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ABSTRACT

Additive crystallization routes to control the crystal habit of the active pharmaceutical ingredient
(API) lovastatin are presented, at small scale up to 25 mL. Lovastatin is an archetypical example
of an API that forms needle-like crystals via solution-based recrystallization, causing issues for
downstream pharmaceutical processing stages. In this work, the size and shape of lovastatin
needles are shown to be subtly influenced by the crystallization solvent, concentration and
crystallization procedure, with moderately hygroscopic ethyl acetate solvent producing needles

with improved aspect ratios in comparison to the acetone/water mixtures primarily used for



industrial recrystallization. Further, the inclusion of soluble, non-size-matched polymer additives,
at very low concentrations (0.5% wt/wt), into the solution has a pronounced impact on the crystal
habit. While the inclusion of the hydrophilic polymer poly(ethyleneglycol) promotes the formation
of even longer, thinner needles than those formed by non-additive routes, the use of hydrophobic
poly(propyleneglycol) improves the habit from needles towards plate-like crystals. The product
materials are analyzed by a combination of microscopy, thermal analysis and diffraction-based
techniques, with the latter enabling rationalization of the habit control via identification of the

prominent crystal faces and growth directions with respect to the underlying crystal structure.

INTRODUCTION

Lovastatin, or Mevinolin, is one of a number of active pharmaceutical ingredients (APIs) in the
statin family, prescribed for the treatment of hypercholesterolemia (Figure 1). The drug was first
discovered as a naturally-occurring fungal metabolite,! whose powerful potential to reduce low
density lipoprotein (LDL) cholesterol levels was first realised in the early 1980s.2 As such,
lovastatin is typically produced on an industrial scale via biosynthetic fermentation routes,
although a number of other synthetic pathways have also been investigated.>® Despite its benefits,
lovastatin exhibits high hydrophobicity and as a result is designated a Class Il drug substance under
the Biopharmaceutics Classification System (BCS),” 8 reflecting its high permeability but low
solubility. Lovastatin thus displays poor bioavailability and the improvement of this property is a
key focus for research.®!' Another limitation, from a pharmaceutical processing perspective, is
lovastatin’s propensity to form needle-like crystals on crystallization from solution. As
recrystallization from alcohol or acetone/water mixtures is a primary purification route for

lovastatin in industry,® this is a particular problem. Needle-like crystals are well-known to cause



particular issues for downstream pharmaceutical processes, including poor filtration, flowability

and particle breakage.*> *3 Studies aimed at controlling the crystal habit of lovastatin are therefore

necessary to improve its viability in a competitive statin drug market.
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Figure 1: Molecular structure of lovastatin (Mevinolin)

The external shape of a crystal, or its habit, can be influenced by the growth conditions during the
recrystallization process. In general terms, a crystal face with large area will correspond to a slower
growth rate perpendicular to the plane of that face, while faces with small areas indicate fast crystal
growth in a perpendicular direction.** Many researchers have aimed to influence crystal size and
shape by controlling the relative growth rates of the individual faces via a number of routes,
including temperature cycling,’>" solvent selection and continuous crystallization methods.® °
The effect of small concentrations of impurities on the crystallization process is also of particular
interest, as trace levels of impurities from prior reaction or purification steps often remain present
in a synthesised API material.?° The intentional addition of low concentrations of impurities is
often referred to as additive crystallization, and there are many instances where additive methods

have been employed to tune crystal habit and morphology in the literature.



Additives used in crystallization processes can be broadly categorized according to their
solubility.?! Insoluble additives often influence nucleation and crystal growth by acting as
templates or scaffolds on which heterogeneous nucleation can occur. The presence of soluble
additives can also have an impact on the crystallization process and the end product crystals, either
in terms of their habit,* 22 size?>?° or solid form (e.g. by controlling the polymorphic form).? %
2! Examples of soluble additives in the literature include: simple inorganic ions (e.g. Li* or K*),8
low mass organic additives,?® 2. 2% 30 gyrfactants,?® 3 32 polymer additives (including
homopolymers?? 3% 32 and block co-polymerst* 5 3%) and bio-/macromolecules.?* For the
crystallization of APIs, where the choice of additive must be restricted to compatible materials e.g.
those listed on the US Food and Drug Administration’s Generally Recognised As Safe (GRAS)

list, low mass organics, polymers or surfactant additives are most commonly used.

