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Observing transient structural intermediates remains a central challenge in enzymology. Little is 
known about these despite their pivotal role in catalytic function. Time-resolved serial 
crystallography at synchrotron and X-ray free electron laser (XFEL) sources offers a promising 
avenue to capture these dynamic events. However, experimental success hinges on rigorous 
control of crystallisation, ligand delivery, and integration with beamline infrastructure. This 
thesis explores the use of droplet microfluidic and microcrystal strategies to address these 
bottlenecks and establish pipelines for future time-resolved studies.  

A high-throughput crystallisation system was developed to generate uniform 
microcrystals within discrete aqueous droplets, leveraging a seeding strategy to overcome the 
low probability of nucleation at diminishing volumes. In parallel, a droplet micromixing device 
was engineered to initiate ligand-triggered reactions on millisecond timescales by exploiting 
convection within droplets as a means for rapidly mixing microcrystals with ligands. Flow 
parameters and mixing efficiency were characterised, followed by iterative design and 
fabrication of a X-ray transmissible device suitable for deployment at a synchrotron beamline. 

Arabidopsis thaliana Pyridoxal 5'-phosphate synthase subunit 1.3 (AtPdx1.3) microcrystal 
slurries were validated for time-resolved studies using static serial femtosecond crystallography 
(SFX) at the SPring-8 angstrom compact free electron laser (SACLA). High-resolution radiation 
damage-free structures of apo and ligand-bound AtPdx1.3 were obtained at room temperature, 
representing the first XFEL structures of this enzyme. Diffraction from 20 µm crystals yielded 
resolution comparable to or better than previous larger crystals at cryogenic temperatures. 
Notably, only minimal structural differences were observed relative to cryotrapped structures, 
indicating strong conformational consistency. Soaking protocols enabled rapid ligand 
incorporation, capturing R5P, PLP and the crucial I320 intermediate within 15 minutes. These 
result establish robust workflows for intermediate state trapping and future dynamic studies. 
Taken together, the platforms developed in this thesis represent a significant step towards 
realising dynamic structural studies of enzymes at synchrotron and XFEL sources. 
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Definitions and Abbreviations 

ADE ................................. Acoustic droplet ejection 

ASU ................................. Asymmetric unit 

ASU ................................. Arizona state university 
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DoD ................................. Droplet on demand 

ESRF ................................ European synchrotron radiation facility 

FID ................................... Free interface diffusion 

G3P ................................. Glyceraldehyde-3-phosphate  

GDVN .............................. Gas dynamic virtual nozzle 

GlcNac ............................ N-Acetylglucosamine 

GPCRs ............................. G-protein coupled receptors 

HARE ............................... Hit-and-return 

HVE ................................. High-viscosity extruder 

icOS................................. In crystallo optical spectroscopy 

ID .................................... Internal diameter 
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K166 ................................ Lysine 166 

K98 .................................. Lysine 98 

Kcat ................................... Median enzyme turnover rate 

LAMA ............................... Liquid application method for time-resolved analyses 

LCLS ................................ Linac coherent light source 
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LCP .................................. Lipidic cubic phase 

MBM ................................ Microbatch mixing 

MDI .................................. Modular droplet injector 

MESH ............................... Microfluidic electrokinetic sample holder 

MicroED ........................... Microcrystal electron diffraction 

MISC ................................ Mix-and-inject serial crystallography 

MISP ................................ Micro-structured polymer 

MME ................................ Monomethyl ether 

MPD ................................. 2-methyl-2,4-pentanediol 

MR ................................... Molecular replacement 

MX ................................... Macromolecular crystallography 

O/W ................................. Oil-in-water 

O/W/O ............................. Oil-in-water-in-oil 

OAV ................................. On-axis viewing 

OD ................................... Outer diameter 

PDB ................................. Protein data bank 

PDE ................................. Piezoelectric droplet ejection 

PDMS ............................... Polydimethylsiloxane 

PEG ................................. Polyethylene glycol 

PFO ................................. 1H,1H,2H,2H-perfluoro-1-octanol 

PLP .................................. Pyridoxal 5’-phosphate 

PSI ................................... Photosystem I 

R5P .................................. Ribose-5-phosphate 

Re .................................... Reynolds number 

Rfree .................................. Free R-factor 

rMMS ............................... Random microseed matrix screening 

RMSD .............................. Root mean square deviation 

Rwork ................................. Working R-factor 
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SAA .................................. Sulfanilic acid azochromotrop  

SACLA ............................. SPring-8 angstrom compact free electron laser 

SASE ................................ Self-amplifying spontaneous emission 

SD ................................... Standard deviation 

SDS-PAGE ........................ Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

SFX .................................. Serial femtosecond crystallography 

SNR ................................. Signal-to-noise ratio 

SOS ................................. Sheet-on-sheet 

SOSOS ............................. Sheet-on-sheet-on-spine 

SSX .................................. Serial synchrotron crystallography 

TR-SX ............................... Time-resolved serial crystallography 

VMXm .............................. Versatile macromolecular crystallography microfocus 

W/O ................................. Water-in-oil 

W/O/W............................. Water-in-oil-in-water 

XES .................................. X-ray emission spectroscopy 

XFEL ................................ X-ray free electron laser 
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Chapter 1 Introduction 

Enzymes serve as nature’s catalysts, driving the biochemical reactions essential for life. This 

remarkable proficiency is largely attributed to dynamic conformational changes that occur 

during catalysis, processes which are difficult to capture with conventional static imaging 

techniques. X-ray crystallography has yielded high-resolution data on the ensemble averaged 

structure of a protein. However, these static snapshots often mask transient states that are 

critical to understanding enzymatic mechanisms. In response to this challenge, time-resolved 

serial crystallography has emerged as a transformative approach, offering insights into protein 

dynamics by capturing successive structural snapshots of enzymatic systems. This approach 

has the potential to bridge the gap between static structural data and the dynamic nature of 

biological function. In doing so, it deepens our understanding of enzyme mechanisms and 

informs future drug discovery and enzyme engineering strategies. The broad aim of this thesis is 

to develop droplet microfluidic and microcrystal strategies for advancing time-resolved serial 

crystallography by enabling precise crystal size engineering and rapid defined mixing.  

 

Some of the figures shown in this chapter appear in the following publication: Tremlett, C.J.‡, 

Stubbs, J.‡, Stuart, W.S., Stewart, P.D.S., West, J., Orville, A.M., Tews, I. and Harmer, N.J., 2025. 

Small but mighty: the power of microcrystals in structural biology. IUCrJ, 12(3), 262-279. The 

publication is included within the Appendix for reference. 

1.1 Macromolecular Crystallography 

1.1.1 The evolution of macromolecular crystallography 

Macromolecular crystallography (MX), established in the early 20th century, laid the groundwork 

for modern structural biology by enabling atomic-level visualisation of biological 

macromolecules. Its emergence marked a transformative moment in our ability to interrogate 

the molecular architecture of life. A landmark achievement came in 1958 when Kendrew and 

colleagues determined the first 3D structure of a protein, myoglobin using X-ray diffraction 

methods (1). This breakthrough not only demonstrated the feasibility of protein structure 

determination but also precipitated a wave of discoveries that would shape biochemistry, 

molecular biology, and drug design for decades to come. 

In its early stages, MX was constrained by significant technical limitations. Crystals suitable for 

diffraction had to exceed 100 µm in all dimensions to ensure sufficient scattering volume, and 

data collection required prolonged exposure times due to the relatively low brilliance of 
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available X-ray sources (2) (Figure 1). These challenges necessitated meticulous crystal growth 

protocols to grow such large crystals and often limited the scope of structural studies to highly 

stable, abundant proteins. Despite these hurdles, the foundations of MX remained robust, 

forming the basis for successive innovations in synchrotron instrumentation, detector 

technology and computational algorithms. The introduction of synchrotron radiation in the 

1980s marked a major turning point. First-generation synchrotrons originally designed for 

particle physics, were repurposed to deliver more focused X-ray beams that dramatically 

improved resolution and throughput (3–5). Subsequent generations brought dedicated 

beamlines, enhanced monochromaticity, and microfocus capabilities. Today, third and 

especially fourth-generation synchrotrons offer diffraction-limited storage rings, enabling highly 

precise interrogation of protein crystals just a few micrometres in size (6) (Figure 1). These 

advances have not only reduced sample requirements but also expanded the scope of MX to 

previously inaccessible targets. 

As the field matured, it became clear that static cryogenically trapped structures offered only a 

limited view of biological function, particularly for enzymes whose activity depends on dynamic 

conformational changes and transient intermediate states. To address this, time-resolved 

crystallography emerged in the late 20th century, allowing scientists to capture short-lived 

intermediates within enzymatic reaction cycles (7–10). This approach expanded the temporal 

dimension of MX, enabling snapshots of molecular motion and reactivity. More recently, the 

development of X-ray free electron lasers (XFELs) has further transformed the landscape. These 

sources deliver femtosecond pulses with extreme brilliance, allowing single-shot diffraction 

from microcrystals and facilitating studies of irreversible or radiation-sensitive processes 

(11,12). In parallel, the rise of room-temperature data collection has gained momentum, 

offering a more physiologically relevant view of protein dynamics by preserving native 

conformational ensembles and reducing cryo-induced artefacts (13,14). 

Complementing these hardware advances, serial crystallography has emerged as a powerful 

strategy for collecting complete datasets from thousands of microcrystals (15,16). This 

approach has enabled high-resolution structure determination under near-native conditions 

and is particularly well-suited to time-resolved experiments and ligand screening. In parallel, 

microcrystal electron diffraction (MicroED) has expanded the structural toolkit by enabling 

atomic-resolution data collection from nanocrystals, less than 1 µm in size (17,18). This is 

possible due to the strong interaction between electrons and biological matter (19). Bridging the 

gap between electron-based and X-ray based microcrystal methods, beamlines such as 

Versatile Macromolecular Crystallography microfocus (VMXm) at Diamond Light Source now 

enable in situ diffraction from crystals as small as 1 – 2 µm (20,21). VMXm operates in vacuo to 

minimise air scatter and employs a high energy, nanofocused X-ray beam to optimise data 
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quality from small-volume samples benefitting from enhanced photoelectron escape and 

reduced radiation damage (22). Together these developments represent a convergence of 

precision, speed, and biological relevance. The evolution of MX can be traced not only through 

its expanding methodological repertoire from static single crystal diffraction to time-resolved, 

serial, and electron-based techniques, but also through the dramatic reduction in crystal size 

from millimetre to nanometre scales (Figure 1). From the early days of large static crystals to 

today’s dynamic, micro and nanocrystal workflows, MX continues to evolve. The boundaries of 

what can be visualised, understood, and engineered at the molecular level are being pushed 

further than ever before. 

 
Figure 1. The evolution of macromolecular crystallography. Macromolecular crystallography 
(MX) gave rise to the first 3D protein structure of myoglobin in the 1950s but at the time, large 
crystals (>100 µm) were required to generate enough signal. The emergence of synchrotron 
radiation in the late 1980s led to an increase in the number of structures solved by X-ray 
crystallography. In the early 2000s, improvements in instrumentation and sources led to the 
development of microfocus beamlines, allowing data collection from much smaller crystals. 
More recently, a rise in room temperature data collection along with the integration of serial 
crystallography has led to an uptake in experiments at synchrotrons and XFELs. Ongoing source, 
detector and method developments will result in data collection from crystals as small as a few 
microns, for example at the VMXm beamline, or even a few hundreds of nanometres via the use 
of MicroED. Image taken from Tremlett et al. (23). 

All MX experiments yield ensemble averaged measurements, meaning that the resulting 

structure represents an average over many molecular conformations present within the protein 

crystal. This is conceptually similar to Muybridge’s 1887 ‘horse in motion’ experiment (24), 

where a composite image captures multiple phases of movement simultaneously (Figure 2A). 

In MX, the crystal contains a population of molecules in various conformational or chemical 

states, and the diffraction data reflects a spatial and temporal average of these states. As a 

result, transient intermediates and dynamic changes are often obscured, leading to a loss of 

structural resolution and dynamic insight (Figure 2B). Historically, intermediate states were 

probed by soaking ligands into preformed crystals and arresting the reaction at specific 
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timepoints using mechanistic or kinetic trapping (25). These approaches typically capture static 

snapshots on timescales ranging from seconds to minutes and are limited by the feasibility of 

trapping, and the stability of the intermediate. Such methods are inherently restrictive when the 

goal is to observe transitions between states or capture fleeting conformations. The emergence 

of XFEL sources and serial crystallography has transformed this landscape. These approaches 

enable time-resolved experiments that capture molecular motion in real time (26). Pump-probe 

strategies allow for the synchronised initiation of a reaction follow by rapid data collection at 

defined time delays. Depending on the X-ray source, it is possible to achieve temporal 

resolutions down to the femtosecond timescale. This is several orders of magnitude faster than 

traditional trapping experiments and offers unprecedented insights into the structural dynamics 

of biological systems (27). 

 
Figure 2. Eadweard Muybridge's The Horse in Motion. (A) A series of films observing snapshots 
of the horse’s movement and action, akin to all the conformations of a macromolecule being 
probed in a macromolecular crystallography experiment. (B) An averaged out image of the horse’s 
movement over time, akin to an averaged ensemble which is collected during an MX experiment, 
resulting in the loss of dynamic information. Images adapted from Stillman and Muybridge (28). 

1.1.2 Core crystallographic principles 

All crystallographic workflows, be that single crystal, serial or time-resolved, are governed by 

physical and mathematical principles that define how molecular structure is derived from X-ray 

diffraction data. These concepts shape experimental design, data collection strategies and 

structure solution pipelines, but remain central regardless of crystal format or beamline 

modality. The primary goal of any X-ray diffraction experiment is to reconstruct the electron 

density map of the unit cell from the information encoded in the diffracted X-rays. This map 

reveals the spatial distribution of electrons within the crystal. This enables the construction of 

an atomic model by fitting individual atoms into regions of electron density that correspond to 

the molecular structure of the protein. A full treatment of crystallographic theory is beyond the 

scope of this thesis, but core crystallographic principles are briefly introduced. 
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1.1.2.1 Crystal lattice, unit cell and asymmetric unit 

Protein crystals are highly ordered, three-dimensional arrays of macromolecules capable of 

diffracting incident X-rays into discrete reflections. These crystals form through the self-

assembly of protein molecules into repeating units, stabilised by non-covalent interactions 

such as hydrogen bonding, van der Waals forces, and electrostatic contacts. For diffraction to 

be measurable, the crystal lattice must exhibit sufficient order; an especially critical 

requirement in serial crystallography, where data are collected from micron-sized crystals. In 

such cases, the integrity and stability of the lattice are paramount, as the reduced number of 

molecules limit the amplification of signal relative to background noise. The quality of the 

crystal lattice directly affects the sharpness of diffraction patterns. If the lattice is well-ordered, 

X-rays scatter coherently, producing sharp reflections. However, lattice disorder or high 

mosaicity where the crystal is composed of many small domains that are slightly misaligned, 

causes reflections to broaden and lose intensity. This lowers the signal-to-noise ratio and 

reduces the resolution of the resulting electron density map, compromising the accuracy of 

atomic modelling.  

At the core of the crystal lattice is the unit cell, the smallest repeating unit defined by six 

parameters: three edge lengths (a, b, c) and three interaxial angles (α, β, γ). Contained within the 

unit cell is the asymmetric unit (ASU), the smallest portion of the structure from which the entire 

crystal can be reconstructed using symmetry operations (Figure 3). These operations, including 

translations, rotations, screw axes, and mirror planes are collectively described by the space 

group, which governs how the ASU is propagated throughout the crystal lattice and how 

diffraction reflections are related. The complete set of symmetry combinations yields 230 

unique space groups, of which only 65 are compatible with chiral molecules. This restriction 

arises because chirality precludes symmetry elements such as mirror planes and inversion 

centres, which would violate the handedness of the molecular structure. Accurate 

determination of the space group is essential for the key steps in crystallographic data 

processing, including indexing, integration, and model building. 
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Figure 3. Assembly of a protein crystal. The asymmetric unit consists of one molecule of 
lysozyme (green). The unit cell is generated by applying a two-fold rotation to produce a copy of 
the molecule known as a symmetry mate (red). By applying translational operations to the unit 
cell, the entire crystal can be built. Image taken from Bijelic and Rompel (29). 

1.1.2.2 Bragg’s Law and diffraction geometry 

When X-rays are directed at a protein crystal (incident on its surface), they are scattered by the 

electrons within its ordered lattice. For these scattered waves to interfere constructively and 

thus produce detectable diffraction spots, the path difference between reflections from 

adjacent lattice planes must be an integer multiple of the X-ray wavelength (Figure 4). 

Constructive interference occurs only when the scattered waves from multiple planes remain in 

phase, resulting in discrete diffraction signals. This fundamental condition is governed by 

Bragg’s Law (Equation 1), which defines the relationship between the wavelength, the angle of 

incidence, and the spacing between lattice planes within the protein crystal. 

 
Figure 4. Bragg's Law. Incoming X-rays of wavelength λ interact with crystallographic planes 
spaced by distance d at angle θ. Constructive interference of diffracted X-rays occurs when the 
path difference between the X-rays (2dsinθ) equals an integer multiple of the wavelength (nλ). 
This results in the formation of measurable diffraction spots. Image taken from Stan et al. (30). 
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𝑛𝑛𝑛𝑛 = 2𝑑𝑑ℎ𝑘𝑘𝑘𝑘 sin𝜃𝜃 

Equation 1. Bragg's Law. Where λ is the incident X-ray wavelength, d is the spacing between 
lattice planes within a crystal, θ is the angle of incidence and n is the reflection order. 

Bragg’s law defines the angular conditions under which reflections occur and determines the 

geometry of the diffraction pattern. Reflections are measured in reciprocal space, which is 

defined by reciprocal lattice vectors, and is distinct from the real space crystal lattice. A 

geometric construction known, as the Ewald sphere, is used to visualise which reciprocal lattice 

points satisfy Bragg’s condition for a given crystal orientation and X-ray wavelength (Figure 5). 

The Ewald sphere is drawn as a circle within reciprocal space, with a radius equal to 1/λ (the 

inverse of the X-ray wavelength). The crystal’s reciprocal lattice is placed inside the sphere and 

each lattice point represents a possible reflection. Reciprocal lattice points that intersect the 

surface of the sphere satisfy Bragg’s condition and produce detectable reflections. 

 
Figure 5. Geometric construction of the Ewald sphere. The X-ray beam travels on the X axis, 
while the crystal rotates around the Z axis. The crystal sits at the centre of the Ewald sphere (O), 
with its axis aligned to the X axis. The reciprocal lattice origin (Q) is positioned where the beam 
exits the sphere. The h=1 reciprocal plane is shown, with each diffraction spot corresponding to 
a scattering vector in reciprocal space. This is highlighted with a bold line extending from Q to the 
sphere’s surface. Image taken from Leslie (31).  

To ensure comprehensive sampling of reciprocal space, conventional crystallography rotates a 

single crystal during data collection, sequentially aligning different lattice planes to satisfy 

Bragg’s Law. Serial crystallography, by contrast collects single exposures from randomly 

oriented microcrystals, each capturing only a small, unique slice of reciprocal space. 

Comprehensive coverage, therefore, relies on merging of data from thousands of crystals to 

reconstruct a complete dataset. 
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1.1.2.3 Structure factors, Fourier transforms and the phase problem 

Each diffraction spot arises from the collective scattering of X-rays by all atoms within the unit 

cell and is mathematically described by the structure factor, F(hkl), which represents the sum of 

individual atomic wave contributions. This wavefunction encompasses both the amplitude 

(related to intensity) and the phase of the scattered waves, while the frequency (or wavelength) 

is determined by the incident X-ray and contributes to the spatial resolution of the diffraction 

pattern. The positions of the diffraction spots on the detector provide frequency-related 

information and define the geometry of the crystal in reciprocal space. Each reflection appears 

as a discrete spot corresponding to a specific set of crystallographic planes. These reflections 

must be indexed to assign corresponding Miller indices (h, k, l), which describe the orientation 

and spacing of the diffracting lattice planes. The measured intensity of each reflection I (hkl) is 

directly proportional to the square of the structure factor amplitude |F(hkl)|2. The structure 

factor, F(hkl) encapsulates both the amplitude and phase information of the scattered X-rays 

and is fundamental to reconstructing the electron density map. The electron density at a given 

point (x, y, z) within the unit cell, denoted ρ(x, y, z) is calculated via an inverse Fourier Transform 

of the measured diffraction data (Equation 2). This transformation translates reciprocal space 

data into a real space representation of the atomic structure. It relies on the structure factor 

amplitudes |F(hkl)|, which are obtained as the square root of the observed reflection intensities. 

However, to fully reconstruct the electron density, the corresponding phase angles (α(hkl)) are 

required. These phases are not directly measured during a diffraction experiment and must 

instead be estimated through phasing methods such as molecular replacement (MR) or 

experimental phasing. 

𝜌𝜌(𝑥𝑥,𝑦𝑦, 𝑧𝑧) =  
1
𝑉𝑉

 Σ|𝐹𝐹(ℎ𝑘𝑘𝑘𝑘)|𝑒𝑒−2𝜋𝜋𝜋𝜋(ℎ𝑥𝑥+𝑘𝑘𝑘𝑘+𝑙𝑙𝑙𝑙−𝛼𝛼(ℎ𝑘𝑘𝑘𝑘)) 

 
Equation 2. The electron density equation. Where V is the volume of the unit cell, hkl are the 
Miller indices for each reflection, |F(hkl)| is the structure factor amplitude and α(hkl) is the phase of 
the corresponding reflection. 

In macromolecular crystallography, phase information is usually obtained through MR. This 

technique uses a homologous structure as a starting model to estimate phases for a new 

crystal. Increasingly, these models are derived from computational predictions, such as those 

generated by AlphaFold or alternative structure prediction software. MR is only effective when 

the initial model shares sufficient structural similarity with the target, allowing calculated 

structure factors to approximate the observed reflection intensities. This method involves 

determining the optimal orientation and position of the model within the unit cell to best match 

the experimental data. Although initial MR solutions often contain substantial inaccuracies due 

to imperfect model fitting, these are gradually corrected through iterative cycles of model 
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building, real space refinement, and reciprocal space refinement. As refinement progresses, the 

agreement between calculated and observed data improves, leading to more accurate phase 

estimates and ultimately a well-resolved electron density map suitable for atomic model 

interpretation. 

Model quality is quantitatively assessed using two key residual metrics: the working R-factor 

(Rwork) and the free R-factor (Rfree). These values reflect the degree of agreement between the 

observed (Fobs) and calculated (Fcalc) structure factor amplitudes. The working R-factor is 

computed over the reflections actively during refinement (Equation 3). A low Rwork value typically 

indicates improved fit to the data, however it is inherently susceptible to overfitting. 

𝑅𝑅𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 =  
∑ ||𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜| −  |𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐||

∑|𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜|  

 
Equation 3. The working R-factor (Rwork) equation. Where Fobs is the observed structure factor 
amplitudes and Fcalc is the calculated structure factor amplitudes. 

Overfitting occurs when a structural model is overly adjusted to match the observed diffraction 

data, including noise and random fluctuations. In crystallography, this can produce a model 

that fits the data numerically but fails to generalise, misrepresenting the true molecular 

structure. In several cases, this leads to unrealistic sidechain conformations or incorrect ligand 

placement. To guard against overfitting, a subset of the reflections (usually 5 – 10%) is excluded 

from the refinement process and used to calculate the free R-factor (using the same formula as 

provided in Equation 3). Because these reflections remain unaltered during refinement, the Rfree 

provides an unbiased assessment of model accuracy. A small difference between Rwork and Rfree 

reflects a well refined structure with minimal overfitting, whereas large differences would 

suggest modelling errors or excessive parameterisation. 

1.2 Serial crystallography 

Serial crystallography involves the collection of diffraction data from a series of thousands of 

microcrystals (15,32,33). Conventional rotation crystallography uses a goniometer to rotate a 

large (10 – 100 µm) cryocooled single crystal, collecting a full set of Bragg reflections on the 

Ewald sphere (Figure 6A). In contrast, serial crystallography collects single diffraction images, 

known as ‘stills’ from thousands of microcrystals, each with a randomly oriented lattice (Figure 

6B). These stills contain partial reflections, and together they sample different regions of 

reciprocal space (34). Diffraction stills from large crystal numbers are computationally 

integrated, merged and scaled (Figure 6C). Two commonly used terms during serial 

crystallography data processing are hit rate (the ratio of hits to overall collected images) and 

indexing rate (the ratio of indexed images to hits) (Figure 6D) (35). 
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Figure 6. The difference between conventional rotation crystallography and serial 
crystallography.  (A) In conventional rotation crystallography, a single crystal is mounted in a 
loop maintained at 100 K by a cryogenic stream before being rotated on a goniometer allowing 
consecutive X-ray exposures. (B) In serial crystallography, thousands of microcrystals are 
delivered in a stream into the X-ray beam at random orientations. (C) Rotation crystallography 
data processing involves indexing of many images from a single crystal, generating an orientation 
matrix before integration and merging results in fully integrated intensities. (D) Serial 
crystallography data processing involves processing images from individual crystals, with initial 
hit finding of Bragg diffraction patterns with partial intensities. The rest of the workflow is like 
rotation crystallography despite the final step where partial intensities must by merged by Monte-
Carlo integration to generate fully integrated intensities. Image taken from Barends et al. (34). 

1.2.1 Serial femtosecond crystallography (SFX) 

Serial crystallography is performed at either synchrotron sources known as serial synchrotron 

crystallography (SSX) or XFELs, referred to as serial femtosecond crystallography (SFX). Both 

facilities generate X-rays by accelerating electrons through undulators: arrays of alternating 

magnets that cause electrons to oscillate and emit radiation (Figure 7A). The key distinction lies 

in beam properties, XFELs use multiple undulators and a linear accelerator to produce tightly 

packed electron bunches (~10 fs), whereas synchrotrons generate broader pulses (~100 ps) via 

circular storage rings (36). SFX leverages ultrashort, high-energy photon pulses to collect 

diffraction data before radiation damage can manifest (11,15,32). These pulses are produced 

via self-amplifying spontaneous emission (SASE), where X-ray photons interact with relativistic 

electrons in the undulator, inducing microbunching and amplifying the beam (Figure 7B) 

(37,38). The result is a highly brilliant, coherent X-ray pulse capable of capturing molecular 

snapshots on the femtosecond timescale (39,40). Its high brilliance delivers sufficient photon 

flux to produce measurable diffraction from microcrystals in single-shot exposures, whilst 

spatial coherence enhances data quality by minimising background noise. Together, these 

properties make XFEL pulses uniquely suited for time-resolved crystallography and the study of 

transient molecular states. 
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Figure 7. X-ray generation at synchrotron and XFEL facilities.  At X-ray facilities, electrons are 
accelerated through periodic arrays of magnets known as undulators. The magnets are aligned in 
opposite directions, resulting in electron oscillation and the generation of X-rays. (A) At 
synchrotrons, electrons travel in a circular storage ring and pass through short undulators 
producing continuous X-ray pulses. (B) In contrast, XFELs utilise long linear accelerators 
generating electron bunches which pass through long undulators. This results in a feedback 
mechanism which leads to a coherent and compact electron bunch, with subsequently ultrafast 
X-ray pulses. Image taken from Brändén and Neutze (36). 

The femtosecond pulse duration of an XFEL enables the collection of diffraction data before 

radiation damage compromises the crystal, a principle coined ‘diffraction before destruction’ 

(11,15). This was first proposed by Hajdu and colleagues through molecular dynamics 

simulations of T4 lysozyme exposed to a 2 fs XFEL pulse (12). Upon interaction, atoms within the 

protein are rapidly ionised, leading to a Coulomb explosion driven by electrostatic repulsion, 

typically occurring within 10 – 20 fs of exposure (Figure 8). Crucially, the XFEL pulse duration 

governs the extent of site-specific radiation damage in protein crystals: pulses shorter than 10 fs 

preserve atomic coordinates, while longer pulses (>10 fs) induce bond disruption, ionisation 

and loss of resolution (41–46). 
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Figure 8. Diffraction before destruction. A molecular dynamics trajectory of T4 lysozyme 
bombarded with a 2 fs X-ray pulse, resulting in a Coulomb explosion between 10 – 50 fs. The 
simulation assumes a single coherent pulse of 50 fs in duration. Image from Neutze et al. (12). 

The first SFX experiment was conducted by Chapman and colleagues in 2011 at the Linac 

Coherent Light Source (LCLS) in the United States (15). This landmark study provided the first 

experimental evidence that a hard X-ray XFEL could be used for macromolecular structure 

determination, successfully reconstructing photosystem I (PSI) to 8.5 Å by merging over three 

million individual diffraction patterns (15). Early SFX efforts focused predominantly on light-

sensitive systems and membrane proteins, particularly G-protein coupled receptors (GPCRs), 

which naturally yield large quantities of microcrystals suitable for serial data collection. Their 

intrinsic conformational flexibility also makes them ideal candidates for time-resolved studies 

(47). More recently, XFELs have enabled structure determination from sub-micron sized crystals 

naturally grown in cellulo, expanding the scope of crystallographic analysis to include native 

crystals formed within insect and bacterial cells (48–51). 

1.2.2 Serial synchrotron crystallography (SSX) 

Due to the limited access to highly competitive XFEL beamtime, the use of synchrotron sources 

for collecting serial crystallographic data at room temperature has grown rapidly in recent 

years. This shift reflects both logistical constraints and the increasing maturity of SSX as a viable 

alternative for high-throughput structural studies. However, most SSX beamlines remain highly 

specialised, often requiring extensive prior planning, particularly when collecting room 

temperature data or designing time-resolved experiments. Unlike XFELs, synchrotrons deliver 

lower photon flux, necessitating longer X-ray exposure times (typically ~ 100 µs to 10 ms), which 

are largely dictated by detector frame rates and sample delivery speeds (52,53). As a result, SSX 

is not inherently radiation damage free, but instead mitigates damage by distributing the X-ray 

dose across multiple crystals (54). In some cases, this property is leveraged intentionally 

through dose series experiments, which allow for the investigation of radiation-sensitive 

systems such as metalloproteins under incrementally increasing dose conditions (55). Time-
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resolved SSX experiments, while limited to slower timescales than those achievable at XFELs, 

enable kinetic studies of catalysis, ligand exchange, and conformational rearrangements using 

pump-probe or mix-and-diffuse approaches.  

Given the high degree of methodological overlap between SSX and SFX, synchrotron-based 

screening experiments are frequently employed ahead of XFEL beamtime. This strategy enables 

optimisation of key experimental parameters including crystal size, hit rate, and preferential 

orientation, thereby minimising dead time and sample consumption during precious XFEL 

beamtime. Many aspects of the experimental pipeline, such as sample delivery systems, data 

collection strategies, and processing workflows are common between SSX and SFX, allowing 

users to adopt a complementary approach that maximises both efficiency and data quality. 

1.2.3 Sample preparation 

Sample preparation for serial crystallography relies heavily on a thorough understanding of the 

protein’s phase diagram to guide crystallisation conditions towards reproducible microcrystal 

formation. Seeding is often employed to generate large amounts of small, uniform crystals and 

scaling up of these optimised conditions is essential to generate sufficient sample volumes for 

serial sample delivery systems. Experimental success depends critically on the consistency and 

quality of microcrystal slurries. 

1.2.3.1 Protein crystallisation phase diagram 

Protein crystallisation is the inherently rare and complex process by which irregular 

macromolecules self-assemble into a highly ordered, periodic lattice that separates from a  

metastable solution as a distinct ordered phase. Successful crystallisation depends on three 

main factors: the protein’s intrinsic ability to form crystal contacts, the thermodynamic 

favourability of lattice formation, and the kinetic accessibility to enable the transition from 

soluble state to crystalline form (56). At the heart of protein crystallisation is the concept of 

supersaturation: the driving force that governs both nucleation and subsequent crystal growth. 

Supersaturation defines a dynamic and condition specific landscape, that can be segmented 

into distinct physiochemical zones, referred to as a phase diagram (Figure 9A) (56,57). These 

include the undersaturated zone where no crystallisation occurs, the nucleation zone where 

critical nuclei spontaneously form, the metastable zone where slow growth may occur, and the 

precipitation zone where protein aggregates dominate over lattice formation. Understanding 

where a protein system lies within this landscape is crucial not only for inducing crystal 

formation, but also for controlling crystal size, morphology and quality. A phase diagram 

typically varies two or more variables, most commonly protein concentration and precipitant 

concentration, providing a map of crystallisation space to guide further optimisation. 
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Figure 9. A protein crystallisation phase diagram. (A) The phase diagram is separated into four 
distinct zones: undersaturated, nucleation, metastable and precipitation. (B) The typical path of 
a vapour diffusion crystallisation experiment where the system transitions from the 
undersaturated zone into the nucleation zone where nuclei form, before dropping down into the 
metastable zone where crystals grow. (C) A batch crystallisation experiment involves a 
supersaturated solution, following a well-known path originating in the nucleation zone and 
terminating in the metastable zone. (D) The introduction of seed allows for fine control of where 
the crystallisation process begins allowing for varying crystallisation trajectories, be that a large 
single crystal or large amounts of microcrystals. Image taken from Beale et al. (58). 

In a typical vapour diffusion crystallisation experiment, a droplet containing protein and 

precipitant is equilibrated against a reservoir with higher precipitant concentration, gradually 

inducing supersaturation overtime as the system reaches equilibrium via controlled vapour 

exchange. This leads to the spontaneous development of critical nuclei within the nucleation 

zone, depleting the free protein concentration as the system enters the metastable zone (Figure 

9B). In the metastable zone, nucleation is supressed, but existing crystals or critical nuclei 

continue to grow, incorporating additional protein into the lattice. As growth proceeds, protein 

availability decreases and the system shifts towards the undersaturated zone, at which point 

crystal growth is ceased (Figure 9B). In contrast to vapour diffusion, batch crystallisation 

involves rapid mixing of protein and precipitant solutions to generate a supersaturated solution. 

This bypasses the need for controlled vapour exchange and places the system in a specific 

region within the phase diagram, usually near to or within the nucleation zone (Figure 9C). By 

operating at this boundary, rapid formation of crystals is promoted, and excessive precipitation 

or uncontrolled growth is avoided. The trajectory of batch crystallisation is much more fixed, 
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and success of crystallisation relies upon prior mapping of crystallisation space through phase 

diagram mapping. Batch crystallisation is commonly coupled with seeding strategies to 

overcome the nucleation barrier, by providing artificial nuclei from the fragmentation of 

previously successful crystals (Figure 9D). Seeding enables further trajectories through the 

phase diagram and allows for finer control of crystal size, number and morphology (Figure 9D). 

1.2.3.2 Seeding 

Seeding is a well-established technique in protein crystallography that involves the deliberate 

introduction of preformed crystalline nuclei into a crystallisation solution to promote controlled 

crystal growth within the metastable zone (59). Originally developed in the early 1980s to 

circumvent the stochastic and often inefficient process of spontaneous nucleation (60). Since 

then, it has become a critical strategy for improving reproducibility, enhancing crystal quality, 

and enabling growth under otherwise non-nucleating conditions. Seeding methods are broadly 

classified into two categories: macroseeding  and microseeding. Macroseeding sometimes 

referred to as seed transfer, involves the transfer of a mature single crystal into a fresh protein 

solution to promote further crystal growth (61). Microseeding, by contrast entails the 

mechanical fragmentation of existing crystals into a nanocrystalline suspension, which serves 

as a scaffold to initiate nucleation in subsequent drops (62,63). Both approaches offer a means 

to decouple nucleation from growth, allowing finer control over crystal morphology and size, an 

essential consideration for downstream applications such as serial crystallography or ligand 

soaking. 

Iterative microseeding can be employed at both the initial screening stage and during 

subsequent optimisation steps. A common approach used is random microseed matrix 

screening (rMMS), in which concentrated seed stock is introduced into the crystallisation drop 

containing protein and precipitant (64). This allows for the identification of novel crystallisation 

conditions, some of which may be unrelated to the original hit (Figure 10) (62). Successive 

rounds of optimisation, involving the selection and reuse of the best seed stocks (65,66) has 

been demonstrated to improve crystal morphology and enhance X-ray diffraction resolution 

(Figure 10) (67,68).  
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Figure 10. Iterative seeding improves crystal quality of a helicase.  A seed stock was prepared 
from crystals that grew in the polyethylene glycol (PEG) Suite screen, before iteratives cycles of 
rMMS were employed to improve crystal quality and morphology. (A) Crystals grown in 14% (w/v) 
PEG 8000, 0.1 M Tris–HCl pH 7.5 were used to make an initial seed stock. (B) Crystals grown in 
20% (w/v) PEG 3350, 0.2 M magnesium sulfate after the first round of rMMS and used to make the 
subsequent seed stock. (C) Crystals grown in 40% (v/v) PEG 200, 0.1 M Tris–HCl pH 8.5 after a 
second round of rMMS. Image taken from D’Arcy et al. (69). 

Preparation of seed stock usually involves the generation of a dilution series of seed 

concentration, which can be utilised during phase diagram mapping or optimisation of 

conditions previously identified through rMMS (69). Importantly, the concentration of seed stock 

influences nucleation density and final crystal size, with higher seed concentrations resulting in 

a large number of smaller crystals (Figure 11) (58). By systematically varying the concentration 

of seed, crystal size can be finely tuned (Figure 11). 

 
Figure 11. Effect of seed stock concentration on crystal size and number of a tyrosine kinase.  
Initial seed stock was generated from a crystallisation hit including 0.1 M MES pH 6.5, 25% (w/v) 
PEG 550 monomethyl ether (MME) from The PEGs Suite. (A) Crystallisation drop supplemented 
with initial seed stock. (B) Crystallisation drop supplemented with the initial seed stock diluted 1 
in 100. (C) Crystallisation drop supplemented with the initial seed stock diluted 1 in 1000. Image 
taken from D’Arcy et al. (69). 

It is currently debated as to which preparation method produces the ‘best’ seeds, although it is 

most likely protein-dependent (70–73). Seed preparation almost invariably results in 

heterogenous seeds, which in turn produces non-uniform crystals. Most seed preparation 

protocols involve the intentional fragmentation of previously successful crystals (66). The most 

straightforward approach (‘seed bead’ method) involves the introduction of a physical agitator, 
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such as a plastic or glass bead into an Eppendorf tube containing previously successful 

crystals, followed by subjection to vigorous vortexing (63). To prevent heat generation and 

preserve protein stability, intermittent cooling on ice is employed in between vortexing steps. 

