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Serial crystallography has revolutionalised our ability to analyse protein crystals; crystal structures can be
uncovered by combining data from multiple crystals mitigating radiation damage through overexposure
to the X-ray beam. With synchrotron sources becoming even brighter, radiation damage is ever more
pertinent for small molecule crystals as well. Combining serial crystallography with flow crystallisation,
we pave the way for exploring high-throughput screening and kinetic studies, with application to small
molecule crystals up to mm-scale. Here we present the first known example of single crystal X-ray
diffraction of small molecule crystals in a flow crystallisation environment. In situ single-crystal X-ray
diffraction has been achieved on a series of growing singular crystals through the use of segmented flow
cooling crystallisation, holding crystals in an X-ray beam for 4.2 s whilst they freely rotate whilst flowing
inside tubing. Upon triggering of a passing slug at the analysis point, the tubing is moved in the opposite
direction to the flow, enabling the crystal to remain within the X-ray beam whilst maintaining the free
rotation of the crystal due to fluid movement. Structure solution of paracetamol form | has been
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Introduction

Flow crystallisation opens novel process windows for chemists
in the same way that flow synthesis has exploded what we can
do in a synthetic space. It offers superior control over crystal-
lisation conditions due to the high surface to volume ratio and
enhanced mixing regime with respect to batch conditions. This
results in an increase in homogeneity and reproducibility, and
ease in scale-up." In a tubular flow crystalliser, these enhanced
mixing conditions result in what is termed ‘plug flow’ where
there is a direct relationship between the crystalliser length and
crystallisation time (irrespective of the experiment time) as
there is no back-mixing of old and new solutions being pumped
through the reactor. This opens up a novel operating space in
which transient events, such as nucleation and crystal growth,
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can be explored for analysis periods longer than the event or
species lifetime. Thus, by analysing at a given crystalliser
length, all passing material will be at the same crystallisation
time.

The advent of serial crystallography has revolutionised
protein crystallography. Radiation damage has always been
a challenge for small molecule crystallography® but with ever
brighter sources this challenge is significantly increasing,* and
serial crystallography enables access to the excellent data
quality obtained from a bright source without the penalty of
radiation damage.* Protein crystals are typically in the order of
~10-50 um (or smaller) and rapidly undergo radiation damage
when exposed to X-rays. Serial crystallography is the method of
rapidly analysing 100s-1000s of crystals via either a grid>® or
slurry flow (through injection, tape delivery or microfluidics).>”*
In this case diffraction is obtained from a single orientation for
each individual crystal with the full crystal structure compiled
from the individual exposures at different orientations.® A range
of data analysis software packages have been developed to
integrate and scale diffraction images from randomly orien-
tated single crystals, compiling them into a single dataset.>™
Both serial synchrotron crystallography (SSX) and serial femto-
second crystallography (SFX), performed at X-ray Free-Electron
Laser (XFEL) sources, typically involve a pre-prepared crystal
delivery to the radiation source. The preparation and inert
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Fig. 1 Schematic representation of the KRAIC-S concept highlighting laser triggering and obverse movement of tubing with solution flow in

front of an X-ray beam.

delivery of these crystals can be limiting. Exploration of crystal
structures for an actively growing crystal is more usually the
province of earlier crystallisation stages such as XAS' or SAXS/
WAXS."" The challenging nature of flow crystallisation,
required to deliver the actively growing crystals in such envi-
ronments has limited further application of dynamic crystal-
lisation environments to serial crystallography.

In order to minimise the number of crystals required for full
structure solution, Hadian-Jazi et al. used high viscosity carrier
fluid to deliver a slow stream of crystal slurry which, coupled
with a fast detector readout, therefore enables multiple hits on
a single crystal.”* By evaluating the data for successive frames
they have ascertained that radiation damage can be negligible
for 8-15 successive hits of a lysozyme crystal (dose threshold of
0.38 MGy). Acquisition of reliable successive frames from
a rotating single crystal significantly reduces the number of
crystals required to obtain a suitable dataset for indexation.

