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Summary

To ensure safe and effective medications, in recent years the ever-evolving
pharmaceutical industry started to transform and to adopt novel technologies for
continuous manufacturing, real time monitoring and quality control. From a
development perspective, in vitro dissolution testing remains a vital drug-performance
test used to predict in vivo outcome. Strategies such as in silico simulations and animal
models have been researched and applied in multiple situations and discussed broadly
in the literature and were found suitable for early-stage drug development. However,
despite such promising results, their applicability for continuous manufacturing and

process monitoring remains unknown.

On the other hand, advances of imaging technologies like development of
micro-lens systems and non-invasive imaging methods allow the implementation of
such systems in routine manufacturing. They have been used as monitoring tools to
ensure robust processing and medicinal products of high quality. The studies in this
thesis were focused on development and application of image-based analysis
techniques to be used with standard dissolution apparatuses. The primary focus was
on a non-invasive imaging method for shadowgraph and direct imaging in the flow-
through apparatus and some preliminary studies conducted using a commercially
available imaging system in an alternative set-up (paddle apparatus). Two imaging
approaches were used with the non-invasive system — a) shadowgraph imaging to
characterise particulate behaviour in the images, and b) analysis of a whole frame
using Al classification methods to characterise the dissolution process. Phenomena
such as drug precipitation and agglomeration were observed and used for further

analysis.

A weakly acidic (pKa = 4.5) drug, ibuprofen, was used as a model drug to perform
dissolution testing by variation of the sample mass and crystal habit of the drug
powder. In the last part of this project, two brands of commercially available
ibuprofen-containing suspension formulations were used for dissolution in the
flow-through apparatus. Imaging and image analysis were used to capture differences

in the dissolution rate, particle motion and suspension behaviour during testing.



Imaging systems’ ability to detect deviations in the dissolution rate caused by changes
in the environment such as addition of surfactant, change in the flow rate/paddle
rotation speed, occurrence of drug precipitation, and the effect of excipients in the
formulation, as well as changes related to the drug crystal habit and sample mass used

for dissolution were tested.

The work of D’Arcy and Persoons[1], [2] on image analysis based on in-house
written code for shadowgraph imaging was expanded to investigate particle behaviour
of sieved and un-sieved particles with needle- and plate-like shapes and their
agglomeration tendency. Agglomerates could have a negative impact on product
stability, resulting in inaccurate dosing of formulations, e.g., oral, or parenteral
suspensions. Such unfortunate events could require a recall of the drug product from
the market and a withdrawal of the registration approval. As a proof-of-concept and by
using the outputs of the image analysis, an automated agglomeration identification
method was created. Such method showed potential to be further developed and
utilized as an in-line quality control tool as it was able to accurately capture

agglomerates formed during dissolution testing.

With the emergence of artificial intelligence (Al) smart monitoring of production
lines could become a standard procedure. The United States Food and Drug
Administration (FDA) recognizes the potential to apply Al in many areas of the
pharmaceutical industry — from compound screening, through non-clinical and clinical
research, to post-approval monitoring.[3] In this present work, an Al model for image
analysis created and exploited for tablet surface defect detection was adapted for
events detection in a dynamic environment, i.e., dissolution and precipitation
processes. The method was successfully developed to provide quantitative and
gualitative information that contributes to the general understanding of process and
compound changes, which may affect the dissolution process. A recommended
apparatus for dissolution testing of oral suspensions is the paddle apparatus[4], [5].
Although dissolution testing in the flow-through apparatus showed a much slower
dissolution rate compared to the recommended dissolution time in the paddle
apparatus, the obtained results provided good discrimination between the two brands

of suspensions. The image analysis of the dissolution tests identified differences in



sample dispersal during testing which impacted on the dissolution profile. The analysis
also showed notable differences in the suspensions’ dissolution behaviour, which
could suggest different hydrophilicity or polarity of the excipients used in the
formulation, or their impact on the balance between cohesion and adhesion between
the formulation and the test vessel. Specific dissolution patterns were observed from
each formulation. These product specifics could contribute towards the development
of an Al tool able to distinguish between process and content changes, to assure
batch-to-batch consistency in routine quality control, or even to participate in
biowaiver decision-making by providing high discrimination power and formulation

related insights.

All imaging and analysis approaches presented in this thesis provided additional
insight into the dissolution process and drug behaviour, which could contribute to the
general knowledge in the field. The imaging systems showed to be suitable to be used
in combination with standard apparatuses in real time or for an offline image analysis.
The shadowgraph imaging agglomerate identification method built during this project
showed a potential to be further developed to recognize objects of interest. The
Al-based classification model was useful to provide qualitative information by using
the pre-trained settings. However, understanding of the Al process and opening the
“black box” allowed further exploration of the system and the development of a
guantitative classification method able to better describe the dissolution process.
Thus, it could be suggested that there is unrealized Al potential remaining to be

explored in the future.

Vi



Table of contents

DECIAratioN ........c.oiiiiiiiii et st st e b et saneere e ii
Covid-19 IMPAct STAteMENt............ooooiiiiiiie e e et e e et e e et ae e e e aaaeeean iii
YT 1010 1T T Y 2SN iv
Table Of CONTENTS..........ooiiie ettt e s e s esbee e sareesans vii
ACKNOWIEAZEMENTS .........ooiiiiiii e e e s sae e e s aa e e e s sasaeeesnnnreee s X
Publications associated with this thesis ................ccccoiiii, Xii
LISE Of FIGUI@S ....oooieeieeee ettt e e e e et e e e e ebt e e e e ebteeesebtaeeseastaeesenseneesaseneananses Xiv
ABBIEVIAtIONS ...ttt et be e e e et e e b e e s be e e sareesares XX
Chapter L1: INtrodUCHION...........oooiiiiiiie e e e e sbae e e st e e e esaae e e ennsreeeeas 1
1.1, DiSSOIULION. .ttt s e st e e st e e st e e sab e sbb e e nnte e sareeenares 1
1.1.1. DiSSOIULION @S @ PIrOCESS ...uvvieeeeiiieeeeiieeeecctte e e e ectte e e e ectteeeeebteeesebteeeesastaeeesastanessanes 1
1.1.2. Brief history of the dissolution teStiNG......c.eeeivciiiiiecieee e 2
1.1.3. Factors affecting the dissolution rate .........ccccoecviiiiiciii e 5
1.1.4. DisSOIULION @PPArALUSES ... .vviiiiciiiee ettt e et e e e e e sbae e e s ssataee s ssaraeeesanes 6
1.1.5. Precipitation of drug PartiCles......ou i 8
1.1.6. Particle agglomeration ..........ooicuiiee et 9
1.1.7. Dissolution of formulations.........ccoueiieiiiiieiieeeeeeeeee e 10

N [ (T {1 o V- ST PP PP UPPPN 13
1.2.1. Application of imaging in dissOlUtION ......c..ceeiiciiiiiiiee e 14
1.2.2. [aa b =T T o =Y VA TR 19

1.3, Artificial intelliZENCE (Al) ceeeeeeeieeeeeeeeeee et e bae e et 21
1.3.1. [ T oY Vo) Y TSR 21
1.3.2. NeUral NETWOIKS (ININS) ....ciiieiieettiie ettt ettt ertre e eeare e e eebreeeeearaeeeenn 22

O S oY { o Yo [¥ ot o] o I U] s o La o - V20PN 26
O T V1 o T Vg Yo o] o] [T 6 17 SRR 28
Chapter 2: Materials and methods ... 29
2.1, MATEIIAIS e e s st s s 29
220 MEEROAS .. st 30
2.2.1. Experimental Methods.........cooiiiiiiceccee e 30
2.2.2. Computational Methods ... 40

Chapter 3: Investigation of the discriminative power of shadowgraph imaging during
dissolution testing under various conditions in the USP 4 flow-through apparatus and the

Vi



development of an automated image-based agglomeration identification method (AIM) to

detect agglomerates occurring during dissolution..................cccoeiiiiiiiiiicie e 56
70 N (014 e To [0 o1 o T3 FO TSSOSO PP PP PPSRI 56
3.2, Material and Methods. ..o 58

3.2.1. Preparation of plate-shaped ibuprofen particles (lbu-pl) ......ccccceeveivecieeeinnnnee. 58
3.3, Results and diSCUSSION ....cccuiiiiiiiiieeeie ettt sttt sbee e sare e 58
3.3.1. Dissolution testing and SGI imaging analysis ......ccccccveereciiieeeccieee e 58
3.3.2. Agglomeration ldentification Method (AIM) development.........cccceeeevveeeenneen. 69
B4, CONCIUSION .ttt ettt ettt et e st e e st e sabe e s beeesabeeesneeesnseesbeeesareenane 73

Chapter 4: Application of an Al image analysis and classification approach to characterise

dissolution and precipitation events in the flow through apparatus.................ccccccooerenn. 75
A1 INTOTUCTION. c..ietiieie ettt et b e bt st st et e e sbeesbeesaeeeas 75
4.2,  Materials and Methods ........c.cooiiiiiiiiie e 76
4.3, ReSUItS and diSCUSSION .....ciiiuiiiiiiieiiieriee ettt ettt ettt e st e e saee e sbeeesaree s 76

4.3.1. Precipitation eXPeriMENtS ... i 76
43.2. DisSOlULION EXPEIIMENT .....eeiiiiiiiee et e ettt e e e et e e e erre e e e ebre e e s ereaeeeeanes 77
4.3.3. Model validation and event detection ..........ccccceereeniinieniieneene e 78
A4, CONCIUSION .ottt ettt ettt ettt ettt e st e s bt e e s abe e sabeeesabeesbeeesaseesabeeesareens 91

Chapter 5: Application of an Al image analysis to dissolution testing of paediatric oral
suspensions in the USP 4 flow-through dissolution apparatus to explore the potential to use

imaging as a discriminatory analytical tool for complex formulations ...............ccccceviiinnnen. 93
5.0, INErOQUCTION ..coiiiiieriece et et e 93
5.2, Materials and Methods ........cccooiiriiiiiiiieieeeee e 94
5.3, ReSUItS and diSCUSSION....ccuiiiiiiiieiiieiie ettt ettt st st 94

5.3.1. Dissolution iN the USP 4 FTA ...ttt 94
5.3.2. Hydrodynamics and suspension dispersal.........ccccoecvveeeiiciieeiccieee e 98
5.3.3. Al image analysis appProach .......cooccviii i e 100
5.4, CONCIUSION ittt ettt et s e s re e e s e s be e e snneesaneeesnneenn 102

Chapter 6: Investigation of pH dependent drug precipitation and crystal growth in the USP 2

paddle apparatus by in-situ Micro-imaging...........cccccovviiiiieiiiie e 105
70 N (014 e To [0 o1 o To T o DO PSSP PPOPROPRT 105
6.2.  Materials and Methods .......ccocuiiiiie i 106
6.3.  Results and diSCUSSION .....ccuiiiiiiiiiiieeee e 107

6.3.1. Imaging of a diSSOIUTION PrOCESS ......uveeeeeiiiieeeieeeeceee et 107
6.3.2. Imaging of a precipitation process and crystal growth.........ccccoveiiiieniinnnn. 110

6.4, CONCIUSION ittt sttt et et ettt st st e b b e sbeesaeesnnees 119
Chapter 7: General diSCUSSION ..............coiviiiiiiiiiieccee e e s sabee e s sareeas 121



7.1, Invitro dissOlUtiON tESHING.....cuviiiiiciiie e 121

7.1.1. Biorelevant media, hydrodynamics and physiologically based pharmacokinetic

(PBPK) modelling and in vitro-in vivo correlation ..........cccccouveeeecieee i 121
7.1.2. Drug precCipitation ... 123
7.2.  Imaging as a process analytical technology (PAT) real time monitoring tool........... 124
7.2.1. Shadowgraph imaging (SGI) and image analysis in the USP 4 FTA ................... 126
7.2.2. An alternative dissolution imaging system used in combination with the USP 2
[k o o 1 LI T o] oF- [ = { U LR 128
7.2.3. Imaging of formulations in the USP 4 FTA .....oooiiiiiiiiee e 128
7.3. Computational methods and Al @NalYSis ......ccceeevreiiieiiiiiie e 131
7.3.1. Development and application of NNs for prediction of in vitro dissolution
o140 1 =T3RS 131
7.3.2. Application of ANNs for prediction of release profiles and development of solid
Lol =1 o [o =T ={=TR o] 1 1 LY RS 133
7.3.3. CNNs — the future of imaging technologies ........cccccoecive e, 134
T4, CONCIUSIONS «.eetiiiiieeiieeei ettt sttt ettt e sat e sttt e s e sbe e e abeesabeeesabeesateesnteesabeeenanes 137
7.5, FUBUIE WOTK ettt ettt ettt ettt ettt e s sat e e st e e sab e e sabeesnteesabeeesanas 140
7.5.1. SGl and iMAgE ANAIYSIS ...vveiiiiiiiee ittt e e et e e e snreee e enes 140
7.5.2. F YT 112 LU 142
REFEIENCES ... ..ottt ettt e b e e s bt e sat e st e st e e be e bt e sbeesaeesaeeeanean 145
APPENAIX L.ttt e e e e e eee b e e e e e e e eesestabbaaeeeeeeeaatabbaaeeeeeeeanrbbaaaeeeeeeaanrrres 181
APPENAIX 2.ttt et e e e e e e e ee bbb eeeeeeeeaa e abbaaeeaeeeerantbrbaaaeaeeeeantrraaaaaeeeeaanrrres 188
APPENAIX ..ottt e e e e e e e e a e e e e e e e e e et bbaaeeaeeeera b raaaaaaeeeeantrraaaaeeeeeaanrrras 192



Acknowledgements

Completing a PhD is a challenging journey. Even more challenging when you decide
to do it in a foreign country and in the middle of a world pandemic. Covid-19 marked
the first two years of my journey and left me struggling away from home and the
people | love. Meeting new people was hardly possible due to the social distancing.
Workflow was highly disturbed, and | missed a big part of the PhD social life in Trinity,
which | deeply regret. The “great” Irish weather did not help either about how | was
feeling here. However, | believe these obstacles only made me stronger and the

pleasure of finishing my PhD is even bigger.

| would like to thank my supervisors Prof. Deirdre D’Arcy and Prof. Tim Persoons for
their guidance, patience, and support over these years. Especially during my most
difficult moments when | was complaining a lot and about everything. | would like to
thank the first person who helped me here and gave me a nice and safe place to live -
my landlord John Lovatt for his kindness and who was always there to cheer me up
with a funny story or a cup of tea. | would like to thank my PhD fellows, all visiting
researchers and Erasmus students who crossed my way in the last 4 years for making
my stay in college much better, for all the nights out, laughs and shared moments. A
big thank you to Jay Jadav for preparing the ibuprofen crystals used in some of my
studies, which resulted in two poster presentations and a future publication, and J.M.
Canty and Ciaran who provided the Canty™ imaging system and trained me how to use
it. | would also thank my thesis committee - Prof. Anne-Marie Healy and Prof. Lidia
Tajber, along with Prof. Carsten Ehrhardt for their guidance, support, and mentoring
through the years. | would like to acknowledge all other professors, lab and
administrative staff for all hours which we spent together during demonstrations and

other events — it was a pleasure to work with you all.

| would like to acknowledge Trinity’s Provost, Science Foundation Ireland (SFI) and
the SFI Research Centre for Pharmaceuticals (SSPC), for providing the financial support
which was essential to complete this project and for all opportunities to present my
work and develop myself. | would also like to acknowledge my colleagues and mentors

from FD department in Alkermes — Cathy, Kris, Zelalem, Beatrice, Fiona, Vamsi and



Renato for the time and the knowledge they shared with me during my industrial
placement. A special thank you to my friend Emanuele, who was supporting me

through these years and even more during the writing of this thesis.

Nevertheless, | want to thank my family. My mom for the support and all the efforts
to travel during the pandemic to visit me. My best friends - Maria and Niki who always
belied in me and who were there for me even in the darkest of times. To my friends
and mentors in Bulgaria and abroad — thank you kindly for everything you have done
for me, for your wisdom, support, for all extensive phone calls and amazing trips and
collaborations. A special thank you to Khaleesi and my partner Cass for making sure |
will sit down and finish this thesis (on time), for their kindness, warmth, love, and

support. | am lucky to have all of you in my life.

| would like to finish my acknowledgments with one favourite quote — “now, Dobby

is a free elf”.

Thank you!

Xi



Publications associated with this thesis

Publications:

Taseva A.R., Persoons T.,, D'Arcy D.M. (2023) Application of an Al image
analysis and classification approach to characterise dissolution and
precipitation events in the flow through apparatus. Eur J Pharm Biopharm.

2023 Aug; 189:36-47. doi: 10.1016/j.ejpb.2023.04.020

Taseva, A., Persoons, T. & D'Arcy, D. M. (2022) “Challenges and
considerations of automated agglomeration detection method development
with image analysis in dissolution testing”, British Journal of Pharmacy 7(2).

doi: https://doi.org/10.5920/bjpharm.1139

The results, discussion, and conclusion of Chapter 3 of this thesis, along with
relevant methods and introductory information, were submitted for
publication in the International Journal of Pharmaceutics (1JP).

The results, discussion, and conclusion of Chapter 5 of this thesis, along with
relevant methods and introductory information, have being prepared for

publication with the intention to submit to Pharmaceutical Research Journal.

Posters and oral presentations:

Taseva A.R., Persoons T., D'Arcy D.M. Investigation of optimal conditions for
the implementation of Shadowgraph imaging (SGI) as a real-time monitoring
tool in dissolution testing (poster) in the European Federation for
Pharmaceutical Sciences (EUFEPS) Annual Meeting, Virtual meeting, June 7t
- 9%, 2021.

Taseva A.R., Persoons T, Yadav J.,, Healy A.M., D'Arcy D.M. Dissolution of
different crystal habits of an APl powder using shadowgraph imaging as a
real time monitoring tool (poster) in the American Association of
Pharmaceutical Sciences (AAPS) PharmSci 360 meeting, Virtual meeting,

October 17t - 20th, 2021.

Xii


https://doi.org/10.1016/j.ejpb.2023.04.020
https://doi.org/10.5920/bjpharm.1139

Taseva A.R., Persoons T., D'Arcy D.M. Challenges and considerations of
automated agglomeration detection method development with image
analysis in dissolution testing (poster) in the Academy of Pharmaceutical
Sciences (APS) PharmSci Conference, Belfast, United Kingdom, September 7t
- 9th, 2022.

Taseva A.R., Persoons T., Healy A.M., D'Arcy D.M. Automated online
agglomeration detection using shadowgraph imaging analysis during
dissolution testing of ibuprofen powder in USP 4 flow-through apparatus in
the AAPS PharmSci 360 meeting, Boston, USA, October 16t - 19t, 2022.
Taseva A.R., Persoons T., Healy A.M., D'Arcy D.M. An Al and imaging
approach for improved insight into paediatric oral suspension dissolution
behaviour in the flow-through apparatus (FTA) (poster, oral presentation, and
Award for young scientist) in the 15" Annual EuPFl Conference 2023,
Glasgow, United Kingdom, September 19t — 21, 2023

Taseva A.R., Persoons T., Healy A.M., D'Arcy D.M. Investigation of pH
dependent drug precipitation and crystal growth in the paddle apparatus by
in-situ micro-imaging (abstract) in the DRPI competition 2024, Virtual

meeting, September, 2024.

xiii



List of Figures
Chapter 1:

Figure 1.1: USP 4 FTA set up - a test cell, a reservoir, and a pump. Additional

shadowgraph imaging (SGI) system consisted of a camera connected to a computer

and an LED source. The imaging window was located at the height of the middle of the

L= A 1= | T TP PP PP TP PPPPRPPPON 8
Figure 1.2: Schematic of imaging by a shadowgraph - ray refraction. .......cccccceeeeiiieeeeciiieeeenee, 15

Figure 1.3: Schematic representation of the artificial intelligence (Al) concept. Layers of

3V =1 g e L2171 (o o T g a =Y o | SRR 22
Figure 1.4: Schematic structure of artificial neural network (ANN) architecture.........ccuueen....... 23
Chapter 2:

Figure 2.1: SGI imaging window with detected particles outlined in red and their

diameter in (um), a grey contrast scale on the right axis and imaging window

AdiMENSIONS X AN Y (IMIM). werriiiieiieieeee e e e e e e e e e ee s sabrrereeeeeesesssraereeeeeeeessnnsnrenns 41
Figure 2.2: Schematic presentation of approximate particle solidity — >95% (A), 70% (B)

and 60% (C). Note: The percentages given in this figure are only illustrative..........cccccceeeevneenns 41
Figure 2.3: Schematic presentation of the methods used for dissolution, SGI and AIM
development. Abbr.: SGI - shadowgraph imaging, APl — active pharm. ingredient, USP —

United States Pharm., FTA — flow through apparatus, CE1 — single cell, Ibu nd/pl(S) —

ibuprofen needle/plate-shaped particles (sieved), AIM — aggl. ident. method. .........cccccuuee..e. 44
Figure 2.4: CNN image recognition based on anomaly threshold score (ATS) pixel colour

LN =] o T 8 2RSSR 46
Figure 2.5: Output image from the original Matlab™ tablet anomaly detection code.

Original image of a chipped tablet (left) and the same image with applied heat map

(right) highlighting the area of the aN0MalY. ........cooiviiiiiiiii e 48
Figure 2.6: Image pathway for validation and training and assessing ability to detect
precipitation events (A) and image pathway used for dissolution testing analysis (B). A:

The image data set could contain dissolution or precipitation images irrespective of the

performed training. B: Image data set 1 could contain dissolution or precipitation

Xiv



images allocated for training and calibration before testing, while image data set 2

contains only dissolution images for teStiNG. .....ccuuii i 49
Figure 2.7: Model development and validation - schematic presentation of training and

testing methods during each step of the Process. .......ccocueev i 50
Figure 2.8: A) empty ("normal") image; B) image with plume; C) image with

[T E=Tol o] =N A=Yo I oF- [ Aol U] = <SSP 51

Chapter 3:

Figure 3.1: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg

(green triangle) Ibu nd powder in phosphate buffer pH 6.8 with 0% w/v (A, D), 0.005%

w/v (B, E) and 0.05% w/v (C, F) Tween 20 at FR 8 (left column) and 16 (right column)

mL/min in the USP 4 FTA CE7 22.6 mm diameter cell. The grey line represents the level

OF 85% diSSOIVEA AIUS. ..ceineeiiiee ettt e e e e s e e e s et e e e s esaaaeeeesssaeeeesssaeeeennns 60
Figure 3.2A: Number of particle detections (Npd), particle diameter distribution (black

circles) and average particle diameter (green star) of ibuprofen 4 (top), 20 (middle) and

100 mg (bottom) detected by the shadowgraph imaging during dissolution testing in

the USP 4 FTA (CE1) in PB with 0% (left), 0.005% (middle) and 0.05% (right) w/v Tween

20 at FR 8. O (black) — single particle size (left axis); * (green) - average size (left axis);

dots and line (red) — number of particle detections (Npd) (right axis). .....cccoveveereeeiriicinreeeneennn. 62
Figure 3.2B: Number of particle detections (Npd), particle diameter distribution (black

circles) and average particle diameter (green star) of ibuprofen 4 (top), 20 (middle) and

100 mg (bottom) detected by the shadowgraph imaging during dissolution testing in

the USP 4 FTA (CE1) in PB with 0% (left), 0.005% (middle) and 0.05% (right) w/v Tween

20 at FR 16. O (black) — single particle size (left axis); * (green) - average size (left axis);

dots and line (red) — number of particle detections (Npd) (right axis). .....ccceevuereeeiiineeeiiiieeeens 62
Figure 3.3: Microscopic images of Ibu pl (top) and Ibu nd (bottom) at 20X

T a1 Ao YA oY NG00 o USSR 65
Figure 3.4: Dissolution profiles of Ibu pl S (squares, 0), Ibu nd S (triangles, A) and Ibu nd

(circles, o) in the FTA CE7, test cell 22.6 mm diameter at FR 8 (white) and 16 (black)

mL/min. Medium: phosphate buffer with 0.005% Tween 20, pH 6.8......cccccoevveeeerereecreeeereeeenneenn 66

XV



Figure 3.5: Number of particle detections (Npd), particle diameter distribution (dp) and
average diameter (green star) of Ibu pl S, Ibu nd S and Ibu nd, 20 mg detected by the
shadowgraph imaging during dissolution testing in the FTA (CE1) in PB 0.005% w/v
Tween 20 at FR 8 and 16 mL/min. O (black) — single particle size (left axis); * (green) -

average size (left axis); dots and line (red) — number of particle detections (Npd) (right

Figure 3.6: Examples of ibuprofen agglomerates found by the SGI during dissolution
testing (USP 4 FTA) in PB. The red circle surrounding the particle is produced after

image analysis in Matlab™ and shows the particle diameter in micrometres (red

(o101 01 o T=T o TSRS

Figure 3.7: Sample particle and agglomerate detections from a 15 s video, external
validation. Particle detections (black dots), particle detections that meet the size
criteria (blue circles), a “pattern” — series of particle detections representing
agglomerates, particle detections that meet the solidity criteria (red triangles), signals
indicating timepoints when both specified criteria have been met (green stars at 1 (top
of image)) and signals when only one criterion is met (green stars at 0 (bottom of

image)), and agglomerates observed in the video at signalled time points with the

detected diameter in um (red circle and number on the grey image). .....cccccceeeveeeeeiieeecennee,

Chapter 4:
Figure 4.1: Dissolution profile of 20 mg ibuprofen in PB 0.005% w/v Tween 20 at FR 16
Figure 4.2: Misclassified images (top row, 3 images on the left with particles and the

remaining 11 images with plume) after the training of the model. Original images (left)

225 x 225 pixels representing an imaging window of 5 x 7 mm of the dissolution test

cell and the same images with heat map applied (right)......cccccceeeeieeiiiiieei e,

Figure 4.3: False negative results from the worst performing test when the pre trained
file was used. Accuracy of the test was > 94%. Original images (left) 225 x 225 pixels

representing an imaging window of 5 x 7 mm of the dissolution test cell and the same

images with heat map applied (FIZNT). ..o e

XVi

... 70

....80



Figure 4.4: A: Dissolution profile (empty black squares) and % frames without
anomalies from the precipitation-based model (empty red rhombus) and the
dissolution-based model (filled black circles) vs time; B: Dissolution rate vs. % predicted
frames without anomaly from the precipitation-based model (empty red rhombus) and

dissolution-based model (filled black circles) tested on the dissolution test data sets

collected at the 2", 15t 40th, 50t and 100t minute of the dissolution test. ........cceveenee...

Chapter 5:

Figure 5.1: Dissolution profile (blue dots), percentage avgATS (red diamonds) and
percentage frames without anomalies (black squares) over time from the dissolution of

2.5 mL N100 large cell (A), N100 small cell (B), N200 large cell (C) and N200 small cell

(D) inthe USP 4 FTA @t FR 16 ML/MIN. ciiiiiiiiiiiiiiie ettt et e e e eeaaaeeeeans

Figure 5.2: Image sequence obtained during the dissolution of 2.5 mL N100 large cell

(A), N100 small cell (B), N200 large cell (C) and N200 small cell (D) in the USP 4 FTA at

o ST 0174 21 DR

Figure 5.3: Dissolution profile (blue dots), percentage avgATS (red diamonds) and
percentage frames without anomalies (black squares) over time from the dissolution of

2.5 mL B100 large cell (A), B100 small cell (B), B200 large cell (C) and B200 small cell (D)

INThe USP 4 FTA @t FR 16 ML/ /MIN. ciiieeeeeeeeee et e e e e e e e ee e e e e e e e e e s eeneeeeeeeens

Figure 5.4: Image sequence obtained during the dissolution of 2.5 mL B100 large cell

(A), B100 small cell (B), B200 large cell (C) and B200 small cell (D) in the USP 4 FTA at

oS30 0174 21 VO RRPRTR

Figure 5.5: Microscopic images of N100 (A), N200 (B), B100 (C) and B200 (D) at 20x

0 T=d 0 1) {Tor=Y 4 (o] VARU R P UPURR RO

Chapter 6:

Figure 6.1:Schematic of the USP 2 paddle apparatus equipped with a probe part of the

Mini-cell LED Inflow Canty™ imaging SYSteM. ...c...uuiiiiiieei et

Figure 6.2: Dissolution profile of 250 mg ibuprofen dissolved in PB 0.005% w/Vv (circles

and diamonds) and 0.05% w/v (squares and crosses) Tween 20 in paddle apparatus at

50 (circles and squares) and 100 rpm (diamonds and CroSSES)......cuvveeeeeeerieriirrerereeeeeriiennnnne.

