tester Designed Specifically for Orally
Disintegrating Tablets

used a target load value, and once that target was reached the hold time started &ndimer load

from the probe was applied, and no further distance data was able to be gathered. This meant that if
the ODT was slow disintegrating, a 0oad was reached very quickly (as the tabled hat had

enough time to reach partial/full wettig), and the reading stopped. To overcome this, slower speeds

of the probe were used as this would have given the tablet enough time to wet and thus allowed a
suitable disintegration plot to be drawn up. An optimum speed off@/s was used in this phasé o

the test. The Nurofen Meltlets® were again used in this test, as well as some fast disintegrating ODTs
manufactured in the laboratory (MCC 40%, Mannitol 55% Crospovidone 4% Magnesium Stearate 1%),
all results were taken in triplicate and presented as meaSD. Figures 6.6 and 6.7 show the results

for these two tablets respectively. For the Nurofen Meltlets® a time of 12.53 +s5nE% obtained

clearly showing large deviations. Although the readings for disintegration time became more accurate,
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Figure6.6: A distance versus time plot of the disintegration time of Nurofen Méitiglets obtained using
the Phase 2 modified disintegration test (n=3), the plateau represents the edidinfegration.
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Figure6.7: A distance versus time plot of the disintegration time of the laboratory manufactured tablets
obtained using the Phase 2 modified disintegration test (n=3), the plateau represents the end of disinte

as theywere closer to the results from the previous study by Gry¢2Ré&1) the test however needed
further optimisation for slower disintegration tablets to reduce the deviation as well as provide more

accurate results.

6.3.1.3Phase Three

Before the manufacture of the compartment and development of the design, initial results were
obtained using a mechanical tester, MicoTest 5848 (Instron, Buckinghamshire, UK), which was
operated using Bluehill 2 software. This work was undertaken to analyseabcuvate the distance
against time plots were at assessing disintegration time on a very accurate and sensitive machine. This
test used a force of M/ 100g, which was applied over a predetermined time, which depended on the
disintegration of ODT. In thereliminary results, three tablets were tested, a placebo ODT that was
rapidly disintegrating and developed in the lab (Pearlitol FI85kb6, Crospovidone 3.5%, and Aldbra
1.5%), NurofefiMeltlets and a standard paracetamol tablet. These tablets weresehdo assess the
sensitivity of the apparatus and to see how the disintegration times of the tablets affected the

resultant plots. The disintegration bewas taken from phase two, with@etri dish which had 1l
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of water placed in it, a filter paper wgsaced on top to act as the tongue/bed for disintegration; the
filter paper was damp after contact with the water. The results are shown in Figuré&s1®8The
disintegration plot on this software had four distinct areas for ODTs. Part 1 of the linev/heas
disintegration started, here the tablet had made contact with the disintegration bed and the load
increased from 0 to N. Also the ODT was still hard and had just begun wetting, so the line displayed
a reduction in extension ate probe applied costant loadandthe tablet was not soft enough for

the probe to push the distance further. Part 2 of the plot was where water began to ingtesbe
tablet, so the tablet started to disintegrate and become softer, therefore applying the load\of 1
cau®d the probe to extend towards the disintegration bed due to the structure of the tablet breaking
down and disintegrating. Part 3 of the plot was where the line plateaued, here disintegration of the
tablet ended as the probe could not extend past the deggnation bed, therefore the load of M was

applied to the petri dish and there was no further movement with the probe. The end of disintegration
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Figure6.8: Distance against time plot representing disigration time of placebo ODTs manufactured in the
lab (n=3) measured from time 0 to when plot plateaus and starts reducing in extension. Atéaghlight the
different disintegration phases of ODT disintegration.
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