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Work Programme 4: Development of 1st Principles Models for Pharmaceutical

Materials (24 researchers in total)
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WP4.2: Solutlon process I WP4.6: Milling, attrition, WP4.7: Blending, dry granulation ©
environment, particle/solution/ '

breakage, mechanical of formulation ingredients
Key Outcomes ST
* Developing and providing materials-focused models (Digital Twins)
and workflows for designing:
* Pharmaceutical products with respect to their desired physico-
chemical properties
* Manufacturing processes and routes needed to make these

products

e and
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VisualHabit: Predicting the Morphology of a-Lactose

WP 4.1: ). Pickering, |. Rosbottom, H. Nguyen, R. Hammond and K. Roberts

4
* VisualHabit a platform for calculating the lattice energy of organic crystals, predicting their

morphology, and investigating the synthons generating the morphology.

Crystal Structure Lattice Energy Morphology Investigation of
File/Database |:> Prediction |:> Prediction |:> Primary Synthons
(CCDCQ) (VisualHabit) (VisualHabit) (VisualHabit)

Workflow
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VisualHabit: Predicting the Morphology of a-Lactose

WP 4.1: ). Pickering, |. Rosbottom, H. Nguyen, R. Hammond and K. Roberts

5
* VisualHabit a platform for calculating the lattice energy of organic crystals, predicting their
morphology, and investigating the synthons generating the morphology.

N
Crystal Structure Lattice Energy Morphology Investigation of
File/Database |:> Prediction |:> Prediction |:> Primary Synthons
(CCDCQ) (VisualHabit) (VisualHabit) (VisualHabit)

Key Outcomes
Lattice energy calculated from crystallographic structure, using an

interatomic potential

Calculations of the attachment/surface energies, generating a
energy based morphology prediction

Investigation of the primary synthons in the bulk and on the
surfaces

\ = ° Surface Energy © mijm2 © caljmz E ) \ : ; )
. R | ,. el
Ramachandran, V. et al., Mol. Pharmaceutics 12, 1, 18-33 — PN | /Yy —
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Predicting Solvent Mediated Morphology of Ibuprofen

WP 4.1: ). Pickering, I. Rosbottom, R. Hammond and K. J. Roberts

» VisualHabit/SystSearch a platform for facetted crystal particle design
4 3 ; - )
o | Crystal Structure Morphology Characterize the Solvent Selection
£ File/Database |:> Prediction |:> surface chemistry |:> for Optimal
\‘;’ (CCDC) (VisualHabit) (SystSearch) Morphology )
( i A i 4 . \
Unit Cell (__Search Grid Probe on Surface Ratios of Calculated
R s " ror Growth Rates {011}/{001}
5o - 20
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Weakest
o ?‘[ ‘b
[ ] ‘
Strongest !
v
VAN Y,
Rosbottom |, Pickering J, Etbon B, Hammond R and Roberts K, “Examination of inequivalent wetting on the crystal habit surfaces of RS- A — P | ’
ibuprofen using grid-based molecular modelling”, Physical Chemistry Chemical Physics, 2018, Vol. 20, Num. 17, DOI: 10.1039/c7cp08354h \' 7 ; : '7 - |7
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Predicting Solvent Mediated Morphology of Ibuprofen

WP 4.1: ). Pickering, I. Rosbottom, R. Hammond and K. J. Roberts

VisualHabit/SystSearch a platform for facetted crystal particle design

3 : , N
o | Crystal Structure Morphology Characterize the Solvent Selection
£ File/Database |:> Prediction |:> surface chemistry |:> for Optimal
\‘;’ (CCDC) (VisualHabit) (SystSearch) Morphology )
f -
Key Outcomes
: : {001}
e Crystal morphology and surface chemistry predicted on the
basis of crystallographic structure
* Grid-based calculations characterize crystal surface/solvent
interactions
c c o Mo ol
Ratios of the growth rates of ibuprofen surfaces providing a :
guide for industrial solvent selection
} . f :
Strongest H :
\ J\_ J — J
profen using gid-based malecular modlinge, hyscal Cherstry Chemical ysce, 3016, vol. 30 Num. 17, DO 10.1039/c7ep0835dh A D N Q P T
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Tablet Compaction: Prediction of Mechanical Properties

WP 4.1:S. F. Ibrahim, J. Pickering, V. Ramachandran, K. J. Roberts

* Enabling solid form design for direct compression through crystallographic structure
analysis for prediction of APl mechanical properties

~

Molecular Level Modelling; Statistical Consideration; Prediction of

Lattice Energetics, Rugosity, |:> Multiple Attributes |:> Dislocation Slip
Elastic Energy, Dislocation Decision Making (MDAM) Systems

Interlock |

C . — |
rystal Analysis ;
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Tablet Compaction: Prediction of Mechanical Properties

WP 4.1:S. F. Ibrahim, J. Pickering, V. Ramachandran, K. J. Roberts

* Enabling solid form design for direct compression through crystallographic structure
analysis for prediction of APl mechanical properties

Molecular Level Modelling; Statistical Consideration; Prediction of
Lattice Energetics, Rugosity, - Multiple Attributes - Dislocation Slip

Key Outcomes

Prediction of influence of molecular and crystallographic structure | — =
on mechanical properties of crystals |
Introduction of rugosity and interlocking of planes to enhance |
prediction of mechanical properties _;
Mechanical properties based design tool useful in solid-form |
selection for direct compression en each

in unit cell

€ Workflow )