Alternative strategies include mechanical disruption with a glass probe or capillary (69), or 

sonication whereby ultrasonic waves generate local shock pulses that fragment crystals 

through the process of sonofragmentation (74). The effectiveness of seed preparation can be 

validated via light microscopy, transmission electron microscopy (75,76), dynamic light 

scattering (77), or second order nonlinear optical imaging of chiral crystals (78). 

1.2.3.3 Scaling up from vapour diffusion to batch 

Serial crystallography experiments typically require upwards of 100 µL of sample with a crystal 

density of ideally 107 – 108 crystals/mL, placing significant demands on crystallisation 

throughput, reproducibility and scalability. Conventional vapour diffusion setups such as sitting 

or hanging drop plates are insufficient to meet these requirements without extensive 

parallelisation, making them impractical for routine serial experiments. To address this, 

crystallisation protocols are routinely adapted to batch conditions, which enable bulk 

production of microcrystal slurries and straightforward sample transfer to X-ray facilities in 

Eppendorf tubes. However, this transition to Eppendorf tubes introduces new variables, notably 

differing evaporation and equilibration conditions, which may influence crystal size and 

morphology (58). Scaling up from vapour diffusion to batch crystallisation requires careful 

optimisation to ensure reproducible production of microcrystal slurries across multiple 

preparations.  

Batch crystallisation offers greater control over nucleation by eliminating the gradual 

equilibration inherent to vapour diffusion methods (58). Additionally, vapour diffusion suffers 

from an inherently lower surface area-to-volume ratio, limiting its scalability and throughput. 

Several key considerations must be addressed when converting to batch conditions, protein 

and precipitant concentrations are typically higher in vapour diffusion, while equilibration 

occurs much slower in batch formats, especially in viscous PEG-containing crystallisation 

conditions (79). Empirical adjustments often involve increasing precipitant concentration by a 

factor of 1.3 to 2 compared to vapour diffusion trials, with commonly employed protein-to-

precipitant ratios ranging from 1:1 to 1:3 (80). 

Rapid mixing during batch crystallisation is essential to achieve a supersaturated state. 

Agitation is commonly used to promote uniform mixing and has been shown, particularly in 

microbatch mixing (MBM) setups, to induce secondary nucleation through mechanical 

disturbance (81). However, mixing speeds must be optimised for each crystal system, as 

excessive agitation can compromise protein stability and reduce overall yield. Additionally, 
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rapid mixing can be coupled with high-speed centrifugation to generate stratified crystal layers, 

enabling crystal size separation and subsequent increases in crystal density (82). In principle, 

batch experiments can be scaled from nanolitre droplets in microbatch-under-oil formats to 

larger volumes (>100 µL) prepared in Eppendorf tubes. Nevertheless, scaling introduces 

changes in physiochemical dynamics including diffusion rates, mixing efficiency and 

equilibration kinetics. As such, each increase in volume requires iterative adjustments, and 

further study is warranted to fully elucidate the influence of scale on crystallisation. 

1.2.4 Sample delivery 

Following successful preparation of microcrystal slurries, the next critical step in a serial 

crystallography experiment is efficient sample delivery to the X-ray beam. At both synchrotron 

and XFEL facilities, this has prompted the development of a wide range of sample delivery 

platforms tailored to high-throughput data collection, and compatibility with time-resolved 

modalities. Broadly, current sample delivery methods fall into four categories: fixed-targets, 

injectors, hybrid methods and microfluidics (Figure 12). Fixed-targets (1.2.4.1) use solid 

supports, such as chips or films, where crystals are immobilised and the beam is rastered 

across the target. Injectors (1.2.4.2) deliver crystals suspended in a liquid or viscous medium 

through a nozzle or capillary directly into the path of the X-ray beam. Hybrid methods (1.2.4.3) 

dispense crystals directly onto a moving tape or substrate that carries the sample across the 

beam in a continuous fashion. Microfluidics (1.2.4.4) involves sealed devices with engineered 

channels that present crystals to the beam in a controlled, enclosed environment. 
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Figure 12. Serial crystallography sample delivery methods. Current approaches can be 
grouped into four primary formats. Fixed-targets use solid supports (e.g. chips or films) onto 
which crystals are immobilised; the X-ray beam is rastered across the target to collect data. 
Injectors deliver crystal suspensions in liquid or viscous media through nozzles or capillaries 
directly into the X-ray beam. Hybrid methods dispense crystal-containing droplets onto a moving 
tape or substrate that continuously carries the sample through the X-ray beam. Microfluidic 
devices use enclosed channels within sealed systems to present crystals in a stable, precisely 
controlled environment. Image taken from Pearson and Mehrabi (83). 
 

It is important to select an appropriate sample delivery system for serial crystallography 

experiments, carefully considering several factors. These include sample availability, delivery 

throughput, compatibility with beamline infrastructure, and whether the experiment involves 

static data collection or more specialised setups. Additional facility-dependent constraints, 

such as beam characteristics and detector configurations, play an important role in determining 

a feasible delivery format. A number of comparative studies have systematically evaluated the 

strengths and weaknesses of established delivery platforms (34,84–86). These insights are 

summarised in Table 1, offering a practical overview of matching experimental aims to delivery 

capabilities. Nevertheless, ongoing advances in hardware, control systems, and sample 

handling technology continue to expand the boundaries of what is technically possible. 
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Table 1. Comparison of sample delivery methods for serial crystallography.  *Sample 
volume requirements are mostly dictated by crystal density. **Sample consumption assumes a 
dataset of ≥10,000 lattices. Table adapted from Tremlett et al. (23).  

 Fixed-Targets Injectors Hybrid Methods Microfluidics 

Suitable crystal 
size 

~ 5 – 50 µm but 
aperture size-

dependent 
(aperture-aligned) 

≥ 1 µm (directed-
raster) 

≤ 20 µm (liquid 
injector) 

≤50% of the 
capillary internal 

diameter (ID) 
(viscous injector) 

~ 5 – 50 µm ~ 3 – 25 µm 

Suitable sample 
volume* 

50 – 200 µL 
(aperture-aligned) 

5 – 10 µL (directed-
raster) 

≥ 500 µL 50 – 500 µL 100 – 500 µL 

Sample 
consumption** 

Tens of 
micrograms 

(directed-raster) 

Hundreds of 
micrograms to 

several milligrams 
depending upon 
loading method 

(aperture-aligned) 

Tens of 
milligrams or 

more 

Hundreds to 
thousands of 
micrograms 

Tens of 
micrograms 

Sample flow 
rate 

N/A ~ 5 – 50 µL/min 
(liquid injector) 

~ 0.001 – 2 
µL/min (viscous 

injector) 

~ 1– 10 µL/min ~ 1 µL/min 

Sample velocity 
(through the 
interaction 

region) 

Approximately 
stationary 

< 200 m/s (liquid 
injector) 

< 10 m/s (viscous 
injector) 

< 10 m/s < 0.2 m/s 

Data 
acquisition rate 

10 – 120 Hz < 4.5 MHz (liquid 
injector) 

< 200 Hz (viscous 
injector) 

< 500 Hz < 700 Hz 

Technical 
difficulty 

Low-moderate Moderate-high High High 

Compatibility 
with 

complementary 
data 

Electronic 
absorption 

spectroscopy 

X-ray emission 
spectroscopy 

X-ray emission 
spectroscopy 

Electronic 
absorption 

spectroscopy 

Electronic 
absorption 

spectroscopy 
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1.2.4.1 Fixed-targets 

Fixed-target platforms represent a widely adopted method for delivering microcrystals in serial 

crystallography experiments, particularly at synchrotron beamlines (87). These systems involve 

immobilising crystals onto a solid support (typically a chip or film), which is rastered through the 

X-ray beam to collect diffraction data (88–98). Two principal collection strategies are employed: 

aperture-aligned (predetermined crystal positions within defined wells) and directed-raster 

(randomly distributed crystals across the support) (99) (Figure 13).  

Figure 13. Fixed-target data collection strategies. In aperture-aligned methods, crystals are 
positioned within predefined wells, enabling precise beam targeting. In directed-raster scanning, 
the beam traverses the support to locate randomly distributed crystals, accommodating non-
uniform sample loading. Image taken from Carrillo et al. (99).  

For aperture-aligned methods, microcrystal slurry volumes of ~ 50 – 200 μL are pipetted onto 

regularly spaced arrays with defined apertures (smallest currently available is 5 µm), with 

excess liquid removed via vacuum or blotting. For example, the Roadrunner chip uses filter 

paper to back-blot the sample, analogous to grid preparation in electron cryomicroscopy (95). 

An alternative chip loading method involves a drop-on-demand strategy, where picolitre 

volumes of microcrystal slurry are dispensed precisely into each well position, eliminating the 

need for vacuum-assisted back-blotting (100). To prevent dehydration during data acquisition, 

hydrated crystals are protected either by covering with mylar film or by maintaining the support 

within a humidity-controlled environment (101). In some cases, fixed-targets can be sealed and 

loaded under anaerobic conditions, allowing the study of oxygen-sensitive processes in crystals 

(102,103). Alignment on the beamline is achieved using fiducial markers etched onto the chip, 

enabling precise navigation via fast translation stages (104). 

Common aperture-aligned fixed-targets include the Oxford (101), Hit-and-return (HARE) (105), 

Roadrunner (95), and micro-structured polymer (MISP) (99) chips. While the Oxford, HARE, and 

Roadrunner platforms are fabricated from silicon nitride, the MISP chip employs cyclic olefin 

copolymer (COC), reflecting a shift towards polymer-based designs due to improved cost-

effectiveness and material compatibility (99). Parameters such as fiducial spacing, aperture 

pitch, and total aperture count vary between designs, and influence both hit rate and imaging 

efficiency (106). Increasingly, materials like kapton are being explored for fabrication due to 

their mechanical properties and lower X-ray background along with cost-effectiveness (107). 
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Matching crystal density to the number of apertures is essential for effective data collection, 

ideally achieving one or two crystals per aperture. This density may be reduced to one when 

ligand soaking or substrate addition is intended. Typically, two well-loaded chips provide 

sufficient data for complete datasets if crystals exhibit random orientation (108). However, 

elongated crystals often orient non-uniformly within apertures, necessitating additional chips or 

alternative strategies. One such workaround involves growing crystals directly on the chip by 

vapour diffusion to reduce preferred orientation artefacts (109,110). 

Directed-raster fixed-targets offer a simpler alternative, in which crystals are sandwiched 

between two mylar films held within a solid frame and directly rastered in the X-ray beam 

(88,89). These setups require minimal sample volume (as little as 3 μL) and allow rapid data 

collection in under 10 minutes (88). They also present reduced orientation bias and can yield 

complete datasets from a single chip if crystal loading is optimised (88). Designs include 

microgrid-based formats for goniometer mounting (111–114), which commonly utilise the 

MeshandCollect strategy (115), and sheet-on-sheet/sheet-on-sheet-on-spine (SOS/SOSOS) 

mylar sandwiches (88,89,116). However, the hit rate in these systems is generally lower than 

that of aperture-aligned fixed-targets due to the random distribution of crystals. Data quality 

can also be affected by dehydration, radiation damage, or fouling of the support film (88). 

Careful optimisation of raster spacing and exposure settings is therefore critical (88). 

1.2.4.2 Injectors 

A central challenge in serial crystallography is the continuous presentation of fresh 

microcrystals to the X-ray beam at a rate compatible with data collection. Injection methods 

address this problem by transporting microcrystal slurries into the beam path by precise 

engineered flow systems, which often operate under high pressures or in vacuum conditions. 

The three primary classes of injector used in serial crystallography are liquid injectors, viscous 

injectors, and droplet injectors. 

1.2.4.2.1 Liquid injectors 

Liquid injectors produce continuous jets of microcrystal suspensions in low viscosity buffers, 

enabling high-throughput data acquisition. The most prevalent design is the gas dynamic virtual 

nozzle (GDVN) (Figure 14A). This involves a co-axial sheath of pressurised gas which focuses a 

central liquid stream into a narrow jet, typically 2 – 5 µm in diameter (117–121). This narrow jet 

ensures optimal signal-to-noise by reducing background scattering, whilst the accompanying 

sheath gas flow ensures minimal jet angle deviation. This prevents ice formation and potential 

clogging of the nozzle (122). GDVNs operate at typical flow rates of ~10 – 60 µL/min, with a 

corresponding jet velocity of 10 – 50 m/s and a back pressure which can often exceed 1000 psi 
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(123). To address issues with sample consumption and jet stability, the double-flow focusing 

nozzle (DFFN) introduced an outer gas flow to further focus the liquid jet (Figure 14B). This three 

layer configuration reduces sample flow rates to 5 µL/min and enables stable jet formation 

(124). The eight-fold lower sample consumption along with further reductions in background 

scattering led to improved reliability in comparison to initial GDVN designs (124). Manual 

fabrication and spatial resolution issues were also resolved by applying 3D printing methods, 

based on two-photon polymerisation, reducing inherent variability between devices (125–127). 

An alternative liquid injector is the microfluidic electrokinetic sample holder (MESH), whereby 

the microcrystal slurry contains glycerol or PEG and is driven through a capillary eliminating the 

need for mechanical pressure. The method employs an electric field to generate thin jets by 

electrospinning at flow rates as low as 0.14 – 3.1 µL/min (128). The system allows for fine 

control of flow rate and jet diameter, meaning low sample volumes and fragile crystals are 

suitable (128). An evolution of this concept is the concentric-flow electrokinetic holder 

(coMESH) injector. A fine jet is formed by injecting the sample into the meniscus of the sheath 

liquid followed by acceleration with a gas constriction (129). The addition of a sheath liquid such 

as 2-methyl-2,4-pentanediol (MPD) along with a flow rate of 1 – 3 µL/min, results in the process 

of electro-focusing (129). 

 
Figure 14. Examples of liquid injectors. (A) A gas dynamic virtual nozzle (GDVN), with an arrow 
indicating the constriction region from where the jet is generated, image taken from DePonte et 
al. (117). (B) Double flow focusing nozzle (DFFN) with an additional sheath gas glow, image taken 
from Oberthuer et al. (124).  
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1.2.4.2.2 Viscous injectors 

Viscous injectors operate by extruding crystals suspended in high-viscosity carriers such as 

lipidic cubic phase (LCP), agarose gels, PEG-based greases, or hydrogel blends (120,130–134). 

Samples are loaded into glass or polymer syringes and dispensed via motorised pistons or 

pneumatic pressure systems through capillaries ranging from 50 to 200 µm in diameter 

(120,135). These systems exploit the shear-thinning behaviour of the carrier matrix to maintain 

uniform flow, even at flow rates below 100 nL/min (131,136). Viscous injectors are well suited to 

synchrotron experiments due to their slower flow rates, which are amenable to the longer 

exposure times required for data collection (54,131,137,138). Although high-viscosity carriers 

are mainly used for structural determination of membrane proteins, the approach can also be 

applied to soluble proteins. However, several factors must be considered, including shear 

stress from mechanical mixing with viscous carrier, compatibility between the carrier and 

crystallisation condition, and crystal density, which directly affects hit rate (139).  

1.2.4.2.3 Droplet injectors 

Droplet-based injection systems enable the delivery of discrete microvolumes of crystal 

suspension synchronised precisely with X-ray pulses. These platforms include acoustic droplet 

ejection, piezoelectric inkjet printing, electrospray dispersion, and pressure-pulsed 

microfluidics (140). Crystals are suspended in low to medium viscosity buffers to ensure droplet 

stability, and droplets are deposited into open interaction regions with volume precision down 

to picolitres. This format reduce sample waste and supports synchronised reaction initiation, 

which is critical for capturing transient intermediates. A growing subset of droplet injectors 

utilise droplet-on-demand (DoD) control to generate droplets only when triggered. This 

approach enables strict temporal gating, ensuring that each droplet aligns with the X-ray pulse 

and reduces unnecessary sample consumption. For example, Perett et al. introduced a 

pressure-pulsed flow-focusing system that triggers droplets via transient pressure bursts, 

allowing modular control over volume and frequency (141). This enabled high-throughput data 

collection and precise alignment with XFEL pulse trains. Similarly, Mafune et al. developed a 

solenoid-actuated T junction injector, where droplet formation is initiated by valve actuation, 

offering fine control and compatibility with external triggers such as laser excitation (142). 

Building on these strategies, Alexandra Ros’s lab at Arizona State University (ASU) have 

introduced several advanced droplet microfluidic platforms for serial crystallography sample 

delivery. A key innovation is the segmented-flow droplet injector, which produces aqueous 

crystal-containing droplets segmented by a fluorinated oil phase (Figure 15) (143–145). 

Embedded electrodes utilise electrowetting to trigger droplet generation in alignment with XFEL 
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pulses. This design allows for low pressure operation and precise timing control. More recently, 

the lab unveiled the modular droplet injector (MDI), a flexible platform combining microfluidic 

architecture with programmable control (146,147). Critically, the MDI supports real-time 

synchronisation with beamline timing electronics allowing droplet formation to be gated by 

external triggers such as X-ray pulse arrival or laser excitation events. The system’s dynamic 

adjustment of droplet frequency, achieved via programmable pressure pulses and 

electrowetting control, permits fine tuning of sample throughput and exposure timing, reducing 

sample waste and enhancing temporal resolution. Collectively, droplet injectors are redefining 

sample delivery for time-resolved experiments by isolating and synchronising biochemical 

events within droplets prior to X-ray exposure. Their ability to combine precision, efficiency, and 

modularity makes them essential tools for capturing molecular dynamics at high temporal 

resolution. 

 
Figure 15. Droplet injector from the Ros lab. (A) All the components that make up the droplet 
injector system. (B) Schematic of the droplet injector consisting of a droplet generator (1), 
electrode (2), optical fibre (3), aligner device (4), helium gas supply (5) and GDVN (6). (C) The final 
assembled droplet injector. Image taken from Sonker et al. (145). 

1.2.4.3 Hybrid methods 

Hybrid sample delivery methods in serial crystallography combine the strengths of fixed-target 

and continuous injection systems by using X-ray transparent tapedrives, typically made of 

kapton film to transport microcrystals into the beam with high precision and reproducibility. 

These systems support two main formats: discrete droplet deposition where microcrystals are 

delivered in synchronised droplets via acoustic droplet ejection (ADE; 2 – 3 nL per droplet) or 

piezoelectric droplet ejection (PDE; 50 – 200 pL per droplet) (Figure 16A) (140,148,149) or 

continuous deposition, where crystal suspensions are loaded directly onto the moving tape via 

capillaries or inkjet nozzles (Figure 16B) (150–153). 
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Figure 16. Hybrid methods. (A) Discrete droplet depositions via piezoelectric droplet ejection 
(PDE) onto a conveyor belt. (B) A continuous stream of microcrystal slurry onto a conveyor belt. 
Image adapted from Zhao et al. (86).  

Because ADE/PDE droplet frequencies can be matched to X-ray pulse or detector repetition 

rates, these systems enable precise synchronisation, minimal sample waste, and high hit rates. 

(140). Tape-based delivery is compatible with both synchrotron and XFEL sources, and has been 

tailored to suit specific beamline geometries. A key advantage of tape systems is their one-

dimensional coordination; sample-beam interaction is governed solely by tape velocity (154). 

This contrasts with free-flying droplet methods, which require complex four-dimensional 

synchronisation (droplet position (x, y, z) and time). Tape platforms also support reaction 

initiation at defined spatial offsets, allowing time delays from microseconds to tens of seconds 

to be probed (154). When optimised, tapedrive systems offer exceptional sample efficiency and 

throughput, and have been extended to time-resolved SFX and X-ray emission spectroscopy 

(XES). This enables simultaneous capture of atomic structure and electronic changes, 

particularly valuable for studying metalloproteins and enzyme dynamics (154). 

1.2.4.4 Microfluidics 

Microfluidic platforms are increasingly central to next-generation serial crystallography, offering 

precise sample control, low consumption and compact geometries ideal for high-throughput 

experiments (155,156). These systems support two main modes of data collection: either from 

static crystals housed in sealed microchambers, similar to fixed-target setups, of from crystals 

flowing continuously through enclosed microchannels (156). Recent advances have focused on 

microfluidic fixed-target platforms, which are gaining traction due to their scalability, low 

background scattering, and ease of use (157–159). Most designs incorporate X-ray transparent 

polymer films such as kapton, mylar or COC, which provide mechanical stability and minimal 

interference with diffraction data (160–163). These supports often feature microfabricated 

arrays or patterned wells, enabling precise crystal placement or even in situ growth, which 

simplifies sample preparation and improves reproducibility (163–167).  
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To extend data collection under ambient conditions, ultra-thin moisture barriers and gas-

impermeable polymer films have been developed. These materials help maintain hydration and 

structural integrity during prolonged X-ray exposure (158,168,169). Compared to conventional 

fixed-targets (1.2.4.1), microfluidic variants offer better environmental control, reduced manual 

handling, and compatibility with ligand soaking, making them well suited for dynamic 

experiments and iterative screening (170). Their modularity and adaptability have led to 

widespread adoption at both synchrotron and XFEL facilities, particularly at fourth-generation 

synchrotrons, where high repetition rates and tight beamline constraints demand efficient, 

reproducible sample delivery formats (161). 

In contrast, flow-based microfluidic devices continuously delivery crystal suspensions using 

flow-focusing geometries that guide sample into the X-ray beam with high precision (Figure 17) 

(171). These systems dramatically reduce sample usage and improve hit rates, but they require 

careful material selection and robust channel bonding to avoid leakage or device failure under 

beamline conditions (172). Flow parameters must be finely tuned: too fast, and crystals pass 

through the beam too quickly for meaningful data; too slow, and clogging becomes a risk in the 

microchannels (172). 

 
Figure 17. A 3D flow-focusing microfluidic device on the beamline. The microfluidic setup 
includes a high precision XYZ stage for alignment (1), a 3D-printed holder (2), syringe pumps (3), 
microcrystal slurry in loaded in a Teflon loop (4) and an outlet waste tube (5). Image taken from 
Monteiro et al. (172).  

To prevent clogging and crystal settling, techniques like continuous syringe rotation are used to 

keep suspensions evenly distributed during long data collection runs (173,174). Importantly, 

crystals in flow tend to adopt random orientations, which supports statistically robust datasets. 

While some setups use simple thin-walled capillaries (53,175), others employ fully 

microfabricated chips with custom three-dimensional flow paths (172), showcasing the 

versatility and evolving sophistication of microfluidic systems in serial crystallography. 
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1.2.5 Time-resolved serial crystallography 

Building upon innovations in sample delivery, serial crystallography has evolved from static data 

acquisition towards more dynamic and mechanistically rich experimentation. This progression 

is exemplified in time-resolved serial crystallography (TR-SX), which captures molecular 

snapshots at defined intervals following reaction initiation. By observing proteins as they 

undergo conformational changes, bind ligands, or transition through catalytic cycles, TR-SX 

unveils structural intermediates that are often invisible to conventional cryocrystallography. 

These insights not only deepen mechanistic understanding but also complement data from 

other time-resolved techniques approaches (Figure 18).  

 
Figure 18. Time-resolved methods and their corresponding timescales. Biology is not static 
but instead highly dynamic in nature. Time-resolved structural methods capture high temporal 
and spatial resolution. Time-resolved methods combine the observation of structural and 
spectroscopic changes to follow dynamics changes following reaction initiation. Image taken 
from Banari et al. (176).  

Reactions in TR-SX can be initiated either by photoactivation, where laser light triggers a 

reaction in a light-sensitive molecule, or through mixing-based mechanisms, in which the rapid 

introduction of ligands initiates a chemical transformation within the crystals. Photoactivation 

remains a powerful and widely applicable technique for reaction initiation in TR-SX, spanning 
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timescales from femtoseconds to seconds (34,177,178). However, its broader utility is 

constrained by the rarity of naturally photoactivatable systems, which comprise less than 0.5% 

of known proteins (179). To overcome this limitation, researchers have developed artificial 

photoremovable groups, such as molecular cages tethered to ligands or proteins residues, that 

release upon exposure to light (179). While promising, these systems demand meticulous 

chemical design and rigorous validation to ensure biological relevance and photochemical 

efficiency.  

For the vast majority of proteins, mixing-based reaction initiation offers a more biochemically 

relevant and versatile alternative. These approaches involve introducing ligands into 

microcrystal slurries either upstream of the X-ray interaction region or within precisely 

controlled microfluidic environments. The achievable time resolution depends on both the 

mixing efficiency and the rate at which ligands diffuse into the crystal lattice. Smaller crystals 

are preferred, as they reduce diffusion distances and promote synchrony across the sample 

population. Ultimately, whether reactions are triggered by light or chemical mixing, precise 

temporal synchronisation is essential. Ensuring that all molecules within the crystal begin their 

reaction at the same point along the reaction coordinate is critical for capturing accurate 

structural snapshots of transient intermediates and conformational states. 

1.2.5.1 Mix-and-inject serial crystallography (MISC) 

Mix-and-inject approaches have become central to capturing millisecond dynamics in TR-SX. 

These strategies rely upon the rapid diffusion of ligands into microcrystal channels, leveraging 

short transport distances to enable near synchronous reaction initiation (180,181). The goal is to 

trigger a reaction within the crystal and capture its progression in real time using X-ray pulses. A 

range of mixing geometries and delivery formats now exist to accommodation diverse 

experimental needs and timescales. The most widely adopted setup involves a GDVN or high 

viscosity extruder (HVE) downstream of a microfluidic mixer using co-flow or double-focusing 

designs, where mixing is dominated by diffusion (143,182–185). In a co-flow mixer, ligand and 

crystal slurry are introduced in parallel streams, allowing diffusion to initiate the reaction as 

they merge. These configurations permit continuous ligand introduction and sample 

interrogation within a narrow stream, with the reaction delay time defined by the distance 

between mixing and X-ray probing (186). Tapedrive systems extend this concept by applying 

crystals to an X-ray compatible tape, either in a continuous stream or as discrete droplets 

(150,153). The ligand is introduced upstream, and the delay time is governed by travel distance 

and tape speed. 

Emerging methods such as drop-on-demand utilise PDE to deposit picolitre volumes of 

substrate atop nanolitre crystal droplets dispensed via ADE enabling fast mixing on a moving 
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tape (148). This technique introduces initial convective mixing via droplet impact, followed by 

diffusion, and can also be adapted to fixed-target systems like liquid application method for 

time-resolved analyses (LAMA), where droplets are deposited into wells or apertures (187). 

Coupling these designs with HARE schemes extends accessible timescales into the range of 

seconds (188,188). A recent hybrid format, a combination of inject-and-transfer system (BITS), 

allows crystal-substrate mixtures to be injected directly onto a polyimide raster-scanned target, 

combining aspects of in flow and fixed-target approaches (189). This design offers flexibility in 

sample delivery while preserving spatial control over reaction timing. Critically, mixing 

performance depends on more than geometry alone. Effective time resolution is contingent on 

liquid homogenisation, ligand diffusion rates into the crystal lattice, and the critical depth, 

which is the maximum ligand penetration distance that ensures meaningful observation before 

the biological process progresses (186). Therefore ideal conditions involve small crystals (≤ 20 

µm), rapidly diffusing ligands, and low viscosity conditions to maximise mixing efficiency and 

precisely capture early intermediates (181). Smaller crystals reduce the diffusion path length, 

allowing ligands to penetrate quickly and uniformly. This is essential for synchronising reaction 

onset across the crystal population and capturing early intermediates before they evolve. 

1.3 Motivation for time-resolved studies: AtPdx1.3 

Arabidopsis thaliana Pyridoxal 5'-phosphate synthase subunit 1.3 (AtPdx1.3) is a dodecameric 

protein complex involved in the biosynthesis of pyridoxal 5’-phosphate (PLP), the biologically 

active form of vitamin B6. It forms a transient and dynamic complex with its partner protein Pdx2 

in a 1:1 stoichiometric ratio, together constituting the PLP synthase machinery (190–195). 

Structurally, AtPdx1.3 adopts a canonical (β/α)8-barrel fold, a common motif in metabolic 

enzymes, with its catalytic active site located at the core of the barrel (196). Functionally, 

AtPdx1.3 catalyses the de novo synthesis of PLP from three precursors: ribose-5-phosphate 

(R5P), glyceraldehyde 3-phosphate (G3P) and ammonia (197–199). This biosynthetic pathway is 

absent in humans but conserved across numerous pathogenic microorganisms including 

Plasmodium falciparum and Mycobacterium tuberculosis (200). As a result, PLP biosynthesis 

has emerged as a promising therapeutic target, with Pdx1 inhibition offering a selective strategy 

for antimicrobial drug development (201).  

The enzymatic production of PLP is mechanistically complex, involving approximately 20 

distinct steps (202). To dissect the pathway, several structural intermediates of AtPdx1.3 have 

been captured using conventional X-ray crystallography at cryogenic temperatures. These 

studies used cryo-trapping techniques, which stabilise transient states by rapidly cryocooling 

single crystals, allowing visualisation of intermediates. Extended ligand soaking protocols were 
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used to improve site occupancy and resolve distinct mechanistic snapshots. These structural 

insights provide a foundation for understanding PLP biosynthesis at atomic resolution.  A 

complete summary of the resulting AtPdx1.3 crystal structures is provided in Table 2. 

Table 2. Crystal structures of Arabidopsis thaliana Pyridoxal 5'-phosphate synthase 
subunit 1.3 (AtPdx1.3). 

PDB 
Code 

Resolution 
(Å) Description Notes 

5K3V 1.90 Apo-Pdx1.3 Apo Pdx1.3 (203) 

5K2Z 1.80 Pdx1.3-I320 Pdx1.3 I320 intermediate (203) 

5LNS 1.91 Pdx1.3-R5P R5P covalently bound to Pdx1.3 (202) 

5LNU 1.73 Pdx1.3-I320 Pdx1.3 I320 intermediate, collected from a single 
crystal (202) 

5LNV 2.24 Pdx1.3-I320 Pdx1.3 I320 intermediate, collected from 
multiple crystals (202) 

5LNW 1.90 Pdx1.3-I320-G3P Pdx1.3 intermediate with G3P bound (202) 

5LNR 1.61 Pdx1.3-PLP PLP covalently bound to Pdx1.3 (202) 

6HX3 2.00 Pdx1.2-Pdx1.3 Isolated complex of Pdx1.2-Pdx1.3 (204) 

6HXG 1.90 Pdx1.2-Pdx1.3-I320 
Pdx1.2-Pdx1.3 intermediate 

(204) 

6HYE 2.53 Pdx1.2-Pdx1.3K97A Catalytically inactive complex of Pdx1.2-Pdx1.3 
(204) 

7NHF 2.53 Pdx1.3K166R P2 phosphate binding site mutant of Pdx1.3  
(205) 

7NHE 2.23 Pdx1.3K166R-I333  Pdx1.3 pre-I320 intermediate complex (205) 

 

AtPdx1.3 offers a uniquely dynamic and structurally rich system for time-resolved serial 

crystallography, owing to its internal lysine relay mechanism and the formation of 

spectroscopically detectable intermediates during PLP biosynthesis (202,205). Unlike many 

enzymes with a single catalytic site, AtPdx1.3 coordinates chemistry across two spatially 

distinct active sites designated P1 and P2, separated by approximately 20 Å and bridged by a 

flexible lysine residue that acts as a swinging arm (206) (Figure 19). This internal relay begins 

when R5P binds covalently to Lys98 in the P1 site, forming a Schiff base that initiates sugar 

rearrangement (202). A key early event is the delivery of ammonia from the partner protein Pdx2 

via a hydrophobic tunnel (191), enabling nucleophilic attack within the R5P-bound Lys98 and 

formation of a pre-I320 intermediate (202,204). This intermediate then undergoes dehydration 

and rearrangement to form the I320 chromophore, which is a covalent adduct simultaneously 
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tethered to Lys98 and Lys166 (202,203). A conformational shift in strand β6 allows Lys166 to 

swing into position, capturing the intermediate and guiding it towards the second active site (P2) 

(202,203). There, G3P binds and triggers an aldol-like condensation, forming the I320-G3P 

complex. This sets the stage for phosphate elimination and pyridine ring formation, culminating 

in PLP synthesis (202). Final steps include Schiff base hydrolysis, PLP release, and active site 

reset, often accompanied by oligomeric rearrangements modulated by incorporation of Pdx1.2, 

an alternative allele of Pdx1 (204). Mechanistic features including covalent chromophores, 

swinging lysines, tunnel-mediated substrate delivery, and oligomeric transitions make AtPdx1.3 

an ideal candidate for TR-SX. Each step is structurally distinct and temporally separable, 

offering multiple anchor points for interrogation. In this context, AtPdx1.3 is not just a 

biochemical catalyst, it is a molecular machine whose internal choreography could be 

visualised in real-time. Ideal enzymatic steps to target within the mechanism are summarised in 

Table 3. 
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Figure 19. Crystallographic snapshots of the AtPdx1.3 reaction cycle. The active site of 
AtPdx1.3 is highlighted in green. (A) The binding of R5P in the P1 site leads to Schiff base formation 
with K98 (PDB: 5LNS). (B) Addition of ammonia leads to a pre-I320 intermediate complex when 
trapping using the K166R mutant (PDB: 5LNT). (C) The formation of the I320 chromophore via 
formation of a second Schiff base with K166 (PDB: 5LNU). (D) Incorporation of G3P leads to a 
covalent complex with I320 (PDB: 5LNW). (E) Covalent complex of PLP bound to the P2 site via a 
Schiff base with K166 (PDB: 5LNR). Nitrogen atoms in blue, oxygen atoms in red and phosphorous 
atoms in orange. 
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Table 3. Targets for time-resolved serial crystallography of AtPdx1.3. 

Event Key residues/structural 
motifs TR-SX relevance 

R5P binding and ring 
opening 

Lys98 (Schiff base formation) Structural transition and ring opening 

I320 chromophore 
formation 

Lys98/Lys166 (Lysine relay) 
and β6 strand hinge 

Spectroscopically trackable (~ 315 
nm), rapid dehydration and 

chromophore evolution 

Ammonia incorporation Ammonia tunnel residues 
and Lys98 receiving 

ammonia 

Substrate channelling from Pdx2 
mediated by a tunnel, also a 

druggable transient 

Pyridine ring formation Lys166 (P2 site) Final scaffold closure via 
aromatisation, so far elusive in cryo-

trapping studies 

PLP release Active site water and 
dynamic residues in the 

Pdx1.2 interface 

Structural reset and subsequent 
oligomeric shifts 

 

1.4 Droplet microfluidics in macromolecular crystallography 

Microfluidics refers to the manipulation and transport of small fluid volumes, ranging from 

microlitres (µL) down to femtolitres (fL), within microfabricated channels, typically measuring 

tens to hundreds of micrometres in width (207). These dimensions allow precise control over 

fluid behaviour at the microscale. A defining feature of microfluidic systems is their 

characteristic laminar flow, where fluid streams move in parallel without mixing unless 

externally perturbed. This contrasts with turbulent flow, which is chaotic and unpredictable. The 

flow regime in microfluidics is described by the Reynolds number (Re), a dimensionless 

parameter representing the ratio of inertial and viscous forces in a fluid (208). In microfluidic 

contexts, Re is typically very low (Re < 2000) indicating laminar, orderly flow. Higher values (Re > 

4000) correspond to turbulent regimes, which are rarely encountered in microfluidic devices 

due to their small scale and low flow rates. 

𝑅𝑅𝑅𝑅 =  
𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇

 

Equation 4. Reynolds number. Where ρ is the fluid density, V is the flow velocity, L is the 
characteristics length and μ is the dynamic viscosity. 

Within the broader field of microfluidics, droplet microfluidics has emerged as a powerful 

technique. It involves the generation and manipulation of discrete droplets, which are small 

self-contained volumes of aqueous solution, within an immiscible carrier fluid, often a 

fluorinated oil. These droplets act as miniature reaction chambers, enabling high-throughput 

experimentation and precise control over chemical environments. Droplet microfluidics has 
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made a transformative impact across disciplines including cell and molecular biology, chemical 

synthesis, biotechnology and environmental monitoring (209–212).  

In the context of protein crystallography, droplet microfluidics offers unique advantages. It 

enables controlled crystal growth, rapid mixing of reagents, and efficient use of scarce protein 

samples. These capabilities are particularly valuable for screening crystallisation conditions 

and conducting time-resolved studies. The following sections will explore how droplet 

microfluidics has been adapted for crystallisation workflows and integrated with structural 

biology techniques. 

1.4.1 Principles of droplet microfluidics 

In microfluidic systems, fluid flow is typically laminar, meaning that streamlines move in parallel 

without turbulent mixing. However, even in laminar regimes, dispersion can occur due to 

differences in flow velocity across the channel cross-section. This phenomenon, known as 

Taylor dispersion, arises from the parabolic velocity profile in single-phase continuous flow 

systems, where fluid near the channel walls moves more slowly than fluid at the centre due to 

shear forces. As solutes travel through the channel, these velocity gradients cause them to 

spread longitudinally, blurring concentration fronts and compromising both temporal and 

spatial resolution in microfluidic experiments (Figure 20A) (213). Droplet microfluidics 

overcomes this limitation by introducing two immiscible phases: a continuous carrier phase 

(typically fluorinated oil) and a dispersed aqueous phase that forms discrete droplets (214). 

Each droplet behaves as an isolated reaction chamber, encapsulating reagents and maintaining 

a consistent incubation time as it travels through the channel. This compartmentalisation 

effectively eliminates the dispersion effects seen in continuous flow, preserving sharp 

concentration boundaries and enabling precise timing of chemical reactions (Figure 20B) (215). 

In addition to spatial isolation, droplets exhibit internal recirculation, a flow pattern driven by 

chaotic advection that enhances mixing within the droplet. This rapid mixing often occurs on the 

millisecond timescale and ensures homogeneity of reagents and supports fast reaction 

kinetics, making droplet microfluidics particularly well-suited for time-sensitive biochemical 

assays and crystallisation workflows (216–219).  
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Figure 20. Effect of Taylor dispersion in microfluidic channels. (A) In single-phase continuous-
flow microfluidics, laminar flow produces a parabolic velocity profile, resulting in slow, diffusion-
limited mixing of reactants and a broad dispersion of reaction times. (B) In contrast, droplet-
based microfluidics generates discrete, compartmentalised aqueous plugs within an immiscible 
oil phase. Each droplet functions as an independent reaction chamber, with internal 
recirculations (chaotic advection) promoting rapid and uniform mixing of reagents upon 
formation. Image taken from Song et al. (213).  