XVii

..... 91

..... 96

..... 96

..... 97

..... 97

..... 98

... 106



Figure 6.3: Particle size distribution Dv90 over time of ibuprofen dissolved in PB

0.005% w/v Tween 20 at 50 rpm (blue) and 100 rpm (yellow) and PB 0.05% w/v Tween

20 at 50 rpm (green) and 100 rpm (FEA). cueeeeiuieeeiieeeiee e eeee e estee e e e e eere e e v e e eabeeenreas 110
Figure 6.4: An example of the ibuprofen crystal growth observed in the USP 2 paddle

apparatus after direct mixing of ibuprofen:PB 0.05% w/v Tween 20 solution 1 mg/mL

and 0.2N HCI, ratio 1:1. Images taken after 2, 3, 5, 30, 60 and 300 minutes after mixing......... 117
Figure 6.5: Crystal detection after precipitation of 0.1 mg/mL ibuprofen dissolved in PB

0.05% w/v Tween 20 and mixed with 0.2N HCl ratio 1:1 and constant stirring of 50 rpm

in the USP paddle apparatus vessel at camera lens distance in the range 25-250 um.............. 117

Appendix 1:

Figure Al.1: Mean absorbance (+SD) of ibuprofen API at concentrations of 0.5 pug/mL

to 20 pg/mLin pH 6.8 PB 0% w/v Tween 20 at 222 nM (N=3). coveevieeveenieereecee e 182
Figure Al1.2: Mean absorbance (+SD) of ibuprofen API at concentrations of 0.5 pg/mL

to 20 pg/mLin pH 6.8 PB 0.003% w/v Tween 20 at 222 M (N=3). cooceeeeieeeeireeceree e 182
Figure A1.3: Mean absorbance (+SD) of ibuprofen API at concentrations of 0.5 pug/mL

to 20 pg/mLin pH 6.8 PB 0.01% w/v Tween 20 at 222 nmM (N=3). cceeveevieeireecreereecee e 183
Figure A1.4: Mean absorbance (+SD) of ibuprofen API at concentrations of 0.125

pug/mL to 20 pg/mLin pH 6.8 PB 0.005% w/v Tween 20at 222 nmM (N =3)...eeeeieeeeieeeieeeeeneeenns 183
Figure A1.5: Mean absorbance (+SD) of ibuprofen API at concentrations of 0.125

pg/mL to 20 pg/mLin pH 6.8 PB 0.05% w/v Tween 20 at 222 nmM (N = 3)..uceveeieerieecieeseeeieene 184
Figure Al1.6: Mean absorbance (+SD) of ibuprofen API at concentrations of 30 pg/mL to

600 pg/mL in pH 6.8 PB 0% w/v Tween 20 at 264 NM (N=3)..ccieciiiiiiiiecie e 184
Figure A1.7: Mean absorbance (+SD) of ibuprofen API at concentrations of 30 pg/mL to

600 pg/mL in pH 6.8 PB 0.003% w/v Tween 20 at 264 nM (N =3). .eocveeiieviiecieeseeeieecee e 185
Figure A1.8: Mean absorbance (+SD) of ibuprofen API at concentrations of 30 pg/mL to

600 pg/mL in pH 6.8 PB 0.01% w/v Tween 20 at 264 nmM (N=3)..cccevvieiierieceesee e 185
Figure A1.9: Mean absorbance (+SD) of ibuprofen API at concentrations of 2 ug/mL to

600 pg/mL in pH 6.8 PB 0.005% w/v Tween 20 at 264 NnM (N =3). .eocvevveerieeieesieeieecee e 186
Figure A1.10: Mean absorbance (+SD) of ibuprofen API at concentrations of 2 ug/mL to

600 pg/mLin pH 6.8 PB 0.05% w/v Tween 20 at 264 NM (N = 3).uueiiiiieiiieeeeeeeceeee e 186

XViii



Figure A1.11: Mean absorbance (xSD) of ibuprofen API at concentrations of 5 ug/mL to
600 pg/mLin PB PH 6.8 at 254 NM (N = 3).ccuiiiiiieeciee ettt e rtte e s te e e s tae e sre e e sreeesaaeeens 187

Appendix 2:

Figure A2.1: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg

(green triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0% w/v Tween 20 at FR

8 mL/mininthe FTA CEL 22.6 MM diameter CeIL. ..o e e ee e e e e 188
Figure A2.2: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg

(green triangle) lbu-nd powder in phosphate buffer pH 6.8 with 0% w/v Tween 20 at 16

mL/min in the FTA CE1 22.6 MM diameter CeIL. ......covuriiiiiiiiiieceeee e 189
Figure A2.3: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg

(green triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0.005% w/v Tween 20

at FR 8 mL/min in the FTA CE1 22.6 mm diameter Cell. ......ccuvviiiiiiiiiiiiieeeeceee e 189
Figure A2.4: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg

(green triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0.005% w/v Tween 20

at 16 mL/min in the FTA CE1 22.6 MM diameter CeIL. ...uumuiiiiiiiiiieieiiiieeee ettt 190
Figure A2.5: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg

(green triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0.05% w/v Tween 20 at

FR 8 mL/min in the FTA CE1 22.6 mm diameter Cell. ..o e e 190
Figure A2.6: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg

(green triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0.05% w/v Tween 20 at

16 mL/min in the FTA CEL 22.6 MM diameter CelL. ..oouuii e e e 191
Figure A2.7: Dissolution profiles of Ibu-pl-S (squares, 0), Ibu-nd-S (triangles, A) and lbu-

nd (circles, 0) in the FTA CE1, test cell 22.6 mm diameter at FR 8 (white) and 16 (black)

mL/min. Medium: phosphate buffer with 0.005% Tween 20, pH 6.8........ccccoevveevieenieciieennenns 191

Xix



Abbreviations

%avgATS — percent average anomaly threshold score

%FwWA — percent frames without anomalies

Al — artificial intelligence

AIM — agglomeration identification method

ANN — artificial neural network

API| — active pharmaceutical ingredient

ATS - anomaly threshold score

avgATSmax — maximum average anomaly threshold score

avgATSn — average anomaly threshold score per dissolution time point

B100 — Brupro commercially available ibuprofen oral suspension, dose 100 mgin 5 mL
B200 — Brupro commercially available ibuprofen oral suspension, dose 200 mg in 5 mL
BCS - Biopharmaceutics classification system

CATS — calibration anomaly threshold score

CCM — cooling crystallization method

CE1 - a Sotax flow-through apparatus with a single cell

CE7 — a Sotax flow-through apparatus with seven cells

CNN - convolutional neural network

CVIA — CANTYVISION intelligent analysis software

DCS — Developability classification system

DL — deep learning

Dp — particle diameter distribution

XX



Dv50 — particle size volume distribution under 50%
Dv90 - particle size volume distribution under 90%
EMA — European medicines agency

Eur. Ph. — European pharmacopoeia

FBRM — Focused beam reflectance measurement
FDA — Food and Drug Administration

FR — flow rate

Fps — frames per second

FTA — flow-through dissolution apparatus

FTIR - Fourier-transform infrared

Gl — gastrointestinal

HCI — hydrochloric acid

HPLC — high performance liquid chromatography
HPMC — hydroxypropyl methylcellulose

ICH - International council for harmonisation of technical requirements for

pharmaceuticals for human use

Ibu-nd — ibuprofen needle-shaped crystals un-sieved (as received)
Ibu-nd-S — ibuprofen needle-shaped crystals sieved fraction

Ibu-pl —ibuprofen plate-shaped crystals un-sieved

Ibu-pl-S — ibuprofen plate-shaped crystals sieved fraction

MLP — multilayer perceptron

NIR — near infra-red

LED — light-emitting diode

LOD - limit of detection

XXi



LOQ - limit of quantification
ML — machine learning

MRI — magnetic resonance imaging

N100 — Nurofen commercially available ibuprofen oral suspension, dose 100 mg in 5

mL

N200 — Nurofen commercially available ibuprofen oral suspension, dose 200 mg in 5

mL

NIR — near infrared

NN — neural network

Npd — number of particle detections
PAT — process analytical technology
PB — phosphate buffer

PBPK — physiologically based pharmacokinetics
Pr — percentile

QbD — quality by design

RNN — recurrent neural network

SGI — shadowgraph imaging

TPl —terahertz pulsed imaging

USP — United States pharmacopoeia

VGG-16 - visual geometry group 16 network

XXii



Chapter 1: Introduction

Some of the parts presented in Chapter 1 were presented in: 1) Taseva A.R.,
Persoons T., D'Arcy D.M. Application of an Al image analysis and classification
approach to characterise dissolution and precipitation events in the flow through
apparatus. Eur J Pharm Biopharm. 2023  Aug; 189:36-47.  doi:
10.1016/j.ejpb.2023.04.020. Epub 2023 Apr 27. PMID: 37120067 and 2) Taseva A.R.,

Persoons T, Healy AM, D'Arcy D.M. Application of shadowgraph imaging (SGI) particle
characterisation data to interpret the impact of varying test conditions on powder
dissolution and to develop an automated agglomeration identification method (AIM) in
the USP flow-through apparatus. Int J Pharm. 2024 Dec 5; 666:124778. doi:
https://doi.org/10.1016/].ijpharm.2024.124778. Epub 2024 Sep 28. PMID: 39349225.

1.1. Dissolution

1.1.1.  Dissolution as a process

To guarantee drug product safety and efficacy, pharmaceutical companies are trying
to develop optimal new drugs and drug formulations. To support successful oral drug
development and post-approval monitoring, along with generic drug development, in
vitro dissolution testing has become a preferred method for assessment of potential
new molecules and formulations, and further quality control. Dissolution could be
defined as a process in which a certain quantity of an active pharmaceutical ingredient
(API) forms a solution in a specified time. Dissolution testing is an important quality
control tool, and it plays a vital role in several stages of pharmaceutical manufacturing.
During the early-stage drug development, dissolution testing is used for the evaluation
of physicochemical properties of target molecules and to determine the most suitable
form for further formulation development.[6] It could be used to guide the toxicology

and pre-clinical formulation assessment in animals and humans as well as a biowaiver
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in a bioequivalence study, to demonstrate similarity between formulations and as a
basis for selecting appropriate batches for an in vivo study.[7] During late-stage
product development, dissolution testing could be used to evaluate product
performance, elucidate the drug release mechanism, ensure the safe release of the
drug from the formulation, or as an indicator for the stability of the formulation and
the robustness of the manufacturing process.[8]—[14] Dissolution profiles can guide
the choice of formulation when dealing with poorly soluble drugs, where solubility-
and dissolution-limited absorption phenomena can be observed. Dissolution could be
used to predict product release and behaviour in vivo, if a direct correlation could be
made.[15], [16] To improve the predictions of in vivo drug behaviour, the in vitro
dissolution methods have to reflect the gastrointestinal (Gl) environment as closely as
possible. Therefore, physiologically based dissolution media such as fasted state and
fed state simulated intestinal fluids have been proposed.[17]-[19] Despite media
complexity, high price and the inconvenience to be freshly prepared on the day of the
dissolution test, they are well established in many dissolution laboratories. Attempts
have been made to develop simplified biorelevant media which are easier to make and
stable for longer without compromising the predictability of the in vivo
performance.[20] To face some of the limitations of the traditional dissolution testing
in large volumes (e.g., 900 mL), especially in early-stage development when the
available amount of test material is scarce, for low dose products, or due to lack of
analytical sensitivity, the dissolution test should ideally mimic the Gl environment as
well as the physiological volumes.[21], [22] Thus, the development of small-volume
dissolution which requires smaller sample size and smaller medium volumes become

necessary to overcome these problems.[23], [24]

1.1.2.  Brief history of the dissolution testing

According to Siepmann[25], drug dissolution performs characterization through 5
physical phenomena — 1) wetting of the surface, 2) breaking down of the solid state

bonds inside the drug particle, 3) solvation of single drug molecules, atoms or ions, 4)



diffusion from the particle surface, through the boundary layer (a layer of high drug
concentration formed around the particle) to the bulk fluid and 5) homogenization of
the solution if the bulk fluid is well stirred. Back in 1897, Noyes-Whitney[26] explained
the dissolution rate and pointed out the importance of the layer of saturated solution
around the drug particle to the dissolution rate. Their equation (Equation 1.1)
describes the dissolution rate (dC/dt, kg m3 s1) of a perfect sphere as the change in
the concentration of the dissolved drug in time and considering the dissolution
constant (k). Thus, dissolution of drug from a solid-state formulation would depend on
two consecutive steps — liberation of the drug from the matrix (disintegration) and
drug dissolution in the medium according to Noyes-Whitney equation (Equation 1.1).

The dissolution rate would depend on whichever is the slower of these two steps.[14]

Equation 1.1: Noyes-Whitney equation

dc = kx*(C C
— * —
It (Css x)

Later, in 1904 Nernst and Brunner investigated the relation between the dissolution
constant and the diffusion coefficient of the solute based on the Noyes-Whitney
equation (Equation 1.1) and Fick’s laws of diffusion.[25] In the 1930s steps were made
towards in vitro-in vivo correlation, bioavailability studies and explaining the role of the
surface area on the dissolution rate.[27] The interest in modified release formulations
and coated tablets grew in the 1960s when Higuchi[28] first published his
mathematical model and simulation of drug release process called “Rate of release of
solid drugs dispersed in solid matrices”. Therefore, it was found that controlled-release
delivery systems are affected by phenomena such as water penetration into the
system, polymer swelling, the drug diffusion through the polymeric matrix and the

dissolution process.[29], [30]

After the dissolution test was established as an important tool in the process of
drug development, in the 1960s, the rotating basket was developed by Pernarowski

and the “paddle method” — by Poole in accordance with the Food and Drug



Administration (FDA) requirements for drug testing.[27] The circulating flow-through
cell was developed in Europe shortly after the introduction of the basket and paddle
methods in the United States Pharmacopoeia (USP).[27] Between the 1970s and the
1990s the number of monographs in the USP and the European pharmacopoeia (Eur.
Ph.) relating to the dissolution testing increased. More dissolution methods for
transdermal and extended-release formulations were introduced. This forced the
International council for harmonisation of technical requirements for pharmaceuticals
for human use (ICH) to harmonize the methods and requirements of the largest
pharmacopoeias (USP, Eur. Ph. and Japanese Ph.) in the early 2000s.[31] In 1997, after
Amidon et al.[32] published their biopharmaceutic drug classification, known today as
biopharmaceutics classification system (BCS), the FDA first started to require drug
dissolution profiles rather than a single dissolution value.[33] The BCS divides the
drugs in four classes: Class | — drugs with a high solubility and high permeability; Class Il
— low solubility, but high permeability; Class Ill — high solubility, but low permeability
and Class IV — low solubility and low permeability. Over the years, dissolution testing
became a critical tool, as it is the only in vitro test that investigates the extent and rate
of in vivo drug product release. This was acknowledged mainly for modified-release
products and BCS Class Il and IV where assuring consistent in vivo drug product

performance could be challenging.[34]

Ibuprofen (lbu-nd) is a non-steroidal anti-inflammatory drug and a weak acid. It falls
under Class Il according to the BCS due to its pH dependant poor aqueous solubility
and high cell permeability.[32] Due to its typical needle shape crystal habit, it shows
poor flow properties, low compressibility and a tendency to stick to the die and the
punch during compression.[35] However, as it is relatively safe for manual handling a
small molecule and widely investigated[1], [36]-[42] well known drug, it is a suitable

choice for the purpose of this current work.

In the last two decades, new initiatives including quality by design (QbD) and in-line
testing to monitor and ensure process control were presented. QbD is a systematic
approach meant to provide robust manufacturing by using control-based manipulation
of process parameters, statistical algorithms, design of experiment and quality risk

management.[43], [44] QbD aims to define the critical material attributes and the



critical process parameters that relate to the release mechanism, thus creating a link

between in vitro methods and in vivo drug performance.[45] Physiologically based

pharmacokinetic modelling and simulation also showed a potential to explain the in

vitro-in vivo relationships, thus to improve drug product understanding and

development.[34] In 2017, the FDA recognized the dissolution testing as a critical tool

for establishing biowaivers for immediate-release solid oral dosage forms based on

highly soluble drugs Class | and 111.[46] Ibuprofen is classified as a Class | drug according

to the developability classification system (DCS)[47] due to its high solubility in the

intestine where the main part of the absorption occurs, thus there are suggestions that

for this drug a biowaiver could be granted.[48]

1.1.3.

Factors affecting the dissolution rate

Kapoor et al.[27] divides the factors affecting the dissolution rate in six groups

depending on the part of the process they relate to.

1)

2)

3)

4)

5)

6)

Factors related to the physicochemical properties of the APl — solubility, salt

formation, polymorphism, and particle size.

Factors related to the solid-state characteristics - crystallinity, polymorphic
structures, amorphicity, and state of hydration of the drug (hydrates and

anhydrates).

Formulation factors — effect of all excipients added to the formulation on the

dissolution rate, e.g., surfactants, disintegrants, coating agents.

Processing factors — compression force, storage conditions, drug-excipient

interactions.

Factors related to the dissolution test — temperature, pH, medium

composition, sink conditions, and others.

Factors related to the dissolution apparatus — agitation/flow rate, sampling

probe position, filtering, coning, and others.



Dressman[49] reports some other important physicochemical parameters such as
surface area, boundary layer thickness, diffusion coefficient along with some
physiological (in vivo) parameters like Gl volume, viscosity of the Gl content, motility,

permeability, buffer capacity and administered food and fluids.

Thus, understanding and control of the release mechanism is a key element of the
drug product development process as immediate-release formulations are more
affected by the API properties, while modified-release formulations mainly by the

formulation factors.[14]

1.1.4. Dissolution apparatuses

Many companies manufacture and use dissolution apparatuses that serve the
purpose of dissolution testing. However, two of the regulatory authorities — the
American FDA and the European medicines agency (EMA) accept four types of
apparatuses as a standard based on the USP and Eur. Ph. — USP 1 basket and USP 2
paddle apparatuses, used for large medium volumes (500 — 900 mL), and USP 3
reciprocating cylinder and USP 4 flow-through (USP 4 FTA) apparatuses, used for small
volumes (100 — 200 mL).[50]-[52] In addition, there are three apparatuses described in
the USP which are not included in the Eur. Ph. - USP 5 paddle over disc, USP 6 rotating
cylinder and USP 7 reciprocating holder, mostly used for transdermal formulations.[8]
Other non-compendial apparatuses also find application during many stages of drug
development.[23], [53], [54] In this work, USP 2 paddle and USP 4 FTA apparatuses

were used, therefore their specifics are going to be discussed in more detail.

1.1.4.1. USP 2 paddle apparatus

The USP 2 paddle apparatus[50], [51] consists of dissolution vessels placed in a
water bath at 37°C and a paddle in each vessel which rotates on its axis. The drug is

placed directly inside the vessel typically with 500 to 900 mL of dissolution medium.
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This type of apparatus allows a probe for imaging or in situ UV analysis to be inserted
in the vessel and kept there during the process. However, addition of probes would

affect the hydrodynamics in the vessel.[55]

1.1.4.2. USP 4 flow-through apparatus

The USP 4 FTA[50], [51] is a closed system that includes a test cell (12 mm (small)
and 22.6 mm (large) inner diameter), a reservoir containing the dissolution medium
and a pump (Figure 1.1). The conical base of the flow-through cell is filled with glass
beads (1 mm diameter) to maintain a uniform flow, and a ruby bead (5 mm of
diameter) at the bottom apex to prevent backflow. This dissolution apparatus is
designed to hold the test sample trapped in the test cell, on top of which a filter is
placed to prevent undissolved particles escaping. The pump forces the dissolution
medium upwards through the cell with standard flow rates (FR) of 4, 8 and 16 mL/min.
The consistency of the FR must be within £5% of the nominal FR with a sinusoidal
pulsation of 120 + 10 pulses/min or a constant flow through the cell has to be
maintained.[52] The pump can circulate the fluid from the reservoir through the cell in
two operational modes - an open or a closed loop. Designed like this, the system does
not facilitate a probe to be inserted into the cell. It is possible to visualize the process
inside the test cell by positioning an external camera outside of the cell as described by

D’Arcy et al[1].
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Figure 1.1: USP 4 FTA set up - a test cell, a reservoir, and a pump. Additional shadowgraph
imaging (SGI) system consisted of a camera connected to a computer and an LED source. The

imaging window was located at the height of the middle of the test cell.

1.1.5.  Precipitation of drug particles

Precipitation behaviour of molecularly dissolved drugs is important to predict oral
absorption and improve formulation strategies.[42], [56] For example, precipitation
and crystal growth are of interest during crystallization[57] and amorphous solid
dispersion preparation[58]. Drug precipitation can be observed in vivo after dissolution
due to physiological pH change in the Gl tract[59], [60]. This phenomenon is typical for
pH dependant molecules, e.g., theophylline.[61] Precipitation in the Gl tract can cause

an insufficient, subtherapeutic dose to be delivered to the site of action in the body.



1.1.6.  Particle agglomeration

1.1.6.1. Terms and definitions used in the literature

Since 1961 attempts have been made to define and distinguish the terms
““agglomerate”’, ‘““aggregate” and “clump”.[62] The USP describes an agglomerate as
“fused or cemented particles” and an aggregate as a “mass of adhered particles”.[63]
In this work, the terms “agglomerate” and “aggregate” are used interchangeably,
although the author lean towards the term “agglomerate”, to describe two or more
particles attached together at their tips (specifically for needle-shaped particles), lying
on top of each other or loose clusters of many particles that move together in the
dissolution cell. Particle agglomeration can affect the dissolution rate by limiting the
surface area of the particles. Agglomeration during a drug crystallization process could
influence the properties of the final product.[57] Furthermore, agglomerate formation

could become a reason for a product failure due to physical instability, for example, in

injectable formulations[64].

1.1.6.2. Drug agglomeration effect on the dissolution process

Advances in pharmaceutical sciences have led to the establishment of several
approaches for addressing issues of low aqueous solubility and dissolution rate. These
strategies for improving and maximizing dissolution rate include preparation of micro-
[65], [66] and nano-[67], [68] particles to increase surface area for dissolution, the use
of salt forms[69], [70], amorphous forms[52], amorphous solid dispersions[71], [72]
and co-crystals[69], [73]. Particle agglomeration during processing decreases the
surface area and can have a negative impact on dissolution performance.[74] For
example, micronized particles of poorly-water soluble APls are prone to agglomeration
during processing[65] such as granulation and powder densification via pressure,

which can affect the dissolution when used in formulations.



1.1.7. Dissolution of formulations

1.1.7.1. Paediatric oral suspensions

Suspensions are a biphasic system consisting of poorly soluble solid particles
dispersed in a liquid phase.[75] The liquid phase usually contains excipients, e.g.,
suspending agents, matrix/gelling agents (polymers), wetting agents (surfactants) and
taste correctors (sweeteners) for oral suspensions particularly containing bitter drugs
like most antipyretics and painkillers. Oral liquid forms are a common alternative to
tablets and capsules mainly for geriatric and paediatric patients, or patients who
cannot swallow solid oral dosage forms. Oral solutions and suspensions allow
non-invasive and precise dosing in patients of many different ages and weights. An oral
solution can be prepared from highly soluble drugs, class | and Il of the BCS, while
poorly water-soluble drugs BSC class Il (ibuprofen) and IV, where the rate limiting step
for bioavailability is their solubility in the Gl fluids, have to be formulated as an oral

suspension.[76]

Undissolved solid particles in suspensions are similar to the disintegrated form of
solid oral dosage forms when they are exposed to aqueous fluids, thus they may share
dissolution as a rate-limiting step for absorption and bioavailability.[77], [78] Although
the number of monographs regarding oral suspensions has increased in the last two
decades, only few of them have recommendations for suitable dissolution
conditions.[4], [79], [80] One of the most commonly used and recommended
dissolution apparatuses for suspension testing is the USP 2 paddle apparatus with a
rotation speed of the paddle between 25 and 50 rpm.[4] A speed of 100 rpm is
acceptable for highly viscous formulations to prevent sedimentation.[81] However,
issues like correct sample volume measurement and proper introduction of the dose
into the vessel remain questionable. A few common practices are 1) weighing of the
syringe before and after the dose is delivered to the test vessel to determine the exact
weight of the formulation used for dissolution and 2) introduction of the sample to the
bottom or to the top of the dissolution vessel to prevent variability related to the

position of sample introduction in the apparatus. Regarding sampling position during
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dissolution, there are three commonly used locations — top, middle and bottom of the
dissolution vessel.[36], [79], [82], [83] USP 2 apparatuses with automated samplers
partly solve this problem by taking the sample from the same place every time (middle
of the vessel, approximately 1 cm away from the paddle and the wall). An alternative
apparatus is the USP 4 FTA, which eliminates the issues of dosage introduction
inconsistency as the formulation is added directly on top of glass beads in the test cell
immediately before the beginning of the test and samples are taken from the
reservoir, where a constant stirring maintains the uniformity of the solute
concentration. Media composition with pH in the physiological range also could
represent a challenge. Hydrochloric acid (HCI) medium (pH 1 — 2), acetate buffer (pH
3.5 - 5.5) or phosphate buffer (PB) (pH 6.8 — 7.2) may not be suitable to dissolve some
of the poorly water-soluble drugs. In this case, addition of enzymes or surfactants
could be needed. Frequently, a single dose of the product (e.g., 5 mL) is chosen as a
test dose. However, in the case of low drug solubility to dissolve a single dose a higher
medium volume may be needed than the standard volume for USP 2 apparatus (500 —
900 mL). Issues related to coning in the “dead zone” under the paddle of the USP 2
apparatus mainly occurring during dissolution of formulations containing insoluble
excipients that form a compact mass which surround the APl have been reported.[82],
[84] A clump formation on the bottom of the dissolution vessel was observed by
Rivera-Leyva et al.[36] during the dissolution of ibuprofen suspension in acidic
medium. Several key parameters have to be considered during suspension
development such as API particle size, particle growth, agglomeration, sedimentation
an re-dispersal of particles.[85] Addition of viscosity enhancing agents would improve
formulation stability, however, formulations with higher viscosity would require a
faster rotation speed during testing[5] which could negatively affect the discriminatory
power of the method.[81], [82], [84] Although oral suspensions of any viscosity would
be exposed to similar conditions in the body, an agitation rate in vitro should be
chosen to ensure sufficient discrimination between batches or different drug
products.[5] An insufficient discriminatory power might result in a false positive
bioequivalence decision which could increase the risk for patients. On the other hand,
overly discriminative tests would impact negatively the pharmaceutical industry if

products are rejected due to over discrimination when they are in fact bioequivalent,
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especially in the case of BCS ll-containing drug products.[84] Authors express
excitement regarding the possibility of extending the biowaivers for BCS class | and i

to BCS class Il compounds in the future.[48], [61], [86]

Some more challenging drugs require specific dissolution conditions and
apparatuses to maintain sink conditions. Addition of solubility enhancers to the
aqueous medium (surfactants, co-solvents, or inorganic salts) could be essential.
Another approach could be the use of biphasic dissolution media (aqueous-organic
system) or changing the medium during the experiment to mimic the Gl pH transition
(acidic to more basic environment).[76] This transition between media is easier in the
USP 4 FTA. While the sample is “trapped” in the test cell, the reservoir containing the
medium is held outside, thus, the medium in the reservoir can be easily changed
without interrupting the dissolution process. The open configuration mode of the USP
4 FTA allows large volumes of medium to pass through the cell maintaining sink

conditions when a poorly water-soluble drug is tested.[87]—[89]

Different phenomena could be observed during dissolution testing of highly viscous
formulations, e.g., viscous fingering. Viscous fingering refers to instabilities that occur
during mixing between phases of different viscosities.[90] The phenomenon is
observed only when a less viscous fluid displaces more viscous one[91], which is the
situation in the USP 4 FTA when the medium passes through the oral suspension
placed for dissolution. Jha et al.[92] describe two competing effects which are a
consequence of the viscous fingering. First, a mixing enhancement due to induced
mixing disturbance and increased contact area between the fluids, and second,
channel formation used as a mainstream by the lower viscosity fluid, thus decreasing

the overall mixing efficacy.

1.1.7.2. Challenges related to dissolution in the USP 4 FTA — from API to

formulations

Traditional dissolution testing is a well-accepted test in pharmaceutics, however,
not everything happening in the test cell/vessel can be explained based only on the
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dissolution profile. Differences in the dissolution profile could appear due to
inconsistency of the formulation, presence of or a change in the excipients, a change in
the API manufacturing process, e.g., the API crystal shape depends on the antisolvent
used during the crystallization process.[35], [93] Dissolution testing used on its own
cannot show particle behaviour during dissolution such as powder wetting, position in
the cell during dissolution, agglomeration tendency[94] and reduction of the contact
area, or viscous fingering and channel formation during suspension dissolution[90],
[92]. Agitation and sample mixing with the dissolution medium are important factors
of the dissolution testing. Mixing disturbances or limited contact area between the
fluid and the formulation could result in a change in the dissolution rate. In the case of
oral suspensions, if a specific channel formation or a fingering pattern is known for a
certain formulation, there is a potential for an analytical quality control tool to be
developed and used to monitor product consistency. Imaging analysis has the potential
to give a greater insight into some of these issues by using real time monitoring and
image analysis, however, comparing images of extended dissolution testing would

remain a challenging and time-consuming task.

1.2. Imaging

Over the last two decades, the FDA has released process analytical technology (PAT)
guidelines to facilitate the introduction of new technologies for the pharmaceutical
industry.[95] PAT involves systems for analysis and control of manufacturing processes
to assure acceptable end-product quality. Nowadays, PATs suitable for in-line
measurements include vibrational spectroscopy methods, like near-infrared[96], [97],
Fourier-transform infrared (FTIR) [98] and Raman spectroscopy[99], [100]. Although
not required from a regulatory perspective, visual observations as part of PAT are
suggested for development and validation of dissolution methods from USP
guidance[8]. From 2010 onwards imaging technologies became more frequently used
to observe phenomena such as solid oral dosage forms swelling, disintegration[37],

[101]-[104], a single particle dissolution[105], crystal growth[96], [106], [107], particle
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sizing and object recognition[1], [108]. While other analytical methods such as UV and
IR are used to determine the API quantitatively or chemically, the aim of imaging is to
give an insight into the process.[109], [110] For example, magnetic resonance imaging
(MRI) was used to quantify the dosage form matrix evolution by three-dimensional in
situ characterization of the dissolution process in a standard USP 4 FTA.[111], [112]
Another visual technique applied to the dynamic conditions in the USP 4 FTA is an x-ray
microtomography used to visualize the external and internal structure of a solid
dosage form.[113] Although in a customized flow-through cell, UV imaging has also
been used to characterize in vitro drug dissolution, release and precipitation
testing.[114]-[117] Other examples for imaging application include quality control
monitoring of insoluble particles present in injectable formulations during

preparation[64], [118], and monitoring during fluidized-bed granulation[119].

1.2.1.  Application of imaging in dissolution

1.2.1.1.  Shadowgraph imaging (SGl)

SGl is a non-invasive, optical technique, which uses a diffuse backward illumination
system to capture the shadow image of focused particles.[120] The shadow is obtained
as a result of the light beam being refracted by an object of different density, hence
the position on the recording plane where the deflected ray would arrive remains dark,
while the position where the deflected ray arrives appears brighter (Figure 1.2).[107],
[121]-[123] SGI has been described in the literature since the 17" century[124] mainly
in the field of fluid dynamics[125] and crystal growth[107], [121], [126]. It has been
applied to map convection and concentration during fluid flow processes, to
investigate heat and mass transfer and in particle tracking velocimetry studies.[107]
SGI can be used for visualization and quantification of particle shape, size and velocity
in fluids.[1], [55], [127]—-[130] It has been used to show the initial dissolution of a single
crystal introduced into a solution. The abrupt change in the solute concentration
around the crystal changed the refractive index around the crystal, thus a visualization

by SGI was possible.[121]
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Figure 1.2: Schematic of imaging by a shadowgraph — ray refraction.

An advantage of this method is that insertion of a probe is not required. This makes
it compatible with the USP 4 FTA (Figure 1.1). Instead, the data is recorded externally
by a recording device, i.e., a camera. D’Arcy et al.[1] investigated the accuracy of a
mechanistic modelling to simulate the dissolution process in the USP 4 FTA by using
real time monitoring to provide information of the particle motion, number and total
dissolution time. It was found that the SGI can successfully determine the total
dissolution time and decreasing particle numbers over time. It was also suggested that
a combination of simulation and real time monitoring would give valuable information
about the dissolution process mechanisms and dissolution environment.[1] The same
group investigated the particle size change of co-crystals during dissolution in the USP
4 FTA by SGI and compared the data with an offline particle size dispersal
measurement based on laser diffraction.[129] They found that the co-crystals are
prone to agglomerate in the offline test vessel as it is a closed system, i.e., the limited
space could promote increased aggregation behaviour, which was not observed in the
flow-through cell when it was used in an open loop. According to their study, SGI could
be a promising approach to explore the relationship between particle size, aggregation
and dissolution behaviour.[129] SGI has also been applied to visualize the pulsing
nature of the particle movement in the flow-through cell[1] and to investigate the

behaviour of suspended particles in viscous medium[131].
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Two main limitations of this method are the 2D image obtained due to the use of a
single camera and the depth of focus. Attempts were made to overcome these
limitations by 3D image reconstruction[132] or by installation of two cameras merging
particle size information[133]. Legrand et al. [120] reported that the focus loss is less
obvious for larger objects when they move away from the focus plane. The camera
magnification allows micron-sized particles to be captured. However, sizing of the
particle could be inaccurate depending on the position of that particle in the test cell.
A particle in front or behind the focus plane would result in a blurred image of a larger
shadow, while the same particle positioned inside the focus plane would result in a
clear image of the particle and more accurate sizing. The sizing of particles depends
not only on their position in the test cell, but also on a precise internal size calibration
standard. For SGI calibration a grid with known dimensions is used to set the imaging
window size before the performing of the test. Based on the size of the imaging

window, the system can calculate the particle size by converting pixels into um.[129]

A recent study investigated crystal size distributions by an SGI in-line probe and
compared the results with another optic imaging technique (online microscopy) and a
traditional offline method for particle sizing (sieving analysis).[126] In this study, the
SGI probe measured continuously the crystal size of the newly formed crystals in the
crystallization tank, then a sample was passed to the online microscope during cooling
crystallization. It was found that both techniques provide similar results of the crystal
size distribution, except at higher temperatures where the microscope transporting
system tends to get blocked. SGI successfully detected the evolution of transparent
needle-shaped particles under a variety of test conditions. The authors suggest that an
industrial application of this method could be possible if the range of test conditions
could be extended to suspension density, temperature, pressure, and chemical
resistance. Furthermore, they suggest that mathematical algorithms (e.g., neuronal
networks) could be used to avoid image analysis failure due to high sample solid

content typical for industrial conditions.[126]
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1.2.1.2. Other optical techniques

Although Schlieren is also considered a form of shadowgraph imaging, the Schlieren
set-up is slightly more complicated than the SGI. It consists of a light source,
collimating and condensing lenses, Schlieren head, knife-edge, recording device and
post-processing analytical system. The knife-edge is introduced halfway into the focal
point to decrease the direct illumination around an opaque object by reduction of any
undeflected rays[107], thus to produce a sharp and clear image.[134] In favour of the

SGI, neither a knife-edge nor other cut-off is required.

