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Non-classical crystallisation
pathway directly observed
for a pharmaceutical crystal
via liquid phase electron
microscopy

J. Cookman?, V. Hamilton?, S. R. Hall*** & U. Bangert**

Non-classical crystallisation (NCC) pathways are widely accepted, however there is conflicting
evidence regarding the intermediate stages of crystallisation, how they manifest and further develop
into crystals. Evidence from direct observations is especially lacking for small organic molecules, as
distinguishing these low-electron dense entities from their similar liquid-phase surroundings presents
signal-to-noise ratio and contrast challenges. Here, Liquid Phase Electron Microscopy (LPEM) captures
the intermediate pre-crystalline stages of a small organic molecule, flufenamic acid (FFA), a common
pharmaceutical. High temporospatial imaging of FFA in its native environment, an organic solvent,
suggests that in this system a Pre-Nucleation Cluster (PNC) pathway is followed by features exhibiting
two-step nucleation. This work adds to the growing body of evidence that suggests nucleation
pathways are likely an amalgamation of multiple existing non-classical theories and highlights the
need for the direct evidence presented by in situ techniques such as LPEM.

Crystallisation is a fundamental, natural phenomenon that occurs to produce some of the most important
materials in everyday life, including agrichemicals, semiconductors, geomaterials and Active Pharmaceutical
Ingredients (APIs)'™. The manifestation of such crystalline forms is subject to precise nucleation and growth
pathways that give rise to their use in these vital applications. For example, to revolutionise the pharmaceuti-
cal industry and improve process (batch) manufacturing, continuous manufacturing has been encouraged as
the state-of-art for API production due to its advantages in terms of uninterrupted production of vital drugs,
minimising waste and reducing cost’. For API production, where the precursor can influence the end product
in terms of, for example, crystal structure (polymorph selection) and thus drug efficacy, understanding the
nanoscale nucleation events which determine this are paramount to adapting an API to the more streamlined
approach of continuous manufacturing®.

One of the earliest descriptions of nucleation and growth is the Classical Nucleation Theory (CNT) and
although it is somewhat oversimplified and applied exclusively to solution-based crystallisation, it remains an
appropriate model for ascertaining the important aspects of nucleation e.g. free energy barriers to nucleation and
material saturation requirements. Building on CNT to develop a better understanding of solution-based crystal-
lisation, alternative theories have been developed based on interim characterisation, direct observations and ex
situ experiments of a wide variety of materials. Non-classical Crystallisation (NCC) encompasses mechanisms
of crystallisation that do not comply with the criteria associated with CNT, i.e. exhibiting a critical sized nucleus
or supersaturated concentrations. Instead theories associated with NCC include precursor particles larger than
the atomic or molecular building blocks assumed in CNT, e.g. nanoparticles, crystalline or disordered’. Such
novel theories conforming to NCC include the Pre-Nucleation Cluster (PNC) pathway and two-step nucleation.

Currently, there is a heightened activity of academic research in the area of NCC, in particular regarding the
identity and characterisation of intermediate stages of pre-crystalline processes, with a large interest in naturally
occurring materials such as calcium carbonate (CaCO;)®. Much of the research on early-stage crystallisation of
CaCO; is applied to crystallisation pathways of other systems such as small organic molecular crystals which are
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currently not well understood. Vital work reported recently by Colfen et al. has highlighted important ex situ
characteristics of an intermediate stage, the Dense Liquid Phase (DLP), revealing the potential crystallisation
pathway of an API, ibuprofen®. The DLP is an overlapping detail between PNC pathway and two-step nucleation,
where D. Gebauer et al. outlined that a liquid droplet intermediate forms before solidifying into a crystalline
entity'’, and the appearance of the densified nucleus is described for protein crystallisation undergoing two-step
nucleation'!.

Full characterisation and identification of the DLP, of all materials that undergo this intermediate restructur-
ing phase, will provide key information on what external parameters affect the materialisation of the end product.
For materials that can undergo polymorphism, it is considered a general rule that prior to crystallisation of the
end product, Ostwald’s rule of stages (OSR) will apply'. This rule details that the route taken for the formation
of a final lowest energy, and therefore most stable, crystalline state will first transition through other less stable
states in order of stability. However, OSR does not always pass through all stages, as has been recently rational-
ised for CaCOj as a material susceptible to polymorphic transition'. Therefore, whether the intermediate state
is primarily amorphous or crystalline, or composed of transient metastable polymorphs, its identification and
further characterisation will give access to vital information surrounding the materials’ crystalline state prior to
its final, stable crystal formation. This is especially important for APIs which are commonly polymorphic, where
properties such as solubility and bioavailability are associated with the crystal structure of the active compound.
If previously inaccessible polymorphs (with potentially more desirable properties) are present in the intermediate
stages of crystallisation this opens avenues to harness and potentially direct their formation.

Techniques that can enable direct observation of early-stage crystallisation are needed for an in-depth under-
standing of API crystallisation which will extend to other small molecular crystals.

Herein, we report the nanoscale, early-stage crystallisation events of a common API, flufenamic acid (FFA),
classed as a Non-Steroidal Anti-Inflammatory Drug (NSAID), targeting the enzyme responsible for inflammatory
pain, i.e. cyclooxygenase (COX)!*. FFA is freely soluble in ethanol and other low polarity alcohols, however, it is
poorly soluble in water. The efficient bioavailability of an API in aqueous solutions is linked to its performance
as an orally administered drug". Considering this, if a drug is poorly soluble in the aqueous environment of the
body, there will be low bioavailability leading to ineffective treatment of the ailment and thus requiring higher
or more frequent doses, increasing the possible undesirable side effects.

