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1. Introduction

Developing a model-driven workflow for the
digital design of small-scale batch cooling
crystallisation with the antiviral lamivudinet

Thomas Pickles, @2 Chantal Mustoe, @2 Christopher Boyle, {3
Javier Cardona, ©32°¢ Cameron J. Brown @2 and Alastair J. Florence*?

We present a workflow that uses digital tools to optimise the experimental approach and maximise the
efficiency in achieving the required process parameters for a desired set of crystallisation responses,
kinetics and objectives. Model-driven small-scale experiments can contribute to reducing time and material
waste in the development of pharmaceutical crystallisation processes. The workflow presented here guides
the development of a small-scale batch cooling crystallisation process via solubility measurements, particle
shape and size determination, form identification and preliminary kinetic parameter estimation to make
crystals that satisfy quality target parameters (for shape, size and solubility) for a given active
pharmaceutical ingredient (API). The case study herein follows the development of a crystallisation process
for lamivudine, an APl used in the preventative treatment of human immunodeficiency virus (HIV). This
work identifies ethanol as a suitable solvent, meeting the acceptable solubility parameters for industrially
relevant processes and yielded the biorelevant form, form |. The target kinetic parameters that were
measured included induction time, growth rate and nucleation rate for lamivudine in ethanol under a range
of conditions as guided by experimental planning models. Data was collected as part of the development
of a DataFactory platform in which experimental optimisation can be autonomously implemented and all
measurements stored in a crystallisation parameter database. This database will have further value in
informing model development and continuous crystallisation process design and optimisation. The model
objective-driven development workflow identified the following conditions, 19.9 °C, 600 RPM and
supersaturation of 1.70, as achieving the desired objective successfully in 80 polythermal and 28 isothermal
experiments. Integration of the workflow alongside the optimisation algorithm within the automated
DataFactory system will enable fully autonomous, rapid data collection for small-scale API crystallisation.
Such autonomous systems could play vital roles in pharmaceutical development and manufacturing driving
towards more efficient and sustainable practices via digital transformation.

secondary nucleation, crystal growth, agglomeration, phase
transformations, and impurity rejection can all be measured

Crystallisation is widely used as a fundamental purification
step in the primary processing of active pharmaceutical
ingredients (API) and many other molecular materials that
also imparts the physical and bulk properties to the material
relevant to subsequent processing." The fundamental rate
processes controlling crystallisation outcomes i.e. primary/
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using a range of established techniques®® but remain difficult
to predict for any given combination of API solute, solvent
system, equipment geometry and process parameters. Hence
process development can involve extended experimental
efforts to select the composition and process conditions
under which desirable outcomes can be achieved and transfer
this across scales. Thus, approaches to enable rapid,
optimised selection of conditions that provide the
thermodynamic and kinetic control to achieve desirable size,
shape and form outcomes early in the development cycle are
of considerable interest.

Lamivudine, a nucleoside reverse transcriptase inhibitor
used as an antiviral medication to treat and prevent human
immunodeficiency virus (HIV) and hepatitis B virus (HBV),**
is also being investigated as a potential treatment for COVID-

This journal is © The Royal Society of Chemistry 2024
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19.° Lamivudine is currently produced using cooling
crystallisation in methanol and (=) binol.” There is limited
prior literature describing the solubility of lamivudine and no
kinetic parameters have been published. Past studies have
shown that the dissolution rate of lamivudine is not
substantially affected by changes in pH and that, subsequently,
lamivudine exhibits good bioavailability in clinical usage.®
Good bioavailability is determined by the biopharmaceutical
classification system (BCS) assignment of group III, noting it is
on the border of group I for permeability.” Lamivudine has
been shown to produce three crystalline forms, form I, which is
a 0.2 hydrate that exhibits needle geometry, and two anhydrous
forms, form 11, and I1I which typically adopt bipyramidal*® and
needle morphologies, respectively."* Existing patents state that
form I and form II are preferred in solid oral dosing.'?
Therefore, the objective of the crystallisation is the purification
and management of physical attributes to ease downstream
processing.

The DataFactory project at CMAC, The University of
Strathclyde, involves the development of an autonomous data
collection platform primarily focusing on API solubility and
kinetic parameters.”®> The work presented here lays the
foundation for a robotic workflow that can be carried out
without human supervision. The core experimental process
will follow the steps discussed in this paper but be carried
out robotically, i.e. by a Kuka KMR iiwa similar to the one
used by Burger et al.'* When autonomous around-the-clock
experiments are possible, the DataFactory will have the
capacity to output data up to four times faster than human-
led laboratory work due to operational hours increasing from
8-12 hours per weekday to 24 hours every day. A
crystallisation parameter database is being developed to
support the development of a suite of predictive tools in the
form of a crystallisation classification system (CCS) that will
accelerate the development of robust, sustainable
crystallisation processes. This platform aligns with the wider
need for more structured data management and curation
adhering to findable, accessible, interoperable, and reusable
(FAIR)" data principles to support digital transformation in
pharmaceutical and other process industries.