There are several examples where low mass organic additives of a similar size or structure to the
target molecule have been used to modify crystal shape. These include seminal studies such as the
crystallization of benzamide in the presence of benzoic acid® and of urea from solutions containing
trace amounts of biuret,*® as well as more recent reports.®® 373 Investigations have indicated that
structurally-similar additives are particularly effective at inhibiting nucleation,?® 3° which in turn
may influence product crystal habit, size or polymorphic form. As well as experimental studies,
computational modelling investigations into the effects of structurally-similar additives on crystal
shape are also reported.® “° Despite these successes, due to their similarity in terms of steric bulk
and the likelihood of complementary associative interactions (e.g. similar functional groups and/or
hydrogen bond donors/acceptors), there is a higher risk of additive inclusion into the crystal bulk,

leading to a change in solid form that may be undesirable.



One route to mitigate such issues is the use of non-size-matched additives. Due to their differing
size and steric demands it is much less likely that larger soluble additives, e.g. polymers and
surfactants, will be incorporated into the API crystal lattice. Many GRAS polymers and surfactants
are also used in later secondary processing steps, or as excipients in final drug formulations, thus
their presence during crystallization presents fewer regulatory concerns. Prior examples of the use
of polymer and surfactant additives to control API crystal shape and size include, among others,
studies with succinic acid,'**° carbamazepine,®” salbutamol sulfate,** naproxen,*? and piroxicam,*
while there are also examples of tailor-made polymer additives designed specifically for control
of API crystal habit.** Though some studies have investigated the effect of these non-size-matched
additives on nucleation,*® there is greater focus in the literature on their influence over crystal
growth kinetics. There is particular evidence that hydrogen donor and/or acceptor capabilities have
a bearing on the additive’s ability to influence growth rates in certain directions,* 33”4 leading
to the expectation of an interaction between the additive and specific crystal faces. Such deductions
are predominantly the result of inferred experimental evidence from spectroscopic studies and/or
post-processing steps.'* 3" However, direct experimental observation of additive adsorption at a

specific surface is yet to be realised, as is any deduction of a general mechanism for such a process.

In this study we report a solvent-controlled effect on the crystal habit of lovastatin with ethyl
acetate at small crystallization scales (5 — 25 mL), both under evaporative and temperature-
controlled crystallization conditions. We also report the influence of low concentrations of non-
size-matched additives poly(ethyleneglycol) [PEG] and poly(propyleneglycol) [PPG] on
lovastatin crystal size and habit, and use a combination of solubility, microscopy, diffraction, and
thermal analysis measurements to infer the likelihood of additive-API interaction at the natural

crystal faces.



EXPERIMENTAL SECTION

Lovastatin was purchased from Molekula, while PPG-4000 and PEG-200 were obtained from
Sigma Aldrich and used as received. All solvents were reagent grade and were used as purchased,

without further purification.

Solubility and MSZW Measurements. Solubility and metastable zone width (MSZW) data for
both lovastatin in ethyl acetate and lovastatin in the presence of 0.5% PEG or PPG polymers,
respectively, were carried out using a Technobis Crystallization Systems Crystal16 benchtop
crystallization system. The Crystall6 uses turbidity and in-line imaging methods to detect
dissolution (or “clear’) points and nucleation (or “cloud”) points for a solution as it is exposed to
a temperature cycling regime. 1.5 mL vials containing lovastatin solutions at a range of
concentrations were prepared for each experiment and were repeatedly cycled between 20 °C and
65 °C at a heating and cooling rate of 1 °C / min. All vials were stirred throughout the analysis via
magnetic stirrer bars operating at 700 rpm. The data were analysed using the software CrystalClear

(Avantium Technologies: version 1.0.1.614).

Powder X-ray diffraction (PXRD). PXRD data were collected on lightly ground samples using
a STOE STADI P powder diffractometer, equipped with a CuKai source, in transmission
geometry. Data were collected at ambient temperature, between 2 ° and 75 ° in 20, using a Dectris
Mythen 1K detector. The data were collected and analysed using the WinXPOW powder

diffraction software suite (STOE; version 3.6.0.1).