Focused beam reflectance measurement (FBRM) is an in situ, commercially
marketed particle characterization technique for use in dissolution and disintegration
testing.[1] The set-up is simple and similar to that of the SGI. It consists of a probe
which is placed directly into the dissolution vessel[135] or the process stream, an
electronic unit and a computer for data acquisition and analysis.[136] A laser beam is
generated in an electronic unit and reaches the probe through an optical system.
Inside the probe, via a set of lenses, the beam is focused on a focal point. When a
particle is present in the probe, the light of the laser beam is reflected back to the
sensor.[137] There, the light energy is converted into an electric signal. The duration
and frequency of signals are indications of particle number and cord length.[136] A
cord length is considered the length between two edges of a particle which the
emitted laser beam crosses. This technique provides information on the number of
particles present in the vessel and one-dimensional information on their size as a
function of time.[137] It has been applied in dissolution testing as a real time
monitoring tool to monitor disintegration and dissolution of solid oral dosage
forms[137], [138], in preclinical development of liquid oral forms, such as
suspensions[139], for characterization of amorphous particle populations[140], during
wet granulation[141] and particle dispersal. FBRM is a reasonably accurate technique
and provides reproducible results for opaque particles with high refractive index. The

method is not that sensitive when it comes to characterization of fine transparent
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objects such as oil droplets.[142] SGI, Schlieren and FBRM provide non-specific
detection of particles suspended/disintegrated in the dissolution medium and give
insight about the particle size and the shape based on their projection on a plane.
However, methods that provide only one-dimensional characteristic length distribution
such as FBRM, are difficult for interpretation and prone to errors and misleading
effects when they are used for non-spherical particles.[133] Multi-projection imaging
systems have been developed to address shape-related problems mostly during

crystallization.[106], [143], [144]

Laser-based and non-photo-optical methods have been used for image analysis
workflows and single feature extractions from the images in real time to measure
particle size, shape and number of detections (particle concentration).[145] Another
study[146] compares some of the commercially available flow imaging microscopy
systems for biopharmaceuticals by using protein imaging analysis. One of the findings
was that the usefulness of the system strongly depends on the parameters of interest.
Some of these systems can be used in combination with the USP 2 paddle apparatus by
directly placing a probe inside the dissolution vessel. This application of an imaging
system was used to link tablet disintegration and dissolution by measuring in real time
the number and size of particles which are generated during tablet disintegration in
the dissolution vessel.[101] UV-based imaging was first described in a study by
@stergaard et al.[147] in 2010. He investigated nicotine release from a transdermal
patch and successfully visualized and quantified nicotine concentration gradients by
UV imaging in real time. UV imaging is based on the drug UV absorbance to create
spatial, temporary analyte concentration maps.[24] Ye et al.[148] used this method to
investigate the medium diffusion in hydrogels. Other authors utilised UV imaging to
determine intrinsic dissolution rates of APIs, dissolution and precipitation drug
behaviour, for salts, co-crystals and solid dispersions characterization and a

control.[37], [38], [104], [116], [117]

FTIR and terahertz pulsed imaging (TPI) spectroscopy are techniques used to obtain
spectrums of absorption or emission of a solid, liquid or gas in the infrared and the
terahertz region of the electromagnetic spectrum, respectively. The terahertz region is

between the infrared and the microwave range (far infrared).[98], [149], [150] Both
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methods have been applied to dissolution and release testing[98], [151], mainly to
distinguish APIs and excipients, to give insight into thickness and uniformity of tablet
coatings[150], [152], to discriminate polymorphic drug forms[150], [153] and to
characterize drug delivery systems[109]. The spectral interpretation and the basic
instrumentation are analogous for both methods.[153] They give information on
low-frequency intermolecular vibrations, thus they give information related to the
functional groups of the substances. Attenuated total reflection-FTIR was used with
the USP 4 FTA and USP 1 basket apparatuses to visualize the dissolution and
interaction between two layers of bilayer tablets.[151] The TPl measurement is based
on many points over the surface of a sample to map it. Each pixel is recorded as a
function of optical time delay of the signal. Thus, TPl combines three-dimensional data
where the x- and y- axes describe the height and width (horizontal and vertical
dimensions) of the sample and the z-axis is the time-delay shows the depth of the
sample.[149] This allows thicker samples to be imaged. The TPI uses the refractive
index to describe objects, which may be opaque to terahertz radiation, e.g., most
excipients used for solid oral dosage forms.[150], [154] An advantage of both methods
is that there is no probe to be placed in the test vessel, which makes them potentially
suitable to be used in dissolution testing in the USP 4 FTA. However, by using
spectroscopy imaging no information related to a single particle such as behaviour,

shape or size can be acquired.

Recently, Raman imaging was utilized in the prediction of dissolution profiles of
extended- and controlled-release tablets.[155], [156] Raman imaging is a
non-destructive technique which collects chemical spectra between 200 and 1800
cm™L. The collected spectra could be used to map the surface of tablets before or
during dissolution. Later, these images could be converted to concentration maps of
hydroxypropyl methylcellulose (HPMC) responsible for the dissolution rate of

controlled-release tablets.[156]

1.2.2. Image analysis
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Imaging provides visualization of objects and processes, however for object
characterization, e.g., particle sizing, further image analysis is required. Platforms such
as Matlab™ provide multiple toolboxes with reference-standard algorithms for image
processing, analysis, and visualization. They allow image enhancement, segmentation,
noise reduction, investigation of morphology, statistical analysis, size measurement,
interactive image and video exploration, plot creation and manipulation of regions of
interest.[157] Some imaging systems come with built-in software for image analysis
with a broad spectrum of analytical features,[101], [141] while others could be used
only offline[158]. Dissolution process could be investigated offline. However, an in-line

imaging analysis would provide real time data about the process. [145]

Image analysis was used to analyse images during dissolution and solubility studies,
as a monitoring tool of surface amorphous phase separation in amorphous solid
dispersions, to describe the dissolution kinetics of a single particle and to measure
particle size distribution.[54], [126], [137], [159], [160] In combination with MRI, image
analysis was also used for evaluation of controlled-released dosage forms in the USP 4
FTA.[161] Historically, for particle sizing a laser light scattering method was used.
Image-based methods were not that popular due to their insufficient development. In
the last decade, an increasing trend towards the use of imaging systems is
observed.[145], [158], [162] A reason for this could be the improved computational
power and systems ability to rapidly calculate statistically reliable data without
subjective biases.[162] Nowadays, the evolving systems have less limitations like low
memory and the necessity of time-consuming manual particle measurement and
filtering. On the other hand, there is a higher demand for imaging tools able to not
only measure particle size but to provide valuable information about particle
population distributions and particle shape characteristics. The introduction of new
complementary technologies equipped with more computational power or low-level
early-stage developed artificial intelligence (Al) allowed faster image processing and
computer modelling.[1], [129], [163]—-[165] However, there is a gap remaining in this
field to be fulfilled related to image and Al analysis.[57], [166]—[168]
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1.3.  Artificial intelligence (Al)

The ability of a computer to recognize objects from an image or to be able to
compute variables, find hidden patterns and thus to make suggestions or make
decisions is known as Al. Nowadays, Al finds many applications in the everyday life —
from spam emails, to face recognition and autopilots. Computer vision and machine
learning (ML) methods are implemented in many areas related to pharmaceutics and

medicine to provide faster processes and overall better health care.[169]-[173]

1.3.1.  History of Al

One of the first publications related to the Al concept in 1943 describes a computer
model capable of learning similarly to human neurons. It was named MCP neuron after
its creators Warren McCulloch and Walter Pitts.[174] MCP was using logical inputs
known as Boolean logic (a specific branch of algebra) which uses true and false
statements.[175] The results were based on a threshold score. If the processed value
exceeded the pre-set threshold the neuron is considered active, thus it will give as an
output a value. With the limitations of just binary outputs and the need of fixed weight
and threshold values, this model was the starting point for other scientists to improve

this concept.

Al emerged as a term in 1950s after John McCarthy used it during a workshop in
England[176] and the Turing test[177] called “The imitation game” by Alan Turing was
developed. The game was used to test if machines can exhibit human-like behaviour.
During the test people were asked to communicate via computer with someone they
cannot see. Then they had to decide if they were talking to another human or a
computer. If the person is unable to distinguish the machine from the human, it is

considered that the machine passed the test.

In 1958 the MCP neuron concept was improved by processing non-Boolean inputs,
scaling of weights and the addition of a nonlinear function for processing the input
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values.[178] All these features improved the model flexibility. This model was
considered to be the first building block needed for the creation of modern neural

networks (NN).[175]

1.3.2.  Neural networks (NNs)

The concept of Al combines all computational models and mathematical algorithms
able to “learn” from experience and to imitate human brain processes.[169] ML is a
collection of techniques which uses algorithms to extract information from data and
adaptively improve model performance based on the newly acquired
information.[179] To compute more complex tasks, deep learning (DL) as a branch of
ML (Figure 1.3), uses NNs based on multiple interconnected layers able to
“communicate” with each other and operating in parallel to create a virtual structure
performing processes similar to those in the brain, e.g., face recognition, object
classification, decision-making, speech/language recognition and movement

control.[180]

Artificial intelligence

Machine learning

Deep learning

Neural networks:
ANN, CNN, RNN, MLP

Figure 1.3: Schematic representation of the artificial intelligence (Al) concept. Layers of system

development.
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NNs (Figure 1.4) are virtual structures consisting of hundreds of single units called
neurons, connected with coefficients (weights) and organized into multiple
interconnected layers to form a neural structure similar to the human brain. This
structure can use output information from one layer as an input to another layer
multiple times in a loop until the system “learn” how to recognize the information and
minimize the classification mistakes. This type of learning could be supervised, which
requires a big amount of pre-labelled data and more or less interaction by a
supervisor, or unsupervised — where the data is unstructured (unlabelled), then the
system finds its own way to solve the problem by finding patterns without prior
training.[181] Al and ML approaches are close to traditional statistical modelling
(especially in the case of linear regression), however, they take a different approach to
the problem and aim to minimize the human bias in parameter selection.[182]
Generally, Al has four functions based on the type of learning — 1) classification of data
into categories, 2) regression, where the system is trying to understand the
relationship between dependant and independent variables (supervised learning), 3)
clustering of unlabelled data based on similarities or differences and 4) association
where Al is looking for different ways to find relationships between variables in a given

data set, e.g., “you like this — you may also like this” suggestions.

INPUT HIDDEN OUTPUT

Figure 1.4: Schematic structure of artificial neural network (ANN) architecture.
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Some of the commonly used NN are artificial NN (ANN)[167], convolutional NN
(CNN)[183], [184], multilayer perceptron (MLP), recurrent neural networks (RNN),
k-means clustering, k-nearest neighbour, autoencoder NN and sequence to sequence.
In this introduction, a brief description of ANN and CNN is presented as background
knowledge regarding the NN used in this work. For deeper understanding of ML and Al
concepts the author would refer the readers to Joshi et al. and other recent articles for

more information.[185]

Nowadays, ANN is used as a general term for any NN, then specific features related
to that specific NN are mentioned. However, ANNs are a class of NNs with their own
specifics. ANNs were the first and simplest NNs to be created. They pass the
information only in one direction and are known as “feed-forward” NNs.[186] It is
useful for big tabular and text data sets. It has fault tolerance, and it can operate in a
supervised or unsupervised mode. In recent years, the use of ANNs drew attention to
their possible application in pharmaceutical development.[187] They were recognized
as promising modelling techniques mostly in relation to processing big data sets and
data with non-linear relationships common in pharmaceutical processes. Compared
with conventional statistical methods, NNs are able to easily detect complex
relationships between related or unrelated variables. They can make use of incomplete
data, they can use multiple algorithms and hidden layers without complicated
equations, and they can use literature and experimental data in the decision-making
process.[163], [167] Since their creation, ANNs have been used in drug formulation
development[188] and evaluation[165], for data analysis and decision-making in many
areas of pharmaceutical research[189], and for prediction of drug dissolution

profiles[190].

CNNs are more complex than ANNs and contain one or more convolutional layers,
which can be connected or pooled. CNNs use non-linear processing. They show high
accuracy when used for image recognition, and they can detect important features
when unsupervised. This type of NNs is considered more powerful than ANNs and
RNNs and it is mostly used for image data. The system does not encode the position
and the orientation of the image, which could be used as an advantage or seen as

disadvantage of the NN. However, a main disadvantage is the need of large training
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data set. It has been generally applied to face recognition, text digitalization and
natural language processing. In pharmaceutics some of the applications include
formulation surface defect detection, prediction of particle packing density and

flowability, object detection and classification.[183], [184], [186], [191]

RNNs are more complex than ANNs and CNNs as an RNN passes the information in
multiple directions, not only forward. This gives the opportunity to predict the
outcome of another layer. In this system each neuron unit acts as a memory cell. In the
case of a wrong prediction, the system self-improves and continues the computation
and implementation of operations towards the correct prediction. RNNs are powerful
dynamic systems, which makes their training problematic due to backpropagated
gradients which are known to explode or vanish. RNN is useful for sequence data and
has been applied into text-to-speech operations, to predict the next character in a
word or a word in a sentence, text translation and autocorrect.[186], [191] Although in
pharmaceutics RNNs are not widely applied, attempts were made to use them to

predict drug dissolution profiles.[192]

A combination of SGI and CNN have been applied to detect particles and bubbles,
and for size and shape characterization.[130], [193]-[195] Both llonen et al. and
Poletaev et al. applied single bubble pre-trained CNN model to a bubble image and
used it to extract each individual bubble.[193], [195] llonen’s method required
manually labelled data for model training and testing, which could be highly
time-consuming task and it is prone to human errors even for a small data set.
Poletaev et al. managed to improve the accuracy of the system by connecting three
consecutive CNNs and a bubble detector CNN. Although, this system showed more
than 90% accuracy, it has an extensive processing time due to the usage of multiple
CNNs able to extract only one bubble at a time.[130] Li et al. developed a shadow
image characterization method based on a single modified U-net CNN with improved
detection rate (compared to systems based on three CNNs), which also provides
particle size and shape measurement. Although this method has some advantages
over other methods, it suffers from loss of particle information due to overlapping

particles in agglomerates, which needs further development.[130]
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1.4. Introduction summary

In summary, dissolution testing evolved over the last century and became a widely
accepted procedure during drug discovery, routine manufacturing, approval of
generics, new dosage forms and for post-approval monitoring. Nowadays, there are
multiple compendial and non-compendial apparatuses, biorelevant media and better
understanding of physiological phenomena which could occur in the Gl tract.[17], [82],
[196] However, there are remaining challenges which needs to be faced such as
describing particle behaviour during dissolution, detection of agglomeration and
precipitation tendencies, finding proper test conditions for more challenging drugs,
e.g., BCS class Il and IV, understanding the effect of addition of surfactants, co-solvents
and enzymes to the medium and how to guarantee the in vitro-in vivo relationship.[81]
Imaging and computer simulations came as supportive tools able to describe the
dissolution process and even to predict an experiment outcome. Simulations give
insight regarding in vivo events and could be used as a prediction tool, while imaging
gives real time information and the possibility for further image analysis. Imaging
systems which require a probe are suitable for open systems such as the paddle
apparatus, although they could affect the hydrodynamics in the vessel.[55] MRI and
UV imaging do not require a probe to be inserted and are helpful for visualizing, e.g.,
tablet swelling. However, they are not satisfactory in the study of agglomerates or
single particulates. SGI could be used in a closed system such as the USP 4 FTA. A
limitation of this technique is the small depth of focus. Nevertheless, image analysis
could be extremely time-consuming, it could be affected by overlapping particles,
background noise, low resolution of the image and lack of comparable data — in the
case of particle sizing a precise calibration is needed. Another limitation is the
processing power available and the storage space. High resolution cameras record

large size images and videos which could be difficult to process.

The emergence of Al, more specifically ML and NN raise hopes for faster and more
precise image processing exceeding human interpretation. NNs have been applied in

several studies and show great potential, although most of them still need training
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with manually labelled data, which is also time-consuming step as well as the time for

training which may vary depending on the processing power.

27



1.5. Aims and objectives

The aims of this work were to investigate particle and formulation dispersal in the
USP 4 FTA test cell, to explore the application of real time monitoring and Al-based
image analysis to describe the dissolution process and to observe the effect of the
environment changes related to the dissolution apparatus, medium composition, and

crystal habit on the dissolution process.

These aims were achieved by 1) studying the effect of adding different
concentrations of surfactant, changes in the FR, different initial drug mass used for
dissolution and different crystal habits (plates and needles); 2) exploring the potential
to develop and apply an automated agglomeration identification method (AIM)
through real time dissolution imaging analysis as a proof of concept of development of
a tool for automatic identification of phenomena in dissolution images in order to
build a training image set for future Al event analysis; 3) visualizing events occurring in
the test cell (e.g., precipitation, bubbles) and using them to create a NN-based
classification method for event detection in real time; 4) deepening the understanding
of the oral suspension behaviour during dissolution and applying two CNN approaches
were applied to support the interpretation of the dissolution profiles and to identify
possible ways to distinguish between test products, and finally, 5) researching the
application of alternative dissolution/imaging system (paddle apparatus and Canty™
imaging and analysis system) for characterization and prediction of the dissolution and

precipitation process of APl was explored.
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Chapter 2: Materials and methods

Some of the methods presented in this Chapter were presented in: Taseva A.R,,
Persoons T., D'Arcy D.M. Application of an Al image analysis and classification
approach to characterise dissolution and precipitation events in the flow through
apparatus. Eur J Pharm Biopharm. 2023  Aug; 189:36-47.  doi:
10.1016/j.ejpb.2023.04.020. Epub 2023 Apr 27. PMID: 37120067 and 2) Taseva A.R.,

Persoons T, Healy AM, D'Arcy D.M. Application of shadowgraph imaging (SGI) particle
characterisation data to interpret the impact of varying test conditions on powder
dissolution and to develop an automated agglomeration identification method (AIM) in
the USP flow-through apparatus. Int J Pharm. 2024 Dec 5; 666:124778. doi:
10.1016/j.ijpharm.2024.124778. Epub 2024 Sep 28. PMID: 39349225.

2.1. Materials

Ibuprofen raw material powder was purchased from Glentham Life Sciences Ltd.
and was used un-sieved (as received) (lbu-nd) and in sieved fraction (lbu-nd-S). This
raw material (lbu-nd) was also used for the preparation of ibuprofen plate-shaped
crystals (Ibu-pl), which sieved fraction (Ibu-pl-S) was used for dissolution. Commercially
available ibuprofen-containing paediatric oral suspensions Nurofen (Reckitt Benckiser
Healthcare International Ltd, UK) and Brupro (Pharmachemie B.V., The Netherlands)
100 mg in 5 mL (N100 and B100, respectively) and 200 mg in 5 mL (N200 and B200,

respectively) were purchased from a local pharmacy.

Potassium phosphate and HCl were obtained from Honeywell Fluka (Fluorochem
Ltd), sodium hydroxide was obtained from VWR chemicals (Part of AvantorTM),
polysorbate (Tween) 20, deionised water, acetonitrile, trifluoroacetic acid and
hydrophilic polytetrafluoroethylene membrane filters (pore size 45 um) (Fisher
Scientific) were obtained from Sigma-Aldrich (Merck KGaA), and 2.7 um glass
microfiber filters (GF/D) were received by GE Healthcare Life Sciences (Whatman™).
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2.2. Methods

2.2.1.  Experimental methods

2.2.1.1. Media preparation

2.2.1.1.1. Phosphate buffer (PB) pH 6.8

The dissolution media were prepared in accordance with the guidelines provided in
the USP and the Ph. Eur.[51], [197] To prepare 1 L of 0.2 M PB, 6.8 g of potassium
phosphate monobasic were dissolved and mixed with 112 mL of a 0.2 M sodium
hydroxide solution and Millipore Elix 3 deionised water . The pH was measured and
adjusted to 6.80 + 0.05 by adding a few drops of 0.2 M NaOH, if needed, and made up
to 1 L with Millipore Elix 3 deionised water. Tween 20 at different concentrations
(0.003, 0.005, 0.01, 0.05% w/v) was added during the media preparation, as relevant.
Prior to the dissolution test, the medium was gently heated up to 41°C and degassed
by vacuum filtration through a hydrophilic polytetrafluoroethylene membrane filter
with pore size of 0.45 um under continuous stirring, then cooled down to 37°C before

use.[197]

2.2.1.1.2. Hydrochloric acid solution (HCI)

Two HCI solutions (0.1 N and 0.2 N) were used as precipitating agent for the
precipitation experiments. These solutions were prepared by diluting 8.3 mL and 16.6
mL of 37% HCl respectively with Millipore Elix 3 deionized water up to 1 L. The solution

was degassed according to the pharmacopoeia as described in section 2.1.1.1[197].
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2.2.1.2. APl and formulation characterization

2.2.1.2.1. Solubility study

The solubility of ibuprofen was measured by the shake flask method.[198]
Saturated solutions were prepared by adding 160 mg ibuprofen to 13 mL of PB with
and without Tween 20 in a screw cap test tube. Solutions were prepared in triplicate
and placed in a shaking water bath at 37°C and 100 cycles per minute (Precision
Reciprocal Shaking Bath Model 25). Samples were withdrawn after 1, 3, 5, 24 and 26
hours, with the stated solubility being the 26-hour value. They were filtered through a
0.45 um hydrophilic polytetrafluoroethylene filter and analysed by UV-Vis
spectrophotometry (PharmaSpec 1700, Shimadzu) undiluted at 222 nm and/or 264

nm.

2.2.1.2.2. Sieving

Fractions from Ibu-nd and lbu-pl with particle size of 106 — 300 um were collected
by using a set of sieves and sieve shaker (Precision Reciprocal Shaking Bath Model 25,

Retsch GmbH, Germany).

2.2.1.2.3. Particle size analysis

The particle size and distribution of lbu-nd were measured by using the laser
diffraction method (Mastersizer 3000, Malvern Inc, UK) at room temperature (20°C) in

wet mode.

31



2.2.1.2.4. Optical microscopy

All suspensions and ibuprofen crystals (Ibu-nd and lbu-pl) were visualized by optical
light microscopy at room temperature. Small amount of the APl powders or a drop of
each suspension was placed on a glass tile and covered by a covering glass. Images of
the ibuprofen crystals were taken by using an Olympus BX53 optical microscope

(Mason Technologies) with a 20x magnification.

2.2.1.2.5. Density

To measure the density of the suspensions, 50 mL volumetric flasks were used (n =
3) as recommended in the USP[80]. The density of all suspensions was measured at
20°C and 37°C. Suspensions were well shaken as directed in the manufacturing
instructions, then transferred into the flasks up to the mark. The density was

calculated from the observed weight.

2.2.1.2.6. Viscosity

The dynamic viscosity of the oral suspensions was measured at 20°C and 37°C using
a tuning fork vibro viscometer (A&D Instruments, Ltd., UK) (n = 3). The apparatus was
calibrated with Millipore Elix 3 deionized water at 20°C and 37°C. The suspensions
were kept at room temperature or pre-heated up to 37°C before measurement. The
bottles were shaken well before use as per the manufacturer recommendations. The
average value of the three measurements was divided by the density to calculate the

real suspension viscosity in mPa.s.
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2.2.1.3. Dissolution testing

2.2.1.3.1. Dissolutionin the USP 4 FTA

Dissolution testing was performed in the USP 4 FTA single cell (CE1) (n = 1) and
commercially available seven cells (CE7) (n = 3) apparatus (Sotax AG, Aesch,
Switzerland). Both set-ups were equipped with large (22.6 mm inner diameter) and
small (12 mm inner diameter) test cells. Each cell had one 5 mm ruby bead at the
bottom apex of the cell and glass beads filling the conical part of the cell (Figure
1.1).[89] Samples were placed directly on top of the bed of glass beads. A 2.7 um glass
microfiber filter was placed at the outlet of the cell to retain undissolved particles. A
200 mL reservoir kept at 37°C in a closed-loop configuration, sealed with parafilm and
with constant stirring of 200 rpm was connected to each test cell. A pulsing flow of 8 or

16 mL/min + 5% was used to circulate the medium upwards through the test cell.

Ibu-nd, Ibu-nd-S and Ibu-pl-S were tested in USP 4 FTA CE1 and CE7 under various
conditions (Table 2.1). The sampling time points were at 2, 4, 6, 8, 10, 15, 20, 25, 30,
40, 50, 60, 80, 100 and 120 minutes in CE7 for all tests, up to 60 minutes for Ibu-nd and
up to 120 minutes for Ibu-nd-S and Ibu-pl-S in CE1. Results from the dissolution tests in
the USP 4 FTA CE1 are presented in Appendix 2. Undiluted samples were analysed by

UV-Vis spectrophotometry at wavelengths 222 nm or 264 nm.

The suspensions were tested only in USP 4 FTA CE7 at FR 16 mL/min with sampling
time points at 5, 15, 30, 45, 60, 75, 90 minute of the test and then every half an hour
up to 150 min for N100 and N200 and up to 270 min for B100 and B200. Samples were
filtrated through a 0.45 um hydrophilic polytetrafluoroethylene filter and analysed by
a high-performance liquid chromatography system (HPLC) with an UV-Vis detector
(Amax = 254 nm). Sample volumes were immediately replaced with fresh medium at

37°C.
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Table 2.1: Dissolution conditions used in the USP 4 FTA. Abbr.: AIM — agglomeration

identification method, Ibu nd (S) — needle shaped ibuprofen crystals (sieved), Ibu pl(S) — plate

shape ibuprofen crystals (sieved), PB — phosphate buffer, FR — flow rate.

Drug Drug weight PB medium FR AIM step**
(mg) with Tween (mL/min)
concentration
(% w/v)

Ibu-nd 4, 20, 100 0 8,16
40 0.003 8,16 Step 4
4, 20, 100* 0.005 8,16 Step 3
50 0.01 8,16 Step 4

4, 20, 100 0.05 8,16

Sieved size 106 — 300 um

Ibu-nd-S 20 0.005 8,16 Step 2
Ibu-pl-S 20 0.005 8,16 Step 2

* Only 100 mg Ibu-nd was used in step 3 of AIM.

** All videos used in steps 2,3 and 4 of AIM were manually investigated in step 1.

2.2.1.3.2. Dissolution in the USP 2 paddle apparatus

Dissolution tests of lbu-nd 250 mg in 500 mL PB 0.005% and 0.05% w/v Tween 20

were carried out in USP 2 paddle apparatus (Agilent Technologies 708-DS, Santa Clara,

CA, USA) at 50 and 100 rpm (n = 3). The drug was added on the top of the medium,

immediately before the beginning of the test. Samples were withdrawn at 2, 4, 6, 8,

10, 15, 20, 25, 30, 40, 50, 60, 80, 100 and 120 minutes and volumes were replaced with

fresh medium at 37°C. All samples were filtrated through a 0.45 pum hydrophilic

polytetrafluoroethylene filter before UV analysis.
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2.2.1.4. Precipitation experiments

2.2.1.4.1. Precipitation in the USP 4 FTA

Precipitation tests were conducted under 5 different conditions and 3 initial
ibuprofen concentrations (0 mg/mL (control), 0.5 mg/mL and 2 mg/mL, Table 2.2) to
generate different precipitation conditions and kinetics. A control test was conducted
by filling the test cell and the related tubes with PB 0.05% w/v Tween 20 then
connecting it to a reservoir with HCI. A HCI solution (0.1 N or 0.2 N) was used as a
precipitating agent to reduce the pH of the medium hence to reduce the solubility of
the ibuprofen and to cause its precipitation in the test cell. The medium was circulated
as explained in Table 2.2. In 3 of the 4 cases containing ibuprofen, a solution of lbu-nd
dissolved in PB 0.05% w/v Tween 20 at 37°C was prepared prior to the precipitation
test. For the remaining test, a dissolution study using 100 mg of ibuprofen was
conducted and after 160 minutes when no particles were observed to be present in
the test cell the medium was changed to HCl. The control test without an APl was
conducted to confirm that the reformed particles and plume observed after the

medium change in the other tests related to ibuprofen.
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Table 2.2: Precipitation conditions used for acquisition of plume, particles and empty images.

Initial drug Solution
Volume
concentration | added Flow
Concentration | of HCI Ratio Loop
in PB 0.05% into the rate Comment
of HCI used solution/HCI configuration
w/v Tween test cell (mL/min)
(mL)
20 (mL)
The flow rate was changed to 8 mL/min after
0 mg/mL 25 0.2 N HCL 25 l1to1l 2 closed
180 min of the test.
Solution added directly to the test cell, HCI kept
0.5 mg/mL 10 0.1 N HCL 100 1to 10 2 closed in the reservoir. Plume appeared immediately.
Particle reformation was seen after 20 minutes.
Solution filled in the test cell and the tubes
(infout flow), HCl kept in the reservoir. The first
contact between the two media was in the
0.5 mg/mL 25 0.2 N HCL 25 ltol 2 closed inflow tube. A few particles were detected in the

beginning of the test, then plume was formed
when more HCl entered in the test cell. Single

particles were visible again after 160 minutes.
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Initial drug Solution
Volume
concentration | added Flow
Concentration | of HCI Ratio Loop
in PB0.05% | into the rate Comment
of HCl used solution/HCI configuration
w/v Tween | test cell (mL/min)
(mL)
20 (mL)
Solution filled in the test cell and the tubes
(infout flow), HCl kept in the reservoir. The first
2 mg/mL 25 0.2 N HCL 25 ltol 2 closed contact between the two media was in the
inflow tube. Plume appeared immediately. Single
particles were visible after 180 minutes.

A dissolution test was conducted followed by
medium change. Images of the solution without
the presence of particles were recorded. Open
loop was used for 4 minutes to let HCl into the

closed and
0.5 mg/mL 25 0.1 NHCL 35 l1tol4 8 test cell. The system was left without circulation
open

for 2 minutes. Then the medium was recirculated
for 10 more minutes in a closed loop. Both
particles and plume formation were observed

immediately after the medium change.
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2.2.1.4.2. Precipitation in the USP 2 paddle apparatus

For the precipitation tests in the USP 2 paddle apparatus, 4 initial ibuprofen
concentrations were prepared — 0 mg/mL (control), 0.5 mg/mL, 1 mg/mL and 2 mg/mL
in PB 0.05% w/v Tween 20 prior to the experiment. Equal volumes of the drug solution
and 0.2 N HCl were mixed directly in the dissolution vessel to a total volume of 500 mL

(n =1). Although samples were not taken, videos of the process were recorded.

2.2.1.5.  Analysis

2.2.1.5.1. UV analysis

Samples were measured directly at 222 nm and 264 nm depending on the
concentration. The system was calibrated by preparing a calibration curve from Stock
solutions (n = 3). The concentration ranges of the calibration curves were as follows:
0.125 — 20 mg/mL at 222 nm and 5 — 600 mg/mL at 264 nm. The calibration curves

used to determine the concentration of ibuprofen are presented in Appendix 1.

2.2.1.5.2.  High-performance liquid chromatography (HPLC)

Samples were filtered through a 0.45 um hydrophilic polytetrafluoroethylene filter
and analysed by a HPLC system (Alliance, Waters, Santry, Ireland) with a UV-Vis
detector (Amax = 254 nm). The HPLC method consisted of an isocratic system with an
e2695 HPLC separations model, 2489 dual absorbance detector (Waters, Santry,
Ireland), autosampler and temperature control module. The column used was a
reverse phase Thermo Scientific Hypersil™ BDS C18 column (4.6 mm x 250 mm, 5 um).
The mobile phase was 70:30 acetonitrile/0.1% v/v trifluoroacetic acid. The flow rate
was 1 mL/min, injection volume 10 pL, temperature of the column 30°C. The running

time for analysis was 10 min. Data were obtained by using Empower 3 software (LOD =
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10.15 pg/mL; LOQ=30.77 pg/mL). The calibration curves used to determine the

concentration of ibuprofen are presented in Appendix 1.

2.2.1.6. Imaging

2.2.1.6.1. Imaging set-up used with the USP 4 FTA

A schematic of the experimental imaging set-up used for direct imaging and SGI
analysis is presented in Figure 1.1.[1], [129] It consists of a standard USP 4 FTA test cell
positioned in a customised water jacket with flat sides, to ensure light beam transition
between the light source and the camera, and connected to a reservoir kept at 37°C
during the test. A high-speed CMOS Grasshopper 3 (Teledyne FLIR / Point Grey
Research) GS3-U3-23S6C-C camera (1920 x 1200 pixel, 24-bit) was focused on the
centre of the test cell above the glass beads. A Nikon 105-mm lens is mounted on a
150-mm long extension tube, resulting in an imaging window approx. 7x11 mm? for
the API tests and approx. 5x8 mm? for the suspension tests. An LED light source with
diffuser plate is positioned opposite of the camera. Videos at 15 s length and 10
frames per second (fps) were recorded at every dissolution sampling time point for the
dissolution tests, with the recording acquired every minute in the first 5 minutes, then
every few minutes as appropriate up to 180 min for the control and 1 mg/mL API, and

up to 330 minutes for 0.5 mg/mL and 2 mg/mL API for the precipitation experiments.

Shadowgraph imaging and analysis were conducted in the USP 4 FTA CE1 (n = 1)
apparatus for the API dissolution and precipitation tests. Imaging of the dissolution of
suspensions was conducted in the USP 4 FTA CE7. The dissolution testing was done in

triplicate, while the camera was attached to only one of the test cells (n = 1).

2.2.1.6.2. Cantyimaging in USP 2 paddle apparatus

A Mini-cell LED Inflow Canty™ (JM Canty, Ltd., Ireland) set-up was connected to one

of the dissolution vessels in the USP 2 paddle apparatus. Mini-cell LED Inflow Canty™
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consists of a Canty™ particle size analyser with a high-resolution camera with
microscopic optics (0.7 um to 1 mm), a cool LED visible light source and a pump. The
system is equipped with CANTYVISION intelligent analysis software (CVIA), and a
Canty™ vector control module to analyse the recorded videos. The pump circulates
samples between the dissolution vessel and the camera. The system can operate in an
open or closed loop (similar to the USP 4 FTA). Thus, to collect the samples in a
separate reservoir or to returns them back to the dissolution vessel. In this current
work, only the closed loop mode was used. Videos of the dissolution experiments were
taken at every sampling time point (2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100 and
120 min) with a lens distance of 100 um. To investigate the effect of the lens distance,
distances in the range 25 to 250 um were used during the precipitation of 1 mg/mL
ibuprofen for a short time (12t to 17" minute of the test). During the precipitation
experiments, 15s videos were recorded as appropriate — more frequently in the
beginning of the test and less often after 30 minutes up to 330 minutes for drug

solutions and up to 210 minutes for the control.