In this work, the target workflow builds on the stages and
guidelines of previous process development workflows for
pharmaceutical processes.”> This workflow integrates
predictive models, automation and robotics to improve
overall experimental efficiency and speed. The workflow also
establishes and tests the logic necessary to enable an
autonomous robotic data-collection platform to undertake
the key tasks towards the selected experimental objective.
Such autonomous platforms have the potential to accelerate
development timescales and allow rapid process design.'®
Autonomous development systems that can intelligently vary
experimental conditions to achieve a target outcome based
on real-time data also promote sustainability by reducing
human error, minimizing waste and optimising resource
utilisation, contributing towards a more efficient and
sustainable pharmaceutical manufacturing sector."”
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2. Experimental

In this study, images taken during the crystallisation
experiments were collected using Technobis's Crystalline
Reactor system at a rate of one image every five seconds.
Each of the eight reactor vials heats and cools following its
own temperature profile, and every reactor has an HD camera
focused on the lower part of the vial. X-ray powder diffraction
(XRPD) patterns were collected using a Bruker D8 Discover,
and the data was visualized using DIFFRAC.EVA'® software
from Bruker. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were performed
simultaneously using a Netzsch STA 449 F1 Jupiter and data
was analysed using Proteus Analysis.'® Solid and solvent
dosing was carried out using a Zinsser Crissy GGXXL robotic
platform, which recorded solid and liquid dosed masses with
a precision of +0.005 mg. The Zinsser platform was used to
dose amounts in the range of 5 to 1000 mg of solid and 1 to
8 mL of solvent. Raman scans were collected using a Tornado
Focused Non-Contact probe from a stirred suspension in 8
mL glass vials.

The optimisation of crystallisation parameters to achieve
the desired outcome was conducted in Modde 12.1
(Sartorius)?® following a full factorial design of experiment
(DoE) plan with a multiple linear regression model (MLR).
This model allows a 3-dimensional optimisation space ie., 2
objectives and a combination of input parameters. Additional
optimisation objectives can be added as constraints but will
not explicitly feature as objectives of the optimisation
algorithm. The experimental section and subsequent
optimisation were performed in tandem as batch offline
iterations. The initial DoE plan had high exploration across
the whole design space and covered the corners, edges and
centre points. Iteratively, the DoE experimental coverage got
smaller to focus on exploiting the true optimum.
Termination criteria for the optimisation loop was +0.01
supersaturation and +1 °C between MLR recommended
experiments.

3. Workflow

In this section, each stage of the workflow, corresponding to
the boxes in Fig. 1, is described in detail. The challenges
associated with the application of this workflow are also
discussed for each step.

3.1. General considerations and challenges

The following section discusses the challenges associated
with the generalisability of each step of the workflow. Each
subsection corresponds to a step in the workflow.

3.1.1. Define the aim of the study. For the data collected
using this workflow to be of use in the establishment of a
CCS with broad applicability, the experiments need to span a
varied chemical space in terms of physical and molecular
descriptors. Consideration of scale and scope of experiments

would benefit from standardisation so consistent
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Fig. 1 Workflow for small-scale batch cooling crystallisation data collection (for more details refer to Table S1 in the ESIt). *Minimum of 3-4 data
points must be used for reliable estimates of R? values. For some solvent systems, this may not be achievable as qualitative solubility can still be
used to eliminate potential solvents. **Although not explicitly discussed in the case study of this paper, if the target parameters for the study are
not met then further study can be done to explore seeded, antisolvent and larger-scale crystallisation.

information types and quality can inform future model
development.

3.1.2. Review prior knowledge. Crystallisation and
solubility databases are not freely available and/or do not
present sufficiently consistent data across a wide enough
chemical and process space, thus limiting their utility in this
context. Reference solubility data may be very limited and/or
difficult to gather. Furthermore, APIs passing through the
workflow may be newly developed or legally embargoed and
thus very limited prior data may be available particularly if
this workflow was applied to a commercial setting. FAIR"
data principles should be adopted during data collection,
storage and curation to enable the value of all data collected
to be realised during and after the primary project.

3.1.3. Characterise raw material. It is important to
understand the characteristics of the raw material before any
processing to allow for referencing after crystallisation
experiments have been conducted. Choosing the correct
analytical methods for raw material analysis poses unique
challenges depending on what equipment is available to the
researcher.

3.1.4. Define workflow-specific target parameters. Target
solubility,”" shape and size** values can be estimated using
developability*®> and manufacturability*® considerations for
different APIs. The target kinetic values, including nucleation
and growth, needed to achieve these outcomes are not
available without more detailed knowledge of the rate
processes involved for each system. Another challenge
associated with setting target parameters is determining the
relative importance of each parameter - particularly when

824 | CrystEngComm, 2024, 26, 822-834

introducing data filters and machine learning (ML) models.
The relative importance of parameters is needed as these
parameters will need to be weighted accordingly in multi-
objective optimisation.

3.1.5. Solubility and solvent effects study (polythermal
global search). Numerical values for solubility cannot always
be measured due to equipment upper and lower constraints
when dosing very high and low concentrations, e.g., the
lowest concentration dose possible may still not dissolve at
the highest temperature. In this case, qualitative solubility
observations, for example, either anti-solvent or too soluble,
are sufficient for decision-making.