For Liquid Phase Electron Microscopy (LPEM) experiments, FFA has been a facile system to induce nuclea-
tion by exploiting the radiation chemistry effects resulting from the electron beam interacting with the solvent.
The authors have reported this previously by subjecting a 50 mM solution of FFA in ethanol to electron beam
irradiation to produce hexagonal FFA crystals, indicative of the simulated and expected morphology of form I,
used in the formulation of the commercialised NSAID'®.

Encompassing the background of the FFA molecule and leading nucleation theories, the challenge remains
to rationalise, with the aim to gain control over, the precise nucleation events that produce efficacious drugs'®.

Towards this aim, LPEM is used to provide access to direct visualisation of the early-stage nucleation events
that can provide evidence for particular nucleation and crystallisation pathways. Previous reports using LPEM
have revealed new information about the growth processes of inorganic materials and biominerals leading to
new theories on how these processes can be controlled or rationalised'”'®. For instance, regarding the sintering
of metal nanoparticles, in situ TEM has been used to suggest that the mechanism involved is in fact a migration
and coalescence of particles followed by Ostwald Ripening (OR)**. More recently, Zhaoming Liu et al. revealed
that the crystallisation transformation from a transient amorphous CaCOj calcite occurred in the absence of
morphological alterations. They concluded that the transformation process was dominated by dissolution-repre-
cipitation, in contrast to previous reports which lacked the in situ direct LPEM observations, which suggested
direct transformation®.

Direct imaging of PNCs through cryo-TEM has been reported to disclose the crystallisation process of
organic aromatic compounds in their near-native environment?'. This progressive study gave insight into the
isolated stages of the pre-nucleation events leading to an eventual molecular crystal form. However, due to the
fragmented snap-shot evidence of the PNC stages, there is a lack of information of the intermediate steps which
can provide information about the mechanism of evolution into the final crystalline stage, specifically, whether
a molecular cluster evolves into a stable aggregate from an amorphous state.

Gaining access to the intermediate steps in nucleation processes is central to relating the well described NCC
theories to directly observed particle dynamics and formation. The gathered knowledge will also apply to all
fields which depend on understanding the nucleation of small organic crystals e.g. catalysis and agrichemicals.

Using LPEM, we probe the nanoscale events involved in the formation of crystalline entities of FFA crystals.
The observed phenomena are directly linked to similar observations in other materials and the NCC theories
outlined above.

Herein, we report the first direct observations of the nanoscale intermediate nucleation pathway events of a
small organic molecular crystal commercialised as an NSAID, FFA, in an organic solvent.

Results

Radiolysis considerations. There are two general approaches towards the unavoidable beam interactions;
mitigating the effects or exploiting them. High fluence has been reported to damage organic crystals in a con-
ventional TEM setup®?, however, the high input energy from the electron beam can also induce nucleation and
enable crystal growth by radiolysis of the solvent?. The beam effects can be reduced by minimising the dose
absorbed by the sample by using a low-dose rate and restricted exposure time; radiolysis can also be mitigated
by providing a constant flow of undisturbed solvent through the liquid cell**?*. Herein we use what is considered
to be a high dose of > 150 e"/A%/s to ensure nucleation would occur.
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Figure 1. A summary of the observed processes involved in the nanoscale crystallisation of FFA; aggregation,
coalescence, nucleus formation from the densified intermediate material and, finally, crystallisation. The
processes are linked with NCC mechanisms such as PNC pathway and two-step nucleation theory. Scale bars:
20 nm.

In previous work by the authors, hexagonal FFA crystals were grown from a 50 mM solution of FFA in EtOH.
It was hypothesised that radiolysis of the solvent by the electron beam played a vital part in allowing FFA to
partake in nucleation in an undersaturated solution'®. In the aforementioned experiments there were no pre-
formed particles present to induce nucleation. It was hypothesised that the break-up of EtOH molecules due to
radiolysis and the subsequent formation of reactive species altered the local chemical environment to lower the
energy barrier sufficiently for the FFA molecules to nucleate.

In the LPEM experiments reported herein, it is hypothesised that the radiolysis events and resultant products
could act to influence the chemical system by catalysing the early-stage nucleation events, i.e. influencing the
timescale of such events to be potentially more rapid than in typical saturated solution experiments.

Primary observations. Initially, there were no features of note in the 30 pm? viewing area of the silicon
nitride window at the onset of the experiment. To induce nucleation, the electron beam was condensed using the
monochromator, hence increasing the electron flux in the illuminated region, but in this instance this method
resulted only in scarring of the silicon nitride window. Troubleshooting methods were followed however, the
lack of crystallisation events and consequent scarring of the silicon nitride windows was indicative of solution
absence between the windows (see “Methods” section on Troubleshooting LPEM experiments). Subsequently,
water was introduced to the syringe pumping system to primarily dislodge and carry particulates suspected to be
trapped in the PEEK tubing lines of the holder, chosen because FFA is practically insoluble in water (0.008 mg/
mL compared to 245 mg/mL for ascorbic acid better known as Vitamin C)*?7.

However, it is a possible consideration that water in these experiments could act as an antisolvent, altering
the saturation conditions for the FFA molecules in EtOH. Although there was no evidence of this, unmonitored
nucleation of the observed particles could have happened. From the following observations we consider that
it is unlikely to have occurred, as the process would have continued in the viewing area and likely have been
accelerated by the electron beam induced effects.

The subsequent observations of the viewing area revealed a sudden influx of aggregated electron dense par-
ticles of FFA (Figure S1), which we can presume were formed and trapped in the PEEK tubing (Fig. 1).