2.2.2. Computational methods

2.2.2.1. Shadowgraph imaging

2.2.2.1.1. Particle detection and sizing

Videos from the dissolution testing of Ibu-nd in the USP 4 FTA CE1 were analysed in
Matlab™ using an in-house written code[131] provided by Prof. Tim Persoons. Based
on predefined settings, the software uses a grey scale to distinguish particulates
(shadows) from the background and to characterize them resulting in an output video
with the detected particles highlighted and sized (Figure 2.1), and a particle parameter
data sheet. The following is a non-exhaustive list of the parameters collected for each
particle detection (Npd): time of detection (s), particle diameter (mm), and solidity.
The latter is a dimensionless parameter defined as the area fraction of the particle
region divided by its convex hull area. The convex hull can be visualised as the 2D

shape enclosed by a rubber band stretched around the particle region (Figure 2.2). This
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parameter was used to develop the automated AIM described in the following section

The detectable particle size range was between 10® m and 103 m.

y (mm)
counts

0 2 4 6
X (mm)

Figure 2.1: SGI imaging window with detected particles outlined in red and their diameter in

(um), a grey contrast scale on the right axis and imaging window dimensions x and y (mm).

O © ©

Figure 2.2: Schematic presentation of approximate particle solidity — >95% (A), 70% (B) and

60% (C). Note: The percentages given in this figure are only illustrative.

2.2.2.1.2. Automated agglomeration identification  method  (AIM)

development

The AIM (code provided in Appendix 3) was developed in four steps (Figure 2.3):

1) Manual video observation and creation of a reference image data set including all

agglomerates and their occurrence time; 2) Selection of parameters and parameter
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combinations (Table 2.1) describing the agglomerates of both sieved particle types
(sieved fraction of ibuprofen needle (Ibu-nd-S) and plate-shaped crystals (lbu-pl-S),
mass used for dissolution — 20 mg); 3) Selection of the three best performing
parameter combinations from step 2 and testing on particles of unknown size range
and higher mass used for dissolution (unprocessed ibuprofen un-sieved fraction
(Ibu-nd), mass used for dissolution — 100 mg); 4) External validation of the best
performing parameter combination on unknown size particles (lbu-nd) in new test
conditions (Table 2.2). A logical flag function was used to create an array containing
detections that meet (= 1) and do not meet (= 0) the combination of pre-set criteria.
When plotted, these flags point out the time of a potential agglomerate appearance.
For clarity, the terms “signals” and “flagged” particles/detections are used for
detections that meet a pre-set criteria combination, for example, diameter below

mean and solidity above 96%, as described in Table 2.3.

o Step 1, Reference Image Data Set: All videos from the dissolution tests
in CE1 in PB 0.005% w/v Tween 20 were manually analysed. Videos from
early time points of the dissolution tests (2 — 10 min) of the lbu-pl-S,
Ibu-nd-S and Ibu-nd were selected for further manual analysis and
agglomerate occurrence times were noted. Two videos with Npd < 400 and
Npd < 50 with size > 300 um for each particle type (lbu-pl-S and Ibu-nd-S)
(step 2) and 4 videos with Npd < 1000 for lbu-nd (step 3) were analysed to

create the relevant reference image data sets.

e Step 2, Performance Evaluation (Sensitivity): As the particle size range
was known for Ibu-nd-S and Ibu-pl-S, particle diameter was one of the two
parameters used for agglomerate description. The solidity was the second
parameter to be considered. Previous observations of the particle
parameters suggested lower solidity (approx. < 85%) for agglomerates
typical for lbu-nd. By using the in-house written codes, flexible values (e.g.,
mean, percentile) of diameter and solidity relevant for each test video were
calculated and plotted. In total, nine parameter combinations were tested

(Table 2.3). When a particle met both criteria from a specific combination, a
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signal was generated. In step 2, the criteria combination performance was

assessed based on the highest agglomerate detection rate.

e Step 3, Refined Performance Evaluation (Specificity): The three best
performing parameter combinations (highlighted in Table 2.3) from Step 2
were further assessed on images from dissolution testing of Ibu-nd. The
assessment was based on the lowest false positive signal rate without
compromising the agglomerate detection ability. When the Ibu-nd signals

were < 100, the percentage of false positive signals was calculated.

e Step 4, External Validation: The new test conditions were as follow
(Table 2.2): 40 mg (at FR 8 and 16 mL/min) and 50 mg (at FR 8 and 16
mL/min) un-sieved lbu-nd dissolved in PB with 0.003% w/v and 0.01% w/v
Tween 20, respectively, at 37°C for 2 h. Videos were taken as described in
Chapter 2, section 2.2.1.6.1 (Imaging set-up). The performance of the
method was assessed by comparing the results with a reference data set

created after manual video observation (as described in step 1).
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SGI, imaging window

ata analysis
/ c 11x7 mm?, 15 sec videos Datadrials
at 10 frame/second
2 types of API 4
powders ——t SGI B
Ibu-nd Ibu-pl |
USP 4 FTA (CE1),
/ 22.6 mm cell, 2h test at 37 °C,
volume: 200 mL phosphate buffer (PB)
un-sieved sieved size 0.005% w/v Tween 20, closed-loop
size (106-300 um) configuration
(urnd) (huend S;lbuptS) Manual agglomerate observation from videos recorded at early
l dissolution time point; Creation of a reference dataset (step 1).
——— Choice of parameters to describe agglomerates (particle size & solidity).
Initial AIM __| Performance evaluation of parameter combinations based on highest
development L. agglomerate detection rate of sieved particles (Ibu-nd-S, Ibu-pl-S,
(Step 71&2) 20 mg) (step 2).

Performance evaluation of 3 best performing parameter combinations

AlM ificit
P g from step 2, based on lowest false positive signals (Ibu-nd, un-sieved

improvement -
(Step 3) particles, 100 mg).
The best performing parameter combination (Diameter > 75 percentile;
AIM external Solidity < 75 percentile) was used on all videos with any detections from
validation dissolution tests of 40 and 50 mg Ibu-nd un-sieved particles in PB
(Step 4) 0.003% w/v and 0.01% w/v Tween 20, respectively.

Figure 2.3: Schematic presentation of the methods used for dissolution, SGI and AIM
development. Abbr.: SGI — shadowgraph imaging, APl — active pharm. ingredient, USP — United
States Pharm., FTA — flow through apparatus, CE1 — single cell, Ibu nd/pl(S) — ibuprofen
needle/plate-shaped particles (sieved), AIM — aggl. ident. method.

Table 2.3: AIM parameter combinations tested to detect agglomerates. Diameter above and
solidity below the specified value. Abbr.: Pr — percentile; D — diameter; S — solidity. The three

best performing combinations in step 2 are highlighted.

Diameter criterion Solidity criterion
D> 300 um S <85%
D > Mean S <PrS10
D > Mean S$<96%
D > PrD75 $<96%
D > PrD75 S < Prs10
D > PrD75 S < PrS75
D > PrD80 S < Prs30
D > PrD90 S < PrS10
D > PrD90 S <PrS30
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2.2.2.2. Artificial intelligence (Al) CNN classification and event
detection model

2.2.2.2.1. One-class anomaly detection model overview

A comprehensive description of the method adapted for use in the current work is

available via Matlab™ (https://uk.mathworks.com/help/vision/ug/detect-image-

anomalies-using-explainable-one-class-classification-neural-network.html), in  the

following section a brief higher-level overview is provided.

A transfer learning technique[180], [199] was used in the current work to develop
an anomaly analysis method by using an available Matlab™ code, as a base. This code,
used to classify images showing whole (normal), or chipped or dirty tablets
(anomalous), is provided in the Matlab™ example “Detect image anomalies using
explainable one-class classification neural network” and involves training an anomaly
detector for visual inspection of tablet images. This exemplar code explores the
possibility to create effective anomaly detectors based on a heatmap mean anomaly
score value. This anomaly score value gives the probability that each pixel in the image
is anomalous. The example contains a data set with 149 normal tablet images, 43
chipped tablet images, and 138 dirty tablet images divided in 3 folders, where both
chipped and dirty tablet images are considered anomalous. To simulate a more typical
semi-supervised workflow, the data is partitioned into training, calibration, and test

data sets.

The system uses a fully convolutional data description model to train a CNN to
produce a heatmap from an input image. The neural architecture is based on a visual
geometry group 16 network (VGG-16), trained on ImageNet (an image database)

(https://www.image-net.org). VGG-16 is a standard deep CNN architecture with

multiple layers, where 16 stands for a network which is 16 layers deep. The image
input layer is replaced with a new layer that performs zero-centre normalization and
set the input image size to match the image data set. The final convolutional stage
consists of randomly initialized and trainable convolutional layers. The output results

are compressed into a one-channel anomaly score heatmap. An anomaly score is
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calculated by a global averaging pooling layer as the mean of the output heatmap

returned by the network.[200]

Computers “see” colours by assigning digitised normalised intensity values to each
pixel. The most common colour model is RGB (i.e., red, green, blue), where each colour
is typically represented by 8 bits per colour (or 24 bits in total). All possible
combinations are taken as positive integers from 0 to (28 — 1) = 255 and the colour is
specified by 3 numbers (r, g, b). In that system, e.g., white has number (255, 255, 255),
while black is (0, 0, 0) and red is (255, 0, 0). The anomaly score calculated by this Al
model uses the contrast between each pixel from the image and assigns an overall
value (anomaly threshold score (ATS)) for the image. The ATS display range was set to
show values between 0 and 80, where white is presented as 0 and black has a value
closer to 80. Grey colours get the numbers between 0 and 80 depending on where in
the greyscale they fall (closer to the white or to the black end of the spectrum). The
ATS value was dependent on the image brightness and bit depth, e.g., 8-bit RGB
images with 255 intensity values may well produce different anomaly values than the
same images encoded as 10-bit RGB with 1023 intensity values in each of the three
colour fields. A depiction of the analysis used in the ATS method is presented in Figure
2.4. The numbers in the figure are illustrative and does not represent the real ATS

image analysis.
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Figure 2.4: CNN image recognition based on anomaly threshold score (ATS) pixel colour

intensity.
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¢ Training: The model can be trained with a specific image data set, or it
can be used with a predefined version of the NN. The training consists of
multiple cycles of image examination. The training data set contains 70
random images from the normal class and 1 image from each anomaly class.
The CNN reads all images once from the training data set. The output
information about its performance is returned as an input into the system.
Another 50 cycles are done, and the output is used once again to readjust
the sensitivity of the method. As a final step of the training, the system does
another 100 cycles. A training file with the system configuration is recorded
and can be used directly in a subsequent analysis, i.e., the system is
pre-trained to do the anomaly detection. This is the most time-consuming
part, taking up to several hours depending on the computational resources

available.

e Calibration: The calibration set consists of 30 random normal images
and 15 random images from each anomalous class. The calibration step is
performed before each test. A calibration ATS (cATS) is calculated each time
based on the randomly selected images from the calibration set (Equation
2.1). A histogram output chart shows the distribution of all calculated

anomaly scores for the calibration set.

Equation 2.1: CNN calibration anomaly threshold score (cATS)

2. 15 x (ATS anomaly image) + 30 x (ATS empty image)

ATS =
¢ 45

e Testing: All images that are not used in the training and calibration
steps are allocated for testing. The ATS for each image is calculated
independently. Images are assigned to a certain class after comparing their
ATS to the cATS. The classifier labels the images with 0 to indicate a normal
image when the calculated ATS is lower than the cATS and with 1 to indicate

an anomalous image when the ATS is above that score. A confusion matrix is
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used to display the results, and the classification accuracy for the test set is

calculated by using Equation 2.2.

Equation 2.2: CNN accuracy equation.

Accuracy = Y (correctly predicted images)/ Y, (all images)

The anomaly heat map (see example Figure 2.5) can be used to illustrate why an
image is labelled as normal or anomalous and to identify false negative (frame with an
anomaly classified as normal) and false positive (normal frame classified as anomalous)
patterns. These patterns can assist the identification of strategies for increasing class

balancing of the training data or improving the network performance.

Figure 2.5: Output image from the original Matlab™ tablet anomaly detection code. Original
image of a chipped tablet (left) and the same image with applied heat map (right) highlighting

the area of the anomaly.
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2.2.2.2.2. Model development and validation — API

Several changes were made in the original code to develop a model able to identify
events occurring in the USP 4 FTA test cell. 1) Images from dissolution and
precipitation tests were selected, then extracted from the recorded videos (150 frames
per 15 s video) and re-sized to 225 x 225 pixels by an in-house code written in
Matlab™. 2)The original tablet image data sets were replaced with appropriate
dissolution/precipitation related image sets. Images were divided into two groups —
empty/normal (images without particles) and anomalous (images with particles
present in the frame). 3) A function calculating percent of predicted empty/without
anomaly frames (%FwA) was added to the code. This function was used to investigate
the ability of the approach to characterise the dissolution process over time. 4) A new
pathway to the data storage with dissolution test images was designed to enable
image selection from 2 different sources for testing and calibration (Figure 2.6). A
segmentation of the data storage was necessary in order to analyse images from
separate time points of the dissolution test without interference of either training data

images or images from previous time points.

A schematic presentation of all trainings and tests is shown in Figure 2.7.

training set
calibration set

Image data set 1

Image data set 2

Image data set

Figure 2.6: Image pathway for validation and training and assessing ability to detect
precipitation events (A) and image pathway used for dissolution testing analysis (B). A: The
image data set could contain dissolution or precipitation images irrespective of the performed

training. B: Image data set 1 could contain dissolution or precipitation images allocated for
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training and calibration before testing, while image data set 2 contains only dissolution images

for testing.

Precipitation-based training with

empty, plume and post-precipitation
particulate images

1

10 independant trainings

of the model 1) Training reliability step

Precipitation-based
training with empty
and 1 type of
anomaly (plume or
post-precipitation
particulate) images

r

Selection of the best
performing model

_ 10 single-anomaly tests _ 10 double-anomaly tests
" with the pretrained model " with the pretrained model

3) Model sensitivity testing step 2) Model accuracy step

r
Dissolution-based training with Testing of dissolution
empty and pre-dissolution ~———— image data sets (7 time
particulate images points)

4) Quantitative characterization of a dissolution process

Figure 2.7: Model development and validation — schematic presentation of training and testing

methods during each step of the process.

Videos from late time points of the dissolution test (Table 2.2) of ibuprofen in PB
0.05% w/v Tween 20 performed in the USP 4 FTA CE1 were used to extract empty
frames (no present particles) (Figure 2.8 A) and used to generate the empty (“normal”)
image data set. As described in Chapter 2, section 2.2.1.4.1 (Precipitation in the USP 4
FTA), when the dissolution test was finished after 160 min the medium was changed
with 0.1 N HCl solution to cause precipitation of ibuprofen. Videos from the first 5 min
of the precipitation were used to extract frames with plume (Figure 2.8 B) and to
generate the plume (anomaly) image data set. Later, when newly formed particles
(Figure 2.8 C) were noted, videos capturing them were used to compose the particle

|II

(anomaly) data set. Images were divided into two groups — “normal” and “anomaly”.
The existing image sets were replaced with 132 “empty” frames, 135 images with

plume and 102 images with pre-dissolution or after precipitation particles.
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Figure 2.8: A) empty ("normal”) image; B) image with plume; C) image with precipitated

particulates.

Two different data sets were prepared for model training and testing to explore the

influence of the data sets on the accuracy and sensitivity of the resulting models.

e Precipitation-based data set: The three newly created image data sets were
used for model training and validation. Images from the 2 anomaly types
were used in combination (double-anomaly) or separately (single-anomaly)
to test the model accuracy. Small particles (Figure 2.8 C), which were slightly
darker than the background, were used to train the model to detect small

changes occurring in the test cell.

e Dissolution-based data set: The dual pathways (Figure 2.6 B) for accessing
image data sets were used to allocate training images and test images.
Therefore, 9 new image data sets were created from dissolution test videos
— 2 for training and 7 for testing. Videos from the dissolution test of 20 mg
ibuprofen in PB 0.005% w/v Tween 20 at FR 16 mL/min were used. All videos

were manually investigated for presence of particles.

o Training set: After the dissolution was completed, a video from the

last time point (120 min) was used to create the new “normal”
(empty) image data set. An early time point video (6 min) was used
to create the training “anomaly” set, as all images contained

particles.

o Test set: The test time points were chosen to contain a) many

particles present (2 and 15 min); b) mixed frames — with and without
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particles (40, 50 and 60 min) and c) only empty frames (80 and 100

min).

Training and calibration steps were kept as per the original model description.
Depending on the model (dissolution- or precipitation-based) the access to the test
images was through single or dual pathway as described earlier (Figure 2.6). Test
images in both cases were not used for training or calibration (training step was
omitted when a pre-trained model was used; calibration step was performed before
each test regardless of the training). When the precipitation-based model was used,
images were selected from the same data set as the calibration images. On the other
hand, test images represent a single dissolution time point and each set contains 150
images from a single video when the dissolution-based model was used. Therefore, the
designated test images can be tested regardless of the calibration and/or the
pre-trained model used. In this way the system classifies the new images (from a video

taken at a new time point) without a bias from previous time points/test sets.

o Training reliability: To test the reliability of the training method, 10 separate
trainings of the system were carried out with the same precipitation-based
image data set. The remaining images unused for training and calibration
from the data set were evaluated and classified based on their ATS. The
model calculated the accuracy of each test. The results from all 10 tests
were compared and the best performing model based on the highest

accuracy was chosen for further testing.

e Pre-trained model repeatability: To test the repeatability of the model, ten
tests were carried out with the pre-trained model chosen from the previous
step and the same precipitation-based image data set. Hence, the training
step was omitted. The average accuracy of all tests was calculated (Figure

2.7).

e Model sensitivity: To test the model sensitivity, two pre-trained models
were used. One trained by using double-anomaly data (plume and particles)
and another trained with a single-anomaly data where all images with either

plume or particles were included or excluded as relevant. Ten tests were

52



conducted with each pre-trained model. The accuracy of the three
pre-trained models (double-anomaly, plume single-anomaly and particle

single-anomaly) was compared (Figure 2.7).

Model image size sensitivity: The size sensitivity of the model, i.e., the
detectability of anomalies at different image resolution was tested. All
images from the training data set (empty, plume and particles) were re-sized
from the original 1920x1200 pixel size to 150x150; 225x225; 255x255 and
450x450 pixels. A built-in function for image rotation required images to be
squares, thus the system can rotate them at 90° during testing. The model
was re-trained with each resized set to test the system performance when
the image quality is changed, e.g., at low pixel number. Results of this test

are presented in Chapter 4.

Quantitative characterization of a dissolution process over time: To
characterize the dissolution process, both pre-trained models (dissolution-
and precipitation-based) were used. Test images from 7 dissolution time
points (2, 15, 40, 50, 60, 80 and 100 min) were used. The system was trained
to recognize particles and classify them as anomalies. Therefore, frames
without an anomaly will be classified as “normal”, i.e., without particles
present in the frame. The hypothesis being tested was that early in the
dissolution test most or all frames would contain particulates, i.e.,
anomalies, and later in the dissolution test when the drug is dissolved, all
frames will be empty. Results from each image set tested were therefore
expressed as percent frames without anomaly (%FwA) (Equation 2.3) and
compared to a manual classification of the frames (empty or particulates) to
confirm the model accuracy. Then the %FwA was compared with the
percent dissolved drug at the current time point to assess the ability of the

approach to characterise the dissolution process over time.
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Equation 2.3: CNN percent frames without anomalies

Y(number of predicted class empty images
%FwA = ( S - Py g )><100
Y (number of test images)

2.2.2.2.3. Model development and validation — suspension formulations

This model was trained to detect only one type of anomaly — suspension/particles.
A sensitive formulation-based data set was created by assigning 200 empty images
from the dissolution test after the suspension was fully dissolved and 283 images in
which single particles of the suspension were still visible (late stage of the dissolution
test) to be used as anomalous. As the suspension components refract the light, they
appear darker than the background. Images from early dissolution time points had
high ATS, thus they were easily classified as anomalous, since the images used for

training and calibration had lower ATS values.

To describe the dissolution process quantitatively and qualitatively over time, two
approaches were exploited — %FwA and percent average anomaly threshold score

(%avgATS).

e The %FwA was calculated automatically for each dissolution time point
via the build-in function described earlier. Results were compared with the

related dissolution profiles.

e Each frame has a unique ATS value calculated based on the pixel
brightness of an image. The average ATS value (avgATSx) per dissolution time
point (x) was calculated. When the dissolution test is finished and all avgATS«
values are known, the highest avgATS is determined (avgATSmax). Then the
%avgATS for each dissolution time point is derived by using Equation 2.4.

Results were compared with the related dissolution profiles.
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Equation 2.4: CNN percent average anomaly threshold score (ATS) calculated per dissolution

test.

%avgATS = (avgATSpmax — aVgATS,)/avgATSmax X 100%
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Chapter 3: Investigation of the discriminative
power of shadowgraph imaging during
dissolution testing under various conditions in
the USP 4 flow-through apparatus and the
development of an automated image-based
agglomeration identification method (AIM) to
detect  agglomerates  occurring  during

dissolution

Results, discussion, and conclusions presented in this Chapter have been published
in: Taseva A.R., Persoons T, Healy AM, D'Arcy D.M. Application of shadowgraph
imaging (SGI) particle characterisation data to interpret the impact of varying test
conditions on powder dissolution and to develop an automated agglomeration
identification method (AIM) in the USP flow-through apparatus. Int J Pharm. 2024 Dec
5; 666:124778. doi: 10.1016/].ijpharm.2024.124778. Epub 2024 Sep 28. PMID:

39349225.

3.1. Introduction

Physical and chemical properties of APIs are central to dissolution performance.
There are several strategies that could be used to enhance the dissolution rate such as
reduction of particle size and thus increasing the surface area, replacing the APl with a

more soluble salt form, in the case of formulations, excipients which improve the drug
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dispersal in the medium, e.g., disintegrants could be added.[201] Using salt forms
instead of free base/acid of poorly soluble drugs is a common practice due to their
higher solubility and improved physicochemical and mechanical properties. Salt
formations are a preferred alternative as they could reduce drug toxicity and could
alter the absorption in the Gl tract.[38], [202] However, often the salt with the highest
solubility does not represent the best choice due to other factors such as stability,

supersaturation and precipitation potential.[202]

Strategies such as size reduction, co-crystallization, crystal habit modifications, 3D
printed formulation and changes in the dissolution medium composition (addition of
co-solvents and surfactants) have been used to improve ibuprofen in vitro test
performance and thus to ensure drug product quality and performance.[35], [40], [41],

[93], [203]-[206]

Ibuprofen has poor water solubility (BCS Class Il) and needle-like crystal shape. Due
to its typical crystal habit, ibuprofen shows poor flow properties, low compressibility
and a tendency to stick to the punches during compression.[35] Agglomeration of APIs
could be beneficial during formulation development as they can improve powder
flowability and compressibility.[41], [65] On the other hand, agglomerate formations
during dissolution would reduce the surface area available for dissolution, hence a
lower dissolution rate could be observed.[74], [94], [207] Agglomerates formed during
crystallization or present in the final drug product could be considered as impurities,
could have negative impact on product stability, particle dispersal and they could

change dissolution behaviour as well as bioperformance.[64], [208]—-[210]

In this Chapter, the aims were 1) to investigate the effect of medium composition
changes such as surfactant addition and FR change and the effect of drug mass and
crystal habit on the dissolution rate of ibuprofen powder through the use of an in-line
SGI and analysis to capture differences in particle dispersal and behaviour which could
give an insight into how these conditions impact the particle behaviour and dissolution
process; 2) to develop an automated AIM to detect presence of agglomerates formed

during dissolution in the USP 4 FTA by further exploit SGI analysis.
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3.2.  Material and methods

All materials used for this work were described in Chapter 2, section 2.1 (Materials).
Dissolution medium was prepared as described in Chapter 2, section 2.2.1.1.1. To
characterize the APl powder methods sections 2.2.1.2.1 to 2.2.1.2.4 were used. All
dissolution tests were performed in the USP 4 FTA as described in section 2.2.1.3.1.
Samples were analysed by UV analysis as per section 2.2.1.5.1. Image acquisition and
analysis were performed by SGI, described in section 2.2.1.6.1. Ibuprofen plate-shape
crystals were prepared by Dr. J.Yadav (see acknowledgments) by cooling crystallization

method (CCM) described in Chapter 3, section 3.2.1.

3.2.1. Preparation of plate-shaped ibuprofen particles
(Ibu-pl)

Preparation of Ibu-pl is only briefly described here as the crystals were produced by
Dr. J. Yadav by a CCM. Ibu-nd was dissolved in 100 mL of hexane at a concentration of
0.14 g/mL and heated to 75°C. Supersaturation was achieved by cooling of solutions
using a glass-jacketed vessel (Reactor Ready system, Radleys, UK) with chiller unit
(Huber Ministat 125 Pilot one controller, UK). Two cooling rates were used — 6.5°C/min
until 10°C and 0.12°C/min between 10 and 5°C. Crystals were collected by vacuum

filtration and dried at room temperature.

3.3. Results and discussion

3.3.1. Dissolution testing and SGI imaging analysis

3.3.1.1. Effect of surfactant concentration, drug quantity and flow rate

on the dissolution rate
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The addition of surfactant to the medium had a minor effect on the observed
solubility of ibuprofen. The measured solubility was 3.69 (+0.03) mg mL™ (PB + 0 %
w/v Tween 20); 3.71 (+0.18) mg mL™ (PB + 0.005% w/v Tween 20) and 3.95 (+0.09) mg
mL™t (PB + 0.05% w/v Tween 20). On the other hand, the change of the dissolution rate
in the media with 0.005% w/v or 0.05% w/v Tween 20 was notable (Figure 3.1).
Differences were also noted when different drug mass was used for dissolution. The
lowest mass used (4 mg) dissolved within 20 minutes of the test in all conditions,
except at the lowest FR in PB 0% w/v Tween 20. The other two tested masses (20 and
100 mg) resulted in slow dissolution in 0% w/v Tween 20, slightly faster at 0.005% w/v
Tween 20 and very rapid (20 mg) in 0.05% w/v Tween 20.[7], [52] The 100 mg
ibuprofen showed slow dissolution at FR 8 mL/min and rapid dissolution at 16 mL/min.
Therefore, it was hypothesised that the impact of dissolution conditions on observed

dissolution rates was due to differences in particle dispersal.
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Figure 3.1: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg (green
triangle) Ibu nd powder in phosphate buffer pH 6.8 with 0% w/v (A, D), 0.005% w/v (B, E) and
0.05% w/Vv (C, F) Tween 20 at FR 8 (left column) and 16 (right column) mL/min in the USP 4 FTA
CE7 22.6 mm diameter cell. The grey line represents the level of 85% dissolved drug.

Several factors can contribute[1], [211], [212] to the reduced dissolution when
there is a higher drug loading in the cell such as reduced contact area (due to
clumping), a limited instantaneous medium volume in the test cell, poor mixing and
poor wetting of the drug powder. A change in the FR did not notably affect the
dissolution rate. An increase was noted when a smaller drug mass of the powder (4
mg) was used and no surfactant was added to the medium (Figure 3.1 A and D, red
circles), and when a higher surfactant concentration (0.05% w/v Tween 20) and drug

mass (100 mg) were used (Figure 3.1 C and F, green triangles).
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3.3.1.2.  Application of SGI analysis to detect changes in the drug

dissolution behaviour under various dissolution conditions

The SGI set-up has a small detection window (7x11 mm?) which does not cover the
whole volume of the test cell; it is positioned in the centre of the cell and therefore
only dispersed particles are captured. Individual particle trends would not be
accurately detected if glass beads or a bed of sedimented particles on the beads were
to be included in the image, as the SGI detection is based on light contrast. Therefore,
it would not be able to distinguish the sedimented particles from each other in a
sedimented mass or distinguish the particles from the bed of beads. When particles
were lifted from the bottom of the cell during dissolution, they crossed the imaging
window, hence they were detected. The results from the dissolution tests in USP 4 FTA
CE1 are presented in Appendix 2. Most of the profiles from both dissolution sets (CE1
and CE7) were broadly comparable, except for some instances of the medium
containing 0.005% Tween (where generally CE1 results were slower). However, the
observed dissolution rank order and trends were similar. SGI reflecting the dissolution

conditions in the USP 4 FTA CE1 are presented in Figure 3.2A and B.

61



20 mg 4 mg

Diameter (mm)

100 mg

20mg 4mg

Diameter (mm)

100 mg

0.8

0.6

PB 0% w/v Tween 20 PB 0.005% w/v Tween 20 PB 0.05% w/v Tween 20
107 0.6/ ] w0* 0.6 ]
0.4 E w? o4 " 10? 04 &
0.2 i w' o2 : d /g o' 0.2 ='/' /g

(3
s

;%Ehm )

w1

Time (min)

.
10° 10’ «
20 10 60 e o n o 20 10 60
105t ' 1
104 o8 10* 08
a o
o
o' 0.6 10" 0.6 g
0% 0.4 P o oo 10% 0.4 ®
e
° & 8
10" vz ° 10" 0.2 \
. ° | 8
s . . ] ) \ e
0 o 100 L
20 10 60 o o a0 60 o 20 10 60

Npd (-)
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shadowgraph imaging during dissolution testing in the USP 4 FTA (CE1) in PB with 0% (left), 0.005% (middle)

and 0.05% (right) w/v Tween 20 at FR 8. O (black) — single particle size (left axis); * (green) — average size (left

axis); dots and line (red) — number of particle detections (Npd) (right axis).
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40

Time (min)

10° o
o

60

Npd (-)

average particle diameter (green star) of ibuprofen 4 (top), 20 (middle) and 100 mg (bottom) detected by

the shadowgraph imaging during dissolution testing in the USP 4 FTA (CE1) in PB with 0% (left), 0.005%

(middle) and 0.05% (right) w/v Tween 20 at FR 16. O (black) — single particle size (left axis); * (green) —

average size (left axis); dots and line (red) — number of particle detections (Npd) (right axis).
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In PB with 0% w/v Tween 20 few particles were detected after the early timepoints.
This suggested minimal dispersal, correlating with the slowest observed dissolution
results for all masses in this medium. In PB with 0.005% w/v Tween 20, particles were
better dispersed and detected for longer. Results showed prolonged particle detection
at the lower flow rate. In PB with 0.05% w/v Tween 20 a high number of particle
detections were observed at early time points, which correlated with the very rapid
dissolution in this medium. High particle detections (first 5 min) suggested better
particle dispersal in this medium compared to PB with 0% w/v or 0.005% Tween 20.
Particles were detected for a slightly longer time in PB 0.05% Tween 20 when the mass
used for dissolution was increased, like the results in PB 0.005% w/v Tween 20. These
observations supported the hypothesis of increased dispersal resulting in a higher
dissolution rate in this medium, with mass present in the test cell influencing the

observed trends without a major change of the solubility.
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3.3.1.3.  Application of SGI analysis to characterize the dissolution of

different crystal forms of ibuprofen — plates and needles

Ibu-pl-S and Ibu-nd-S were observed by optical light microscopy at room
temperature, which revealed two crystal shapes — plates and needles for Ibu-pl and

Ibu-nd, respectively (Figure 3.3).

The same mass (20 mg) of sieved (lbu-pl-S, Ibu-nd-S) and un-sieved (lbu-nd)
ibuprofen was used in dissolution testing. Results from the dissolution tests in the USP
4 FTA CE7 are presented in Figure 3.4. Results from the dissolution tests in USP 4 FTA
CE1 are presented in the Appendix 2. Dissolution results showed similar trends and
dissolution rates in both (CE1 and CE7) set ups, apart from a lower dissolution rate of
Ibu-nd-S in the CE1 at the lower FR. The SGI results relating to the dissolution profiles
in the USP 4 FTA CE1 are presented in Figure 3.5. The two sieved fractions showed
faster dissolution rate than the un-sieved fraction of Ibu-nd. This suggested an effect of
the particle size on the dissolution process. Particle size analysis of the un-sieved
ibuprofen particles showed size distribution of Dv10 = 42.94 um, Dv50 = 162.50 um,
Dv90 = 542.97 um, while the sieved fractions had particle size ranging from 100 to 306
pum. The presence of larger or smaller particles could affect the particle dispersal and
thus SGI detections. Heavier particles would settle on the bottom of the cell (under the
imaging window) while lighter particles would move above the imaging window and
thus, they would not be detected. In the sieved fractions, more particles potentially fall
into the SGI detectable size range for these conditions and may be present in the
detection window for longer at the higher flow rate. However, particle size analysis
based on laser diffraction could be performed with the sieved fractions to determine
differences and similarities between them and the un-sieved fractions and thus, to
evaluate the potential impact of sieving on the dissolution studies. Several studies
discuss the crystal habit of ibuprofen crystallized in different polar and non-polar
solvents by using CCM, a solvent-evaporation method or anti-solvent crystallization
method.[35], [93], [213] Both Khan et al. and Rasenack et al. reported the effect of the
solvent polarity on the crystal shape.[35], [213] They showed that more polar solvents,

such as methanol, form more regular shaped crystals (spherical, cubic) and less polar
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solvents like acetone and hexane — form more elongated crystals (needles). Garekani
et al. found that the needle-shaped crystals demonstrated worse flowability and
compressibility compared to plate-like crystals.[93] On the other hand, Rasenack et al.
observed that there was no significant difference in the dissolution profiles of both
crystal habits.[35] In the current work, Ibu-pl-S shows the highest number of
detections in the first 20 min of each test and the fastest dissolution rate when all
other conditions were the same. The dissolution results suggest agreement with other
publications[35], [93], [213] where a more regular crystal shape increases the

dissolution rate.