U Dld c
W [ with respect to potential
v ener; ‘
True - p
Interlock | True False Lattice Geometry ! . - Rugosity:
No? I | energetics | g Ity
- </ [\ A atomic scale
: I\ asens
ol A Slip plane | : \ roughness of
| A AT L, mam O breaking ! e 7\ / slip plane
0 (0} 2 (001) . ? hu,+kv, +lw, = 0 N \
Ot He ~ 3 (110) 48 K No Strongest S
J . <9 ; {35;; :3 intermolecular * Degree Of mOIeCUIar
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_ ! ooy ¥ False 1/ extents of molecules in unit
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Interplay between Solution and Solid-State Interfacial Chemist

WP 4.2: 1. Rosbottom, C. Yong, D. Geatches, J. H. Pickering, R. B. Hammond, |. Todorov and K. J. Roberts

10
* Characteristic interactions between solute-solute, solute-solvent and solvent-solvent in the
solid-state, solution-state and at crystal/solution interfaces

3
2| Crystal and Surface Structure # Solution and interfacial State ‘ Solvent Directed
*g (Visual HABIT) (DL_POLY, Grid Search) Physical Properties
=

Molecules in Bulk Solid/Liquid Solid-State

Solution Interface Structure

:g 33 ):;(\‘ ~ | Bulk and surface synthonic

{ % ‘ modelling to understand
ﬁk X alpha PABA morphology in
~ ‘ % " | mixed solvents

Intermolecular
interactions from MD
simulations to examine
benzoic acid and PABA

solution chemistry [\

\

Grid-based mOdeIIing to build solvated . 77 E /- ]
clusters of p-aminobenzoic acid A D Dr: : P T
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Interplay between Solution and Solid-State Interfacial Chemistry

WP 4.2: 1. Rosbottom, C. Yong, D. Geatches, J. H. Pickering, R. B. Hammond, |. Todorov and K. J. Roberts

11
* Characteristic interactions between solute-solute, solute-solvent and solvent-solvent in the
solid-state, solution-state and at crystal/solution interfaces

Crystal and Surface Structure :> Solution and interfacial State Solvent Directed
(Visual HABIT) (DL_POLY, Grid Search) Physical Properties

Workflow

Key Outcomes
5%” Visual HABIT/SystSearch developed for predicting effect of solvent

@] on physical and chemical properties of crystals [ ynthonic
(vig Molecular dynamics platform for modelling intermolecular f]r;tj;‘ydm
nermoied  (Synthonic) interactions in solution state

int ti . . )
cmuationd * Workflow for understanding inter-connectivity between
benzoicacll - jntermolecular structure in the solution and solid-states

solution ch

]
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' ek
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Surface grid-based modelling to examine
solvent effect on ibuprofen morphology
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Optimisation of API particles attributes in batch crystallisers

WP 4.3: D. M. Camacho, J. A. Figueroa Rosette, C. Y. Ma, T. Mahmud and K. J. Roberts

12

* Models were developed to assess hydrodynamics and evolution of CSD in a 20-Litre jacketed
crystalliser with a retreat impeller and a single baffle

(3
) Fully Coupled Multiphase CFD Modelling Zonal
= CFD Methodology ) . :
~ O with Population Balance Model (PBM) Modelling
o (Fluent) (sCRYSTAL)
S
(" X/ . . . . . N\ [ A
Hydrodynamics CFD Simulations of Cooling Crystallisation of L-glutamic Zones Schematic
I - 7 Velocity Acid (LGA) in Aqueous Solution
ey vectors Temperature Mass fraction Evolution of solid volume
et / distribution distribution fraction with time
T B S e
272001 | Recirculation s | | ooizie 5410002
Il 205601 b1 el zone e 001212 [ 2.11e-002
: [ ’ 3 2;5‘; f voran ] 1.81e-002
ol il g
7.15e-02 S bl 31907 ' -
I 48303 = s ﬂg]igﬁ 9.030-003
e I 001205 6.026-003
[K1 0.01204 3.01e-003
0.00e+000,
Particle size distribution Higher l
a0 volume
g T Bperimenta crystals Particle morphology
£ 30
g CFD 100 rpm Particle size distribution
£ 5 small volume
& crystals . )
§ 10 CFD simulation at 100 rpm
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L
o \\ T )
\_ _J 0 500 1,000 1,500 TN T
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Optimisation of API particles attributes in batch crystallisers

WP 4.3: D. M. Camacho, J. A. Figueroa Rosette, C. Y. Ma, T. Mahmud and K. J. Roberts

13

Models were developed to assess hydrodynamics and evolution of CSD in a 20-Litre jacketed
crystalliser with a retreat impeller and a single baffle

\.

Workflow\

CFD Methodology -

Key Outcomes

40
30

20

Volume fraction (%)

10

100 rpm 150 rpm 250 rpm

Fully Coupled Multiphase CFD Modelling
with Population Balance Model (PBM)

Crystal size (microns)

Particle size distribution Higher

* Models predict effect of operating conditions on hydrodynamics
in conventional pharmaceutical crystalliser

e 3D CFD-PBM predicts the evolution with time of CSD in batch
cooling crystallisation

* CFD modelling results can be used into multi-zonal modelling
software for process optimisation

g

volume

—o— Experimental crystals
CFD 100 rpm
small volume
crystals
CFD simulation at 100 rpm
impeller speed
(i} 500 1,000 1,500

- Modelling

Zonal

RYSTAL)