Microfluidic droplet systems are widely used in chemical and biological experiments due to 

their ability to compartmentalise reactions with high precision. Droplets are typically classified 

into four main types based on their internal structure: water-in-oil (W/O), oil-in-water (O/W), 

water-in-oil-in-water (W/O/W) and oil-in-water-in-oil (O/W/O) (211). These configurations allow 

researchers to tailor droplet environments for specific applications, such as encapsulating 

cells, reagents, or crystals. The formation of droplets within microfluidic channels occurs via 

either active or passive mechanisms. Active droplet generation requires external forces such as 

acoustic waves to induce droplet breakup. In contrast, passive droplet generation, which is 

more commonly used, relies solely on the geometry of the microfluidic device (220). Among 

passive methods, flow-focusing is especially popular due to its ability to generate 

monodisperse droplets at kilohertz frequencies, making it ideal for high-throughput 

applications. Droplet-based microfluidics offers several advantages over traditional bulk-phase 

methods. These include reduced sample consumption, precise control over reaction 

conditions, high reproducibility, and a large surface-area-to-volume ratio, which enhances 

mixing efficiency and accelerates mass transport. While this does not alter the intrinsic 

chemical kinetics, it facilitates faster reaction onset in diffusion-limited systems by rapidly 

homogenizing reactants within droplets (214). However, the size and uniformity of droplets are 

influenced by multiple parameters including the flow rate of the continuous and dispersed 
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phases, the ratio between these flow rates, channel geometry, surface tension forces, 

viscoelastic properties of the fluid, and the presence and type of surfactants (215,221–224). 

The formation of droplets occurs under distinct regimes: squeezing, dripping, and jetting, each 

governed by the interplay of viscous, inertial, and interfacial forces. In the squeezing regime, the 

dispersed phase obstructs the channel and is pinched off by the continuous phase, producing 

uniform droplets primarily determined by the relative flow rates. The dripping regime is 

characterised by droplet detachment at the orifice, where interfacial tension overcomes shear 

forces, resulting in highly monodisperse droplets with precise temporal control. At higher flow 

rates, the system transitions into the jetting regime, where the dispersed phase forms a 

continuous jet that breaks into droplets downstream due to flow instabilities, often yielding 

polydisperse droplets. The transition between these regimes depends on channel geometry, 

fluid properties such as viscosity, density, and interfacial tension, and flow parameters. 

Understanding and controlling these regimes is essential for tailoring droplet size, frequency, 

and uniformity in microfluidic experiments. 

The accessibility of droplet microfluidics has been greatly enhanced by advances in soft 

lithography, a fabrication technique that allows researches to rapidly prototype microfluidic 

devices at low cost (Figure 21) (225,226). Although the initial step of creating an SU-8 master 

still requires photolithography, where ultraviolet light patterns a photoresist on a silicon wafer, 

the introduction of polydimethylsiloxane (PDMS) has revolutionised device fabrication 

(227,228). PDMS can be cast against the SU-8 master to produce flexible, transparent 

microchannels, enabling fast iteration and widespread adoption (229). To ensure proper droplet 

formation, the surface wettability of PDMS channels must be carefully tuned (230–232). Plasma 

treatment temporarily oxidises the PDMS surface, converting hydrophobic methyl groups into 

hydrophilic silanol groups. This not only facilitates irreversible bonding to glass or other PDMS 

layers, but also allows for controlled droplet generation by modifying the channel’s affinity for 

aqueous or oil phases (233,234). Beyond fabrication, PDMS remains the material of choice due 

to its optical transparency, biocompatibility, and gas permeability, making it suitable for a wide 

range of biological and chemical assays, from enzyme kinetics to crystallisation workflows. 
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Figure 21. Microfluidic device fabrication by photolithography and soft lithography. (A) A 
silicon wafer is (B) spin coated with a photoresist before (C) UV exposure leads to pattering of the 
microfluidic device design. (D) During developing, the unexposed photoresist is removed to 
generate (E) the final SU-8 master. (F) A PDMS mixture is poured onto the SU-8 master before 
baking at overnight, enabling curing. (G) The peeled off PDMS device and glass are treated with 
oxygen plasma, before (H) bonding the two components together to generate the final 
microfluidic device. Image taken from Hwang et al. (235).  

1.4.2 Droplet microfluidics in sample preparation 

Protein crystallisation was one of the earliest and most transformative applications of droplet 

microfluidics, driven by the need to miniaturise screening, reduce sample consumption, and 

exert finer control over nucleation and growth (214,236–238). This marked a transition away 

from conventional crystallisation formats such as sitting-drop vapour diffusion, where there is 

limited control over supersaturation and the timing of nucleation. Microfluidic platforms 

enabled real-time modulation of chemical gradients and droplet environments. Initial 

microfluidic efforts focused on large-scale screening of chemical space by high-throughput 

screening of multiple precipitant solutions (239–242). A key method was free interface diffusion 

(FID) in glass/PDMS devices, where protein and precipitant solutions meet at a controlled 

interface. This interaction leads to supersaturation through gradual mixing, promoting 

crystallisation (239). The geometry of the interface and rate of diffusion can tune the nucleation 

landscape, offering finer control than was previously attainable. 

Building on this foundation, Ismagilov and colleagues introduced a droplet-based system using 

nanolitre volumes to perform high-throughput screening by varying the flow rates of protein and 

precipitant, prior to droplet generation (243–245). This approach enabled fine-tuning of local 

supersaturation profiles within individual droplets, controlling crystal morphology and 

nucleation probability. By leveraging water-impermeable and water-permeable oils, both batch 

and vapour diffusion conditions could be emulated within droplets. These droplets were either 

incubated on-chip or transferred into glass capillaries (244) for external incubation and in situ X-

ray data collection, circumventing the precarious step of manual crystal harvesting (246). The 

integration of crystallisation and structural analysis workflows reduced mechanical stress on 

crystals and streamlined the transition from screening to diffraction.  
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While on-chip X-ray analysis also proved feasible (164,241,247,248), further innovations tackled 

the challenge of droplet stability. Gas plugs were introduced to prevent coalescence, and allow 

reintegration of droplets into PDMS T-junction devices for crystallisation screening (243,249). 

These plugs acted as physical barriers, preventing unwanted merging during reinjection. Further 

enhancement of surfactant formulations ensured droplet integrity. This format was particularly 

effective when combined with optimisation workflows for membrane protein crystallisation 

(250). 

Beyond screening, microfluidic architecture itself shaped crystallisation dynamics. Fraden and 

colleagues developed the phase chip (206), a droplet-based microsystem where preformed 

droplets reside in wells beneath a thin layer of oil, contacting an osmotic bath. The setup 

enabled independent control over nucleation and growth via osmotic regulation (206,251,252). 

Supersaturation was also tuned using seeding strategies, enhancing reproducibility and crystal 

quality (253). Spatial confinement within droplets resulted in local depletion of soluble protein 

during crystal growth, generating a self-limiting feedback loop that prevented overgrowth and 

promoted monodispersity. Droplet environments offer further advantages by enabling protein 

depletion during crystal growth, a negative feedback mechanism that limits crystal size based 

on droplet volume (248,254–256). Spatial confinement enhances nucleation control and crystal 

uniformity (248,257). Recently, fluorinated oil emulsions have enabled the preservation of 

diffraction quality crystals during transport, with emulsions applied directly to silicon fixed-

target chips for room temperature SSX (258).  

Significant advances have been made in adapting droplet microfluidics for protein 

crystallisation. Early innovations focused on enabling high-throughput crystallisation screening 

with nanolitre volumes, reducing sample use and improving control over nucleation. Advances 

such as water-permeable oils, gas plugs, and surfactants enhanced droplet stability and 

emulated batch and vapour diffusion conditions. These systems supported in situ X-ray analysis 

and facilitated crystallisation of challenging targets such as membrane proteins. More recent 

developments including osmotic regulation, seeding strategies, and fluorinated oil emulsions 

have improved crystal quality and reproducibility. Despite this progress, critical gaps remain. 

Miniaturisation must be pushed further to reliably produce crystals only a few microns in size. 

More importantly, time-resolved experiments demand crystal size uniformity at scale to 

synchronise reaction kinetics and enable consistent diffraction behaviour. These challenges 

frame the need for next-generation droplet systems that balance throughput, precision, and 

structural insights, motivating the approaches explored in this thesis. 
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1.4.3 Droplet microfluidics in sample delivery 

Droplet-based sample delivery has become an essential technique in serial crystallography, 

offering precise handling of microcrystals, efficient use of limited sample volumes and 

compatibility with time-resolved setups (146). This shift reflects a broader evolution in sample 

delivery, moving away from continuous jets and towards discrete, synchronised presentation 

formats that better accommodate the demands of time-resolved studies. By encapsulating 

crystals within picolitre to nanolitre-sized droplets, this approach provides chemically stable 

and spatially isolated microenvironments that mitigate Taylor dispersion, while supporting 

synchronous delivery to the X-ray interaction region (213,214). Compared to viscous jets or 

fixed-targets, droplet systems offer superior temporal resolution along with reduced 

background scattering and significantly lower sample consumption, which is particularly 

relevant for difficult to crystallise targets. 

Droplets have been implemented in both injector-based and hybrid tapedrive configurations. In 

droplet injector systems, crystal-containing droplets are produced on demand via piezoelectric 

actuation, surface acoustic waves, or pressure modulation, and delivered in sync with X-ray 

pulses to reduce sample waste and maximise hit rates (140–142,145–147). The confined 

geometry of droplets also facilitates rapid and uniform mixing of reagents, enabling precise 

control over reaction initiation, an essential feature for capturing short-lived intermediates. 

Hybrid tapedrive platforms complement this by depositing crystal-laden droplets onto a 

continuously moving tape, which presents them to the X-ray beam in a programmable and 

repeatable manner (148,149). These systems also enable tuneable delay times for pump-probe 

experiments by controlling the interval between droplet deposition and exposure. Successful 

implementation of these platforms requires tight integration with beamline infrastructure. 

Additionally several engineering challenges remain, including droplet evaporation, alignment 

and stability during transit. Taken together, droplet-based delivery systems exemplify the kind of 

methodological innovation that enables precise temporal control, efficient mixing and 

synchronised reaction initiation. These capabilities are increasingly central to the evolving 

landscape of time-resolved structural biology. 
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1.5 Aims 

This thesis aims to develop and integrate droplet-based microfluidic and microcrystallisation 

strategies to enable time-resolved serial crystallography of enzymatic systems at synchrotron 

and XFEL sources. By combining innovations in sample preparation, crystal delivery, and 

reaction initiation, this project aims to overcome current limitations in capturing transient 

biochemical events with high spatial and temporal resolution. 

Chapter 3 aims to establish Arabidopsis thaliana Pdx1.3 (AtPdx1.3) as a biologically relevant 

model for time-resolved mechanistic investigation. This PLP-dependent enzyme, central to 

vitamin B6 biosynthesis, provides a tractable system for probing catalytic progression within the 

crystal lattice. The transition from single-crystal growth to reproducible microcrystal slurry 

generation is explored, tailored for high-flux environments. Diffraction experiments at XFELs aim 

to validate crystal quality and assess ligand soaking protocols, while complementary 

techniques, including kinetic cryo-trapping and in crystallo UV-Vis spectroscopy, aim to define 

preliminary timescales for future time-resolved studies. 

Chapter 4 aims to address the challenge of scalable and reproducible crystal production by 

developing high-throughput droplet crystallisation workflows. These workflows are optimised 

for precise control over crystal size and uniformity, enabling consistent sample delivery and 

mitigating issues such as clogging. Crystallisation conditions are refined to meet the demands 

of serial experiments and improve reproducibility across time-resolved datasets. 

Chapter 5 aims to design and implement a droplet microfluidic platform for rapid substrate 

mixing and controlled reaction initiation within an X-ray transparent device. This system aims to 

enable on-chip catalysis under physiologically relevant conditions and support time-resolved 

interrogation of enzymatic intermediates. By integrating micromixing with serial crystallography, 

the platform aims to capture structural snapshots of catalytic events in real time, bridging 

microfluidic innovation with structural enzymology to illuminate dynamic reaction landscapes 

with unprecedented clarity.  

Together these chapters converge towards a unified goal: to establish a versatile, reproducible, 

and biologically grounded framework for time-resolved serial crystallography, with each 

component explicitly designed toward revealing enzymatic mechanisms as they unfold within 

the crystal lattice. Conclusions and future work are outlined in Chapter 6. 
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Chapter 2 Materials and Methods 

2.1 Transformation of AtPdx1.3 for protein expression 

The sequence encoding wild type Arabidopsis thaliana Pdx1.3 (UniProt ID: Q8L940; EC: 4.3.3.6) 

was previously cloned into the pET-21a-d(+) vector at the NdeI and XhoI restriction sites (259). 

The primary protein sequence of AtPdx1.3 including C-terminal His6-tag (317 amino acids, MW = 

34.2 kDa, ɛ = 5960 M-1 cm-1 as calculated using ProtParam from the ExPASY server) is shown 

below:  

MEGTGVVAVYGNGAITEAKKSPFSVKVGLAQMLRGGVIMDVVNAEQARIAEEAGACAVMALERVPADIR

AQGGVARMSDPQMIKEIKQAVTIPVMAKARIGHFVEAQILEAIGIDYIDESEVLTLADEDHHINKHNFRIPF

VCGCRNLGEALRRIREGAAMIRTKGEAGTGNIIEAVRHVRSVNGDIRVLRNMDDDEVFTFAKKLAAPYDL

VMQTKQLGRLPVVQFAAGGVATPADAALMMQLGCDGVFVGSGIFKSGDPARRARAIVQAVTHYSDPE

MLVEVSCGLGEAMVGINLNDEKVERFANRSELEHHHHHH 

Materials 

• pET-21a-d(+)-pdx1.3 (90 – 100 µg/nL) 

• Competent BL21 (DE3) E.coli cells (New England Biolabs) 

• LB Broth (yeast extract 5 g/L, sodium chloride 5 g/L, casein digest peptone 10 g/L) 

(Melford) 

• LB Agar (agar 12 g/L, sodium chloride 10 g/L, yeast extract 5 g/L, casein digest peptone 

10 g/L) (Melford) 

• Ampicillin 100 mg/mL (Melford) 

Protocol 

2 μL of plasmid was mixed with 20 μL of competent BL21 (DE3) E.coli cells, incubated on ice for 

30 minutes, and then heat shocked at 42˚C for 45 seconds. Cell recovery involved addition of 

200 μL of LB broth before incubating in a shaking incubator at 37˚C, 200 RPM for 1 hour. The cell 

culture was then spread onto an LB agar plate containing 100 µg/mL  ampicillin and incubated 

overnight at 37˚C. 
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2.2 Transformation of AtPdx1.3 for plasmid amplification 

Materials 

• pET-21a-d(+)-pdx1.3 (90 – 100 µg/nL) 

• Competent DH5α E.coli cells (New England Biolabs) 

• LB Broth (yeast extract 5 g/L, sodium chloride 5 g/L, casein digest peptone 10 g/L) 

(Melford) 

• LB Agar (agar 12 g/L, sodium chloride 10 g/L, yeast extract 5 g/L, casein digest peptone 

10 g/L) (Melford) 

• Ampicillin 100 mg/mL (Melford) 

5 μL of plasmid was mixed with 50 μL of competent DH5α E.coli cells, incubated on ice for 30 

minutes, and then heat shocked at 42˚C for 45 seconds. Cell recovery involved addition of 500 

μL of LB broth before incubating in a shaking incubator at 37˚C, 200 RPM for 1 hour. The cell 

culture was then spread onto an LB agar plate containing 100 µg/mL ampicillin and incubated 

overnight at 37˚C. 10 mL of LB broth containing 100 µg/mL ampicillin was inoculated with a 

single colony of transformed DH5α E.coli and incubated in a shaking incubator at 37˚C, 200 

RPM overnight. AtPdx1.3 plasmid was extracted from the cells using the QIAprep Spin Miniprep 

Kit (Qiagen) following manufacturer’s instructions, eluted in milliQ water and stored at -20˚C. 

Glycerol stocks for long-term storage were prepared by mixing 500 µL of overnight culture with 

500 µL 50% (v/v) glycerol and flash frozen in liquid nitrogen before storing at -80˚C. 

2.3 AtPdx1.3 protein expression 

Materials 

• LB Broth (yeast extract 5 g/L, sodium chloride 5 g/L, casein digest peptone 10 g/L) 

(Melford) 

• 100 mg/mL  Ampicillin (Melford) 

• 25% (w/v) D-Lactose monohydrate (Sigma-Aldrich) 

• 50% (v/v) Glycerol (Melford) 

Protocol 

100 mL of LB broth containing 100 µg/mL ampicillin was inoculated with a single colony of 

transformed BL21 (DE3) E.coli. The cells were incubated in a shaking incubator at 37˚C, 200 

RPM for 16 – 20 hours. 1L of LB broth (prewarmed overnight at 37˚C) containing 100 µg/mL 

ampicillin in a 2L baffled flask was inoculated with 1 mL of overnight culture and incubated in a 



Chapter 2 

64 

shaking incubator at 37˚C, 150 RPM, until the optical density at 600 nm (OD600) reached 0.6 – 

0.8. The temperature was then reduced to 30˚C, and protein expression induced by addition of 

60 mL of 25% (w/v) D-Lactose monohydrate. Cells were incubated in a shaking incubator at 

30˚C, 150 RPM for 16 – 20 hours, before pelleting by centrifugation at 4˚C, 6240 x g for 30 

minutes (Avanti JXN-26 centrifuge, JLA 8.1000 rotor). Cell pellets were subsequently weighed 

and stored at -20˚C. Glycerol stocks for long-term storage were prepared by mixing 500 µL of 

overnight culture with 500 µL 50% (v/v) glycerol and flash frozen in liquid nitrogen before storing 

at -80˚C. 

2.4 AtPdx1.3 protein purification 

Materials 

• Lysozyme from Chicken Egg White (Melford) 

• Lysis Buffer (50 mM Tris, 500 mM NaCl, 10 mM Imidazole, 2% Glycerol, pH 7.5) 

• Elution Buffer (50 mM Tris, 500 mM NaCl, 500 mM Imidazole, 5% Glycerol, pH 7.5) 

• Gel Filtration Buffer (200 mM KCI, 50 mM Tris, pH 8.0) 

• 1 mL HisTrap HP Column (Cytiva) 

• PD-10 Desalting Column (Cytiva) 

• Vivaspin 20 Centrifugal Concentrator, PES Membrane MWCO 30,000 Da (Sartorius) 

Protocol 

6 – 8 g of thawed cell pellet were resuspended in 20 mL lysis buffer and lysed via sonication on 

ice for a total probe time of 3 minutes (10 second probe duration with a 30 second pause 

between probes) at 50% amplitude (Q700 Sonicator, QSonica). Lysates were clarified by 

centrifugation at 311 400 x g for 1 hour at 4 °C (Optima XPN-80 Ultracentrifuge with a Type 70 Ti 

Fixed-Angle Titanium Rotor, Beckman Coulter). The supernatant was filtered with a 0.45 µm 

membrane (Ministart syringe filter, Sartorius) and applied to a 1 mL HisTrap HP column (Cytiva) 

for immobilised metal ion affinity chromatography (IMAC). Throughout the IMAC protocol, the 

peristaltic pump (MINIPULS 3, Gilson) was run at a flow rate of 1 mL/min. AtPdx1.3 was washed 

(to remove non-specific proteins) and eluted with lysis buffer, containing 50 mM and 500 mM 

imidazole, respectively, as well as 5% (v/v) glycerol. 

Eluted protein was desalted and buffer-exchanged into gel filtration buffer (20 mM Tris pH 8.0, 

200 mM KCl) using a PD-10 desalting column (Cytiva). Fractions containing AtPdx1.3 were 

verified by absorbance at 280 nm using a NanoDrop 2000 spectrophotometer (ThermoFisher) 

and SDS-PAGE (see section 2.5), before pooling and concentrating to 30 mg/mL using a 30 kDa 

MWCO Vivaspin 20 centrifugal concentrator (Sartorius). 
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2.5 SDS-PAGE 

Materials 

• 0.75 mm 12% (w/v) SDS-PAGE Gel  

• Sample Buffer (100 mM Tris, 1.2 M β-mercaptoethanol, 0.004% (w/v) Bromophenol Blue, 

20% (v/v) glycerol, pH 6.8) 

• Cathode Buffer (100 mM Tris, 0.1% (w/v) SDS, 100 mM Tricine, pH 8.2) 

• Anode Buffer (200 mM Tris pH 8.9) 

• InstantBlue® Coomassie Protein Stain (ISB1L) (Abcam) 

Protocol 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using 

12% (w/v) handmade SDS-PAGE gels. 5 µL of sample buffer was added to 5 µL of sample before 

incubating at 90˚C for 5 minutes. The Mini-PROTEAN Tetra Cell (BioRad) was setup with the 

inside containing cathode buffer and the outside containing anode buffer. 8 µL of PageRuler™ 

Plus Prestained Protein Ladder (ThermoFisher) (molecular weight standards) and 10 µL of 

sample was loaded into the wells before running the gel at 180 V for 1 hour. The gel was then 

transferred into InstantBlue® Coomassie Protein Stain (ISB1L) (Abcam) for 15 minutes, before 

being imaged with an Invitrogen™ iBright FL1500 imaging system (ThermoFisher). 

2.6 Protein crystallisation 

2.6.1 Lysozyme 

The following protocol was used for all lysozyme microcrystallisation experiments presented in 

Section 4.1, 4.3.1 and 5.1, based on previously published protocols (138). 

Lysozyme (L38100, Melford) was dissolved in 20 mM sodium acetate, pH 4.5 to a final 

concentration of 20 mg/mL. Microcrystals were grown in batch by mixing lysozyme solution in a 

1:4 ratio with a precipitant solution containing 6% (w/v) PEG 6000, 3.4 M NaCI, 1 M sodium 

acetate, pH 3.0 before vortexing for 5 seconds. Rectangular-shaped microcrystals appeared 

within 1 hour at 21 °C, with a typical crystal size of ~ 10 µm x 5 µm x 5 µm. 

In order to improve reproducibility, an optimised protocol for lysozyme microcrystallisation was 

used for GlcNac binding experiments presented in Section 5.3, based on previously published 

protocols (163). 
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Lysozyme (L4919, Sigma-Aldrich) was dissolved in 500 mM sodium acetate, pH 3.5 to a final 

concentration of 40 mg/mL. Microcrystals were grown in batch by mixing lysozyme solution in a 

1:5 ratio with a precipitant solution containing 20% (w/v) NaCI, 6% (w/v) PEG 6000 before 

vortexing for 30 seconds. Rectangular-shaped microcrystals appeared within 10 minutes at 21 

°C, with a typical crystal size of ~ 15 µm x 15 µm x 10 µm. 

For lysozyme single-crystal GlcNac soaking experiments, the following protocol was used: 

Lysozyme (L4919, Sigma-Aldrich) was dissolved in milliQ water to a final concentration of 100 

mg/mL. Large single crystals were grown by vapour diffusion in a 24-well hanging drop XRL 

crystallisation plate (Molecular Dimensions) by mixing lysozyme solution in a 1:1 ratio with a 

precipitant solution containing 20% (w/v) PEG 5000 MME, 500 mM NaCI onto a 22 mm2 

Siliconised Cover Slip (Molecular Dimensions) over a 500 µL reservoir of the same solution, 

before sealing with Molykote High Vacuum Grease (Sigma-Aldrich). Large cube-shaped crystals 

appeared overnight at 21 °C, with a typical crystal size of ~ 300 µm x 200 µm x 200 µm. Before 

cryocooling, the crystals were transferred into a cryoprotectant containing the precipitant 

solution with an additional 20% (v/v) glycerol. 

2.6.2 AtPdx1.3 

Crystals were grown by vapour diffusion in a 24-well hanging drop XRL crystallisation plate 

(Molecular Dimensions). 10 – 25 mg/mL AtPdx1.3 in 200 mM KCI, 50 mM Tris, pH 8.0 was mixed 

in a 1:1 ratio with precipitant solution containing 350 – 600 mM sodium citrate, 100 mM HEPES 

pH 7.0 onto a 22 mm2 Siliconised Cover Slip (Molecular Dimensions) over a 500 µL reservoir of 

the same solution, before sealing each well with Molykote High Vacuum Grease (Sigma-

Aldrich). Large diamond-shaped crystals appeared overnight at 21 °C, with typical crystal sizes 

ranging from ~ 20 µm x 15 µm x 15 µm to ~ 150 µm x 100 µm x 50 µm. For cryo-trapping 

experiments, the crystals were transferred into a cryoprotectant containing the precipitant 

solution with an additional 20% (v/v) glycerol. 

Seed stocks were generated based on the ‘seed bead’ method (63). Crystals were pipetted into 

an Eppendorf tube containing a PTFE MicroSeed Bead (Molecular Dimensions) along with the 

precipitant solution (usually between 20 – 50 µL per drop). Crystals were then crushed for a total 

of 180 seconds by alternating between 30 seconds of vortexing and 30 seconds on ice, before 

immediately storing at -20 °C. If a larger volume of seed stock was required, multiple vapour 

diffusion drops were pooled together and depending on the number, additional volumes of 

precipitant solution were added. 
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Microcrystals were grown in seeded-batch conditions by mixing in a 1:1:1 ratio, 10 – 25 mg/mL 

AtPdx1.3 in 200 mM KCI, 50 mM Tris, pH 8.0, seed stock diluted 1 in 100 and precipitant solution 

containing 600 mM sodium citrate, 100 mM HEPES (pH 7.0) before vortexing for 30 seconds. 

Diamond-shaped microcrystals appeared overnight at 21 °C with a typical crystal size of ~ 20 

µm x 20 µm x 15 µm and a crystal density of 106 – 107 crystals/mL. 

2.6.3 Trypsin 

Preparation of trypsin microcrystals was based on previously published protocols (248). Trypsin 

from Bovine pancreas type I (T8003, Sigma-Aldrich) was dissolved in 3 mM CaCl2, 10 mg/mL 

benzamidine to a final concentration of 65 mg/mL. Seed stocks were prepared (see Section 

2.6.2) by pooling crystals from many vapour diffusion drops growing in a precipitant solution 

containing 11– 14% (w/v) PEG 4000, 15% (v/v) ethylene glycol, 200 mM SiSO4, 100 mM MES pH 

6.5. Trypsin solution was mixed in a 1:1:1 ratio with precipitant solution and neat seed stock 

before vortexing for 10 seconds. Needle-shaped microcrystals appeared overnight at 21 °C, with 

a typical crystal size of ~ 50 µm x 5 µm x 5 µm. 

2.6.4 Chlorite dismutase 

Purified chlorite dismutase and associated seed stock were kindly provided by Dr Jos Kamps, 

formerly at Diamond XFEL-Hub and now ESRF structural biology group. 30 µL of 22 mg/mL 

chlorite dismutase solution in 10 mM HEPES pH 7.0 was mixed with 60 µL of precipitant solution 

containing 15% (w/v) PEG 3350, 40 mM MgSO4, 50 mM Tris pH 6.5 and 10 – 15 µL of seed stock 

(depending on density) before vortexing for 10 seconds. Plate-like microcrystals appeared 

overnight at 21 °C, with a typical crystal size of ~ 15 µm x 5 µm x 2 µm . 

2.6.5 Thaumatin 

Preparation of thaumatin microcrystals was based on previously published protocols (260). 

Thaumatin from Thaumatococcus danielii (T7639, Sigma-Aldrich) was dissolved in milliQ water 

to a final concentration of 50 mg/mL. Thaumatin solution was mixed in a 1:1 ratio with a 

precipitant solution containing 40% (w/v) sodium potassium tartrate, 0.1 M bis-Tris propane pH 

6.5 in a 1.5 mL Eppendorf tube at 21 °C before vortexing for 10 seconds. Bipyramidal-shaped 

microcrystals appeared overnight at 21 °C, with a typical crystal size of ~ 15 µm x 15 µm x 10 

µm. 
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2.7 Phase diagrams 

2.7.1 Vapour diffusion phase diagram 

Vapour diffusion phase diagram trials were undertaken at the Macromolecular Crystallisation 

Facility at the University of Southampton. The method was based on a previously published 

protocol (261). A 96-well grid screen varying the concentration of sodium citrate from 300 – 850 

mM whilst keeping the 100 mM HEPES pH 7.0 buffer constant was pipetted into an Intelli-Plate 

96-3 LVR plate (Art Robbins Instruments) using the Gryphon system (Art Robbins Instruments). 

AtPdx1.3 was sequentially diluted from 20 to 6 mg/mL using gel filtration buffer. 150 nL of 

AtPdx1.3 was dispensed into drop 1 and 2 using an Oryx8 liquid handling robot (Douglas 

Instruments) before 150 nL of well solution was added to drop 1, and 100 nL of well solution and 

50 nL of neat seed stock was added to drop 2. The plate was then sealed with a ClearVue 

Sealing sheet (Molecular Dimensions) and incubated at 21 °C. Drops were imaged after 24 

hours using a UV Minstrel Crystal Imager (Rigaku). 

2.7.2 Microbatch-under-oil phase diagram 

The method for generating phase diagrams in microbatch-under-oil was developed in 

collaboration with the CASE Partner, Douglas Instruments during the industrial PIPS placement. 

An Oryx8 liquid handling robot (Douglas Instruments) with a 4-channel dispensing tip was used 

to dispense 2 µL drops (final volume) into an untreated hydrophobic silver vapor batch plate 

(VB-SILVER-1/1-10, Douglas Instruments), covered with 100% paraffin oil (HR3-411, Hampton 

Research). Each drop contained AtPdx1.3 (30 mg/mL stock), crystallisation cocktail (1M Sodium 

Citrate, 167 mM HEPES pH 7.0) and in some cases additional neat seed stock. The amount of 

protein stock, precipitant stock and diluent for each drop was determined using a custom-made 

automated script available on Oryx8 systems within the WaspRun menu. The following 

parameters can be varied; concentration at the four corners of the plate, the number of wells to 

be dispensed and drop volume. Successful drops were scaled up in 100 µL PCR tubes 

contained within a MUHWA PCR tube rack, allowing direct production of microcrystal slurries 

appropriate for initial SSX screening (see section 2.8.1 and section 4.3). The robot paused after 

dispensing solutions into PCR tubes, allowing for 30 seconds of vortexing, ensuring rapid mixing 

of solutions. Drops were imaged after 24 hours using a 3D digital microscope (HRX-01, Hirox). 
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2.8 Serial synchrotron crystallography 

2.8.1 Sample delivery and data collection 

SSX data were collected at beamline ID29 (262) at the European Synchrotron Radiation Facility 

(ESRF, France) over multiple beamtime visits (under proposals MX2438, MX2548 and MX2636). 

Measurements were performed with a 4 µm (horizontal) by 2 µm (vertical) X-ray beam, at an 

energy of 11.56 keV (1.072 Å), 1% bandwidth and a flux of ~ 3 x 1015 ph/s. An integrated heat load 

chopper system generated 90 µs pulses at a repetition rate of 231.25 Hz. Diffraction data were 

collected on a JUNGFRAU 4M detector with a sample-to-detector distance of 175 mm (SOSOS), 

103 mm (SOSOS) or 150 mm (Tape4SSX, TH Lübeck).  

Data were collected using a sheet-on-sheet on SPINE chip (SOSOS chip) (88), or with the 

tapedrive (Tape4SSX) developed by external TH Lübeck colleagues. For the SOSOS chip, 5 µL of 

microcrystal slurry was sandwiched between two 6 µm mylar films (Fisher Scientific) and sealed 

within a metal mount, allowing direct mounting to the MD3upSSX diffractometer. Diffraction 

data were collected in a rapid raster scan mode with a serpentine trajectory, and a vertical and 

horizontal spacing of 20 µm between images. 

For the tapedrive, microcrystal slurries and ligand solutions were loaded into 500 µL SETonic 

syringes, running on CETONI Nemix 50 and CETONI NEMESYS syringe pumps respectively, the 

flow rate of both was 1 µL/min. An internal bead within the syringes (NEMIX 50 syringe stirrer) 

ensured the crystals did not sediment during data collection. Samples are transported from the 

syringe to the nozzle via 250 µm ID/ 360 µm OD fused silica capillaries (Polymicro Technologies 

LLC). Co-flow mixing of crystal and ligand, means they only meet at the 3D-printed nozzle 

(proprietary ESRF in-house project), where they are subsequently ejected onto a moving 10 µm 

thick polycarbonate hydrophilic ipPORE™ Track Etched membrane tape. The distance between 

the X-ray interaction region and the nozzle along with the tape speed of 30 mm/min allows for 

timepoint calculation (a Thorlab kinetic mount allows for precise distance measurement). At 

0.25 mm, the fastest possible mixing time is 500 milliseconds, whilst 1.00 mm gives a 2 second 

timepoint and 2.5 mm gives a 5 second timepoint. The mixing occurs on the tapedrive, and 

therefore the flow rate of the sample and ligand is not involved in calculation of the timepoint. 

2.8.2 Data processing 

Images from the detector (in .h5 file format) were prefiltered for diffraction hits using the on-line 

data analysis plugin LImA2 and subsequently indexed and integrated with indexamijig in 

CrystFEL (version 0.11.1) (263). Detector geometry refinement was performed with 
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align_detector using calibration data written from indexamijig. An example of the command 

used for indexamijig can be found below: 

$ indexamijig -i files.lst --peaks=peakfinder8 -–indexing=xgandalf -

-multi –-int-radius=4,6,10 –-peak-radius=4,6,10 --min-peaks=30 –-

min-snr=4.0 -–threshold=1500 --local-bg-radius=5 --min-res=80 -–max-

res=1200 -–min-pix-count=3 -–max-pix-count=200 -g *.geom -p *.cell -

o *.stream -j 60 –-mille –-mille-dir ./optimise 

$ align_detector -g *.geom -o *_optimised.geom -l 2 --camera-length 

optimise/*.bin  

Indexing ambiguities present in the AtPdx1.3 data (arising from the H3 space group) were 

resolved using ambigator, an example of the command used can be found below: 

$ ambigator -i *.stream -y 3_H -–operator=k,h,-l -–iterations=20 –

highres=3.0 -–fg-graph=ambi.dat -o *_reindexed.stream -j 60 

Data were merged using partialator with partialities, post-refinement and scaling. Figures of 

merit and mtz files for structure determination were generated using the import_serial task 

(https://github.com/MartinMalyMM/import_serial) currently available in the latest version of 

CCP4 (264), an example of the command used can be found below: 

$ partialator -i *.stream -o *.hkl -y 3_H --model=xsphere --

iterations=1 

$ import_serial --wavelength -–hklin *.hkl -–half-dataset *.hkl1 

*.hkl2 –-spacegroup --cell --nbins 20 -–dmin --project  

2.8.3 Structure solution and refinement 

Molecular replacement with MOLREP (265) used 6H79 (171), 7NHF (205), 7AC3 (260) and 5MAU 

(266) as initial search models for lysozyme, AtPdx1.3, thaumatin and chlorite dismutase 

respectively. Iterative rounds of model building and refinement used Coot (267) and REFMAC5 

(268) within CCP4i2 (269). Optimised refinement parameters were set using the PDB-REDO 

server (270). Model validation was performed using the wwPDB validation service (271) and 

MolProbity (272). Structure factor files and atomic coordinates have been deposited in the PDB 

with accession codes 8S2U (Lysozyme Control), 8S2V (Lysozyme Droplet), 8S2W (AtPdx1.3 

Control), 8S2X (AtPdx1.3 Droplet), 9QXW (Thaumatin Control), 9QXY (Thaumatin Droplet). 
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2.9 Serial femtosecond crystallography 

2.9.1 Sample delivery and data collection 

All SFX structures were generated from AtPdx1.3 microcrystal slurries with a crystal size of ~ 20 

µm x 20 µm x 15 µm and an average crystal density of 107 crystals/mL. SFX data were collected 

at beamline BL2 EH3 at the SPring-8 angstrom compact free electron laser (SACLA, Japan) over 

two beamtime visits, May 2022 (as part of proposal 2022A8002) and November 2022 (as part of 

proposal 2022B8041). A silicon fixed-target setup was used at a repetition rate of 30 Hz, with 

data collected on a Rayonix MX 300 detector with a 10 fs pulse length. In May, the X-ray energy 

was 10.9971 keV with a beam size of 1.65 µm (horizontal) x 1.29 µm (vertical) at the sample, 

whilst in November the X-ray energy was 11.003 keV with a beam size of 1.41 µm (horizontal) x 

1.37 µm (vertical) at the sample.  

The full sample loading protocol is described elsewhere (101). Briefly, a silicon nitride chip with 

20 x 20 µm apertures in size was glow discharged to ensure hydrophilicity and therefore even 

dispersal of crystalline sample across the chip. A 200 µL sample of microcrystal slurry was 

pipetted on the surface of the chip within a humidity-controlled enclosure, before a weak 

vacuum was applied to bottom of the chip to remove excess liquid and draw crystals into the 

apertures. The fully loaded chip was placed between two 6 µm thick sheets of mylar before 

sealing inside a metal sample holder. The sample holder was magnetically mounted onto the 

sample stage and chip alignment was performed with inbuilt fiducial markers and the use of an 

on-axis viewing system (OAV). Each image corresponded to a single X-ray exposure at each 

individual aperture. 

2.9.2 Data processing 

Images from the detector (in .h5 file format) were prefiltered for diffraction hits using Cheetah 

(273) to generate the input files for CrystFEL (version 0.11.1) (263). Detector geometry 

refinement was performed using the inbuilt CrystFEL script, detector-shift. The following input 

parameters were used in indexamijig to index and integrate the diffraction patterns: 

$ indexamajig -i files.lst -g rayonix_refine_10175.geom --

peaks=peakfinder8 --threshold=300 --min-snr=5 --indexing=xgandalf --

int-radius=3,4,5 --tolerance=5,5,5,1.5,1.5,1.5 --min-pix-count=2 --

multi --local-bg-radius=3 --xgandalf-fast-execution -o WT.stream -p 

pdx1.pdb 



Chapter 2 

72 

Indexing ambiguities present in the data (arising from the H3 space group) were resolved using 

ambigator with the following command: 

$ ambigator WT_nomask.stream -o WT_nomask_ambi.stream -y 3_H --

operator=k,h,-l -j 60 --highres=3 

Data were merged using partialator without partialities and post-refinement but with scaling. 

The point group -3_H was chosen, allowing merging of Friedel pairs ensuring high data quality 

with improved signal-to-noise but at the cost of anomalous information and redundancy. 

Figures of merit and mtz files for structure determination were generated using the import_serial 

task (https://github.com/MartinMalyMM/import_serial) currently available in the latest version 

of CCP4 (264), an example of the command used can be found below: 

$ partialator -i WT_ambi.stream -o WT_unity5.hkl -y -3_H --

model=unity --iterations=5 --no-logs 

$ import_serial -w 1.1274 --hklin WT_nomask_ambi.hkl --half-dataset 

WT_nomask_ambi.hkl1 WT_nomask_ambi.hkl2 --spacegroup H3 --cellfile 

WT.cell --project ambi_highres3 --dmin 1.93 --nbins 20 

2.9.3 Structure solution and refinement 

Molecular replacement with MOLREP (265) used 8S2X (274) as an initial search model. Iterative 

rounds of model building and refinement used Coot (267) and REFMAC5 (268) within CCP4i2 

(269). Optimised refinement parameters were set using the PDB-REDO server (270). Model 

validation was performed using the wwPDB validation service (271) and MolProbity (272). 
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2.10 Droplet Microfluidics 

2.10.1 Device fabrication 

Soft lithography was used to fabricate microfluidic devices using SU-8 on silicon wafers (225). 