There were two populations of FFA particles identified of 3 nm and 8 nm (Figure Sla). The 8 nm population
possessed an observed pseudospherical morphology and tended to form aggregates with different numbers of
particles while the 3 nm population remained dormant. We describe these small particles as Pre-Nucleation
Clusters (PNCs) since they are particles that result in the formation of a metastable new phase, as described by
the PNC pathway, previously reported for the crystallisation of CaCO,%.

In the area of view there were multiple dynamic events occurring, obscuring the complete process for many
aggregates, however, it was possible to closely follow three notable aggregates of PNCs (Figure S2). Each PNC
aggregate had varying quantities of particles upon first observation but underwent simultaneous transformational
events synonymous with NCC. These transformation stages corresponded closely with PNC pathway and two-
step nucleation, the precise details of which will be discussed in two sections:

(1) Coalescence—detailing the events associated with the aggregation of the PNCs and the subsequent coa-
lescence to form a metastable cohesive entity.
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Figure 2. A time-lapse of each of the aggregates of PNCs undergoing coalescence. The process for the
aggregated PNCs to coalesce and create a cohesive substance took 180 s, where separation between PNCs
gradually reduced until there was no observable boundary between PNCs. Scale bars: 20 nm.

(2) Densification towards crystallisation—describing the densification and development of a nucleus, evident
by density fluctuation and formed by the successive sacrifice of surrounding material, leading to the forma-
tion of a new crystalline-like object, significantly more electron dense than its metastable predecessor.

Coalescence. It was evident that the PNCs had aggregated prior to the initial observations. The primary
transformation observed for the three selected aggregates was that of coalescence, where the individual PNCs of
8 nm merged into one uniform entity after around 3 min of continuous observation. For all three selected aggre-
gates a similar timeline was observed (video S1) which could be indicative of the local environment catalysing
the events, e.g. radiolysis breakdown of EtOH and/or water as a result of the electron beam.

Each aggregate consisted of a different number of PNCs but over the period of 180 s their interfaces merged
resulting in a cohesive entity notably smaller in size compared to the net size of the PNC aggregate (Fig. 2). The
action of coalescence of the particle cluster has been described in a study of amorphous calcium carbonate (ACC)
where Pouget et al. showed that the nucleation of nanoparticles of ACC proceeds via aggregation of PNCs in
solution?®. The formed cohesive entity can be compared to the amorphous or liquid intermediate stage accord-
ing to the PNC theory, where a DLP is formed following aggregation and coalescence preceding the formation
of a crystalline species'.

This intermediate stage has been described as a densification of the molecules in questions i.e. FFA, where
the molecules are in a higher concentration compared to the mother solution. As such, in the DLP the molecules
are hindered in their translational and rotational movements and kinetically stable (metastable) whilst still pos-
sessing an interface with the surrounding liquid®.

The individual PNCs of FFA are easily identified due to their dark appearance compared to the liquid envi-
ronment, despite their small size and not possessing any metallic components. This suggests that the PNCs are
crystalline (highly ordered) which may also be implied by their stability. As the PNCs coalesce into the metastable
DLP, the cohesive body appears less dark compared to the individual PNCs. This radical reduction in electron
density (but still easily identifiable from the surrounding liquid environment) is suggestive of a loss of structural
integrity or dynamic structural change preceding the next stage of the process. It is therefore indicative that the
observed intermediate phase aligns well with the explanation of PNC theory where a metastable DLP intermedi-
ate is formed prior to crystallisation.

The observed process leading to the coalescence of PNC aggregates is akin to the PNC pathway where pre-
cipitation of a new phase is evident. Although the individual PNCs created appropriate diffraction contrast in
TEM conditions to suggest that they are structured or even crystalline, SAED could not be completed due to the
thickness of the entire specimen arrangement, which the electron beam has to traverse in LPEM. The following
transformation from the suggested DLP towards densification, however, provides important information on the
formation of this API drug crystal and potential polymorph transitions.
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Figure 3. A frame-by-frame summary of the three aggregates illustrating the pre-crystallisation process of FFA:
an electron dense nucleus develops and then consumes the material in the metastable cohesive entity until a
final electron dense entity was formed. Scale bar: 20 nm.

Densification towards crystallisation. In all three examples, following the cohesion of the individual
PNCs they remained as a DLP until there was an apparent fluctuation, which resulted in a nucleus with a darker
contrast. In TEM imaging, the darker contrast can be due to mass/thickness or diffraction contrast. Hence, the
appearance of the darker nucleus, can be due to the fact that a denser and/or more crystalline phase is formed at
the expense of the cohesion of the PNCs. Due to the small and rather similar size of the particles, it can, however,
be assumed that they are similar in composition (the tri-fluoring functional group being the more electron dense
component) and structure. Hence, the darker contrast is most likely due to diffraction (arising from an ordered
phase) of particles with a certain orientation with respect to the electron beam. Therefore, it can be inferred that
the darker particles (Fig. 3) are more ordered/crystalline than the surrounding and preceding phase, which is
lighter in contrast, and potentially also only partially crystalline.

In a short period of time, within 10 s, densification was apparent, and the nucleus grew larger while the sur-
rounding material in the metastable DLP appeared to be consumed to facilitate this (Fig. 3 and Videos S2, S3 and
S4). The observed densification or solidification is akin to both PNC pathway and two-step nucleation. On PNC
pathway D. Gebauer et al. outlined that a liquid droplet intermediate forms before solidifying into a crystalline
entity', and the appearance of the densified nucleus is reported for protein crystallisation undergoing two-step
nucleation'’. It is indicative therefore that the crystallisation pathway of this API (and also others) follows its
own crystallisation pathway with events akin to reported non-classical crystallisation pathways.