N

s Schematic

|

Particle morphology
Particle size distribution

\ J
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AFD: Prediction of Filtration and Drying Performance

WP 4.4 1. Fragkopoulos, . Mahmud, P. J. Heggs, A. E. Bayly and F. Muller

r N ( — a
Workflow Lab Scale: Parameter Estimation : Process Scale: Prediction :
Partial Settled Bed Filtration Model a : Integrated Filtration-Sedimentation Model :
: ’’’’’’ o I
Suspended Crystals 5 _ . spreadshectAnalysis o Swecfccake | brediction of !
i E resistance | . . |
= E | Filtration Rate |
E | based on |
o : : particle settling :
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AFD: Prediction of Filtration and Drying Performance

WP 4.4 1. Fragkopoulos, . Mahmud, P. J. Heggs, A. E. Bayly and F. Muller

r N ( S EEE e e =
Workflow Lab Scale: Parameter Estimation Process Scale: Prediction

I
I

Partial Settled Bed Filtration Model : Integrated Filtration-Sedimentation Model
I
I

Suspended CryStaIS . Spreadsheet Analysis g Specific cake Prediction of
* ! . 2 " resistance | [Sesmemmmmmessenisptonoo oot U
_—e T = e T e s Filtration Rate
- - - S L I & ® @ @ ® w»w ©® ® o

- , RN < RO [ .rile ceting
clocities (Ug)

Key Outcomes nd filtrate

* Filtration models used for parameter estimation at lab-scale and ~ p-------

the prediction of performance at process scale

* Modelling the packed bed structure (DEM) to predict bed
properties and particle breakage (FEM)

* Drying models with a mass transfer resistances in series to be used

for parameter estimation and prediction

N . . ‘i -
<\
Mass Transfer Resistances in Series Model A2 200 2N N 2 O 2
Crystal Powder T ey Parameter Estimation (Lab)

Scaled-up Prediction
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L = ], erystal w/ ~ Junctions L/t
\ — — ﬁ\ I} J ‘ P I /

02/04/2019 ADDOPT DIGITAL DESIGN SHOWCASE —




Investigation of Crystal Breakage during Pressure Filtration

WP 4.4X: F. Mahdi, I. Fragkopoulos and F. Muller

16
* To validate a Crystal Breakage Model, three methods have been developed for investigating

the crystal breakage experimentally: continuous pressure percolation, AFM and XRT scan

Microscope (AFM) 2.Crystaland AFM Probe Deflections h

p
E: Effect of Pressure on Particle Size Mechanical Properties J )((:-Ray;Tomggrapry ,
‘% Distribution and Shape Atomic Force Microscope ames arr'M::crIZes:Z:e nstitute,
é Continuous Pressure Percolation (AFM) SRy (2D geliEie]
( 1 AtomicForce ( ‘

Continuous, -
Pressure |
Percolationy

QS — 7 = 3D imaging data
G3 morphology results for B-LGA crystals Alpha-PABA Crystals Bed
Before Percolation After Percolation

N Ly=270, W, = 65,1/, = 4.6

0.25 bar 5.5 bar

AFM Results for 52 Crystals of Beta-LGA
Breakage stress at 3 Bar filter pressure: 16 MPa

30¢

120%

s Frequency
=_C

Weibull

= W N w
] ] ] o ]
R ® R ES kS

0%

\Jv=390, W, = 90,1y = 4.7 I,=280, W, = 105, =2.8 _J \___ Strength (Pa)
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Investigation of Crystal Breakage during Pressure Filtration

WP 4.4X: F. Mahdi, I. Fragkopoulos and F. Muller

17
* To validate a Crystal Breakage Model, three methods have been developed for investigating

the crystal breakage experimentally: continuous pressure percolation, AFM and XRT scan

X-Ray Tomography

Effect of Pressure on Particle Size Mechanical Properties .
. . . James Carr, Henry Royce Institute,

D hution and Shane Atomic Force Microscope

Key Outcomes

» Effect of pressure Filtration/Percolation on high aspect ratio
crystals

Workflow

Continu
Pressuf ®* Mechanical properties of single organic crystals using AFM to
Percolat] calculate Tensile strength and Young's modulus

* Visualisation of packed bed structure of organic crystals to
validate a 3D DEM Packed Bed Structures

ing data

G3 mo Crystals Bed

Before Percol3d

AFM Results for 52 Crystals of Beta-LGA l
Breakage stress at 3 Bar filter pressure: 16 MPa

80
60
0%

& $ P &
»@%ﬁ” .ﬁ”‘iﬁ”‘i s’b‘i&“ A“‘fsﬂﬁ«*‘

_,\ .“ —_ G -
\ [v=390, W, = 90, = 4.7 T,=280, W; = 105,y =2.8 ) \_ Strength (Pa) Young Modulus
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Spray Drying: Prediction of Particle Properties

WP 4.5: M. Ali, . Mahmud, P.J. Heggs and A. E. Bayly

* Droplet drying models were developed and coupled with CFD models to gain better
understanding of spray drying pharmaceutical materials

