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Outline

* Anisotropic Surface Energy

* Milling Induced Surface Property Change

— Milling (Paracetamol + APIs)

— FD-1GC - recent developments, formulation, mixing
& structuring...

— Case studies: Mannitol (milling), Mefanamic Acid
(cohesion), Salbutamol sulphate (electrostatics)

— Deconvolution

 Conclusion
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What is Surface Energy?

« Surface energy is defined thermodynamically

as: _{8G}
o],

* We can determine y; by measuring its contact
angle, as described by Thomas Young:

Yoo = Yo + Y.y -€OSO

« Surface energy is a critical parameter to
describe S-S, S-L, S-V interactions.
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Wettability of Crystalline S

» Current assumption

— particles are
spherical and are

I | |
(201 /<
)

-

Isotropic.
] Facet 6,0on Form | Paracetamol Crystals
¢ Par“CIeS are Diiodomethane Water
(201) 488 +2.2 38.1+46
Shaped/ facetted (001) 498 +3.2 159+ 31
(011) 507+ 2.9 298 +57
* Water ContaCt (110) 502+24 50.8+4.9
angle variation from L& | 278-25 | 677-2°
1 5 90 _ 67 70 Facet (001) Facet (201) Facet (010)

Water on Facets of Form | Paracetamol Crystals
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Anisotropic Surface Chemistry

C 1s XP Signal

* Variation in surface
properties is due to
surface chemistry S

» Crystalline solids
are ANISOTROPIC

Intensity

288 286 284 2 8

Binding Energy, eV

Heng at al., Langmuir (2006), 22, p2760; Heng et al.,
J. Pharm. Sci. (2007), 96, p2134-2144

Particle engineering, handling, processing... can
result in solids with different surface property.

Hadjittofis, Isbell, Karde, Varghese, Ghoroi, Heng, Pharm. Res. (2018), 35(5), 100
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How to determine y and W, 4,?

Experimental determination

Solid-Liquid interaction

P-

Contact angle Aghe_siv_e bonds Reflecte.d as
with liquid change in
molecules contact angle

Solid-Vapour interaction

IGC Adhesive bonds Reflected as

WitT va||30ur change in . O
molecules retention time
Solid-Solid interaction

Atomic force Adhesive bonds Reflected as

microscopy —— | vith solid pull-off force
(AFM)

molecules required
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|GC — The Basics

- ‘ﬁl tR, heptane o R octane ‘
Analytical Gas Chromatography ~—
Methane } : :
.. .:.. .: .. § % Oct:ane i
Sample Gas Standard Separated /\ N/Ojt
Pulse Analytical Sample Peaks ‘ - |
Packing 15000 mme
INVERSE Gas Chromatography .
> » ¢ Paracetamol
2 = vs? = 39.8 mJ/m? ’ = |buprofen
* ae = 5000 .
o %0 o 2 =T mim
0 i
*%s % 5E120 1E-19 1.5E-19
Single Probe Packed Single Peak 5000 ay'?
Gas Pulse Samples (Retention
(Powder/Fibres) Time, t,)
Heng and Williams. Solid State Characterisation of Pharmaceutical Solids, Wiley and Sons (2012). 7

Yla-maihaniemi, Thielmann, Heng, Williams. Langmuir (2008), 24 (17), p9551-9557.
Ho, Heng. KONA Powder and Particle Journal (2013), 30, p164-180 --- (FD-IGC)*
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Alkane isothern

1| Decane

A

27223
n| Nonane

;J\\

n| Octane

A

=
53

Heptan
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Surface energy heterogeneity using Finite Dilution IGC (FD-IGC)

4

-
Y, £
-
{ &
\ g
| g
— Surface Coverage (%)
Surface energy heterogeneity profile
A
d
\ 7%
D
— s Decane 1
\\Hw Nonane
Soto——o—o— Octane
Heptane
/1y /i
Set of |4, values for
a particular surface
coveraae 1/ Nm .
4
RTInl,
C10
9 !
cs 18 = slope?/(4M2 aa? ")
c7
C-number

Ho and Heng, KONA Powder Part. J. (2013), 30, p164-180.

Yla-maihaniemi, Thielmann, Heng, Williams. Langmuir (2008), 24 (17), p9551-9557.

