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ARTICLE INFO ABSTRACT

Keywords: Synchrotron radiation offers a host of advanced properties, surpassing conventional laboratory sources with its
X-ray powder diffraction high brightness, tunable phonon energy, photon beam coherence for advanced X-ray imaging, and a structured
Synchrotron

time profile, ideal for capturing dynamic atomic and molecular processes. However, these benefits come at the
cost of operational complexity and expenses. Three decades ago, synchrotron radiation facilities, while techni-
cally open to all scientists, primarily served a limited community. Despite substantial accessibility improvements
over the past two decades, synchrotron measurements still do not qualify as routine analyses. The intrinsic
complexity of synchrotron science means experiments are pursued only when no alternatives suffice. In recent
years, strides have been made in technology transfer offices, intermediate synchrotron-based analytical service
companies, and the development of high-throughput synchrotron systems at various facilities, reshaping the
perception of synchrotron science. This article investigates the practical application of synchrotron X-Ray
Powder Diffraction (s-XRPD) techniques in pharmaceutical analysis. By utilizing concrete examples, we
demonstrate how high-throughput systems have the potential to revolutionize s-XRPD applications in the
pharmaceutical industry, rapidly generating XRPD patterns of comparable or superior quality to those obtained
in state-of-the-art laboratory XRPD, all in less than 5 s. Additional cases featuring well-established pharma-
ceutical active ingredients (API) and excipients substantiate the concept of high throughput in pharmaceuticals,
affirming data quality through structural refinements aligned with literature-derived unit cell parameters.
Synchrotron data need not always be state-of-the-art to compete with lab-XRPD data. The key lies in ensuring
user-friendliness, reproducibility, accessibility, cost-effectiveness, and the streamlined efforts associated with
synchrotron instrumentation to remain highly competitive with their laboratory counterparts.

High-throughput
Beamline automatisation
Polymorphism

1. Introduction
1.1. Synchrotron and laboratory XRPD for pharmaceutical applications

The X-Ray Powder Diffraction technique, which has its roots in the
early 20th century (Debye and Scherrer, 1916; Hull, 1917), has rapidly
become a widely accepted and popular method for analyzing crystalline
materials. Its non-destructive nature and ability to analyze a diverse
range of materials has led to its widespread use in various fields, such as
materials science, chemistry, geology, biology, and pharmacy. The
development of X-ray diffraction laboratory equipment that can easily
and routinely obtain suitable diffraction patterns from powders has
greatly contributed to its popularity and widespread use in research and
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industry. In the past two decades, the development of advanced
instrumentation (Bergamaschi et al., 2010; Abdellatief et al., 2022;
Dejoie et al., 2018; Vanmeert et al., 2018; Thomae et al., 2019; Artioli
et al., 2015; Vaughan et al., 2020) and methodologies (Halasz et al.,
2013a; Spiliopoulou et al., 2021; Newman et al., 2015) as well as soft-
ware development (Juhas et al., 2013; Degen et al., 2014; Toby and Von
Dreele, 2013; Coelho et al., 2011; Petricek et al., 2014; Filik et al., 2017)
and database content (Gates-Rector and Blanton, 2019) has dramatically
changed the impact of XRPD in science (Jenkins, 2001), and XRPD is no
longer just a technique for routine assessments, but a powerful tool for
the structural and microstructural analysis of materials. Initially
addressing polycrystalline materials only, XRPD analytical applications
also extended to the study of poorly crystalline and non-crystalline
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materials with the application of so-called total scattering techniques (e.
g. Pair Distribution Function, Debye model) that interpret both Bragg
and diffuse scattering and allow us to access the local structure of ma-
terials (Terban and Billinge, 2022; Giannini et al., 2007). Dealing with
powders as opposed to single crystals, makes XRPD ideal for in-situ and
in-operando studies and recent development of fast X-Ray detectors
(Bergamaschi et al., 2010; Sisak Jung et al., 2017; Donath et al., 2023)
have unlocked the access to the kinetics of phase transformations and
the study of phenomena under non-ambient conditions (Stolar et al.,
2019; Hocine et al., 2020).