4 3 )
O | Single Droplet Drying Models Multiphase CFD Modelling of o] Miadaline
== ] .
=< | for Amorphous and Crystalline |:> Lab and Pilot-Scale Dryers |:> (gSOLIDS)
é Materials (Fluent)
\> /
4 12 X107 ‘ ‘ ‘ ‘ ‘ . ‘ N\ o o . 4 . )
*[" Drying and crust growth in (" Multiphase CFD Simulations of Spray Dryers ) Zones Schematic
— == 12
i lactose droplet 1 = A\ BIRERL- ction with e
—~oslh I S d droplets
E 89
g =
%OG Outer radius = 0] SIE Plug Flow CSTR
804 117 0 &
Crust 2 e
02 growth £ s %
i>' 18 precession 49
00 1(;0 2(;0 360 4(‘]0 560 6(;0 71.‘70 8(;0 900 E 042
tme =g ) l 3.63
014 — Exhaust gas
e Crust growth = Exhaust gas ;S +fines; CSTR CSTR
with time oo +fines S 27 J;
50 0.02 I
B B8 solution /
% ’ B solid > 2 \ﬁf TR
. T Trajectories of a pulse of
4t Simulated gas velocity in a . . . y
. injected droplets in a lab-
pilot-scale dryer .
. \_ scale dryer J — N1 p -
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Spray Drying: Prediction of Particle Properties

WP 4.5: M. Ali, . Mahmud, P.J. Heggs and A. E. Bayly

* Droplet drying models were developed and coupled with CFD models to gain better
understanding of spray drying pharmaceutical materials

4 )
3 : .
O | Single Droplet Drying Models Multiphase CFD Modelling of anal Modellin
= = = = U g
=< | for DS)
o Key Outcomes
= Crystallinity in amorphous and crystal size distribution in
“U byl crystalline particles is predicted by drying models ematic
| \ Influence of operating conditions on drying process efficiency and
5 dried powder characteristics is predicted

CFD modelling results enable incorporation into PSEs multi-zonal
modelling software for process optimisation

0 100 200 0]9) 400 500 o000 9]9) 800 900 042 7 P —_ 7
PR ) h \ i , y S 363
& o014 — Exhaust gas
= Crust growth Exhaust gas B +fines CSTR TR
with time 008 +fines . X
500 " = —_) : )
002 \ — . Vs
g B8 solution 0.01 A » I \\ , 4
= BB solid 2 . 2 . ﬁ! CSTR
. T Trajectories of a pulse of
Simulated gas velocity in a . . _ )
) injected droplets in a lab-
pilot-scale dryer .
\_ scale dryer y, e ONU T e
1000 500 0 500 1000 A f | T o ,W}f |
\. s J A L} ﬂ’: ‘g‘ l _ﬁ"
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Assessment of Pharmaceutical Materials

WP 4.6: W. P. Goh, T. Bonakdar and M

. Ghadiri

20
* Novel method was developed to assess the breakability of pharmaceutical materials using
aerodynamic dispersion technigue
4 3 )
o Particle size analysis at Fitting of the experimental Breakability
33 different dispersion pressures |:> data using a modified |:> Assessment Tool (BAT)
‘BD using Scirocco disperser impact breakage model (gSOLIDS)
\> J
: s " )
4 Experimental data ) Breakability Assessment DEM Simulation
- Breakage is expressed in terms of shift - Real particle shape is used
e of specific surface area to simulate pin milling of
o = ' - Slope of the fitted line, aH/K” gives a pharmaceutical materials
= Source of -1 +- fthe breakability of th
). 0 p impact s measure o the breakability orthe - Faceted Polyhedron with
v \ A material 26 faces
| mr B ” 4 - Breakage Kernel'glves;.z measure of how || _ Breakage model available and
M tl\/la 'VemZOOO . - mrtéch ednergy IS ;(:)qmr:d to 'n:ltﬁet the parameters can be calibrated
astersizer - Scirocco Disperser Unit _ certain degree of breakage and tha using the breakage kernel
(commercial) information can be used to analyse the
+Illl.l’illll|l’vil(g) +.:lll.]’alll.’itv:ug) +:”"|-|’ﬁl(:l‘<‘\!rg\ breakage behaviour in the DEM
ity ot i simulations
6 ] T + Aspirin = Lactose o Paracetama |
Particlesare  z:{ Shifting of . :
dispersed at 24 Ge— particle size : ¥ . -
different dispersion .| /= distribution with —
pressure, causing ~dispersion B
d|ffe rent degrees Of § ' ,77‘;’:':;‘; ke ,777777#%_p_[e_5_5u_[e7777 3 ‘S()(}E) 10000 15000 20000 25000 30000
breakage ===, T e el \_ et Y.
\ Particlesize (um) j ‘ 7'
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Breakability Assessment of Pharmaceutical Materials

WP 4.6: W. P. Goh, T. Bonakdar and M. Ghadiri
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* Novel method was developed to assess the breakability of pharmaceutical materials using

aerodynamic dispersion technigue

4 )
_% Particle size analysis at Fitting of the experimental Breakability
33 different dispersion pressures data using a modified |:> Assessment Tool (BAT)
o usip i ; : 2:4DS)
=

Key Outcomes
Model predicts the breakability of materials lation ]

BAT model has been implemented in gPROMs, simplifying the  hilingof
analysis of the experimental data

The performance of pin mill is simulated and investigated using

—hm i T ot breakage behaviour in the DEM
simulations

Particlesare  g:{ Shifting of
dispersedat . €= particle size .

different dispersion .| /= distribution with

pressure, causing :. ~dispersion
different degrees of % | i pressure | || T e e
breakage L e e i \_ et )
\ ' ° rdemew j
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Continuous Blending: Prediction and Assessment

WP 4.7: M. A. Behjani, A. Hassanpour and A. E. Bayly

22
* Discrete Element Method (DEM) is used to predict continuous blending of pharmaceutical
powders and optimise the process design