Flow environments provide a unique opportunity to monitor
transient events and to enable real-time feedback, expediting
optimisation and discovery processes.'®” We have already
shown that it is possible to couple flow crystallisation with in
situ powder X-ray diffraction (PXRD)"” and Raman spectros-
copy.” Through these methods, crystallisation profiles can be
uncovered through analysis at different distances along the
crystalliser (equivalent to crystallisation time) regardless of the
experiment time.

Here we present atomic-scale structure solution of a highly
symmetrical (few unique reflections per orientation) small
molecule crystal system (paracetamol form I, monoclinic P2,/n,
a=6.82,b=8.37,¢c=11.56, (3 = 99.32°, from HXACAN11) from
SSX performed in a segmented flow active crystallisation
apparatus (Fig. 1). Akin to the work of Hadian-Jazi et al. we
exploit the natural movement of crystals in a flow environment
to obtain multiple orientations from one crystal passing the
beam. In order to maximise the number of orientations from
each crystal, the crystal is artificially ‘held’ in the beam by
moving the crystalliser tubing in the opposite direction to the
flow at the same speed. Thus, the crystal appears to be rotating
in front of the X-ray beam for sufficient time to acquire data
from multiple orientations, without any alteration to the fluidic
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regime within the crystalliser. The diffraction data were then
analysed through creep indexing using DIALS. Due to variability
in the detector to sample distance (through spatial inconsis-
tencies of the crystals within the tubing), the data acquired are
not yet of sufficient quality to enable deposition of new crystal
structures into the Cambridge Structural Database but are the
first steps towards materials discovery with inline full structural
analysis in one experimental set-up.

Methods

The KRAIC-S is a tri-segmented flow crystalliser based on the
previously published KRAIC and KRAIC-D platforms.'®**® Three
immiscible phases of feed solution, carrier fluid and air are
combined in a segmentation section to produce the tri-
segmented flow. All crystallisations reported here were from
the same feed stock of 254 g L™ " paracetamol in H,O/IPA 60 : 40
(v/v). Air and Galden SV110 were used as the segmenting gas
and carrier fluid respectively. SF-10 peristaltic pumps (Vapour-
tec UK) were used for air (2.5 mL min~ ") and solution (2.7 mL
min~") delivery, and an ASIA dual syringe pump (Syrris) was
used for carrier fluid delivery (1 mL min~"). A PEEK cross-piece
(thru-hole 1 mm, immersed in a water bath held at 40 °C) was
employed for combination of the three immiscible flows. The
crystalliser length employed 11 m of single extruded fluoro-
ethylene propylene (FEP) tubing (1/8” internal diameter) with
a room temperature of 23.5 £+ 0.5 °C (supersaturation ratio:
1.58-1.52). During the feed delivery and segmentation, all feed
lines were actively heated (see the ESIf for details); post-
segmentation the temperature gradient was effected through
air-cooling to induce crystallisation of paracetamol form I. At
the analysis point (6.7 m, 24.2 °C, S = 1.51 or 8.7 m, 23.6 °C, S =
1.55) a custom carriage mounted on a translation stage moved
the tubing at the same speed as the fluid flow through the
tubing in an obverse direction, thus maintaining the slug within
the X-ray beam during analysis. A laser diode and sensor
mounted on the carriage 22 mm prior to the analysis point
monitored the progression of slugs through the tubing. At a pre-
determined interval after the rear edge of a slug was detected
(see the ESIT for details), the X-ray shutter and carriage were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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activated simultaneously and diffraction data were acquired for
the 4.2 s of carriage movement. After this the shutter is closed
and the carriage returns to the origin. Data were acquired at two
crystalliser distances, 6.7 m (8 min 12 s RT) and 8.7 m (10 min
54 s RT) to compare different growth stages.