In pharmaceutical science, XRPD also stands out as a pivotal tech-
nique that plays a crucial role in numerous aspects of research and
development (Ivanisevic et al., 2010; Byrn et al., 2017; Rodriguez et al.,
2021). XRPD provides critical support for a wide range of development
activities including solid form screening, phase identification and
quantification, ab-initio structure solution and/or refinement, micro-
structure analysis, stability testing and quality control (Gozzo, 2018;
Thakral et al., 2018; Billinge, 2015). Furthermore, it supports Intellec-
tual Property (IP) rights protection and is a powerful method to identify
counterfeit pharmaceuticals (Musumeci et al., 2011; DeWitt, 2015).
Because each crystal form is uniquely identified by its powder pattern,
XRPD directly detects and uniquely identifies multiple solid crystal
forms of the same pharmaceutical compound making it the gold stan-
dard technique for the study of the polymorphism of pharmaceuticals
(Bernstein and Reutzel-Edens, 2019).

Due to the complexity of pharmaceutical molecular structures, the
polymorphism of pharmaceuticals is a rich and complex phenomenon
and XRPD data quality plays a key role: the higher the data quality, the
lower the uncertainty of phase identifications.

Lab-XRPD is widely applied in industry for the routine analysis of
pharmaceutical compounds. The setup often involves copper Ka X-Ray
radiation and linear (1-dimensional, 1D) or area (2-dimensional, 2D) X-
ray detectors. Linear detectors installed at laboratory diffractometers
often cover a limited 20 range (ca. 20° in 20) and, therefore, require
scanning the detector along the 26 axis to generate a powder diffraction
pattern over a workable 20 range. Lab-XRPD data collection is time
consuming and the higher the quality desired of the diffraction pattern
the more time consuming the data collection. Modern lab-XRPD are
efficiently automatized allowing for unsupervised sequential data
collection over a multitude of samples and the reliability and user-
friendliness of modern lab-XRPD instrumentation is impressive. Still, a
compromise between resolution, signal-to-noise and duration of mea-
surements is indispensable.

The boundaries of adequacy for lab-XRPD are determined by factors
such as the complexity of the pharmaceutical compound under inves-
tigation, including the number of independent molecules in the unit cell
and the degrees of freedom within the molecular structure, as well as the
desired Limit of Detection (LOD) and Quantitation (LOQ). Additionally,
considerations of the timescale of the observed phenomenon come into
play. When aiming for LOD/LOQ levels below 0.1%, fast data acquisi-
tion, and angular resolutions of the order of a few millidegrees, it be-
comes worthwhile to explore s-XRPD and its potential to strike a balance
with the compelling reasons that lead us to synchrotrons, rather than
being seen merely as a ‘last resort’ solution. The question then arises:
will the adoption of high-throughput s-XRPD transform it into a
powerful routine facility?

Owing to the extraordinary properties of synchrotron radiation, s-
XRPD dramatically enhanced the overall quality of XRPD analysis.
Among the many properties that make synchrotron radiation a powerful
source of electromagnetic radiation, high-brilliance (i.e. high photon
beam intensity in a small and parallel beam) and tunability of the photon
energy over a continuous and wide interval are those that mostly
contribute to the outstanding quality of s-XRPD data in terms of high
angular resolution and signal-to-noise ratios.

Just like lab-XRPD, s-XRPD proves useful for a wide range of tasks in
pharmaceutical sciences. As mentioned above, s-XRPD is ideal to tackle
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very difficult problems for which the access to superior data quality and/
or complex experimental setups is instrumental: ab-initio structure
determination (Grasslin et al., 2013; Sisak Jung et al., 2014); extremely
low detection limits (Gozzo, 2018); mapping of crystalline and amor-
phous content (Ditzinger et al., 2019); and following fast and complex
solid-state transformations (Halasz et al., 2013b).

1.2. S-XRPD high-throughput systems

In the past 20 years, access to synchrotron sources has been largely
facilitated and the user-friendliness of synchrotron instrumentation has
reached levels that allow non-experts to access the facilities as in the past
would not have been possible. S-XRPD for routine measurements is now
conceivable and therefore, next to pharmaceutical applications
addressing problems that are of extraordinary difficulty requiring tem-
poral-, angular- and/or spatial- resolution through novel and
outstanding methodologies, a new gate opens that can democratize the
use of s-XRPD technique via an easier and routine access to beamlines,
made possible by the development of efficient high throughput experi-
mental setups.