4 )
§ Particle Calibration of DEM Blending Simulation Process Design
=< | Characterisation :> Input Parameters |:> and Sensitivity :> Optimisation
é analysis (gSOLIDS)
\> _/
4 Twin Screw Mixer (TSM) N\ ( Continuous Mixing Technology (CMT) )

PE

< ©800mj/m2 E400mj/m2
0.1

aq; 3
/ ding 20ne ; 0.09
ixin ; 0.08
. gZOn iy e
Selected particles €2 g s o 0.07
are tracked in TSM e wev| A o 0,06
- Mi;eing zone 1 EKneading zone # Mixing zone 2 ‘% 2; 0.05
010 500 rpm 600 rpm 700 rpm 400 mjm~2 " 0.04
£ s a1 3 =5 0.03
£ 0.02
£ 6 APl agglomerates form
@ . . . 0.01
S 4 in the mixing zone 1 K,
§ 2 ] and bre.ak in the API segregation close API;ggIomerates
g ) W; | il _4 kneadmg zone \ to the blender wall - )
200 400 800 200 400 8 —_ NP
N y ADD®PT
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Continuous Blending: Prediction and Assessment

WP 4.7: M. A. Behjani, A. Hassanpour and A. E. Bayly
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* Discrete Element Method (DEM) is used to predict continuous blending of pharmaceutical
powders and optimise the process design

( )

2 .

O Particle Calibration of DEM Blending Simulation Process Design

2 | Characterisation - Input Parameters - and Sensitivit -‘ Optimisation

o OLIDS)

= Key Outcomes

Simulations predict influence of particle attributes and MT)
w| operating conditions on homogeneity of powder mixtures
400 mj/m2

DEM modelling facilitates prediction and analysis of formation
/ of undesired APl agglomerates
:reeli:;ise * Adding a kneading section to the end of conventional TSMs
attenuates the APl agglomeration issue

] Mi;eing zone

o 10 500 rpm

g L

®© 8 |@ p

£

£ 6 APl agglomerates form

L3 . .« .

E" 4 in the mixing zone 1

3 and break in the

c 2 API segregation close

a . APl agglomerates
200 400 800 200 400 800 200 400 800

(
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Prediction of Cohesive Powder Flow under Dynamic Conditions

WP 4.8: U. Zafar, , A. Lopez, V. Vivacqua, R. Hammond and M. Ghadiri

24
* Numerical simulation by DEM is used to develop a unified rheological description of flow of
cohesive and faceted particles in Freeman Technology FT4 rheometer and screw feeder

/; _ )

o DEM Modelling Experimental Rheological

Gl

= |:> Validation of the |:> Description

‘;3 Model (gPROMS)
\C J
4 Fa A

* Cohesive faceted particles have been Vo

: ) , E . s
derived from DEM simulations. FT4 rheometer &' - 'ﬁ?:w-‘

owe
o0 Ll

e A }Sz}‘g,

.

Screw feeder

111111

1
LE
e
b
~
&1
=

* Two different equations have been
developed for dynamic powder flow
behaviour.

JJJJJ

llllll
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Prediction of Cohesive Powder Flow under Dynamic Conditions

WP 4.8: U. Zafar, , A. Lopez, V. Vivacqua, R. Hammond and M. Ghadiri

25

* Numerical simulation by DEM is used to develop a unified rheological description of flow of
cohesive and faceted particles in Freeman Technology FT4 rheometer and screw feeder

\

DEM Modelling Rheological

Description

Experimental
Validation of the

Workflow\

Key Outcomes

* The ability to predict accurately how a new API will flow in the
devices used for its processing to minimize manufacturing issues

 The research will impact the powder processes and design of new
processes for the pharmaceutical industry

 The research can be merged in commercial software (PSE) and

improve the current models used for predicting powder flow

mm

* Two different equations have been
developed for dynamic powder flow
behaviour.

©/lp, 4y v*)

00000
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Mechanistic Powder Flow Models: Flowabili

WP 4.8: C. Pei, X. Chen and J. Elliott

Prediction

26

« Aim: to combine DEM and DoE to understand of the effect of changing particle shape
and/or cohesive interactions on flowability of pharmaceutical powders

Design of experiments: flowability
responses on particle size, shape,
elasticity and surface energy

(Workflow\

Discrete element modelling
of particle dynamics in ring
shear cell tester

=

Reduced model/relationship
for flowability, bulk cohesion

n]WJS

E -
v

Schulze ring shear cell test

]
00 0010 0020 0.031
Normal Force (N)

DEM simulation of ring shear cell

0.0060
Normal Force (N)

Contact network from simulation

Shear stress (Pa)

R l I |—-—JKR simulation resulls|
100 ’
0

0 5 10 20 25

15 30
Time (s)

Shear curve prediction

14

face ¥ '
a i BN o 8
=1 3

|
%
o

T R o B T A
/

Flowability (ffc

) bF“ediction



Mechanistic Powder Flow Models: Flowability Prediction

WP 4.8: C. Pei, X. Chen and J. Elliott

27
« Aim: to combine DEM and DoE to understand of the effect of changing particle shape

and/or cohesive interactions on flowability of pharmaceutical powders

[
© |Design of experlm(.ents..flowablllty Dlscretg element r.no<'1IeII'|ng il meeliEErediis
€ | responses on particle size, shape, of particle dynamics in ring . )
e o for flowability, bulk cohesion
go elasticity and surface energy shear cell tester

Key Outcomes

* Powder flowability was characterized by the ring shear test and
predicted using discrete element method