As the nucleus grows larger the electron density increases drastically indicating that a more ordered, perhaps
crystalline body had formed from the DLP intermediate. In LPEM there are challenges associated with the thick-
ness of the liquid layer affecting image and video acquisition and resolution. Thus, acquisition of crystallinity
confirmation through lattice resolution imaging or Selected Area Electron Diffraction (SAED) was not possible
throughout the observed crystallisation process. The difficulties associated with resolution limitations in LPEM
are discussed thoroughly by de Jonge et al. and also highlighted in a previous paper by Cookman et al. specifi-
cally when imaging FFA'®%,

The act of material consumption can be related to Ostwald Ripening (OR). All 3 aggregates (Fig. 3) show this
clearly, where the material in the immediate vicinity of the nucleus is first consumed followed by the rest of the
entity forming a new ovular particle. Interestingly, although the event shows the consumption and densification
of the DLP, the other particles in the area are unaffected by this activity suggesting that they do not have the
thermodynamic driving force to urge involvement with nucleus generation and further OR.

The timescales of the individual events varied notably; coalescence proceeded over up to three minutes while
the transformation from DLP to formation of an electron dense entity was rapid, happening in under five seconds.
As we consider the effects of radiolysis on these experiments it is possible that these timescales are influenced by

Scientific Reports |

(2020) 10:19156 | https://doi.org/10.1038/s41598-020-75937-2 natureresearch



www.nature.com/scientificreports/

Figure 4. A time-lapse of the electron dense entity formed from aggregate 2 with smaller particles moving
rapidly towards it (red circles). After one minute three satellite particles of ~3 nm were seen surrounding the
new particle. Scale bar: 20 nm.

the accumulative electron fluence incident on the sample. The constant electron beam penetration contributes to
the production of radiolytic products such as O, gas (causing oxidation), H* and H- (altering the pH) and other
molecular products contributing to the local chemical environment of the events we report!®.

Once the electron dense entity had fully developed, aggregate 2 (Fig. 4) developed a halo-like white ring
around its boundary. It is likely that during the transformation process, the particle changed z-height and the
white halo is symbolic of the crystal being under-focussed compared to the DLP. Prior to the crystallisation events
of aggregate 2, the aggregate appeared static and strongly interacted with the silicon nitride substrate. This strong
interaction has previously been reported and therefore, the halo-like white ring is likely to be a result of defocus
due to the dislodging of the particle®’. It is also possible, that there is some interfacial interaction of the surface
and the surrounding liquid, this may be the creation of a solvation layer effect or surface charging. However,
reported solvation layers have been suggested to be ordered which would instead increase electron density and so
the mechanism behind this requires more comprehensive investigation which is beyond the scope of this report®2.

Immediately after the potential crystallisation event it was noted that small particles of 3 nm were rapidly
attracted to the new, presumed crystalline, particle of aggregate 2 (Fig. 4 and Video S5). It was expected that the
action would result in OR however for the duration of observation, the newly formed aggregate was stable, the
larger particle did not appear to grow and the small particles did not behave sacraficially.

There was a density fluctuation within the crystal resulting in the formation of a dark nucleus becoming
denser from 32 s onwards. This nucleus is similar to initial densification (Fig. 3) and like the initial 8 nm PNCs,
the surrounding particles are stable and do not partake in OR by contributing to the growth of the crystal. It
can be hypothesised that this new aggregate could undergo the same NCC process of cohesion and subsequent
crystallisation. Due to the presence of the surrounding particles it is possible that some are underneath the crystal
generating mass-thickness effect creating a darker feature.

Discussion

In summary, we report that the nanoscale crystallisation of FFA occurs initially through PNC pathway evidenced
by the existence of pre-formed particles of ~ 8 nm. These PNCs were a result of unmonitored nucleation that was
suspected to have occurred due to the introduction of an anti-solvent, water, which subsequently carried the
pre-formed particles to the area of view. The PNCs aggregated, coalesced and formed a DLP which underwent
densification forming suspected crystals of FFA. In reporting these observations, a number of considerations
were noted to add to the complexity of interpreting these observations. Namely, crystallinity could not be con-
firmed of the PNCs or the final particles through SAED. However, the contrast is most likely diffraction contrast
suggesting that they are highly ordered and potentially crystalline. Due to the nature of LPEM, the monitored
aggregates were in the vicinity of other particulates of FFA. Although they did not interact with the reported
events, it is possible they could influence the local chemistry and therefore the interpretation of the imaging.
Despite these limitations, the observations reported clearly follow NCC and it can be concluded that the observed
nucleation and crystallisation pathway for this small organic molecule aligns well with both PNC pathway and
two-step nucleation.

Upon coalescence of the PNCs, the intermediate species of FFA were smaller, measuring ~ 11 nm for aggre-
gate 1 and ~ 18 nm for aggregate 2 (8 nm PNCs). However, there is no immediate comparison of the intermedi-
ate phase sizes when in the case of the reported FFA, this was directly related to the number of PNCs in each
aggregate. It can be suggested that the size of the intermediate phase can be estimated by the number of PNCs
on the aggregate.

The exact characterisation of the composition of the DLP remains challenging particularly in the absence
of SAED, which would allow for crystalline phase identification along with that of the preceding and following
phases, PNCs and post-densification, allowing for a thorough comparison to be made. Building on previous
characterisations of the intermediate from PNC and two-step it is hypothesised that, in the case of FFA, the
intermediate is a DLP and can be assumed to be somewhat amorphous.