The demand for high-throughput measurements is arising from
multiple sources. Firstly, businesses that generate large sample volumes
have traditionally faced challenges in analyzing them due to technical
limitations. Examples include geological surveys and mining industries.
Secondly, even when samples to test are not too many, the analysis of a
sub volume of each sample may not provide sufficient representative-
ness, especially since standard diffraction measurements typically
involve amounts of materials below 100 mg. Multiple samples may
therefore need to be collected to access more representative volumes of
sample. Thirdly, advancements in science and technology are driving
the utilization of large-scale data for predictive modeling and compre-
hensive understanding of complex systems and materials requiring
building training sets and database for machine learning. Finally, s-
XRPD high-throughput measurements will eventually result in
competitive costs per measurement when dealing with significant
number of samples. It is not far-fetched to anticipate a future where even
quality control units require continuous access to such large-scale
facilities.

In a high-throughput system, two key factors require attention:
prioritizing time-efficient data collection and optimizing the entire data
handling process, including sample preparation, measurement, analysis,
and result generation. In this context, the management of samples and
data takes precedence over the cost of beamtime.

Streamlining sample preparation protocols becomes of paramount
importance. This involves avoiding sample grinding, simplifying sample
placement in the holder, and establishing an unambiguous connection
between each sample holder and its corresponding sample. In 2017,
initial concepts were developed at the SLS to address the challenges
posed by large sample quantities. This approach involved utilizing metal
plates with numerous holes sealed on both sides, allowing for rapid
sample changes by moving from one hole to the next. However, this
approach neglected the complexities of sample loading and the need to
establish a precise correlation between each position and a specific
sample, thereby introducing the potential for human error.

Powder holders are usually subjected to rotation, spinning, or
movement to enhance the statistical distribution of powder crystallite
orientations during measurements. In line with this common practice,
our second-generation high-throughput system was intentionally
designed with this requirement in mind from its inception. In its first
version, our system implemented a combination of small plate trans-
lations and gentle rocking of the plate itself, which helped partially
alleviate the issue. Fig. 1 shows a portion of Debye Scherrer rings
collected on a granular and highly oriented natural geological powder
mixture. Starting from the center, which is the origin of the reciprocal
(diffracted intensities) space, Debye Scherrer rings picture bi-
dimensional diffraction patterns. Each ring represents a family of
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Fig. 1. Data collected without sample movement (Left) produce grainy diffraction arcs, with lower representativeness of the final integrated data. Rocking and
translating the sample (Center) produces a substantial improvement and an acceptable compromise. Only an optimal randomization of the powder crystallites
produces Debye-Scherrer rings that are spotless with diffracted intensity uniformly distributed along the rings’ circumference (Right).

crystallographic planes at a given 2-theta angle or merge of families of
crystallographic planes with same or close d-spacings. In an ideal
powder, the diffracted intensity is uniformly distributed along each ring
and data collection across any radial direction would generate the same
identical 1-dimensional diffraction pattern (Intensity-versus-2-theta).
Spottiness in such Debye-Scherrer rings is equivalent to a non-statistical
representation of the crystallites in the powder sample due to a poor
statistic of orientation of the powder crystallites and/or to crystallo-
graphic planes preferentially oriented with respect to others. In Fig. 1,
we easily appreciate how the rings evolve from very spotty (Fig. 1, Left),
where the sample was kept still during data collection, to partly
continuous (Fig. 1, Center), where sample rocking and translation was
applied, hence improving the randomness of the orientation of the
powder crystallites. Fig. 1, Right shows how the Debye-Scherrer rings
look like with optimum randomization of the powder crystallites, i.e.
spotless and with uniform distribution of diffracted intensity along the
rings’ circumference. The integration of the intensity along the rings
generates 1-dimensional Intensity-versus-2-theta powder patterns, which
are in fact 1D projections of 2D images of the kind shown in Fig. 1. It
should be noted that, an experimental setup capable of appropriate
randomization of powder crystallites allows one to collect data corre-
sponding to just one quadrant of the Debye-Scherrer rings and hence
extend the value of the maximum 2-theta value reached.

In 2020, scientists at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France, in collaboration with an industrial partner
and with funding from the European Commission (Streamline project:
New high-throughput X-ray powder diffraction system on ID31, 2023),
launched a high-throughput system tailored specifically for battery
research applications conceived as a system with a reliable sample
tracking system via a QR code and a gentle shaking of the powder that
improved the quality of the diffraction pattern obtained.