Single crystal X-ray diffraction (SCXRD) and crystal face indexing. SCXRD data were
recorded using a dual-source Rigaku Oxford Diffraction Gemini A Ultra diffractometer, equipped
with an Atlas CCD detector. The system included an Oxford Cryosystems Cryojet-XL liquid
nitrogen flow device for sample temperature control, and a microscope camera allowing high
resolution images of the crystal sample to be obtained for crystal face indexing. Data collection,
indexing and integration, as well as crystal face indexing procedures, were carried out using the
software CrysAlisPR® (Rigaku Oxford Diffraction; version 39.46), following the software’s

standard protocols.

Evaporative crystallization experiments at the 5 mL scale. Initial batch evaporative
crystallization studies with lovastatin in (i) 1:1 acetone:water and (ii) ethyl acetate were prepared
as follows. A small portion (c.a. 50 mg) of lovastatin powder was weighed into 7 mL
crystallization vials and dissolved in the minimum volume of solvent (> 3 mL) by warming the
solutions to 35 °C, with stirring, for c.a. 15 mins. The solutions were cooled and the stirrer bars
removed, then filtered into fresh vials and capped with lids containing 7 holes. The vials were then
allowed to evaporative slowly at a constant, controlled 25 °C for c.a. 1 week. Any suitable single

crystal products were then collected and analysed.

Temperature cycling crystallization experiments at the 20 mL scale. Batch temperature
cycling crystallization studies with lovastatin in ethyl acetate, both with and without polymer
additives, were conducted using a Cambridge Reactor Design (CRD) Polar Bear Plus crystalliser.
Lovastatin and, where relevant, the chosen polymer additive, were weighed into 22 mL vials at
ratios calculated according to the intended API:polymer ratios. 20 g of ethyl acetate solvent was
then added to make up solutions of the chosen concentration levels (either 3.2% m/m, equating to

a saturation concentration at 30 °C, or 6.1% m/m, equating to a saturation concentration at 50 °C).



All 20 mL crystallizations were agitated by overhead stirring, implemented using magnetically
controlled overhead impellers from Technobis. For the 3.2% m/m experiments, following an initial
heating ramp to 40 °C to ensure complete dissolution, the vials were cycled between 20 °C and 30
°C for a total of 10 cycles, with continuous overhead stirring throughout (see Figure 2, top). For
the 6.1% m/m experiments, a consistent, wider temperature cycle between 50 and 5 °C was

maintained throughout the crystallization experiment (see Figure 2, bottom).
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Figure 2: Temperature cycling profile implemented on the CRD Polar Bear Plus for temperature

cycling studies for concentration levels of 3.2% m/m (top) and 6.1% m/m (bottom)

RESULTS AND DISCUSSION

Evaporative crystallizations at the 5 mL scale. Initial batch evaporative crystallization screens
were conducted with lovastatin in a range of solvents to assess the effect of solvent on the crystal
morphology at small scale. The majority of the solvents tested produced thin, needle-like crystals
typical of lovastatin crystals reported in the literature,® the most representative of these being
needles crystallised from a 1:1 acetone:water mix (Figure 3, left). However, crystallizations from
ethyl acetate solutions produced needles that are observed to be considerably larger and thicker by

polarised light microscopy (PLM), indicating an improved aspect ratio (Figure 3, right).



Figure 3: Crystals of lovastatin formed by slow evaporation from a solution of 1:1 water:acetone

(left) and ethyl acetate (right)

PXRD and DSC measurements confirm that no structural transformation occurs on crystallization
from ethyl acetate (see Supporting Information), with both analyses indicating crystal lattice and

structure matching those taken from a sample of lovastatin starting material.

Crystal Face Indexing. A representative crystal from both the 1:1 acetone:water and ethyl acetate
evaporative crystallizations was also analysed by single crystal X-ray diffraction (SCXRD). A unit
cell determination confirmed that the unit cell parameters match the known structures of lovastatin
recorded in the Cambridge Structural Database (CSD), ref. codes CEKBEZ and CEKBEZ01,
further confirming that the change in crystal habit is not accompanied by a structural

transformation.