Figure 3.3: Microscopic images of Ibu pl (top) and Ibu nd (bottom) at 20X magnification.
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Figure 3.4: Dissolution profiles of Ibu pl S (squares, 1), Ibu nd S (triangles, A) and Ibu nd (circles,
0) in the FTA CE7, test cell 22.6 mm diameter at FR 8 (white) and 16 (black) mL/min. Medium:
phosphate buffer with 0.005% Tween 20, pH 6.8.
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Figure 3.5: Number of particle detections (Npd), particle diameter distribution (dp) and average
diameter (green star) of Ibu pl S, Ibu nd S and Ibu nd, 20 mg detected by the shadowgraph
imaging during dissolution testing in the FTA (CE1) in PB 0.005% w/v Tween 20 at FR 8 and 16
mlL/min. O (black) — single particle size (left axis); * (green) — average size (left axis); dots and

line (red) — number of particle detections (Npd) (right axis).
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Apart from the crystal habit, another hypothesis that could explain the differences
between the dissolution profiles of Ibu-pl and Ibu-nd observed in the current work was
a difference in their agglomeration tendency. Manual analysis of the videos resulted in
agglomerates being found for all ibuprofen fractions (Figure 3.6). Groups of 2 or more
particles moving together during the dissolution were visible at early time points for
Ibu-pl-S (< 15 minutes) and even at later time points (> 40 minutes) for Ibu-nd-S. The
presence of agglomerates at later time points suggested that a smaller surface area
was exposed to the medium, which could slow the dissolution. Ibu-nd (needle-shape
crystals) were found to form agglomerates of particles attached at their tips,
frequently with a specific “V” shape. The difference in the formed agglomerates may
also contribute to the lower dissolution rate observed for Ibu-nd (both sieved and
un-sieved) compared to lbu-pl-S. The particles included in the Ibu-pl-S agglomerates
looked smaller and dissolved faster (they were not observed in images from later time
points). Maghsoodi et al. also reported a negative impact of agglomerates formation
during dissolution of ibuprofen-PVP co-crystals in comparison with the pure API.[203]
In the current work, the negative effect of the agglomerate formation could be
suggested by the slower dissolution profile of Ibu-nd-S compared to the lbu-pl-S,

especially at the higher FR (Figure 3.4).
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Ibu-pl-S

Figure 3.6: Examples of ibuprofen agglomerates found by the SGI during dissolution testing

Ibu-nd-S

Ibu-nd

(USP 4 FTA) in PB. The red circle surrounding the particle is produced after image analysis in

Matlab™ and shows the particle diameter in micrometres (red number).

Imaging could be used to observe agglomerations occurring during dissolution
testing, but processes like manual recording of occurrence time for example, could
result in a slow, tedious task, especially for long or multiple recordings. Therefore, the
SGI could be used for further data processing. Development of an automated method
for agglomerate detection could reduce the time required for manual analysis. The
following section presents an approach to develop an automated computational
model able to compare parameters characterising agglomerates, supporting

automated image-based agglomeration detection.
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3.3.2.  Agglomeration Identification Method (AIM)

development

The AIM was developed in 4 main steps, as described in the Methods section.

Step 1, Reference Image Data Set: Manual observation of the videos from Ibu-pl-S
and Ibu-nd-S (150 frames per video) revealed up to 30 agglomerates in each video (5 —
20% of all detections per video), with many of the agglomerates present in multiple
successive frames, equivalent to approximately 100 — 150 potential agglomerate

detections.

Step 2, Performance Evaluation (Sensitivity): The combined criterion with exact size
(> 300 um) and solidity (< 85%) values, was successful in flagging only agglomerates
with a large size and low solidity, typical for Ibu-nd-S, e.g., with a “V” shape (Figure
3.6). In contrast, when the size criterion was set above the mean diameter for the
current test set, it resulted in many false positive signals being generated. A very low
solidity criterion (< 10% — < 30%), failed to detect most of the agglomerates. The
average solidity for Ibu-pl-S was calculated to be > 90%; hence higher solidity cut-off
criteria (i.e., Solidity < 96% or Solidity < Pr75) were more successful. The three best
performing combinations that captured all agglomerates were 1) Diameter > Mean /
Solidity < 96%; 2) Diameter > Pr75 / Solidity < 96% and 3) Diameter > Pr75 / Solidity <
Pr75 as they captured all agglomerates present in the test videos. The combination of
Diameter > Mean and Solidity < 96% flagged even small agglomerates, which were
missed by other tested criteria combinations. However, a high solidity criterion
(Solidity < 96% or Solidity < Pr75) potentially includes many single particles due to the
high cut-off value. A high solidity criterion used in combination with a low size criterion
(Mean diameter) leads to a high number of detections and many false positive results
(up to 45%). When plotted, these overlapping flags, representing agglomeration signals
(upper green stars in Figure 3.7), make it difficult to distinguish true from false signals.
An important feature for both manual observation and automated detection is the
number of particles per video. Videos with many particles are challenging due to

particles overlapping with each other on the frame; thus the system can count them as
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one bigger particle (agglomerate).[214] On the other hand, when percentiles are used

as the detection criteria, there will always be false positive results with low particle

numbers as, by definition, some particles must meet the agglomerate detection

criteria, even if they are individual particles. In that case, if the solidity of these single

particles is below the chosen limit they would be falsely classified as agglomerates. For

this data set 10 — 20 particles per frame was the optimal particle number — sufficient

for manual agglomerate identification to be feasible along with low detection system

errors.
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Figure 3.7: Sample particle and agglomerate detections from a 15 s video, external validation.

Particle detections (black dots), particle detections that meet the size criteria (blue circles), a

“pattern” — series of particle detections representing agglomerates, particle detections that

meet the solidity criteria (red triangles), signals indicating timepoints when both specified

criteria have been met (green stars at 1 (top of image)) and signals when only one criterion is

met (green stars at 0 (bottom of image)), and agglomerates observed in the video at signalled

time points with the detected diameter in um (red circle and number on the grey image).
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Step 3, Refined Performance Evaluation (Specificity): The three successful
combination criteria from step 2 (highlighted in Table 2.3) were tested on a dataset
from lbu-nd. They were assessed on 1) whether they were able to capture all known
agglomerates and 2) the percentage of false positive signals. The results from
Diameter > Pr75/ Solidity < 96% and Diameter > Pr75/ Solidity < Pr75 were similar as
the top 25 percentile solidity were in the range of 94 — 97%. Based on the generated
false positive signals, the best performing combination criterion was Diameter > Pr75/
Solidity < Pr75, with 5 — 12% false positive signals. Diameter > Pr75/ Solidity < 96%
showed 10 — 20% false positives and Diameter > Mean and Solidity < 96%, above 20%.
For one of the datasets 3 agglomerates were missed by all tested combinations due to
their small size (< 150 um), which was near the average particle size for the current

dataset.

Step 4, External Validation: This step involved external validation of AIM based on
new lbu-nd dissolution data. Videos were manually observed, and a reference
agglomeration record was created. The combined Diameter > Pr75/ Solidity < Pr75
criterion successfully captured all agglomerates, except for 3 particles with size < 150
um (particle size below the 75™ percentile for the dataset). Agglomerates with certain
characteristics (e.g. small size) were rarely undetected with this method, however, this
should be considered for method development in other systems if such agglomerates
might be more likely to occur. False positive results were calculated in cases when
particle detections were 150 — 170 per video and the generated signals were < 30. The

false signals were < 10%, which correlates well with the false rate observed in step 3.

The false positive results were observed when detections were < 25 or an air bubble
passed through the test cell. Air bubbles could be easily recognized during manual
video observation due to their specific characteristics — a dark edge and a bright
centre. They move faster than the particles and only upward through the test cell.
Agglomerates on the other hand have an irregular shape. Examples are shown in
Figure 3.6. Three AIM features can be used to confirm the presence of agglomerates —
a raised flag (top green stars in Figure 3.7), a drop in the solidity (red triangles, Figure
3.7), and a “pattern” formed by the agglomerate. The pattern is a line of detections of

a similar size as the agglomerate moves through the successive frames.
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Other similar work in this field has considered the use of an automated data
analysis tool for qualitative analysis or object detection and characterization during
crystallization and it has been suggested that a similar optical analysis could be of
significant importance for digital design approaches and could find many applications
in early process development.[106], [145], [215] A broad variety of imaging techniques
has been used in order to investigate particle size, shape and behaviour over the last
20 vyears.[64], [106], [129], [145], [160], [216] Imaging methods such as SGI and
microscopy[217] can give more information when comparing different dissolution
conditions and/or time points. There are several advantages of imaging methods
compared with traditional analytical methods such as UV and HPLC.[217] Imaging does
not require sample preparation, expensive equipment or handling chemical
substances. Digital recordings of the experiments can be stored and analysed at a later
time without a risk of chemical degradation or reaction. The only considerations are

the storage space and processing power needed.

As presented in this work, SGI of the dissolution process could be used for dynamic
imaging and does not require a probe, which makes it a suitable imaging technique to
be used in combination with the USP 4 FTA to give extra visual information about
particle behaviour during dissolution testing. By using video post-processing analysis
important features were extracted from the videos in real time such as, but not limited
to, number of detections and size. The insight provided by SGI (and AIM) is useful to
explain differences in dissolution profiles obtained when different medium
compositions were used. Furthermore, the appearance of unwanted phenomena such
as air bubbles and agglomerates can be detected. SGI could be used for in-line, real
time measurements and image analysis in routine quality control testing. It could
reduce the need for acquisition of physical samples and thus reduce the time required
for off-line sample analysis. Furthermore, an automated method like AIM could be
useful for identifying suitable frames to create a training image database while
eliminating the lengthy manual image identification steps described in Chapter 2,
section 2.2.2.2.1. It is possible for AIM to be included as a pre-step into an Al-based
classification model for image-based event detection such as particle detection during

crystallization, detection of bubbles or precipitation formations. The same video
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acquisition set-up was used to capture precipitation events and for quantitative and
qualitative dissolution characterization described in detail in Chapter 4. In this case, of
a frame-by-frame investigation, rather than particulate classification. Furthermore,
both SGI and AIM can be used to give insight about differences into deviating results or
used to confirm similar particulate behaviour in routine testing. As the AIM
methodology is newly developed, further development and validation would be
needed to prove its applicability in different situations, such as more complex systems
or different agglomeration tendency. However, results presented in this work show

undeniable potential that this technology could provide in a routine quality control set

up.

A limitation of the SGI that should be noted is the single dissolution (CE1) test
set-up. All dissolutions were done in parallel in the USP 4 FTA CE1 (single dissolution)
and CE7 (triplicate). In future developing SGI for use directly with the CE7 would be
beneficial. A further notable point is that SGI was found to be useful for investigation
of particle dispersion, however, a sufficient drug mass is needed to investigate particle
dispersion, as illustrated with the SGI results from the 4 mg dissolution tests in Figure

3.2 A and B (top).

3.4. Conclusion

SGI shows potential to be used as a real time monitoring tool during dissolution
testing. It was able to give information about particle size and dispersal in the test cell.
It was found that SGI is useful for characterisation of particle dispersion when a
sufficient mass is used, and it has less value in characterising rapid dissolution. A high
number of early detections corresponded to faster dissolution, and prolonged
detection corresponded to slower dissolution especially with a higher mass of
un-sieved particles. Addition of surfactant to the medium increased the dissolution
rate (with a minimal change in solubility) and visibly improved particle dispersion

observed in multiple SGI output graphs, which suggests better particle wetting. SGI
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was therefore useful to interrogate the interplay of FR, mass, surfactant addition and
crystal habit. Certain phenomena were observed, such as agglomerates found in all
tests, which established the need for an automated online method for agglomeration

identification (AIM) to be developed.

The AIM was able to accurately indicate the presence of agglomerates during
dissolution. The most successful AIM criterion was a flexible combination of particle
diameter and solidity (Diameter > Pr75 / Solidity < Pr75). Challenges include robust
method development in the presence of very large/small number of particles, choice
of parameters to describe agglomerates and suitable criteria cut-off parameters. A
combination of signals, detection patterns and overall particle detections should be
considered during AIM development and application. Specific AIM characteristics could

be used to create an imaging training set for further ANN processing.
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Chapter 4: Application of an Al image analysis
and classification approach to characterise
dissolution and precipitation events in the flow

through apparatus

Results, discussion, and conclusions presented in this Chapter have been published
in: Taseva A.R., Persoons T., D'Arcy D.M. (2023) Application of an Al image analysis and
classification approach to characterise dissolution and precipitation events in the flow
through apparatus. Eur J Pharm Biopharm. 2023 Aug;, 189:36-47. doi:
10.1016/j.ejpb.2023.04.020

4.1. Introduction

Imaging and artificial intelligence (Al) approaches have been used with increasing
frequency in pharmaceutical industry in recent years. Characterisation of processes
such as drug dissolution and precipitation are vital in quality control testing and drug
manufacturing. To support existing techniques like in vitro dissolution testing, novel

PATs can give an insight into these processes.

From 2010 onwards up to this point, imaging technologies have been more
frequently applied in pharmaceutical development. Phenomena such as crystal growth
[96], [106], [107], particle sizing and object recognition [1], [108] and a single particle
dissolution [105] were well described. In a flow-through set up, UV imaging was used
to characterize in vitro drug dissolution, release and precipitation [114]-[116]. Imaging
can be used as a real time monitoring tool to give extra visual information about the
product or the process under investigation, it has the potential to speed up discovery

processes and to support decision-making [8], [119], [171].
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After the success of Amazon’s Alexa™, Apple’s Siri™ and ChatGPT™, recently, Al
tools started emerging also into pharmaceutical research promising faster and more
efficient data analysis. In this Chapter, a simple Al convolutional neural network (CNN)
available in Matlab™ was used as a base to develop and validate an image-based
anomaly classification model able to detect events occurring during dissolution and
precipitation processes in a flow-through dissolution cell. The aim of this Chapter was
to modify the existing model and explore its potential to identify features related to
dissolution and precipitation such as plume or particles present in the test cell and to
investigate its ability to characterise a dissolution process qualitatively and

quantitatively over time.

4.2. Materials and methods

All materials used to conduct the work presented in this Chapter were described in
Chapter 2 (Materials and methods). Dissolution and precipitation media were
prepared according to section 2.2.1.1. (Media preparation). Dissolution and
precipitation experiments are explained in detail in sections 2.2.1.3.1. (Dissolution in
the USP 4 FTA) and 2.2.1.4.1. (Precipitation in the USP 4 FTA). An overview of the
original Al model is presented in section 2.2.2.2.1. (One-class anomaly detection model
overview). The APl method development and validation is described in section

2.2.2.2.2. (Model development and validation — API).

4.3. Results and discussion

4.3.1. Precipitation experiments

As detailed in Table 2.2, all conditions with ibuprofen resulted in plume formation
immediately after the medium change. The precipitation conditions in the case where

ibuprofen was dissolved in the test cell rather than using a prepared solution resulted
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in faster particulate formation, notable in the first minutes of the medium change. A
possible reason is the presence of small particles under the camera detection limit,
which grew faster or the presence of particles outside of the imaging window. The
imaging window focuses on a small part in the centre of the test cell, thus events
occurring at the bottom above the glass beads or at the top (near the filter) of the cell
could be missed. It is possible that a single particle re-formation occurred earlier than
it was observed, but that the plume formed in the test cell interfered with its
detection. No plume or particles were observed from the control, hence all plume and
particle formations in the other experiments are from ibuprofen precipitation. In
summary, both approaches of conducting a dissolution test or using a previously
prepared ibuprofen solution before inducing precipitation enabled sufficient

visualisation of particulates, which formed at earlier or later time points, respectively.

4.3.2. Dissolution experiment

The dissolution profile is shown in Figure 4.1. For the dissolution-based training,
images from the 6™ minute (17.7% drug dissolved) were classified as anomalous
images and images from the 120" minute (100% drug dissolved) were classified as
“normal” images. The 7 test points (2"9, 15t, 40t, 50t, 60t™, 80™ and 100" minute)
were chosen to describe the dissolution profile. The second minute represents the
beginning of the test where 3% drug is dissolved and many particles are visible in every
frame. At the 15" minute (40% drug dissolved) particles are still present in each frame,
however, they are fewer in number and smaller in size compared with the 2" minute.
The 3 middle time points of the dissolution (40t™, 50t and 60" minute where 68%, 74%
and 80% drug is dissolved respectively) were chosen to challenge the system by
containing very few particles in approximately 15% of the frames. The 40" minute data
set was even more challenging as air bubbles found in the test cell water jacket were
visible in the background and confused the system. The final 2 time points (80" and
100" minute) were chosen to mark the end of the dissolution process (93% and 100%

drug dissolved respectively). There were only empty frames representing the solution
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formed after the drug is dissolved or almost fully dissolved when any remaining
particles are no longer visible. The 80™ minute data set was chosen to challenge the
system when particles are not present in the test cell, but a similar interference as in

the 40" minute was present (air bubbles on the external water jacket).
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Figure 4.1: Dissolution profile of 20 mg ibuprofen in PB 0.005% w/v Tween 20 at FR 16 mL/min

4.3.3. Model validation and event detection

4.3.3.1.  Training reliability

During the double-anomaly precipitation-based test step, 32 empty images, 118
plume images and 85 particle images were used. When dissolution-based test sets

were performed the plume and particle images were replaced by 133 dissolution test

images.

During the dissolution-based tests in which 120" minute image data set was used as
a reference (“normal”), 50 empty and 133 anomalous images were used. The changed

number of frames is noted when the accuracy for each test is calculated.

The ten independent precipitation-based model trainings showed an average

accuracy of 97%. All false negative results (example Figure 4.2) were of images where
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particles were actually detected, as is evident from the heatmap. However, the
heatmap score did not reach the anomaly threshold and they were misclassified as
empty. In all tests the misclassified images were images containing particles except for
one, where 11 images with a plume and only 3 with particles were missed (Figure 4.2).
Even the results from the worst performing training of the system resulted in an

accuracy above 91%.

Figure 4.2: Misclassified images (top row, 3 images on the left with particles and the remaining
11 images with plume) after the training of the model. Original images (left) 225 x 225 pixels
representing an imaging window of 5 x 7 mm of the dissolution test cell and the same images

with heat map applied (right).

4.3.3.2.  Trained model repeatability

The system ability to provide repeatable results was tested by using the best
performing pre-trained model (100% accuracy during precipitation-based training) to
run 10 tests on the same precipitation-based image data set. The average accuracy of
the tests was again 97%. Furthermore, even the test with the lowest performance
(Figure 4.3) showed an accuracy above 94%. Thus, the system showed repeatability
and high accuracy irrespective of the model used (direct training and test or

pre-trained model) for the precipitation-based data.
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Figure 4.3: False negative results from the worst performing test when the pre trained file was
used. Accuracy of the test was > 94%. Original images (left) 225 x 225 pixels representing an
imaging window of 5 x 7 mm of the dissolution test cell and the same images with heat map

applied (right).

4.3.3.3.  Trained model sensitivity test

To test the model sensitivity the best performing precipitation-based pre-trained
model described in the previous section was tested to classify only one type of
anomaly. The results were compared with tests from the 2 single-anomaly
precipitation-based trained models. All 3 pre-trained models showed high accuracy
(Table 4.1). Furthermore, the accuracy of the system was consistently high over 10
tests with each model after single-anomaly trainings and the combined training (plume
and particles) were completed (Table 4.1). The results from the tests conducted after
single-anomaly trainings were similar to those generated by using the pre-trained
double-anomaly model (accuracy > 91%). The test accuracy when only images with
particles were used was the same for either combined or separate training. When
images with a plume were tested separately the accuracy of the model was lower
compared with the training where both plume and particle containing images were

used. The combined double-anomaly training showed better detecting ability in both

80



test conditions. The presence of small anomalies like re-formed particles on the edge
of the camera detection limit were beneficial to create a sensitive model with low ATS.
This way the system successfully detects changes in the test cell that might be missed

from a less sensitive model, e.qg., single-anomaly plume training.

The system variability is dependent on the images pulled for training and testing.
Even when a pre-trained mode is used, the system pulls a minimum of 45 random
images for calibration (when only 1 anomaly type is used) and based on them, an
anomaly threshold is calculated for each test. This way the bias of specifically chosen
calibration/training images is reduced without compromising with the accuracy of the

model.

The self-re-adjusting of the parameters in the hidden loops of the CNN during
training successfully created a very high accuracy model which could be used not only
for its original purpose (tablet anomaly detection) but, with judicious use of training
images, it could also be transferred to a different area of drug development. The
precipitation-based data set shows potential to identify anomalous images (plume or
particle) indicating that the precipitation process has or has not occurred.
Furthermore, the system was able to detect early (plume formation (Figure 2.8 B)) and
also late (particle re-formation (Figure 2.8 C)) stages of the process. The sensitivity test
results illustrate the potential for flexibility in applying further training to an initial
trained model to detect different events (in this case plume vs particle) in the

dissolution test cell.
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Table 4.1: Comparison of the model accuracy with single- and double-anomaly training and
performance when only one type of anomaly is tested with both pre-trained (single-/

double-anomaly) models.

Training with Training
two types of Training Empty Empty vs.
anomalies vs. Plume Particles
Model accuracy from
the training: 100.00% 98.00% 94.00%
Tested anomaly type: Model performance: average accuracy after 10 tests
Plume 95.00% 91.67% -
Particles 97.87% - 97.00%

4.3.3.4.  Effect of image size on model accuracy and training time

Comparisons of model sensitivity to image size are presented in Table 4.2. The
accuracy of the model was not affected by the image size as the % accuracy was above
98% in all tested sets; the time for training, however, was notably different. Small
image sizes were processed much faster than higher resolution images. The smallest
image set (150x150 pixels) was processed approximately 10 times faster than the
largest set (450x450 pixels) (24 minutes vs 5 hours respectively). The training time is
highly affected by the computational power available. If more powerful computational
resources are available, the time could be minimized and/or higher quality images
could be processed. On the other hand, the model is highly accurate even at lower
resolution. It can be concluded that the intermediate size used (225x225 pixels) is

adequate for the current work.
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Table 4.2: Effect of image size on model training.

Image size Total Accuracy Number of | Misclassified as
(pixels) training (%) misclassified | empty/anomaly
time (h) images
150x150 00:24:02 98.3 4 Empty
225x225 01:02:18 100.0 0 N/A
255x255 01:10:09 100.0 0 N/A
450x450 05:34:32 99.1 2 Empty

4.3.3.5.  Characterization of events during dissolution testing

When the dissolution-based model built using the dissolution-based image data set,
was used to test the dissolution test images, the resulting accuracy was 96%. These
results could be compared with the accuracy of the precipitation-based model, which

was 100%, when tested on precipitation-based image data set.

In terms of the application of both models to the dissolution test images, the ATS
value varies depending on the pre-trained model used. It was found that the
precipitation-based model has ATS values of 0.13 — 0.87 and the dissolution-based
model ATS values of 0.29 — 1.38. Four of the dissolution test image sets (40, 60, 80t
and 100t minute) were found challenging for the models and thus they were tested in

triplicate.

The dissolution-based model was 100% accurate for data from the 2" and 100t
minute, where all images contained either numerous particles or no particles,
respectively. The 15" min image data set was challenging for the dissolution-trained
model due to a high calculated ATS value (0.53). Although the particles were still
present in the test cell, they were more difficult to detect because much of the

dissolution had progressed (40% dissolved drug), thus the particles were smaller and
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their colour was similar to the background, which requires a sensitive model with a
lower ATS value. In contrast, the precipitation-based model was 100% accurate in
classifying test sets where particles were present in all images (2" and 15™ min) and
less accurate when all frames were empty (100™ min). When the calculated ATS value
was close to that for the normal (no particles) image set (0 — 0.1), part or all frames

were misclassified.

The ATS value is critical for the model accuracy. It is based on random images from
the calibration data set used. In the case when the images in the calibration set are not
precisely chosen to give an ATS value in a certain range, it could result in weak model
performance. Even though the dissolution-based model did not classify all images from
the 15™ minute as anomalous, the accuracy was only 60%. On the other hand, the ATS
calculated based on the precipitation data set was 0.26 — an ATS value low enough to

inaccurately classify all images as anomalous, i.e., images with particles.

The 50" min data set contains frames with a single particle in them and frames
without particles. All images were classified with sufficient accuracy with both models
(dissolution- or precipitation-based). The dissolution-based model misclassified only 3
images (accuracy 98%), while the precipitation-based model had 100% accuracy. The
60™ minute data set was classified by the dissolution-based model with consistent high
accuracy (85%) each time and the same number of false negative frames despite the
ATS value range (0.29 — 1.18). The precipitation-based model showed lower accuracy
when the ATS value was closer to that calculated from image sets with empty frames
(0.16), and higher accuracy than the dissolution-based model when the ATS value was
higher (0.8). It was found that for the dissolution-based model it is easier to detect a
single particle in a set with many empty frames than many small/pale particles present

in multiple frames (15" minute).

The most challenging were the 40" and 80" minute data sets. The 40™ minute data
set contained 21 frames with a single particle in the frame and an interference on the
background of all images caused by the appearance of air bubbles in the water jacket
surrounding the test cell. The precipitation-based model showed more false positive
results, while the dissolution-based model showed more false negatives (Table 4.3).

Although the dissolution-based model showed higher (above 1) ATS values in 2 out of
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3 cases and it misclassified some of the frames with particulates (false negative), it has
higher accuracy rate compared with the precipitation-based model which was too
sensitive to the background change (bubble interference). The precipitation-based
image set contains smaller particles (formed post-precipitation) compared with the
dissolution image set. Re-formed particles captured in the test cell during the
precipitation process have a size nearer to the detection limit of the camera (10 — 20
um), while pre-dissolved particles captured early in the dissolution study have a
median size of 162 pum (Chapter 3, section 3.3.1.3). In the 80™ minute data set all
frames were empty, however the interference from bubbles on the water jacket was
so strong that both models misclassified all images. Overall, based on the results
presented in Table 4.3, the dissolution-based model showed higher accuracy. Although
it misclassified some of the frames from the 15" minute data set, the system was able
to suggest that the dissolution process was still ongoing at this time. On the other
hand, when it comes to event-detection, the precipitation-based model showed higher
sensitivity, showing potential to capture events (even small particles) when they

appear in a frame.

The system’s ability to quantitatively characterise a continuous process such as
particle dissolution was explored by a comparison between the dissolution profile and
the percentage frames without an anomaly predicted from both models and is
presented in Figure 4.4. In the beginning of the dissolution test (2" minute) both
models showed 0 frames without particles, i.e., particles were present in all frames
and at late time points (100" minute) when the dissolution test was over and particles
were not present in the test cell, both models showed 100% empty frames. The
precipitation-based model, while more accurate in identifying the presence of any
particles (15™ minute) was not descriptive enough to acknowledge the progression of
the dissolution process, i.e., the 0% frames without particles suggest that there are
particles present in the test cell but cannot account for the change in their size or
number, and therefore the progression of dissolution (40% dissolved drug). It
underpredicted the dissolution process by suggesting more frames containing particles
(false positive) even at later time points (40™ minute) (Table 4.3, Figure 4.4 A). On the

other hand, the false negative results from the dissolution-based model (15" minute)
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overpredicted the dissolution rate by suggesting more frames without particles (>
50%) (Table 4.3) while they were still present in earlier time points. However, what
presents as a reduced accuracy in particle detection from the dissolution-based model
(60% accuracy at 15™ minute) in fact represents the model essentially ignoring some
smaller particles and classifying those frames as empty. The suggested 56% frames
without particles from the dissolution-based model represent better the dissolution
process at the 15" minute where 40% of the drug is dissolved, than the 0% empty
frames detected by the precipitation-based model (Figure 4.4 B). The
dissolution-based model therefore shows potential to be adapted for quantitative
characterization of in vitro dissolution testing. The problematic interference from
extraneous bubbles in the water jacket at the 80™ minute rendering both models
inaccurate at this point, points to a need to both understand the potential sources of
image interference and ideally to include such interferences in model training, such
that the classification accuracy will not be affected during testing. As the duration of a
dissolution test can frequently extend beyond the 2 hours’ time frame required in the
current work, the likelihood of the presence of interfering factors at later time points
in the dissolution test (air bubbles, precipitates, impurities) should be considered to

ensure model training can account for any trends in such interferences.
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Table 4.3: Pre trained model accuracy; Dissolution diagnostics based on the precipitation- and dissolution based pre trained models used. The tests
used in Figure 2.6: Image pathway for validation and training and assessing ability to detect precipitation events (A) and image pathway used for
dissolution testing analysis (B). A: The image data set could contain dissolution or precipitation images irrespective of the performed training. B: Image
data set 1 could contain dissolution or precipitation images allocated for training and calibration before testing, while image data set 2 contains only

dissolution images for testing. Figure 2.6 A and B for comparison with the dissolution profile are highlighted.

Type of
Precipitation-based Dissolution-based
training
Training
100% 96%
accuracy
Frames Frames
; ; Misclassified
Dissolution Accuracy Misclassified without Accuracy ) without
image data ATS _ nomal ATS Images nomal
(%) images (%) anomaly (%) anomaly
set (%)
(%) (%)
2 100 0.69 0 0 100 1.38 0 0
15 100 0.26 0 0 59 0.53 56 (false negative) 56
40 32 0.50 85 (false positive) 0 90 1.18 14 (false negative) 99
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33 0.82 85 (false positive) 3 90 1.18 15 (false negative) 99
34 0.80 82 (false positive) 3 97 0.53 6 (false negative) 92
50 100 0.87 0 86 98 0.53 | 0.3 (false negative) 89
92 0.80 | 10.5 (false negative) 89 85 0.29 20 (false negative) 98
60 36 0.16 79 (false positive) 0 85 1.18 21 (false negative) 100
87 0.69 16.5 (false positive) 60 85 0.53 21 (false negative) 98
19 0.16 100 (false positive) 0 27 0.53 100 (false positive) 0
80 19 0.69 100 (false positive) 0 27 0.53 100 (false positive) 0
19 0.17 100 (false positive) 0 27 0.53 100 (false positive) 0
100 0.80 0 100 100 0.53 0 100
100 70 0.50 38 (false positive) 62 100 0.53 0 100
0 0.13 100 (false positive) 0 100 0.53 0 100
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An Al method for quantitative analysis of a drug release process has been
presented, where an Al-based image segmentation and quantitative analysis was used
to predict the in vitro drug release performance of long-acting parenteral implants
[132]. Their model prediction was in a good agreement with the experimental results
(5% and 10% differences for medium and low drug loading implants, respectively). In
this current work, the Al classification system successfully detected three main stages
of the dissolution process: 1) beginning of the dissolution when many particles are
present in the frames, 2) ongoing dissolution when particles are still evident in the test
cell but a number of predicted empty frames appear, and 3) end of the dissolution
when the drug is dissolved, and all frames are “empty”. A disadvantage of the method
that should be considered is that the imaging window does not represent the volume
of the whole test cell. There are parts that are not visible to the system, thus presence
or absence of particles could not be confirmed. This limitation could be overcome by
multiple camera use (3D imaging) [107]; this particular approach was used to
characterize a single dissolution profile. Although this could be considered a limitation
of the method, the model showed high accuracy and has a potential to be applied to
other dissolution tests conducted under different conditions, e.g., to test different
drug masses, formulation, medium composition, flow rates or to investigate other
processes like crystal growth or aggregation. Further training with a careful selection of
training and calibration images could be used to improve the discriminatory power of
the method and to provide a better correlation between the percent empty frames
and the dissolution profile. Notwithstanding these potential improvements, the
trade-off between improved accuracy and resources in terms of computational space

and time for image data set creation is also a core consideration.

The precipitation-based model although more accurate than the dissolution-based
model at 15" minute of the test, shows poor performance classifying the images from
the 40" minute data set (30% accuracy) due to oversensitivity of the model. However,
this model sensitivity contributed to the accurate event detection by the model (early
and late stages of precipitation). Knowledge of image characteristics relating to
different events (e.g. particles or plume) in combination with a sensitive model like the

precipitation-based model presented in this work could be transferred for detection of
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other events or parameters where a slight change in the product could be of crucial
importance, e.g., product stability [64] or powder consistency [168]. The transfer
learning technique gives many opportunities to use available models trained for a
different purpose to solve new, yet similar, problems in another field [199]. This
facilitates application of detailed ML approaches across different disciplines, though a

thorough validation approach should be employed.