* The effects of powder shape, size, friction, surface energy, on
flowability and internal friction angle were studied

* Simplified models for flowability, internal friction angle and bulk

cohesion were built for process optimization

o

0.0 D,Ol()é()
Normal Force (N)

Schulze ring shear cell test Contact network from simulation FIowabiIiﬁf(rff'c/)’ b?“eaiction

F % [ g B o™ ™, . 0



Granule Compaction and Tabletting Models

WP 4.9: C. Pei, X. Chen and J. Elliott

28
* Aim: to translate data from compaction simulator into FEM/DEM for tablet compaction and

understand the ability of both blended and granulated powders to form stable compacts

‘- a\
E Measure material properties and Discrete element Stress concentration and
g, compaction behaviour from |:> modelling/ Finite element |:> failure mechanism of
h . . . .

c;: instrumented die modelling of tabletting tabletting process
\° /
OE—F le”[o:)
Upper Punch[ |
6D
Cylinder Die
Lower Punch L‘J
Fl(of)
Instrumented die for tabletting Bulk powder represented by DEM Tabliat geometry represented by FEM
g . [@] ' s e L ‘
E-;' 2?&“;&:1%3 ''''' a(d+ptanp) %’a 0
U:r:zz:] 5"3' 40) / /" 2 g 150
¢ 'g, OC?//‘ | e dpp,tanp ff
/./ ““ / 3 %mu
\ / ! R(d*pa(anm |
0 Equivalent Hydrostatic Stress p Pa Pp 005 07 uivemge C;r:'pacﬁon De";i:{(g/cmmis 17 18
Huxley Bertram Servo-Hydraulic Density-Dependent Drucker-Prager Cap FEM prediction of loading-unloading

Compaction Simulator Plasticity Model curves during tableting



Granule Compaction and Tabletting Models

WP 4.9: C. Pei, X. Chen and J. Elliott

29
* Aim: to translate data from compaction simulator into FEM/DEM for tablet compaction and

understand the ability of both blended and granulated powders to form stable compacts

(5 Measure material properties and Discrete element Stress concentration and 1l
§ compaction behaviour from |:> modelling/ Finite element |:> failure mechanism of
o instrumented die modelling of tabletting tabletting process
3 Y,
Key Outcomes
Density dependent and density independent models have
been developed and can be used in FEM package
Models were parametrised with flat face and tested with
multiple materials
Models can be supplied for implemented and used for blends
and potentially combine excipients
Huxley Bertram Servo-Hydraulic Density-Dependent Drucker-Prager Cap FEM predi::::m;:n:zs::im:g-unloading

Compaction Simulator Plasticity Model curves during tableting



Tablet Coatin and Process Optimization

WP 4.10: C. Pei, X. Chen and J. Elliott
30

 Aim: to better understand the causes of coating variability and move towards reduced
processing times and manufacturing process for spray coating

(3 ST a
O | Simulation of the tablet bed Spray coating investigated by : : :
= . ) . : : Inter/intra particle coating
=< | mixing using the discrete » terahertz pulsed imaging (TPI), » L L
5 . : . variability prediction tools
element method ray tracing and image analysis
\3 )

Inlet air
Perforated

coating pan Enclosure

OCT sensor

Translationz
l stage
_ A: taplet fI_ow/ B: spray coating C: In-line sensing
coating uniformity (DEM) (ray-tracing/image analysis) simulation (ray-tracing)
1.6
—-0=30"

L. --9=60

1.005598

cap-to-band
coating

thickness ratio

TT T T T T T 1T T T 1T T T T 7T T T T T T T T T T T T T TT
NAYLNOM L1 2 L QL O LN M Lo e
MMFTNNDVSoooocoos ~

Cap-to-band coating thickness ratio

0.632 45 0.538
P-P Spray P-W
0 10 20 30 40 50 60 friction angle (Deg) friction

Time (s)

Inter/intra tablet coating variability prediction Process optimization teols



Tablet Coatin and Process Optimization

WP 4.10: C. Pei, X. Chen and J. Elliott
31

 Aim: to better understand the causes of coating variability and move towards reduced
processing times and manufacturing process for spray coating

(3 ST 2
O | Simulation of the tablet bed Spray coating investigated by : : :
= . ) . : : Inter/intra particle coating
=< | mixing using the discrete |:> terahertz pulsed imaging (TPI), |:> o L
5 . : : variability prediction tools
element method ray tracing and image analysis
\3 )

Inlet air

Key Outcomes
e Simulation results were validated with terahertz imaging and in-
line measurements for batch coaters

Enclosure

* The effects of tablet shapes, friction, drum fill ratio, spray angle 4/
and rotational speed were explored

* Reduced models for tablet coating thickness variability were
built for quick process control and optimization ng)

Translationz
stage

1.005598

cap-to-band
coating
thickness ratio

oo — oo

oes NOYLAOM-OTv— LN O L) QU O LN NN LD
| Sodoodog —NMMITNINWOgsSaoScSdos
0.632 45 0.538
P-p Spray P-W
friction angle (Deg) friction

Cap-to-band coating thickness ratio

|

=
=)

20 30 40
Time (s)

Inter/intra tablet coating variability prediction Process optimization teols

wn
o
=]
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Morphological Population Balance (MPB) for Particle Design

WP 4.1/4.2/4.3: C.Y. Ma and K. J. Roberts

32
* Integrating facet material properties and process kinetics with MPB modelling for shape/size
evolution, process control and digital twins — Precision particles

(. )
E Facet properties, kinetics (shape, Multi-dimensional MPB Precision particle
"% nucleation, growth, ...) via VH and # equation and Particle ‘ manufacture via process
go experiment and operating conditions shape/size analysis control/digital
\> J
/Ibuprofen Crystallised from Ethanol \ 4 Urea Crysta"isation with heating/ )
Operating cooling cycles
parameters: @ @ Collaboration with Pfizer (T Izumi and A Rizvi) &
Cooling rate 4 .