If prior solubility data is not available for a given system,
initial experiments are conducted systematically or guided by
predictive  models.>> When conducting experiments
systematically, exploring concentrations at the lower and
upper bounds of the target range allows us to generate
qualitative solubility classifications that guide subsequent
experimental concentrations. For some APIs, the workflow-
specific target parameters may not be met using a single
solvent from the library chosen. In this scenario, a binary
solvent screen is recommended as intermolecular
interactions in binary solvent systems can alter molecular
solubilities.*®

3.1.6. Off-line analysis. XRPD is recommended as the
main technique for polymorph determination as it is the gold
standard for crystallisation polymorph fingerprinting and can
identify amounts (typically down to 5%) of physical
impurities.>” An  alternative and widely available
fingerprinting technique for polymorph determination is

This journal is © The Royal Society of Chemistry 2024
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Raman spectroscopy which can provide information on solid
form changes as well as yield. While both techniques are
non-destructive, Raman can also be implemented in situ via
optical probes removing the need for sampling. At the same
time, the application of Raman can be limited by low signal-
to-noise ratio and interference from solvent signal and
fluorescence.”® In some cases, the desired polymorph may
not have been isolated at this stage. If this is the case, it may
be necessary to revisit the solvent library and perform a wider
form screen with the inclusion of binary solvent systems.

3.1.7. Solvent ranking & selection. This step is typically a
manual human intervention step, and, therefore, poses
challenges for autonomous implementation. Useful solvent
selection tools are available to aid in this key decision step.
These tools include, for example, the GSK Solvent Selection
Guide 2009 (ref. 29) which classifies solvents as having one of
the following: few issues, some issues or major issues (in
terms of solvent favourability for use in industrial processes).
These classifications are determined wusing physical
properties, mainly melting point and boiling point, and a
ranking of waste, environmental, health, safety, stability and
life cycle impacts. The solvent ranking and selection step is
important for the goal of the workflow as it can allow for the
identification of a greener and easier-to-process solvent.
Ultimately, experiments in this step could be limited to only
those required for refining solubility predictions across a
wide range of solvents for the API of interest.

3.1.8. Kinetic parameter study (isothermal local search).
As the goal of this step is to determine estimates of the
kinetic responses under representative process conditions,
several approaches can be used to derive these from small-
scale experiments.>°

The reliable measurement of the induction time of a
solute in a given solution also requires multiple data points
in order to properly sample the probability distribution.*
The number of experiments and/or cycles required to address
this challenge can therefore be expensive in terms of time
and data storage. In this study, five cycles were used to
reduce measurement uncertainty. Fewer cycles would have
resulted in a higher degree of uncertainty while more cycles
would have risked exceeding the computational and
temporary data storage limits available for a given
experiment.

3.1.9. Off-line analysis. Refer to section 3.1.6. If
unexpected fouling has occurred at this stage, certain
countermeasures such as altering heating rate, cooling rate,
dissolution temperature and solvent choice can be
explored.

3.1.10. Optimisation. Selecting the optimal composition
and operating conditions to achieve desired crystallisation
outcomes with respect to yield, particle size, form and/or
purity involves optimisation of several different factors and
associated uncertainties. At this stage, it needs to be decided
whether single or multi-objective optimisation will suffice for
the aim of the workflow, as both come with separate
challenges. Single factor, single response optimisation is

This journal is © The Royal Society of Chemistry 2024
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straightforward to implement but does not explore the
impact of latent variables (such as how both temperature and
supersaturation alter the growth rate simultaneously) or
conflicting optimisation objectives (such as how induction
time decreases as nucleation rate increases with
supersaturation). On the other hand, in multi-objective
optimisation, each target parameter could be an optimisation
objective resulting in the challenges and complexities of a
multi-dimensional optimisation problem. Going above 20
dimensions is often regarded as detrimental to many
optimisation models.****  Multi-objective  optimisation
problems come with the additional requirement of data
normalisation and the additional challenge of weighting
target parameters appropriately to align to the aim of the
workflow. If this optimisation approach does not achieve the
desired shape, size and/or form objectives, then seeded-
cooling and antisolvent crystallisation routes should be
explored” (these methods are beyond the scope of the current
case study and workflow).

4. Results & discussion: workflow
case study of lamivudine

In this section the individual steps of the workflow, as
described in Table S1 of the ESL} are presented using
lamivudine as a test case. Note, the section headings below,
are numbered 4.2.X, where X refers to the specific stages of
the workflow illustrated in Fig. 1.