FD-IGC — Recent Advances

Allows determination of surface energy
of materials at different probe surface
coverage

70 Homogeneous vs Heterogeneous
= The surface energy mapping 0 Untreated D-Mannitol
E 65 methodology can provide information i i X
}, regarding homogeneity/heterogeneity of =- Silanised D-Mannitol
E 60 sample surface. In the case of
~ _ho_mogeneous surfaces, surface energy
? 55 is independent of surface coverage.
g Facet (010) y,8 = 44.1 Facet (120) . = 43.3
§ 45 EZZZC __::::I:::::*:::::::::::::&:::I:::I
© 40 —----—tT—— o
3 35 Facet (011) y,¢ = 39.5
B T —
2 4 Silanised 1,4 = 34.5-34.9
4
8 o5
2
o 20
0.00 0.10 0.20 0.30 0.40 0.50

Surface Coverage (-)

Ho, Dilworth, Williams, Heng. Int J Pharm. (2010) 387(1-2) 79-86
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Heterogeneity: Case Studies

*+--Untreated

& B Recryst.
= Infinite Dilution Data & Milled
- Indicate that “milled lactose” (10)
= has the highest surface
é energy whilst “untreated”
> 4 a.nd. recrystallised” were (100)
E) similar.
Q
LE (110) ' "a-axis
8 T~ = caxis  b-axis
,,g T N | -‘..‘,‘ >— & R i
55) F Y B L [ | H B
B - |
g i S S S S W e
> 30- .
i) Surface Energy Heterogeneity
qh, The surface energy distribution reveals
o that whilst the “milled sample” has the a
n 251 small proportion of very high energetic
() sites, a large proportion of the surface is
of a lower surface energy.
ED — I | | I T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 09 1

Surface Coverage (-)
Thielmann, Burnett, Heng. Drug Dev Ind Pharm (2007), 33 (11), p1240-1253.
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Milling

45 - Infinite concentration approach. Facets v
- “Preferentially” probe highest sites only.
- Not able to probe heterogeneity. (001) 34.9
(201) 34.4
A (011) 33.9
& 40 N (110) 34.2
£ — (010) 45.1
_E’ Milled Paracetamol®
3
.
35
i 3
¢ Unmilled Paracetamol -5
-——D—--_D'_‘_T:l_-
30
1 I I I
0 100 200 300 400 500 600 700 800

Particle Size (um) 10

Heng, Thielmann, Williams. Pharmaceutical Research (2006), 23 (8), p1917-1927.
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Milling
Facet Advancing Contact Angle, 0, (Deg)
Palr:acetamol Paracetamol Aspirin Racemic S-(+)-
orm | Form Il |Ibuprofen |Ibuprofen
(201) | 38.1+4.6 - - - -
(001) 159+31 | 64535 | 60.7+3.5 | 685+48 | 64.5+3.9
(011) 29.8+5.7 - 429+48 | 46.9+5.5 -
(110) 50.8+49 | 16.6 =14 - - 48.4 + 4.0
(010) | 67.7+25 | 179+ 25 - - -
(100) - - 52.9+25 | 77.2+4.0 | 70.7 + 3.1
Milling exposes the weakest attachment

energy plane which is found to be the
most hydrophobic facet.

Heng et al., Journal of Pharmaceutical Sciences (2007), 96 (
Adhesion (2008) 84 (6), p483-501.

(8), p2134-2144; Ho et al. The Journal of
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Milling of Mannitol |

Direction of fracture due to

geometry

(010)

Crystal Shape:
¢ Increase in particle aspect ratio

v'= 44.1 mJ/m? r == Crystal Surface Chemistry:
Y= 12.8 mJ/m? : o Decrease in y*
¥ 56.9 mJim’ : * Increase in y”
(010) : e Increaseiny
E
(120)
v'= 43.3 mJ/m?
(011) "= 18.6 mJ/m? ; Direction of fracture based Crystal Shape:
7'=39.5 mJ/mz v'=61.9 my/m? : on thermodynamics | _—7 « No change or small decrease in
y’=35.4 mJ/m : ~ particle aspect ratio
y'=75.9 mJ/m? ] e .
Crystal Surface Chemistry:
b e Increase in y*
e Decrease in y”
c e Decrease iny”
a 011
crystal lattice axes (011)
Ho, Wilson, Heng. Crystal Growth & Design (2009), 9 (11), 4907-4911; Ho et al., International Journal of Pharmaceutics (2010), 12