This structure has been described as highly dynamic, containing ionic polymers with dynamic topology
consisting of chains, branches and rings of the associated polymer. The dynamic environment reported for ACC
can rapidly exchange with the ions in solution but are an independent formation and thermodynamically stable
at mM concentrations.
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Figure 5. An illustration of two proposed energy diagrams of FFA based on the observations presented and
knowledge of energy requirements. (a) An interpretation of the energy diagram following PNC pathway
indicating the energy requirements for each process of PNC aggregation, cohesion, densification and
crystallisation. (b) An illustrated energy diagram considering the hypothesis that following cohesion, the DLP
consists of a fluctuation of high energy polymorphs (according to OSR) until crystallisation of a low energy,
more stable polymorph of FFA. Inspiration for these energy diagrams were gathered from reports on energy
requirements for NCC*>,

However, due to the polymorphic characteristic of FFA it can be rationalised that Ostwald’s Rule of Stages
(OSR) can occur. To develop the hypothesis, it must instead be assumed that the cohesive structure is poorly
crystalline (disordered) and/or contains regions of amorphous material to account for the poor electron density
compared to the PNCs (Fig. 1). OSR states that a material susceptible to polymorphism undergoes transitions
through high energy polymorph states before crystallising as the low energy accessible polymorph. This can occur
as a waterfall transition where the high energy state is reached and continually transforms to the next available
lower state. OSR has been reported for crystallisation of CaCO; where it cascades through the polymorph forms
of vaterite and argonite before reaching the ground state to crystallise as calcite!®. Considering this, it is pos-
sible that the DLP observed is the formation of a poorly crystalline high energy polymorph (for FFA there are
nine reported), before crystallising as a nucleus of a more thermodynamically stable form i.e. form I or 1'%,

In these experiments, we consider radiolysis of the solvent to play a part in the crystallisation events where the
reactive products can catalyse and accelerate the events. The resultant ionic species expected to be produced from
continuous radiolysis events are cations, protons, anionic forms of FFA, along with other radical and molecular
species'®*. An associated theory originating from reported results of ACC, describes the intermediate phase
as a structural configuration called dynamically-ordered liquid-like oxyanion polymer, aka. DOLLOP*. The
oxyanion of FFA, as a result of radiolysis events, could partake in the DOLLOP formation, perhaps due to the
anionic form of the FFA molecules as they attempt to restructure. Metastable DOLLOP formation could be why
we do not observe, at this stage, defined hexagonal crystals indicative of form I FFA'S.

A similar observation akin to DOLLOP and DLP was highlighted in the recent study by Célfen et al., where
the metastable liquid phase of ibuprofen crystallisation was said to consist of a high concentration of ibuprofen
molecules with hindered molecular dynamics.

The DLP intermediate has overlapping characteristics with the primitive nucleation events of protein crys-
tals according to two-step nucleation where a metastable dense liquid develops a densified nucleus prior to
crystallisation®¢. With regard to FFA, we identified that the intermediate phase following aggregation of PNCs,
forming a DLP as described in PNC theory, is also described by the first stage of two-step nucleation theory,
compounded by the formation of a dense nucleus. These findings suggest that these two NCC theories can be
complementary describing different stages of the pre-crystalline process.

From available literature surrounding potential energy barriers to formation, we propose two potential path-
ways which both possess energy requirements for each stage to progress and for the interfaces to be generated
(Fig. 5). In both cases, the PNCs aggregate reducing the interfacial energy between the individual PNCs by creat-
ing a lower energy aggregate. Cohesion of the PNCs takes place forming metastable entities in both scenarios;
however, the structure of this entity is proposed to be composed of two starkly different bodies in terms of
energy requirements. The first proposal is that the PNCs form a disordered or DLP, behaving like an amorphous
body, where relaxation of the energy occurs prior to the energy barrier of densification. The second aligns with
OSR where the metastable body is composed of FFA molecules whose movements are hindered, are then able
to dynamically interchange between high energy polymorphs in a stepwise fashion. The thermodynamically
stable polymorph (lowest in energy) forms with a relaxation of energy but a subsequent energy penalty where
crystallisation of all available material occurs.

Although many of the first pivotal reports on PNC pathway were borne from investigations on ACC and other
CaCOj derivatives, it can be regarded that other materials such as small organic molecules may not follow these
exact pathways. Taking into account the most prominent and widely accepted crystallisation theories reported
to date, it is therefore likely that FFA undergoes crystallisation via NCC displaying a close comparison to the
PNC pathway followed by a likeness to two-step nucleation.

These direct observations reported for the crystallisation of FFA reveal compelling new information regard-
ing the possible pathways of the nanoscale nucleation and intermediate events preceding the formation of the
crystalline APIL.
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From observations reported in this manuscript, it is clear that FFA undergoes a nonclassical nucleation and
crystallisation pathway that predominantly follows the pre-nucleation cluster pathway due to the presence of
small clusters. Upon formation of the intermediate the crystallisation pathway then diverts to two-step nuclea-
tion where densification of the intermediate resulting in nucleus formation dominates.

To conclude, it can be presumed from previous observations of the system that FFA begins as independent
PNCs of approximately 8 nm in size which then aggregate. Three independent aggregates of PNCs were moni-
tored as they separately underwent coalescence into a metastable phase described as related to the dense liquid
phase (DLP) in PNC. From this point, features of two-step nucleation were identified with nucleus formation in
the DLP, typically associated with protein crystallisation. Densification of the DLP forming a nucleus displayed
characteristics of Ostwald Ripening (OR) where the DLP material was consumed at the expense of the new more
ordered structure concluding the observed crystallisation process.

FFA is a low-electron dense organic molecule suspended in an organic solvent, the high electron densities
observed for the PNCs and also the final entity infer that there is structural ordering towards crystallinity offer-
ing this advantage over the surrounding liquid. Tracking of the electron density fluctuations throughout the
crystallisation process was used to identify stages in the individual pathway of FFA crystallisation from PNC
aggregates. The stages proposed are PNC identification, aggregation and coalescence of PNCs into a DLP (or high
energy polymorphic transition), nucleus formation through densification and finally crystallisation. However,
in interpreting the data it was clear that the crystallisation process displayed did not conform completely with
one theory but instead echoed certain parts of a multitude of theories and mechanisms i.e. PNC, OR, two-step
nucleation, DOLLOP etc.