Results and discussion
Slug triggering and crystal positioning

Under the cooling crystallisation conditions explored, singular
crystals appeared in 3% of slugs, and one in twenty slug trig-
gering events resulted in successful co-location of the beam and
crystal during stage translation. With a flow velocity ranging
between 3-11 mm s~ " and slug separation of 20 mm, the overall
hit rate of 0.15% means that a successful run (typically a 10-
degree slice of reciprocal space) is achieved every 20 minutes. A
significantly higher hit rate can be achieved with higher
concentration sample stocks as many acquisitions were ob-
tained from slugs without crystals. However, this dramatically
increased the number of multiple crystals, reducing the number
of single crystals in the beam path. In slugs containing multiple
crystals, for those where the fluid flow paths led to non-
overlapping crystals (residing in different regions of the slug)
single crystal diffraction data could also be indexed.

During the experiment the position of the crystal can vary as
the crystal tumbles in the slug. If the position varies in the plane
normal to the X-ray path the crystal will move in/out of the beam
and can easily be observed in the indexing vs. images plots (Fig.
S6t). If only part of the run is affected the processing can
automatically remove blank images. In the circumstances that
the crystal position varies co-linear to the X-ray beam the
sample to detector distance varies and therefore the unit cell
dimensions vary. From processing where the unit cell dimen-
sions are allowed to freely refine we can observe the drift in axis
observed for the duration of the 4.2 s collection. This variance in
the parameter over time can be attributed to the changes in the
sample-detector distance as the crystal moves within the tubing
(£1.59 mm).

Crystal rotation and habit

It has previously been shown that segmented flow results in
recirculating vortices at the fore and rear of a slug, and the
internal vortex will promote the crystal to move to the rear of the
slug and then induce tumbling or rotation of crystals in that
slug (Fig. 2¢).*** As can be intuitively inferred, video evidence
shows that the smaller the crystals are, the faster they will
rotate.

The crystals at 6.7 m (8 min, 12 s), on average, are smaller
than later in the crystallisation process at 8.7 m (10 min, 54 s).
Analysis of the total crystal rotation showed that that the
smaller crystals at 6.7 m have a bigger discrepancy in the total
rotation with a number of crystal rotations far exceeding that of
the largest rotation at 8.7 m (Fig. 2). This rotation is entirely
random, which is beneficial for merging datasets as it increases
the likelihood of achieving a high percentage of completeness
through fewer crystals.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Images of paracetamol crystals recovered from flow crystal-
lisation experiments showing (a) predominance of rnombohedral habit
with a parallelopiped and agglomerations, (b) stress fractures and
surface texturing; (c) schematic of a segmented flow showing eddies
to the rear and fore of each solution slug.

Fig. 2 compares the overall rotation from 60 data sets at both
crystalliser distances as the sample angular displacement from
its original orientation. Here it can be seen that the highest
rotation at 8.7 m is 33.4° whilst the highest rotation at 6.7 m is
58.6°. Out of the 16 data sets obtained at 6.7 m 12 data sets show
rotation comparable to that found at 8.7 m; this can be attrib-
uted to the stochastic nature of crystallisation. However, it must
be noted that the different crystalliser lengths are not consid-
ering the same single crystal, nor can we correlate the crystal
shape with diffraction data at this time. Of note a further
challenge in acquiring single crystal diffraction datasets in
segmented flow is that, occasionally the crystal does not remain
within the X-ray beam but due to random movement in the flow,
can be pushed out and sometimes back into the X-ray beam (see
the ESIt for details), and this behaviour is more pronounced for
smaller crystals. Crystals maintained a relative position within
the beam during collection for the majority of datasets
obtained.

Whilst we primarily obtained platelet crystals of a rhombo-
hedral habit, we also found some parallelopiped prismatic
crystals which will have a different rotational effect from the
fluid dynamics within the slug (see Fig. 3). The bolus flow within
each slug creates eddies to the rear and fore of each slug which
are responsible for the rotation of the crystals, and the aspect
ratio and available surface area will dictate the overall rotation
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Fig. 3 Left: example of a random rotation of a single crystal during
data acquisition (taken from 8.7 m; top a-axis, middle b-axis, and
bottom c-axis); right: overall rotation for crystals at 6.7 m and 8.7 m
crystallisation stages.
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Table 1 Merging statistics for 13 best datasets taken at 8.7 m crys-
talliser length

Total reflections 2138
Unique reflections 936
Completeness (%) 56.8
Mean I/o(I) 7.37
Min D 0.8004
Max D 7.3619
Rine 0.1859

of each crystal. In Fig. 3b it can be seen that the corners of the
rhombohedral platelet crystals suffer from stress fractures. It is
presumed that this is a result of reduced rotation of the crystals
after they have reached a critical size and they cannot rotate
freely in the vortices due to the liquid-liquid boundary of the
slug. This phenomenon is also presumed to be responsible for
the wavy surface texturing seen on the dominant face of the
recovered crystals.