The natural crystal faces for each sample were then determined experimentally, via crystal face
indexing methods using CrysAlis™R° software (Rigaku Oxford Diffraction; version 39.46). Figure

4 compares the lovastatin needle habits produced from each solvent system.
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Figure 4: Natural crystal faces of lovastatin needles grown from a 1:1 water:acetone (left) and
ethyl acetate (right) solutions by slow evaporation, determined by crystal face indexing methods.
Crystal aspect ratios (AR) are 36.35 (water:acetone, left) and 11.57 (ethyl acetate, right)

respectively, where AR is defined as the length of major crystal axis / length of minor crystal axis.

Crystal face indexing confirms that both needles grow quickly along the crystallographic a-axis
direction, with small (100) needle capping faces formed in both instances. This observation is
entirely in-line with recent computational morphology studies on lovastatin needles in the
literature.* The thin needles formed from acetone/water display squared-off ends at the (100) faces
and show very little significant growth in either the [010] or [001] directions, with the more
prominent equatorial faces assigned to (011) and (01-1) Miller indices. The same dominant crystal

faces are observed for the ethyl acetate needles, however additional (001) faces can also be
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identified, indicating that the increased thickness observed for these needles results from improved
crystal growth in the crystallographic c-axis direction. The ends of the ethyl acetate needles are
also observed to be bevelled, with prominent (150) and (1-50) facets observed. These bevelled
edges are also similar to predictions of the morphology of lovastatin contact surfaces in the

literature.*

Figure 5: Plane slices through the bulk lovastatin crystal structure (CEKBEZ01), showing the
prominent groups intersected by key Miller planes and thus indicating the functional groups that
may be present at the associated real crystal faces. Left = (100) planes, right = (001) planes. Formal
O-H...O hydrogen bonds are represented in magenta, weak C-H...O hydrogen bonds are

represented in green and Miller planes in grey. Hydrogen atoms are removed for clarity.

As X-ray diffraction is a bulk structure determination technique, it is not possible to directly
visualise the real surface terminations of the crystal. However, by overlaying the Miller plane
slices associated with the experimentally-determined crystal faces with the underlying lovastatin

crystal structure in the CCDC software Mercury,*® it is possible to infer which key functional

12



groups may be present at the real crystal faces. For example, where (100) Miller planes intersect
terminal OH groups, we can infer that it is likely OH functionalities will be present at the real

surface terminations on the (100) crystal face.

Figure 5, left, shows the (100) planes, associated with the (100) needle capping faces, intersecting
the bulk structure. These faces run approximately parallel to the O-H...O hydrogen bonding
direction (magenta contacts) and do not intersect them. Some weaker C-H...O contacts (shown in
green in Figure 5) do appear to be intersected by the (100) planes, however the vast majority of
the groups intersected appear to contain aliphatic C-H bonds. This would indicate that generally
non-polar functional groups are expected to be present at the (100) faces, suggesting that the fast-

growing needle capping faces are likely to be hydrophobic.

Figure 5, right, shows that the (001) planes, whose associated faces are prominent only in the
thicker ethyl acetate needles, primarily intersect strong O-H...O hydrogen bonding interactions as
well as the weaker C-H...O hydrogen bonds. This analysis indicates that polar functional groups
(OH, C=0) are likely to be present at the (001) faces, which would thus be expected to display

hydrophilic properties.

This analysis could suggest why ethyl acetate promotes thicker needles with increased growth in
the [001] direction, while acetone/water does not. Ethyl acetate is known to be only a moderately
hygroscopic solvent, and thus will contain much lower amounts of water than the acetone/water
solvent mixture.*” Excess water molecules in the acetone/water mixture could be interacting with
the hydrophilic (001) faces, blocking the approach of lovastatin molecules and thus limiting the
growth along the c-direction. An argument based on the relative polarity of the two solvent systems

can also be made: ethyl acetate, as an organic solvent, is less polar than an acetone/water mixture,