4.1. Materials

Lamivudine (90 g, CAS ID: 134678-17-4) (Fig. 2) was purchased
from Molekula Ltd as an off-white powder and form II
Lamivudine is a suspected teratogen. Therefore, dosing was
performed in a fume hood and samples were transferred in
capped vials. The solvents used for the cooling crystallisation
were purchased from Sigma Aldrich, Fisher Scientific, VWR,
and Alfa Aesar or prepared in-house (deionised water).
Lamivudine was chosen as the API of interest due to its
useful pharmaceutical applications, and, in particular, its
antiviral properties. There is also limited data in the
literature for lamivudine solubility and crystallisation
kinetics.** Contextual data was collated for lamivudine from

NH>

Nﬁ
&I\ OH

O~ N o

S

Fig. 2 Molecular structure of lamivudine.
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the British National Formulary (BNF) and National Health
Service of dictionary of medicines and devices (NHS dm+d).*”
The BNF recommends a dosage of 150 mg twice daily when
used as a preventative treatment for HIV and HBV. The BNF
and NHS dm+d shows current suppliers include Teva,
Alliance and Milpharm. The developability classification*® of
lamivudine was calculated using BASF Zoomlab®*® and
assigned a classification of group I, meaning that solubility
and permeability are not expected to influence bioavailability.
The solvent library was chosen using the International
Conference on Harmonization (ICH) residual solvent
guidelines, safety, health and environment (SHE) ranking,
cost, molecular descriptors, a principal component analysis
(PCA) study in the literature®” and a clusterSim study in the
literature.*® Relative locations of solvents on a PC1 vs. PC2
plot®” of 272 solvents were used to ensure the diversity of
solvents. To do this, solvents were selected from all four
quadrants of the plot published by Diorazio et al. An online
tool, from the same study, allows users to visualise solvents
in different ICH and SHE classifications in their relevant
quadrant of the PCA. ClusterSim*® was then used to identify
solvents with similar properties for our study. The solvents
chosen from the PCA tool’’ selected using a
multidimensional scaling (MDS) plot which also showed
similar solvents that sit within the same cluster.*® While we
ensured a diverse group of solvents was present in our
selected solvents for this work, also choosing solvents from
the same clusters allows us, and future users of the data
provided, to compare experimental results within solvent
families (i.e. alcohols) not just between solvent families to
investigate any effects on crystallisation rate processes.

were

4.2. Key workflow tasks

4.2.1. Define the aim of the study. For this case study, the
aim was to collect quantitative and qualitative solubility and
solvent effects data and then subsequently optimise the
small-scale batch cooling crystallisation process based on
these results. The optimisation objectives were induction
time and growth rate in response to supersaturation and
isothermal temperature. Solvent choice in the optimisation
was constrained with respect to solubility and shape and size
parameters.

4.2.2. Review prior knowledge. Experimental data for
lamivudine has previously been reported for a variety of
techniques such as Raman,* IR,**° DSC/TGA,*>*° NMR,*
SEM*® and XRPD.***' This data is used to validate our
methods and confirm that the desired form is present. There
are entries for each of the forms in the crystal structural
database (CSD). The only lamivudine solubility publication
available in the literature found by the authors was a study
by Jozwiakowski et al. that showed that lamivudine has low
solubility in most organic solvents except for ethanol,
methanol and aqueous solvents.>® The same study showed
that crystallisation of lamivudine in methanol and water
yielded needle habit.

826 | CrystEngComm, 2024, 26, 822-834
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Previous manufacturing routes consist of purification by
crystallisation in methanol. This purification method allowed
for the separation of the pharmaceutically active (-)-cis isomer.**

4.2.A. Are initial experiments required?. Yes, analysis of
raw materials was required (see step 4.2.3 below for details).

4.2.3. Characterise raw material. The experimental DSC
data for the lamivudine raw material showed a single peak at
a melting endotherm of 178.6 °C (see Fig. S1 in the ESI}),
and the TGA data showed no mass loss during heating (Fig.
S2 in the ESIf). When compared to reference data, this data
shows that the raw material is form II. XRPD also confirmed
the presence of the most thermodynamically stable form,
form IL.™ Later data collected in this study showed that form
I, on the other hand, had a crystallisation exotherm at 139.1
°C (Fig. S1 in the ESIt) and melting endotherm at 178.8 °C
with TGA data showing approximately 2% mass loss (Fig. S2
in the ESIf). This mass loss most likely corresponds to the
removal of the 0.2 stoichiometric water molecule.

4.2.4. Define workflow specific target parameters. The
target parameters for the solubility and solvent effects study
were a lamivudine solubility of 0.005 g g " at low temperature
(5-10 °C) and 0.05-0.25 g g (ref. 21) at an elevated
temperature (10 °C below boiling point) with an aspect ratio
of above 0.5.*> These physical constraints were chosen to
ensure a well-suspended slurry (i.e., the elevated temperature
concentration cannot be so high that a paste results at low
temperatures), to promote a high crystallisation yield (ie.,
the low temperature concentration should be sufficiently low
to crystallise most of the API but not so low to promote
potential inclusion of impurities),”" and, finally, to encourage
powder flowability of the resulting drug product (aspect ratio
>0.5).>> At this stage of the workflow, yield and crystal shape
are not optimised but, instead, used as constraints (e.g., only
solvent systems that give crystals with an aspect ratio
exceeding 0.5 are accepted) to subsequently rank possible
solvent choices.