In this article, we present and discuss the latest development of XRPD
high-throughput systems developed and commissioned at the Swiss
Light Source (SLS) Materials Science Powder Diffraction (MS-PD)
beamline (Willmott et al., 2013) and provide a demonstrative applica-
tion of high-throughput s-XRPD applied to pharmaceuticals with the
analysis of atorvastatin calcium trihydrate, which is the API in the
Lipitor® drug, commercially available as a certified reference com-
pound. Atorvastatin s-XRPD patterns recorded with the SLS MS-PD high-
throughput system are compared with (i) lab-XRPD data collected using
good laboratory instrumentation and (ii) routine lab-XRPD patterns
published in the US WO 03/004470 Al patent (Byrn et al., 2003). To
strengthen the concept of high throughput applied to pharmaceuticals,
we also discuss the application of high throughput s-XRPD to several
additional pharmaceutical compounds. The quality of patterns is further
consolidated by partial structure refinements against the known crys-
tallographic unit cell of the compounds we considered.

2. Methods and materials

A certified pharmaceutical compound, the atorvastatin calcium

trihydrate powder, was selected for our study, which is the API in Lip-
itor® drug products as well as a collection of known and easily acces-
sible pharmaceutical APIs: salicylic acid, cinnarizine and paracetamol
and two excipients commonly used in formulations: lactose mono-
hydrate and sorbitol.

The following pharmaceutical powders were purchased from the
company Merck-Sigma Aldrich: atorvastatin calcium trihydrate
(CgeHpgCaF2N401¢-3H20) is product number Y0001327 — CAS No.
344423-98-9, European Pharmacopoeia (EP) Reference Standard. Sali-
cylic acid (2-(HO)CgH4CO2H) is product number 247588 — CAS No.
69-72-7, paracetamol (CH3CONHCgH4OH) is product number A7085 —
CAS 103-90-2 and Sorbitol (CeH;40¢) is product number PHR1006 —
CAS 50-70-4. Lactose monohydrate (Cj3H22011H20) was purchased
from the company VWR and its product number is 200214119 — CAS
10039-26-6. Cinnarizine was kindly donated by Novartis Pharma AG.

Powders were all loaded in individual holder (‘washers’) in a closed
glove box at controlled temperature (22 + 2 °C) and ambient relative
humidity up to an optimum tapped volume of 50%. With the term
‘tapped volume’ we refer to the volume that results after gently ‘tapping’
the washer to consistently compact the powder.

All s-XRPD datasets were recorded at the SLS MS beamline, at a
nominal photon energy of 17.5 keV using a Pilatus 6 M area detector.
The wavelength was calibrated via the refinement of the diffraction
pattern of the SRM640d standard from NIST (for atorvastatin: 0.70793
(€8] f\, for salicylic acid/cinnarizine/paracetamol: 0.70828(1) f\, for
lactose/sorbitol: 0.70805(1) ;\), and the s-XRPD patterns converted to
copper Ka wavelength of 1.54056 A for comparison with the patent and
high-resolution lab-XRPD patterns on a 20 scale. The beam was focused
to about 90 x 180 microns (Full Width at Half Maximum, FWHM) and
then further restricted in size by means of a circular pinhole with a
diameter of 150 pm.

S-XRPD patterns of atorvastatin calcium trihydrate API, lactose
monohydrate and sorbitol were collected via the newly developed high-
throughput system of the SLS-MS beamline described in this article, with
a shaking frequency of 50 Hz in runs of 3 s. S-XRPD patterns of salicylic
acid, cinnarizine and paracetamol via the high-throughput system
further developed by ANAXAM. The detector-to-sample distance was
calibrated with s-XRPD patterns collected on LaBg samples. Integration
of the 2D images collected with the Pilatus 6 M detector to 1D s-XRPD
patterns was performed with Dioptas (Prescher and Prakapenka, 2015)
software.

A high-resolution lab-XRPD pattern was recorded at the Small
Molecule Crystallography Center (SMoCC) at the Swiss Federal Institute
of Technology in Zurich (ETHZ) on the same powder analyzed with the
SLS high- throughput system for a straightforward comparison. For
high-resolution lab-XRPD measurements, powder was loaded in 0.8 mm
borosilicate glass capillary and data collected for 12.5 h using the 1-
dimensional single-photon-counting solid-state silicon MYTHEN
detector.