387(1-2), p79-86. Ho et al., Pharmaceutical Research (2012), 29 , p2806-2816.
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Milling of Mannitol

q 49 BR width
% 48 - . THT
‘ — |8
— 47 - f 1
o 46 7 P cramng o
W 451 BR Aspect Ratio
o ,
o
8 44. . 0.39 .
5 ) 4 0.40
° 7 043 | =
% 42 - L] Lg
s |t — 0.48 |
9 41
)
40 I I I I
0) 0.02 0.04 0.06 0.08 0.1
Surface Coverage [-]

Ho et al., Pharmaceutical Research (2012), 29 , p2806-2816.
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40
€ 38 M Carbamazepine
—
£
g 36
80 © Physical Mixture
2
) 34
)
(8}
L)
5 32
(7]
)
2
wv
& 30
Q.
8.
Y

0 0.02 0.04

Hadjittofis, Zhang, Heng, RSC Advances (2017), 7 (20), 12194-12200

® 6-Mannitol

A Janus

i

() Zebra

0.08

0.1

14
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EPSRC Project — Virtual Formulation Laboratory

Mixing & Structuring

IE
o Ordered Mixing
c
o .’ ® @
.‘I= ‘. O — o —_—
o "’ e 0. ‘
C o o Coating and plugging of
9 & active sites
£ 2
(2]
Q
3 5" Random Mixing
t E oo 4
8§35 ol .
S ; ' e
B o ot
£ 2 °
B % No.coating: Available
“-— - active sites
0 ‘- Layered
-
-
© | — ,
GCJ oche ' Y
O LOLO .I ( ]

S

Available high active sites

Lactose (Coase+fines): Ho, Muresan, Hebbink, Heng. Int. J. Pharm.
(2010), 388(1-2), p88-94.

8 551 ° -~ GB
R ~o- Sil milled Mannitol
a2 = Sil MMG 50:50
o =
> >
® g45-
g c
o W
a 407 > 3
- 2\ g v
W
5 T T T T T
000 0.02 004 006 0.08 0.10
Fractional Surface
Coverage, n/n, (-)
60+ —— Mannitol
8 55 - GB |
g NE - Mg 50:50
S ] -+ MG 80:20
fgs
% B
= 454
g g 5 -
o W A A e
a 40 e
35 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Fractional Surface
Coverage, n/n, (-)
651
-- GB
o 60 - Milled Mannitol
S I ) R - |
£ g 551 -e~ Silanised Milled o
5 £
n g -= mMGB_Layerd 50:50 .
2 % 507 -6~ SimM GB_Layerd 50:50 Interpart|CIe
b = 453 . .
o
28, structuring is
a I S Y S . )
351 important!
000 002 004 006 008 0.0 15

Fractional Surface
Coverage, n/ng, (-)
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Size: May not change the v, if density of
atoms/molecules per unit area remains same.

Shape: Changes orientation or arrangement of
atoms/molecules on the surface. Anisotropy of
material.

Surface roughness: Topographical heterogeneity,
edges, surface flaws may cause variation in
density of molecules, broken molecular bonds etc.

Surface Chemistry: surface functional groups and
adsorbed impurities
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Variation in Surface Properties
¢ Preparathn Anis tgll' solid th %d

— Crystallisation — different habits/shape, aspect ratio

Coating

xing/Milling

» Size Reduction
— Milling/micronisation
* Powder Handling —
— Segregation, aggregation, etc. _,,

'Key message:
'Need to fully understand characteristics of
partlcles (size, chemistry, stability).
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Unconfined Yield Strength

i Different punch —
material
Y —

| - |

Compaction Unconfined Yield Shear Stress/ Wall Dynamic Flow
Measurements Stress Friction Measurements Measurements
Measurements
Bulk Property Shear Properties Dynamic Flow
Measurements Measurements Properties
Q Measurements
NH OH
g % g O
H;C CHs n n n ‘ ‘
Silanisation )e
Mefenamic Acid Dichlorodimethylsilane ilanised Mefenamic
B T T
End Groups