The work presented demonstrates that LPEM is a required and complementary tool to probe chemistry at
the nanoscale, in particular the nucleation of APIs, where control at the molecular building block stage can be
of direct benefit for the production of the end product. In the undersaturated conditions required for use in the
liquid cell, a more controlled environment can be achieved to establish the precise stages of nucleation whilst
directly observing each event in succession, as we have shown.

This developing topic regarding the direct visualisation of nucleation of pharmaceutical products will provide
the necessary information to further refine industrial-scale processes by outlining the crystallisation pathways
that small organic molecular crystals take to better streamline production activities and develop continuous
manufacturing processes for generic drugs.

Much like the discovery of NCC had superseded CNT in practical circumstances, we find that a more complex
crystallisation pathway is observed for the common API, FFA, than that described by one singular NCC theory.
This indicates the complexity of controlling the nucleation and resulting crystallisation of many small organic
molecules, of particular importance, resulting in APIs, highlighting the real need for continued investigation by
direct means for a complete understanding of this process.

Materials and methods
Materials. Flufenamic acid (FFA) (Sigma Aldrich, 97%), ethanol (Fisher Scientific, HPLC grade), water
(Fisher Scientific, HPLC grade).

5 mM flufenamic acid solution preparation. Inaglass vial FFA crystals were weighed out and dissolved
in the appropriate amount of ethanol to result in the preparation of a stock solution of a higher concentration of
FFA e.g. 50 mM. Ethanol was filtered using a 0.2 um PTFE filter (Fisher Scientific) fitted to a 10 mL syringe. Fil-
tered ethanol was introduced to the FFA crystals in the glass vial and the vial was inverted several times to ensure
full dissolution of the crystals. The stock solution was filtered using an 0.2 um PTFE filter fitted to a syringe and
then a 1:10 solution was prepared from this using filtered ethanol, resulting in a 5 mM concentration of FFA.

Liquid cell TEM holder preparation. The Thermo Fisher Scientific (TFS) compatible DENSsolutions
Ocean holder (H-SL-FS-005) was assembled with windowless silicon chips (DENSsolutions) to test the vacuum
tightness of the O-rings. The assembled holder was placed in a vacuum pump (Pfeiffer vacuum, HICUBE ECO),
once the vacuum reduced to 9x 107 mbar in under 10 min the O-rings used in the assembled holder were
deemed suitable and capable of vacuum sealing. The holder was then plasma cleaned (Gatan Solarus) for 15 min
with a combination of H, and O, to remove any carbon contamination that could affect the vacuum and outgas-
sing of contaminants in the TEM column.

Silicon chips preparation. A pair of silicon chips (Nano-Cell, Si;N, windows 400 um x 30 um, no spacer,
DENSsolutions) were placed in a glow discharge (easiGlow Glow Discharge Unit, 30 W, 10 mA) chamber and
subjected to glow discharging (air) for 5 min. To assemble the LCEM holder, the first chip was placed in the bot-
tom of the holder and the second chip was placed upside down (so the windows faced each other), orthogonally.
The holder underwent another leak test procedure (pressure to reduce to 9x 10-® mbar in under 10 min) to
ensure the windows were not damaged in the cleaning or assembly process.

Liquid phase electron microscopy. The follow method for LPEM setup has previously been reported by
the authors'®.

Liquid Phase Electron Microscopy was conducted using a TFS (formerly FEI) Titan Themis® operating at an
acceleration voltage of 300 kV, fitted with a monochromator. The TEM was operating in conventional parallel
beam TEM mode using an objective aperture for image and video acquisition. Data was acquired using a Gatan
OneView (4 kx 4 k).
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Alignments for the TEM were completed with a gold standard sample on a conventional single tilt holder to
achieve optimal resolution, these include refining the image corrector and setting the monochromator to achieve
controllable low dose conditions. Once the alignments were complete, the Ocean holder was inserted into the
TEM undergoing a 10 min pre-pump before fully inserting the holder into the column. The PEEK tubing was
connected to a solution of filtered ethanol in a 3 mL syringe fitted to a syringe pump. EtOH was flowed through
the holder at a rate of 5 uL/min for 1 h to ensure total immersion of the solution between the Si;N, windows.
The windows were viewed in ethanol only conditions to map any defects and ensure the cleaning procedure was
effective's. Finally, a 5 mM solution of FFA was placed in a 3 mL Luer lock syringe and connected to the PEEK
tubing of the Ocean holder. A syringe pump was used to flow at a rate of 5 uL/min for 1 h prior to experimental
imaging. To ensure nucleation events would be initiated an electron dose of > 150 e/A%/s was used.

Troubleshooting the LPEM experiment—liquid diffusion. In absence of notable observations where
they are expected e.g. nucleation, it was supposed that the lack of solution diffusion was the cause. To facilitate
solution diffusion through the silicon nitride windows a series of actions can be taken to rectify this. Briefly,
the column valves were closed on the TEM, objective aperture was removed (using an objective aperture with
non-TFS holders is to be used with caution as the height of the Ocean holder is different that single & double
tilt holders provided by TES) and the stage tilted e.g. +20° while increasing the liquid flow from the peristatic
pump to 20 uL/min. The holder and TEM were left in this condition for approximately 30 min and on return the
actions were completed in reverse. Oftentimes this troubleshooting procedure allowed liquid to diffuse between
the windows unless another issue prevented liquid diffusion i.e. trapped particles from uncontrolled nucleation.
These trapped particles can be dislodged by introducing an alternative solvent that will facilitate carrying (rather
than dissolution) of the particles, in this instance water was used.