Pawley refinements were performed using TOPAS® software
(Bruker, 2016).
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3. Results and discussion
3.1. The latest optimized SLS-MS high-throughput system

A substantial improvement of the SLS-MS high throughput system
was achieved when we adopted a completely different approach.
Inspiration came from the CheMin instrument of NASA’s Discovery
mission (Blake, 2023). This approach utilized a piezo motor to shake the
plates, ensuring continuous movement of the powders and reorientation
of the grains. While smaller plates proved necessary, the initial assess-
ment of this technique indicated a highly positive impact on data
quality. The Debye-Scherrer rings shown in Fig. 1 (Right image), which
we indicated as representing the ideal appearance of diffracted intensity
distribution, was obtained with a vigorous shaking movement of the
powder that substantially improved the particle statistics. This
approach, however, did not fully resolve the complexity associated with
sample loading, but it constituted a step forward in addressing the grain
statistic issue. The motors used lacked sufficient power to thoroughly
mix the materials and the fine movement of the shaking could poten-
tially lead to segregation of finer grains and/or denser ones in the lower
portion of the sample holders. This presented a significant challenge,
particularly in terms of phase quantification, as the finite beam size only
targeted a single position of the sample holder.

The final design solution, whose results we applied to pharmaceu-
tical compounds in this article, involved implementing single ‘washer’
holders, consisting of discs each accommodating a single sample. This
approach reduced the weight of the material to be shaken, allowing for
imparting a strong and vigorous movement to the entire ‘washer’ unit.
Furthermore, since samples are then prepared independently of any
other, the risk of cross-contamination is completely lifted. The stochastic
powder shaking of this system leads to optimal grain statistics and
minimizes the burden of sample preparation, including the need for
extensive grinding. Fig. 2 shows a picture of the system used (Fig. 2,
Left) and an exemplified cartoon (Fig. 2, Right). The holders could be
easily exchanged within a fixed shaking unit using simple pneumatic
translation, enabling rapid sample exchange without the requirement
for alignment.

Subsequent developments by ANAXAM (Analytics with Neutrons
And X-Rays for Advanced Manufacturing) brought significant engi-
neering enhancements to the initial prototype. The washers were rede-
signed for user-friendliness, featuring two clipping parts for effortless
loading. Additionally, a QR code was integrated onto each washer,
enhancing system robustness and reliability while eliminating the need
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to track the order of washers within the tubes. Instead of tubes, a large
funnel was introduced to accommodate the random insertion of washers
without the risk of losing track of sample identities, thanks to the QR
code identification. The ANAXAM system also includes a QR code reader
for seamless operation. The QR code could be scanned during the
measurement or at later stages for sample retrieval, thereby avoiding
data labeling issues and improving digital operations. These improve-
ments had several advantages, including minimizing sample preparation
requirements (i.e. washer’s order in the loading tube for sample iden-
tification), enabling swift loading, and facilitating immediate digitiza-
tion of sample IDs.

On the front of data collection strategies, the first step was to
determine the minimum exposure time required for a measurement of
standard quality, as well as the ancillary time necessary for sample
changes and potential alignment. S-XRPD laboratories benefit from
substantial photon-flux and advanced detection systems, allowing for
ultra-fast measurements. It is, therefore, crucial for these additional
steps to be greatly minimized not only to accommodate large number of
measurements in relatively short times, but also not to compromise the
efficiency offered by s-XRPD with substantial time overheads.

Exposure times for area detectors typically range between 1 and 100
s to obtain high-quality data. While faster measurements are possible,
they may result in an unworthy reduction in data quality. The bottleneck
for ultra-fast s-XRPD measurements is the time necessary for sample
changes and alignment, so unless time is critical for the phenomena to
observe, reducing data acquisition time below 1 s is not worth.
Conversely, longer acquisition times primarily enhance the signal-to-
noise ratio and do not significantly impact other vital measurement
aspects, such as instrumental resolution or particle statistics. The latter
parameter must be carefully considered, as longer acquisitions do not
necessarily improve data quality if particles do not assume a statistically
significant larger number of positions during the extra allocated acqui-
sition time. For example, in cases where particles rotate on a fixed disk,
longer acquisitions may not enhance data quality, as the quality is
limited by grain statistics rather than counting statistics. Our final setup,
with its vigorous shaking mechanism, enables improved particle statis-
tics, while limitations in data quality are primarily associated with high
background or imperfectly calibrated instruments.