Each device was designed with a fluorinated oil inlet and 3 aqueous inlets allowing the 

generation of droplets, ranging from 5 µm (82 fL) to 112 µm (754 pL). The design of choice (in 

CAD format) was sent to MicroFIT, Korea for the generation of an SU-8 wafer, containing the 

microstructures patterned onto the SU-8 photoresist by photolithography with UV exposure at 

365 nm. The SU-8 wafer service from MicroFIT was used primarily for the fabrication of custom 

microfluidic devices, essential for time-resolved experiments at the beamline (see section 5.2), 

otherwise devices for droplet generation were repurposed from previous projects originating 

from the West Lab at the University of Southampton. 

A 10:1 (w/w) mixture of polydimethylsiloxane (PDMS, Sylgard 184) pre-polymer and curing agent 

was mixed and degassed in a vacuum desiccator. PDMS was cured onto the SU-8  

microstructures for a minimum of 2 hours at 60 °C, generating thick PDMS devices for counter 

moulding polyurethane (Smooth-ON, Oomoo 30TM). Components A and B were thoroughly 

shaken for 5 minutes, then a 1:1 mixture of component A and B was shaken thoroughly for 2 

minutes before pouring over thick PDMS devices (microstructures facing upwards) secured to a 

silicon mould using double sided tape (3M). The mixture was degassed for 7 minutes using a 

vacuum desiccator, followed by overnight curing at room temperature and subsequent baking 

at 60 °C for 4 hours. Once cooled, the PDMS negative was removed from the polyurethane 

mould, allowing subsequent replica moulding of PDMS microstructures as above.  

Tubing ports (hourglass-shaped) were introduced using a 1 mm-diameter Miltex biopsy punch 

(Williams Medical Supplies Ltd) for plug and play interconnection, followed by particulate and 

fibre removal with scotch tape (3M). Microstructures were bonded onto a glass microscope 

slide (VWR), also cleaned with scotch tape (3M). PDMS devices were bonded to glass 

microscope slides (VWR) by oxygen plasma treatment for 30 seconds (Femto, Diener 

Electronic), before channel surface functionalisation via the addition of 1% (v/v) 

tri­chloro­(1H,1H,2H,2H-perfluoro­octyl) silane (Sigma Aldrich) in HFE-7500 (3M). Subsequent 

baking overnight at 60 °C resulted in conformal contact and a pressure-tolerant bond. 
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2.10.2 Microfluidic experimental setup and flow conditions 

The microfluidic experimental setup for droplet generation is shown in (Figure 22). Syringes are 

prepared containing protein, precipitant solution (with or without seed stock) and fluorinated oil 

(QX200, BioRad) that acts as a carrier phase. Plastic (2.5 mL, Terumo) or glass (0.5/2.5/10 mL, 

SGE) syringes are interfaced with inlet and outlet ports via polythene tubing (ID = 0.38 mm, OD = 

1.09 mm, Smiths Medical). Solutions necessary for droplet generation are delivered by 

displacement syringe pumps (Fusion 100, Chemyx), allowing direct control of flow rates 

throughout the experiment. The flow rates were varied depending on the desired droplet size, 

see Tables 4 – 8. During droplet stabilisation, tubing was fed into a waste container, after which 

tubing was inserted into a 1.5 mL Eppendorf tube containing a layer of mineral oil, to reduce air-

mediated droplet coalescence. Droplet emulsions formed between the upper mineral oil layer 

and the lower fluoro-oil carrier oil layer and were stored at room temperature for a maximum of 

2 – 3 days. Droplet generation was monitored during the experiment using a Phantom Miro310 

(Ametek Vision Research) high-speed camera mounted to an inverted microscope (CKX41, 

Olympus). Droplet emulsions were analysed by applying 10 µL of emulsion to a counting 

chamber (Fast Read® 102, VWR) and subsequently imaging using brightfield microscopy via an 

inverted microscope (CKX41, Olympus) or 3D digital microscope (HRX-01, Hirox). 

 
Figure 22. Microfluidic experimental setup for droplet generation.  Oil and aqueous solutions 
are introduced by syringe pumps (LHS), allowing precise control of flow rates throughout the 
experiment. Tubing from syringes allows plug and play interconnection to the PDMS device 
(middle), which is visualised using a standard inverted microscope connected to a laptop (RHS).  
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Table 4. Flow conditions for preparing Lysozyme crystals in droplets. 
Junction 

Dimensions 
(w, h) 

QX200  
oil 

Precipitant Lysozyme Droplet 
Diameter 

Droplet 
Volume 

125 x 100 µm 60 µL/min 16 µL/min 4 µL/min 112.9 µm 754 pL 

70 x 75 µm 37.5 µL/min 10 µL/min 2.5 µL/min 71.8 µm 194 pL 

50 x 50 µm 22.5 µL/min 6 µL/min 1.5 µL/min 54.4 µm 84.3 pL 

35 x 35 µm 15 µL/min 3 µL/min 0.75 µL/min 33.5 µm 19.7 pL 

22 x 20 µm 8 µL/min 2 µL/min 0.5 µL/min 23.2 µm 6.54 pL 

20 x 12 µm 8 µL/min 1.6 µL/min 0.4 µL/min 17.6 µm 2.85 pL 

10 x 12 µm 5 µL/min 1 µL/min 0.25 µL/min 11.9 µm 0.89 pL 
 
 
Table 5. Flow conditions for preparing AtPdx1.3 crystals in droplets. 

Junction 
Dimensions 

(w, h) 

QX200  
oil 

Precipitant + 
Seed AtPdx1.3 Droplet 

Diameter 
Droplet 
Volume 

70 x 75 µm 90 µL/min 26.67 µL/min 13.33 µL/min 74.8 µm 219 pL 

50 x 50 µm 60 µL/min 13.33 µL/min 6.67 µL/min 48.6 µm 60.1 pL 

35 x 35 µm 40 µL/min 6.67 µL/min 3.33 µL/min 32.5 µm 18.0 pL 

20 x 12 µm 16 µL/min 2.67 µL/min 1.33 µL/min 19.6 µm 3.94 pL 

10 x 12 µm 8 µL/min 1.33 µL/min 0.67 µL/min 12.7 µm 1.07 pL 

10 x 5 µm 2x1 µL/min 0.2 µL/min 0.1 µL/min 5.38 µm 82 fL 

 

Table 6. Flow conditions for preparing Trypsin crystals in droplets. 
Junction 

Dimensions 
(w, h) 

QX200 
oil 

Precipitant + 
Seed Trypsin Droplet 

Diameter 
Droplet 
Volume 

70 x 75 µm 54 µL/min 12 µL/min 6 µL/min 75 µm 221 pL 

50 x 50 µm 27 µL/min 6 µL/min 3 µL/min 50 µm 65 pL 

35 x 35 µm 9 µL/min 2 µL/min 1 µL/min 35 µm 22 pL 

 

Table 7. Flow conditions for preparing Chlorite Dismutase crystals in droplet. 
Junction 

Dimensions 
(w, h) 

QX200 
oil 

Precipitant + 
Seed 

Chlorite 
Dismutase 

Droplet 
Diameter 

Droplet 
Volume 

50 x 40 µm 22.5 µL/min 6 µL/min 1.5 µL/min 51.43 µm 71.22 pL 

 



Chapter 2 

76 

Table 8. Flow conditions for preparing Thaumatin crystals in droplets. 
Junction 

Dimensions 
(w, h) 

QX200 
oil 

Precipitant Thaumatin Droplet 
Diameter 

Droplet 
Volume 

50 x 40 µm 22.5 µL/min 6 µL/min 1.5 µL/min 55.13 µm 87.71 pL 

 

2.10.3 Crystal retrieval and analysis 

Crystal retrieval was performed using a procedure called ‘breaking the emulsion’, as shown in 

Figure 23. First, the sample was allowed to settle and form three layers (Figure 23A), the top 

layer contains mineral oil, the middle contains the droplet emulsion and the bottom layer 

contains the QX200 fluorinated carrier oil. The QX200 fluorinated oil is first removed (Figure 

23B), followed by a 10-fold dilution (relative to emulsion volume) with precipitant solution 

(Figure 23C). A volume of 1H,1H,2H,2H-perfluoro-1-octanol (PFO, Sigma Aldrich) is added to 

the droplet emulsion and gently pipetted up and down to break open the emulsion (Figure 23D). 

The aqueous component of the droplets contact each other and coalesce, due to the exchange 

of PFO with commercial surfactant. Finally, the single layer of aqueous volume (containing 

crystals) can be retrieved (Figure 23E). The crystals are then analysed by either mounting on a 

coverslip for oil immersion imaging with a 60×/1.4NA objective (Olympus) or pipetting 10 µL into 

to a counting chamber (Fast Read® 102, VWR) for brightfield microscopy with a 3D digital 

microscope (HRX-01, Hirox). Crystal dimensions were measured both manually using the 2D 

measurements and statistics functionality within the interface of the HRX-01 Hirox microscope, 

or semi-automated with a custom MATLAB script (https://github.com/luiblaes/Crystallography). 

 
Figure 23. Breaking the emulsion. The collected sample settles to form three distinct layers, the 
upper mineral oil, the middle droplet emulsion and lower fluorinated oil. (B) Fluorinated oil is 
removed from the sample before (C) diluting 10-fold with precipitant solution (relative to 
emulsion volume). (D) The addition of PFO exchanges with surfactant in the QX200 fluoro-oil 
preparation, producing pin holes for droplet coalescence. (E) All droplets coalesce as a single, 
large volume for crystal retrieval with a pipette.  
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2.10.4 Mixing in droplets and image analysis 

For studying mixing by droplet generation and transport, lysozyme crystals grown in batch (see 

section 2.6.1) were mixed with 25 mM sulfanilic acid azochromotrop (SAA, Sigma-Aldrich) at an 

oil:aqueous flow ratio of 2:1. A device with a droplet generation junction measuring 30 x 40 µm 

(w x h) was used, with the total flow rate of lysozyme:SAA varying from 7.5 – 45 µL/min. Syringe 

rotation was used during the experiment, to ensure a continuous delivery of crystals and avoid 

sedimentation (173). 

In both cases, diffusive-convective mixing of SAA dye with lysozyme crystals was captured by 

high-speed imaging. Droplets with and without crystals were analysed to understand the effect 

of the presence of a crystal on mixing and the crystal to dye (ligand) volume ratio. Mixing was 

measured by defining a coefficient of variation (CV) for pixel intensity within each individual 

droplet. A 5% CV for pixel intensity was defined as a fully mixed state. A semi-automated 

MATLAB script developed by Niall Hanrahan at the University of Southampton was used for 

mixing analysis. Mixing time statistics were calculated from 15 single droplet kymographs.
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Chapter 3 Towards time-resolved studies of AtPdx1.3 

We are entering an era of dynamic structural biology in which elucidating protein dynamics is as 

critical as determining static structures. In the case of AtPdx1.3, gaining insight into the dynamic 

changes that occur during catalysis is now essential for a more complete mechanistic 

understanding; key steps include sugar ring opening, ammonia transfer and the migration of 

intermediates. Achieving this goal requires a fundamental shift in the crystallographic 

experiment. Data collection is now performed at room temperature rather than cryogenic 

conditions, and single-crystal rotation methods are increasingly replaced by serial approaches 

using large volumes of microcrystal slurry. 

To enable time-resolved crystallography experiments, several preparatory steps must be 

completed. Initial screening is essential to assess crystal quality and diffraction properties 

under room-temperature conditions. The experimenter must identify the most appropriate 

experimental modality to answer the biological question and be able to prepare the 

corresponding microcrystalline sample at scale. This often requires transitioning from vapour 

diffusion to batch crystallisation, demanding large volumes of highly pure protein. Small-volume 

room-temperature diffraction tests from microcrystal slurries are necessary to validate unit cell 

parameters, resolution limits, and lattice stability, especially when compared to previous single 

crystal data collected under cryogenic conditions.  

If successful, compatibility with the chosen sample delivery method must be confirmed, for 

example, assessing whether crystals remain monodisperse and stable within viscous carriers 

suitable for high-viscosity extrusion. For time-resolved serial data collection, additional 

constraints arise. Crystals must be sufficiently small to permit uniform light penetration or rapid 

ligand diffusion into the lattice. Moreover, uniformity of crystal size is critical to ensure 

synchronised reaction initiation and to enable accurate interpretation of electron density and 

difference maps generated from time-resolved data.  

In this chapter, I describe the optimisation of AtPdx1.3 microcrystals, highlighting the transition 

from vapour diffusion to seeded-batch crystallisation. Emphasis is placed on the use of 

microbatch-under-oil phase diagrams to guide the generation of high-density microcrystal 

slurries suitable for serial experiments. I present the first damage-free room-temperature 

structures of native and ligand-soaked AtPdx1.3, collected at an XFEL, and introduce 

complementary in crystallo UV–Vis spectroscopy and cryo-trapping studies that provide the 

foundation for future time-resolved experiments aimed at capturing mechanistically relevant 

intermediates of AtPdx1.3. 
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3.1 From single crystals to microcrystals of AtPdx1.3 

To facilitate crystallographic studies of AtPdx1.3, a robust and reproducible purification 

protocol was established. The protein was expressed with a C-terminal His6-tag, which 

remained intact throughout purification and did not impede subsequent crystallisation. 

AtPdx1.3 was purified to homogeneity using a 1 mL HisTrap HP nickel affinity column, with  

successful elution achieved by applying 3 mL of elution buffer containing 500 mM imidazole. 

Purity was confirmed by SDS-PAGE, which showed a single band at ~35 kDa in the final lane 

(Figure 24). The eluted protein was subsequently buffer-exchanged into gel filtration buffer 

using a PD-10 desalting column, allowing for both sample concentration and the removal of 

imidazole, which can interfere with accurate protein quantification due to its absorbance 

around 280 nm. This streamlined single-step purification consistently yielded large volumes 

(>500 µL) of highly pure AtPdx1.3 at concentrations exceeding  >10 mg/mL, suitable for 

crystallisation optimisation and scale-up to batch crystallisation conditions. 

 
Figure 24. Nickel His-Tag purification of AtPdx1.3.  Representative SDS-PAGE gel showing 
successful purification of AtPdx1.3. A prominent band is observed in the final lane at ~35 kDa, 
corresponding to AtPdx1.3, following elution with 3 mL of elution buffer containing 500 mM 
imidazole. 

With a reliable purification protocol established, efforts shifted towards identifying 

crystallisation conditions suitable for structural studies of AtPdx1.3. To enable the transition 

from pure protein to large volumes of microcrystals suitable for serial crystallography, a 

structured crystallisation workflow was employed (Figure 25), drawing inspiration from previous 

sample preparation strategies (58,275). This workflow comprises several key stages: initial 

condition screening, optimisation, phase diagram construction, and scale-up via batch 

crystallisation. The process begins with sparse matrix screening to identify favourable 

conditions for crystal growth. These initial hits are refined through targeted optimisation, 
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typically using hanging-drop vapour diffusion, to ensure reproducibility and robustness. Once 

reliable crystallisation conditions are established, a phase diagram was constructed to 

systematically map the effects of varying protein and precipitant concentrations. Although 

these variables are sampled during earlier stages, the phase diagram offers a more 

comprehensive understanding of the crystallisation landscape and guides subsequent scale-up 

efforts. 

 
Figure 25. Crystallisation workflow for transitioning from single crystals to large volumes of 
microcrystals.  Purified protein is initially screened using sparse-matrix vapour diffusion screens 
to identify favourable crystallisation conditions. These conditions are then refined in smaller 
format grid screens. Once reliable crystallisation conditions are established, a phase diagram is 
constructed, preferably under batch conditions, allowing for the effect of protein and precipitant 
concentration to be systematically explored. Promising conditions identified from the batch 
phase diagram are tested in small-scale trials to assess the impact of increasing drop volumes 
on crystal growth. Successful trials are subsequently scaled up to larger volumes or adapted for 
use in droplet microfluidic crystallisation systems. Throughout the workflow, seeding should be 
utilised enabling fine control of nucleation, with the aim of generating well-ordered crystals with 
high diffraction power. 

To generate the larger crystal volumes required for serial experiments, the workflow transitions 

from vapour diffusion to batch crystallisation. While this shift is ideally made early in the 

process, it often coincides with the construction of the phase diagram. Vapour diffusion, which 

relies on gradual equilibration, is well suited for initial screening but becomes impractical for 

scaling up due to its limited volume and variability in nucleation. Batch crystallisation, by 

contrast, involves direct mixing of protein and precipitant at defined concentrations, offering 

greater control and reproducibility at scale. However, this transition is not always 
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straightforward, many crystallisation conditions that perform well in vapour diffusion may not 

translate to batch formats. Constructing the phase diagram under batch conditions therefore 

serves a dual purpose; it maps the crystallisation landscape while simultaneously assessing the 

feasibility of scaling up under conditions compatible with batch crystallisation.  

Promising conditions within the nucleation and metastable zones of the phase diagram are 

advanced to small-scale batch trials to evaluate crystal growth at increased volumes. These 

trials serve to confirm whether the crystallisation behaviour observed in vapour diffusion is 

retained under batch conditions. Successful batch formulations are subsequently scaled up or 

adapted for use in droplet-based microfluidic platforms (discussed in the next chapter) allowing 

fine control over crystal size and uniformity. 

Freshly concentrated AtPdx1.3 protein (25 mg/mL), eluted from the PD-10 desalting column, 

was used immediately for crystallisation trials. Previous sparse-matrix vapour diffusion screens 

identified several favourable conditions for AtPdx1.3 crystallisation, including 500 mM sodium 

citrate and 100 mM HEPES (pH 7.0) (202). Building on these conditions, a 24-well hanging drop 

optimisation grid screen was designed by varying the sodium citrate concentration from 300 to 

850 mM, whilst maintaining HEPES at 100 mM (pH 7.0). Diamond-shaped crystals ranging from 

30 to 200 µm in size typically appeared overnight within the 400 – 700 mM sodium citrate range, 

and in some cases within just a few hours (Figure 26). The increase in sodium citrate 

concentration led to a greater number of smaller crystals, indicating elevated nucleation at 

higher precipitant concentrations (Figure 26). 

 
Figure 26. Effect of sodium citrate concentration on AtPdx1.3 crystal size under vapour 
diffusion conditions.  Representative images showing AtPdx1.3 crystals formed using hanging-
drop vapour diffusion. Crystals typically appeared overnight. Increasing concentrations of 
sodium citrate resulted in a higher number of crystals per drop, accompanied by a reduction in 
average crystal size. 
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The rapid appearance of AtPdx1.3 crystals under vapour diffusion, often within a few hours, 

suggested that the sodium citrate crystallisation condition was inherently ‘batch-like’. This 

behaviour indicates a high nucleation rate and minimal reliance on slow equilibration, both of 

which are favourable traits for batch crystallisation. To better understand the interplay between 

protein and precipitant concentration, an initial phase diagram was constructed under vapour 

diffusion conditions. The phase diagram explored a range of sodium citrate concentrations (300 

– 850 mM) on the x-axis, with HEPES held constant at 100 mM (pH 7.0), and AtPdx1.3 protein 

concentration ranging from 6 to 20 mg/mL on the y-axis. Since crystallisation was reliably 

observed at 25 mg/mL in previous vapour diffusion trials, the protein concentration range was 

deliberately shifted lower to identify the minimum concentration at which crystal formation 

could still take place, reducing sample consumption. 

To further refine the crystallisation landscape, seeding was introduced as a second variable. 

Seed stock was prepared by mechanically fragmenting crystals previously grown under hanging-

drop vapour diffusion conditions. These seed crystals were suspended in precipitant solution 

and crushed to form a suspension of nanocrystallites. For each condition in the phase diagram, 

two drops were prepared, one unseeded and one supplemented with seed stock. This allowed 

for identification of conditions within the metastable zone, where spontaneous nucleation does 

not occur, but crystal growth can be initiated by seeding. Crystallisation outcomes were 

assessed after 24 hours, and the results were used to generate a seeded versus unseeded 

phase diagram (Figure 27). 
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Figure 27. Vapour diffusion phase diagram of AtPdx1.3.  The phase diagram was constructed 
by varying both protein concentration and sodium citrate concentration, while maintaining 
HEPES at 100 mM (pH 7.0). Blue diamonds indicate conditions where crystals formed 
spontaneously; red diamonds represent conditions where crystals formed only upon the addition 
of seed stock, green boxes indicate conditions that resulted in precipitation. 

The majority of conditions in the vapour diffusion phase diagram resulted in crystal formation, 

even at the lowest protein and precipitant concentrations tested (Figure 27). This suggests that 

AtPdx1.3 exhibits a high intrinsic nucleation rate, when using the sodium citrate crystallisation 

condition. Conditions in which crystals formed only upon the addition of seed stock are 

highlighted in red on the phase diagram, clearly distinguishing them from those where 

spontaneous nucleation occurred. These seeded-only conditions defined the metastable zone.  

Interestingly, the metastable zone for AtPdx1.3 appears at higher protein and precipitant 

concentrations, contrasting with the typical layout of a crystallisation phase diagram, where the 

metastable zone typically lies below the nucleation zone. In this case, the addition of seed stock 

enabled drops that were previously precipitated to yield well-formed crystals. This inversion 

suggests that under vapour diffusion conditions, the kinetics of supersaturation and 

equilibration may shift the crystallisation landscape. Importantly, the metastable zone is often 

preferred during optimisation, as it tends to produce fewer but better-ordered crystals, which 

are more likely to yield high-quality diffraction data. 

During the process of vapour diffusion (sitting drop and hanging drop setups), the concentration 

of components within the drop changes, with the final concentration usually ending up higher 

than expected. When aiming to scale up crystallisation to the required volumes for serial 
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crystallography, this can cause problems. Protein can be lost at the surface of the drop meaning 

the drop surface area-to-volume ratio will change with increasing drop volumes. In contrast, 

microbatch-under-oil involving drops covered in paraffin oil (Figure 28A), results in true batch 

conditions where the concentration of components with the drop remains constant. Therefore, 

successful crystallisation conditions in microbatch-under-oil can be easily scaled up without 

adjusting concentrations, avoiding equilibration and simplifying interpretation. In addition, 

microseeding can be applied in microbatch-under-oil setups allowing for fine turning of the 

number of nucleation events and consequently crystal size and number. 

With this in mind, during an industrial PIPS placement at Douglas Instruments, in collaboration 

with Patrick Shaw Stewart and Stefan Kolek, I developed an automated microbatch-under-oil 

setup on the Oryx8 crystallisation robot for generating phase diagrams in true batch conditions. 

The simple but rapid method enables the generation of a phase diagram from just 15 – 60 µL of 

pure protein. By mixing a protein stock, crystallisation cocktail and diluent, any point within the 

yellow triangle can be reached, allowing greater coverage of crystallisation space, whilst also 

sampling high concentrations of protein and precipitant (Figure 28B). The experiment samples a 

diagonal path across the phase diagram that is parallel to the expected solubility curve, which is 

achieved by varying the ratio of protein stock to crystallisation cocktail. Within an 8 x 4 array, the 

experimenter selects the concentrations of components to be dispensed at the four corner 

wells of the batch plate (brown circles), after which the software automatically defines the 

remaining wells (light blue circles) (Figure 28B). The experimenter also selects the droplet 

volume and number of wells to be dispensed during the experiment (Figure 28C). A three-

channel dispensing tip is typically used in the microbatch-under-oil setup, however alternatively 

a four-channel dispensing tip can be used, allowing for the addition of seed stock and 

subsequent identification of the metastable zone.  
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Figure 28. A simple and rapid microbatch-under-oil setup for generating phase diagrams. (A) 
The protein stock, crystallisation cocktail and diluent are simultaneously dispensed by the 
three/four channel microtip into the microbatch plate to form an aqueous drop, which is 
immediately covered with paraffin oil by the V tip. (B) Mixing protein stock (green circle), 
crystallisation cocktail (red circle) and diluent (blue circle) allows any point within the yellow 
triangle to be achieved. The four corner wells of the phase diagram (brown circles) are selected 
by the experimenter (C) and the software automatically fills in the remaining wells to generate an 
8 x 4 array. The droplet volume, ratio of protein stock to crystallisation cocktail, and number of 
wells to be dispensed can be varied within the software menu, prior to starting the experiment. 

For generating a phase diagram of AtPdx1.3 in batch conditions, a four-channel dispensing 

microtip was used to enable the addition of seed stock, allowing for identification of the crucial 

metastable zone. The phase diagram was dispensed into a hydrophobic silver vapor batch plate 

with a final drop volume of 2 µL, followed by covering with 100% paraffin oil to ensure no 

evaporation and therefore true batch conditions. A 30 mg/mL protein stock of AtPdx1.3 and 

crystallisation cocktail containing 1M sodium citrate and 167 mM HEPES (pH 7.0) along with 

water as a diluent was supplied to generate the phase diagram. The phase diagram experiment 

was performed twice, firstly unseeded and secondly supplemented with neat seed stock. 

Crystallisation outcomes were assessed after 24 hours, and the results were used to generate a 

seeded versus unseeded phase diagram (Figure 29). 
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Figure 29. A microbatch-under-oil phase diagram of AtPdx1.3. (A) Representative images of 
crystallisation drops without seed stock. (B) Crystallisation outcomes from experiments with and 
without seed stock plotted on a phase diagram. Black circles represent a clear drop, blue 
diamonds represent crystal formation, red diamonds represent seeded-only crystal growth 
(metastable zone), and green squares denote precipitation. (C) Representative images of 
crystallisation drops supplemented with seed stock are highlighted in red. 
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The microbatch-under-oil phase diagram of AtPdx1.3 follows a more notional crystallisation 

phase diagram, with clear drops observed at low protein and precipitant concentrations as 

expected (Figure 29A). The central region denotes the nucleation zone where crystals are 

observed and the precipitant concentrations are similar to those observed in vapour diffusion 

trials, with the higher protein and precipitant concentrations inevitably resulting in precipitation 

throughout the drop (Figure 29B). The addition of seed stock in the second phase diagram, 

clearly highlights the metastable zone where crystal growth is initiated by seeding, despite only 

a smaller number of crystals being observed (Figure 29C). Interestingly, a second metastable 

zone is observed at higher protein and precipitant concentrations, akin to the previous vapour 

diffusion phase diagram but once again, the number of observed crystals is small. The 

observation of two distinct metastable zones in the microbatch-under-oil phase diagram may 

be driven by salting-in and salting-out effects. At low salt concentrations, salting-in likely 

increases protein solubility, suppressing nucleation despite supersaturation. At higher salt 

concentrations, salting-out reduces solubility, but nucleation remains kinetically hindered 

under oil, resulting in sparse crystal formation in both regions. 

Successful conditions identified in both the metastable and nucleation zones of the 

microbatch-under-oil phase diagram of AtPdx1.3 (Figure 29B) were selected for further 

validation in small-scale batch crystallisation trials. Since the phase diagram was constructed 

under batch conditions, conversion into batch crystallisation within Eppendorf tubes was 

straightforward. The only procedural modification was the omission of the paraffin oil overlay 

typically used in microbatch-under-oil setups. The microbatch plate format was replaced with a 

96-well PCR tube rack, where each PCR tube contained a 10 µL crystallisation mixture, an 

increase in drop volume from the previous 2 µL used for microbatch-under-oil experiments 

(Figure 30A). The automated setup on the Oryx8 crystallisation robot enabled precise 

dispensing of successful conditions identified from microbatch-under-oil phase diagrams 

directly into individual PCR tubes (Figure 30A). Following dispensing, the protocol included a 

programmed pause, allowing for the removal of each tube and a brief vortexing step, ensuring 

thorough mixing of protein and precipitant components prior to incubation (Figure 30B). No 

crystals were observed after 24 hours in conditions within the metastable zone, despite the 

addition of seed stock. This follows the same trend as microbatch-under-oil phase diagrams, 

where sparse crystal formation was observed even in the presence of additional seed stock. 
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Figure 30. Experimental setup for scaling up of batch conditions on the Oryx8 crystallisation 
robot. (A) The microbatch plate is replaced with a 96-well PCR tube rack, enabling precise 
dispensing of previously successful crystallisation conditions, with the possibility of increasing 
volumes. (B) A programmed pause in the experiment allows for the vortexing of the PCR tube, 
ensuring thorough mixing of the crystallisation mixture, prior to incubation. 

As a result, seeded conditions corresponding to the nucleation zone were trialled instead, to 

promote crystal growth under conditions where spontaneous nucleation had previously been 

observed resulting in large numbers of crystals. Two successful crystallisation conditions in the 

larger 10 µL format consisted of 13.3 mg/mL  AtPdx1.3 with 350 mM sodium citrate, 60 mM 

HEPES (pH 7.0) and neat seed stock (Mixture 1), and 6.735 mg/mL  AtPdx1.3 with 430 mM 

sodium citrate, 71 mM HEPES (pH 7.0) and neat seed stock (Mixture 2) respectively. Mixture 1 

produced crystals with a size of ~10 – 15 µm and a crystal density of 106 crystals/mL, whilst 

mixture 2 produced crystals with a size of ~15 – 18 µm and a crystal density of 105 crystals/mL 

(Figure 31). The reaction volume was then increased from 10 to 50 µL to understand the effect 

of volume on resulting crystal size and density. The increasing volume resulted in a crystal size 

reduction in mixture 1, along with a slight increase in crystal density, while mixture 2 resulted in 

a microcrystal slurry with a similar crystal size and density (Figure 31). Therefore, caution must 

be taken when scaling up from smaller plate formats to large volume preparations in PCR or 

Eppendorf tubes if a particular crystal size or density is required. 
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Figure 31. Effect of volume scaling on crystal size and density in microcrystal slurries.  
Mixture 1 consists of 13.3 mg/mL AtPdx1.3 with 350 mM sodium citrate, 60 mM HEPES (pH 7.0) 
and neat seed stock, producing crystals with an average size of ~10 – 15 µm and a crystal density 
of 106 crystals/mL in a total volume of 10 µL. Increasing the reaction volume of Mixture 1 to 50 µL 
resulted in a reduction in crystal size and a corresponding slight increase in crystal density. 
Mixture 2 consists of 6.735 mg/mL AtPdx1.3 with 430 mM sodium citrate, 71 mM HEPES (pH 7.0) 
and neat seed stock, producing crystals with an average size of ~15 – 18 µm and a crystal density 
of 105 crystals/mL in a total volume of 10 µL. Increasing the reaction volume of Mixture 2 to 50 µL 
resulted in a similar crystal size and density. 

During microbatch trials, the concentration of both sodium citrate and HEPES (pH 7.0) was 

varied, resulting in several new crystallisation combinations. However, the sharpest crystal 

morphology was consistently achieved with the 100 mM concentration of HEPES (pH 7.0) and 

varying only the concentration of sodium citrate. With this knowledge and results from all of the 

previous steps in the crystallisation workflow, successful conditions from previous 50 µL trials 

were optimised further. This led to a successful larger volume (150 µL) seeded-batch 

preparation in a 1.5 mL Eppendorf tube consisting of a 1:1:1 ratio of 12 mg/mL AtPdx1.3, 600 

mM sodium citrate, 100 mM HEPES (pH 7.0) and a 1 in 100 diluted seed stock. The 

crystallisation mixture was vortexed for 30 seconds resulting in a distinctive cloudy appearance, 

which subsequently formed a white pellet at the bottom of the Eppendorf tube following settling 

of the microcrystals. Within 10 minutes of vortexing, sharp diamond-shaped crystals were 

observed under a microscope with an average size of ~20 µm and a corresponding crystal 

density of 107 crystals/mL (Figure 32). These successful conditions were replicated several 

times in order to produce the required sample volumes for a serial crystallography experiment, 

with a consistent crystal size and density achieved across batches. 
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Figure 32. Optimised AtPdx1.3 microcrystal slurry produced via seeded-batch consitions. 
Microcrystals were grown using a 1:1:1 volumetric ratio of 12 mg/mL  AtPdx1.3, precipitant (600 
mM sodium citrate and 100 mM HEPES (pH 7.0)) and 1 in 100 dilution of seed stock. The resulting 
slurry contained well-formed crystals averaging ~20 µm, with a crystal density of 107 crystals/mL. 

3.2 Serial femtosecond crystallography (SFX) of AtPdx1.3 

Previous crystallographic studies of AtPdx1.3 at cryogenic temperature revealed a dodecameric 

assembly with a notably large unit cell in the H3 space group, which produces closely spaced 

Bragg reflections, increasing the potential for spot overlap and complicating the indexing 

process. To overcome these limitations and to evaluate the suitability of AtPdx1.3 microcrystals 

for future time-resolved experiments, initial room-temperature SFX experiments were 

conducted at the SPring-8 angstrom compact free electron laser (SACLA). SFX data were 

collected from the previously optimised microcrystal slurries of AtPdx1.3 grown under seeded-

batch conditions with an average crystal size of 20 µm and a crystal density of 107 crystals/mL 

(Figure 32). The Oxford fixed-target chip, previously employed for serial crystallography at 

synchrotrons was chosen for sample delivery into the X-ray interaction region at SACLA. 

Microcrystals were loaded onto Oxford fixed-target chips, consisting of patterned silicon nitride 

membranes with 25,600 funnel-shaped apertures of a defined size sandwiched between two 6 

µm thick mylar films (Figure 33A). Prior to sample loading, chips were glow-discharged to 

ensure crystal adherence and suitable wettability. Microcrystals were pipetted onto the surface 

of the chip within a humidified environment to prevent dehydration, which would otherwise 

affect resulting diffraction quality (Figure 33B). A weak vacuum was then applied to draw the 

crystals into the apertures and remove excess liquid, ensuring a uniform distribution of crystals 

(Figure 33C). 
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Figure 33. Oxford fixed-target chip for SFX sample delivery.  (A) The Oxford fixed-target chip 
consists of a patterned silicon nitride membrane sandwiched between mylar films and held 
within a metal mount containing a Thor lab kinetic mount allowing easy transfer to the sample 
environment. (B) Sample loading is performed inside a humidity controlled environment ensuring 
the crystals are not dehydrated. (C) After application of a weak vacuum, crystals are randomly 
pulled into apertures. A AtPdx1.3 microcrystal can be seen trapped in the right-hand aperture. 

Oxford fixed-target chips loaded with AtPdx1.3 microcrystals were mounted onto a high-

precision XYZ raster stage within the SACLA sample environment (Figure 34A). Chip alignment 

was performed with embedded fiducial markers in the four corners of the Oxford fixed-target 

chip, enabling micrometre spatial calibration (Figure 34B). Data collection proceeded in a 

serpentine raster scanning mode, sequentially exposing each defined aperture to the XFEL 

beam. Synchronisation between the movement of the chip stage and XFEL pulses was 

maintained by the SACLA master timing system, operating at a repetition rate of 30 Hz. Each 

aperture was aligned and exposed to a ten femtosecond X-ray pulse, allowing for high-

throughput data collection whilst minimising radiation damage effects. 
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Figure 34. Oxford fixed-target chip sample delivery system at the SACLA XFEL.  (A) The Oxford 
fixed-target chip mounted on the fast translation stage within the SACLA sample environment. (B) 
Sample alignment and calibration is performed outside the hutch taking advantage of embedded 
fiducial markers within the Oxford fixed-target chip. 

Initial datasets collected from Oxford fixed-target chips containing apo AtPdx1.3 microcrystals 

served as the benchmark to evaluate diffraction quality and structural consistency under XFEL 

conditions. Data collection from two chips of apo AtPdx1.3 microcrystals yielded 16,836 hits, 

corresponding to a hit rate of 32.8% (Table 9). Of these hits, 16,604 diffraction patterns were 

successfully indexed, resulting in an indexing rate of 98.6% (Table 9). Notably, multiple lattices 

were observed within individual apertures, contributing to a total of 24,885 integrated lattices 

(Table 9). The final merged and scaled apo AtPdx1.3 dataset incorporated 23,456 lattices and 

achieved a high-resolution cutoff of 1.83 Å (Table 9). Structural refinement of the apo AtPdx1.3 

dataset revealed well-defined electron density for the active site residues, Lysine 98 (K98) and 

Lysine 166 (K166) (Figure 35). 
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Figure 35. SFX crystal structure of wildtype AtPdx1.3 at a resolution of 1.83 Å.  The sidechains 
of the active site lysines K98 and K166 are shown (carbon atoms are green and nitrogen atoms 
blue). 2Fo-Fc electron density map contoured around K98 and K166 at 1.5 σ. 

To explore the suitability of microcrystals for ligand binding under static conditions and to 

ensure reaction intermediates were structurally distinguishable, apo AtPdx1.3 microcrystal 

slurries were soaked with ribose-5-phosphate (R5P), pyridoxal-5-phosphate (PLP) or a 

combination of R5P and ammonium sulfate to generate the key I320 reaction intermediate. To 

rigorously validate ligand incorporation and eliminate model bias in the resulting SFX structures, 

both omit and polder maps were generated. Omit maps exclude the ligand during refinement to 

test whether unbiased electron density supports its presence. Polder maps go a step further by 

excluding bulk solvent around the ligand region, enhancing the visibility of weakly occupied 

ligands. This dual-map strategy provided complementary validation, ensuring confident 

identification of bound ligands and intermediates. 
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Table 9. Data collection and refinement statistics for AtPdx1.3.  Values in parentheses are for 
highest-resolution shell. 