Milling: Shah, Wang, Olusanmi, Narang, Hussain, Tobyn, Heng, Int J Pharm (2015), 495 (1), 234-240
Roughness:Wang, Shah, Olusanmi, Narang, Hussain, Gamble, Tobyn, Heng, Int J Pharm (2016) 496 (2), 407-413

18
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Decouple vy, from o
>0 ® MA-Cryo Milled-Unsilanised -
45 | &MA-Cryo Milled-Silanised y= ;63: 8(‘)% ;522-01
40 -
35 -

()
()
1

y=1.5787x+5.21
R =0.9282

*
L 4

Cohesion (kPa)
—_ —_ [\ [\
-} N () N
'3

()]
1

0 I I I I 1
0 2 4 6 8 10

Specific Surface Area (m?/g)

1
Shah, Olusanmi, Narang, Hussain, Tobyn, Hinder, Heng. Pharmaceutical Research (2015), 32, 248-259. 9



Imperial College

London
Impact of Shape/Habits

—4MA from EA-Silanised
—>MA from DCM-Silanised
- MA from IPA-Silanised

AN
S
1

Unconfined Yield Stress (kPa)
S S

[
()
|

0 500 1000 1500 2000 2500 3000

Consolidation Stress (kPa) 20
Shah, Olusanmi, Narang, Hussain, Tobyn, Gamble, Heng. Int. J. Pharm. (2014), 472, 140-147
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Contribution of y .4 and yAB

Dispersive Surface Energy (y%)(n/n,,=0.02) (mJ/m?)

0 5 10 15 20 25 30 35 40 45
35 1 1 1 1 1 1 J
® Total cohesion (due to acid-base
30 and dispersive surface energy) y =2.64x +9.03
¢ Net Cohesion (due to acid-base .-~ R?2=0.75
surface energy) "
25 A Net Cohesion (due to dispersive =
E surface energy) y = 2.64x
= 20 - X .-~ R*=0.75
'g i *
215 - * 7
S
S
o
10 . ‘/
A A
S y =0.23x
O T T T T T T 1
0 1 2 3 4 5 6 7 8 9

Acid-Base Surface Energy (v )(n/n,,=0.02) (mJ/m?)

21
Shah, Olusanmi, Narang, Hussain, Tobyn, Gamble, Heng. Int J Pharm (2014), 475, 592-596.
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Influence of Milling

Cohesion (kPa)

y =11.151x +0.596 >
R*=0.756

y =2.506x + 1.155 25 1

20 R2= 0.930 G
‘ = 20
15 S1s
| S ] y =1.873x +0.100
10 + 10 R2=0.604
! y=1.123x +0.518 |
5 R2=0.950 st - . .
] - SRR ’
0 0}l ———m 4 M , o
0 2 4 6 g 10 12 0.0 0.5 1.0 1.5 2.0 25

Specific surface area (n%/g
Specific Surface Area (m?/g) L (we)

Ccontributions from surface area and surface energy on cohesion for brivanib milled at (a)
cryogenic temperature and (b) room temperature (squares for un-silanised and diamonds for
silanised powders)

Shah, Wang, Olusanmi, Narang, Hussain, Tobyn, Heng Int J Pharm (2015), 495 (1), 234-240 22
Wang, Shah, Olusanmi, Narang, Hussain, Gamble, Tobyn, Heng Int J Pharm (2016) 496 (2), 407-413
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Surface Potential Measurement®

Stainless Steel Rod

15 -
Hang-down robe — ¢ lg
—_— Wire A
u1 T -
)
IEECETE
/|+> Aluminium K
— surface [=
é‘ Pan ground undfer test ‘d_.') 5 4
+ 4+ + reference with local [e] ®
charge Q+ o
(4]
2
Trek Non-Contact t
Probe ® 0 y ;
T 9 20 49 ¢ ¢ ¢ éo
N *
= *
© *
Voltmeter E
) -5 Sieved SS (106 to 125 um)
Stainless Steel Stand 10

* Collaboration with ICES, Singapore

Kwek, Vakarelski, Ng, Heng, Tan Colloids Surf A, (2011), 385, 206-212
Kwek, Jeyabalasingam, Ng, Heng, Tan, Ind Eng Chem Res (2012) 51 (50), 16488-16494 23
Biegaj, Rowland, Lukas, Heng, Ind. Eng. Chem. Res. (2016), 55 (19), 5585-5589
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Relative Humidity (%)
20 30 40 50 60 70 80