Labeling, sorting, and distributing the data become effortless tasks
when the data is digitized during the preparation/acquisition step. It
allows for the simultaneous loading and collection of samples from
multiple users, with automatic sorting and delivery to the respective
clients at the end. The volume of generated data can be efficiently

4 stacked tubes
containing the
washers (the red one
already emptied)
/

pneumatic finger pushing
the ‘next’ washer inside
the shaker

white Teflon®

cylinders / /
4 shaking Actual loaded ‘washer’ with an
washer head embedded QR Code (Right). Zoom-

ejection channel

in of its powder housing (Left).

Fig. 2. A working prototype for high-throughput exchange system featuring: (1) stacked tubes that hold multiple ‘washers’ arranged in a specific order. In the image,
you can see the top tube in red already empty, while the three bottom ones, which are less visible have their fronts stopped by white Teflon® cylinders. Within each
tube, there is a stack of washers, pressed against the Teflon® cylinders. A space between the cylinders and the tube-end enables a (2) pneumatic ‘finger’ to laterally
push the washer from the tube into the (3) shaking head. The shaking head vertically shakes the washer while it is exposed to the X-ray beam coming from (4) the
beamline vacuum pipe, before being ejected from the system through a (5) channel. The green arrow shows the X-ray beam direction inside the beamline vac-

uum pipe.
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managed using standard computing resources. However, it is important
to note that data analysis remains the most complex and distinctive
aspect of each project. It is not the purpose of this article to discuss this
aspect.

3.2. Comparing Lab-XRPD and high throughput s-XRPD

Can the availability of high-throughput systems at synchrotron fa-
cilities transform s-XRPD from a specialized tool for tackling complex
challenges in the pharmaceutical industry into a standard destination for
routine testing? What prerequisites and additional benefits need to be
met to justify the increased migration of lab-XRPD analyses to syn-
chrotron facilities?

We examined this scenario by analyzing a well-studied pharmaceu-
tical compound, the atorvastatin calcium trihydrate powder, which is
the API in Lipitor® drug products. S-XRPD high-throughput data were
compared with both (i) routine lab-XRPD pattern recorded on nominally
the same compound as published in the US WO 03/004470 Al patent
(Byrn et al., 2003); and (ii) high-resolution lab-XRPD pattern recorded
on the same powder analyzed with the SLS high-throughput system for a
straight-forward comparison.

Fig. 3 shows the lab-XRPD pattern of atorvastatin calcium trihydrate
Form IX, as it is described in Fig. 20 of the US WO 03/004470 Al patent
published in 2003.

Patterns of the quality of the one in Fig. 3 are routinely recorded for
product registration and patent submissions. Lab-XRPD is, in fact, an
accepted methodology commonly used to validate products and spot
peaks of the patented form that can uniquely identify it. Data collection
of routine lab-XRPD patterns is generally of limited quality, only
allowing detection of strong Bragg peaks as it is recorded in acquisition
times of the order of an hour. Angular resolution and calibration are
poor and signal-to-noise ratio is low, resulting in peak positions quoted
in patents with an overall uncertainty of +0.2° 26.

Fig. 4 shows the digitized pattern of atorvastatin calcium trihydrate
of the US patent WO 03/004470 A1 PCT/IB02/01796 reported in Fig. 3
(bottom pattern) overlayed with the 12.5 -h high-resolution lab-XRPD
powder pattern (middle pattern) and the 3-s s-XRPD pattern (top
pattern). The s-XRPD pattern was converted to copper Ka wavelength to
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directly compare all patterns on a 20 scale. Fig. 4 (top) shows the
overlays of patterns in the entire 20 range covered in the US WO 03/
004470 Al patent, whereas Fig. 4 (bottom) shows details in the restricted
20 range between 19.8° and 22° 20 captured by the dotted red rectangle
in Fig. 4 (top).

High-resolution lab-XRPD substantially improves the quality of the
XRPD pattern. A qualitative inspection of Fig. 4 shows how the high-
resolution SMoCC lab-XRPD pattern already displays significant addi-
tional details if compared with the routine lab-XRPD pattern published
in the 2004 US patent, where we can only identify the main Bragg re-
flections without appreciating the multiplicity of the diffraction peaks
and without detecting diffracted intensity below a threshold. The high-
resolution SMoCC lab-XRPD pattern may, however, still not capture all
the distinctive features of atorvastatin trihydrate powder, and its
lengthy acquisition times are not always compatible with routine
testing. In contrast, high-throughput s-XRPD data offers higher resolu-
tion and comparable counting statistics in just 3 s. This prompts the
question: are the 12.5 h of measurement justified? Is the traditional
argument evoking user-friendliness and ease of access of in-house lab-
XRPD systems still valid?