Nowadays, imaging and NNs find application as monitoring and control tools in
continuous upstream processes, such as synthesis and crystallization [172], in many
downstream processes such as drug powder blending [168], granulation [119], [172]
and tabletting [205], [218]; and for investigation of the final product, e.g., during
dissolution and release testing [115], [166]. A recently developed CNN system which
detects tablet anomalies from x-ray microcomputed tomography images showed high
accuracy (94%) and could be rapidly adapted to detect inner defects in other solid
dosage form products [219]. According to the authors, this approach could be used for
large-scale manufacturing inspection by being time and cost efficient [219]. Mészaros
et al. focused their work on development and application of PAT UV/VIS imaging-based
classification model using pattern recognition NN for qualitative and quantitative
particle size assessment in intact tablets [216]. Their machine vision model showed
greater than 97% accuracy when applied to different particle sizes of an API. It was
found that the use of Al systems reduces experimental time and could be applied in
different areas of pharmaceutical industry in order to increase productivity, efficiency
and quality of the processes [192], [220]. Furthermore, sophisticated image analysis is
being used in novel approaches to solubility testing in a flow-through set up by using

machine vision to recognize particles and track their morphology [221].

According to a recent review the emerging interest and application of Al in many
areas of pharmaceutical development urges regulatory agencies to propose guidelines
and recommendations for good practices with which to address the use of Al
algorithms and their classification as medical devices [222]. On the other hand, some
of the commercially available imaging systems used during dissolution testing already

provide cameras with Al software which can measure and evaluate physical
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parameters like paddle rotation speed (USP 2 paddle apparatus) but also enable

continuous video monitoring of the dissolution process.
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Figure 4.4: A: Dissolution profile (empty black squares) and % frames without anomalies from
the precipitation-based model (empty red rhombus) and the dissolution-based model (filled
black circles) vs time; B: Dissolution rate vs. % predicted frames without anomaly from the
precipitation-based model (empty red rhombus) and dissolution-based model (filled black
circles) tested on the dissolution test data sets collected at the 2™, 15 40%", 50" and 100"

minute of the dissolution test.

4.4. Conclusion

Dissolution and precipitation processes were examined by imaging techniques and
specific features for each process were determined. These features were used to
develop a highly accurate model for anomaly classification based on two types of
images (normal and anomalous) and tested on images representing early and late
stages of precipitation (plume or particle images, respectively). The system accuracy
and sensitivity were tested by using precipitation-based double- (plume and particle)
or single- (plume or particle) anomaly trained models to identify images with only one
type of anomaly. The double-anomaly trained model showed better sensitivity and
high accuracy classification (> 95%) due to calculation of a lower ATS value. The system

was also trained with two data sets based on precipitation or dissolution images;
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following this, the two datasets were tested to identify changes in the presented test

cell images during dissolution to characterise the dissolution process.

An automated classification method such as the one presented in this work, has
potential application to online dissolution test imaging. The model was found
descriptive enough to suggest beginning, middle and final stages of a dissolution
process and to identify the early and late stages of precipitation process (plume and
particle formation). Predictable interferences in the images such anomalous air
bubbles in the water jacket affected model accuracy. Carefully curated training and
calibration sets, incorporating the potential to distinguish between relevant events and
predictable interferences, could provide a sensitive and accurate pre-trained model
able to detect events occurring in the FTA test cell. Due to the limited possibilities for
image acquisition in the FTA (closed system without option to insert a probe) the use
of an Al system providing image processing and/or image-based classification can
provide insight to the dissolution process. However, the benefits of increasing model
accuracy need to be considered in the context of the increase in computational and
time resources required for acquisition and classification of images and for system

training.

There is potential for the classification system to be used to characterise the stages
of dissolution and precipitation in the FTA test cell, and, as a proof of concept, the
current work demonstrates potential for deep machine learning image analysis to be

applied to kinetics of other pharmaceutical processes.
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Chapter 5: Application of an Al image analysis
to dissolution testing of paediatric oral
suspensions in the USP 4 flow-through
dissolution apparatus to explore the potential
to use imaging as a discriminatory analytical

tool for complex formulations

5.1. Introduction

Oral suspensions are a preferred dosage form for children as the drug product can
be precisely dosed and easily administered.[223] Furthermore, this formulation allows
taste masking, an important feature for the paediatric population, especially for bitter
drugs such as most painkillers. Challenges related to the dissolution testing of this type
of formulation include proper choice of apparatuses as well as media composition and
agitation rate, needed to ensure good discrimination. The most suitable ways to
perform dissolution testing of suspensions is a widely discussed topic in the
literature.[4], [81] Traditional dissolution testing is well accepted in pharmaceutics,
however, not everything that happen in the test cell/vessel can be explained based
only on a dissolution profile. Differences in the dissolution profile could appear due to
inconsistency of the formulation, presence/change of excipients, change in the API
manufacturing process, e.g., APl crystals produced by a different crystallization process
which results in a different API crystal habit.[35], [93] Dissolution testing used alone is
not able to describe phenomena such as viscous fingering, channel formation or
particle behaviour during dissolution. To provide a possible solution to some of the

challenges related to dissolution testing of suspensions, in this current work, the aims
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were to investigate the dissolution behaviour of oral paediatric suspensions, to apply
image and Al CNN analysis to quantitatively describe the dissolution process in the USP

4 FTA and to offer a tool for product discrimination.

5.2. Materials and methods

All materials used to conduct the work presented in this Chapter were described in
Chapter 2, section 2.1 (Materials). Dissolution medium used for dissolution was
phosphate buffer pH 6.8, section 2.2.1.1.1. Drug products were characterized by
testing their density, section 2.2.1.2.5 and viscosity, section 2.2.1.2.6, and by API
visualization using optical light microscopy, section 2.2.1.2.4. All dissolution tests were
performed in the USP 4 FTA CE7, section 2.2.1.3.1. Samples were analysed by
high-performance liquid chromatography (HPLC), section 2.2.1.5.2. Direct monitoring
and video acquisition during dissolution testing was done by using the SGI camera,
section 2.2.1.6.1. Images were further analysed by using an Al CNN analysis, section

2.2.2.2.3.

5.3.  Results and discussion

5.3.1. Dissolution in the USP 4 FTA

Dissolution profiles and the results from the two Al analysis approaches (%FwA and
%avgATS) from the dissolution test of N100/N200 in the large/small test cell are
presented in Figure 5.1. The related image sequences can be seen in Figure 5.2. Figure
5.3 and Figure 5.4 relate to the dissolution, Al analysis and images from the dissolution
testing of B100 and B200, respectively. N100 and N200 had a faster dissolution rate
(approximately 75 — 120 min needed for full dissolution) in comparison with B100 and
B200 (>120 min) in both test set ups, although the viscosity of N100 and N200 was 2 to

3 times higher than the viscosity of B100 and B200 at both room temperature and 37°C
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(Table 5.1). In all cases, the lower drug strength formulation had lower viscosity and
dissolved faster than the same brand higher strength formulation. All dissolution
profiles, apart from N200, show faster dissolution in the small cell compared to the
large cell. Only N200 dissolved slightly faster in the large cell, which is confirmed by the
images with particles visible for longer in the small cell (90 min) compared to the large

cell (75 min) (Figure 5.2).

Table 5.1: Viscosity of oral suspensions — Brupro and Nurofen.

Temperature N100 N200 B100 B200
(mPa.s/g/ml) | (mPa.s/g/ml) | (mPa.s/g/ml) | (mPa.s/g/ml)
20°C 118+ 8.5 179+4.9 457+15 49.4+0.3
37°C 83135 120+ 0.6 385+1.1 42.9+0.3

When investigated by light microscopy (Figure 5.5), all suspensions revealed
plate-like particles of ibuprofen, with smaller size for N100/200 and larger for
B100/200, which probably explains some differences in the dissolution rate of the
formulations. Another difference is the suspending agent used in the formulations. In
N100 and N200 the suspending agent was hydroxypropyl methyl cellulose, while in
B100 and B200 sorbitol solution and propylene glycol were used. The combination of
sorbitol/propylene glycol results in a lower viscosity, but slower formulation dispersal
under current test conditions. Traces of the suspension matrix are evident up to 270
min of the dissolution of B100/B200 in the large test cell (Figure 5.4). In the case of
N100/N200 neither particles nor matrix components are evident after 90 min of the
test regardless of the cell used (Figure 5.3). Spots visible at the end of most tests, e.g.,
Figure 5.3 D (120 — 150 min images) show air bubbles formed on the outside of the
test cell in the water jacket. They have no effect on the dissolution process inside the

cell, however they could be misinterpreted by the Al image analysis as particles.
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Figure 5.1: Dissolution profile (blue dots), percentage avgATS (red diamonds) and percentage
frames without anomalies (black squares) over time from the dissolution of 2.5 mL N100 large

cell (A), N100 small cell (B), N200 large cell (C) and N200 small cell (D) in the USP 4 FTA at FR 16

mL/min.
5 min 15 min 30 min 45 min 60 min 75 min 90 min 120 min 150 min

5 min 15 min 30 min 45 min 60 min 75 min 90 min 120 min 150 min

5 min 15 min 30 min 45 min 60 min 75 min 90 min 120 min 150 min

D
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Figure 5.2: Image sequence obtained during the dissolution of 2.5 mL N100 large cell (A), N100
small cell (B), N200 large cell (C) and N200 small cell (D) in the USP 4 FTA at FR 16 mL/min.
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Figure 5.3: Dissolution profile (blue dots), percentage avgATS (red diamonds) and percentage
frames without anomalies (black squares) over time from the dissolution of 2.5 mL B100 large

cell (A), B100 small cell (B), B200 large cell (C) and B200 small cell (D) in the USP 4 FTA at FR 16

mlL/min.
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Figure 5.4: Image sequence obtained during the dissolution of 2.5 mL B100 large cell (A), B100
small cell (B), B200 large cell (C) and B200 small cell (D) in the USP 4 FTA at FR 16 mL/min.
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Figure 5.5: Microscopic images of N100 (A), N200 (B), B100 (C) and B200 (D) at 20x

magnification.

5.3.2. Hydrodynamics and suspension dispersal

Differences in the hydrodynamics in the small and large USP 4 FTA test cells
regarding tablet positioning and flow regimes have been broadly investigated in vitro
and in silico.[2], [55], [224]-[227] Both test cells have a conical bottom part with an
opening which lets the pulsing upstream flow pass through the cell and an inner
diameter of 12 mm for the small cell and 22.6 mm for the large cell. Kakhi predicted
the fluid dynamics in the USP 4 FTA cell by a mathematical modelling approach of
three situations — no beads in the cell, only one 5 mm ruby bead and a packed column
with 1 ruby bead at the bottom apex of the cell and 1 mm glass beads covering the
conical part of the test cell (used in this current work).[226] This resulted in a laminar
fluid flow in the “packed column” regime and a turbulent flow under the other two
regimes. Shiko et al. investigated the regimes including beads described by Kakhi et al.
under a variety of flow rates and in presence of a non-disintegrating tablet. For most
test conditions, the flow was heterogenous, characterized by re-circulation and
backward flow.[224] D’Arcy et al. used computational fluid dynamics to simulate and
analyse the hydrodynamics in the USP 4 FTA, while Shiko et al. applied MRI to visualize
the hydrodynamic flow in the USP 4 FTA cell. [224], [227], [228] The hydrodynamic
flow was found to be a main factor affecting the dissolution rate of non-disintegrating
tablets by changing the diffusion layer which are in contact with the formulation
surface.[164], [227], [229]-[231] Furthermore, the dosage form itself can affect the
hydrodynamics in the cell depending on its position, geometrical and solubility

characteristics.[2], [55], [225], [226]
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At the time of writing, reports are not found in the literature regarding the
hydrodynamics in the USP 4 FTA when a liquid formulation such as suspension is used
for dissolution. The addition of 2.5 mL dose of the formulation forms a layer
(approximate thickness of 5 mm) on top of the glass beads in the large cell, where it
occupies almost the whole volume of the small cell (approximately 35 mm). The
sample distribution in the test cell results in changed fluid dynamics through the cell.
Channels are formed through the suspension layer during dissolution. This
phenomenon is observed better in the large cell when the suspension is expanding.
Parts of the suspension are pushed upwards, forming tips which move during
dissolution (examples in Figure 5.2 C — 15 and 30 min; 5.2A — 30, 75, 120 min). In the
small cell channels are not that well visualized. Typically, one main channel is formed
through the suspension or on the side — between the suspension and the cell wall. In
most cases the whole mass of the suspension is pulsing up and down in the cell during
the test as one whole. A phenomenon described during mixing of fluids with different
viscosities is viscous fingering.[90] Viscous fingering occurs as a result of instabilities
when a more viscous fluid is displaced by a less viscous fluid when both fluids are fully
miscible together. An example for this is the mixing of water and glycerol.[90] Another
study that used a numerical simulation showed that this phenomenon is not observed
when the more viscous fluid displaces the less viscous one.[91] As a consequence of
the viscous fingering, two competing effects were described: 1) mixing enhancement
due to induced mixing disturbance and increased contact area between the fluids, and
2) channel formation used as a mainstream by the lower viscosity fluid, which passes
through the higher viscosity fluid through these channels, thus decreasing the overall
mixing efficacy.[92] Fingering and tip formations are well visualized in the large cell
(Figure 5.2 and Figure 5.4, A and C), mostly when B100 and B200 formulations were
tested. The slower dissolution rate of B100/200 provides a longer observation time
and slower changes of the suspension surface. It can be suggested that the dissolution
from the suspension in the small cell occurs mostly at the sides between the
suspension and the wall of the test cell due to the layer thickness as the distance
between the wall and the formulation becomes larger while the suspension remains
one whole during the test (Figure 5.4 B — 45 and 75 min; Figure 5.4 D — 75 and 120

min). Channels through the suspension can be observed in all test set ups, however,
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they can be best investigated in the small cell as the formulation occupies the whole
imaging window, while in the large cell, due to the space available for the suspension
to move upwards, the channels are shorter and viscous fingers are formed. The area
where a channel is formed becomes brighter and particles (dark sports) are distributed
around it, e.g., Figure 5.2B, image “30 min”. In the case of N100/200 (Figure 5.2 B and
D), the HPMC-based suspension matrix expands and forms a transparent region
around the particles. The aqueous medium can move through these channels
increasing the surface area for dissolution. B100/200 matrix composition is less
viscous, thus the channels formed through the suspension are not that clears as when
N100/200 were tested. One clearly visible channel goes through the middle of the
B100 suspension (Figure 5.4 B — 30 min), and the formulation stays as one whole
during the test. A channel formed between the suspension and the wall of the cell is
well illustrated in Figure 5.4 D, image “120 min”. The increase of the distance between
the formulation and the wall over time is evident in the image sequences from the
small and large test cell (Figure 5.4 B and D). That suggests lower resistance and
adhesion between the formulation and the material of the cell and stronger cohesion
between the components of the formulation matrix. Furthermore, dissolution
happening mainly at the sides would suggest a smaller surface area and could explain

the observed slower dissolution rate of B100/200.

Based only on the images, it could be concluded that the dissolution is completed
when the suspension is no longer visible in the test cell. However, suspension
disappearance corresponds to 50 — 75% drug dissolved, and the images do not give any
quantitative information about the % drug dissolved. Thus, more sophisticated Al
imaging analysis methods can be used to describe the dissolution process more
accurately and to provide extra information by using classification and hidden patterns

to confirm the results.

5.3.3. Al image analysis approach
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The %FwA approach was found less useful as it is a binary method used to classify
images as “empty” or “with particles” (anomalies). It was highly dependent on external
influences such as air bubbles that appeared in the water jacket (outer side of the test
cell). It was mostly accurate for fast dissolutions such as N100/200 dissolution in the
large cell. In these cases, the dissolution rate was fast, and the test was completed
leaving less time for the air bubbles to form. As can be seen from the N200 test in the
small cell (Figure 5.2 D) after 120 min many bubbles are formed, thus the %FwA would
misclassify these images as it would count them as particles. For longer experiments,
such as B100/200 dissolution tests, %FwA was able to detect some changes in the
small test cell. Since at the beginning the formulation takes the full volume of the cell,
the CNN was able to recognize when most of the “anomalies” disappear, i.e., when the
suspension is dissolved. The remaining “anomalies” are air bubbles blurring the

image.[214]

The %FwA method shows potential to be used as a tool for a qualitative analysis. To
describe the dissolution process of suspensions a more continuous, i.e., sensitive
approach is needed. Al gives the opportunity to use multiple parameters and large
data bases for training and classification purposes to enable the system to find
patterns and more sophisticated classification of the data. Thus, an image analysis

approach (%avgATS) which allows a more quantitative approach was investigated.

The %avgATS detected three dissolution stages — 1) beginning of the dissolution —
including formulation dispersal (suspension expanding/swelling); 2) enlargement of
channel formations and decrease in the suspension mass/visible particles and 3) full
dissolution of the formulation, i.e., no visible particles (APl or excipients) left in the test
cell. At the beginning of the dissolution test in the small cell, the suspension is not in
focus as the light is diffused by the matrix components, while the large cell looks
empty as the suspension occupies a space under the imaging window in the test cell.
Thus, the ATS for the first minutes of each test are low. This results in high %avgATS
which decreases in a specific pattern depending on the test cell and the formulation
used. For N100/N200 the decrease in the %avgATS values is smoother, while for
B100/B200 it is more stepwise. When the suspension expands and covers most of the

imaging window (large cell) or part of the matrix is dissolved so the particles are
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focused better (small cell), avgATS reaches the maximum value for the dissolution test
(avgATSmax), hence %avgATS is 0. In the graph, this point forms a sharp nadir that also
serves the purpose of an indicator. This time point marks the end of the first and the
beginning of the second stage of the dissolution (suspension expansion/swelling). After
this time point, the suspension dissolves faster as viscous fingers and channels are
already formed and there are more contact points between the drug and the medium.
With the particles’ dissolution and disappearance from the images, the avgATS value
becomes closer to 0, and consequently the %avgATS becomes closer to 100 %
following the dissolution profile. In comparison with %FwA method, this approach is

less affected by external sources of image distortion.

The larger particle size of the ibuprofen in the B100/B200 formulation could be one
of the reasons for the observed slower dissolution rate. Another suggestion is the
effect of the matrix components. The suspension layer of B100/200 expands more
slowly than the same volume of N100/200 and channels are not that well defined,
which can be concluded from the %avgATS and the images. On the other hand,
although N100/N200 formulations show faster dissolution rate and better mixing with

the medium, the channel formation is clearer for B100/200.

The %avgATS plot describe the dissolution profiles well — 1) smooth and sharp or
slow stepwise decrease of the avgATS towards the O point (avgATSmax) suggests the
rate of channel formation, i.e., medium penetration through the suspension, sample
dispersal and local hydrodynamics; 2) the nadir of the %avgATS curve indicates the
maximum swelling of the formulation. Here channels are already formed, and 40 —
70% of the drug is dissolved; 3) after the nadir, the %avgATS plot closely follows the

dissolution profile and could be explored as a predictive model.

5.4. Conclusion

Dissolution testing of suspensions can be a challenging task given the minimal

guidance provided for this specific formulation. In order to enhance the discriminatory
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power of the test and to show the potential of a different approach to formulation
testing, a new imaging analysis and use of Al classification were presented. In this
work, two commercial brands of paediatric oral suspensions at two different strengths
were tested in USP 4 FTA dissolution apparatuses equipped with an imaging system.
Differences between the two brands were found regarding their dissolution rate,
viscosity, excipient content and drug particle size. The two brands showed different
behaviour during dissolution testing in the large and small test cell as well as between
the strengths within the brand. The lower strength formulation dissolved faster than
the higher strength possibly due to smaller drug amount dispersed in the same volume
of the suspension. Based on the microscopy, B100/ B200 API particle size is larger than
the API particle size in N100/N200. This may contribute to the observed slower
dissolution rate of B100/200. Different viscosity enhancing agents used in both brands
also affected the dissolution rate. In the case of N100/200 where HPMC was used, the
suspension expanded faster, the matrix became transparent, and the dissolution was
completed faster in comparison to B100/200 where the formulation stayed in the test
cell as one piece and dissolved much slower. The medium transition through the
suspension was challenging, thus in the small cell channels were formed on the side
between the suspension and the test cell wall. Differences in the dissolution process
and rate were also observed when the small or the large test cells were used. The
dissolution was completed faster in the small cell, except for N200 which dissolved
slightly faster in the large cell. The expansion of the formulation layer was well
visualized in the large cell, while in the small cell the same dose occupied the entire
available space. On the other hand, that provided an opportunity to observe channel

formation through the formulation.

The imaging analysis and the two Al approaches gave important visual information
regarding the suspension behaviour in the test cell. Phenomena such as channel
formation, viscous fingering and suspension expansion could be observed. The binary
%FwA approach provided qualitative information about the presence of formulation in
the cell even though the method was influenced by appearance of external factors like
air bubbles. The %avgATS approach was less sensitive to the effect of the air bubbles

and it was able to provide quantitative and qualitative information comparable with
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the dissolution profile. Three stages of the dissolution process were distinguished by
the %avgATS method — 1) formulation dispersal and channel formation; 2)
enlargement of the channels and dissolution of the formulation; and 3) full dissolution

of the formulation when no particles are present in the test cell.

The %FwA has been applied in a simpler dissolution system where only APl without
presence of excipients was tested (This work was presented in Chapter 4 and
published in the EJPB). This current work involves a more complex situation of sample
dispersal and mixing of fluids of different viscosities. There is scope to use both
presented image analyses to quantitatively characterise the impact of medium on
suspension formulations in terms of sample dispersal and dissolution. Furthermore,
image analysis could also be used to explore other in-use dispersions such as granules

administered with soft foods, in patient-centric formulation development.
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Chapter 6: Investigation of pH dependent
drug precipitation and crystal growth in the USP

2 paddle apparatus by in-situ micro-imaging

This brief chapter outlines a preliminary study in the USP 2 paddle apparatus in

combination with the Mini-cell LED Inflow Canty™ imaging system.

6.1. Introduction

One of the commonly used dissolution apparatuses is the paddle apparatus. As
discussed in Chapter 1, it consists of dissolution vessels, placed in a water bath and a
paddle rotating in each vessel. This set up allows a sample to be placed inside the
vessel into a large volume of medium (500 — 900 mL). For comparison, in the USP 4
FTA, the medium volume is 8 mL and 19 mL inside the small (12 mm) and large (22.6
mm) test cells, respectively.[232] However, even volumes of medium greater than 900
mL can be circulated through the flow-through cell. Another benefit of the paddle
apparatus is that a probe (e.g., imaging or UV) can be inserted directly into the
vessel,[101], [147], [233] while observation of phenomena in the USP 4 FTA is possible

only on the outside as it is a closed system.

Drug precipitation in vivo has raised many concerns over the years especially for pH
dependent drugs. In vitro drug precipitation of poorly soluble weak bases in the small
intestine due to a pH change has been explored by simulating the transition of the
solution to the small intestine to observe precipitation in the paddle apparatus.[234]
The aims of this Chapter were to 1) investigate the potential of using an imaging
analysis to describe the dissolution process of ibuprofen powder in the USP 2 paddle

apparatus, 2) explore drug precipitation in vitro by directly decreasing the pH of an
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ibuprofen solution and 3) conduct a preliminary investigation into the potential to use

an online imaging system to visualize crystal formation and growth.

The dissolution test set-up consisted of a commercially available USP 2 paddle
apparatus and attached imaging Mini-cell LED Inflow Canty™ system. Both pieces of
equipment were described in Chapter 1, section 1.1.4.1, Chapter 2, section 2.2.1.3.2
and 2.2.1.6.2, respectively. A schematic visualization of the system is presented in

Figure 6.1.

—— Probe

—Dissolution medium

N /——Paddle
N/

Figure 6.1:Schematic of the USP 2 paddle apparatus equipped with a probe part of the Mini-cell

LED Inflow Canty™ imaging system.

6.2. Materials and methods

Dissolution testing of ibuprofen in PB 0.005% w/v (low) and 0.05% w/v (high) Tween
20, section 2.2.1.1.1 was performed in the USP 2 paddle apparatus, section 2.2.1.3.2.
Samples were filtered and analysed by UV spectrophotometry, section 2.2.1.5.1.
Precipitation testing of pre-dissolved ibuprofen was performed directly in the USP 2

dissolution vessel, section 2.2.1.4.2. Images of the process were recorded by using the
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Mini-cell LED Inflow Canty™ camera and further analysed by the built-in analytical

software, section 2.2.1.6.2.

6.3. Results and discussion

6.3.1. Imaging of a dissolution process

According to the USP solid oral forms are considered very rapidly dissolving when
>85% of the mass used for dissolution is dissolved in 15 minutes.[52] The dissolution
tests in PB 0.005% w/v Tween 20 (50 and 100 rpm) show slightly slower dissolution
rate compared to those in PB 0.05% w/v Tween 20 in the first few minutes of the tests
(Figure 6.2). As all dissolution tests were completed within 15 min, distinction between

the surfactant concentrations or the paddle rotation speed was not possible.

Since the ibuprofen dissolves quickly, only the imaging data for the first 10 minutes
of each test is presented (Table 6.1). In all cases, a low number of particles was
detected. As the particles were diluted in the medium volume used, the probability of
withdrawing particles in the medium sample was low. A slower dissolution rate would
allow a longer detection time since the particles would be present in the test vessel for
longer before their complete dissolution. The highest number of detections was
registered during the dissolution with lower surfactant concentration, where the
dissolution profile showed the slowest dissolution rate (Figure 6.2). As discussed in
Chapter 1 and 3, ibuprofen shows poor wettability, and it is prone to agglomeration;
these factors most likely contributed to the low detection rate. The Mini-cell LED
Inflow Canty™ system specifications dictate that lens distance should exceed three
times the maximum particle size; the used experimental set-up used a maximum lens
distance of 850 um, which lead to an expected particle size range <300 um, which
correlates well with the observed results (Table 6.1 and Figure 6.3). The maximum
particle size detected was 351.6 um in PB 0.005% w/v Tween 20 at 100 rpm. A larger
lens distance would allow larger particles to be sized, although the smaller particles
would not be captured. This limitation made the existing imaging set-up unsuitable to
detect agglomerations occurring in the paddle apparatus due to their typically large
size. Furthermore, the collected data was not enough to describe the dissolution
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process due to lower particle detection rate and fast dissolution. Another major
limitation was the lack of image replicates. To confirm the observed results the tests

need to be repeated, thus more replicates to be collected.
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Figure 6.2: Dissolution profile of 250 mg ibuprofen dissolved in PB 0.005% w/Vv (circles and
diamonds) and 0.05% w/v (squares and crosses) Tween 20 in paddle apparatus at 50 (circles

and squares) and 100 rpm (diamonds and crosses).
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Table 6.1: Particle characteristics detected by Canty™ Mini-cell LED Inflow and CVIA software
during dissolution in PB 0.005% w/Vv (low) Tween 20 and PB 0.05% w/v (high) Tween 20 in the

USP 2 paddle apparatus at 50 and 100 rpm.

Time No. of Average Average Aspect Circularity
(min) detections minimum maximum ratio
diameter diameter
(um) (um)

2 10 8.2 19.5 1.6 0.94
g. 4 33 4.8 9.7 1.5 0.96
8\ 6 10 3.2 4.6 1.5 0.96
§ 8 8 2.8 3.9 1.3 0.98
= 10 0 0 0 0 0

2 6 4.9 9 1.4 0.95
g— 4 8 7.1 39.5 3.8 0.80
‘81 6 5 3.5 4.4 1.3 0.98
E’ 8 4 3.7 4.9 1.3 0.98
& 10 0 0 0 0 0

2 6 5.3 8.6 1.5 0.96
g- 4 5 133 69.1 23 0.90
2; 6 4 3 3.5 1.1 0.99
= 8 2 31 4.2 1.3 0.98
& 10 2 5.1 9 1.7 0.94

2 8 3.8 7.9 2.1 0.90
§' 4 6 7 10.7 1.6 0.96
S} 6 4 6.7 14.4 2.2 0.88
E" 8 0 0 0 0 0
& 10 2 4.4 7.2 1.6 0.95
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Figure 6.3: Particle size distribution Dv90 over time of ibuprofen dissolved in PB 0.005% w/v
Tween 20 at 50 rpm (blue) and 100 rpm (yellow) and PB 0.05% w/v Tween 20 at 50 rpm (green)
and 100 rpm (red).

6.3.2. Imaging of a precipitation process and crystal growth

Precipitation was observed instantaneously after mixing the ibuprofen solution and
the HCl in the dissolution vessel. A milky solution formed straight after mixing in all
tests, except for the control. In the first few minutes of the test, the newly formed
particles were circular and appeared like grains (circularity 80 — 90%) (Table 6.2).
Needle-shaped crystals started to form after 3 — 5 minutes of the test in all solutions
(Figure 6.4). The aspect ratio of the detected particles suggests needle-shaped or
elongated crystals. An increase in the particle size volume distribution under 50% and
90% (Dv50 and Dv90) is observed after the 5" minute of each test. At the end of the
tests these two parameters are levelling to more constant values. Particle maximum
diameter, aspect ratio and circularity also became relatively constant after 180
minutes. A smaller diameter and aspect ratio was observed for precipitates from the

0.5 mg/mL solution, as well as a higher circularity compared with 1 and 2 mg/mL. A
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reason for this could be the formation of shorter crystals due to low drug
concentration. Very few particles were detected after 60 minutes of the control test,
reaching a maximum of 18 particles detected at 180 minutes. The origin of these
particles is unclear. A hypothesis that was considered was salt formation between the
PB and HCI or external contamination, e.g., a fibre as ibuprofen particles were formed
at early times. However, particles were not isolated to confirm their origin. Currently,
it is not clear what would be the impact of such particle formations on an
ibuprofen-containing experiment and if these particles were formed due to
contamination or they form during every test. Thus, another control test could be

conducted and in case of particle formation, they could be extracted and analysed.

The effect of the camera lens distance was explored during the precipitation of 1
mg/mL ibuprofen between the 12t and 17t minute of the test when needle-shaped
crystals were already formed (Figure 6.5). Although the number of particles present in
the test vessel was similar, the detections at 25 and 250 um were 119 and 178,
respectively; at 50 and 200 um detections were higher — 439 and 397, respectively;
and the two average distances (100 and 150 um) showed the higher detection rate of
621 (100 um) and 609 (150 um) particle detections. There are more particles captured
at the two highest distances, however, the system does not count particles that are
not in focus. These out of focus particles increase the background noise level which
can lead to false positive results. A balance between particle detection and image

sharpness is needed for accurate crystal growth investigation.
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Table 6.2: Number of particles detections, minimum and maximum particle diameter, aspect ratio, elongation factor, circularity and size distribution (Dv50

and Dv90) recorded for each time point of the precipitation of ibuprofen 0, 0.5, 1 and 2 mg per mL dissolved in PB 0.05% w/v Tween 20 after mixing in

ratiol:1 with 0.2 N HCl in the USP Paddle apparatus vessel at constant stirring of 50 rpm. Likely outliers are marked in red.

0 mg/mL (control)

0.5 mg/mL

Time . Min. .Max. Aspect Elongation Dv50 Dv90
Npd diameter diameter Circularity

(um) (um) ratio factor (um)  (pm)

1 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 1 11.8 21.0 1.8 1.5 0.9 21.0 21.0

10 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

20 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
60 5 7.5 27.6 3.7 1.8 0.7 27.3 29.2
180 18 7.2 26.8 3.7 1.6 0.7 28.9 29.9
210 9 7.1 27.2 3.8 1.6 0.7 29.0 29.8
2 1 8.9 17.4 2.0 1.6 0.9 17.4 17.4
3 960 4.3 18.8 4.1 3.3 0.8 64.3 157.4
5 3176 4.6 33.9 7.2 4.7 0.6 96.5 268.3
30 1053 4.8 36.8 7.9 5.0 0.6 92.5 214.1
60 1352 5.2 40.3 8.0 4.7 0.6 106.8 226.7
180 3066 4.0 14.4 2.8 2.1 0.9 162.5 427.3
240 3034 4.3 14.5 2.8 2.1 0.9 168.6 387.1
300 2379 4.9 20.5 3.3 2.4 0.9 203.9 375.7
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Max.