13



and our prior work has indicated that apolar solvents can improve the aspect ratio of lovastatin

needle crystals.*

Choice of additives. Non-size-matched additives were chosen by reference to literature studies,
where API crystal habit and growth conditions have been successfully controlled using large
polymer additives,'* 1°> and from a small available library of polymer additives. Building on the
results of crystal face indexing studies, polymers with both hydrophilic (PEG-200) and
hydrophobic (PPG-4000) properties were selected to allow further investigation of how
hydrophilic/phobic components can affect the lovastatin needle thickness. While PEG is known to
show hydrophilic behaviour, including good solubility in water, PPG polymers with higher

molecular weights (>700-1000) display hydrophobic properties.'# 48 4°

Solubility and Metastable Zone Width measurements. To assist the design of additive
controlled crystallizations, solubility and metastable zone width (MSZW) measurements were
carried out for lovastatin in ethyl acetate, both with and without the presence of PEG and PPG
additives. The solubility trend compares reasonably well to literature data for lovastatin in ethyl
acetate, though differing methods were utilised.>® Most importantly, Figure 6 shows that lovastatin
solubility is largely unaffected by the inclusion of 0.5% wt/wt of either polymer additive, with all
three experiments producing solubility trends that are largely similar. The MSZW for lovastatin is

also largely unaffected by the presence of either additive (see Supporting Information).
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Figure 6: Solubility curves for lovastatin in ethyl acetate with no polymer additive, in the presence

of 0.5% PPG additive and in the presence of 0.5% PEG additive

Temperature cycling experiments in ethyl acetate (3.2% m/m). To ensure that the observed
crystal faces from evaporative crystallization were not the result of any crystal growth at the
surfaces of the crystallization vessel, temperature cycling crystallizations were next conducted at
the 20 mL scale, utilising overhead stirring methods. Temperature cycling experiments were first
carried out in pure ethyl acetate solution; such methods have previously been shown to influence
API crystal shape.!® To investigate this, the effect of moving to a non-evaporative crystallization

method on the lovastatin crystal morphology must first be assessed. Using a combination of
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literature solubility®® and experimental solubility data (Figure 6) and as a guideline, test
experiments were first carried out at concentration levels of 4.6%, 3.2%, 2.2% and 1.6% m/m to
allow the optimum conditions to be selected. All vials were subject to the same temperature cycle
on the CRD Polar Bear Plus crystalliser, as illustrated in Figure 2. All vials produced needle-like
crystals of similar habit to initial evaporative crystallizations from ethyl acetate, although the
crystals are generally smaller by cycling methods. This may be due to the faster crystallization
time, or it may be a result of introducing agitation. While the evaporative crystallisations were not
stirred, the introduction of overhead stirring here could lead to attrition and, from this, a reduction
in particle size. Following these initial test experiments, a concentration of 3.2% m/m (equating to

a saturation concentration at 30 °C) was chosen for future experiment runs, as this gave the most

uniform needle shapes (Figure 7).

Figure 7: Crystals of lovastatin formed by temperature cycling crystallization studies in ethyl

acetate at a concentration of 3.2% m/m with overhead stirring
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Temperature cycling experiments in the presence of different polymer additives, 3.2% m/m.
The same experimental conditions were then used for lovastatin temperature cycling
crystallizations in the presence of either 0.5% PEG or 0.5% PPG polymer additive. On the addition
of hydrophilic PEG the lovastatin needles formed were longer and thinner, as confirmed by
polarised light microscopy (PLM), in comparison to pure ethyl acetate control crystals grown
under the same conditions (Figure 8, left). By contrast, the addition of hydrophobic PPG promoted
formation of larger, plate-like lovastatin crystals (Figure 8, right) of considerably different habit
to the needle-like materials observed so far. All product crystals from these polymer screening
tests were analysed by PXRD and DSC methods, which confirm that no structural transformation
has occurred that could be responsible for the morphology changes (see Supporting Information).
The crystallization yields for each experiment were also calculated. The presence of either PEG or

PPG additives has no marked effect on the yield, with similar values calculated for the additive

experiments and the pure ethyl acetate control run (see Supporting Information).

Figure 8: Crystals of lovastatin formed by temperature cycling crystallization studies in ethyl
acetate at a concentration of 3.2% m/m, in the presence of 0.5% polymer additive with overhead

stirring, left = PEG polymer, right = PPG polymer
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Figure 9: Natural crystal faces of lovastatin needles grown from ethyl acetate by temperature
cycling methods, determined by crystal face-indexing methods; left = in the presence of pure ethyl
acetate only, centre = on addition of 0.5% PEG, right = on addition of 0.5% PPG. Crystal ARs are

22.39 (pure ethyl acetate, left), 28.67 (0.5% PEG, centre) and 5.86 (0.5% PPG, right).