With the advent of high-throughput systems, the transition to routine
use of synchrotron facilities suddenly appears sensible, especially
because during the past years synchrotron facilities have been recog-
nizing the importance of providing user-friendly and robust systems, as
it is the case at the SLS and at several other synchrotron facilities around
the globe.

We also conducted an exercise to explore whether extending the
acquisition times at the synchrotron facility would yield any valuable
insights within the context of routine qualitative analysis. Fig. 5 shows
the same s-XRPD diffraction pattern of atorvastatin in Fig. 4 but
collected at increasingly larger acquisition times. In this context of pure
routine phase identification, extending the acquisition time to longer
than a few seconds does not appear necessary.

To assess the reliability of high-throughput s-XRPD data quality, we
conducted supplementary s-XRPD experiments with acquisition times
on the order of a few seconds, utilizing well-established pharmaceutical
compounds. Additionally, we performed partial structure refinements of
all acquired s-XRPD patterns by comparing them against
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Fig. 3. Lab-XRPD pattern of atorvastatin calcium trihydrate, copied from Fig. 20 of the US patent WO 03/004470 A1l PCT/IB02/01796 (Byrn et al., 2003).
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Fig. 4. Overlays of atorvastatin calcium trihydrate XRPD patterns featuring the following patterns from bottom to top: digitized pattern from Fig, 20 of the US patent
WO 03/004470 (in red); laboratory powder pattern collected with the high-resolution SMoCC lab-XRPD instrument (in blue); s-XRPD patterns collected at the SLS-
MS powder station with the high-throughput system described in Section 2a. The synchrotron data were converted to CuKa wavelength for a comparison on a 20
scale. Patterns have been plotted with a vertical offset to appreciate differences. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5. Comparison between atorvastatin calcium trihydrate XRPD patterns collected at 17.5 keV photon energy for 3, 6, 9 or 12 s at the SLS synchrotron with the
high-throughput shaker system described in Section 2a. Diffracted intensity is normalized to exposure time and the 2-theta scale converted to copper Ka for a
straightforward comparison with the lab-XRPD data. Patterns are shifted along the intensity axes for ease of inspection.

crystallographic data available in the literature (Hodge et al., 2020;
Sundaralingam and Jensen, 1965; Mouille et al., 1975; Stone et al.,
2009;Rukiah et al., 2005;Smith et al., 2005). Figs. 6-11 show Pawley
(Pawley, 1981) refinements against the published unit cell parameters
and space group type of the s-XRPD patterns recorded with our high-
throughput system of atorvastatin calcium trihydrate, salicylic acid,
cinnarizine, paracetamol, D-sorbitol and lactose monohydrate.

The Pawley refinement has proven to be highly satisfactory for all the

Diffracted intensity (arbitrary units)

s-XRPD high throughput patterns collected, with statistical indicators
indicating Ry, values consistently below 2. These materials were chosen
as they are indicative of the small molecules commonly encountered in
drug development pipelines.

There is, however, an important aspect that needs to be worked out
at synchrotron facilities that presently makes lab-XRPD the only choice
for routine and quality-control applications in the pharma industry:
their GMP (Good Manufacturing Process) certification and their full
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Fig. 6. Refinement of the high throughput s-XRPD pattern of atorvastatin calcium trihydrate against the crystallographic unit cell parameters and space group type

published in (Hodge et al., 2020).
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Fig. 7. Refinement of the high throughput s-XRPD pattern of salicylic acid against the crystallographic unit cell parameters and space group type published in

(Sundaralingam and Jensen, 1965).
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Fig. 9. Refinement of the high throughput s-XRPD pattern of paracetamol against the crystallographic unit cell parameters and space group type published in (Stone
et al., 2009).
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Fig. 10. Refinement of the high throughput s-XRPD pattern of D-Sorbitol against the crystallographic unit cell parameters and space group type published in (Rukiah
et al., 2005).