. . Aspect Elongation . Dv50 Dv90

diameter diameter Circularity
(um) (um) ratio factor (um)  (um)
2 380 2.0 31.8 7.6 1.8 0.9 493.0 859.3
3 104 5.3 227.4 41.0 2.4 0.3 3397.0 3397.0
. 5 61 33 13.1 4.0 2.1 0.8 36.9 46.2
% 30 6760 4.8 28.4 6.1 5.2 0.6 85.1 1694
£ 60 3535 5.0 27.5 5.7 5.2 0.7 86.8 2348
3 180 2268 5.6 32.8 6.2 5.0 0.7 113.2 2155
240 3431 5.8 31.8 5.8 4.9 0.7 117.1 2404
300 3815 5.9 31.7 5.8 4.9 0.7 119.4 2385
2 6616 3.9 17.6 4.0 2.7 0.8 177.0 379.2
6661 4.4 25.3 5.7 3.9 0.7 135.0 4715
. 5 5979 4.4 25.3 5.8 4.0 0.7 100.7 2533
E 30 2982 5.2 38.0 7.7 3.6 0.6 138.2 246.5
M 60 1430 6.6 74.1 11.3 3.2 05 6429 999.1
N 180 1975 6.4 51.1 8.3 33 0.6 263.8 663.3
240 1329 6.6 48.3 8.1 33 0.6 208.2 376.7
300 2314 6.5 433 7.4 3.3 0.6 219.7 430.2

113



Max.

Aspect Elongation

diameter diameter . .
Circularity
(m) (um) ratio factor
| 1 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
S I 1 11.8 21.0 1.8 1.5 0.9 21.0 21.0
'S' 10 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
‘3’ 20 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
g 60 5 7.5 27.6 3.7 1.8 0.7 27.3 29.2
g 180 18 7.2 26.8 3.7 1.6 0.7 28.9 29.9
210 9 7.1 27.2 3.8 1.6 0.7 29.0 29.8
2 1 8.9 17.4 2.0 1.6 0.9 17.4 17.4
3 960 4.3 18.8 4.1 3.3 0.8 64.3 157.4
76' 5 3176 4.6 33.9 7.2 4.7 0.6 96.5 268.3
) 30 1053 4.8 36.8 7.9 5.0 0.6 925 2141
f, 60 1352 5.2 40.3 8.0 4.7 0.6 106.8 226.7
=2 180 3066 4.0 14.4 2.8 2.1 0.9 162.5 4273
240 3034 4.3 14.5 2.8 2.1 0.9 168.6 387.1
300 2379 4.9 20.5 33 2.4 0.9 203.9 375.7
2 380 2.0 31.8 7.6 1.8 0.9 493.0 859.3
3 104 5.3 227.4 41.0 2.4 0.3 3397.0 3397.0
5 61 33 13.1 4.0 2.1 0.8 36.9 46.2
30 6760 4.8 28.4 6.1 5.2 0.6 85.1 1694
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60 3535 5.0 27.5 5.7 5.2 0.7 86.8 2348
180 2268 5.6 32.8 6.2 5.0 0.7 113.2 2155
240 3431 5.8 31.8 5.8 4.9 0.7 117.1  240.4
300 3815 5.9 31.7 5.8 4.9 0.7 119.4 2385
2 6616 3.9 17.6 4.0 2.7 0.8 177.0 379.2
3 6661 4.4 25.3 5.7 3.9 0.7 135.0 4715
5 5979 4.4 25.3 5.8 4.0 0.7 100.7 2533
30 2982 5.2 38.0 7.7 3.6 0.6 138.2  246.5
60 1430 6.6 74.1 11.3 3.2 0.5 6429 999.1
180 1975 6.4 51.1 8.3 33 0.6 263.8 663.3
240 1329 6.6 48.3 8.1 3.3 0.6 208.2 376.7
300 2314 6.5 43.3 7.4 3.3 0.6 219.7 430.2

. Min. .Max. Aspect Elongation
diameter diameter . .
Circularity
(um) (um) ratio factor

2 380 2.0 31.8 7.6 1.8 0.9 493.0 859.3
3 104 5.3 227.4 41.0 2.4 0.3 3397.0 3397.0

_E' 5 61 3.3 13.1 4.0 2.1 0.8 36.9 46.2
ED 30 6760 4.8 28.4 6.1 5.2 0.6 85.1 169.4
= 60 3535 5.0 27.5 5.7 5.2 0.7 86.8 234.8
180 2268 5.6 32.8 6.2 5.0 0.7 113.2 2155

240 3431 5.8 31.8 5.8 4.9 0.7 117.1 240.4
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Figure 6.4: An example of the ibuprofen crystal growth observed in the USP 2 paddle apparatus
after direct mixing of ibuprofen:PB 0.05% w/v Tween 20 solution 1 mg/mL and 0.2N HCl, ratio
1:1. Images taken after 2, 3, 5, 30, 60 and 300 minutes after mixing.

gl
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Figure 6.5: Crystal detection after precipitation of 0.1 mg/mL ibuprofen dissolved in PB 0.05%
w/v Tween 20 and mixed with 0.2N HCl ratio 1:1 and constant stirring of 50 rom in the USP

paddle apparatus vessel at camera lens distance in the range 25 — 250 um.

The possibility to mimic in vitro processes observed in vivo would be beneficial for
future drug product development and optimization. A simple monitoring tool such as
an optical imaging system could be implemented on a much broader basis in oral drug
development, while to investigate drugs which are very prone to precipitation,
implementation of much more sophisticated tool might be needed.[60] Nowadays, Al
and more specifically NNs are being used to advance such tools and elevate their

performance.[163], [235], [236]An imaging system attached to the dissolution vessel
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and equipped with analytical software could characterize particles during dissolution
providing information on their size, shape and behaviour. There is potential for such a
tool to be used during dissolution of formulations or release testing to distinguish
between excipients and APIs or as a discriminatory tool for generic formulations in
biowaiver studies. Crystal formation and growth could be visualized, and crystal habit
could be investigated in solution. This might be important during preparation and
testing of amorphous solid dispersions due to the common instability phenomenon
where the drug conversion from an amorphous to a crystalline form is observed.[72],

[237]

Some limitations of the imaging method as it is, need to be discussed such as the
lack of replicates, the need for a reference data base and the necessity for a high
number of particles seeded in the test vessel. The imaging probe is connected to only
one of the dissolution vessels while for dissolution at least three replicates are done
simultaneously.[8] Thus, to confirm the results, the test needs to be repeated to
collect more replicates, or probes need to be attached to all test vessels. The system
needs to be configured according to the particles that are going to be investigated. In
this way the software could better “recognize” them based on the expected shape.
The system allows detected particles to be classified into manually created classes,
e.g., “ibuprofen”, “excipient A”, “excipient B”, thus a classification file could be created
which ideally would be able to automatically classify detected particles from
formulations. Dissolution of formulations such as tablets would produce higher
number of particles for detection due to the presence of multiple components, mostly
excipients, except when very high drug loading is used, as shown by Wilson et al.[101].
The existing classification file was able to distinguish between two classes — solids and
air bubbles. When transparent particles would be investigated such as crystals or oil
droplets, the background could be changed to provide better separation. In this
current work, it was found that the detection of particles strongly depends on two
factors — 1) number of particles present in the vessel and 2) lens distance. In the case
where 250 mg of ibuprofen powder were dispersed and dissolved in 500 mL of
medium, the number of particles reaching the camera was negligibly low (Table 6.1),

while when the same drug mass was pre-dissolved in 250 mL of medium (1 mg/mL
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initial concentration) and mixed with 250 mL of a precipitation agent (HCl), thousands
of growing particles with small size were captured (Table 6.2). Currently, small particles
under 300 um could be better captured with the camera lens distance used while large

particles in the upper end of the detection range is more likely to be missed.

6.4. Conclusion

Dissolution and precipitation processes of ibuprofen were visualized in the USP 2
paddle apparatus. Dissolving particles and crystals growing from a solution were
captured and characterized. The potential to use imaging to characterize the effect of
different surfactant concentrations and a change of the paddle rotation speed were
investigated during dissolution testing. The imaging system showed a potential to
distinguish between dissolution profiles, however a prolonged dissolution time is
needed for more particulate images to be generated. There is scope to use the built-in
Al software for further API/excipient classification, crystal habit investigation and

amorphous solid dispersion precipitation tendency.

Crystal formation following pH-induced precipitation in the paddle apparatus was
successfully visualized from instantaneous grain formations to crystals with a specific
shape (needles) determined visually and by the aspect ratio of the crystals. The
number of particles and their size were automatically detected. At the end of each test
several parameters such as number of detected particles, Dv, aspect ratio and
circularity were levelling to more constant values. The specific shape was confirmed by

the particles’ aspect ratio and the obtained images.

Some important limitations such as lack of image replicates required further
method development. As this is a preliminary study, more experiments would be
needed to confirm the presented results and to fully understand the possible
applications of this imaging system. There are no replicates of the presented
precipitation studies. Also, there are no image replicates of the dissolution tests,

although dissolutions were conducted in triplicate. Hence, at this stage the author is
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unable to draw more definite conclusions. A direction for a future work could be
investigation of the dissolution of formulations with a mass above 250 mg and
presence of excipients to increase the number of particles in the vessel; training new
classification categories to distinguish API particles and excipients or crystal habits; to
mimic drug precipitation that may occur in vivo by using a weak base instead of a weak
acid (ibuprofen) due to the physiological transition in the gastro-intestinal tract from

more acidic to more basic environment.
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Chapter 7: General discussion

7.1.  Invitro dissolution testing

7.1.1. Biorelevant media, hydrodynamics and physiologically
based pharmacokinetic (PBPK) modelling and in vitro-in vivo

correlation

Over recent decades, the use of dissolution testing shifted from purely a quality
control tool to prediction of in vivo drug performance, establishing in vitro-in vivo
correlations, identification of potential bioavailability issues and a critical test in
generic bioequivalence/biowaiver studies. It is known that physiological factors such as
pH, surface tension, solubilisation, buffer capacity, the Gl volume and food ingestion
play a vital role in drug release and absorption in vivo.[234] The advances in the
development of biorelevant media[17], [238], which reflect the main properties of the
Gl fluids, simulations of Gl motility, residence time and hydrodynamics[60], [239]
improved the understanding of critical in vitro-in vivo relations for immediate and
modified release formulations[204]. It is known now that the human intestinal fluids
contain higher concentrations of lipids and surfactants (e.g., phospholipids) in a fed
state compared to a fasted state. These components delivered with food or produced
by the body, can increase the solubilization of poorly soluble drugs and thus, improve
their bioavailability.[206] Addition of surfactants in simple dissolution media (e.g., PB)
is @ common technique used to mimic Gl drug dissolution. Another important
characteristic of the biorelevant medium (buffer capacity) was investigated by Matsui
et al.[240]. They express their concerns regarding the lower buffer capacity of the
intraluminal fluids than the buffer capacity of the in vitro compendial dissolution
media and the effect of dissolution testing performed in highly buffered media on the
predictability of in vivo drug performance.[240] Mudie et al. realized the challenges of
choosing an appropriate dissolution medium after the emergence of biorelevant media
with a variety of properties and compositions on the market. They presented a

methodology for selecting a practical physiologically relevant medium that is
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representative of a fasted state for dissolution evaluation of immediate release
formulations.[241] Furthermore, this knowledge and in vitro dissolution data are used
as an input in physiologically based pharmacokinetic (PBPK) prediction models where
different factors affecting drug performance in vivo are integrated. PBPK and
biorelevant dissolution testing were applied in formulation development, to predict
drug solubilization and precipitation behaviour in vivo and to support regulatory
decision-making. Furthermore, the possibility to extend BCS-based biowaivers to

include poorly soluble drugs Class Il was investigated.[86], [206], [239], [242]

This current work contributes towards understanding of the effect of media
composition on dissolution testing by investigation of the addition of small amounts of
surfactant to PB. Measured solubility showed a minor increase, while the SGI analysis
showed improved particle dispersal during dissolution, consequently an increased
dissolution rate. Kim et al.[243] demonstrated improved particle wettability and
reduced agglomeration tendency by dry coating of micronized poorly wettable
particles with hydrophobic or hydrophilic nano-silica coating. Here, the same effects
were demonstrated by addition of surfactant where the low surfactant concentration
resulted in detection of particles for a longer time and slight increase in the dissolution
rate, while the higher surfactant concentration led to detection of thousands of
particles (compared to hundreds at the lower surfactant concentration) for shorter
time (approx. 10 minutes) and overall faster dissolution rate. Hence, it was shown that
addition of surfactant could visibly improve drug dissolution performance, which could
be a promising strategy to discriminate between generic products or to confirm
batch-to-batch consistency. Other parameters related to the dissolution process (e.g.,
FR) and the drug (e.g., mass, crystal habit) were also investigated as they could be
critical for a biorelevant dissolution testing. In agreement with the QbD
framework[31], the identification of the critical material attributes and critical process
parameters that mostly influence the product performance is needed. Thus, in this
current work, it was shown that in the case of powder dissolution in the USP 4 FTA, an
increase of the FR leads to slight increase in the dissolution rate. On the other hand, an
increase of the mass used for dissolution slows the dissolution rate and increases the

potential of agglomerate formations due to the limited space in the test cell. The
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aggregation particle behaviour during dissolution was widely investigated.[64], [94],
[207], [243] However, this is the first time when SGI was used to detect and
characterize agglomerates occurring during dissolution. Acknowledging the limitations
of the SGI to distinguish overlapping single particles from agglomerates; the effect of
particle position in the cell on the size detection; and the effect of the cell volume on
the depth of focus — SGI provided a satisfactory amount of information to develop a
prototype of an automated tool for agglomerate detection which gives a possibility to
reduce the labour-intensive and time-consuming manual video observation and

labelling of agglomerates.

/7.1.2.  Drug precipitation

Kostewicz et al.[234] investigated the precipitation tendency of weak bases when
they are transferred from the stomach to the small intestine. In his study he used the
drug concentration-time relationship to investigate in vitro the precipitation tendency
of poorly soluble weak bases in the small intestine due to supersaturation. He
concluded that the supersaturation phenomenon cannot be predicted by solubility or
dissolution experiments in vitro due to higher concentrations registered in vivo as a
consequence of the drug absorption rate and that the drug is more likely to precipitate
in vivo where there is a fast transition between different parts of the Gl tract.[234] To
gain further insight into the precipitation behaviour of weak bases in vivo and the
nature of the precipitates, several groups compared in vitro data with in vivo results
retrieved from rats.[244], [245] Others used in silico methods to simulate the
precipitation of poorly soluble drugs and to evaluate the impact on the
bioavailability.[59], [246] In more recent years, UV optical analysis has been applied as
a real time monitoring tool which enables the assessment of a dissolution process and
the observation of phenomena such as in vitro precipitation.[115], [116], [247] Sun et
al.[247] used a custom-made flow-through cell to observe the dissolution,
supersaturation and precipitation of piroxicam (BCS Class Il), while Kuentz et al.[116]

presented small-scale dissolution and precipitation tests in a commercial non-
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pharmacopeial uFLUX apparatus (pION Inc.). In this current work, two optical methods
for weakly acidic drug precipitation in pharmacopeial paddle (USP 2) and flow-through
(USP 4 CE1) apparatuses by direct imaging in real time were investigated. For instance,
direct optical imaging does not require a specific wavelength and the images could be
observed directly in real time without further manipulation of the results. The first
method investigated a slow medium change in the USP 4 FTA where a solution of the
drug was filled into the test cell (either pre-dissolved or after conducting a dissolution
test), hence the medium in the reservoir was changed with a medium with lower pH to
initiate drug precipitation. Thus, two stages of drug precipitation were observed —
plume formation (early stage) which occurred instantaneously and particle
reformation (late stage). The second method investigated the precipitation of pre-
dissolved drug with known concentration (below saturation) after direct mixing with a
low pH solution (HCI) in the dissolution vessel. An optical probe with a micro lens
(Mini-cell LED Inflow Canty™) was used to observe the early stage of crystal formation
(grains) and the following crystal growth (needles). The resolution and the quality of
the images obtained with the micro lens were of significantly higher quality compared
to the SGI camera. However, limitations such as change in the hydrodynamics in the
vessel, blockage of the probe and crystals stuck between the lens and the light source
should be considered. On the other hand, due to the lower SGI camera resolution, the
grain stage of the precipitation could not be visualized. A plume of milky-like fluid
(cloudy formation with different refractive index than the solution) was observed in
the test cell. This information was sufficient to observe a change occurring in the test

cell, however there is room for further improvement of the equipment.

7.2.  Imaging as a process analytical technology

(PAT) real time monitoring tool

In recent years, the QbD concept for real time monitoring[95] and the potential for

real time release testing[248] gained a lot of interest in the pharmaceutical
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industry.[249] A recent paper by Sacher et al. acknowledges the advances of PAT to
monitor many critical quality attributes, however, it also points out the lack of suitable
techniques for implementation to dissolution testing which would tackle two of the
limitations related to dissolution — the extensive testing time and the destructiveness
of the offline method.[250] Mészdros et al.[249] discussed particle size as another
critical parameter which could affect the in vitro dissolution of the final products. They
advocate that imaging technologies have the capability to analyse challenging samples
which can serve as at-line, non-destructive techniques with multiple advantages over
microscopic particle size measurement.[249] Such imaging techniques were developed
and exploited for dissolution testing mainly of solid dosage forms (tablets). MRI can
provide an insight into the hydration of a tablet during dissolution as it maps the water
molecules and movement, which offers a possibility to quantify tablet dimensions due
to hydration. Thus, this method provides the potential to observe the effects of
hydration like water penetration, gel formation and tablet swelling.[251] Raman and
FTIR spectroscopic imaging are similar fast physicochemical imaging techniques which
use the molecular vibrations in molecules to obtain information on the chemical
structure of the formulation. Raman spectroscopy relies on the photons’ interaction
with the formulation to produce a map of the tablet composition.[156], [252] On the
other hand, FTIR spectroscopy is dependent on a change in the dipole moment during
vibration thus water appear strongly in the IR absorption spectrum compared to
Raman spectroscopy.[253] A draw back from the Raman imaging spectroscopy is that
to work successfully this technique needs a special flow-through cell where the sample
is static[252] making it unsuitable for use in conjunction with standard dissolution
apparatuses. Furthermore, the static position of the sample would influence the
dissolution process by limiting the surface area exposed for dissolution, and would also
affect the relative fluid velocity to which the dissolving surface is exposed, i.e.,
hydrodynamic implications. Galata et al. [156] comments that although Raman and
near infrared (NIR) imaging are also similar, NIR imaging allows faster measurements
than Raman imaging, however NIR spectroscopy has a lower spatial image resolution,
thus it might be more difficult to differentiate between excipients in drug formulations
such as HPMC. So far, UV imaging is the closest technique to the ones used in this

current work, which provides insight into drug dissolution processes such as diffusion,
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tablet swelling, drug crystal growth and precipitation in a non-pharmacopeial
commercially available flow-through set up.[115], [254] Since most UV-Vis instruments
use the light of a single wavelength, it could be challenging to distinguish the
absorption of the dissolved drug from the scattered light by the solid particles.[252]
This could be particularly challenging in complex formulations containing multiple
excipients. Li et al. [255] investigated the potential to develop a dual wavelength
imaging technique to provide functional characterisation of excipients in solid oral
dosage forms. However, to the best of the author’s knowledge, there are currently no
published studies where pharmacopeial dissolution apparatuses and a non-destructive

real time imaging techniques are used for APl and formulation characterization.

7.2.1.  Shadowgraph imaging (SGI) and image analysis in the
USP 4 FTA

In this current work, the dissolution behaviour of ibuprofen as a weakly acidic API
was investigated under various conditions depending on surfactant concentration,
mass, FR and crystal habit. By using SGI, particles were sized based on an internal
calibration. The average particle size from all tests, where un-sieved powder was used,
was in the range between 100 and 200 um which is in a good agreement with the size
defined by using the offline particle size analysis (162 um) in wet mode (Chapter 3,
section 3.3.1.3). SGI could detect more particles when they were better dispersed at
higher surfactant concentrations (0.005% w/v and 0.05% w/v). The FR had a minor
effect on the particle dispersal, thus there was not major differences in the particle
detection rate when surfactant was not added to the medium. On the other hand, a
higher mass used for dissolution resulted in more particles available for detection for
longer time. The dissolution rate decreased with the increase of the mass. Hence,
there was an increase in the detection rate and the time of detection. This
phenomenon is well observed at the lower surfactant concentration, where the
surfactant enhances the dispersion, thus improving particle detection without

significantly affecting the solubility. Furthermore, the resolution of the SGI camera was
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sufficient to discern between crystal habits (plates and needles). Other objects such as
air bubbles and agglomerates were also well defined. In the case where sieved
fractions were used, the FR had a clearly observable effect on the particle dispersal,
thus particles were detected for longer under the same dissolution conditions as the
un-sieved particles as shown in Chapter 3. Some limitations related to the SGI set-up
should be noted. SGI was conducted in the USP 4 FTA CE1 which required dissolution
tests to be done in parallel in the CE7 (triplicate). A custom-made water jacket and cell
holder suitable for the standard USP 4 FTA CE7 had to be made and the SGI set-up had
to be installed to fit the larger dissolution apparatus. These changes were done during
the time of this project and the new SGI/CE7 set-up was used to conduct the
dissolutions and imaging of the suspension products. During the current project SGI
was trialled with the suspension formulations, but this proved to be challenging due to
inability to accurately distinguish between the ibuprofen particles and the excipients.
The refractive index of the transparent matrix components and transparent suspended
drug particles were too close for a proper separation, thus the system captured only
particles from the viscous fingers or separated from the suspension layer. However,
most of the detections were inaccurate and therefore not investigated further with the

current set-up and methods.

Although acquisition of dissolution results in triplicate and imaging at the same time
was possible after the modifications of the USP 4 FTA CE7, the limitation of having
images from only one of the test cells remain. To enable replicates and quantify how
variability in dissolution is represented, but also variability in SGI itself, an SGI set-up
could be connected to each test cell. A challenge that may arise from such change in
the equipment could be how the data to be aggregated and processed together. Other
issues related to insufficient imaging resolution result in imaging limited to particles
above 20 um and inaccurate particle sizing if the particle is positioned in front or
behind the focus plane. Possible ways to overcome these limitations could be
improvement in the camera magnification and resolution, or a change of the LED light
source with a laser. However, while the related hazards and the extra cost of the
equipment should be considered, the use of laser or installation of a second camera

under a specific angle could be beneficial to better define particle shape. Furthermore,
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validation methods need to be developed depending on how quantitative data is to be
deployed. However, due to the test cell shape and size the improvement possibilities

are limited.

7.2.2. An alternative dissolution imaging system used in

combination with the USP 2 paddle apparatus

The un-sieved ibuprofen powder was also investigated in the paddle apparatus
equipped with the Mini-cell LED Inflow Canty™ camera. Although, the camera allows
particles small as 0.7 um to be imaged, a powder sample of 250 mg dispersed in the
whole medium volume (500 mL) was not enough mass for good particle
characterization. Very few particles were withdrawn by the probe and transported to
the camera window for detection. Thus, the information provided was not sufficient to
describe the dissolution process or to characterize any changes in the particle size and
behaviour. Moreover, the dissolution in the paddle apparatus was very rapid (10 min),
thus the time for particle observation was limited. The imaging system was more
useful to capture precipitation where the same mass of drug precipitated into multiple
small size particles. To describe the dissolution process, the system would be more
suitable in cases of slow dissolution, e.g., ibuprofen dissolving in an acidic medium;
higher mass of micronized particles used for dissolution or formulations where the
added excipients would provide more particles for detection. This would increase the
number and time of detections, thus more data would be collected, which could be
further applied into PBPK modelling and simulations.[202] Collection of more data

would allow also investigation of the impact of hydrodynamics on detection.

7.2.3.  Imaging of formulations in the USP 4 FTA

When it comes to formulations, solid oral dosage forms (e.g., tablets) get much
more attention than other formulations as they are the most commonly used dosage
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form.[102], [137], [238], [256]—-[260] Although dissolution tests were initially
developed for immediate- and then for modified-release tablets, the emergence of
different dosage forms that aim to meet various patient needs (e.g., suspensions,
orodispersible tablets, chewable tablets, suppositories), increased the need to find a
better way to characterize the in vitro release from these dosage forms.[81] From a
biopharmaceutical perspective, suspensions correspond to the post-disintegration
stage of the solid dosage forms. Thus, for them dissolution is also a rate-limiting step
for absorption and bioavailability with a chance for in vitro-in vivo correlations.[77]
Currently, the most common approach for suspension testing is the use of the rotating
paddle method[4], [81], where suspensions dissolve in less than 30 minutes.[77], [85]
However, from a development and biowaiver perspective, a very rapid dissolution
hides a risk of insufficient discrimination between products especially for poorly
soluble drugs BCS Class 11.[261] Matsui et al. discussed that dissolution testing which
enables slow dissolution generally provides a high discriminatory power between

formulations.[240]

Although dissolution testing in the USP 4 FTA is used for injectable suspension
products, it is less commonly used for oral suspensions.[4] Van der Vossen et al.[239]
performed dissolution testing of tablets and an oral liquid formulation (a solution) in a
mini-paddle apparatus and the USP 4 FTA to best mimic the dissolution process in
paediatric patients as their Gl volumes are smaller than in adults. The aims of their
study were to use drug-related factors (solubility and dissolution) in biorelevant media
adapted to reflect the paediatric population and to investigate the impact of

patient-related factors on drug performance.[239]

As the number of papers in the literature regarding dissolution or release testing of
suspensions[61], [244], [262]—-[265] is scarce and there are even fewer reports that
involve imaging, in the current work the dissolution behaviour of paediatric oral
suspensions during dissolution testing in the USP 4 FTA was investigated by direct
imaging and Al image analysis. While a few papers discussing the imaging of injectable
or in-house prepared suspensions were found,[64], [131], [139], [266], [267] none of
them describes imaging of the dissolution process of commercially available oral

suspensions. In the current work, two brands of paediatric oral suspensions were
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tested in the small and large USP 4 FTA test cell. Videos during the tests were recorded
and analysed. A good discrimination was observed between the two tested brands as
one of the suspensions (B100/200) exhibited much slower dissolution than the other
one (N100/200). Discrimination within the same brand was also possible, although not
as obvious as amongst the brands. The suspensions of a lower strength dissolved faster
than the higher strength of the same brand, possibly due to a lower mass suspended in
the same volume. Imaging on the other hand, provided valuable visual information

regarding the dissolution process and the suspension behaviour in the test cell.

One basic requirement of a good suspension is that the suspended particles remain
suspended without settling during administration in vivo in order to enhance uniform
and accurate dosing.[268] After transferring them into the test cell and during the
whole dissolution process, samples behaviour was observed. Although the samples
settled on the bottom of the cell on top of the bed of glass beads, drug particles
remain dispersed within the suspension matrix which was also visible from the videos.
Furthermore, phenomena such as viscous fingering, channelling[90]-[92] and

expansion of the suspension matrix were captured.

Excipients swelling during tablet dissolution was investigated by using two imaging
techniques (direct imaging and MRI).[103], [112], [269], [270] Felicijan et al., Chen et
al. and Rajkumar et al. investigated in-house prepared 100% HPMC tablets by direct
imaging[103], [269] and MRI[270], while Zhang et al. used commercial fluvastatin
tablets containing 30% w/w HPMC. During tablet dissolution the expansion of the
excipients promotes tablet disintegration and water penetration inside the compact,
thus it supports the drug release. In suspensions drug particles are dispersed in the
suspending matrix, thus they cannot easily escape from the formulation. When the
matrix expands more fluid penetrates through the formulation and gets in contact with
the drug particles. This was observed from the dissolution profiles of all tested
suspensions where after the matrix expansion, the percentage of drug dissolved
quickly increased. When suspensions are tested in the paddle apparatus the speed of
the paddle rotation can be controlled depending on the viscosity of the sample.[4],
[81] In the flow-through cell mixing occurs due to the pulsing flow. It was found that a

16 mL/min flow cannot sufficiently mix the suspension and the sample lies on the
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bottom of the cell (small and large). Thus, the upstream medium flow forms channels
through the suspension on its way up. This provides additional contact areas between
the fluid and the drug. In the case of the B100/200 formulation in the small test cell,
the medium found an easier route around the formulation and passed mostly between
the formulation and the wall of the test cell rather than through the formulation. This
could suggest different hydrophilicity or polarity of the excipients, or an impact of

excipients on the balance between cohesion and adhesion.

Andesson et al. explained in his work that the dissolution of solids is dependent on
the contact area between the solid and the medium, i.e., the surface area available for
dissolution, and the hydrodynamics in the test vessel.[271] The flow of the fluid
around the particles and the particle size were noted as the two main factors that
affect the thickness of the diffusion boundary layer in a dissolution process and
consequently, the dissolution rate.[271], [272] Real time monitoring of the suspension
dissolution process allows different patterns in the channel formation and the
suspension behaviour during dissolution to be observed. This presents the potential to
use differences between generic products or different strengths within a brand to be
used as a quality control or a bioequivalence tool in addition to the similarity factor

(f2)[258].

7.3.  Computational methods and Al analysis

7.3.1. Development and application of NNs for prediction of

in vitro dissolution profiles

Direct imaging provides an easy, inexpensive method for process observation.
However, further image analysis and data interpretation could be a labour- and
time-consuming task or to require a significant processing power. Computational
image analysis methods have become easily accessible in commercially available
software, such as SGI became easily accessible with platforms like Matlab™ or they are

already built-in in commercially available software like CANTYVISION intelligent
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analysis Canty™. SGI uses ML algorithms available in some of the Matlab™
toolboxes[157], [273] for image recognition, object detection and parameter
calculation such as object size, position, orientation and velocity. In this way, SGI could
be classified as a simple (low level) Al system as ML and DL are sub-sections of Al as
described in the introduction of this work (Chapter 1). The SGI successfully captured
changes during dissolution of powders and showed potential to be used as an in-line
quality control tool. Moreover, the data collected and analysed by this method set a
solid base for further development of other computational and classification methods,
such as the AlIM, able to detect agglomerates and possibly other specific phenomena
with additional development according to the situation. On the downside, the
limitations of the SGI method represented insurmountable challenges in more complex
systems such as drug precipitation/crystal growth and dissolution of suspensions. The
system was not able to recognize the drug particles either because of their small size
(precipitation) or due to light scattering from the excipients in the suspension, thus

more sufficient method was needed.

The ability of ANN to discern complex and latent patterns in the information
presented to them was found back in the 90s[274], when computer power was not as
advanced as nowadays and the NNs were not that well known. Achanta et al.[274]
tried to identify areas in the pharmaceutical sciences where ANN could be successfully
applied as according to the authors, there was a lack of pharmaceutical publications in
the literature that use ANNs. Ebube et al. used ANN to investigate the ANN ability to
predict the in vitro dissolution rate as a function of product formulation changes.
Accordingly they trained the NN with sets of hypothetical and experimental data of
formulations with known dissolution profiles and tested it to recognize patterns of
similar formulations which were not included in the training.[275] Later, the same
group[235] expanded their ANN application in combination with pharmacokinetic
simulations to design controlled-release formulations with predictable in vitro and in
vivo behaviour. They used formulation variables like moisture, particle size and tablet
hardness as an ANN input and the dissolution profile as an output, thus the ANN was
constructed by selecting the optimal number of hidden layers and nodes (parts of the

ANN structure) (Figure 1.4) and it was used for predictions based on two desired target
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in vitro dissolution profiles and two desired bioavailability profiles. The authors have
shown the potential of using ANN, along with pharmacokinetic simulations, to support
the development of complex formulations. Furthermore, they have pointed out a
major advantage of the ANN model in that it “can generalize the relationship between
independent and dependant variables without a specific mathematical function”.[235]
Peh et al.[190] investigated a different approach to train their multi-layered
perceptron (type of Al model). He used the entire dissolution profile as a time-series
curve. The model estimated the profile by taking time point by time point. Thus, each

time point was used as a separate feature which affects further predictions.[190]

In this current work, another type of NN (CNN) was used to describe the dissolution
processes in the USP 4 FTA. Images were used as an input and the results from the
model were compared to the dissolution profile. It was found that the dissolution
testing of suspensions could be divided into stages — beginning, early and late stage
based on the suspension appearance in the image. Furthermore, it was found that
background interference could result in falsely classified images which suggest
presence of drug particles/formulation in the test cell after the dissolution process was

completed.

7.3.2.  Application of ANNs for prediction of release profiles

and development of solid oral dosage forms

After the successful application of ANNs by Hussain et al.[276], Ebube et al.[275]
and Chen et al.[235] in the late 90s, the beginning of the 21 century was marked by
even more groups willing to apply the new technology to their research. ANNs have
been successfully applied to various pharmaceutical areas such as modelling of in vitro
release from immediate-release tablets[236], sustained-release tablets[163],
controlled-release pellets[190] and granules[277], and to the development of solid
dispersions[278]. Authors agree that ANNs are very useful when the data is
nonlinear[163], [279] or incomplete[276]. ANNs have an advantage over conventional
statistical methods[163] as they are capable of extracting and combining information,
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recognizing patterns, making associations, and analysing and predicting output
responses.[163], [236] Basheer et al.[280] reported that ANNs show robustness,
learning ability, fault and failure tolerance, ability to generalize data and to handle

vague and unclear information.