Operating parameters: Cooling rate
= 0.5°C/min; Seeds loading = 0.1%;
Seeding T = 20°C; Cooling/heating

cycles as below

= 0.1 °C/min;
Seeds loading
=0.5%;
Seeding T

200
'S -+

Equ diameter (pm)

=l
-
|
|
|
|
I
I

Crystal shape evolution

o
o
Yy
Relative supersaturation (S-1)

600 800 1000 1 IOO

AT WP T
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Morphological Population Balance (MPB) for Particle Design

WP 4.1/4.2/4.3: C.Y. Ma and K. J. Roberts

33
* Integrating facet material properties and process kinetics with MPB modelling for shape/size

evolution, process control and digital twins — Precision particles

~

[
% Facet properties, kinetics (shape, Multi-dimensional MPB Precision particle
‘% nucleation, growth, ...) via VH and |:> equation and Particle |:> manufacture via process
O [experigs ; - i : gital
=

Key Outcomes
 Morphological population balance (MPB) for predicting crystal
size/shape evolution during processing

heating/

* Face-based process control/scale-up and experiments lead to 1%t
principles digital twins for particle design

 MPB enables incorporation into PSEs gFormulatedProducts (in
particular gCRYSTAL) for process optimisation
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Temperature Dependent Solubility: Statistical Models

WP 4.2/3.C: R. M. Robinson, E. Martin and K. J. Roberts

* QSPR models of temperature dependent solubility profiles support digital design of
cooling crystallization and wet granulation

(3 lcul iables f )
©| Curate hundreds of solubility Calculate variables from Maching
£ | datapoints (different solutes, |:> temperature (T), molecular |:> ach
o solvents, temperatures) and/or cry.f,tal structures and/or earning
= melting points (MP)
" Ddatacuatian. )/ N
Data curation GanQSPR - Small change in unbiased validation
e 4000 hased on these i — RMSE (log,,molar) values of best aqueous
sc’)lubility ) , < models upon adding lattice energy (LE) or
values Molecularstructu}e Varizbles L melting point (MP) descriptors. * =
e 5_95°C predict the 5 \ Yo statistical significance.
’ 2.0
* 400 solutes ' Ea" 5,5 = *
« 50 solvents Lemperature/(T) ; g | r_é s
. escriptor (1/T 2 S £ o
MP for 309 ptor(1/1 wanthoffpot G0 -y
solutes ' franew = 5. 2 !
* Crystal lattice *{;\ . 7 = -~ Zos
energies (LE) ﬂ@( material? 3. . =
calculated for l 1(}% 3 LE LE not “ MP MPnot
129 solutes ib\” - L included included included included
L I - - —
Solid state information? 1/Temperature =
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Temperature Dependent Solubility: Statistical Models

WP 4.2/3.C: R. M. Robinson, E. Martin and K. J. Roberts

* QSPR models of temperature dependent solubility profiles support digital design of
cooling crystallization and wet granulation

solvents, temperatures)

(2 lcul iables f A
©| Curate hundreds of solubility slouleie vEilzloles e VR
< | datapoints (different solutes, temperature (T), molecular :
o and/or crystal structures and/or Learning
=

Key Outcomes
Aqueous temperature dependent solubility predicted to within
one log unit on average

Reliable models can be built without solid-state information
Novel unbiased validation protocol designed

50 solvents emperalure 0 £ '
. descriptor (1T =4 S < o
MP for 309 pror (11 warthoftplot S S -y
solutes ’ foranew = % 05 > —
* Crystal lattice *{;\ . 7 = -~ Zos
energies (LE) ol material? 3. . =
calculated for l }ﬁu J LE LE not 00 P MP not
129 solutes 1,:% | {_ included included included  included

st stefmaion ——
. ) \m state information 1/Temperature Y, ﬁ\ DD‘P T
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Influence of Conformational Polymorphism on Particle Properties: Ritonavir

WP 4/WP 2: Chang Wang, lan Rosbottom, Thomas Turner and Kevin Roberts

36
* Relative balance between molecule conformation and lattice energies characterised and