The optimisation objectives of the kinetic parameter
estimation had target values of an induction time of 1 hour
and a growth rate of 1 wm min'. These target parameter
values correspond to typical values that lead to operable
conditions in larger-scale crystallisation processes.”’
Additional parameter constraints were included in the kinetic
parameter estimation including a D90 size distribution of
100 um to 250 um so that the resultant powder would be
free-flowing.>*

From a bioavailability and drug product perspective, there
was no targeted preference between form I and form II as the
both forms have similar oral bioavailability and are both
used in commercial formulations.** Form I and form III
exhibited needle geometry, and thus would not satisfy the
aspect ratio target parameter. Form III is also currently not
used as drug product. Form II, therefore, is the most
desirable crystal due to increased thermal stability and flow
properties for downstream processing.

4.2.5. Solubility and solvent effects study (polythermal
global search). Known masses of lamivudine were weighed

This journal is © The Royal Society of Chemistry 2024
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into screw-top 8 mL vials with known volumes of solvent
added automatically using the Zinsser Crissy platform, and a
10 mm PTFE magnetic stirrer bar was included in the vials
prior to dosing. The vials were then placed in the Crystalline
platform where each reactor had the following temperature
profile applied:

1. Heat to 10 °C below the solvent boiling point or 90 °C
(whichever is lowest) at a rate of 0.5 °C min™" and hold for 10
minutes.

2. Cool to 5 °C at a rate of 0.5 °C min™" and hold for 10
minutes.

3. Repeat the cycle 2 more times.

The slow heating rate in the above temperature profile
was chosen to reduce the error of the dissolution
temperature reported (refer to Fig. S3 in the ESIf). The
maximum temperature was set to ensure that boiling solvents
were not handled, thus making the experiment safe. The slow
cooling rate was also used to reduce the error in determining
the cloud point, and each sample vial underwent this

View Article Online
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temperature cycle three times to check for anomalous results.
The temperature profile was the same for all experiments
and the stir rate was fixed at 600 RPM throughout.

The clear point, or the time at which full dissolution
occurs, was defined as the temperature where no particles
were observed in the collected images. In the literature,
transmission data is used to identify the clear point.>
Transmissivity, however, often gives a clear point below the
true value as transmission reached 100% even when a few
particles are still present in the images.

Similarly, the cloud point, or the time at which primary
nucleation first occurs, was defined as the temperature at
which particles were first observed in the collected images
rather than when transmissivity goes below 100% or a similar
threshold. The meta-stable zone width (MSZW) is the
difference between the clear and cloud points as defined by
the image data.

The solubility and solvent effects study determined that
11 of the 31 solvents were antisolvents (lamivudine solubility

Concentration (g/g solvent)

water

methanol

ethanol

acetone

formamide

ethylene glycol
1-butanol

1-pentanol

2-propanol
N,N-dimethylformamide
toluene

2-pentanol
3-pentanone
acetonitrile
cyclohexane
cyclopentane

dimethyl carbonate
heptane

isobutyl acetate
isopropyl acetate
tert-butyl acetate
n-propyl propionate
4-methyl-2-pentanone
2-n-butoxyethyl acetate
chlorobenzene
2-pentanone

tetralin

n-pentyl propionate
isopentyl acetate
diethyleneglycol diethyl ether
chloroform
N-methylpyrrolidone
1-propanol
2-methyitetrahydrofuran
ethyl acetate

L B BN BE BN BE BN BE BN B BN BE BN BE BN BE BN BE BK BE BN BE BN R N BE BE B BN EE B L BN BE N

Temperature (°C)

Fig. 3 The temperature-dependant solubility profile of lamivudine in 20 of the 31 solvents. The blue highlighted area shows solubility target
parameters for low temperatures and the red highlighted area for high temperatures.

This journal is © The Royal Society of Chemistry 2024
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<0.005 g g " at elevated temperature) due to dissolution not
being observed for vials with 0.005 g g™' concentration of
lamivudine. This concentration represents the lower limit of
the Zinsser dosing platform's capabilities. The solubility
profiles (Fig. 3) of lamivudine in the remaining 20 solvents
showed that in 4 solvents, lamivudine was too soluble
(lamivudine solubility >0.25 g g™" at elevated temperature),
in 13 solvents, lamivudine was not sufficiently soluble
(lamivudine solubility <0.005 g g™* at elevated temperature)
and in the 3 remaining solvents, the solubility of lamivudine
satisfied the solubility constraints. These 3 solvents were
ethylene glycol, methanol and ethanol.

4.2.6. Off-line analysis. All powder product from the
crystallisation experiments was filtered, and then XRPD was
done to confirm which form was present. By comparing
collected data to reference data, powder patterns (Fig. S4 in
the ESIt) showed that form II recrystallised from ethanol and
isopentyl  acetate.  1-pentanol and  chlorobenzene
recrystallised only trace amounts, and large glass-like
particles that diffract poorly grew in formamide precluding
form identification. Crystallisation in all other solvents
yielded form I, the undesired 0.2 hydrate form. The 0.2
stoichiometric amount of water in form I is likely attributed
to residual water in solvents.

Small differences were observed in the powder patterns
for the crystals grown in methanol, water and 1-pentanol.
TGA and Raman was used to confirm that form I was
present.

No major fouling or agglomeration was observed under
the crystallisation conditions tested in any of the solvents
used with the exception of 4-methyl-2-pentanone in which
aggregates of needle crystals formed.