Crystal Face Indexing. A representative single crystal sample from each crystallization vial was
subject to a SCXRD unit cell determination, which further confirmed that the solid form remains
unchanged under both temperature cycling conditions and on the addition of 0.5% polymer
additive. Crystal face indexing analysis was then performed for each sample, enabling the
identification of the natural crystal faces. Figure 9 compares the lovastatin crystal habits for each

set of conditions.
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The longest axis of all crystals runs parallel to the crystallographic a-axis, as observed for the
needles formed by evaporative methods, and both sets of needles in Figure 9 are capped by (100)
faces. This indicates that there is still significantly fast growth parallel to these hydrophobic crystal
faces, in line with the results of previous computational studies,* regardless of the presence of
either polymer additive.

The crystal faces of the needles formed by cycling in pure ethyl acetate (Figure 9, left) are similar
to the needles formed by evaporation of ethyl acetate solution (as shown in Figure 4, right),
excepting that the prominent equatorial faces are different following temperature cycling. The
faces with largest relative area are now the (001) set, generating a slightly flatter needle than those
observed from slow evaporation. Crystal face indexing confirms the thin needle-like habit of the
lovastatin crystals grown in the presence of PEG. These needles again have different prominent
equatorial faces, in comparison to the needles grown from pure ethyl acetate, with growth of the
(011) and (0-11) sets apparently promoted in the presence of the hydrophilic polymer to produce
a more hexagonal-shaped cross-section. The thin PEG needles also display more squared-off (100)
needle capping faces, similar to the thin needles grown by slow evaporation from acetone/water
(Figure 4, left). The plate-like crystals formed in the presence of PPG also show prominent (011)
and (0-11) faces, but the key reason for the observed transformation to a plate-like habit is
significant growth in the [010], or crystallographic b-direction. The faces with largest relative area
are the (001) faces and there is little growth perpendicular to these, along the c-axis direction. At
the plate capping faces there is now no longer evidence of the (100) faces, instead bevelled capping
edges are observed, formed by the (101) and (10-1) sets. Interestingly, these faces are exactly those

predicted as capping faces by contact-surface calculations in the recent literature.*
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Figure 10: Plane slice through the lovastatin crystal structure (CEKBEZ01), showing the
prominent groups intersected by the (010) Miller planes and thus indicating the functional groups
that may be present at the real (010) crystal face. Formal O-H...O hydrogen bonds are represented
in magenta, weak C-H...O hydrogen bonds represented in green and Miller planes in grey.

Hydrogen atoms are removed for clarity.

The crystal face indexing analysis indicates that the hydrophobic PPG polymer may help to limit
crystal growth perpendicular to the hydrophobic (100) faces (i.e. limiting growth along the long
needle axis to promote an improved aspect ratio). To better rationalise why the presence of PPG
and PEG polymer additives promote such a difference in the lovastatin crystal habit, an overlay of
the key Miller plane slices with the underlying lovastatin crystal structure was again conducted in
the CCDC software Mercury.*® Figure 10 shows that the (010) planes (prominent for the PPG
plates but absent for the thin PEG needles) intersect both formal O-H...O and weaker C-H...O
hydrogen bonding interactions, indicating that these polar groups might be present at the real
surface terminations on these faces and so they are likely to be more hydrophilic. Thus, the slower

growth along the b-axis direction (perpendicular to the (010) faces) in the presence of PEG additive
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may indicate that this hydrophilic polymer is interacting with the hydrophilic (010) faces and
helping to block to approach of new lovastatin molecules, thereby limiting the formation of these
key hydrogen bonding interactions. By contrast, the improved, plate-like crystal habit will result

from the promotion of these hydrogen bonding interactions in the presence of hydrophobic PPG.