Troubleshooting the LPEM experiment—inducing nucleation. During the concerned experiments,
nucleation was expected when the electron beam was incident on the sample for at least 15 s at a dose higher
than 200 e/A?%/s according to previous work carried out by the authors'®. To induce nucleation where it has not
occurred, the monochromator was condensed on an area for 10 s and then expanded to normal setup condi-
tions. This will enable nucleation of the aforementioned 5 mM FFA in EtOH, however in absence of liquid this
will ‘scar’ the silicon nitride window leading to the conclusion that there is no liquid between the windows. As
per the initial steps of LPEM setup, EtOH (alone) is introduced prior to the FFA in EtOH solution. If the FFA
in EtOH solution has not diffused through the windows yet and this induction procedure is followed a grow-
ing electron dense bubble will result but with no crystal nucleation. Therefore, the solution must be left to flow
longer to ensure the FFA solution has diffused through the windows.

Image and video processing. All micrographs and videos were acquired and analysed using Gatan’s
GMS3 using the in-situ player accompanying the OneView Detector. Analysis of the micrographs and videos
encompassed, binning, viewing, exporting into common readable files, and measurements of particle sizes and
electron density.

Received: 10 June 2020; Accepted: 22 October 2020
Published online: 05 November 2020

References

1. Walter, M. W. Structure-based design of agrochemicals. Nat. Prod. Rep. 19, 278-291 (2002).

2. Jena, D., Banerjee, K. & Xing, G. H. 2D crystal semiconductors: Intimate contacts. Nat. Mater. 13, 1076-1078 (2014).

3. Sunagawa, L. Characteristics of crystal growth in nature as seen from the morphology of mineral crystals. Bull. Mineral. 104, 81-87
(1981).

4. Johan Wouters, Q. L. Pharmaceutical salts and co-crystals. Pharmac. Salts Co-cryst. https://doi.org/10.1039/9781849733502 (2011).

5. Pharma Industry Weighs in on Continuous Manufacturing. https://www.dcatvci.org/6007-pharma-industry-weighs-in-on-conti
nuous-manufacturing.

6. McGinty, J., Yazdanpanah, N., Price, C., ter Horst, J. H. & Sefcik, J. CHAPTER 1. Nucleation and crystal growth in continuous
crystallization. In The Handbook of Continuous Crystallization 1-50 (Royal Society of Chemistry, London, 2020). https://doi.
org/10.1039/9781788013581-00001.

7. Jehannin, M., Rao, A. & C6, H. New horizons of nonclassical crystallization. J. Am. Chem. Soc. https://doi.org/10.1021/jacs.9b018
83 (2019).

8. Morse, J. W,, Arvidson, R. S. & Liittge, A. Calcium carbonate formation and dissolution. Chem. Rev. 107, 342-381 (2007).

9. Wiedenbeck, E., Kovermann, M., Gebauer, D. & Colfen, H. Liquid metastable precursors of ibuprofen as aqueous nucleation
intermediates. Angew. Chemie Int. Ed. 58, 19103-19109 (2019).

10. Gebauer, D., Raiteri, P, Gale, J. D. & Célfen, H. On classical and non-classical views on nucleation. Am. J. Sci. 318, 969-988 (2018).

11. Vekilov, P. G. The two-step mechanism of nucleation of crystals in solution. Nanoscale https://doi.org/10.1039/cOnr00628a (2010).

12. Hilfiker, R. & Raumer, M. Von. Polymorphism in the Pharmaceutical Industry: Solid Form and Drug Development. (2019).

13. Myszka, B. et al. Phase-specific bioactivity and altered Ostwald ripening pathways of calcium carbonate polymorphs in simulated
body fluid. RSC Adv. 9, 18232-18244 (2019).

14. Acree, W. E. ITUPAC-NIST solubility data series. 102. Solubility of nonsteroidal anti-inflammatory drugs (NSAIDs) in neat organic
solvents and organic solvent mixtures. J. Phys. Chem. Ref. Data 43, 023102 (2014).

15. Savjani, K. T., Gajjar, A. K. & Savjani, J. K. Drug solubility: Importance and enhancement techniques. ISRN Pharm 2012, 27 (1957).

16. Cookman, J., Hamilton, V,, Price, L. S., Hall, S. R. & Bangert, U. Visualising early-stage liquid phase organic crystal growth: Via
liquid cell electron microscopy. Nanoscale 12, 4636-4644 (2020).

17. Liao, H. G. et al. Facet development during platinum nanocube growth. Science (80-). 345, 916-919 (2014).

Scientific Reports |

(2020) 10:19156 | https://doi.org/10.1038/s41598-020-75937-2 nature research


https://doi.org/10.1039/9781849733502
https://www.dcatvci.org/6007-pharma-industry-weighs-in-on-continuous-manufacturing
https://www.dcatvci.org/6007-pharma-industry-weighs-in-on-continuous-manufacturing
https://doi.org/10.1039/9781788013581-00001
https://doi.org/10.1039/9781788013581-00001
https://doi.org/10.1021/jacs.9b01883
https://doi.org/10.1021/jacs.9b01883
https://doi.org/10.1039/c0nr00628a

www.nature.com/scientificreports/

18. Kashyap, S., Woehl, T. ], Liu, X., Mallapragada, S. K. & Prozorov, T. Nucleation of iron oxide nanoparticles mediated by mms6
protein in situ. ACS Nano 8, 9097-9106 (2014).

19. Hansen, T. W,, Delariva, A. T, Challa, S. R. & Datye, A. K. Sintering of catalytic nanoparticles: Particle migration or ostwald ripen-
ing?. Acc. Chem. Res. 46, 1720-1730 (2013).