4.2.B. Can solubility-temperature profiles be plotted with
the Van't Hoff relationship (R*> > 0.81) for solvents?. Yes,
refer to Table S2 in the ESIL}

4.2.7. Solvent ranking & selection. The 3 successful
crystallisation solvents, in terms of solubility constraints
(solubility of 0.005 g g™ at low temperature and 0.05-0.25 g
g (ref. 21) at an elevated temperature), were methanol,
ethanol and ethylene glycol. While crystallisation of
lamivudine in ethylene glycol had a steep temperature
dependence that would theoretically result in a high yield,
ethylene glycol was still eliminated due to the solvent's high
viscosity and consequently slow crystallisation kinetics.
Nucleation was not observed for lamivudine in ethylene
glycol despite cooling more than 55 °C below the dissolution
point (i.e., the supersaturation of lamivudine will greatly
exceed the normal threshold for inducing nucleation).
Methanol was also eliminated as crystals were form I with
needle geometry, and the resulting aspect ratio did not satisfy
the aspect ratio target value.

Ultimately out of 31 solvents evaluated for crystallisation
of lamivudine, ethanol was the only system to satisfy the
target parameters for shape and solubility. Specifically,
these experiments showed that the form was II, the crystal
shape was bipyramidal, and the solubility exceeded 50 g L™
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at elevated temperature meeting all the objectives for this
step.

4.2.8. Kinetic parameter study (isothermal local search) &
4.2.9. Off-line analysis. Similar to the solubility and solvent
effects study, known masses of lamivudine were weighed into
screw-top 8 mL vials with 2 mL volumes of ethanol added
using the Zinsser platform, and a 10 mm PTFE magnetic
stirrer bar was included in the vials prior to dosing. The
solubility profile for lamivudine in ethanol from the
solubility study was used to calculate the concentrations
required for the relevant supersaturation. The vials were then
placed in the Crystalline platform where each reactor had the
following temperature profile:

1. Heat to 68 °C at a rate of 1 °C min™' and hold for 10
minutes.

2. Cool to the experimental temperature at a rate of 10 °C
min~" with no stirring.

3. Hold at the isothermal point for 6 hours.

4. Repeat the cycle 2 more times.

The fast heating rate in the above temperature profile was
chosen given that the dissolution point did not need to be
measured; it was only necessary to ensure that dissolution
was achieved. The maximum temperature was set at 68 °C to
ensure that ethanol did not reach its boiling point and that
solvent loss from evaporation was minimised. A fast crash
cooling rate was used to achieve the isothermal temperature
of interest as fast as possible to reduce the risk of nucleation
occurring during the cooling ramp. The isothermal regime
was held for 6 hours to capture crystallisations with longer
induction times. Each sample vial underwent this
temperature cycle three times to check for anomalous results
and to get a median estimate for induction time. Induction
times are reported as median values of these three
measurements to reduce the impact of outliers. The
temperature profile was the same for all experiments to
minimise the variability across experiments. The stir rate was
fixed at 600 RPM unless otherwise stated (refer to Fig. S5 in
the ESIt).

Induction time, defined as the time between reaching
isothermal conditions and the point at which crystals first
start to nucleate, was determined using image data in this
study, specifically using Helmli's mean. Helmli's mean®® is
an image feature used in computer vision that has been
found to be a good indicator of the presence of particles in
in-line microscopy.*® Here, Helmli's mean is calculated with
a window size of 5 pixels and thus termed HELM;. Induction
time is estimated by measuring the time from temperature
crash to where HELM; rises above a threshold. Due to
differences in particle habit, lighting, and solubilities, the
threshold is not a fixed value but is chosen based on the
range of HELM; values obtained in each experiment. The
threshold HELM; value is taken as the 5th percentile of the
range of values HELM; obtained over the course of the
experiment. Induction time estimation using HELM; has
been shown to have improved accuracies over other
approaches.*®%”
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Finally, in this study image data was also used to
determine the growth rate (the change in the particle size,
over time). These parameters were determined using data
spanning from slightly before the induction time (to account
for potential errors in induction time estimate) until the time
when the images became too crowded to identify single
particles. Images were analysed to detect individual particles
using the deep learning model “Mask R-CNN”.*® This model
was adept at identifying individual objects in crowded
situations and at multiple scales making it well-suited to the
task of particle characterisation.”® Versions of the Mask
R-CNN are available pre-trained on standard datasets which
can be further trained (“fine-tuned”) to apply to new tasks.
This transfer learning reduces the training time for new
applications.

200 images from the Crystalline platform were chosen
from various experiments to form a training set (which
included both form I and form II of lamivudine amongst
other APIs) based on their varied lighting conditions,
particle habit, and particle solid loading. These images were
manually annotated with annotations indicating the position
and size of particles. These annotated images were supplied
to a training algorithm to teach the Mask R-CNN model to
detect particles on Crystalline images. The trained model
was then applied to new images resulting in predicted
particle locations, and a given confidence score. Predictions
of confidence score less than 50% were discarded. The
remaining particles were sized by fitting a rotated rectangle
to the detected outline, minimising its area. The long side
of this rectangle is referred to as particle length. Lengths
were aggregated for an image and compiled in a histogram
plot to determine the number-weighted-particle size
distribution (PSD). Repeating across all images resulted in
one PSD for every 5 seconds of the experiment during
nucleation and growth. Quantiles and mean values of the
PSDs were tracked over time. A linear fit was made to the
mean size over time, and the gradient of the line gave an
estimate of growth rate. The nucleation rate was estimated
by tracking the number of detected particles for each image
and again performing a linear fit of this number over time
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with the gradient of the line giving the number of new
particles per unit time.