Surface Chemistry

0 25° C,25% RH ™]
y =2.8399x +49.023 < 0]

4 GB-OH
O GB-NH;

400 } R2 = 0.99572 > 0 4 o AGB-CN

OGB-F

X0 20 40 60 80 100 120 140 -]

0 10 20 30 40 50 60 70 80
RH (%)

| = -4.1245 - 69.11
600 R? = 0.98689

-800 -

Contact angle (°)

0 10 20 30 40 50 60 70 80 9?4100

Biegaj, Rowland, Lukas, Heng, ACS Omega (2017), 2 (4), pp 1576-1582 Amorphous Content (%)
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Sticking/Cohesion

Effect of surface energy

Effect of roughness

Effect of particle size

Effect of “glidants”

WAdh =7 X (1 + COS 9)
i ]
l Effect of particle shape Effact of “lubricants”

Wy =mg
2 o Effect of particle density
[ 4. Fall”
5 | %, ] /6

S _

g /ﬂ /2}@@ Effect of substrate properties Influence of
E _Stick” _D_D_ shear?

Particle Size
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Spreading

Consider a liquid 1 spreading over a solid Effect of surface energy

surface j, a new interface ij is created during OO0 (@)
the wetting process. , _
; Effect of particle density
G G G
aAi TP aA] TP aAl] . .
' ’ Effect of parjicle size

The change in the surface area of the individual (@) O d
components:

dAl' — dAl] - —dA] Eﬁ:eCt OfA/B or B/A

The spreading coefficient, therefore:

oG
= (a—Ai)Tp— Sij = Yj — Vi ~Vij
Effect of roughness

Analogously, for a solid:
O£y
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Conclusion

The interfacial properties of a
crystalline solid is anisotropic.

Powder processing may result
In a change in powder surface
property and hence affect
powder handling and resulting

performance. 2017) 518 (1-2), 138154

Environmental
Conditions

———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Key message:
'Need to better understand characteristics of particles
. (size, shape, roughness, chemistry).
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Deconvolution

Model Adsorption process:

Model Distribution
Site filling approach using Boltzmann distribution

Calculate the
distribution of
different energies at
a given coverage

Adsorption to

heterogeneous surfaces
The physical picture

O

© Gas FD-IGC I
O O phase ©O e U\ |

QXN 0.0 . 0O ...Q.

Average SE /mJm’
2.8, b

Input Parameters:
Mean Y¢and “
Weighing Surfac F illing /6
Input parameters
modified until an cpllmall

fit achieved

Model flttmg to the expenmental data

Average SE /mJm”
IS »
B &

0.05
Surface Filing /o

300 T T T T T -
High Medium @E * Facet 1
I energy I energy | energy | Facet (A , ---Facet 2
~—~250- (mJ/m?) > Facet 3
Substrate ; (010) 44106 —Cumulative
— 2200* (120) 433 = 0.7
Distribution of Filled Sites Y s ©011) 395 + 04
. v . . T . . T . o’ >
g 8 150 .
o o
1o
() = 100-
> -
[¢) L
(V)
g X so0 8
(3]
£ | | Vil , ,
= 50 25 30 35 40 45 50 55 60
" @ Surface energy (mJ / m?)
Surface Energy (mJ/m?) 2
Methodology: Jefferson, Williams, Heng. J Adh Sci Technol (2012), 25, p339-355. 29

Polymorph: Smith, Shah, Parambil, Burnett, Thielmann, Heng, AAPS J. (2017) 19 (1), 103-109
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Deconvolution:Binary Mixture

0.4 I I | I I | I I
. 55, - GB
$Ealy, < e —_ Class Beads
0.3 58+ — Milled Mannitol
‘w&% — Mix Sil. Mil. Man_GB
ol Passivation of = Sil. Mil. Mannitol

T T T T T
0.00 002 004 006 0.08 010

Fractional Surface
Coverage, n/ny, (-)

high energy sites

©
—
|

Relative Contribution (-)
o
N
|

20 25 30 35 40 45 50 55 60
Dispersive Surface Energy (mJ/mZ)

Probe molecules
<

Probe interaction with ol.-'/ ' —.‘-.I Mannitol
exposed lower energy sites  \ )

Glass Bead surface

30