20. Liu, Z. et al. Shape-preserving amorphous-to-crystalline transformation of CaCO3 revealed by in situ TEM. PNAS 117, 3397-3404
(2020).

21. Tsarfati, Y. et al. Crystallization of organic molecules: Nonclassical mechanism revealed by direct imaging. ACS Cent. Sci. 4,
1031-1036 (2018).

22. Sari, M., Cattle, J., Hondow, N., Brydson, R. & Brown, A. Low dose scanning transmission electron microscopy of organic crystals
by scanning moiré fringes. Micron 120, 1-9 (2019).

23. Woehl, T.J., Evans, J. E., Arslan, ., Ristenpart, W. D. & Browning, N. D. Direct in situ determination of the mechanisms controlling
nanoparticle nucleation and growth. ACS Nano 6, 8599-8610 (2012).

24. Woehl, T. ]. & Abellan, P. Defining the radiation chemistry during liquid cell electron microscopy to enable visualization of nano-
material growth and degradation dynamics. J. Microsc. 265, 135-147 (2017).

25. Woehl, T. J. & Abellan, P. Harnessing control of radiolysis during liquid cell electron microscopy to enable visualization of nano-
material transformation dynamics. Microsc. Microanal 22, 2 (2018).

26. Flufenamic acid - DrugBank. https://www.drugbank.ca/drugs/DB02266.

27. Vitamin C - DrugBank. https://www.drugbank.ca/drugs/DB00126.

28. Pouget, E. M. et al. The initial stages of template-controlled CaCO3 formation revealed by Cryo-TEM. Science (80-). 323, 1455-1458
(2009).

29. de Jonge, N., Houben, L., Dunin-Borkowski, R. E. & Ross, F. M. Resolution and aberration correction in liquid cell transmission
electron microscopy. Nat. Rev. Mater. 4, 61-78 (2019).

30. Jore, D., Champion, B., Kaouadji, N., Jay-Gerin, J.-P. & Ferradini, C. Radiolysis of ethanol and ethanol-water solutions: A tool for
studying bioradical reactions. Int. J. Radiat. Appl. Instrumentation. Part C. Radiat. Phys. Chem. 32, 443-448 (1988).

31. Woehl, T.]. & Prozorov, T. The mechanisms for nanoparticle surface diffusion and chain self-assembly determined from real-time
nanoscale kinetics in liquid. . Phys. Chem. C 119, 21261-21269 (2015).

32. Zhang, X. et al. Direction-specific interaction forces underlying zinc oxide crystal growth by oriented attachment. Nat. Commun.
8,1-8 (2017).

33. Chen, X,, Li, T., Morris, K. R. & Byrn, S. R. Crystal packing and chemical reactivity of two polymorphs of flufenamic acid with
ammonia. Mol. Cryst. Liq. Cryst. 381, 121-131 (2002).

34. Demichelis, R., Raiteri, P, Gale, J. D., Quigley, D. & Gebauer, D. Stable prenucleation mineral clusters are liquid-like ionic polymers.
Nat. Commun. https://doi.org/10.1038/ncomms1604 (2011).

35. Wally, J. et al. The crystal structure of iron-free human serum transferrin provides insight into inter-lobe communication and
receptor binding. J. Biol. Chem. 281, 24934-24944 (2006).

36. Krishna Murthy, H. M., Bhat, T. N. & Vijayan, M. Structure of a new crystal form of 2-{[3-(trifluoromethyl)phenyl]Jamino}benzoic
acid (flufenamic acid). Acta Crystallogr. Sect. B Struct. Crystallogr. Cryst. Chem. 38, 315-317 (1982).

37. Myerson, A. S. & Trout, B. L. Nucleation from solution. Science 341, 855-856 (2013).

38. De Yoreo, J. J. et al. Crystallization by particle attachment in synthetic, biogenic, and geologic environments. Science (80-). 349,
6760 (2015).

Acknowledgements

This work was supported by MagnaPharm a European Union Horizon 2020 Research and Innovation programme
(Grant agreement number 736899). V.H. would like to acknowledge the Bristol Centre for Functional NanoMa-
terials funded by the Engineering and Physical Sciences Research Council (EPRSC) UK (Grants EP/G036780/1
and EP/L015544). The authors would like to acknowledge Dr Michele Conroy for experimental advice, Dr Alan
Harvey for conversations on the relationship of electron density, Dr Rui Gao for advice on energy barriers of
nucleation events.

Author contributions
The corresponding authors are S.H. and U.B., J.C. and V.H. conducted the experiments, J.C. completed image
analysis and manuscript construction. Edits to the manuscript were completed by all co-authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-75937-2.

Correspondence and requests for materials should be addressed to S.R.H. or U.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:19156 | https://doi.org/10.1038/s41598-020-75937-2 nature research


https://www.drugbank.ca/drugs/DB02266
https://www.drugbank.ca/drugs/DB00126
https://doi.org/10.1038/ncomms1604
https://doi.org/10.1038/s41598-020-75937-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Non-classical crystallisation pathway directly observed for a pharmaceutical crystal via liquid phase electron microscopy
	Results
	Radiolysis considerations. 
	Primary observations. 
	Coalescence. 
	Densification towards crystallisation. 

	Discussion
	Materials and methods
	Materials. 
	5 mM flufenamic acid solution preparation. 
	Liquid cell TEM holder preparation. 
	Silicon chips preparation. 
	Liquid phase electron microscopy. 
	Troubleshooting the LPEM experiment—liquid diffusion. 
	Troubleshooting the LPEM experiment—inducing nucleation. 
	Image and video processing. 

	References
	Acknowledgements