 WT R5P PLP I320 

Data Collection     

No. of collected 
images 51,200 51,200 51,200 25,600 

No. of hits 16,836 10,687 6644 3556 

Hit rate (%) 32.8 20.8 12.9 13.8 

No. of indexed 
images 16,604 10,357 6320 3483 

Indexing rate (%) 98.6 96.9 95.1 97.9 

No. of integrated 
lattices 24,885 13,948 8482 4442 

No. of merged 
lattices 23,546 12,886 8427 4328 

Space group H3 H3 H3 H3 

a, b, c (Å) 178.88, 178.88, 
118.35 

178.84, 178.84, 
118.27 

178.75, 178.75, 
118.50 

178.80, 178.80, 
117.98 

α, β, γ (°) 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0 

Resolution (Å) 
24.90 – 1.83 
(1.86 – 1.83) 

25.17 – 1.83 
(1.86 – 1.83) 

25.17 – 1.94 
(1.97 – 1.94) 

24.88 – 1.98 
(2.01 – 1.98) 

No. of unique 
reflections 124,499 (6228) 124,308 (6150) 104,416 (5209) 97,883 (4906) 

Completeness 
(%) 100.00 (100.00) 100.00 (100.00) 100.00 (100.00) 100.00 (100.00) 

Multiplicity 135.15 (128.18) 68.20 (64.91) 45.07 (42.14) 25.64 (24.29) 

SNR 4.7 (0.9) 3.8 (1.0) 3.2 (0.9) 2.7 (0.9) 

CC1/2 0.966 (0.320) 0.913 (0.323) 0.868 (0.278) 0.838 (0.322) 

CC* 0.991 (0.697) 0.977 (0.699) 0.964 (0.660) 0.955 (0.698) 

Rsplit 15.8 (124.5) 22.9 (119.1) 27.5 (129.8) 34.4 (128.2) 

Wilson B-factor 
(Å2) 31.91 28.60 29.32 27.51 

Refinement     

Resolution (Å) 23.80 – 1.83 24.37 – 1.83 23.80 – 1.94 24.90 – 1.98 

No. of reflections 124,446 124,268 104,376 97,852 

Reflections used 
for Rfree 6224 6217 5366 4848 

Rwork 0.168 0.155 0.180 0.207 

Rfree 0.187 0.190 0.207 0.235 
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 WT R5P PLP I320 

Ramachandran 
favoured 1057 (99%) 1090 (99%) 1044 (98%) 1082 (98%) 

Ramachandran 
allowed 15 (1%) 12 (1%) 17 (2%) 16 (2%) 

Ramachandran 
outliers 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Bond lengths (Å) 0.0068 0.0052 0.0075 0.0025 

Bond angles (°) 1.473 1.213 1.545 1.060 

 

The first soaking experiment focused on the binding of the initial substrate, R5P to the active site 

residue Lysine 98. An apo AtPdx1.3 microcrystal slurry was allowed to settle, after which most 

of the precipitant solution was carefully removed, leaving behind a concentrated white crystal 

pellet. This pellet was resuspended in fresh precipitant solution supplemented with 100 mM 

R5P and soaked for 15 minutes prior to chip loading. The extended soaking time was selected to 

promote full substrate binding and achieve high ligand occupancy, approximating an 

equilibrium-bound state. R5P is clearly resolved in the 2Fo-Fc electron density map contoured at 

1.5 σ , forming a covalent bond with Lysine 98 (Figure 36A). Ligand presence was further 

validated using both polder and omit maps, with the polder map exhibiting slightly enhanced  

density at 3 σ compared to the omit map, consistent with its improved sensitivity to weakly 

occupied regions (Figure 36B). 
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Figure 36. SFX crystal structure of AtPdx1.3 with R5P bound at a resolution of 1.83 Å. (A) 2Fo-
Fc electron density map contoured around Lysine 98 and R5P at 1.5 σ. The sidechain of Lysine 98 
is shown (carbon atoms green and nitrogen atoms green). R5P forms a covalent bond between 
C1 and Lys98 (R5P carbon atoms green, oxygen atoms red and phosphorous atoms pink). (B) 
Polder and omit maps contoured at 3 σ confirm the presence of the R5P ligand.  

To investigate the binding of PLP, a direct soaking approach was employed. Previous cryo-

trapping attempts involving incubation of the I320 intermediate with glyceraldehyde-3-

pohsphate (G3P) failed to yield PLP, resulting in poor diffraction of crystal degradation (202). To 

circumvent these limitations, microcrystal slurries were soaked directly with PLP to assess its 

binding potential under static conditions. Following removal of the original precipitant, the 

crystal pellet was resuspended in fresh solution containing 50 mM PLP and incubated for 15 

minutes to promote full ligand occupancy. PLP was clearly resolved in the 2Fo-Fc electron 

density map contoured at 1.5 σ, forming the expected covalent bond with Lysine 166 (Figure 
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37A). Validation through omit and polder maps confirmed PLP binding, with the omit map 

showing minor negative difference density near the ligand, while the polder map provided more 

robust signal at 3 σ (Figure 37B). 

 
Figure 37. SFX crystal structure of AtPdx1.3 with PLP bound at a resolution of 1.94 Å.  (A) 2Fo-
Fc electron density map contoured around K166 at 1.5 σ. The sidechain of K166 is shown (carbon 
atoms green and nitrogen atoms green). PLP forms a covalent bond at K166 (carbon atoms green, 
nitrogen atoms blue, oxygen atoms red, phosphorus atoms pink). (B) Polder and omit maps 
contoured at 3 sigma confirm the presence of the PLP ligand. 
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Building on the successful R5P soaking strategy, the final soaking experiment aimed to capture 

the I320 intermediate, a key species in the AtPdx1.3 reaction pathway. Apo microcrystal slurries 

were first incubated with 100 mM R5P for 15 minutes to ensure substrate binding. 

Subsequently, 1 M ammonium sulfate was added to introduce the ammonia source required for 

intermediate formation, before further incubation for 30 minutes. The resulting structure 

revealed the I320 intermediate in the 2Fo-Fc electron density map contoured at 1 σ, spanning 

both Lysine 98 and Lysine 166, indicating that the lysine flip had occurred (Figure 38A). This 

intermediate was further corroborated by omit and polder maps contoured at 3 σ, both showing 

strong positive density with minimal negative difference, confirming its presence with high 

confidence (Figure 38B). 

 
Figure 38. SFX crystal structure of AtPdx1.3 with the I320 intermediate formed at a resolution 
of 1.98 Å.  (A) 2Fo-Fc electron density map contoured at 1.0 σ around Lysine 98, Lysine 166 and 
the I320 intermediate. The sidechains of Lysine 98 and Lysine 166 are shown (carbon atoms green 
and nitrogen atoms green). The I320 intermediate bridges across Lysine 98 and Lysine 166 
(carbon atoms green, nitrogen atoms blue, oxygen atoms red). (B) Polder and omit maps 
contoured at 3 sigma confirm the presence of the I320 intermediate. 
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3.3 Kinetic crystallography of AtPdx1.3 

SFX data collection at SACLA demonstrated that AtPdx1.3 microcrystal slurries are well suited 

for room-temperature serial crystallography, and can withstand soaking with all relevant ligands 

in the reaction mechanism. The successful acquisition of ground state protein-ligand 

complexes confirmed the structural integrity of microcrystals post-soaking. Long incubation 

times were employed to ensure full ligand occupancy and facilitate high-resolution data 

collection.  

Building on these results, initial kinetic cryocrystallography experiments were conducted to 

probe the timescales of key reaction steps. This approach was selected for its efficiency: only a 

small number of large single crystals were required, and multiple timepoints could be rapidly 

screened using automated data processing workflows to assess ligand incorporation. To 

complement this strategy, in crystallo UV-Vis spectroscopy was performed prior to diffraction 

measurements. This allowed for the detection of ligand binding and intermediate formation via 

characteristic chromophores, following by rapid cryocooling to trap the crystal at defined time 

points. Subsequent diffraction experiments validated the structural presence of the ligand or 

intermediate. Although reaction kinetics are expected to accelerate in microcrystals under 

room-temperature conditions, cryo-trapping experiments provide a valuable estimate of 

relevant timescales. These benchmarks inform the design of future time-resolved serial 

experiments. In particular, the use of UV-Vis spectroscopy to detect chromophoric 

intermediates offers a powerful orthogonal method for confirming the identify of trapped states 

and validating structural data. 

In crystallo UV-Vis spectroscopy data were collected both online and offline, depending on the 

experiment. For the I320 intermediate, measurements were performed online at beamline BM07 

at ESRF, allowing synchronised acquisition of UV-Vis spectra and subsequent X-ray diffraction 

at consistent timepoints. In contrast, the PLP experiment was conduced offline at the icOS lab, 

where UV-Vis spectra were first acquired and used to define new timepoints for diffraction 

experiments. Despite the difference in data collection environments, both setups employed an 

identical optical configuration: a white light source connected to an upper objective, which 

focused illumination onto the crystalline sample mounted in a standard loop, while a lower 

objective directed transmitted light to a spectrophotometer equipped with a CCD detector for 

spectral acquisition (Figure 39). 
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Figure 39. The experimental setup for in crystallo UV-Vis spectroscopy. (A) A protein crystal 
mounted in a sample loop is positioned on the goniometer and maintained at 100 K using a liquid 
nitrogen stream (Cryostream Series 700, Oxford Cryosystems). Prior to spectral acquisition, loop 
centering and adjustment of the omega angle are performed to optimise light transmission 
through the crystal. (B) The optical system consists of two objectives aligned 180° apart. The 
upper objective is connected via an optical fiber to a deuterium-halogen white light source 
(Mikropack DH2000-BAL, Ocean Optics), while the lower objective is coupled to a 
spectrophotometer equipped with a CCD detector (HR2000+/QE65Pro, Ocean Optics), enabling 
real-time spectral acquisition. Figure generated from images kindly provided by Nicolas 
Caramello, ESRF. 

In crystallo UV-Vis spectroscopy was employed to monitor the formation of the I320 

intermediate using Apo AtPdx1.3 single crystals ranging from 100 – 200 µm in size. Crystals were 

initially pre-soaked in a 100 mM R5P solution to ensure binding of R5P to the active site lysine 

residue (K98). As R5P lacks a chromophore, its binding cannot be monitored via spectroscopic 

methods such as UV-visible absorption. Therefore, extended soaking was employed to ensure 

sufficient ligand occupancy within the crystal lattice, enabling structural confirmation via 

electron density maps. This strategy was essential for generating a fully populated R5P-bound 

complex, which serves as a critical ground state reference for observing the formation of the 

I320 intermediate. Following R5P incubation, crystals were transferred to a 1 M ammonium 

sulfate solution and subsequently cryocooled manually in liquid nitrogen. The interval between 

crystal transfer and cryocooling defined the final soaking timepoints, which varied from 30 

seconds to 13 minutes (Figure 40). 

Spectral analysis of the 30-second timepoint revealed a prominent peak at 280 nm, consistent 

with the absorbance of aromatic amino acids in proteins, By 2 minutes, a weak signal emerged 

near 315 nm, indicative of initial I320 formation. At the 5-minute mark, the spectrum displayed a 

peak maximum at 320 nm, deviating from the expected I320 profile and resembling something 

similar to the pre-I320 complex, which typically exhibits a signal closer to 330 nm. Extended 

soaking durations of 7 and 13 minutes yielded spectra with a more defined peak at 315 nm, 

characteristic of the fully formed I320 intermediate (Figure 40). 
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Figure 40. In crystallo UV-Vis absorption spectra tracking I320 intermediate formation in 
AtPdx1.3. Crystals were initially pre-soaked with R5P, before incubating in 1 M ammonium 
sulfate for defined time intervals from 30 seconds to 13 minutes, prior to manual cryocooling. 
Spectra were acquired post-cryocooling and processed using constant-baseline correction and 
smoothing. The emergence and evolution of absorbance features near 315 nm reflect the 
progressive formation of the I320 intermediate. 

Diffraction data were collected for all samples using an online setup, enabling cross-validation 

between UV-Vis spectra and structural features. At the 30-second timepoints, the 2Fo-Fc 

electron density map contoured at 1.5 σ revealed clear density for the R5P-bound state, with 

well-defined ligand presence in both the polder and omit maps (Figure 41).  After 2 minutes, the 

structural data became less definitive; the electron density failed to fully encompass the R5P 

ligand, and the omit map showed minimal signal for ligand presence (Figure 41). Notably, strong 

density around Lys166 suggested that the lysine flip had not yet occurred, indicating a low 

probability of pre-I320 formation at this timepoint. At the 5-minute timepoints initial signs of 

I320 formation emerged (Figure 41). Electron density appeared for the central I320 molecule, 

although density for Lys98 remained weak. This may be attributed to the lower resolution of the 

dataset and the absence of I320 signal in the omit map. By 7 and 13 minutes, the I320 

intermediate was clearly resolved in the 2Fo-Fc  electron density map, with consistent ligand 

density in both polder and omit maps (Figure 41). Despite the presence of some negative 

difference density adjacent to the intermediate, the overall structural data strongly support the 

formation and stabilisation of I320 at these later timepoints. 



Chapter 3 

102 

 
Figure 41. Time-resolved structural snapshots of I320 formation in AtPdx1.3 crystals.  (A-E) 
corresponding to soaking timepoints of 30 seconds, 2 minutes, 5 minutes, 7 minutes, and 13 
minutes, respectively. For each timepoint, the 2Fo-Fc electron density map (contoured at 1.5 σ), 
polder map (contoured at 3 σ) and omit map (contoured at 3 σ) are shown. Progressive changes 
include R5P occupancy, lysine conformational shifts, and the emergence of I320-specific 
density. Stick representation depicts carbon atoms as green, nitrogen atoms as blue, oxygen 
atoms as red and phosphate atoms as pink. 
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To investigate the early binding dynamics of PLP to AtPdx1.3, in crystallo UV-Vis absorption 

spectra were collected at 0, 3, 6, 9, 12, 22, and 83 seconds post-incubation using the offline in 

crystallo optical spectroscopy (icOS) setup at ESRF. Despite baseline correction and 

smoothing, the resulting spectra did not reveal distinct features attributable to PLP binding 

within the crystal lattice (Figure 42). In solution, PLP typically exhibits a broad absorbance peak 

around 380 nm, while PLP covalently bound within a protein crystal often shits to approximately 

414 nm due to change in its electronic environment. However, in this experiment, the expected 

spectral signature at 414 nm was not clearly resolved. Instead the spectra appeared notably 

bumpy and irregular, complicating interpretation and obscuring any subtle shifts that might 

indicate PLP binding.  

 
Figure 42. In crystallo UV-Vis absorption spectra of AtPdx1.3 following incubation with PLP.  
Crystals were soaked in PLP for varying time intervals prior to manual cryocooling and spectral 
acquisition. Spectra shown have been processed using constant-baseline correction and 
smoothing. No distinct PLP-associated spectral features were observed across timepoints. 

This spectral roughness likely stems from a combination of experimental and physical 

constraints. Light scattering from crystal imperfections and mounting geometry introduces 

baseline instability while the crystal size and short optical path length may limit absorbance 

intensity, resulting in a low signal-to-noise ratio. Excess PLP in the surrounding buffer may 

contribute to strong absorbance at ~380 nm, overwhelming any expected crystal-specific 

features. In addition, rapid binding kinetics of PLP may mean that even early timepoints 

captured reflect a mixture of bound and unbound states, obscuring transient intermediates.  
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Given the limited spectral resolution and interpretability of the in crystallo UV-Vis data, I 

proceeded to investigate PLP binding using diffraction data. A cryo-trapping approach was 

employed again, where crystals were incubated with PLP for defined durations, then rapidly 

cryocooled to halt the reaction at specific timepoints. Clear 2Fo-Fc electron density maps 

corresponding to the PLP ligand were observed at all timepoints examined: 23, 68, 90 and 150 

seconds, using both polder and omit maps (Figure 43). The ligand was consistently positioned 

within the active site and covalently bound to Lysine 166, confirming successful incorporation. 

The omit maps became marginally better at the later timepoints of 90 and 150 seconds, 

suggesting progressive stabilisation of the PLP-Lys166 adduct (Figure 43).  However, this 

improvement in positive density was accompanied by increasing negative difference density, 

particularly in the later datasets. This may reflect partial occupancy, conformational 

heterogeneity or merely differences in dataset resolution. Additionally, crystal sizes varied 

between soaks and could not be precisely controlled, potentially contributing to 

inconsistencies in map quality. These factors underscore the difficult in interpreting dynamic 

ligand incorporation within the framework of cryo-trapping, which is often assumed to yield 

simpler, static structural snapshots. 
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Figure 43. Time-resolved structural snapshots of PLP binding to AtPdx1.3 crystals. Electron 
density maps for PLP covalently bound to Lys166 are shown at four timepoints post incubation: 
(A) 23 seconds, (B) 68 seconds, (C) 90 seconds, (D) 150 seconds. For each timepoint the 2Fo-Fc 
maps are contoured at 1 σ , omit maps and polder maps at 3 σ. PLP density is consistently 
observed across all timepoints. Stick representation depicts carbon atoms as green, nitrogen 
atoms as blue, oxygen atoms as red and phosphate atoms as pink. 
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3.4 Discussion 

The work presented in this chapter establishes a reproducible and scalable pipeline for time-

resolved serial crystallography of AtPdx1.3, a PLP-dependent enzyme of considerable 

mechanistic interest. The primary objective was to develop a workflow capable of generating 

high-quality microcrystal slurries in sufficient volumes for SFX experiments, while also enabling 

preliminary kinetic characterisation of ligand binding events. The successful integration of 

protein purification, crystallisation optimisation, and spectroscopic validation lays the 

foundation for future time-resolved experiments at XFEL sources.  

Purification workflows routinely yielded large volumes of high pure AtPdx1.3 at concentrations 

exceeding 10 mg/mL. This level of purity and yield was essential not only for crystallisation trials 

but also for downstream ligand soaking and spectroscopic assays. Notably the combination of 

high purity, large sample volume, and consistent crystallisation behaviour represents a 

transferable framework applicable to other protein systems targeted for serial crystallography. 

The protein’s stability across multiple preparations enabled reproducible crystallisation 

behaviour, which proved critical for batch workflows. These findings align with previous studies 

identifying Arabidopsis thaliana Pdx1.3 as a robust and reproducible crystal system, particularly 

amenable to soaking experiments and capable of delivering high-resolution structures that 

resolve intermediate states (202,205). A key methodological differences lies in the purification 

strategy. While earlier protocols employed a two-step process including size-exclusion 

chromatography, the current workflow relied solely on nickel affinity chromatography. Despite 

this simplification, comparable purity was achieved with reduced processing time, allowing 

crystallisation trials to commence immediately post-purification, a factor shown to enhance 

reproducibility and critically diffraction resolution. 

A key methodological advance in this work was the early transition from vapour diffusion 

screening to batch crystallisation, guided by the generation of a phase diagram. While phase 

diagram construction is not a novel concept in crystallisation optimisation, existing protocols 

remain heavily reliant on vapour diffusion conditions. This reliance introduces additional, often 

tedious, optimisation steps when transitioning to batch formats (58,261). These steps are 

essential for producing the large volumes of microcrystals required for serial crystallography. To 

address this bottleneck, a rapid, automated microbatch-under-oil protocol was developed, 

enabling phase diagram generation under true batch conditions using minimal sample volumes. 

Incorporating a microseeding strategy within this framework allowed for precise identification of 

the metastable zone, a critical region for reproducible nucleation. Microseeding is a broadly 

applicable technique across microcrystal workflows and has demonstrated success across a 

diverse range of protein systems (67,276). This approach yielded a detailed crystallisation 
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landscape and enabled direct scalability into seeded-batch conditions. Notably, the same 

scripting framework used for phase diagram generation was repurposed for scale-up, producing 

dense microcrystal slurries with size distributions suitable for SFX data collection. This 

modularity is particularly valuable for future workflows, where initial small-volume screening 

combined with SSX data collection can be followed by efficient scale-up for more complex, 

multidimensional experiments. By streamlining the transition from screening to production, this 

workflow significantly reduced the time and material costs typically associated with batch 

optimisation. Importantly, it offers a broadly applicable strategy for high-throughput 

microcrystal production. Given that large-scale microcrystal production remains a major barrier 

for new users to serial crystallography, this protocol lowers that threshold and supports the 

wider adoption of time-resolved methods. 

Using the optimised workflow discussed above, the first room-temperature SFX datasets were 

successfully collected for apo AtPdx1.3 and three ligand-bound complexes with R5P, the I320 

intermediate and PLP. These structures provide static snapshots of key catalytic states and 

confirm the suitability of microcrystals for high-resolution diffraction. Importantly, the ligand-

bound datasets demonstrate that soaking protocols developed here are effective across a range 

of ligand chemistries and binding modes, despite the inherent challenges of diffusion into 

microcrystalline slurries. Compared to previous cryo-trapping datasets obtained from single 

crystals soaked for extended incubation times, the resolution cutoffs achieved in the current 

SFX datasets were broadly similar. The R5P-bound structure, in particular reached a higher 

resolution of 1.83 Å, compared to 1.91 Å reported previously (202). Resolution cutoffs appeared 

to correlate with the number of merged lattices, with a tipping point around 10,000 lattices, 

suggesting that further improvements could be achieved through increased dataset multiplicity. 

A key distinction from prior cryo-trapping studies lies in the ligand incubation strategy. To 

overcome the lower signal-to-noise ratio inherent to microcrystal soaking, ligand 

concentrations were substantially increased, up to fivefold in some cases. This adjustment 

proved critical for achieving sufficient occupancy and enabling structural resolution of bound 

states. Given the large unit cell and persistent indexing ambiguity in the H3 space group of 

AtPdx1.3, future studies should be conducted at XFEL sources. Emphasis should be placed on 

collecting high-multiplicity datasets to maximise resolution, which will be essential for time-

resolved experiments where subtle changes in electron density and difference maps must be 

confidently interpreted. Unlike static soaked structures, time-resolved datasets often reveal 

transient or low-occupancy states, requiring both high data quality and rigorous statistical 

validation (277,278). 

To establish preliminary timescales for future time-resolved experiments, an integrated in 

crystallo UV-Vis spectroscopy and cryo-trapping strategy was employed. This dual approach 
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enabled real-time monitoring of ligand binding and subsequent structural validation via X-ray 

diffraction. Such integration builds on foundational work in kinetic crystallography, where 

catalytically active protein crystals allow turnover to be induced and intermediate states 

captured through cryo-trapping methods (279,280). In this work UV-Vis spectra indicated 

formation of the I320 intermediate within 5 minutes, while diffraction data confirmed complete 

occupancy after 7 minutes. This discrepancy likely reflects a lag between initial chromophore 

formation and full incorporation across the crystal lattice, possibly due to heterogeneity in 

soaking efficiency or crystal packing constraints. Notably, previous cryo-trapping studies 

required incubation times of up to four days to stabilise the I320 intermediate (202). In contrast, 

the current workflow demonstrates that high-occupancy datasets can be achieved within 

minutes, validated by both omit and polder maps. This represents a significant acceleration in 

intermediate capture and highlights the utility of combining spectroscopic and crystallographic 

modalities to define actionable timescales for future XFEL-based time-resolved experiments. 

In contrast to the I320 intermediate, PLP binding was not detected via in crystallo UV-Vis 

spectroscopy, despite its presence being confirmed by diffraction data at all timepoints 

between 23 to 150 seconds. This absence of spectroscopic signal was unexpected, as previous 

studies captured the covalent bound PLP state, characterised by an absorption maxima at 414 

nm (202). Free PLP in solution typically exhibits a distinct absorption maxima at 388 nm. In this 

study, it was hypothesised that the dominant signal from unbound PLP in the surrounding 

solution to the crystal may have masked the covalent PLP signature. However, the expected 388 

nm peak was not directly observed, making it difficult to confirm this explanation. These findings 

underscore the utility and limitations of in crystallo UV-Vis spectroscopy for monitoring ligand 

binding. While effective for chromophoric intermediates like I320, its sensitivity to PLP was 

insufficient under conditions tested. This highlights the importance of complementary 

structural validation, particularly when dealing with ligands that exhibit subtle or overlapping 

spectral features.  

Nonetheless, the cryo-trapping strategy proved robust for capturing discrete timepoints, and 

this combined approach offers a valuable framework for refining time-resolved protocols. While 

this method enables preliminary mapping of reaction timescales, the ideal experiment would 

involve simultaneous collection of UV-Vis spectra and diffraction data at room temperature. 

Such conditions would likely reveal even faster timepoints, given the known kinetic 

discrepancies between cryogenic and room temperature environments. A further source of 

variability in the current work was crystal size, which many have influenced incubation times 

due to differential diffusion rates. For optimal reproducibility, each timepoint should ideally be 

collected from crystals of similar size, preferably matched in all three dimensions. Achieving 

this introduces engineering challenges, including uniform reaction initiation and precise ligand 
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delivery. However, these are increasingly tractable with existing droplet ejection technologies 

already integrated in the serial crystallography toolkit. Notable examples include the 

SPITROBOT platform, which enables rapid cryo-trapping with delay times as short as 23 ms 

(281,282) and the millisecond mix-and-quench crystallography (MMQX) instrumentation, 

capable of sub-10 ms time delays (283,284). Both systems are compatible with microcrystals 

mounted in standard mesh loops, offering scalable solutions for dynamic structural studies. 

However, while smaller crystals are advantageous for future serial applications, they pose 

limitations for in crystallo UV-Vis spectroscopy. Adequate signal-to-noise ratios require larger 

crystals along with optimised experimental setups in order to mitigate optical artifacts such as 

Rayleigh scattering, reflection and refraction (285). Crystal size must therefore be carefully 

optimised to balance absorbance peak resolution with saturation avoidance, ensuring reliable 

spectral interpretation. 

To guide future time-resolved experiments, a preliminary set of ligand-specific timepoints is 

proposed based on observed structural occupancy and known binding kinetics. Although R5P 

was not directly monitored spectroscopically, its consistent persistence in datasets after 15 

minutes, alongside prior reports of rapid sugar binding, suggests a binding window spanning 

seconds to a few minutes. In contrast, the I320 intermediate emerged spectroscopically around 

5 minutes and was structurally confirmed at 30 minutes via XFEL data collection, supporting a 

capture window of approximately 5 – 10 minutes. PLP binding was structurally evident at all 

timepoints from 23 to 150 seconds, indicating a binding event likely faster than 30 seconds. 

Accordingly, sub-minute sampling should be prioritised for PLP and R5P, while a broader 5 – 10 

minute window is appropriate for capturing I320 formation. This tiered strategy offers a rational 

framework for capturing transient states with maximal temporal resolution and directly 

supports the long-term goal of establishing reproducible workflows capable of resolving short-

lived biochemical events in crystallo.
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Chapter 4 Droplet microfluidics for crystal size 

engineering 

When performing serial crystallography experiments and in particular time-resolved 

experiments, control of crystal size and uniformity is critical. Crystal dimensions must be 

carefully matched to the X-ray beam size at the synchrotron or XFEL source, in order to 

minimise background scattering and maximise the volume of diffracting material, thereby 

improving the signal-to-noise ratio (286). In time-resolved studies, small crystals are especially 

advantageous: they enable rapid ligand diffusion into the lattice for efficient reaction triggering 

via mixing (181), and ensure full penetration of excitation light for photochemical initiation. 

Uniformity in crystal size not only facilitates synchronised reaction initiation but also prevents 

clogging in sample delivery systems caused by the presence of larger crystals. Thus the ability to 

engineer the size and uniformity of microcrystal slurries is critical for robust sample delivery and 

uniform reaction initiation.  

A persistent challenge in the field is scaling up from initial hits, often obtained via sparse-matrix 

vapour diffusion screens, into batch crystallisation methods capable of producing the large 

volumes required for serial and time-resolved experiments (58,275). In this context, 

microfluidics has emerged as a powerful tool for controlling crystallisation environments with 

high precision. Droplet-based microfluidics in particular offers exceptional control over reagent 

mixing and protein concentration, enabling the generation of highly monodisperse droplets that 

promote crystal uniformity. 

The following chapter explores the use of droplet microfluidics, specifically droplet 

miniaturisation as a strategy to regulate crystal size and uniformity across a range of standard 

and non-standard protein systems. For systems with inherently low nucleation rates, a 

microseeding strategy was employed to enhance nucleation density at small scales. Crystals 

grown in droplets were benchmarked against conventional batch-grown crystals and evaluated 

for diffraction power using serial synchrotron crystallography (SSX). Finally, key factors 

influencing crystallisation in microfluidic droplets are discussed, with a view towards extending 

this approach to diverse protein targets in future studies. 

Some of the results presented in this chapter have been published in the following article: 

Stubbs, J., Hornsey, T., Hanrahan, N., Esteban, L.B., Bolton, R., Malý, M., Basu, S., Orlans, J., De 

Sanctis, D., Shim, J., Shaw Stewart, P.D., Orville, A.M., Tews, I., West, J., 2024. Droplet 

microfluidics for time-resolved serial crystallography. IUCrJ 11, 237–248. The publication is 

included within the Appendix for reference. 
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4.1 Crystal size control by droplet miniaturisation 

4.1.1 Lysozyme 

To investigate the influence of droplet confinement on crystallisation dynamics, PDMS 

microfluidic devices were fabricated with integrated flow-focusing junctions designed for high-

throughput droplet generation. Each device incorporated three inlets for protein, precipitant and 

fluorinated oil, facilitating controlled encapsulation within discrete droplets (Figure 44A).  

By systematically varying the droplet junction dimensions (width and height) and adjusting the 

flow rates of the input streams (see Table 4 in Chapter 2), droplet formation in the dripping 

regime at kilohertz frequencies was achieved (Figure 44A). Monodisperse droplets ranging from 

194 to 0.89 pL (Ø71.8 – 11.9 µm) were produced, exhibiting a coefficient of variation (CV) ≤ 4% 

(Figure 44B). The flow rate ratio of continuous phase (fluorinated oil) to dispersed phase 

(protein/precipitant) was maintained at either 3:1 or 4:1 across all devices, ensuring sufficient 

shear force for consistent droplet breakup and subsequent encapsulation. As expected, higher 

flow rate ratios yielded smaller droplets due to the increased shear stress at the flow-focusing 

junction. This experimental setup enabled precise control of droplet volume and uniformity, 

providing a tuneable platform for probing crystallisation conditions from a variety of protein 

systems. 

 
Figure 44. Droplet miniaturisation for lysozyme crystallisation. (A) Picolitre-sized droplets for 
protein crystallisation generated at kilohertz frequencies using a flow-focusing microfluidic 
device operating in the dripping regime. Three input streams, protein solution, precipitant 
solution, and fluorinated oil were combined to produce confined crystallisation environments. 
(B) Monodisperse droplets (CV ≤ 4%) were achieved by tuning the droplet junction dimensions 
(width and height) and adjusting the flow rates of the input streams.  
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To evaluate droplet confinement under crystallisation conditions, lysozyme was selected as a 

model protein due to its well characterised and exceptionally fast nucleation behaviour (287). 

Under batch conditions, mixing 1 part of 20 mg/mL lysozyme in 20 mM sodium acetate (pH 4.5) 

with 4 parts precipitant solution containing 6% (w/v) PEG 6000, 3.4 M NaCI, 1 M sodium acetate 

(pH 3.0) resulted in rapid nucleation. The nucleation rate exceeded the temporal resolution of 

the setup, occurring within the dead time of mixing. Crystal growth ceased after 15 minutes post 

mixing (Figure 45), yielding a resulting crystal density of 8 x 107 crystals/mL (80 crystals/nL). This 

rapid crystallisation introduced negative feedback, likely due to the local depletion of 

supersaturation or spatial crowding, which supressed further nucleation events from taking 

place. Interestingly this self-limiting behaviour promoted crystal uniformity, producing crystals 

with an average size of 8 µm and a CV of 18.9% (Figure 46A, blue).  

 
Figure 45. Rapid growth of lysozyme microcrystals under batch conditions. Time-lapse 
images show lysozyme microcrystal formation at intervals from 0 to 15 minutes. The 0-minute 
timepoint corresponds to the rapid mixing of 20 mg/mL lysozyme in 20 mM sodium acetate (pH 
4.5) with precipitant solution containing 6% (w/v) PEG 6000, 3.4 M NaCI, and 1 M sodium acetate 
(pH 3.0). Crystal growth ceases by 15 minutes, due to negative feedback mechanisms triggered 
by rapid nucleation and growth. 
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Using batch-grown crystals as a benchmark, the effects of volume scaling by droplet 

confinement were investigated. Monodisperse crystallisation droplets (CV ≤ 4%) ranging from 

194 to 0.89 pL produced lysozyme crystals ranging from 20 to 2 µm in size (Figure 46A, salmon 

and Figure 44B). As droplet volume decreased, crystal size was progressively reduced, and the 

mean occupancy (λ) dropped below 0.01, with occupied droplets containing only a single 

crystal. This single occupancy promoted crystal uniformity, yielding a crystal size CV of 14.8% in 

the smallest droplets (0.89 pL). In contrast, multiple nucleation events in larger droplets 

increased the mean occupancy (λ) and led to broader size distributions. Specifically, droplets of 

194 pL contained an average of 15 crystals (λ15), whereas the smallest droplets (0.89 pL) were 

stochastically loaded with just 0.01 crystals per droplet (λ0.01). The combination of single 

occupancy and precise volume control enabled crystal miniaturisation, with ~3 µm lysozyme 

crystals growing in the smallest droplets (0.89 pL) (Figure 46B, bottom). 

 
Figure 46. Control of lysozyme crystal size through droplet volume scaling. (A) Lysozyme 
crystals grown under batch conditions (control, blue) exhibit an average size of 8 µm. In contrast, 
crystal size correlates with droplet volume in microfluidic environments (droplet, salmon), with 
the smallest crystals (~3 µm) observed in 0.89 pL droplets. Central black dots represent average 
crystal size, whilst error bars denote ±1 standard deviation. (B) Representative microscope 
images comparing lysozyme crystals formed under batch conditions (control) and those 
extracted from droplets following emulsion disruption (“breaking the emulsion”; see Figure 23).  
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By limiting droplet volume, crystal size can be reduced and single-crystal occupancy achieved, 

resulting in high uniformity. However, this approach comes at the cost of nucleation density. 

Compared to batch conditions and larger droplets (194 pL), droplet miniaturisation leads to 

substantial losses in crystal yield, with crystal density falling from ~80 to ~7 crystals/nL in the 

smallest droplets (0.89 pL) (Figure 47A, grey line). This reduction is likely driven by the increased 

surface area-to-volume ratio, where the droplet-surfactant interface may inhibit nucleation and 

subsequent crystal growth (Figure 47A, green line). Despite this inefficiency, throughput can be 

recovered by increasing droplet generation frequency. A 20-fold increase was observed, rising 

from 1 kHz for 194 pL droplets to 23.5 kHz for 0.89 pL droplets (Figure 47B). Thus, a balance 

must be struck between desired crystal size and uniformity versus overall crystal yield. 

Importantly, droplets can be incubated off-chip, enabling mass production of microcrystals that 

would be impractical to generate through on-chip crystallisation alone. 

 
Figure 47. Trade-offs associated with droplet volume miniaturisation. (A) Droplet 
miniaturisation leads to a reduction in crystal density (green), which correlates with an increase 
in the droplet surface area-to-volume (SA:V) ratio (grey) in the droplet. The crystal density 
achieved under batch conditions is indicated by the green dashed line, allowing for direct 
comparison. (B) Decreasing droplet volume results in a substantial gain in droplet generation 
frequency, with a 20-fold increase observed between 194 pL and 0.89 pL droplets.  
 

4.1.2 Thaumatin 

To investigate the impact of droplet confinement across distinct crystallisation regimes, an 

alternative protein system was selected. Lysozyme, previously crystallised in a PEG-based 

system, exhibited rapid nucleation, readily forming crystals under batch and droplet conditions. 

In contrast, thaumatin, a disulfide-rich protein with a markedly lower nucleation rate was 

chosen to assess confinement effects in a salt-based system, where nucleation is more 

challenging and crystal uniformity more difficult to achieve. 

A 1:1 mixture of 50 mg/mL thaumatin and 40% (w/v) sodium potassium tartrate, 0.1 M bis-Tris 

propane pH 6.5 produced bipyramidal crystals overnight under batch conditions, with an 
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average size of 14 µm (Figure 48A). When confined to monodisperse 87 pL droplets (Ø55 µm, 

CV 3.6%), thaumatin crystals grew larger, averaging 24.8 µm in size (Figure 48B). Further 

confinement into reduced volumes may indicate the potential to achieve crystal sizes 

comparable to those obtained under batch conditions. More strikingly, the crystal size 

distribution narrowed substantially, with the crystal size CV reduced from 39.3% to 12.0%, 

indicating enhanced uniformity (Figure 48C). Despite this improvement, a bimodal size 

distribution persisted in the droplet-grown sample, potentially reflecting secondary nucleation 

events within the confined environment (Figure 48C). While this may be linked to variation in 

droplet diameters, droplet size was not directly measured or correlated with crystal dimensions 

in this study. Thaumatin crystallisation appears to be sensitive to droplet size, but this 

interpretation remains speculative and is based on qualitative observations. Minor fluctuations 

in droplet volume could plausibly promote bimodal distributions, whereas tighter control over 

droplet size might suppress such effects. Further experiments would be required to confirm this 

relationship. 

 
Figure 48. Droplet confinement enhances crystal size uniformity in thaumatin.  (A) 
Bipyramidal thaumatin crystals formed under batch conditions by mixing 50 mg/mL thaumatin in 
a 1:1 ratio with precipitant solution containing 40% (w/v) sodium potassium tartrate, 0.1 M bis-
Tris propane (pH 6.5). (B) Bipyramidal thaumatin crystals grown in monodisperse 87 pL droplets 
(Ø55 µm, CV 3.6%) following off-chip incubation. (C) Comparison of crystal size distributions, 
batch-grown crystals (blue) exhibit an average crystal size of 14 µm, while droplet-grown crystals  
(salmon) average 24.8 µm. Central black dots represent average crystal size, whilst error bars 
denote ±1 standard deviation. 
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4.2 Microseeding strategies to overcome low nucleation rates at 

small scales 

4.2.1 AtPdx1.3 

Having established droplet crystallisation protocols using well-behaved model proteins such as 

lysozyme and thaumatin, attention was next directed towards proteins exhibiting more typical 

and challenging crystallisation behaviour. AtPdx1.3, a representative example, demonstrated 

significantly lower nucleation rates under droplet conditions, with initial trials yielding negligible 

crystal formation. This underscored the difficulty of achieving spontaneous nucleation in 

confined volumes and highlighted the need for strategies to overcome this barrier. To address 

this, a microseeding approach was employed, using previously grown crystals which were 

mechanically fragmented to generate seeds that act as nucleation sites, facilitating crystal 

growth. The goal of introducing seeds was to enhance crystal density while promoting 

synchronised nucleation to improve size uniformity. 

Under seeded-batch conditions, AtPdx1.3 crystals formed with an average size of ~11 µm and a 

crystal density of 107 crystals/mL (Figure 49). A ten-fold dilution of the seed stock with 

precipitant solution produced larger crystals (~18 µm), attributed to increased protein 

availability per crystals, and was accompanied by the expected reduction in crystal density 

(Figure 49). Further dilution by a hundred-fold yielded even larger ~30 µm crystals (Figure 49). In 

theory, microseeding should promote crystal uniformity by synchronising nucleation and 

ensuring consistent protein supply during growth. However, AtPdx1.3 crystals under seeded-

batch conditions exhibited notable size variability, with a consistent CV of ~25% across the 

dilution series.  
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Figure 49. Effect of seed stock dilution on seeded-batch crystallisation of AtPdx1.3.  Seeded-
batch crystallisation of AtPdx1.3 was performed using a 1:1:1 mixture of protein (~12 mg/mL), 
precipitant (600 mM sodium citrate, 100 mM HEPES (pH 7.0)) and seed stock (105 – 107 
crystals/mL). Successive dilution of the seed stock resulted in increased crystal size, attributed 
to greater protein availability per crystal. Despite changes in size, the CV remained consistent 
across the dilution series. Central black dots represent average crystal size, whilst error bars 
denote ±1 standard deviation.  