Examples from the work of two groups reported over the last two decades are
presented here. lbri¢ et al.[279] developed and applied a generalized regression NN, to
assist in development of extended-release dosage forms. In 2012, they published an
extensive review regarding ANNs and their application in optimization of
modified-release dosage forms.[165] In their work, they divided the NNs into static and
dynamic and pointed out the flexibility of the dynamic systems as their major
advantage, along with the connectivity of the inputs which are not independent, but
interact and influence each other.[281] Later, the same group focused on novel dosage
forms such as solid dispersions and 3D printed tablets where ANNs have been applied
to predict the drug release profiles.[205], [218], [278] Nagy et al.[172], [173], [282]
focused on the development of PAT imaging technologies for real time monitoring in
combination with Al models for continuous manufacturing. They have reported that
their ANN model assisted the prediction of the in vitro dissolution of extended-release
tablets using NIR and Raman spectroscopic data and could increase the sampling
frequency during dissolution testing which would provide an opportunity for real time
process monitoring and control.[173] As ANNs are considered the simplest NNs as
discussed earlier in the introduction of this work (Chapter 1) due to their “feed-
forward” nature, more recent studies report the use of CNNs as they consider the
spatial information carried by images.[283], [284] Hence, the prediction of the
dissolution profile could be based on the formulation composition gathered through

chemical imaging, e.g., Raman imaging.[155], [283]

7.3.3.  CNNs —the future of imaging technologies

According to some authors, a single software or modelling algorithm, i.e., NN model

or ML algorithm can solve multiple problems.[165], [205] In this work, the transferring
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of a CNN model initially created as a quality control tool to detect intact tablet surface
to event detection during dissolution and precipitation in the USP 4 FTA was
investigated. The process of model modification is explained in Chapter 4. Initially, the
model was created to serve a specific reason, however, the possibility to repurpose an
existing model would be time- and cost-efficient. Furthermore, the development of a
new NN could require a specific knowledge in engineering and computer science, thus

not many pharmaceutical scientists would have the necessary programming skill-set.

Galata et al.[156] used CNN to predict the dissolution profile of solid oral dosage
forms based on the particle size of HPMC in the formulation. They used two
spectroscopic methods (Raman and NIR) for their predictions. However, images of the
dissolution process were not taken. In this current project, two methods using CNN
were presented where images were acquired during the dissolution of ibuprofen
powder and precipitation of particles (%FwA) (Chapter 4), and dissolution of oral
suspensions (%FwWA and %avgATS) (Chapter 5). The sequence of images could be used
directly to give an insight into the process, or they can be used to train the model to
automatically detect changes during the test. The %FwA approach is a quantitative
binary method which gives a percentage of frames per time point classified as
containing particles. The processing time is short (depending on the processing
power),does not require sampling or insertion of probes, thus it does not interrupt the
dissolution process and the hydrodynamics in the test cell, which makes it suitable to
be used as a PAT real time monitoring tool[95]. There is potential for this method to be
used for qualitative measurements in cases where the percentage of frames without
anomalies continuously increases/decreases over time. However, the sensitivity of the
method is insufficient, and the system could be confused by disturbances of the
background, e.g., air bubbles. In the cases where the dissolution process of
suspensions was investigated, the method successfully defined the end of the
dissolution process when drug and excipients were fully dissolved. It was not
informative enough to detect other changes occurring in the test cell (viscous
fingering, channels or matrix swelling). On the other hand, the %avgATS approach was
more informative regarding changes during dissolution of the suspension, however,

the method was not automated to produce the post-processing results straight away.

135



The CNN calculated the ATS values for each frame, then further manual analysis was
needed to calculate the final %avgATS based on the images taken over the time of the

whole dissolution test.

136



7.4.

Conclusions

This section presents a list of key findings established during the conduction of this

work:

1)

2)

The SGI was particularly useful to capture particle dispersal in the presence
of small concentrations of surfactant. It provided a good estimation of the
particle size during dissolution. Suggestions regarding particle shape could
be made based on the calculated by the SGI aspect ratio. The particle
detection rate and time of the detections could be used to predict the
dissolution rate. For example, a high number of early detections would
correspond to a generally fast dissolution, and prolonged particle detection
would correspond to a slower dissolution. SGI successfully captured
differences between sieved and un-sieved fractions of ibuprofen powder,
crystal habits and agglomeration tendencies. The lower detection rate of
needle-shaped crystals (Ibu-nd), which also showed slower dissolution rate,
may reflect greater agglomeration tendency related to the crystal habit
when compared to the plate-shaped crystals (Ibu-pl). Differences in the
structure of the agglomerates were captured by the SGI. Needle-shaped
crystals tended to connect at the tips and to form larger agglomerates, while
the agglomerations formed from plate-like crystals were with undefined
form and smaller size. The Ibu-pl agglomerations disappeared more quickly

than the agglomerations formed from the Ibu-nd crystals.

Phenomena observed during dissolution such as agglomerates, found in all
tests where ibuprofen powder was used, established the need for an
automated online method for agglomeration identification (AIM) to be
developed. The AIM was able to accurately indicate the presence of
agglomerates during dissolution, considering the challenges related to
presence of very large or small number of particles, choice of parameters to

describe agglomerates and suitable criteria cut-off parameters. Several
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3)

4)

parameters such as signal numbers, detection patterns and overall particle
detections should be considered during AIM development and application.

This method could be further applied to image selection for CNN training.

Dissolution and precipitation processes were examined in two dissolution
apparatuses by using alternative imaging systems (SGI and Mini-cell LED
Inflow Canty™ camera) and specific features for each process were
determined. Due to the slow mixing of ibuprofen solution and pH decreasing
(HCl) medium in the USP 4 flow-through system, both early stages (plume
formation) and late stage (particle formation) of precipitation were
observed. The camera resolution was not sufficient to detect very small
precipitates, thus due to the pulsing flow, they looked like plume in the test
cell. For instance, in the paddle apparatus a plume was not observed as
equal volumes of the drug solution and HCl were instantaneous mixed.
However, the Mini-cell LED Inflow Canty™ camera resolution was better
compared to the SGI camera, thus observation of the particle formation
process, from a grain to fully developed crystals, was possible in the paddle
apparatus. On the other hand, the Mini-cell LED Inflow Canty™ camera
captured very few particles during dissolution testing in the paddle
apparatus. Limitations such as lens distance and drug mass need to be
considered. This system has the potential to be useful during in vitro
dissolution of high dose formulations due to presence of more particles (API
and excipients) and during in vitro investigation of drug precipitation, e.g.,

from supersaturated solution.

Images from the dissolution and precipitation process in the USP 4 FTA were
used to develop a highly accurate CNN model for anomaly classification. The
model was found descriptive enough to suggest beginning, middle and final
stages of a particulate dissolution process and to identify the early and late
stages of precipitation process (plume and particle formation). This type of
Al model was developed for the first time to serve the purpose of an in vitro

dissolution supporting tool. As a proof of concept, the current work
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5)

demonstrates potential for deep machine learning image analysis to be

applied to kinetics of other pharmaceutical processes.

The application of this model was extended to oral liquid formulations
(suspensions). There is no evidence in the literature of the imaging or Al
image analysis of oral suspensions that has been done before. The image
analysis of the suspension during dissolution gave important visual
information regarding the formulation stability — no sedimentation of
particles was observed; hydrodynamic phenomena such as viscous fingering
and channel formation through the formulation and excipients swelling
were observed. All these observations were used to develop a qualitative
CNN model able to describe the dissolution process and to indicate specific
features for the tested formulations which can be used as quality markers,

e.g., a specific ATS trend (smooth for N100/200 and stepwise for B100/200):

a. The binary %FwA approach provided qualitative information about
the presence of formulation in the cell even though the method was

influenced by appearance of external factors like air bubbles.

b. The %avgATS approach was less sensitive to the effect of the air
bubbles and it was able to provide quantitative and qualitative
information comparable with the dissolution profiles. It successfully
defined three stages of the dissolution process — 1) formulation
dispersal and channel formation; 2) enlargement of the channels and
dissolution of the formulation; and 3) full dissolution of the

formulation when no particles are present in the test cell.

This final work involved a more complex situation of sample dispersal and mixing of
fluids of different viscosities. There is a scope to use both presented CNN image
analyses (%FwA and %avgATS) to quantitatively characterise the impact of critical
attributes such as medium composition on suspension formulations dispersal and
dissolution. Furthermore, image analysis could be used to explore other formulations’

dissolution behaviour, the effect of more viscous media and to support formulation
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development and quality control. In conclusion, imaging and image analysis showed a
great potential to be used in many areas of pharmaceutical development and research.
A combination of imaging with Al models opens even more possibilities for further
image investigation. Object recognition and the ability to recognize patterns without
supervision could speed-up processes and decision-making. ML and DL hold many
possibilities for development of customised software for multiple purposes. Although
NNs have been investigated for several decades, they are still referred as a “black box”
technology[282], [284] In this current work, we opened the “black box” to better
understand the processes occurring inside the NN, hence the %avgATS method was
developed. This work suggests that there remain potential unrealised opportunities

from Al.

7.5.  Future work

During the conduction of this body of work, areas for improvement and further

investigation were identified. Some of these improvements could be:

7.5.1.  SGl and image analysis

e Originally the SGI set-up was connected to a single cell USP 4 FTA, which
provided valuable information regarding the dissolution process.
However, for replicability purpose each dissolution test had to be
repeated in another dissolution apparatus which allows dissolution
testing done in triplicate. During the course of this project, the SGI set-up
was successfully transferred to the USP 4 FTA CE7, thus imaging (n = 1)
and dissolution (n = 3) could be conducted together. A custom-made

water jacket for one of the test cells and a customised cell holder were
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produced by the Department of Mechanical, Manufacturing &

Biomedical Engineering, Trinity College Dublin.

Although currently replicates of the dissolution data can be collected,
imaging remains without replicates. Collecting multiple frames from a
single video (150 frames at 10 frames per second) provides replicates of
a single time point, however, variability between test cells could not be
captured. Currently multiple repeats of a single dissolution test would be
needed to gather this information. A possible improvement to be
considered is connection of more cameras to each of the test cell. A
similar approach was used by Johansson et al.[233] where probes were
inserted in each dissolution vessel. A challenge that may arise related to
multiple imaging sources could be how to combine and compare the

results together.

To improve the SGI detection power and lower the particle detectable
size, a micro camera like the one used in the paddle apparatus or a lens
with higher resolution/magnification could help. The refractive indices of
very small particles (< 10 um), the medium used and the cell walls should
be considered. Changing the light source to a laser instead of LED light

could be beneficial to better define particles.

Currently, particle shape could be defined after manual video
observation or suggested by some parameters such as the aspect ratio
and solidity (circularity of the detected particle). Addition of a second
camera under a certain angle (e.g., 90 degrees) could provide 3D spatial

information to support the shape identification.

From a validation perspective, to exploit this technique as a PAT quality
control[95] tool for real time monitoring or in advanced process
control[285] tool, limitations such as repeatability, effect of external
interferences (air bubbles) and accurate sizing need to be
addressed.[286] Currently, an internal calibration standard with known

size is used for calibration of the system before each test, thus a
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specified distance of the imaging window is converted from pixels to um,
then detected particles are sized. However, to validate the sizing ability
of the SGI, an experiment with insoluble particles of known size could be
performed. A limitation for accurate measurement could be the depth of
focus and the sharpness of the acquired image as particles appear

blurred, smaller, or larger depending on their position in the cell.

7.5.2. Al analysis

According to a current FDA consultation document regarding future evaluation and
validation of AlI/ML concepts[3], a clear model specification and documentation of
criteria for development and assessment of models is needed. Model risk factors —
model influence on the decision making and the potential consequences of a wrong
decision need to be evaluated. It is important to understand and monitor model
performance to ensure it is reliable, relevant, and consistent over time. From a
regulatory perspective, an Al model could not be referred as a “black box”
technology[282], [284] and the biases related to the underlying data which shapes the
decisions made by the Al model have to be understand and monitored. To date, there
are limited industry standards and FDA guidance regarding development and

validation of models and their potential impact on product quality.[3], [285]

e The AIM and CNN Al model presented in this present work were developed
and validated based on comparison of the results with manually created
reference data set (AIM) or visual confirmation. Dissolution profiles were
used as a well characterised analytical procedure to compare the SGI and
CNN model ability to describe a dissolution process. However, all models
presented here are more proof-of-concept rather than fully developed tools
for routine application. Therefore, further development and validation of
the models is needed depending on how quantitative data is to be

deployed.[286]
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Further improvement of the CNN approaches (%FwA and %avgATS) could be
minimizing the external influence, e.g., from air bubbles on model accuracy

(mostly applicable for the %FwA model).

Implementation of a built-in equation with flexible values able to calculate
%avgATS based on current values at every sampling point in real time would
increase the applicability of this model into industrial situations, e.g.,
advanced process control or process monitoring and fault detection during
continuous manufacturing.[285] Them obtained profile would be a dynamic
function calculated based on the current situation in the test cell. However,
building such function would require specific programming knowledge, i.e.,
coding knowledge. Moreover, the application and interpretation of such
feature would require solid knowledge of what the NN is doing or how this
feature is being employed. At the current stage of this project, %FwA
method could be used as a real time monitoring tool, while %avgATS could

give additional qualitative information after further processing the data.

Imaging and Al analysis of oral suspensions showed the potential of this
technology to be used for characterisation of formulations and to support in
vitro dissolution testing. There is scope to apply these methods to other
formulations such as tablets, gels, solutions, patches or injectables. Specific
characteristics related to different formulations could be captured and used
by the Al model for classification and characterization. Re-training and
application of the same CNN to different formulations or drug molecules
would contribute to better understanding of the NN’s learning processes,
model validation and how one model could be transferred to different

situations.[3], [286]

The prediction ability of the Al model could be further explored by testing
suspensions with different drug/excipients ratios, i.e., different product
strengths or suspensions with similar excipients content and different drug,
e.g. paracetamol-containing paediatric oral suspensions. Product

performance could be controlled by “smart monitoring”[285] if a specific
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dissolution pattern is known for a certain product (e.g., stepwise for
B100/200). However, further confirmation of the observed patterns is

needed.

Taking into consideration all limitations of the methods presented in this work, it is
undeniable that there is potential to exploit these methods to gain extra insight. By
using imaging and image analysis, real time particle monitoring and characterization
during dissolution in standard apparatuses was possible. Information regarding events
occurring in the test cell such as drug precipitation and agglomeration could be
gathered and further exploited, e.g., in a quality control set-up. Application of Al
model could be used for a qualitative and quantitative analysis of dissolution
processes. In the future, application of such methods as they are, or with some further
development could become an indispensable part of industrial processes such as

continuous manufacturing and quality control.
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Appendix 1

Ibuprofen calibration curves in the UV-Vis spectrophotometer
used for the solubility study and dissolution tests of the

ibuprofen APl powder presented in Chapters 3, 4 and 6.

Calibration curves for the dissolution tests of ibuprofen APl were carried out by
preparing dilutions of ibuprofen powder in pH 6.8 phosphate buffer with surfactant
concentrations from 0 to 0.05% w/v Tween 20. The concentration ranges used were:
0.5 pg/mL to 20 pg/mL for Ibu-nd in PB 0% w/v (Figure A1.1), 0.003% w/v (Figure A1.2)
and 0.01% w/v Tween 20 (Figure A1.3), 0.125 pg/mL to 20 pg/mL for lbu-nd in PB
0.005% w/v (Figure Al.4) and 0.05% w/v Tween 20 (Figure Al1.5) at 222 nm
wavelength, and 30 pg/mL to 600 pg/mL for Ibu-nd in PB 0%w/v (Figure A1.6), 0.003%
w/v (Figure A1.7) and 0.01% w/v Tween 20 (Figure A1.8), and 2 pg/mL to 600 pg/mL
for Ibu-nd in PB 0.005% w/v (Figure A1.9) and 0.05% w/v Tween 20 (Figure A1.10) at

264 nm wavelength.
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Figure A1.1: Mean absorbance (+SD) of ibuprofen API at concentrations of 0.5 ug/mL to 20
ug/mL in pH 6.8 PB 0% w/v Tween 20 at 222 nm (n = 3).

Mean absorbance (xSD) of ibuprofen API at concentrations of 0.5 pg/mL to 20 ug/mL
in pH 6.8 PB 0% w/v Tween 20 at 222 nm (n = 3).
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Figure A1.2: Mean absorbance (+SD) of ibuprofen API at concentrations of 0.5 ug/mL to 20
ug/mL in pH 6.8 PB 0.003% w/v Tween 20 at 222 nm (n = 3).
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Figure A1.3: Mean absorbance (+SD) of ibuprofen API at concentrations of 0.5 ug/mL to 20
ug/mL in pH 6.8 PB 0.01% w/v Tween 20 at 222 nm (n = 3).
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Figure A1.4: Mean absorbance (+SD) of ibuprofen API at concentrations of 0.125 ug/mlL to 20
ug/mL in pH 6.8 PB 0.005% w/v Tween 20 at 222 nm (n = 3).
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Figure A1.5: Mean absorbance (+SD) of ibuprofen API at concentrations of 0.125 ug/mL to 20
ug/mL in pH 6.8 PB 0.05% w/v Tween 20 at 222 nm (n = 3).
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Figure A1.6: Mean absorbance (+SD) of ibuprofen API at concentrations of 30 ug/mlL to 600
ug/mlL in pH 6.8 PB 0% w/v Tween 20 at 264 nm (n = 3).
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Figure A1.7: Mean absorbance (+SD) of ibuprofen API at concentrations of 30 ug/mL to 600
ug/mL in pH 6.8 PB 0.003% w/v Tween 20 at 264 nm (n = 3).
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Figure A1.8: Mean absorbance (+SD) of ibuprofen API at concentrations of 30 ug/mL to 600
ug/mL in pH 6.8 PB 0.01% w/v Tween 20 at 264 nm (n = 3).
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Figure A1.9: Mean absorbance (+SD) of ibuprofen API at concentrations of 2 ug/mL to 600
ug/mL in pH 6.8 PB 0.005% w/v Tween 20 at 264 nm (n = 3).
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Figure A1.10: Mean absorbance (+SD) of ibuprofen API at concentrations of 2 ug/mL to 600
ug/mL in pH 6.8 PB 0.05% w/v Tween 20 at 264 nm (n = 3).

186



Ibuprofen calibration curves in the high-performance liquid
chromatography (HPLC) used for the dissolution tests of the
ibuprofen-containing oral suspensions Brupro and Nurofen

presented in Chapter 5.

A calibration curve for the dissolution tests of ibuprofen-containing oral
suspensions were carried out by preparing dilutions of ibuprofen powder (lbu-nd) in

PB, pH 6.8 (Figure A1.11). No surfactant was added to the medium for these studies.
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Figure A1.11: Mean absorbance (+SD) of ibuprofen API at concentrations of 5 ug/mL to 600
ug/mL in PB pH 6.8 at 254 nm (n = 3).
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Appendix 2

Dissolution profiles of Ibu-nd, lbu-nd-S and lbu-pl-S from the dissolution tests
performed in the USP 4 FTA CE1 used for SGI analysis presented in Chapter 3 (Figure
A2.1 to Figure A2.7).
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Figure A2.1: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg (green
triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0% w/v Tween 20 at FR 8 mL/min in
the FTA CE1 22.6 mm diameter cell.
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Figure A2.2: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg (green
triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0% w/v Tween 20 at 16 mL/min in the
FTA CE1 22.6 mm diameter cell.
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Figure A2.3: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg (green
triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0.005% w/v Tween 20 at FR 8 mL/min
in the FTA CE1 22.6 mm diameter cell.
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Figure A2.4: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg (green
triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0.005% w/v Tween 20 at 16 mL/min in
the FTA CE1 22.6 mm diameter cell.
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Figure A2.5: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg (green
triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0.05% w/v Tween 20 at FR 8 mL/min in
the FTA CE1 22.6 mm diameter cell.
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Figure A2.6: Dissolution profiles of 4 mg (red circle), 20 mg (blue square) and 100 mg (green
triangle) Ibu-nd powder in phosphate buffer pH 6.8 with 0.05% w/v Tween 20 at 16 mL/min in
the FTA CE1 22.6 mm diameter cell.
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Figure A2.7: Dissolution profiles of Ibu-pl-S (squares, o), Ibu-nd-S (triangles, A) and Ibu-nd
(circles, o) in the FTA CE1, test cell 22.6 mm diameter at FR 8 (white) and 16 (black) mL/min.
Medium: phosphate buffer with 0.005% Tween 20, pH 6.8.
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Appendix 3

SGI Quantity & Dispersion code

1. %Clear all old graphics and the workspace
clear all; clf;

N

%Read .xlsx files
[files,path]=uigetfile('*.x1lsx"', 'multiselect’,'on");

num_of_files = length(files);

a v b~ w

for i=1:num_of_files

7. data{i} = readtable(fullfile(path,files{i}));

8. end

9. % Particles diameter per minutes of the dissolution

10. len_data = length(data); %Creates

variables.
11.Davg = [];
12.Median = [];
13.AR_avg = [];
14. solidity avg = [];
15.Area_avg = [];

16.n = [];
17.Prie = [];
18.Pr9o = [];

19.Small = [];
20.Big = [];
21.Solid = [];

22. %Repetitive cycle for collecting information from the .xlsx files

23. for i=1l:len_data %Number of files to open

from 1 to No.x
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24

25

26

27.
28.
29.

.T_cell = data{1,i}(:,2); %Excel table; read all rows
(:); column (2) diameter (mm).

. T_double = table2array(T_cell); %Changing matrix to
numerical array.

.names = strsplit(files{i},"' "); %Creates names of time

points.

xvalue = str2num(cell2mat(names(1)));

x = xvalue.*ones(1,length(T_double));

average_diam = mean(T_double); %Calculate the average

diameter of the particles. Remove ";" to see the result in the comand

window.
30.Davg(i) = average_diam;
31.SD = std (T_double); %Calculate the standard

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.
44,

deviation of the diameter for each time point. Remove ";" to see the
result in the comand window.

M = median (T_double);

Median(i) = M;

AR_cell = data{1,i}(:,6); %Excel table; read all rows
(:); column (6)aspect ratio.

AR = table2array(AR_cell); %Changing matrix to
numerical array.

average_ratio = mean(AR); %Calculate the average
aspect ratio of the particles. Remove ";" to see the result in the
comand window.

AR_avg(i) = average_ratio;

SD_ R = std (AR); %Calculate the standard
deviation of the diameter for each time point. Remove ";" to see the
result in the comand window.

SD_AR(i) = SD_R;

solidity_cell = data{1,i}(:,10); %Excel table; read all
rows (:); column (6)aspect ratio.

solidity = table2array(solidity cell); %Changing matrix to
numerical array.

solidity_mean = mean(solidity); %Calculate the average
aspect ratio of the particles. Remove ";" to see the result in the
comand window.

solidity avg(i) = solidity mean;

SD_solidity = std (solidity); %Calculate the standard

deviation of the diameter for each time point. Remove ";" to see the

result in the comand window.
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45.SD_solidity(i) = SD_solidity;

46. Area_cell = data{1,i}(:,3); %Excel table; read all
rows (:); column (3)area (mm).

47. Area = table2array(Area_cell); %Changing matrix to
numerical array.

48. average_area = mean(Area); %Calculate the average
area of the particles. Remove ";" to see the result in the comand
window.

49, Area_avg(i) = average_area;

50.SD_A = std (Area); %Calculate the standard
deviation of the diameter for each time point. Remove ";" to see the
result in the comand window.

51.SD_Area(i) = SD_A;

52.Prl1@ = prctile(AR, 10); %Calculate the 10th
percentile of the particle ARs. Remove ";" to see the result in the
comand window.

53.Pr9e = prctile(AR, 990); %Calculate the 90th
percentile of the particle ARs. Remove ";" to see the result in the
comand window.

54.Small = [Small length(find(table2array(T_cell)<=0.106))];

55.Big = [Big length(find(table2array(T_cell)>0.4))];

56.S0lid = [Solid length(find(table2array(solidity cell)<=0.85))];

57.n(i) = numel(T_double); %Counts No. of detected
particles.

58.n(n==0) = NaN; %Sign as NaN when the
result is = @. Like this the result is hidden from the graph.

59. scatter(x,T_double, 0", 'k") %Results in a graph with
particles diam. dispercion.

60. hold on %Holds previous results

from the loop and apply the next on the same graph.

61. end

62.% axis limits %kleft axis
63.x1lim ([0 79])
64.ylim([0 1])

65.% % Create legend

66.% xlabel("Time (min)"); %X axis name
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67.
68.

69

71.

72.
73.
74.

75.
76.

77

78.

79.

80.

81.

82.
83.

84.
85.
86.
87.

% ylabel("Particle diameter (mm)"); %y axis name
% title("Dissolution of 50 mg B1@© in PB, FR 16 mL/min, large cell");
%Graph title

.% Create Average diameter plot

70.

xavg = [2 4 6 8 10 15 20 25 30 40 50 60]; %x axis lables. Change
them if different or delete if less then 15. The number of positions
must match the number of files/avg. diam.

scatter(xavg,Davg, 'g','*") %Plot average diameter

on the graph above.

hold on
% a = errorbar(xavg,solidity_avg,SD_solidity);
% set (a,'Color','b', 'Marker','~",'linestyle’,"'-") %Set

graphic markers, size, shape and colour.
% ylim ([0 1])
% hold on

.yyaxis right %Creates a right axis on

the graph above.

s = plot(xavg,n); %Plot number of detected
paticles in log scale.

set (s, 'Color','r','Marker',"'.", 'MarkerSize',48, 'linestyle’,"'-")

%Set graphic markers, size, shape and colour.

set(gca, 'yscale', 'log', 'yColor','r','ylim', [1E@ 1E5])

%Set scale type, colour, limits.

%ylabel ("No. Particles") %y axis name

% %Creates a graph of the aspect ratio and the particle area.

% %Shows average surface area and aspect ratio of particles in a
single

% %timepoin of the test.

%

% f2 = figure;

% xavg = [2 4 6 8 10 15 20 25 30 40 50 60 80 100 120]; %X axis
lables. Change them if different or delete if less then 15. The number

of positions must match the number of files/avg. diam.

195



88.% a = errorbar(xavg,Area_avg,SD_Area)

89.% set (a,'Color','k', 'Marker',"'*"',"'linestyle’,"'-") %Set
graphic markers, size, shape and colour.

90.% ylim ([0 1])

91.% hold on

92.%

93.% % Create legend

94.% xlabel("Time (min)"); %X axis
name

95.% ylabel("Particle area (mm)"); %y axis
name

96.% title("Ibuprofen hexane 20mg in PBT 0.005%, pH 6.8, flow rate
16ml/min"); %Graph title

97.%

98.%

99. % yyaxis right

%Creates a right axis on the graph above.

100. %
101. % b = errorbar(xavg,AR_avg,SD_AR)
102. % set (b,'Color','b','Marker','o", "linestyle’','-")

%Set graphic markers, size, shape and colour.

103. % set(gca, 'yColor',[0,0,1], ' 'ylim"', [0 1], 'xlim', [@© 130])
%Set scale type, colour, limits.

104. % ylabel("Particle aspect ratio")

%y axis name

105. %Creates a graph of the number of particles above/below certain
size.

106. %Detects particles with pre-defined limits. If one looks for
agglomerates,

107. %distribution or else.

108. % f3=figure;

109. % xavg = [2 4 6 8 10 15 20 25 30 40 50 60 80 100 120]; %X

axis lables. Change them if different or delete if less then 15. The
number of positions must match the number of files/avg. diam.

110. % bar (xavg,n)
%plot all detected particles

111. % hold on
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112. % bar (xavg,Small)
%plot particles smaller than 106 um

113. % hold on

114. % bar (xavg,Big)
%plot particles graeter than 300 um

115. % hold on

116. %

117. % % Create legend

118. % xlabel("Time (min)"); %X
axis name

119. % ylabel("Number of particles"); %Yy
axis name

120. % title("Ibuprofen 250mg in PBT ©.005%, pH 6.8, 50 prm");
%Graph title

121. % legend('particles','small', 'big');
%legend titles

122. %

123. %

124. % %Creates a histogram of the number of particles above certain

size and solidity below certain value.

125. % %Detects particles above the limit and solidity below the
limit. If both

126. % %apear in the same time point - check the video for
agglomerates.

127. %

128. % fd4=figure;

129. % xavg = [2 4 6 8 10 15 20 25 30 40 50 60 80 100 120]; %X

axis lables. Change them if different or delete if less then 15. The
number of positions must match the number of files/avg. diam.

130. % bar (xavg,n)
%plot all detected particles

131. % hold on

132. % bar (xavg,Solid, 'FaceColor','[0.4940 0.1840 ©.5560]")
%plot particles smaller than 106 um

133. % hold on

134. % bar (xavg,Big, 'FaceColor','c")
%plot particles graeter than 300 um

135. % hold on

136. % % Create legend
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137. % xlabel("Time (min)"); %X

axis name

138. % ylabel("Number of particles detection/Size/Solidity"); %y
axis name

139. % title("Ibuprofen 250mg in PBT ©.005%, pH 6.8, 50 prm");
%Graph title

140. % legend('particles', 'solidity"', 'big');

141. %legend titles
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AIM code

%Clear all old graphics and the workspace

. clear all; clf;

3. %Read .xlsx files

[files,path]=uigetfile('*.x1lsx"', 'multiselect’,'on");

5. num_of_files = length(files);

data = readtable(fullfile(path,files));

7. %Repetitive cycle for collecting information from the
8. PrD75 = [];

9. PrD80 = [];

10.PrD90 = [];

11.PrS75 = [1;

12.PrS30 = [];

13.PrSi0 = [];

14.Avg = [];

15.Fp = [1];

16.Time_cell = data(:,1);

17.

18.

19.
20.
21.
22.
23.

24.
25.

table; read all rows (:); column (1) time (s).
Diameter_cell = data(:,2);

table; read all rows (:); column (2) diameter (mm).
Solidity cell = data(:,10);

table; read all rows (:); column (1@)solidity.
Time = table2array(Time_cell);

Diameter = table2array(Diameter_cell);

Avg = mean(Diameter);

PrD75 = prctile(Diameter, 75);

PrD80 = prctile(Diameter, 80);

th Percentil of the diameter.

PrD90 = prctile(Diameter, 90);

Solidity = table2array(Solidity_cell);

matrix to numerical array.

.xXlsx files

%Excel

%Excel

%Excel

%PrDn is n-

%Changing
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26.
27.

28.

29.

30.
31.
32.

33.

34.

35

36.
37.

38.
39.

40.
41.

42.
43,
44,
45.
46.
47.
48.
49.
50.

PrS75
Prs3e
th Percentil of the solidity.

prctile(Solidity, 75);
prctile(Solidity, 30); %PrSn is n-

PrS10 = prctile(Solidity, 10);

%flagl = (Solidity < 0.96) & (Diameter > Avg); %flag 1 can
be set to be based on exact value or percentil (choose between flagl
versions - uncomment)

%flagl = (Solidity < ©.85) & (Diameter > 0.300);

flagl (Solidity < PrS75) & (Diameter > PrD75);

flag2 = zeros(size(flagl)); % criterion
result based on having similar hits in adjacent frames
Fp = nnz(flagl==1); % counts

positive flags = numbers of detections that hit the criteria

%plot(Time(Diameter>0.3),Diameter(Diameter>0.3),'0") % plots only

diameters > 0.3

.plot(Time(Diameter>PrD75),Diameter(Diameter>PrD75), ‘o', 'Color','b", 'Ma

rkerSize',7) % plots only diameters > Pr8e

hold on

plot(Time,Diameter,'."', 'Color','k"', 'MarkerSize',10)

% plots all particles

hold on
plot(Time(Solidity<PrS75),So0lidity(Solidity<PrS75),'v", 'Color', 'r")
% plots only solidity < PrSi1e

hold on

%plot(Time,Solidity,"'.") % plots
all solidity values

hold on

scatter(Time,flagl, 'p')

%set (f,'Color',[0.47,0.67,0.19])
xlim ([@ 15])

ylim([e 1])

grid on

xlabel("Time (s)", 'Fontsize',28);

ylabel("Diameter (mm)/Solidity", 'Fontsize',28);
%title("Unprocessed 20mg in PB ©0.005%, flow rate 16ml/min, 4@min")
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Image re-sizing code

Video = VideoReader('0 2023-04-03-132517-0000.avi")
numFrames = Video.NumberOfFrames;

n=numFrames;

for i = 1:n

frame0GSize = read(Video,i);

frameRightSize = imresize(frameOGSize, [225 225]);

N o 1 bW N R

imwrite(frameRightSize,['C:\Users\tasevaa\OneDrive - Trinity College
Dublin\Matlab\resizedImages\N200\Small cell, FR 16, PB 0%\0 min\"'
int2str(i) '_framed', '.jpg'l);

8. end
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