related to particle properties

o Molecular : : : Physical and
= ) Solid-State Particle Relation to )
~ | Conformational . ) Chemical
= , Properties Polymorphism _
é Analysis Properties
{ : . 4 ~\
i Rionaur 7209ma | ] (" stable conformation, denser packing and )
3 3w unstable lattice of form| &
§ j: 2 m: =100 —a— formll Lal_lice Energy \/\ / :[ /
D s ] SRR et % & »ﬁ =7 "
A e SR ( ,r;‘f,’;’) 2ns 2 " -80 { —v—forml Electrostatic | ] *\ w [
Ritonavir: j : ‘755 E 10 f) y\% r ‘{‘3 "l\f\j
2 ] & Z: Synthon A, Synthon B, | K
° = 8 ] \‘\ » w7 sopropanol
! - - 050 e W
Hydrogen Bond Donors Hydrogen Bond Acceptors by /s BRIt Crystal Degree of Extrinsic
Molecular propertles o 5 10 15 20 25 30 Surface Surface Growth
Limiting Radius (A) ‘\#\}/ (hkl) Saturation % Synthons
,gi \ Lattice energy of forms 1 and 2 From |
(001) 86.75 Evaw
P Synthon Ay, (011) 25.64 Ast-vond, Bri-bond,
(10-1) 70.21 Duvaw, Evaw
Relative Lattice (100) 70.07 Cuow, Dvaw, Evaw
;F\R‘ r.i Packing @1-1) 19.59 Att-bond, Dvaw
Polymorphs Conformational . Energy Total 7475
Coefficient Form 11
\| Energy (kcal/mol) (kcal/mol) ©11) 70.75 Cuaw
\@ (002 68.34 Buow, Dvaw, Evaw
Form | 0 0.80 -74.48 (1o1) 54.04 Astbond
. (110 45.13 Awi-pond, Cvaw
\__Main torsion angles of ritonavir _){ ., 5.25 0.74 0233 )| _row 65,25 y
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Influence of Conformational Polymorphism on Particle Properties: Ritonavir

WP 4/WP 2: Chang Wang, lan Rosbottom, Thomas Turner and Kevin Roberts

37

Relative balance between molecule conformation and lattice energies characterised and
related to particle properties

\.

= Workflow\

CSD Number
3 @ 3

Molecular
Conformational

Main torsion angles of ritonavir )

SN

02/04/2019

Solid-State Particle

— 4

Key Outcomes
Conformation of form | more stable and efficiently packed
whereas its lattice energy is much less stable than form Il

Form | has greater contribution from vdW interactions in

Relation to

contrast to form 2 where H-bonding dominates

Morphology of forms | and Il are both needle-like, with
dispersive equatorial planes and H-bonded capping faces

ADDOPT DIGITAL DESIGN SHOWCASE

~

=)

Physical and
Chemical
ies

etone

opanol

Extrinsic
Growth
Synthons

25.64 An-bond, BH-bond,

70.21
70.07

19.59 Aw-pond, Dvaw
74.75

70.75 Cuaw
68.34 Bvaw, Dvaw, Evaw
54.04 AH-bond

45.13 Awi-pond, Cvd

65.28

SynthOn A" 011)
(10-1)
Relative ) Lattice oo
) Packing @a1-1
Polymorphs Conformational . Energy Total
Coefficient Form 11
Energy (kcal/mol) (kcal/mol) ©11)
002)
Form | 0 0.80 -74.48 @o
(110)
\  Formll 5.25 0.74 -92.33 ) _Tow




Workflow for Controlling Needle-Like Crystals: Lovastatin

WP2/4: T. Turner, L. Hatcher, C. Wilson, K. J. Roberts

38
* Synthon based workflow developed to identify key inter-molecular interactions and surface

chemistry which lead to the formation of needle-like particles

e N
3
+ | Inter-Molecular Synthon ID and Morphology Prediction Matched Solvent /
%‘ Energetic Characterisation |:> and Surface Chemistry ID |:> Additive Chemistry
>
4 N /=
et
Loy === ==
C (-2.56) 2 4
D(-2.12) 2 4
E (-1.96) 2 a4
F(-1.05) 2 0
CCDC: YT °
CE KBEZO]_ mol?! -18.76 -29.32
oA e 5 | T 7
ol conton 740 % Covombic - 761% 4] 4! = e S —
Dispersive = 107.84 % H 3 exane f A
ECoqumbic=-7.$4% - 4 [ X b . 24 : ‘ 7. V.
p - s faalth, Rols o LR Y ECOY T v aT o d I L
ﬁ/\%m | — i R _ R 92
Y iz orphology prediction and visualisation of surface Matched to d|sper5|ve
............................................................................................. Chemls.lzry ) . recrysta”|zat|0n SO|Vent,
Dispersive stacking type Dispersive synthon A contributes positively to growth significant reduction in aspect
synthon strongest in \ 2long needle axis ) ratio

L lovastatin ) T.D.Turner, L.E. Hatcher, C.C.Wilson, K.J.Roberts, J. Pharm. Sci. 2018 Dec 24. pii: $0022-3549(18)30811-6. ‘
doi: 10.1016/j.xphs.2018.12.012
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Workflow for Controlling Needle-Like Crystals: Lovastatin

WP2/4: T. Turner, L. Hatcher, C. Wilson, K. J. Roberts

39
* Synthon based workflow developed to identify key inter-molecular interactions and surface

chemistry which lead to the formation of needle-like particles

~N

Inter-Molecular Synthon ID and Morphology Prediction Matched Solvent
Enesaatieth akicatian - P ey . - .. /

Qemistry

Workflow\

Key Outcomes

* Workflow identifies key inter-molecular interaction/s which may
cause needle-like particles

* Problem particle surface chemistry identified and specific
synthon contribution to growth quantified

* Directs experimental effort towards suitable solution chemistry
to suppress these particular inter-molecular interactions

. Synthon A

: B tetra-hydropyran
Total Contribution: 23.4
: Dispersive = 107.84 %

: Coulombic =-7.84 %
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Y Bt orp. ology prediction and visualisation of surface Matched to dispersive
............................................................................................. Chemls.lzry . . recrysta”ization solvent;
Dispersive stacking type Dispersive synthon A contributes positively to growth significant reduction in aspect
synthon strongest in \ 2long needle axis ) ratio )
i ==, A | ,"" - o
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