Building on the successful seeded-batch conditions established for AtPdx1.3, microseeding 

was next applied to droplet-based crystallisation to enhance control over crystal size and 

uniformity. Using a seed stock at a concentration of 107 crystals/mL, single-crystal occupancy 

was achieved across a 200-fold range of droplet volumes (1.1 – 219 pL), with consistent crystal 

size uniformity (Figure 50A). As droplet volume decreased, crystal size scaled accordingly from 

~20 µm in the largest 219 pL droplets to ~ 2 µm in the smallest 1.1 pL droplets. Compared to 

batch conditions (Figure 50A, blue), droplet-based crystallisation markedly improved size 

uniformity, reducing the coefficient of variation (CV) from 24.4% to as low as 7.4% at a droplet 

volume of 3.9 pL. Notably, crystal size scaled linearly with droplet diameter (Figure 50A, inset), 

indicating precise volumetric control over crystal growth.  

These results demonstrate that droplet volume not only dictates final crystal size but also plays 

a critical role in maintaining uniformity (Figure 50B). However, consistent with observations 

from lysozyme crystallisation, crystal occupancy and thus crystal density declined with 

decreasing droplet volume, likely due to reduced nucleation probability (Figure 50B). At the 

lowest tested droplet volume of 1.1 pL, crystal size CV increased again, reflecting a loss of 

uniformity driven by stochastic nucleation events and reduced crystallisation likelihood.  
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Figure 50. Droplet volume scaling enables crystal size uniformity in AtPdx1.3 crystallisation.  
(A) Across a 200-fold range of droplet volumes, AtPdx1.3 crystal size is precisely controlled from 
~20 to ~2 µm (salmon). Crystal size scales proportionally with droplet diameter, as shown in the 
inset. Central black dots represent average crystal size, whilst error bars denote ±1 standard 
deviation. (B) Droplet-based crystallisation was performed using a 2:1 volume ratio of seed 
suspension (107 crystals mL-1) in precipitant solution. Single-crystal occupancy was consistently 
achieved at droplet volumes of 219 pL (Ø74.8 µm) and 18 pL (Ø32.5 µm), demonstrating robust 
control over nucleation and growth.  

4.2.2 Chlorite dismutase 

Having demonstrated that microseeding combined with droplet volume scaling enables precise 

control over crystal size and uniformity in AtPdx1.3, the workflow was next applied to chlorite 

dismutase, a second non-standard protein system. Chlorite dismutase is a haem-containing 

oxidoreductase that efficiently converts chlorite into chloride and molecular oxygen (266,288). 

Although the molecular mechanism responsible for covalent oxygen-oxygen bond formation 

remains under debate, the enzyme is known to be essential in microbial systems for the 

detoxification of chlorite, a harmful reactive intermediate that can induce oxidative damage 

within cells (266,288). 

Purified chlorite dismutase and corresponding seed stock were kindly provided by Dr. Jos 

Kamps, whose prior work had established reliable seeded-batch conditions for production of 

microcrystal slurries. However, the preparations consistently yielded heterogeneous slurries, 

with distinct larger crystals appearing alongside smaller ones. This heterogeneity posed a 

significant challenge for time-resolved experiments, where consistent crystal size is essential to 

ensure homogeneous mixing with ligand and compatibility with sample delivery systems. To 
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address this, droplet-based crystallisation was employed with the specific aim of eliminating 

oversized crystals and generating more uniform microcrystal slurries, thereby enhancing 

reproducibility and experimental control.  

Seeded-batch crystallisation of chlorite dismutase was performed using a 2:3:1 mixture of 22 

mg/mL purified chlorite dismutase in 10 mM HEPES (pH 7.0), precipitant solution containing 

15% (w/v) PEG 3350, 40 mM MgSO4, 50 mM Tris (pH 6.5), and neat seed stock at a density of 107 

crystals/mL. This mixture reproducibly yielded two-dimensional plate-like microcrystals 

overnight, with an average size of ~14 µm and a characteristic red colouration arising from the 

haem prosthetic group integral to the enzyme’s catalytic function (Figure 51A). Crystal size was 

modulated by diluting the seed stock with precipitant solution, demonstrating the expected 

inverse relationship between seed concentration and crystal growth. However, even across the 

dilution series, a non-uniform distribution of crystal sizes persisted. A 10-fold dilution produced 

crystals averaging ~70 µm (Figure 51B), while a 20-fold dilution resulted in slightly larger ~85 µm 

crystals (Figure 51C). Further dilution to 50-fold resulted in the formation of crystals up to ~150 

µm in size (Figure 51D), accompanied by a noticeable reduction in crystal density. These 

observations underscore the limitations of seeded-batch conditions in achieving consistently 

uniform microcrystal populations, particularly when precise control over size and density is 

required for downstream applications. 

 
Figure 51. Effect of seed stock dilution on seeded-batch crystallisation of chlorite 
dismutase.  Progressive dilution of the seed stock from neat (A), through 1 in 10 (B), 1 in 20 (C), 
and up to 1 in 50 (D),  led to a marked increase in crystal size from approximately 14 µm to 150 
µm, accompanied by a noticeable decline in crystal density. The characteristic red/brown 
colouration of the crystals originates from the haem prosthetic group, an essential cofactor in the 
enzyme’s catalytic function. 
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Following initial optimisation under seeded-batch conditions and variations in seed stock 

dilutions, attention shifted towards implementing these refined seeding protocols in droplet-

based crystallisation of chlorite dismutase. Early experiments revealed a recurring technical  

challenge: clogging of the internal filters within the microfluidic device due to the presence of 

dense or aggregated seed stock. This obstruction disrupted flow stability and impeded droplet 

formation, leading to poor reproducibility and compromised droplet uniformity (Figure 52A). 

Upon removing the seed stock from the same experimental setup, droplet flows stabilised, 

resulting in the generation of monodisperse 65 µm droplets (Figure 52B), although at the 

expense of observable crystal growth. 

 
Figure 52. Influence of chlorite dismutase seed stock on droplet flow stability. (A) The 
presence of dense or aggregated seed stock leads to clogging of filters within the microfluidic 
device, resulting in disrupted flow dynamics and the production of non-uniform droplet sizes. (B) 
Removal of the seed stock restores flow stability, enabling the formation of consistently 
monodisperse droplets (Ø65 µm) but at the expense of crystal growth. 

To address the issue of clogging internal filters within the microfluidic device due to the 

presence of larger crystals (Figure 53A), the seed stock was prefiltered through CellTrics mesh 

filters (10 µm) prior to introduction into the microfluidic device. Under seeded-batch conditions, 

this approach proved effective in eliminating larger, undesirable crystals, thereby refining the 

seeding population (Figure 53B). Importantly, this filtration step not only preserved the 

reproducibility of crystallisation outcomes but also removed outliers that may disrupt crystal 

size distributions. 
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Figure 53. Effect of seed stock filtering on crystal size distribution in chlorite dismutase 
crystallisation under seeded-batch conditions. (A) Representative image of crystals generated 
from unfiltered seed stock, showing a heterogeneous population within numerous oversized 
crystals. (B) Representative image following CellTrics mesh filtration of seed stock, 
demonstrating effective removal of larger, undesirable crystal while preserving the smaller ones 
essential for consistent seeding. 

Despite the success in filtration in seeded-batch conditions, where the removal of oversized 

crystals from the microcrystal slurry enhanced population uniformity, droplet experiments were 

further employed to investigate whether crystal size could be actively engineered in confined 

environments. Building on the insights gained, the same CellTrics mesh filtration strategy was 

applied to precondition the seed stocks prior to droplet encapsulation. The aim was to assess 

whether enriching for smaller seed crystals would improve crystal uniformity within droplets 

and yield sizes consistent with those obtained in seeded-batch conditions. Larger seed crystals 

are not necessarily incapable of nucleation, but they may be less effective at initiating new 

nucleation events in confined droplet environments, where spatial constraints and surface area 

considerations favour smaller seeds. 

Droplet-based crystallisation of chlorite dismutase was performed using a consistent droplet 

volume across all conditions, enabling direct comparison with seeded-batch crystallisation 

using both unfiltered and filtered seed stock. Under seeded-batch conditions, the unfiltered 

seed stock produced crystals with an average size of 60 µm and a high CV of 94.95% reflecting 

substantial heterogeneity and the presence of disproportionately large crystals (Figure 54, 

blue). In contrast, filtration of the seed stock prior to seeded-batch crystallisation markedly 

improved uniformity, reducing the average crystal size to 38 µm and the CV to 20.71% (Figure 

54, blue). 

In droplet-based crystallisation, supplementation with neat filtered seeded stock resulted in 

smaller crystals, averaging 28 µm, although with a slightly elevated CV of 34.90% compared to 

the filtered seeded-batch conditions (Figure 54, salmon). A 1 in 5 dilution of seed stock within 

droplets led to increased variability, with a CV of 60.12% and sporadic formation of large 
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crystals (Figure 54, salmon). Unexpectedly, a further 1 in 20 dilution reduced the average crystal 

size to 51 µm and improved uniformity, with a CV of 49.10% (Figure 54, salmon). 

 
Figure 54. Droplet confinement of chlorite dismutase with filtered seed stock.  The unfiltered 
and filtered seed stock result in vastly different microcrystal populations under seeded-batch 
conditions with a marked reduction in crystal size and CV, as well as the removal of large outlier 
crystals (blue). In droplets with a consistent droplet volume, the dilution of seed stock results in 
an increase in crystal size accompanied by an increased in CV; however the smaller crystal size 
in the 1 in 20 seed versus 1 in 5 seed is unexpected. Central black dots represent average crystal 
size, whilst error bars denote ±1 standard deviation. 

In summary, the chlorite dismutase system exhibits a strong dependence on seed stock 

parameters, with flow stability, filtration, and seed concentration each playing a critical role in 

shaping crystal size and uniformity. Filtration effectively removes larger outlier crystals and 

improves reproducibility, while droplet confinement reveals non-linear effects of seed dilution 

on growth dynamics. These observations suggest that increasing the number of seeds per 

droplet enhances crystal uniformity by distributing the available protein across multiple 

nucleation sites, thereby limiting excessive growth. In contrast, lower seed densities may permit 

a small number of crystals to utilise the protein supply, resulting in larger and more variable 

populations. Together, these findings underscore the importance of precise seed stock control 

in modulating crystal behaviour within microfluidic environments and in achieving uniform 

microcrystal populations suitable for time-resolved studies. 
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4.3 Serial synchrotron crystallography (SSX) for testing diffraction 

quality of microcrystals grown in batch and droplet conditions 

Although microcrystals grown in batch and droplet conditions appeared visually similar, a 

comparison of diffraction quality was essential, allowing subsequent structure determination. 

In previous studies, droplet-grown crystals were directly dispensed onto silicon fixed-targets 

(258). In contrast, following off-chip incubation, fluorinated oil and surfactant were removed 

from droplet samples by the procedure of ‘breaking the emulsion’ (Figure 23). This ensured 

optimal signal-to-noise and generated final samples in an equivalent environment to batch 

conditions, specifically microcrystals contained within precipitant solution. All SSX experiments 

were performed on the serial beamline ID29 at the European Synchrotron Radiation Facility 

(ESRF) (262). A fixed-target device, in the form of a sheet-on-sheet on spine (SOSOS) chip (88) 

was chosen for data collection (Figure 55A). A serpentine directed-raster scan across the 

SOSOS chip was performed in ten minutes and required as little as 3 – 5 µL of microcrystal 

slurry (Figure 55B). The data presented in this section represents data collected over multiple 

beamtime visits to ID29 at ESRF (under proposals MX2438, MX2548 and MX2636). 

 
Figure 55. The sheet-on-sheet on spine (SOSOS) chip for SSX experiments at ESRF ID29.  (A) 
A small volume of microcrystal slurry (3-5 µL) is dispensed between two 6 µm-thick mylar films, 
housed within an aluminium chip holder, sealed shut with two plastic screws. (B) The base 
contains a unique magnetic mount, providing quick and easy sample transfer of the SOSOS chip 
onto the MD3upSSX head at ID29, allowing routine directed- raster scan data collection at 231.25 
Hz. 
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4.3.1 Lysozyme 

To establish a baseline for SSX performance and refine the detector geometry ahead of more 

complex systems, lysozyme crystals were analysed using both batch-grown and droplet-grown 

preparations. Crystal sizes were matched at ~15 µm to eliminate size-dependent effects, and 

complete datasets were obtained from a single chip for each preparation. Although the batch-

grown sample exhibited a higher crystal density (108 crystals/mL compared to 107 crystals/mL) , 

resulting in a greater hit rate of 41.6%, the droplet-grown crystals demonstrated superior 

indexing efficiency (Table 10). This suggests enhanced lattice order and reduced mosaicity in 

the microfluidic-grown crystals, likely due to more controlled nucleation and growth 

environments.  

 

Table 10. Data collection and refinement statistics for Lysozyme crystals growth under 
batch and droplet conditions.  Values in parentheses are for highest-resolution shell. 
 Lysozyme Batch Lysozyme Droplet 

Data Collection   

No. of collected images 81,800 81,800 

No. of hits 34,032 22,815 

Hit rate (%) 41.6 27.9 

No. of indexed images  29,954 22,304 

Indexing rate (%) 88.0 97.7 

No. of integrated lattices 58,984 51,812 

Space group P43212 P43212 

a, b, c (Å) 79.0, 79.0, 37.9 78.9, 79.0, 37.9 

α, β, γ (°) 90, 90, 90 90, 90, 90 

Resolution (Å) 79.00 – 1.80 (1.83 – 1.80) 78.90 – 1.80 (1.83 – 1.80) 

No. of unique reflections 11,636 (669) 11,607 (663) 

Completeness (%) 100.0 (100.0) 100.0 (100.0) 

Multiplicity 438.0 (47.67) 464.0 (51.94) 

SNR 13.5 (0.2) 17.2 (0.9) 

CC1/2 0.99 (0.49) 0.99 (0.44) 

CC* 0.99 (0.81) 0.99 (0.78) 

Rsplit 5.2 (343.7) 4.9 (100.8) 

Wilson B-factor (Å2) 30.5 24.1 

Refinement   

Resolution (Å) 55.92 – 1.80 55.85 – 1.80 

No. of reflections 11,597 11,567 
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 Lysozyme Batch Lysozyme Droplet 

Reflections used for Rfree 581 581 

Rwork 0.171 0.146 

Rfree 0.231 0.190 

Ramachandran favoured 127 (98%) 130 (98%) 

Ramachandran allowed 2 (2%) 3 (2%) 

Ramachandran outliers 0 (0%) 0 (0%) 

Bond lengths (Å) 0.0066 0.0080 

Bond angles (°) 1.551 1.767 

 

Both preparations showed a high incidence of multiple lattice hits due to the directed-raster 

strategy, with nearly double the number of integrated lattices relative to indexed ones (Table 

10). Unit cell parameters remained consistent across the conditions in the P43212 space group, 

with only a minor contraction in the a-axis observed for the droplet-grown sample (Table 10). 

A similar number of integrated lattices and a consistent high resolution cut-off of 1.8 Å enabled 

a direct assessment of data quality between the two preparations. While CC1/2 and CC* values 

remained similar, the droplet-grown crystals exhibited a clear enhancement in signal-to-noise 

ratio and a marked reduction in Rsplit (Table 10). These improvements were further supported by 

a lower reduced Wilson B-factor, indicating reduced overall disorder. Refinement statistics also 

favoured the droplet-grown sample, with lower Rfree and a narrower gap between Rwork and Rfree, 

reflecting improved model accuracy and data consistency (Table 10). Superposition of the 

protein models from batch-grown and droplet-grown crystals results in a Cα root mean square 

deviation (RMSD) of 0.0063 Å and an all-atom RMSD of 0.760 Å, indicating high structural 

similarity between the preparations (Figure 56A). Such high similarity is also observed in the 

2Fo-Fc electron density maps of selected residues, W63, I98 and W108 contoured at 1 σ (Figure 

56B). 
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Figure 56. Structural comparison of Lysozyme from batch-grown and droplet-grown crystals. 
(A) Ribbon representation of the overall Lysozyme fold from batch-grown (left) and droplet-grown 
(middle) crystals. Superposition of the two models (right) yields a Cα RMSD of 0.0063 Å and an 
all-atom RMSD of 0.760 Å. (B) Representative 2Fo-Fc electron density maps for batch-grown (left) 
and droplet-grown (right) crystals, contoured at 1.0 σ highlighting the residues W63, I98 and 
W108. Stick representation depicts carbon atoms as green, nitrogen atoms as blue and oxygen 
atoms as red.  

4.3.2 Thaumatin 

Thaumatin, a moderately challenging sample with known orientation bias in SSX, was analysed 

to evaluate the impact of crystal uniformity on data quality and structural resolution. A larger 

format SOSOS chip was employed for this dataset, enabling the acquisition of up to 240,000 

images per chip, in comparison to the previous 81,800 images collected with lysozyme. Hit 

rates were notably lower for thaumatin overall, with a slight advantage for the batch-grown 

sample, consistent with its higher crystal density, 107 crystals/mL instead of 106 crystals/mL 

(Table 11). Crystal sizes differed between conditions, with batch-grown crystals averaging 14 

µm and droplet-grown crystals reaching 24 µm. As with lysozyme, the droplet-grown sample 

exhibited a marginally higher indexing rate, suggesting improved lattice order and reduced 

mosaicity (Table 11). The batch-grown sample yielded more integrated lattices, likely due to 

increased multiple lattice hits arising from crystal clustering observed previously (Figure 48A).  
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Table 11. Data collection and refinement statistics for thaumatin crystals grown under batch 
and droplet conditions.  Values in parentheses are for highest-resolution shell. 
 Thaumatin Batch Thaumatin Droplet 

Data Collection   

No. of collected images 240,000 240,000 

No. of hits 28,964 17,659 

Hit rate (%) 12.0 7.3 

No. of indexed images  26,357 17,129 

Indexing rate (%) 91.0 97.0 

No. of integrated lattices 35,295 19,053 

Space group P41212 P41212 

a, b, c (Å) 58.9, 58.9, 152.5 58.9, 58.9, 152.7 

α, β, γ (°) 90, 90, 90 90, 90, 90 

Resolution (Å) 58.97 – 1.68 (1.71 – 1.68) 58.97 – 1.60 (1.63 – 1.60) 

No. of unique reflections 31,714 (1541) 36,626 (1791) 

Completeness (%) 100.0 (100.0) 100.0 (100.0) 

Multiplicity 412.9 (265.02) 224.1 (94.2) 

SNR 6.4 (0.5) 7.1 (0.5) 

CC1/2 0.98 (0.42) 0.99 (0.31) 

CC* 0.99 (0.77) 0.99 (0.69) 

Rsplit 11.5 (170.1) 9.5 (202.4) 

Wilson B-factor (Å2) 17.9 18.3 

Refinement   

Resolution (Å) 55.08 – 1.68 (1.71 – 1.68) 55.07 – 1.60 (1.63 – 1.60) 

No. of reflections 31,628 36,538 

Reflections used for Rfree 1554 1860 

Rwork 0.168 0.146 

Rfree 0.192 0.175 

Ramachandran favoured 212 (99%) 212 (99%) 

Ramachandran allowed 3 (1%) 3 (1%) 

Ramachandran outliers 0 (0%) 0 (0%) 

Bond lengths (Å) 0.0043 0.0098 

Bond angles (°) 1.218 1.677 
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Both datasets refined in the P41212 space group, with only a minor elongation of the c-axis 

observed in the droplet-grown sample (Table 11). Despite having fewer integrated lattices, the 

droplet-grown crystals diffracted to a high-resolution cutoff of 1.60 Å compared to 1.68 Å for the 

batch-grown sample. This improvement may be partially attributed to the larger crystal size, but 

real-time hit finder analysis performed during the beamtime indicated greater sample 

uniformity, evidenced by consistent spot counts per diffraction pattern. Data quality metrics 

again favoured the droplet-grown preparation, with a higher signal-to-noise ratio, improved 

CC1/2 and CC*, and lower Rsplit values (Table 11). Interestingly, the Wilson B-factor was slightly 

elevated for the droplet-grown sample, deviating from the trend observed in lysozyme (Table 

11). Nonetheless, refinement statistics aligned with expectations for higher resolution data, 

showing reduced Rwork and Rfree values in the droplet-grown dataset (Table 11). 

Superposition of the protein models from batch-grown and droplet-grown crystals results in a 

Cα RMSD of 0.048 Å and an all-atom RMSD of 0.408 Å, indicating high structural similarity 

between the preparations (Figure 57A). Such high similarity is also observed in the 2Fo-Fc 

electron density maps (contoured at 1.5 σ) of the crystallisation agent tartrate present in the 

structure. A clearly identifiable disulfide bond between Cysteine 134 and 145 is also visible, 

which is one of eight intramolecular disulfide bonds present in thaumatin (Figure 57B). 



Chapter 4 

129 

 
Figure 57. Structural comparison of thaumatin from batch-grown and droplet-grown 
crystals. (A) Ribbon representation of the overall thaumatin fold from batch-grown (left) and 
droplet-grown (middle) crystals. Superposition of the two models (right) yields a Cα RMSD of 
0.048 Å and an all-atom RMSD of 0.408 Å. (B) Representative 2Fo-Fc electron density maps for 
batch-grown (left) and droplet-grown (right) crystals, contoured at 1.5 σ highlighting the tartrate 
crystallisation agent, and the C145/C134 residue pair that constitute one of the eight 
intramolecular disulfide bonds present in thaumatin. Stick representation depicts carbon atoms 
as green, nitrogen atoms as blue, oxygen atoms as red and sulfur atoms as yellow. 
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4.3.3 AtPdx1.3 

Due to the lower symmetry of the H3 space group and the associated indexing ambiguity, data 

collection for AtPdx1.3 required three smaller format SOSOS chips to achieve a complete 

dataset. An increased number of integrated lattices was required to resolve the indexing 

ambiguities and ensure robust coverage across reciprocal space. Crystal densities were 

matched at 107 crystals/mL for both batch and droplet-grown preparations, with crystal sizes 

held constant at 15 µm.  

Hit rates and indexing efficiencies were similar across both conditions, with a slight 

improvement in indexing observed for the droplet-grown sample (Table 12). As seen in previous 

systems, the batch-grown preparation yielded a higher number of integrated lattices, likely due 

to increased crystal clustering under seeded-batch conditions (Table 12). Both datasets refined 

in the H3 space group, although unit cell parameters differed across all axes, with consistently 

larger dimensions observed in the droplet-grown crystals (Table 12). The origin of this expansion 

remains uncertain, but factors such as slower supersaturation kinetics, reduced mechanical 

stress, and controlled evaporation in the microfluidic environment may influence lattice packing 

and contribute to the observed changes. 

 

Table 12. Data collection and refinement statistics for AtPdx1.3 crystals grown under batch 
and droplet conditions.   Values in parentheses are for highest-resolution shell. 
 AtPdx1.3 Batch AtPdx1.3 Droplet 

Data Collection   

No. of collected images 245,400 245,400 

No. of hits 20,268 20,827 

Hit rate (%) 8.2 8.5 

No. of indexed images  19,325 20,635 

Indexing rate (%) 95.3 99.0 

No. of integrated lattices 27,581 25,464 

Space group H3 H3 

a, b, c (Å) 177.9, 177.9, 117.3 180.3, 180.3, 119.2 

α, β, γ (°) 90, 90, 120 90, 90, 120 

Resolution (Å) 93.33 – 2.50 (2.54 – 2.50) 94.75 – 2.50 (2.54 – 2.50) 

No. of unique reflections 47,878 (4703) 50,011 (4635) 

Completeness (%) 100.0 (100.0) 100.0 (100.0) 

Multiplicity 47.4 (45.18) 44.2 (41.83) 

SNR 4.4 (0.5) 5.0 (0.8) 

CC1/2 0.96 (0.17) 0.96 (0.27) 
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 AtPdx1.3 Batch AtPdx1.3 Droplet 

CC* 0.99 (0.54) 0.99 (0.65) 

Rsplit 19.6 (212.2) 17.1 (147.3) 

Wilson B-factor (Å2) 49.4 45.3 

Refinement   

Resolution (Å) 64.47 – 2.50 65.40 – 2.50 

No. of reflections 47,873 50,003 

Reflections used for Rfree 2316 2510 

Rwork 0.168 0.158 

Rfree 0.193 0.188 

Ramachandran favoured 1042 (98%) 1057 (99%) 

Ramachandran allowed 25 (2%) 15 (1%) 

Ramachandran outliers 0 (0%) 0 (0%) 

Bond lengths (Å) 0.0054 0.0062 

Bond angles (°) 1.407 1.511 

 

Both datasets reached a high-resolution cutoff of 2.50 Å and contained a comparable number of 

integrated lattices, enabling a direct comparison of data quality (Table 12). While CC1/2 and CC* 

values were similar, the droplet-grown crystals exhibited a higher signal-to-noise ratio, reduced 

Rsplit, and a lower Wilson B-factor, indicating improved diffraction quality (Table 12). Refinement 

statistics further supported this trend, with a lower Rfree value and a greater proportion of 

favoured Ramachandran angles in the droplet-grown model, suggesting enhanced backbone 

geometry and overall structural integrity (Table 12). 

Superposition of the protein models from batch-grown and droplet-grown crystals results in a 

Cα RMSD of 0.494 Å and an all-atom RMSD of 3.307 Å, indicating highly similar overall folds with 

a stable backbone (Figure 58A). However, an all-atom RMSD greater than 1 Å indicates side 

chains are adopting different conformations between the preparations. This difference in side-

chain conformation can be clearly observed in the 2Fo-Fc electron density maps (contoured at 

1.5 σ) of K98, a key residue in the active site of AtPdx1.3 (Figure 58B). 
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Figure 58. Structural comparison of AtPdx1.3 from batch-grown and droplet-grown crystals. 
(A) Ribbon representation of the overall AtPdx1.3 fold from batch-grown (left) and droplet-grown 
(middle) crystals, with four copies in the asymmetric unit (ASU). Superposition of the two models 
(right) yields a Cα RMSD of 0.494 Å and an all-atom RMSD of 3.307 Å. (B) Representative 2Fo-Fc 
electron density maps for batch-grown (left) and droplet-grown (right) crystals, contoured at 1.5 
σ highlighting the key active site lysine residues, K98 and K166. Stick representation depicts 
carbon atoms as green and nitrogen atoms as blue. 

4.3.4 Chlorite dismutase 

Chlorite dismutase contains a haem prosthetic group. Due to initial crystallisation challenges, it 

was selected to test whether droplet-based crystallisation could improve crystal uniformity, 

data quality and structural resolution in SSX. Due to the low symmetry P1 space group, 

extensive data collection was required to achieve complete datasets. The batch-grown dataset 

comprised pooled crystals from experiments performed under multiple seeding conditions 

(neat seed, 1 in 10 seed, 1 in 20 seed and 1 in 50 seed; see Figure 51), with sizes ranging from 14 

to 150 µm. In contrast, the droplet-grown sample exhibited consistent crystal dimensions, 

averaging 28 µm. 

Crystal densities differed markedly between preparations, with the batch-grown sample at 108 

crystals/mL and the droplet-grown sample at 106 crystals/mL. Using the larger format SOSOS 

chip (240,000 images per chip), four chips were collected for the batch-grown sample and three 

for the droplet-grown sample, due to limited sample availability. As expected, the batch-grown 
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crystals yielded a hit rate approximately three times higher than that of the droplet-grown 

sample (Table 13). However, the droplet-grown crystals also exhibited a roughly two-fold 

reduction in indexing rate, likely due to their smaller size and weaker diffraction, which 

diminished both hit identification and indexing success (Table 13). Indexing rates across both 

conditions were substantially lower than observed in the previous systems tested, reflecting the 

inherent challenges of the P1 space group, namely the absence of symmetry constraints and 

internal redundancy, which complicate orientation determination and indexing reliability.  

 

Table 13. Data collection and refinement statistics for chlorite dismutase crystals grown 
under batch and droplet conditions.  Values in parentheses are for highest-resolution shell. 
 Chlorite Dismutase Batch Chlorite Dismutase Droplet 

Data Collection   

No. of collected images 960,000 720,000 

No. of hits 293,978 77,725 

Hit rate (%) 30.6 10.8 

No. of indexed images  162,746 19,376 

Indexing rate (%) 55.3 24.9 

No. of integrated lattices 221,767 20,075 

Space group P1 P1 

a, b, c (Å) 53.0, 53.6, 55.7 53.0, 53.6, 55.7 

α, β, γ (°) 107.3, 98.4, 110.0 107.3, 98.4, 110.0 

Resolution (Å) 51.13 – 1.80 (1.84 – 1.80) 51.11 – 2.36 (2.40 – 2.36) 

No. of unique reflections 49,072 (2435) 21,770 (1094) 

Completeness (%) 100.0 (100.0) 100.0 (100.0) 

Multiplicity 739.4 (747.8) 39.6 (41.6) 

SNR 8.1 (0.6) 3.6 (0.9) 

CC1/2 0.99 (0.27) 0.94 (0.26) 

CC* 0.99 (0.65) 0.98 (0.64) 

Rsplit 7.9 (210.5) 24.8 (140.9) 

Wilson B-factor (Å2) 31.62 37.37 

Refinement   

Resolution (Å) 51.13 – 1.80  51.11 – 2.36 

No. of reflections 49,060 21,768 

Reflections used for Rfree 2516 1055 

Rwork 0.167 0.171 

Rfree 0.205 0.221 
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 Chlorite Dismutase Batch Chlorite Dismutase Droplet 

Ramachandran favoured 346 (97%) 343 (95%) 

Ramachandran allowed 12 (3%) 14 (4%) 

Ramachandran outliers 0 (0%) 1 (1%) 

Bond lengths (Å) 0.0086 0.0072 

Bond angles (°) 1.733 1.643 

 

The batch-grown dataset contained a high number of multiple lattice hits, attributed to the 

presence of large outlier crystals that were repeatedly sampled during directed-raster data 

collection (Table 13). This contributed to a greater number of integrated lattices and enabled a 

high-resolution cutoff of 1.80 Å, compared to 2.36 Å for the droplet-grown sample (Table 13). 

The lower resolution in the droplet-grown dataset was accompanied by a reduced signal to 

noise ratio, elevated Rsplit and a substantially higher Wilson-B factor, indicating increased 

disorder and diminished diffraction quality (Table 13). 

Superposition of the protein models from batch-grown and droplet-grown crystals results in a 

Cα RMSD of 0.092 Å and an all-atom RMSD of 2.837 Å, once again highlighting a stable overall 

fold but varying side-chain conformations (Figure 59A). The 2Fo-Fc electron density maps for 

batch-grown crystals contoured at 2.0 σ reveals holes in the haem prosthetic group consistent 

with a delocalised π-electron system, that is not visible in the droplet-grown crystals (Figure 

59B). Additionally, the active site water is clearly defined above the plane of the haem in the 

batch-grown crystals whilst the density appears continuous in the droplet-grown crystals 

(Figure 59B). The loss of such features is a direct effect of lower resolution data for the droplet-

grown crystals. 
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Figure 59. Structural comparison of chlorite dismutase from batch-grown and droplet-grown 
crystals. (A) Ribbon representation of the overall chlorite dismutase fold from batch-grown (left) 
and droplet-grown (middle) crystals, with two copies in the asymmetric unit (ASU). Superposition 
of the two models (right) yields a Cα RMSD of 0.092 Å and an all-atom RMSD of 2.837 Å. (B) 
Representative 2Fo-Fc electron density maps for batch-grown (left) and droplet-grown (right) 
crystals, contoured at 2.0 σ and 1.5 σ respectively, highlighting the active site Haem, water (Wat) 
and H114. Stick representation depicts carbon atoms as green, nitrogen atoms as blue and 
oxygen atoms as red. The grey sphere in the centre of the haem porphyrin ring depicts an iron 
atom. 
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4.4 Considerations for crystallisation in microfluidic droplets 

Beyond miniaturisation and microseeding strategies, expanding the applicability of 

crystallisation in microfluidic droplets calls for consideration of physical parameters including 

crystal axial ratio, solution viscosity and the minimum crystal size for structural analysis. 

4.4.1 Axial ratio 

The preparation of crystals in droplet environments has been applied to a range of systems in 

previous work (248,258). To extend applicability, an alternative crystal morphology was chosen, 

and we tested the effect of droplet confinement on the growth of needle shaped crystals. The 

model needle system selected was trypsin type I. Under batch conditions, trypsin needles grew 

to a variety of sizes, with a corresponding axial ratio of ~10 (Figure 60A). In contrast, trypsin 

needles grown in droplets environments were unable to elongate fully, with a corresponding 

axial ratio of ~5 (Figure 60B). This is caused by an insufficient droplet volume, leading to the 

fragmentation of crystals into smaller needles, lowering the crystal axial ratio (l/w). A similar 

effect is observed with parallelepiped-shaped Lysozyme crystals, as the droplet volume 

decreases, the crystal size reduces as shown earlier, but the axial ratio also decreases with the 

crystal length and width becoming equal (Figure 60C). 

 
Figure 60. The effect of droplet confinement on crystal axial ratio.  (A) Trypsin type I needles 
grown under batch conditions lead to non-uniform crystal sizes with an axial ratio of ~10. (B) 
Trypsin type I needles grown in droplet environments result in smaller needles with an axial ratio 
of ~5. (C) In the case of parallelepiped-shaped Lysozyme crystals, the axial ratio is reduced to 
near unity when reducing the droplet volume and corresponds to much smaller crystals in 
comparison to the control sample grown in batch conditions.  
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4.4.2 Viscosity 

For droplet crystallisation to be applicable to a wider range of crystals systems, it must be able 

to withstand a variety of different crystallisation mixtures. Many crystallisation conditions 

contain precipitating agents such as PEG with a naturally high viscosity. The higher viscosity 

component may impact the generation of stable droplet flows at high enough throughput for 

crystallisation trials in droplets. To test the effect of viscosity, a concentration series of PEG 

6000 was prepared ranging from 0 to 25 % (w/v) corresponding to viscosities from 1 to 21 mPa·s. 

In droplets with a diameter of 50 µm, only a three-fold reduction in throughput was observed in 

the concentration series from ~ 1.3 kHz to 0.4 kHz (Figure 61), implying that droplet 

microfluidics is compatible with high viscosity and difficult to handle crystallisation conditions. 

If high droplet throughput is required, a lower viscosity crystallisation condition would be 

recommended to ensure stable droplet flows throughout the experiment.  

 
Figure 61. The effect of viscosity on droplet throughout.  Droplet crystallisation can withstand 
high viscosity crystallisation conditions, for example 0 to 25% (w/v) PEG 6000, but reductions in 
droplet throughput are observed and the production of stable droplet flows will be anticipated to 
take longer.  

4.4.3 Minimum crystal size 

Brighter and more-focused X-ray sources now allow useable diffraction data to be collected 

from submicron crystals. As shown earlier (Figure 50), AtPdx1.3 crystals as small as 1 micron 

can be prepared in 1 pL droplets but it would be feasible to reduce this droplet volume even 

further with the hope to generate submicron crystals in droplets. Monodisperse droplets as 

small as 5.4 µm in diameter and 82 fL in volume can be prepared with AtPdx1.3 and precipitant 

solution containing seed stock at a droplet generation frequency of 61 kHz (Figure 62). 

However, reduced likelihood of crystal growth at smaller scales and reduced occupancy of 

droplets with seed leads to prevention of crystal growth in femtolitre droplets. 
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Figure 62. The production of femtolitre-sized droplets for AtPdx1.3 crystallisation.  Droplet 
miniaturisation allows for the high-throughput generation of Ø5.4 µm droplets with a volume of 
82 fL (left). Even in the presence of seed stock, no AtPdx1.3 crystals were observed in 82 fL 
droplets when using a 60x/1.4NA oil immersion objective (right).  
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4.5 Discussion 

This chapter demonstrates the utility of droplet microfluidics as a versatile platform for 

engineering crystal size and uniformity across a range of protein systems. By systematically 

varying droplet volume and crystallisation conditions, clear relationships between droplet 

scale, crystal morphology, and sample quality were established, providing a reproducible 

framework for generating microcrystals tailored to serial crystallography workflows. 

Using a PEG-based system with lysozyme, monodisperse crystallisation droplets were 

generated across a volume range from 194 to 0.89 pL, producing crystals between 20 and 2 µm 

in size. These crystal dimensions are substantially smaller than those reported in earlier droplet 

microfluidic studies, where lysozyme crystals typically exceeded 50 µm (244,245,255,257,289). 

As droplet volume decreased, both crystal size and size distribution narrowed, with the lowest 

CV observed in the smallest droplets tested. Below 6.54 pL, droplets were stochastically loaded 

with single crystals, yielding highly uniform populations ideally suited for serial crystallography. 

This miniaturisation, however introduced a trade-off: crystal yield declined from 80 crystals/nL 

to just 7 crystals/nL in the smallest droplets. Notably, this loss was offset by a 20-fold increase 

in droplet generation frequency, indicating that throughput and sample quality can be balanced 

through careful optimisation of droplet parameters.  

The inverse relationship between droplet volume and crystal yield is consistent with previous 

microfluidic lysozyme crystallisation studies, where reported lower nucleation percentages 

were seen in smaller droplets despite identical supersaturation conditions (255). For instance, 4 

nL droplets (Ø200 µm) exhibited reduced nucleation efficiency compared to 24 nL droplets (360 

µm), even though the calculated nucleation rate remained constant across volumes (255). 