integration into well-established and validated Standard Operating Organization for Standardization) certifications are common at
Procedures (SOPs) guaranteeing the compliance with the strict regula- laboratory-XRPD instrumentation, not at synchrotron facilities. If
tory requirements of the pharma industry. ISO (International working under SOPs or ISO certified is at synchrotron facilities unusual,
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Fig. 11. Refinement of the high throughput s-XRPD pattern of lactose monohydrate against the crystallographic unit cell parameters and space group type published

in (Smith et al., 2005).

but feasible with the investment of a reasonable amount of resources,
working under standard GMP conditions appears a bigger challenge.
Working under GMP conditions means that all experimental conditions
are rigorously kept unchanged, after having been optimized and vali-
dated. A multipurpose powder diffraction beamline will never be able to
guarantee that the experimental conditions will be maintained the same
and workarounds need to be found. The use of appropriate standard
materials to be systematically measured together with the samples
under analysis together with the application of robust protocols might
be a solution. This might guarantee that data are always collected under
the same nominal experimental conditions within accepted tolerances.
At many synchrotron facilities, metadata have already been enclosed in
the headers of datafiles collected with both 1D and 2D patterns, which
can be reapplied at every experimental access, and which provides a
mean to verify post-mortem that experimental parameters were well set.
The reduction of XRPD data collected with 2D detectors into Intensity-
versus-2-theta XRPD patterns is nowadays a routine exercise thanks to
the development of efficient, reliable and user-friendly software (Pre-
scher and Prakapenka, 2015; Hammersley, 1997).

4. Conclusions and outlook

A new high-throughput system has been meticulously designed and
implemented at the SLS-MS, specifically tailored for s-XRPD. This
advanced system optimizes not only data acquisition, even in scenarios
when preferential orientation and orientation statistics pose challenges,
but also enhances sample preparation and exchange procedures. Its
primary focus is accelerating and simplifying the entire s-XRPD mea-
surement process. Through a comparison of high-throughput s-XRPD
diffraction patterns for the same reference standard of atorvastatin tri-
hydrate with high-resolution lab-XRPD, we were able to perform a
valuable assessment of instrument-based performance. Routine high
throughput s-XRPD analyses with acquisition times of the order of a few
seconds deliver results that are comparable or better than high-
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resolution lab-XRPD instrumentation lasting several hours. High
throughput s-XRPD data performed on multiple reference pharmaceu-
tical powders, followed by partial structural refinements against crys-
tallographic data published in the literature, has also demonstrated that
high throughput s-XRPD data maintain a high level of accuracy and
reliability.

Significant progress in advancing synchrotron technology,
enhancing user-friendliness, improving efficiency, and promoting
reproducibility has brought the industrial sector closer to large syn-
chrotron facilities. These improvements have been readily embraced by
industry, offering substantial benefits that extend to the academic
community as well. While it is important to note that synchrotron-based
instrumentation has yet to fully meet the traceability and quality-
controlled standards applied in the industrial sector, the development
of high-throughput systems within synchrotron facilities is accelerating
progress in this direction. Recent instances of synchrotron facilities
operating under ISO certifications were highlighted during the inau-
gural roundtable discussion on certification, validation, and quality
assurance at synchrotron facilities, supported by LEAPS INNOVATION
(Leaps Innovation, 2023).

Moreover, not all investigations in the pharmaceutical industry
require GMP-level rigor; acceptable levels of traceability and repro-
ducibility have already been integrated into synchrotron facilities, often
with active involvement from the industrial community.

The next crucial step entails implementing systems across multiple
synchrotron facilities to ensure convenient and prompt accessibility for
routine studies. Intermediate companies that facilitate access to
synchrotron-based techniques also play a pivotal role in reducing the
barriers to routinely utilizing synchrotron facilities. The implementation
of high-throughput systems demands the development of new and effi-
cient data reprocessing and analysis tools and emphasizes the critical
need for robust solutions capable of handling the immense volumes of
data involved. In this context, leveraging artificial intelligence becomes
paramount, as its capacity to process and make sense of large amounts of
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data provides a powerful and indispensable advantage. While lab-XRPD
instrumentation will continue to be vital, thanks to the remarkable ef-
forts of XRPD instrumentation manufacturers in producing efficient,
user-friendly, and high-quality instruments, its combination with s-
XRPD and its wider utilization will be pivotal in advancing the devel-
opment and characterization of higher quality drugs.
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