Temperature cycling experiments with varied PPG additive concentration. Focussing in on
the hydrophobic PPG additive as the most promising candidate for lovastatin crystal habit control,
a series of further screening studies were conducted in which the PPG additive concentration was
varied from 0.5% wt/wt of polymer-to-lovastatin, to 1%, 5% and 10% of PPG. These experiments
showed that the most promising crystals were obtained with lower PPG content. As the amount of
PPG was increased, a marked decrease in crystal quality is observed with increasingly more
irregular morphologies produced, particularly at 5% and 10% wt/wt of PPG. PLM images of all
product crystals from this screen are included in the Supporting Information (Figure S6), alongside
PXRD and DSC measurements that confirm no change in the solid form occurs that could account
for the observed change in the crystal appearance. As such, an additive concentration level of 0.5%

PPG was used exclusively in all further crystallization studies.

Temperature cycling experiments at 6.1% m/m. A second series of temperature cycling
experiments investigated the effect of widening the temperature cycling regime on the crystal

habit. In these experiments the crystals were cycled between a high temperature of 50 °C and low
temperature of 15 °C (see Figure 2(b)). Using the literature and measured solubility data as a

guideline, the concentration of lovastatin in ethyl acetate was also raised for these experiments, to

6.1% m/m (equating to a saturation concentration at 50 °C).
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New temperature cycling experiments were then run using this regime, both in the presence of 0.5
% PPG additive and a pure ethyl acetate control crystallization. The crystallization yields are
similar to those of the previous temperature cycling runs (in the region of 75 — 81%, see Supporting
Information) and again there is no obvious influence of the polymer additive on these values. PLM
images of the resulting crystals are provided in Figure 11. The implementation of a wider
temperature cycling regime appears to promote the growth of much larger lovastatin crystals, with
many product crystals measured to be up to 1 mm in length. These larger crystals also show clear
differences in the needle-capping ends of the crystals grown in the presence of PPG compared to

the control study without additive, which are assessed by both PLM (Figure 11) and crystal face

indexing methods (Figure 12).

Figure 11. Crystals of lovastatin formed by temperature cycling crystallization studies in ethyl
acetate at a concentration of 6.1% m/m with overhead stirring, left = no polymer, right = in the

presence of 0.5% PPG polymer additive

The crystals grown from pure ethyl acetate display bevelled capping edges, similar to those
observed at lower lovastatin concentration and in-line with the predicted lovastatin needle

morphology from prior studies.*® By contrast, crystals grown in the presence of PPG have squared-
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off capping edges and the crystal faces allocated by face-indexing methods match well to the more

plate-like crystals observed at lower concentration levels (see Figure 9 for comparison).

(100)

(011)%

(-100) (-;611)
Figure 12. Natural crystal faces of lovastatin needles grown from ethyl acetate by temperature
cycling methods at a concentration of 6.1% m/m, determined by crystal face indexing methods,
left = pure ethyl acetate only, right = in the presence of 0.5% PPG polymer additive. Crystal ARs

are 9.79 (pure ethyl acetate, left) and 4.88 (0.5% PPG, right).

CONCLUSIONS

This investigation has shown how the crystal habit of lovastatin may be controlled both through
the choice of crystallization solvent, the crystallization method and via the inclusion of non-size-
matched soluble polymer additives. The choice of crystallization solvent is shown to have a minor
effect on lovastatin needle habit, with moderately hygroscopic ethyl acetate producing thicker
needles than other, more polar, solvent systems. Crystallization in the presence of non-sized-

matched PEG and PPG polymer additives has a marked effect on lovastatin crystal morphology,

23



with hydrophilic PEG promoting the formation of even longer and thinner needles, possibly due
to blocking of the hydrophilic equatorial faces of the needle and thereby promoting further growth
along the long needle axis (crystallographic a-axis direction). By contrast, inclusion of
hydrophobic PPG appears to limit the growth along the long needle axis, helping to change the
habit towards more plate-like crystals. The choice of crystallization method (either evaporation or
temperature cycling) and the experiment design also have a marked effect on crystal size, shape
and the reproducibility of the method, with saturation concentration and the width of the
temperature cycle shown to be particularly influential.

Although these methods are shown to work well at small scale, attempts to scale-up the
temperature cycling PPG additive crystallization to larger volumes (100 and 150 mL) resulted in
a complete loss of crystal habit control. Further work, involving the use of process analytical
techniques (PAT) and feedback control, is required to overcome scale-up issues before these
methods could be implemented for a real pharmaceutical crystallization process, and this work

will be addressed in a subsequent publication.
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