Protein concentration has also been shown to influence crystal yield in droplet systems, 

although this variable was not investigated during this work. A previous study demonstrated that 

increasing the concentration of lysozyme from 20 to 30 mg mL-1 raised nucleation percentages 

from 12% to 69% in 60 nL droplets, confirming that crystallisation remains concentration-

dependent even under confinement (256). Importantly, droplet-based methods consistently 

yield single crystals per droplet, in contrast to batch approaches which generate multiple 

crystals per well (256). This isolation effect enables precise tracking of individual crystal growth 

trajectories and facilitates face-specific growth analysis, capabilities not readily achievable in 

bulk crystallisation formats (256). Alternative strategies have also emerged, where polydisperse 

emulsions are first generated by batch methods to identify optimal droplet diameters, which are 

then subsequently used to generate monodisperse emulsions tailored for downstream 

crystallographic applications (248). 
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Thaumatin crystallised in a salt-based system, showing comparable improvements in crystal 

uniformity relative to batch conditions, despite slightly larger crystal sizes. The crystals obtained 

in this work are consistent with previous reports using tartrate-based precipitants, ranging from 

25 to 50 µm (245,246,255,256). Although only one droplet size was tested in this work, the 

results suggest that further miniaturisation could reduce crystal dimensions whilst preserving 

sample homogeneity. Importantly, the sensitivity of droplet volume coefficient of variation (CV) 

emerged as a potential contributing factor, as minor instabilities in droplet formation may have 

influenced the emergence of bimodal crystal distributions. While this relationship was not 

directly measured, the observation underscores the importance of maintaining precise control 

over droplet generation to minimise variability and improve reproducibility in crystallisation 

outcomes. Studies have further demonstrated the influence of droplet volume on thaumatin 

crystallisation outcomes. When comparing 200 µm (4 nL) and 500 µm (50-65 nL) droplets, single 

crystal formation was consistently observed in the smaller droplets, where larger droplets 

yielded multiple crystals per droplet (255,256). At a constant protein concentration of 10 

mg/mL, the nucleation percentage increased sixfold in the 500 µm droplets, highlighting the 

strong dependence of nucleation behaviour on droplet volume (255). Together, these insights 

support the broader conclusion that droplet miniaturisation not only improves crystal 

homogeneity but also enables single crystal isolation, facilitating downstream analysis and 

integration with serial crystallography platforms. However, achieving reproducibility at these 

scales requires stringent control over droplet formation and protein concentration, particularly 

when operating near the critical volume threshold for nucleation suppression. 

For AtPdx1.3, a more typical protein, initial droplet crystallisation attempts yielded negligible 

crystal formation. To overcome this, a seeding strategy was employed, introducing fragmented 

crystals into the precipitant solution prior to droplet generation. This approach aligns with 

principles demonstrated by Gerdts et al., who used time-controlled microfluidic seeding to 

decouple nucleation and growth stages within nanolitre-sized droplets, enabling the formation 

of diffraction quality crystals even for proteins defiant against traditional crystallisation 

methods (253). Moreover, the integration of seeding within a microfluidic framework aligns with 

the findings of Heymann et al., who developed a kinetically optimised device for room-

temperature serial crystallography (248). The emulsion-based platform exploited the negative 

feedback mechanism inherent to small droplet volumes, where initial nucleation locally 

reduced supersaturation to promote single crystal formation per droplet (248). Combining 

kinetic control, spatial confinement and seeding precision offers a robust framework for 

crystallising proteins with low intrinsic nucleation propensity.  

In batch conditions, seed dilution predictably increased AtPdx1.3 crystal size while maintaining 

a consistent CV. This observation matches previous findings in batch crystallisation systems 
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where higher seed concentrations typically yield a larger number of smaller crystals, and lower 

seed concentrations favour fewer, larger crystals (58,80). Interestingly, while increased crystal 

size is expected to coincide with greater heterogeneity, AtPdx1.3 maintained a relatively uniform 

size distribution across the seed dilution series. This deviation from the anticipated behaviour 

may reflect protein-specific crystallisation kinetics or intrinsic growth constraints unique to 

AtPdx1.3. In droplets, decreasing volume again reduced crystal size and improved uniformity, 

with AtPdx1.3 crystal dimensions scaling proportionally with droplet diameter. However, the 

smallest droplets tested showed an increased CV, likely due to stochastic effects and reduced 

nucleation probability. Overall yield remained lower than lysozyme and thaumatin, reflecting 

protein-specific limitations in crystallisation efficiency.  

Chlorite dismutase presented a distinct challenge, with previous seeded-batch crystallisation 

protocols producing heterogeneous slurries with large outlier crystals. Initial droplet 

experiments were hindered by seed stocks clogging internal filters within the microfluidic 

device, compromising droplet integrity and throughput. To mitigate this, seed stocks were 

filtered prior to crystallisation, effectively removing oversized crystals and aggregates. This 

approach not only restored reproducible droplet formation but also aligned with strategies 

reported by Shoeman et al., who demonstrated that seed stock filtering enhances crystal 

monodispersity and reduced variability in nucleation outcomes (275). When applied to both 

batch and droplet workflows, the filtering seed strategy yielded comparable crystal sizes across 

formats, although batch samples exhibited a slightly lower CV, likely reflecting reduced 

sensitivity to flow perturbations and device constraints. These findings underscore the utility of 

seed stock filtration as a scalable, cross-platform strategy for improving crystal uniformity and 

workflow robustness in serial crystallography applications.  

Visual inspections confirmed morphological similarity between batch and droplet grown 

crystals, but diffraction validation was essential to assess sample quality. To this end, a 

directed-raster fixed-target SSX setup was employed at the ID29 beamline at ESRF, enabling 

efficient data acquisition from minimal sample volumes. High-resolution datasets were 

successfully obtained from lysozyme, thaumatin, AtPdx1.3, and chlorite dismutase, confirming 

the compatibility of batch and critically droplet-grown samples with serial crystallography 

workflows. These findings reinforce the reliability of droplet microfluidics for generating serial 

compatible crystals across diverse protein systems. They further support recent work 

demonstrating that microcrystals grown in droplet emulsions can be stored for extended 

periods and transported remotely without compromising diffraction quality (258). This 

convergence of morphological consistency, diffraction robustness, and logistical flexibility 

positions droplet-based crystallisation as a scalable and beamline-ready strategy for high-

throughput structural biology. 
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Additional considerations emerged during optimisation. In needle-forming systems such as 

trypsin and parallelpiped lysozyme crystals, droplet miniaturisation was associated with crystal 

fragmentation and reduced axial ratios. While this observation suggests a possible link, it 

remains a qualitative interpretation rather than a quantitatively confirmed outcome. Notably, 

existing studies involving trypsin crystallisation in droplet environments have largely focused on 

throughput and diffraction compatibility, without explicitly addressing the impact of droplet 

confinement on crystal morphology or axial ratio (248). Viscosity also influenced throughput, 

PEG 6000 concentrations from 0 to 25% (w/v) increased solution viscosity from 1 to 21 mPa·s, 

resulting in a three-fold reduction in droplet generation for 50 µm droplets. While the system 

tolerated high viscosity, lower concentrations are recommended to maintain throughput. These 

observations are consistent with prior work by Tice et al., who demonstrated that droplet 

formation in segmented flow microfluidics remains reliable across a range of viscosities, 

provided that the Capillary number and flow rate ratios are appropriately tuned (290). Viscosity 

measurements can be inferred from the behaviour of microfluidic droplets, enabling precise 

calculation of fluid viscosity under operational conditions (291). These measurements are 

essential for characterising flow dynamics and optimising droplet-based systems, particularly 

in protein crystallisation and serial sample delivery platforms. In such applications, mixing 

efficiency is strongly influenced by viscosity, and the stability and performance of droplet 

generation are critical for sustaining long-duration data collection.  

Finally, attempts to generate submicron crystals of AtPdx1.3 using 1 pL and 82 fL droplets 

revealed a lower limit to crystal formation. No crystal growth was observed at 82 fL, likely due to 

stochastic limitations in nucleation at extreme miniaturisation. To the best of my knowledge, 

this represents the first attempt to crystallise a protein within sub-picolitre droplets, marking an 

initial step towards ultra-miniaturised crystallisation platforms. Further optimisation such as 

enhanced seeding strategies, nucleant additives, or modified droplet geometries will be 

necessary to overcome nucleation barriers and enable crystal growth at these scales. In 

particular, altering droplet geometry may influence internal flow patterns, surface-to-volume 

ratios, and confinement effects, all of which can impact nucleation kinetics and crystal 

morphology. 

Taken together, this work establishes droplet microfluidics as a powerful tool for crystal size 

engineering, offering precise control over morphology, uniformity, and throughput. By 

integrating seeding strategies, filtration protocols, and device optimisation, a modular workflow 

was developed, which is adaptable to a range of protein targets. These findings directly support 

the broader goal of reproducible, size-controlled microcrystal production for time-resolved 

serial crystallography, where crystal uniformity and volume efficiency are critical. 
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Chapter 5 Droplet microfluidics for rapid micromixing 

To enable time-resolved crystallography experiments triggered by the addition of substrate or 

ligand, rapid and synchronised mixing of crystal and substrate volumes must be achieved. 

Given that the median enzyme turnover rate (kcat) is 13.7 s-1 (292), corresponding to a reaction 

cycle of 70 ms, effective resolution of catalytic intermediates requires efficient mixing, 

substrate diffusion and binding with a few milliseconds. Conventional microfluidic mixing, 

limited by slow laminar diffusion, presents a major bottleneck under these constraints. 

To overcome this, droplet-based microfluidic strategies can be used, which offer convective-

diffusive mixing via internal circulations within individual droplets (Figure 63). This results in 

mixing times orders of magnitude faster than in single-phase systems. Crucially, droplets 

provide consistent incubation times due to their uniform flow velocities, mitigating dispersion 

effects caused by parabolic velocity profiles in traditional microchannels. Furthermore, the use 

of periodic droplet generation opens up the possibility of synchronisation with high-repetition-

rate XFEL pulses to increase hit rates. However, challenges persist in maintaining droplet 

periodicity during sample ejection into the beam path, limiting current implementation 

efficiency.  

 
Figure 63. Rapid connective-diffusive mixing in droplets. During droplet generation and 
transport of the subsequent droplet within a microchannel, circulations take place which can be 
easily observed when applying a coloured dye to the system. The internal circulations drive rapid 
connective-diffusive mixing within the droplet. 

An alternative to sample ejection directly into the beam is data collection from within the 

microfluidic device itself, commonly referred to as in situ X-ray crystallography. Additional 

material introduced into the X-ray path by the microfluidic device itself, ultimately leads to 

signal attenuation which adversely affects data collection. Traditionally droplet microfluidic 

devices are composed of millimetre thick layers of PDMS and glass, which would not allow for 

effective transmission of X-rays. Therefore, fabricating an X-ray compatible microfluidic device 

necessitates that any material interacting with the X-ray path must be reduced in thickness 

enough to achieve high signal-to-noise. However, this introduces challenges in terms of 
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fabricating such thin-film materials for minimal attenuation whilst ensuring high stability and 

reproducibility, key attributes for performing an in-flow experiment. 

In this chapter, I present droplet microfluidic strategies for rapid and uniform mixing of crystals 

and ligand. By applying image analysis alongside high-speed microscopy imaging, fast mixing 

times on the order of milliseconds are observed. Material feasibility tests for PDMS are 

performed at low and high energy modes at a microfocus beamline to elucidate the potential of 

thin-film devices for the collection of diffraction data. Fabrication strategies are then introduced 

to produce thin-film PDMS droplet microfluidic devices. A proof-of-principle experiment is 

employed by studying the binding of N-Acetylglucosamine (GlcNAc) to Lysozyme, a previously 

well-known model system for verifying time-resolved mixing approaches. Finally, the effect of 

ligand concentration on time-resolved mixing data and ligand occupancy is studied. 

Some of the results presented in this chapter have been published in the following article: 

Stubbs, J., Hornsey, T., Hanrahan, N., Esteban, L.B., Bolton, R., Malý, M., Basu, S., Orlans, J., De 

Sanctis, D., Shim, J., Shaw Stewart, P.D., Orville, A.M., Tews, I., West, J., 2024. Droplet 

microfluidics for time-resolved serial crystallography. IUCrJ 11, 237–248. The publication is 

included within the Appendix for reference. 

5.1 Mixing in droplets 

To study mixing during droplet generation and transport, ~ 7 x 2 µm Lysozyme crystals were 

encapsulated into droplets along with a stream of highly absorbing red dye (25 mM sulfanilic 

acid azochromotrop, SAA), providing contrast for subsequent image analysis performed by Dr 

Niall Hanrahan. Initially, the crystal and dye streams converge with diffusion initiating slow 

mixing before the process of droplet generation, resulting in stream thinning allowing rapid 

mixing with short diffusion paths. Subsequently, droplets containing crystal and dye are 

transported down the microchannel with further internal circulations within the droplet driving 

mixing to completion. During image analysis, mixing calculations began once the crystal and 

dye streams converged. A fully mixed state is achieved when the droplet pixel intensity 

coefficient of variation (CV) reaches 5%. When applying a 1:1 volume ratio of crystal and dye at a 

velocity of 60 mm/s, the presence of crystals did not affect the mixing time, resulting in a 

consistent mixing time of ~ 6 milliseconds, with and without crystals (Figure 64). 
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Figure 64. The presence of crystals does not affect mixing times in droplets.  High speed 
microscopy allows the observation of mixing during droplet generation and transport within a 
microchannel. Droplets have been colour-enhanced to allow easier observation of the mixing 
process. Image analysis involved 12 droplets with crystals and 10 droplets without crystals. The 
droplet pixel intensity CV is plotted as the mean ± SD, with and without crystals. 

With the knowledge that the presence of crystals did not affect mixing time, the next test was to 

understand the effect of crystal to dye ratio. At a set velocity of 300 mm/s , the volume fraction 

of dye was increased from 0.1 to 0.5, leading to a reduction in mixing time (Figure 65A). The 

optimal dye ratio was achieved at 0.5 or more simply a 1:1 ratio by volume of crystal suspension 

to dye, equating to a mixing time of 1.73 milliseconds (Figure 65A). This observation supports 

the 'entropy of mixing' theory (293), which suggests that mixing is most efficient when the initial 

volumes of the component liquids are equal. Gibbs free energy is lowest and entropy is highest 

resulting in fast mixing. However, once you deviate from the optimal 1:1 Gibbs-free energy 

driven mixing you begin to observe the evolution of mixing along the channel length. This effect 

is also observed when simply varying the flow ratios between a precipitant solution and red dye, 

without the need for crystals (Figure 65B). 
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Figure 65. The ratio of components being mixed effects mixing times in droplets.  (A) A high 
speed microscope frame of crystal and dye mixing at a dye ratio of 0.3 and a droplet velocity of 
300 mm/s. Droplets containing crystals are highlighted with blue circles. The droplet pixel 
intensity CV is plotted as the mean ± SD for 15 droplets for each ratio of crystal suspension to dye 
solution by volume. At a droplet velocity of 300 mm/s the mixing time decreases as the volume 
fraction of dye increases, with the optimal ratio of 0.5 resulting in mixing times sub 2 milliseconds. 
(B) Varying the ratio of precipitant solution (removing crystals) to red dye at a droplet velocity of 
300 mm/s leads to rapid mixing within less than 2 milliseconds at a 5:5 flow ratio (1:1).  
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Taking this further, the effect of droplet velocity on mixing time was tested. Applying the optimal 

1:1 ratio of crystal to dye, the velocity was increased from 60 to 300 mm/s leading to increased 

circulations within the droplets. In addition, the higher velocity led to higher shear forces 

imparted during droplet generation, leading to a reduction in droplet volume from 126 to 39 pL 

(Figure 66). The smaller droplets provide a shorter diffusion path, resulting in mixing times as 

fast as 1.85 milliseconds at 300 mm/s and 6.0 ms at 60 mm/s (Figure 66). The current limit of 

droplet generation velocity is 300 mm/s, but smaller and higher velocity droplets would be 

anticipated to give faster mixing times. The mixing times observed with droplets is on par with 

the current state of the art in terms of GDVN co-flow mixers (2 ms) and exceeds mixing by other 

delivery systems such as drop-on-demand or drop-on-chip. 

 
Figure 66. Increasing droplet velocity leads to faster mixing times.  A high speed microscope 
frame of crystal and dye mixing at a dye ratio of 0.5 and a droplet velocity of 300 mm/s. Droplets 
containing crystals are highlighted with blue circles. The droplet pixel intensity CV is plotted as 
the mean ± SD for 15 droplets. Increasing droplet velocity leads to increased circulations with 
droplets (convection) and reduces the droplet volume and diffusion paths allowing for fast 
mixing. 
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5.2 Fabrication of an X-ray transmissible droplet microfluidic device 

When designing an X-ray transmissible microfluidic device for in-flow experiments at the 

beamline, it is crucial to consider how the device material interacts with X-rays. The primary 

factors include the diffraction strength from the protein crystals, the extent of scattering through 

the material, and most critically the attenuation caused by photon absorption, which reduces 

the intensity of the incident X-ray beam and compromises signal quality (294). At the same time, 

in-flow experiments demand robust device bonding and mechanical stability, often requiring 

thicker materials to prevent leakage and maintain consistent flow. This creates a design trade-

off, with increased thickness improving structural integrity, but exacerbating radiative 

interference. Achieving optimal performance therefore requires a careful balance between 

minimising scattering and attenuation and ensuring mechanical reliability under beamline 

conditions.  

5.2.1 Material feasibility testing of PDMS 

PDMS was chosen as the material of choice due to its reliable device bonding and stable flow 

characteristics, which support consistent and uniform droplet generation. Building on the 

droplet crystallisation workflows outlined in the previous chapter, substantial insight was 

gained into optimal flow parameters for effective droplet formation. However, previous studies 

have noted that PDMS exhibits a high attenuation coefficient and poor X-ray transmission at 

increased material thicknesses. To evaluate the impact of PDMS thickness on background 

scattering, and critically, the signal-to-noise ratio, a series of experimental tests were 

conducted. Commercially available PDMS thin films with characterised thicknesses ranging 

from 20 to 200 µm were positioned in front of the X-ray interaction region at I24 beamline at 

Diamond Light Source, utilising a 7 x 7 µm X-ray beam, operating at 100% transmission. Given 

literature reports that higher X-ray energies reduce attenuation (294), measurements were 

performed at both 12.4 and 20 keV. Consistent with theoretical predictions, PDMS produced an 

evident scattering ring at approximately 7.5 Å, which intensified with increasing film thickness 

(Figure 67). Raising the X-ray energy to 20 keV attenuated this scattering feature, with the 20 µm 

film displaying only a weak ring (Figure 67). Notably the 50 µm film at 20 keV exhibited multiple 

scattering rings, likely originating from residual contaminants associated with the plastic 

backing used during shipping of the commercial PDMS films. 
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Figure 67. Effect of PDMS film thickness and X-ray energy on background scattering.  A 
characteristic PDMS scattering ring at ~7.5Å, increasing in intensity with film thickness at both 
12.4 and 20 keV. The higher X-ray energy of 20 keV reduced ring prominence, with 20 µm films 
showing minimal background scattering. 

Given that an X-ray energy of 20 keV was identified as optimal for minimising PDMS-induced 

background scattering, control experiments were performed to assess the severity of 

background scattering. The first condition involved no material in the X-ray path, capturing 

scattering solely from air. The second used a 6 µm thick mylar film, commonly used to seal 

aperture-aligned fixed target setups and prevent crystal dehydration. As anticipated, both 

conditions produced negligible background scattering, with no detectable scattering rings 

observed in the collected diffraction patterns (Figure 68). 
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Figure 68. Control measurements of background scattering for air and 6 µm thick mylar.  
Diffraction patterns of air and 6 µm thick Mylar showing negligible background scattering, 
following X-ray interaction. 

To quantify PDMS-induced background scattering further, diffraction patterns were analysed 

using the program dials.background to extract absolute scattering values. As expected, 

increasing PDMS thickness led to elevated background scattering, with values exceeding 100 

arbitrary units for the 200 µm film at 12.4 keV (Figure 69). Notably, raising the X-ray energy to 20 

keV resulted in an approximate 10-fold reduction in background scattering for the same 

thickness, confirming the energy-dependent behaviour of PDMS (Figure 69). Interestingly, the 

peak background scattering at 12.4 keV was observed at ~ 6.5 Å, deviating from the commonly 

reported ~ 7.5 Å scattering ring. At 20 keV, this peak shifted towards the expected 7.5 Å position, 

suggesting an energy-dependent modulation of the dominant scattering feature. 

 
Figure 69. PDMS-induced background scattering as a function of film thickness and X-ray 
energy.  Background scattering profiles extracted using dials.background are plotted against 
resolution (Å). Thicker PDMS films and lower X-ray energies yield higher background levels, with 
dominant scattering peaks observed at ~ 6.5 Å for 12.4 keV and ~ 7.5 Å  for 20 keV.  
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Subsequently, peak background scattering values were extracted from the diffraction patterns, 

further confirming that increased PDMS thickness substantially amplified background 

scattering, by nearly sixfold at an X-ray energy of 12.4 keV (Figure 70). This effect is markedly 

attenuated at 20 keV, where peak background values reach only ~10 arbitrary units even at the 

maximum thickness of 200 µm (Figure 70). 

 
Figure 70. Peak background scattering from PDMS across varying film thicknesses and 
varying X-ray energies.  Peak scattering values were extracted from diffraction patterns using 
dials.background. Peak background scattering values across PDMS thickness (20 to 200 µm) at 
12.4 keV and 20 keV, highlighting the attenuation effect at higher energy. 

With PDMS attenuation and scattering properties characterised, the final feasibility test 

assessed its suitability for diffraction data collection from protein crystals, ensuring acceptable 

signal-to-noise ratios could be achieved. A thin-film, chipless chip sample delivery method 

(116) was employed, whereby a 3 µL volume of 20 – 25 µm lysozyme microcrystals (Figure 71A) 

was sandwiched between a 6 µm mylar film and a 100 or 200 µm PDMS thin film. This assembly 

was mounted onto the beamline goniometer using a magnetic tweezer pin (Figure 71B). Data 

collection involved selecting a crystal-rich region and generating a raster grid for scanning, 

following a directed-raster approach, analogous to fixed-target setups (Figure 71C). 
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Figure 71. X-ray diffraction testing of lysozyme microcrystals embedded in PDMS thin-film 
assemblies.  (A) Lysozyme microcrystal slurries (20 – 25 µm) prepared for diffraction testing. (B) 
Experimental setup showing a 6 µm mylar film containing the microcrystal slurry adhered to either 
a 100 or 200 µm PDMS thin film, mounted onto the beamline goniometer using a magnetic 
tweezer pin. (C) Microcrystals visible within the circular region of the sample assembly, with an 
overlaid raster grid used for X-ray diffraction data collection. 

A total of four grid scans were performed for each PDMS thickness (100 and 200 µm) at X-ray 

energies of 12.4 keV and 20 keV. To assess diffraction data quality across these conditions, 

datasets were processed by merging 1888 crystals using dials.combine_experiments and 

dials.split_experiments, whilst applying a high-resolution cutoff of 1.60 Å. Two key data quality 

metrics, CC1/2 and SNR were extracted and plotted against resolution for all four datasets. 

Increasing PDMS thickness and X-ray energy led to a reduction in CC1/2 values (Figure 72A), 

indicating diminished data correlation at higher resolution shells. A similar trend was observed 

for SNR (Figure 72B), attributed to increased X-ray attenuation from thicker PDMS and reduced 

photon flux at higher energies. Based on a CC1/2 cutoff of 0.3 and a SNR cutoff of 1.0, the 100 µm 

datasets support a realistic resolution cutoff of ~1.70 Å, while the 200 µm datasets are limited 

to ~1.80 Å. 
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Figure 72. Effect of PDMS thickness and X-ray energy on diffraction data quality.  (A) CC1/2 
values plotted against resolution for datasets collected using 100 µm and 200 µm PDMS films at 
12.4 keV and 20 keV. (B) Signal-to-noise ratio (SNR) profiles for the same four conditions, 
highlighting attenuation effects from increased material thickness and X-ray energy. 
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5.2.2 Fabrication of a thin-film PDMS droplet microfluidic device for in-flow 

experiments at a beamline 

Following the successful validation of PDMS as a viable material for thin-film sample delivery, 

the next phase focused on the design and fabrication of a microfluidic circuit compatible with 

time-resolved serial crystallography workflows. The aim was to develop a PDMS-based 

microfluidic device capable of mixing protein crystals with ligands in droplets under controlled 

flow conditions. Key design criteria included the ability to achieve millisecond mixing for 

capturing rapid biochemical reactions, while accommodating a broad dynamic range from 

milliseconds to seconds, to support diverse protein systems. Additionally, sample velocity at 

the X-ray interaction region needed to be optimised to ensure sufficient diffraction signal from 

crystals in flow. 

To meet these requirements, a computer-aided design (CAD) of the microfluidic device was 

generated in preparation for SU-8 master fabrication (Figure 73A). The circuit incorporated three 

inlets for fluorinated oil, protein crystals, and ligand or crystallisation solution, with extended 

channel lengths to facilitate straightforward bonding during fabrication. As in the previous 

droplet crystallisation platform, integrated filters were positioned immediately downstream of 

the inlets to prevent foreign material from disrupting flow conditions. The crystal inlet featured 

slightly larger filter gaps to minimise clogging near the droplet generation junction. The droplet 

generation junction employed a flow-focusing geometry with a width of 60 µm and a height of 40 

µm. Downstream, channel widenings were introduced to reduce sample velocity and create a 

localised region for X-ray interaction and alignment (position 1, Figure 73A). Serpentine 

channels followed, enabling droplet incubation within a compact footprint (position 2, Figure 

73A). To accommodate longer timepoints, a series of eleven widened incubation cells were 

incorporated, interspersed with narrow constrictions to sequentially decelerate and accelerate 

droplets (position 3 and 4, Figure 73A).  

The CAD design was sent to MicroFIT (South Korea) for SU-8 master fabrication. This process 

involved spin-coating SU-8 onto a silicon wafer, followed by heat curing ensuring a uniform 

thickness. The CAD pattern was then transferred via UV exposure, and the desired 

microstructures developed with a sovlent (Figure 73B). Prior to shipment, the SU-8 master was 

measured using a digital length gauge, confirming a final height of 40.9 µm (Figure 73C). Upon 

receipt, a large PDMS replica was cast for polyurethane counter moulding. A PDMS device was 

plasma bonded to a glass slide for quality control, which confirmed the high-fidelity 

reproduction of microstructures as specified in the CAD design (Figure 73D). 
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Figure 73. Droplet microfluidic device design for time-resolved serial crystallography.  (A) 
CAD rendering  of the microfluidic circuit, highlighting key design features: (1) channel widenings 
to reduce droplet velocity and defined a localised X-ray interaction region, (2) serpentine 
channels for droplet incubation, (3) a series of eleven widened incubation cells with narrow 
constrictions to modulate droplet velocity for longer timepoints, (4) a final widened cell leading 
to the terminal X-ray interaction region and device outlet. (B) Fabricated SU-8 master exhibiting 
the intended microstructures. (C) SU-8 master height measured at 40.9 µm using a digital length 
gauge. (D) Light microscopy images acquired with a Hirox microscope confirming high-fidelity 
reproduction of desired microfluidic features from the CAD design. 
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To translate the geometric design into experimentally useable timepoints, flow rate and velocity 

calculations were performed based on the channel dimensions (60 µm width x 40 µm height) 

and desired temporal resolution range of 5 milliseconds to 5 seconds. These calculations 

enabled estimation of droplet residence times at key regions of the device, particularly the X-ray 

interaction regions and incubation segments. By correlating flow velocity with channel length, it 

was possible to map specific timepoints to physical locations within the circuit, thereby guiding 

experimental setup and data collection strategies.  

A channel cross-sectional area of 2.4 x 10-3 mm2 was used to derive flow velocities from 

volumetric flow rates. Three flow rates, 5 µL/min, 10 µL/min and 25 µL/min were selected based 

on prior success in droplet crystallisation workflows and their compatibility with stable droplet 

formation and transport with an oil-to-aqueous flow rate ratio of 4:1. These correspond to linear 

velocities of 34.7, 69.4 and 173.6 mm/s, respectively. X-ray interaction regions were positioned 

downstream of the droplet generation junction according to these calculated velocities, 

ensuring accurate temporal targeting during serial data collection. The spatial offsets and 

corresponding timepoints for each flow condition are summarised in Table 14. 

Table 14. Calculated X-ray interaction distances and corresponding timepoints for 
selected flow rates in the droplet microfluidic device. 

QTotal 
(µL/min) 

Velocity 
(mm/s) 

Distance 
from 

droplet 
generation 

junction 

Timepoint 

Distance 
from 

droplet 
generation 

junction 

Timepoint 

Distance 
from 

droplet 
generation 

junction 

Timepoint 

5 6.94 350 µm 50 ms 3.47 mm 500 ms 34.72 mm 5 s 

10 13.88 350 µm 25 ms 3.47 mm 250 ms 34.72 mm 2.5 s 

25 34.72 350 µm 10 ms 3.47 mm 100 ms 34.72 mm 1 s 

To confirm that the selected flow rates yielded droplets of consistent size and predictable 

behaviour, droplet diameters were experimentally validated across all conditions using the 60 

µm wide x 40 µm high channel. All three flow rates (5 µL/min, 10 µL/min and 25 µL/min) 

produced monodisperse droplets, with stable flow profiles established within minutes of 

initiating syringe pump infusion. Increasing the flow rate from 5 to 25 µL/min resulted in a 

reduction in droplet diameter CV from 3.01 to 1.37 %, indicating improved uniformity at higher 

flow rates. The mean droplet diameter reduced from 40.78 µm at 5 µL/min to 38.49 µm at 25 

µL/min, although a slight increased was observed at 10 µL/min, suggesting that flow 

stabilisation may not have been fully achieved. Full droplet diameter statistics are shown in 

Table 15. The intended channel widening from 40 µm to 200 µm at the X-ray interaction regions 

led to a marked reduction in flow velocity, resulting in visible bunching within the expanded 
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region (Figure 74). Upon re-narrowing of the channel, droplets reaccelerated. This geometry-

induced modulation supports extended residence times for time-resolved data collection. 

Table 15. Droplet diameter measurements from the droplet microfluidic devices.  

QTotal 
(µL/min) 

Minimum 
droplet 

diameter (µm) 

Maximum 
droplet 

diameter (µm) 

Mean droplet 
diameter (µm) 

Standard 
deviation 

Droplet 
diameter 

CV (%) 

5 38.13 43.71 40.78 1.23 3.01 

10 38.02 44.17 41.13 1.01 2.45 

25 37.15 39.97 38.49  0.53 1.37 

 

 
Figure 74. Effect of channel widening on droplet velocity and spacing.  Light microscope 
images showing droplet behaviour at the X-ray interaction region. Channel expansion from 40 to 
200 µm resulted in reduced flow velocity and droplet bunching, followed by reacceleration upon 
channel narrowing. 

To assess the uniformity of incubation times across the eleven widened incubation cells (Figure 

75A), experiments were conducted at three flow rates: 5 µL/min, 10 µL/min and 25 µL/min. 

Protein crystals within droplets served as visual markers, enabling manual tracking of droplet 

movement using ImageJ (Figure 75B). For each flow condition, the number of video frames 

required for a droplet to traverse each individual cell, from the first to the eleventh was 

recorded. These frame counts were converted to residence times based on the acquired frame 

rate, and the CV was calculated for each cell to quantify temporal consistency. This analysis 

provided insight into how effectively the widened geometry maintained uniform incubation 

across droplets, and whether flow modulation introduced variability in residence time 

distribution. Across all three flow conditions, increasing the number of expansion cells helped 

compensate for variability in the residence time of droplets within individual cells, leading to 

more consistent overall residence times, with final CV values dropping below 4% (Figure 75C). 
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This low CV indicates that droplets arriving at the furthest X-ray interaction region do so with 

highly consistent incubation times, regardless of the flow rate. Despite this geometric 

complexity introduced by the eleven expansion cells, the system maintains temporal uniformity, 

ensuring that structural snapshots collected at the final X-ray interaction region correspond to 

well-defined and reproducible timepoints. This minimises temporal blurring and enhances 

confidence in assigning mechanistic interpretations in time-resolved diffraction data. 

 
Figure 75. Assessment of droplet residence time uniformity across eleven widened 
incubation cells.  (A) Schematic of the widened incubation region comprising eleven expansion 
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cells. (B) Representative image of crystal-containing droplets with the expansion cell allowing 
manual tracking of droplets for determining residence time. (C) Residence time CV plotted across 
cells for flow rates of 5, 10 and 25 µL/min. CV values converge below 4% by the final cell indicating 
uniform incubation times. 

Following validation of droplet uniformity and temporal precision within the microfluidic circuit, 

fabrication efforts shifted towards developing a thin-film PDMS assembly compatible with 

synchrotron beamline conditions. Material feasibility testing indicated that minimising PDMS 

thickness was ideal to reduce background scattering. However, as previously stated, this is not 

always possible, and there must be a compromise to ensure robust device bonding and 

mechanical stability under flow conditions. Additional design constraints stemmed from the 

need to introduce sample via tubing, which required tight, undisturbed fittings to prevent 

leakage and flow disruption. 

To address these challenges, a three-layer PDMS assembly was devised. The bottom layer 

consisted of a commercially available PDMS thin film with a characterised thickness of 100 µm, 

selected for its low X-ray scatter and uniformity. The middle layer housed the microfluidic 

structures and posed fabrication difficulties due to the need for reduced thickness. Initial 

attempts involved mixing PDMS with chloroform to lower viscosity, allowing controlled 

dispensing onto a polyurethane mould. However, the most effective strategy proved to be direct 

pouring of small PDMS volumes (1 – 2 g) into the mould placed on a 90 °C hot plate, which 

resulted in progressive spreading of the material and subsequent curing. This method yield 

middle layer thicknesses between 500 to 750 µm, although with some non-uniformity across the 

film. The top layer was fabricated by casting a large volume of PDMS into a square petri dish 

containing a laser-cut block. This introduced a hole in the thick top layer, defining the X-ray 

interaction region such that only the bottom and middle layers were exposed during data 

collection. Bonding was performed in two stages. First, plasma bonding of the top layer to the 

middle layer followed by overnight curing, then bonding of the combined top-middle assembly 

to the bottom thin-film. After final curing, the channel surfaces were functionalised with 1% (v/v) 

tri­chloro­(1H,1H,2H,2H-perfluoro­octyl) silane to ensure droplet compatibility and prevent 

wetting. A representative image of the final thin-film PDMS device assembly is shown in Figure 

76.  
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Figure 76. Thin-film PDMS microfluidic assembly for synchrotron experiments.  Image 
showing the completed three-layer PDMS device designed for time-resolved serial 
crystallography experiments. The assembly consists of a bottom 100 µm commercial PDMS thin 
film layer, a microstructured middle layer, and a thick top layer with a laser-cut aperture defining 
the X-ray interaction region. 

To further support beamline compatibility and mitigate common sample handling challenges, 

two auxiliary components were developed. These included a 3D-printed holder for device 

stabilisation and a perpetual sedimentation system designed to counteract crystal settling 

during data collection. The 3D-printed holder, kindly fabricated by Jacob Kleboe (University of 

Southampton), ensures secure positioning of the PDMS device within the beamline environment 

(Figure 77A). Its modular design accommodates varying device geometries, while the 

integration of a Thorlabs kinematic mount enables rapid integration with existing Thorlabs 

translation stages, currently employed in many beamline fixed-target setups. This compatibility 

streamlines experimental transitions and reinforces the platform’s adaptability across beamline 

infrastructures.  

Complementing this, a perpetual sedimentation system originally developed by Simon Lane and 

Jonathan West (University of Southampton) was repurposed with minor modifications to suit the 

demands of serial crystallography (Figure 77B). The system maintains crystal suspensions 

through gentle, continuous agitation, effectively preventing gravitational settling and preserving 

sample homogeneity (173). Crucially, the design incorporates a coaxial rotating interface that 

decouples the syringe from the stationary outlet tubing, allowing uninterrupted rotation without 

entangling the fluidic connections. This open instrumentation approach enables consistent 

delivery of particulate samples to microfluidic processors and is particularly well suited for 

maintaining fragile crystal suspensions. This is particularly critical for dilute of polydisperse 

microcrystal slurries, where sedimentation can lead to inconsistent delivery and reduced hit 

rates. Experimental validation was performed using lysozyme microcrystal slurries, 

demonstrating that the system sustained continuous crystal delivery during droplet generation 

in a glass/PDMS microfluidic device (Figure 77C). It successfully prevented clogging and crystal 
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accumulation, even at densities up to 2 million crystals/ mL, well within the operational range 

for beamline experiments. A key advantage of the system is its remote operability via a graphical 

user interface, allowing real-time control of agitation and flow rates without requiring physical 

access to the experimental hutch.  

 
Figure 77. Supplementary equipment for enhanced beamline functionality.  (A) Custom 3D-
printed sample holder designed for direct mounting on Thorlabs fixed-target translation stages, 
enabling stable sample positioning. (B) Perpetual sedimentation system engineered to 
counteract crystal settling, ensuring continuous suspension and reliable delivery of 
microcrystals into the droplet stream. (C) Integrated droplet microfluidic system with 
sedimentation system in operations, demonstrating uninterrupted crystal delivery and clog-free 
droplet generation. 

5.3 N-Acetylglucosamine (GlcNac) binding to lysozyme, a proof-of-

principle experiment for time-resolved mixing 

To assess the performance of the droplet microfluidic device for time-resolved serial 

crystallography, N-Acetylglucosamine (GlcNac) bound to lysozyme was selected as a model 

system. This choice was informed by prior work employing a drop-on-demand sample delivery 

system to capture GlcNac binding at discrete timepoints ranging from 200 milliseconds to 2 

seconds (148). Although, theoretical diffusion times for GlcNac into a 5 x 5 x 5 µm lysozyme 

crystal (based on a diffusion coefficient of 4.2 x 10-6 cm2s-1 (295)) are approximately 2 

milliseconds (181), experimental data revealed a significant delay in ligand occupancy. 

Specifically, GlcNac was absent at 200 milliseconds, partially visible at 600 milliseconds, and 

fully resolved only at the 2 second timepoint (Figure 78). This discrepancy between predicted 

and observed kinetics underscores the suitability of this system for benchmarking device 

performance and probing the temporal resolution of ligand binding events. 
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Figure 78. Time-resolved crystallographic snapshots of GlcNac binding to lysozyme using 
drop-on-demand sample delivery.  2Fo-Fc electron density maps illustrate ligand occupancy at 
200 ms, 600 ms and 2 s following mixing of lysozyme microcrystal slurries with 50 mg/mL GlcNac. 
Image taken from Butryn et al. (148).  

5.3.1 Validation of time-resolved GlcNac binding using a tapedrive-based sample 

delivery system 

To confirm the reproducibility of GlcNac binding kinetics in lysozyme under time-resolved 

conditions, a series of experiments were conducted using a tapedrive-based sample delivery 

system at the ID29 beamline at ESRF (Figure 79A). This setup enabled co-flow mixing of 

microcrystals and ligand immediately prior to deposition onto a moving tape (Figure 79B). 