Structure solution

The crystals held in the X-ray beam are not rotating around
a standard diffractometer axis and thus conventional processing
routines cannot be utilised. Instead, the creep indexing tech-
nique in the DIALS software was employed. In creep indexing an
individual frame is indexed and UB matrix (orientation of the
crystal) is determined. The orientation of the crystal in the next
frame is assumed to be related by a small rotation to the first and
thus the orientation can be refined from the previous. This
process can be repeated for the entire sequence. Due to the
nature of the collection with a reduced parameter to data ratio
the instrument model (from calibration, see ESI, S1.1}) and
input unit cell are constrained. The full DIALS commands can be
found in the ESI (S4 DIALS processing).t Merging the best 13
datasets together (acquired at 8.7 m) allows for completion to
56.8% and the structure can be solved and refined with restraints
to 0.8 A, as shown in Table 1 and (Fig. 4). The quality of the
structure is poor and not of publication quality but does show
that the technique has potential with further set-up optimisa-
tion. As expected under the crystallisation conditions employed,
form I was found with unit cell parameters: a = 7.25(16), b =
9.40(2), ¢ = 11.93(3), and 8 = 97.3(2)° in the P2,/n space group.
The major challenges for structure solution result from a reduc-
tion in data quality due to the movement of the crystal both in

w

Fig. 4 Isotropic image of an asymmetric unit for a merged structure
using Olex2. C — grey, O — red, N — blue, and H — white.
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and out of the beam (perpendicular to the X-rays, causing varied
intensity) and towards and away from the detector (normal to the
X-rays, causing ambiguity in the position of reflections) during
data collection.

Conclusions

Segmented/slug flow crystallisers offer superior control over
crystallisation conditions, increasing homogeneity, reproduc-
ibility and more efficient on-demand production. For this
reason, pharmaceutical companies are paying close attention to
the development of these techniques and the methods to
monitor the process in situ.

The segmented flow crystalliser can be used as alternative
delivery methods for high-throughput crystallography where
the crystal needs to be replenished due to being radiation
sensitive, undergoes an irreversible transformation upon
a stimulus or is unstable out of the crystallisation conditions.

In this paper, we describe the methods used to suspend
a crystal in an X-ray beam to collect a partial dataset. This
involves rotating the crystal over a small angular range, result-
ing in the collection of a limited segment (commonly referred to
as a wedge) of reciprocal space. This wedge represents a small
portion of the reciprocal lattice, which can be merged with
additional wedges from other datasets to produce a complete
dataset suitable for structure refinement. Applying this tech-
nique at different lengths along the crystalliser, we can monitor
the crystallisation advancement through the apparatus which
can be used to adjust the conditions to optimise the process.

The processing of crystals where the crystal rotates around
a known axis is standard; however processing a randomly
rotating crystal has not been explored previously. We have
demonstrated the processing protocols for data reduction and
how merging multiple runs helps to evaluate a refinable crystal
structure. This processing routine paves the way for new crys-
tallographic methods such as the processing of data collected
on acoustically levitated crystals in the beam where the crystal
will be randomly rotating.

The successful hit rate of acquiring diffraction data was low
in the experiment (0.15%) and this can be improved through
future upgrades to crystal tracking and linked stage movement.

Whilst there remain challenges in data quality stemming
from crystal movement in and out of the detector and towards
and away from the detector, we believe that this technique can be
very powerful for both understanding the crystallisation behav-
iour of target compounds and for radiation sensitive materials
due to the short exposure time required for each crystal.
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