An initial full factorial design screening experimental
plan®® was created (Table 1, “initial screening™). The
experimental bounds on isothermal temperature and
supersaturation (SS = C/C*, where SS is the supersaturation,
C is the solution concentration and C* is the equilibrium
concentration at the given temperature) were dictated only by
physical limitations of solvent operating temperatures and
industrial process solubility requirements to explore as large
a design space as possible.

An MLR model was fitted to the initial results and the
optimizer feature in Modde 12.1 was run with the stated
target values for induction time (1 hour) and growth rate (1
um min~"). The MLR model trained on the initial screening
results returned process conditions of a supersaturation of
1.70 and an isothermal temperature of 28.5 °C. Similarly, a
partial least squares (PLS) model was fitted to the data where
an optimisation returned similar values of a supersaturation
of 1.69 and an isothermal temperature of 29.5 °C.

4.2.C. Were the experiments free from fouling?. Yes, there
was no significant fouling experimentally observed with ethanol
as the chosen solvent system (visually observed in section 4.2.8).

4.2.D. Were target parameters or algorithm convergence
achieved?. No, there was no measurement at the MLR
recommended supersaturation and temperature therefore
experimental optimisation was required.

4.2.10. Optimisation. The subsequent (from the MLR
model in section 4.2.8) full factorial experimental plans had a
higher focus on exploitation over exploration, and, therefore,
an increasingly narrower range was used for the
supersaturation (+0.27 to 0.09) and isothermal temperature
(15 to 2 °C). The experimental plan followed by the fitting of
the MLR model was done iteratively. As there was minimal
change in supersaturation and temperature values predicted
by the third and fourth MLR models (+0.01 for
supersaturation +1.0 °C for temperature), it was determined
that convergence was achieved on the fourth MLR-trained
model which returned process conditions of a
supersaturation of 1.70 and a temperature of 19.9 °C.

Table 1 Process parameters and measured median induction time and mean growth rate for initial kinetic parameter screening of lamivudine in ethanol
with a fitted MLR model. Standard deviations of 0.00 refer to where the image analysis only segmented one growth phase

Run Isothermal Median induction The standard deviation Mean growth The standard deviation
order temperature (°C) Supersaturation time (s) of induction time (s) rate® (um s ') of growth rate (um s )
Initial screening
1 10 1.93 2778 374 0.0355 0.0052
2 25 1.67 3495 1073 0.0001 0.0213
3 25 1.56 3737 1496 0.0153 0.0200
4 40 1.84 1585 1555 0.0185 0.0173
5 10 1.42 11380 2596 0.0263 0.0000
6 25 1.63 1591 1008 0.0287 0.0238

7 40 1.39 10017 8011

MLR output: SS 1.70, temp 28.5 °C

% Growth rate values are missing due to the image analysis being unable to detect particle growth likely due to the small sample size of images
collected at the point of nucleation before the images became too convoluted.
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Table 2 Process parameters and measured median induction time and mean growth rate of kinetic parameter optimisation iterations of lamivudine in
ethanol with fitted MLR models. Standard deviations of 0.00 refer to where the image analysis only segmented one growth phase

Run Isothermal Median induction The standard deviation Mean growth The standard deviation
order temperature (°C) Supersaturation time (s) of induction time (s) rate (um s7") of growth rate (um s™")

Optimisation iteration 1
1 28.5 1.78 1524 81
2 30 1.77 1310 248
3 28.5 1.77 615 464 0.0186 0.0088
4 27 1.89 2000 374 0.0413 0.0309
5 28.5 1.8 2290 2023 0.0147 0.0000
6 30 1.68 4536 957 0.0740 0.0193
7 27 1.73 2460 895 0.0387 0.0000

MLR output: SS 1.74, temp 19.6 °C

Optimisation iteration 2
1 19.5 1.75 3901 301 0.0875 0.0778
2 18 1.74 1050 199 0.0440 0.0000
3 18 1.64 2305 3314 0.0472 0.0414
4 19.5 1.7 1745 564 0.0136 0.0196
5 21 1.81 2715 1483 0.0497 0.0265
6 21 1.68 6080 7293 0.0287 0.0000
7 19.5 1.72 1070 458 0.0279 0.0030

MLR output: SS 1.70, temp 19.5 °C

Optimisation iteration 3
1 21.5 1.68 2999 2132 0.0053 0.0014
2 21.5 1.62 2021 470 0.0015 0.0007
3 17.5 1.77 1986 803 0.0059 0.0005
4 19.5 1.72 1787 367 0.0028 0.0007
5 19.5 1.74 1506 986 0.0030 0.0018
6 17.5 1.6 11552 2063 0.0020 0.0017
7 19.5 1.71 1320 3079 0.0089 0.0077

MLR output: SS 1.70, temp 19.9 °C

“ Growth rate values are missing due to the image analysis being unable to detect particle growth likely due to the small sample size of images
collected at the point of nucleation before the images became too convoluted.

All samples from each iteration of the optimisation loop
were fingerprinted by XRPD (Fig. S6 in the ESIf) where
results confirmed that all runs gave the desired form, form
II. No fouling or aggregation was observed through image or
observational analysis. The D90 of crystals detected by image
analysis for the final run (run 7, optimisation iteration 3) was
105 pm. The aspect ratio was 0.62. Therefore, the kinetic
estimation section of the workflow was completed as all
target parameters achieved values within the designated
range.

4.2.D. Were target parameters or algorithm convergence
achieved? (Revisited). Yes, convergence was achieved as
determined by the termination criteria.

4.2.E. Are additional experiments needed?. No. A suitable
process was developed using cooling crystallisation; therefore
seeded, antisolvent and scaled-up experiments were not required
to meet the objectives for this study.

4.2.11. Optimum process conditions for small-scale
crystallisation. In this work, we have identified experimental
conditions that yield lamivudine crystals with desirable
physical attributes for pharmaceutical ~manufacture,
specifically crystals with the biorelevant polymorphic form
and an aspect ratio near 1:1. The process conditions required
for these crystal attributes were isothermal crystallisation
from ethanol at 19.9 °C, 600 RPM and supersaturation of

830 | CrystEngComm, 2024, 26, 822-834

1.70. The resulting crystals had a D90 of 105 pm and a
bipyramidal crystal habit. The solubility of lamivudine in
ethanol also satisfied all target constraints with a value of 10
g L' at low temperatures and a value greater than 50 g L' at
elevated temperatures. This approach also enabled kinetic
parameter estimations for lamivudine from ethanol under
various process conditions (Tables 1 and 2). These optimum
conditions can be visualised in the DataFactory Dashboad

(Fig. 4).

5. Conclusions

Following workflows such as the one presented in this work
can provide direction and reduce cross-researcher variability
in experimental work, thus promoting reliable, reproducible
and robust data generation. This work has demonstrated the
usefulness of the proposed workflow to go from API selection
to an optimised system for small-scale batch cooling

crystallisation. By following the workflow, we have
determined an alternative method to the current
crystallisation ~ process of lamivudine,  specifically

recrystallisation from methanol that results in the more
desirable bipyramidal habit of form II. This case study
yielded  experimental = parameters  for  lamivudine
crystallisation that satisfied our target parameters for an

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 DataFactory dashboard showing thermodynamic and kinetic crystallisation parameters for the proposed optimum lamivudine
recrystallisation - solubility profiles (a), solvent classification (b), microscopy and crystalline images (c), DoE design space (d) and induction time (e),
growth rate (f) and aspect ratio over time (g) for the optimum run.
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operable isothermal crystallisation process from ethanol at
19.9 °C, 600 RPM and supersaturation of 1.70. Crystalline
images and XRPD data confirmed that the resultant crystals
were form II, the most stable form with desired downstream
processing properties.

This work also shows that a solubility and kinetic
dataset could be generated using only 53 g of lamivudine
and 1169 mL of solvents compared to previous methods
that used 252 g of solute and 1448 mL of solvents.”> While
less material was used in the work presented here, the
reduction in material did not result in reduced
information content as we collected approximately 7500
high-definition images with extracted thermodynamic and
kinetic parameters and solution and solid-state data.
Although droplet studies would result in significantly less
material use, such thermodynamic and  kinetic
measurements would also not be possible. Furthermore,
our contributions to the solubility and kinetic parameter
literature data for lamivudine can also be used to inform
future wet lab experiments and train and test improved
solubility models.

Workflows such as this enable the future development of
smarter experimental planning tools and predictive models,
whereby model-driven experimental measurements can also
be used to continuously improve models. Incorporating
digital tools could help improve efficiency in crystallisation
process development by reducing the amount of time and
materials needed for the experimental sections of the
workflow. This work has shown that the individual
components, such as data analytics, optimisation and
hardware, can be integrated and linked together in the
logical, step-by-step manner necessary for achieving
successful closed-loop automation.

This workflow can be applied to other APIs to identify
industry-relevant, robust crystallisation conditions to inform
the design of pharmaceutical manufacturing processes.
Furthermore, applying this workflow to a wide range of APIs
will enable the creation of a solubility and kinetics
crystallisation parameter database that spans a varied
chemical and crystallisation process space.

The availability of quantitative data on solubility and
kinetic parameters in a wide range of APIs could aid
laboratory-based researchers in optimising crystallisation
processes to improve yield and crystal quality®® via the
application of ML models.?****> Such FAIR data collection
for solubility and kinetic parameters can lead to the
development of a crystallisation parameter database in a
structured format developing benefits analogous to the CSD
or the Protein Data Bank (PDB). Workflows such as this will
allow us to generate the standardised data that will be an
invaluable resource for the predictive design of molecular
crystallisation processes.
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