Microcrystal slurries and 50 mg/mL GlcNac solutions were loaded into syringe pumps and 

operated at a flow rate of 1 µL/min (Figure 79C). To prevent sedimentation during data 

collection, an internal stirrer bead (NEMIX 50 syringe stirrer) maintained the crystal suspension 

(Figure 79C). Samples were transported through fused silica capillaries to a proprietary 3D-

printed nozzle developed in-house at ESRF, where co-flow mixing took place (Figure 79D). The 

mixed stream was then ejected onto a 10 µm thick hydrophilic polycarbonate membrane tape. 

Timepoints were defined by the distance between the nozzle and X-ray interaction region with a 

fixed tape speed of 30 mm/min. Using a Thorlab kinetic mount for precise distance calibration, 

mixing times of 500 millisecond (0.25 mm), 2 seconds (1.00 mm) and 5 seconds (2.5 mm) were 

achieved. Notably, because mixing occurs on the tape itself, the flow rates of crystal and ligand 

streams do not influence timepoint determination. This configuration enabled similar 

conditions under which delayed ligand occupancy was previously observed, providing a robust 

platform for benchmarking the temporal resolution of the droplet microfluidic device in 

subsequent experiments.  
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Figure 79. Experimental configuration of the tapedrive-based sample delivery system at 
ESRF ID29.  (A) Front view of the tapedrive system with the nozzle approaching from the right. (B) 
Top-down view showing the nozzle entering from below, aligned for sample deposition. (C) Cetoni 
syringe pump setup with the upper syringe delivering GlcNac solution, while the lower syringe 
supplies crystal slurry. A built-in mixer prevents crystal sedimentation and ensure homogeneity. 
(D) Close up of the nozzle making contact with the tapedrive membrane tape, initiating sample 
deposition onto the moving tape. 

To ensure reproducibility and compatibility with the tapedrive system, lysozyme microcrystal 

slurries were prepared using previously optimised batch conditions (163), yielding a narrow size 

distribution of 13 – 15 µm (Figure 80A). This uniformity facilitated synchronised reaction 

initiation and minimised the risk of clogging during sample delivery. As a baseline, an initial 

experiment was conducted without GlcNac to confirm the absence of ligand binding and to 

establish a reference dataset for subsequent time-resolved measurements. The resulting apo 

structure, resolved to 1.90 Å (the current resolution limit of the tapedrive system at ESRF due to 

physical constraints and the detector distance of 150 mm from the sample), revealed water 

molecules occupying the canonical GlcNac binding site, flanked by residues E35, Q57 and N59 

(Figure 80B). No GlcNac density was observed, as expected, validating the system’s readiness 

for ligand mixing experiments. Time-resolved measurements were subsequently performed at 

three mixing intervals: 500 milliseconds (the shortest achievable timepoint with the ESRF 

tapedrive system), 2 seconds (to replicate prior data) and 5 seconds (to assess crystal integrity 
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at extended mixing times and maximise ligand occupancy). Polder and omit difference maps 

confirmed GlcNac binding at all three timepoints with minimal variation observed between 

them, likely attributable to the resolution limit of 1.90 Å (Figure 80C). 

 
Figure 80. Time-resolved GlcNac binding via the ESRF tapedrive.  (A) Lysozyme microcrystal 
slurries used during the experiment, measuring 13 – 15 µm. (B) Apo lysozyme with no GlcNac 
added confirming the presence of waters in the GlcNac binding site. (C) Electron density 
(contoured at 1 σ), polder and omit maps (contoured at 3 σ),  for addition of 50 mg/mL GlcNac 
after 500 ms, 2s and 5 s. Stick representation depicts carbon atoms as green, nitrogen atoms as 
blue and oxygen atoms as red. 
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5.3.2 Effect of GlcNac concentration on ligand occupancy 

Building on the successful collection of time-resolved measurements of GlcNac binding to 

lysozyme microcrystals, the next focus was a variable that remains comparatively understudied 

in time-resolved crystallography: ligand concentration. In serial worfklows, it is common 

practice to use an excess of ligand solution to maximise occupancy and enhance signal during 

time-resolved mixing experiments. However, the necessity of such high concentrations has not 

been systematically evaluated.  

Inspired by a previous study which demonstrated that ligand binding constants could be directly 

measured within protein crystals (296), a series of equilbrium soaking experiments were 

designed to explore whether lower ligand concentrations could yield comparable occupancy. 

These experiments began with large single lysozyme crystals under cryogenic conditions, 

providing a simplified and controlled environment for evaluating binding behaviour. Crystals 

ranging from 200 – 300 µm were soaked in increasing concentrations of GlcNac for five minutes 

prior to cryocooling in glycerol. An unsoaked crystal was also included as an apo reference. 

Each crystal underwent a 360 °, 0.1° fine-sliced rotation data collection strategy, yielding high-

resolution datasets between 0.99 – 1.29 Å. GlcNac molecules were modelled into the electron 

density maps for each concentration, followed by structural refinement and the generation of 

polder and omit maps, an approach previously established in earlier chapters to confirm the 

presence of ligands. As expected, the apo control structure showed no density for GlcNac, and 

similarly, the crystal soaked in 1 mg/mL GlcNac lacked discernible ligand density. In contrast, 

crystals soaked in concentrations ranging from 10 to 50 mg/mL exhibited clear electron density 

for GlcNac following refinement (Figure 81). Polder maps, and especially omit maps, revealed a 

progressive increase in difference density corresponding to the ligand, supporting 

concentration-dependent occupancy (Figure 81). 

To extend the investigation of ligand concentration effects beyond cryogenic single crystal 

soaking, a parallel series of experiments was conducted using lysozyme microcrystal slurries 

under room-temperature conditions. This approach more closely mimics the environment of 

time-resolved serial crystallography experiments. Microcrystals slurries (13 – 15 µm) were 

allowed to settle before precipitant solution was entirely removed, leaving a concentrated 

crystal pellet, which was subsequently resuspended in GlcNac solutions ranging from 1 to 50 

mg/mL (4.5 to 226 mM) for 5 minutes at room temperature. Kd would be inferred by measuring 

ligand occupancy in the crystal structure after soaking at known ligand concentrations. 

Assuming equilibrium conditions and constant ligand concentration, the degree of occupancy 

provides a basis for inferring binding affinity without requiring kinetic measurements. 
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Samples were loaded onto an SOSOS chip as before, followed by a directed-raster scanning 

strategy to collect diffraction data. This yielded high-resolution structures between 1.45 – 1.48 

Å. The previous apo structure collected on the tapedrive system using the exact same 

microcrystal slurry was used as an apo reference dataset for comparison. Following refinement, 

GlcNac molecules were modelled into the active site of lysozyme for each concentration. As 

with the cryogenic single crystal experiments, no ligand density was observed in the unsoaked 

or 1 mg/mL soaked slurry. Interestingly, the electron density, polder and omit maps from the 

microcrystal datasets revealed a less progressive build-up across the concentration series 

compared to the cryogenic single crystal experiments (Figure 82). Instead, high ligand 

occupancy was consistently observed from concentrations as low as 5 mg/mL, with relatively 

uniform density across the active site (Figure 82). This confirms that ligand diffusion into the 

microcrystals was both rapid and efficient, facilitated by reduced and homogenous crystal sizes 

(13 – 15 µm), along with increased mobility at room temperature. The absence of a steep 

concentration-dependent gradient in difference density implies that near-saturating occupancy 

was achieved within the five minute soaking window, even at modest ligand concentrations. 

 
Figure 81. Electron density, polder, and omit maps of GlcNac binding to single lysozyme 
crystals soaked with increasing ligand concentrations under cryogenic conditions.   Electron 
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density maps (contoured at 1σ) and corresponding polder and omit maps (contoured at 3σ) are 
shown for lysozyme crystals soaked in GlcNac solution ranging from 5 to 50 mg/mL. Each map 
highlights the ligand-binding site following structural refinement. Together, these maps 
demonstrate a concentration-dependent increase in GlcNac occupancy within the lysozyme 
active site. Stick representation depicts carbon atoms as green, nitrogen atoms as blue and 
oxygen atoms as red. 

 
Figure 82. Electron density, polder, and omit maps of GlcNac binding to lysozyme 
microcrystal slurries soaked with increasing ligand concentrations under room temperature 
conditions.   Electron density maps (contoured at 1σ) and corresponding polder and omit maps 
(contoured at 3σ) are shown for lysozyme microcrystal slurries soaked in GlcNac solution ranging 
from 5 to 50 mg/mL. Each map highlights the ligand-binding site following structural refinement. 
Stick representation depicts carbon atoms as green, nitrogen atoms as blue and oxygen atoms 
as red. 

To quantitatively access ligand binding, occupancy refinement was performed in REFMAC for 

both rotation and serial datasets collected from lysozyme crystals soaked in GlcNac solutions 

ranging from 1 to 50 mg/mL. Refinement was carried out with restrained atomic coordinates and 

fixed B-factors for the protein backbone, allowing ligand occupancy to vary freely. Across both 

data collection modalities, refined occupancies generally increased with ligand concentration, 

consistent with a dose-dependent uptake of GlcNac into the lysozyme active site (Figure 83). 

However, the 30 mg/mL dataset deviated from this trend in both modalities, more prominently 
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in the rotation dataset. The likely cause of this is the variability in crystal size and ligand diffusion 

under cryogenic conditions, resulting in reduced ligand accumulation. Occupancy values in 

rotation datasets ranged from 0.75 at 5 mg/mL to 0.89 at 50 mg/mL, while serial datasets 

yielded slightly higher values, from 0.82 to 0.99 over the same concentration range. This modest 

elevation in occupancy for serial data may reflect improved ligand retention and reduced 

radiation damage under room-temperature conditions, facilitated by the serial approach. 

Together these experiments offer a framework for evaluating the tradeoffs between ligand 

concentration and occupancy across different crystallographic modalities. They also inform the 

design of future time-resolved mixing experiments, where optimising ligand delivery and 

minimising reagent consumption are critical for capturing transient states without 

compromising structural insights.  

 
Figure 83. Refined GlcNac occupancy values across concentration and data collection 
modality.  Occupancy values derived from REFMAC occupancy refinement plotted for lysozyme 
crystals soaked in GlcNac solutions ranging from 0 to 50 mg/mL. Rotation datasets (black) and 
serial datasets (blue) show a general increase in occupancy with ligand concentration, consistent 
with dose-dependent binding.  

5.4 PDMS droplet microfluidic device commissioning beamtime 

As part of ongoing efforts to develop modular microfluidic platforms for serial crystallography, 

the PDMS droplet microfluidic device was commissioned and installed at Diamond Light Source 

beamline I24. The microfluidic device was mounted in a 3D-printed holder and aligned on the 

beamline stage, with the droplet channel positioned to intersect the X-ray beam path (Figure 
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84A). The fluorinated oil, precipitant solution and lysozyme microcrystals were introduced into 

the device by tubing originating from plastic syringes held within the perpetual sedimentation 

system, continuously rotating to prevent crystal settling, and held above the sample interaction 

region on a dedicated table (Figure 84B). The experimental setup involved a laptop remotely 

operated outside the experimental hutch running the perpetual sedimentation system graphical 

user interface (position 1, Figure 84C) to move the sample syringes at the desired flow rates 

(position 2, Figure 84C) followed by the introduction of sample via tubing into the microfluidic 

device (position 3, Figure 84C), as well as tubing connecting the outlet of the device to a waste 

falcon tube situated adjacent to the sample interaction region (position 4, Figure 84C). This 

setup marked a successful integration of microfluidic hardware into a synchrotron beamline 

environment, establishing the foundation for future time-resolved experiments. 

 
Figure 84. Integration of the PDMS droplet microfluidic device into the Diamond I24 
beamline.  (A) The PDMS device mounted in a custom 3D-printed holder and aligned on the 
beamline stage, with the droplet channel intersecting the X-ray beam path. (B) Sample delivery 
system comprising fluorinated oil, precipitant soliton and lysozyme microcrystals introduced via 
tubing from plastic syringes housed in a perpetual sedimentation system. The system was 
continuously rotating to prevent settling and positioned above the sample interaction region. (C) 
Schematic of the experimental workflow: (1) remote control laptop operating the sedimentation 
system graphical user interface; (2) syringe movement to regulate flow rate; (3) sample 
introduction into the microfluidic device; and (4) outlet tubing directing waste to a falcon tube 
adjacent to the interaction region. 

Initial testing focused on evaluating the performance of the PDMS droplet microfluidic device 

under beamline conditions using a 7 x 7 µm X-ray beam at 100% transmission and an X-ray 

energy of 20 keV. During early exposure, repeated irradiation at fixed X-ray interaction regions 

led to localised thermal degradation of the PDMS material (Figure 85A). This manifested as 
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visible burning and discolouration at the beam impact sites, compromising the material’s 

integrity over time. Interestingly, while the damage was structurally evident, its impact on 

droplet flow was minimal, with only minor fluctuations observed in droplet trajectory and 

spacing. More critically, prolonged operation under continuous flow conditions induced 

expansion of the thin-film assembly, preventing crystal delivery to the droplets, likely due to a 

build-up of pressure within the microfluidic circuit (Figure 85B). Despite these setbacks, the 

widened channel at the X-ray interaction region significantly improved droplet contrast and 

facilitated reliable visualisation and alignment during data collection, representing a key design 

success (Figure 85C). 

 
Figure 85. Evaluation of PDMS droplet microfluidic device performance under beamline 
conditions at I24.  (A) Localised burning of the PDMS material following repeated exposure to a 
7 x 7 µm X-ray beam at 20 keV, indicating thermal degradation at fixed interaction regions. (B) Flow 
instability resulting from thin-film expansion (as depicted by the black arrow) during prolonged 
operation. (C) Improved droplet contrast and positional stability due to the presence of channel 
widening at the X-ray interaction region.  

Given the limitations of dynamic flow under these conditions, a static approach was adopted to 

assess whether useable serial data could still be collected. The device was flooded with 

lysozyme microcrystals (13 – 15 µm) and subjected to raster grid scanning at 20 keV. For 

comparison, a mylar chipless chip was tested under identical conditions. Both experimental 

configurations and the grid-based scanning strategy are illustrated in Figure 86. The microfluidic 

datasets comprise collections from multiple PDMS devices with overall thicknesses ranging 
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from 600 to 850 µm. Notably, thickness non-uniformity across individual devices is expected to 

contribute to variation in background scattering levels. 

 
Figure 86. Static SSX data collection using PDMS microfluidic device and a mylar chipless 
chip.  (A) PDMS microfluidic device mounted in a custom 3D-printed holder. (B) A mylar chipless 
chip mounted on the beamline with the integrated fixed-target holder mount. (C,D) Crystal-rich 
regions identified within each device, overlaid with a grid to guide a raster scanning data 
collection strategy, maximising hit rates. 

Despite the absence of dynamic flow, useable serial data were successfully collected from the 

PDMS devices. Albeit with lower efficiency compared to the mylar control. A total of 97,717 

images were processed from the microfluidic setup, yielding 20,207 hits, of which 3593 were 

indexed, resulting in 3376 integrated crystals (Table 16). In contrast, the mylar control produced 

39,955 hits from 45,820 processed images, with 10,929 indexed images and 12,275 integrated 

crystals (Table 16).   
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Table 16. Data collection statistics for static SSX data collection of lysozyme microcrystals 
in the PDMS droplet microfluidic device and the mylar chipless chip. 

 PDMS droplet microfluidic 
device 

Mylar chipless chip 

Processed images 97,717 45,820 

Number of hits 20,207 39,955 

Hit rate (%) 20.7 87.2 

Number of indexed images 3593 10,929 

Indexing rate (%) 17.8 27.4 

Integrated crystals 3376 12,725 

Merged lattices 3376 3376 

Visual inspection of diffraction patterns revealed a distinct scattering ring at ~ 7.5 Å in datasets 

collected using the PDMS droplet microfluidic device (Figure 87A). In contrast, no background 

scattering was observed in the mylar chipless chip datasets, consistent with expectations for 

low-scatter substrates. This elevated background in the PDMS device likely contributed to its 

lower indexing rate relative to the mylar control. Despite these differences, the final number of 

merged lattices was matched across both datasets, enabling a direct comparison of data 

quality. The CC1/2 and SNR values were consistently lower for the PDMS device, in agreement 

with prior feasibility testing (Figure 87B). Nevertheless, a resolution cutoff of ~ 2.0 Å was 

achieved using 13 – 15 µm lysozyme microcrystals in the PDMS device, compared to 1.8 Å for 

the mylar chipless chip. These results demonstrate that, while background scattering impacts 

data quality, the PDMS device remains capable of delivering high-resolution structural data 

under static conditions.  
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Figure 87. Comparison of diffraction quality between a PDMS droplet microfluidic device 
and a mylar chipless chip.  (A) Representative diffraction pattern from the PDMS device showing 
a prominent scattering ring at ~7.5 Å, indicative of elevated background. No such scattering was 
observed in the mylar chipless chip. (B) CC1/2 values plotted across resolution shells for both 
devices. (C) SNR comparisons across resolution bins. 

While time-resolved mixing was not achieved during the commissioning beamtime, the ability to 

collect meaningful serial data from a flooded PDMS chip validates the platform’s potential. 

These results demonstrate that even early-stage prototypes can yield structurally informative 

datasets, and that static delivery modes offer a viable fallback when flow-base approaches are 

constrained. This final experiment closes the chapter with a pragmatic success, highlighting the 

resilience of the PDMS device, the value of iterative design, and the promise of microfluidic 

integration for future serial crystallography workflows.  
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5.5 Discussion 

The work in this chapter outlines the development and validation of a droplet-based microfluidic 

platform for rapid micromixing and time-resolved serial crystallography. Motivated by the 

limitations of conventional co-flow mixers, namely high sample consumption, and limited 

temporal resolution, this work aimed to engineer a thin-film PDMS device capable of generating 

droplets with tuneable incubation times, minimal temporal blurring and direct X-ray 

compatibility.  

A key outcome was the demonstration of robust mixing dynamics across a range of velocities 

and conditions. At 60 mm/s, mixing times remained at ~6 milliseconds regardless of crystal 

presence, indicating that lysozyme microcrystals do not perturb flow or homogenisation at 

these scales. The fastest mixing time, 1.73 milliseconds, was achieved using a 1:1 ligand-to-dye 

ratio. This enhancement is likely driven by entropy of mixing effects, where equal volumetric 

contributions maximise interfacial area and concentration gradients. Across the velocities from 

60 to 300 mm/s, mixing times ranged from 1.85 to 6 milliseconds, confirming the platform’s 

ability to match or exceed current benchmarks while offering modularity and reduced sample 

consumption. Although accurate mixing times are seldom reported in the literature, the sub-2 

millisecond performance observed here is on par with high-velocity co-axial capillary mixers 

(183,297) and significantly outpaces alternatives strategies such as drop-on-drop sample 

delivery (148) or 3D-printed GVDN devices with integrated mixing blades, which typically 

achieve ~ 20 ms mixing times (298). 

To assess the feasibility of integrating this droplet platform with X-ray interrogation, material 

testing was conducted to evaluate the impact of PDMS thickness on background scattering and 

data quality. Increasing PDMS thickness led to pronounced scattering artifacts, with rings 

observed at ~ 7.5 Å for 20 keV and ~ 6.5 Å for 12.4 keV, consistent with increased X-ray 

attenuation. These findings align with prior reports by Lyubimov et al. who observed similar ring 

artifacts in PDMS-based trap arrays (167), and by Lee et al. who demonstrated XFEL-induced 

degradation and hole formation in PDMS films (299). Elevating the beam energy to 20 keV 

dampened this effect, likely due to reduced photon-matter interaction cross-sections, as also 

noted by Ghazal et al. (300). However, thicker PDMS also correlated with diminished data 

quality, as reflected in lower CC1/2 and SNR values. Despite these limitations, useable 

diffraction data were still obtained from 20 – 25 µm lysozyme microcrystals, affirming the 

viability of PDMS-based device for in situ crystallographic applications when carefully 

optimised.  
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To support time-resolved studies, a compact microfluidic circuit was fabricated featuring a 60 

µm x 40 µm droplet generation junction, serpentine incubation channels and eleven expanded 

incubation cells resulting in a temporal resolution range of 5 milliseconds to 5 seconds. Flow  

rates of 5, 10 and 25 µL/min at a 4:1 oil-to-aqueous ratio yielded droplet diameters between 38    

– 41 µm, with CV values from 1.37 – 3.01%. Manual tracking confirmed uniform residence times 

across droplets within the expanded incubation cells, aided by crystal presence within the flow. 

CV values for overall droplet residence time remained below 4%, ensuring reproducible 

timepoint assignment. The device was fabricated using a three-layer PDMS assembly: a 100 µm 

commercial thin film, a middle layer cast in a polyurethane mould (500 – 750 µm), and a top 

layer with a laser-cut aperture for beam access. Despite some non-uniformity in the middle 

layer, the device enabled stable droplet flow. A 3D-printed holder was developed to ensure 

efficient and reproducible device mounting at the beamline, along with a modified perpetual 

sedimentation system (173) to deliver lysozyme microcrystal slurries at densities up to 2 million 

crystals/mL. Continuous agitation prevented settling and preserved homogeneity, an issue that 

remains underrepresented in the literature despite its critical impact on hit rates and data 

quality. The anti-settling instrument developed by Lomb et al. for SFX highlights the importance 

of mechanical agitation (174), yet few studies have addressed this challenge. 

To validate the system, the binding of GlcNac to lysozyme was selected as a model for time-

resolved mixing. A control experiment using a tapedrive setup at ESRF confirmed ligand binding 

at 500 milliseconds, 2 seconds, and 5 seconds. The effect of GlcNac concentration on ligand 

occupancy was studied to establish whether lower ligand concentrations could achieve 

comparable occupancy values. Occupancy refinement across ligand concentrations revealed 

efficient binding even at low GlcNac concentrations (5 mg/mL), particularly in serial datasets. 

Rotation datasets showed occupancy values from 0.75 to 0.89, while serial datasets ranged 

from 0.82 to 0.99, suggesting enhanced diffusion kinetics in microcrystal slurries, due to 

increased surface area and reduced diffusion path lengths. Further investigation into the 

influence of ligand concentration in time-resolved mixing experiments is warranted. The 

observed sensitivity of occupancy to concentration indicates that serial crystallography could 

be harnessed not only for structural characterisation but also potentially for binding analysis. 

Notably, the high-throughput nature of serial data collection presents a compelling opportunity 

to determine binding affinities directly from diffraction data, echoing the pioneering work by Wu 

et al. (296) who achieved the first direct determination of a ligand binding constant within single 

protein crystals. Extending this approach to microcrystal slurries could enable systematic 

mapping of binding affinities across diverse ligand libraries, positioning serial crystallography as 

a transformative platform for structure-based drug discovery. 
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Commissioning beamtime at Diamond Light source beamline I24 confirmed the device’s 

compatibility with synchrotron infrastructure, though challenges emerged during prolonged 

operation. Localised burning of the PDMS material was observed during repeated X-ray 

exposure likely due to thermal expansion, whilst flow instabilities arose from thin-film 

expansion under flow conditions. These effects mirror the findings of Lee et al. (299), who 

reported structural damage in PDMS under XFEL conditions, and underscore the need for more 

thermally resilient materials. Nonetheless, channel widenings improved droplet visualisation 

and enable efficient sample alignment and positioning prior to data collection. To mitigate 

degradation, a static raster-scanning approach was adopted at 20 keV. Compared to a mylar 

chipless chip, the PDMS device yielded lower CC1/2 and SNR values and exhibited prominent 

scattering rings (~7.5Å), yet still produced high-resolution data with a cutoff of 2.0 Å (versus 1.8 

Å for mylar). 

These results contrast with the in-flow microfluidic platforms developed by Monteiro and 

colleagues (171,172), and the droplet injector system pioneered by the Ros Lab at ASU. 

Monteiro’s devices employed polyimide and 3D-printed architecture for continuous sample 

delivery at synchrotron beamlines. Their flow-focusing device achieved stable in-flow diffraction 

with minimal sample consumption (~0.5 µL/min), leveraging polyimide’s superior X-ray 

transparency and thermal resilience. The 3D-MiXD platform further demonstrated rapid data 

acquisition and low background scattering, benefitting from rigid channels and optimised 

beamline integration. While Monteiro’s systems support high-throughput continuous data 

collection, they lack the droplet-level temporal control and modularity demonstrated here. 

Similarly, Ros’s suite of droplet injectors, including co-flow systems (143), segmented flow 

generators (144), and electrically stimulated injectors (145) prioritise sample conservation and 

XFEL compatibility. Their modular designs have enabled structural insights into conformational 

heterogeneity (147) and achieved up to 97% sample savings in time-resolved studies (146). 

Importantly, flow-focusing mixers, despite their widespread use, are prone to temporal blurring 

due to velocity gradients and axial dispersion. This inherent limitation compromises the 

precision of reaction timepoint assignment, particularly in fast kinetic regimes. In contrast, the 

PDMS droplet platform isolates reaction volumes and maintains uniform residence times, 

thereby improving confidence in time-resolved structural assignment. 

These findings position the current platform within a broader continuum of X-ray compatible 

microfluidic technologies. While graphene-based devices reported by Sui et al. (294) offer ultra-

thin architectures (~1 µm) and near-zero background scattering, their fabrication complexity 

and fragility limit widespread adoption. Similarly, polyimide-based flow-focusing devices such 

as those developed by Monteiro et al. (171,172) demonstrate excellent X-ray transparency and 

mechanical resilience, but require specialised bonding techniques and lack droplet level 
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temporal control. Recent advances in fixed-target microfluidics including COC chips and 

polymer-based platforms with moisture barriers and counter-diffusion crystallisation 

(158,160,162) have enabled room-temperature data collection, long-term crystal preservation, 

and scalable fabrication for automated workflows (159,163). These systems offers plug-and-

play useability and low background scattering but are inherently static and do not support 

dynamic mixing or tuneable timepoint resolution. The present PDMS-based droplet platform 

bridges these approaches by combining modular fabrication, temporal precision, and 

synchrotron compatibility, albeit with trade-offs in scattering and thermal stability that future 

iterations must address. 

Taken together, this work advances droplet-based microfluidics as a viable and versatile 

strategy for time-resolved serial crystallography. It addressed underexplored challenges such 

as crystal settling, temporal blurring, and material compatibility, while offering a modular 

framework for future integration with XFEL and synchrotron beamlines.
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Chapter 6 Conclusions and future work 

Time-resolved serial crystallography is poised to transform our understanding of biochemical 

processes by enabling structural snapshots of enzymatic reactions across timescales ranging 

from seconds to femtoseconds. As synchrotron and XFEL technologies continue to evolve, the 

field is shifting towards more physiologically relevant experiments, requiring not only rapid data 

collection but also precise control over reaction initiation, crystal delivery, and sample 

reproducibility. Despite its promise, widespread adoption remains limited by technical 

bottlenecks in microcrystal preparation, mixing fidelity, and the integration of biological 

relevance into experimental design.  

This thesis addresses these challenges through a modular pipeline that integrates microcrystal 

engineering with droplet microfluidic technologies. The progression began with the optimisation 

of crystallisation conditions for AtPdx1.3, a PLP-dependent enzyme selected for its biological 

relevance and catalytic tractability. Initial efforts focused on transitioning from single crystal 

growth to reproducible microcrystal slurry generation. Phase diagram mapping under batch 

conditions, particularly via the microbatch-under-oil setup developed in this work, enabled 

efficient screening with minimal sample volumes and facilitated the identification of 

crystallisation regimes suitable for serial crystallography experiments. Microseeding strategies 

were essential for controlling nucleation and crystal morphology, yielding microcrystals 

compatible with static SFX data collection. However, variability in crystal size and uniformity 

underscored the need for more scalable and controllable approaches. 

To overcome these limitations, a droplet-based crystallisation workflow was developed. This 

system enabled precise engineering of crystal size and uniformity, improving reproducibility and 

mitigating issues such as clogging during sample delivery. Successfully applied to SSX 

screening experiments, the workflow demonstrated its potential for high-throughput 

crystallisation. Importantly, the droplet format provided a scalable platform for producing 

microcrystals in volumes suitable for time-resolved studies, while maintaining control over 

nucleation and growth dynamics. Building on this foundation, a droplet microfluidic platform 

was implemented to enable rapid substrate mixing and controlled reaction initiation within an X-

ray transmissible device. Leveraging the convective and diffusive nature of droplets, the system 

achieved sub-2 millisecond mixing times, on par with the current state-of-the-art mixing 

devices. The PDMS-based prototype was validated at a synchrotron source, demonstrating 

compatibility with existing beamline infrastructure, albeit with ongoing challenges that must be 

resolved in future iterations. 
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Future work will focus on refining each component of the pipeline to support broader adoption 

and expanded functionality. Material limitations of PDMS, including its X-ray attenuation and 

mechanical instability, must be addressed through the adoption of alternative materials such as 

COC or kapton. However, successful implementation will require careful attention to device 

bonding and iterative design to ensure fluidic integrity under beamline conditions. In parallel, 

scaling up crystal output remains a critical challenge. While droplet-based workflows offer 

precise control over nucleation, batch crystallisation remains the most accessible and widely 

adopted format. However, increasing batch volume often leads to broader crystal size 

distributions and reduced reproducibility. Future studies should systematically investigate how 

volume-dependent parameters influence crystal morphology and yield. Optimising these 

variables will be essential for producing high-quality microcrystals at scale, particularly for 

systems where droplet formats are impractical or unavailable. A time-resolved XFEL experiment 

on AtPdx1.3, informed by the timescales identified here, will serve as a critical validation of the 

pipeline. Additionally, the influence of ligand concentration on reaction progression and 

occupancy must be systematically explored to improve structural insights and reduce sample 

consumption. Finally, resolving crystal settling during sample delivery remains a key challenge. 

Initial efforts with the perpetual sedimentation system have been promising, but future designs 

must incorporate strategies to maintain slurry homogeneity and prevent sedimentation. 

In conclusion, this thesis addresses several foundational challenges in time-resolved serial 

crystallography by developing modular workflows that combine droplet-based microfluidics 

with tailored microcrystallisation strategies. Through innovations in crystal size control, ligand 

delivery, and on-chip reaction initiation, this work establishes a reproducible framework for 

capturing transient enzymatic states under time-resolved conditions. By validating model 

systems, refining crystallisation protocols, and designing an X-ray transparent device for 

micromixing, this research lays the groundwork for more accessible, scalable, and biologically 

meaningful time-resolved studies. It contributes to the broader democratisation of serial 

crystallography and represents a significant step towards mechanistic interpretation of enzyme 

catalysis at atomic resolution. 
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Appendix A Supplementary crystallographic tables  
Table 17. Data collection and initial refinement statistics for I320 cryo-trapping experiments.  
Values in parentheses are for highest-resolution shell. 

 30 s 2 mins 5 mins 7 mins 13 mins 

Data Collection      

Space group H3 H3 H3 H3 H3 

a, b, c (Å) 
179.00  
179.00 
116.70 

178.20 
178.20 
115.50 

178.40 
178.40 
114.8 

177.90 
177.90 
115.20 

177.80 
177.80 
114.70 

α, β, γ (°) 
90.0 
90.0 

120.0 

90.0 
90.0 

120.0 

90.0 
90.0 

120.0 

90.0 
90.0 

120.0 

90.0 
90.0 

120.0 

Resolution (Å) 
93.30 – 2.20  
(2.24 – 2.20) 

92.40 – 2.60 
(2.64 – 2.60) 

53.80 – 2.20 
(2.24 – 2.20) 

64.10 – 1.90 
(1.94 – 1.90) 

53.80 – 2.00 
(2.04 – 2.00) 

Completeness 
(%) 

100.00 
(100.00) 

99.70 
(97.90) 

100.00 
(99.40) 

99.99 
(97.90) 

99.80 
(95.40) 

Multiplicity 5.3 (5.4) 5.3 (5.2) 5.3 (5.4) 5.3 (5.4) 5.3 (5.4) 

SNR 7.6 (0.2) 5.7 (0.5) 7.0 (0.6) 9.0 (0.4) 7.7 (0.5) 

CC1/2 0.98 (0.25) 1.00 (0.20) 1.00 (0.30) 1.00 (0.30) 1.00 (0.30) 

Rmerge 14.8 20.9 18.3 10.7 17.3 

Refinement      

Resolution (Å) 64.45 – 2.20 64.32 – 2.60 53.82 – 2.20 64.15 – 1.86 53.87 – 2.04 

No. of 
reflections 71,217 43,544 64,564 114,086 86,077 

Rwork 0.232 0.250 0.289 0.259 0.254 

Rfree 0.269 0.300 0.331 0.309 0.282 

Ramachandran 
favoured 1040 (95%) 951 (87%) 936 (85%) 1018 (92%) 1017 (93%) 

Ramachandran 
allowed 43 (4%) 96 (9%) 112 (10%) 62 (6%) 67 (6%) 

Ramachandran 
outliers 8 (1%) 44 (4%) 50 (5%) 18 (2%) 14 (1%) 

Bond lengths (Å) 0.0066 0.0061 0.0050 0.0080 0.0072 

Bond angles (°) 1.545 1.528 1.428 1.831 1.467 
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Table 18. Data collection and initial refinement statistics for PLP cryo-trapping experiments.  
Values in parentheses are for highest-resolution shell. 

 23 s 68 s  90 s 150 s 

Data Collection     

Space group H3 H3 H3 H3 

a, b, c (Å) 
179.30 
179.30 
116.90 

178.60 
178.60 
116.00 

177.80 
177.80 
116.00 

178.10 
178.10 
115.40 

α, β, γ (°) 
90.0 
90.0 

120.0 

90.0 
90.0 

120.0 

90.0 
90.0 

120.0 

90.0 
90.0 

120.0 

Resolution (Å) 
89.60 – 2.50 
(2.54 – 2.50) 

92.80 – 2.50 
(2.54 – 2.50) 

41.10 – 2.20 
(2.24 – 2.20) 

64.20 – 2.10  
(1.86 – 1.83) 

Completeness 
(%) 

93.90 
(94.30) 

99.10 
(95.70) 

99.60 
(100.00) 

99.99 
(100.00) 

Multiplicity 2.4 (2.3) 5.4 (5.3) 3.7 (3.8) 5.5 (5.6) 

SNR 3.7 (0.6) 5.4 (0.6) 6.2 (0.7) 5.4 (0.5) 

CC1/2 1.00 (0.20) 1.00 (0.20) 0.90 (0.30) 1.00 (0.30) 

Rmerge 18.2 26.6 17.3 20.6 

Refinement     

Resolution (Å) 89.79 – 2.50 54.55 – 2.50 41.11 – 2.20 64.26 – 2.10 

No. of 
reflections 45,584 46,795 72,933 80.504 

Rwork 0.229 0.230 0.218 0.224 

Rfree 0.278 0.281 0.276 0.264 

Ramachandran 
favoured 980 (92%) 958 (90%) 999 (94%) 999 (94%) 

Ramachandran 
allowed 62 (6%) 78 (8%) 48 (5%) 52 (5%) 

Ramachandran 
outliers 16 (2%) 22 (2%) 11 (1%) 7 (1%) 

Bond lengths (Å) 0.0060 0.0063 0.0078 0.0073 

Bond angles (°) 1.569 1.672 1.802 1.741 
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Table 19. Data collection and initial refinement statistics for tapedrive experiments with 
lysozyme microcrystals and 50 mg/mL GlcNac.  Values in parentheses are for highest-
resolution shell. 
 Apo 500 ms 2 s 5 s 

Data Collection     

No. of collected 
images 2,000,000 2,000,000 2,000,000 500,000 

No. of hits 32,032 69,388 53,768 15,204 

Hit rate (%) 1.60 3.46 2.68 3.04 

No. of indexed images  31,467 67,337 51,983 14,827 

Indexing rate (%) 98.2 97.0 96.6 97.5 

No. of integrated 
lattices 55,012 128,239 80,011 19,864 

Space group P43212 P43212 P43212 P43212 

a, b, c (Å) 79.11, 79.72, 
38.49 

79.18, 79.50, 
38.29 

79.14, 79.49, 
38.31 

79.03, 79.53, 
38.33 

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 

Resolution (Å) 79.42 - 1.90 
(1.93 – 1.90) 

79.34 – 1.90 
(1.93 – 1.90) 

79.31 – 1.90 
(1.93 – 1.90) 

79.28 – 1.97 
(2.00 – 1.97) 

No. of unique 
reflections 10,206 (497) 10,131 (498) 10,131 (498) 9112 (443) 

Completeness (%) 100.00 (100.00) 100.00 (100.00) 100.00 (100.00) 100.00 (100.00) 

Multiplicity 1557.72 
(295.73) 

2664.43 
(515.19) 

1882.10 
(362.94) 

635.17  
(161.86) 

SNR 14.2 (0.7) 19.1 (0.8) 15.5 (0.6) 9.5 (0.7) 

CC1/2 0.99 (0.43) 0.99 (0.55) 0.99 (0.49) 0.99 (0.32) 

CC* 1.00 (0.78) 1.00 (0.84) 1.00 (0.81) 0.99 (0.70) 

Rsplit 4.1 (135.7) 3.1 (104.4) 3.9 (130.9) 6.8 (147.5) 

Wilson B-factor (Å2) 39.99 39.26 39.65 39.00 

Refinement     

Resolution (Å) 56.22 – 1.90 56.16 – 1.90 56.15 – 1.90 56.12 – 1.97 

No. of reflections 10,170 10,094 10,095 9077 

Reflections used for 
Rfree 486 485 485 463 

Rwork 0.192 0.185 0.189 0.194 

Rfree 0.225 0.217 0.215 0.235 

Ramachandran 
favoured 122 (96%) 121 (95%) 119 (93%) 122 (96%) 
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 Apo 500 ms 2 s 5 s 

Ramachandran 
allowed 5 (4%) 6 (5%) 8 (7%) 5 (4%) 

Ramachandran outliers 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Bond lengths (Å) 0.0064 0.0062 0.0062 0.0066 

Bond angles (°) 1.580 1.541 1.498 1.558 

 

Table 20. Data collection and initial refinement statistics for static equilibrium soaks of 
lysozyme microcrystals with 1 to 20 mg/mL GlcNac on SOSOS chips at ESRF.  Values in 
parentheses are for highest-resolution shell. 

 1 mg/mL 
GlcNac 

5 mg/mL 
GlcNac 

10 mg/mL 
GlcNac 

20 mg/mL 
GlcNac 

Data Collection     

No. of collected 
images 240,000 240,000 240,000 240,000 

No. of hits 77,370 81,540 82,898 90,413 

Hit rate (%) 32.2 33.9 34.5 37.6 

No. of indexed images  73,024 78,121 79,735 86,781 

Indexing rate (%) 94.3 95.8 96.2 95.9 

No. of integrated 
lattices 113,582 132,345 133,403 149,466 

Space group P43212 P43212 P43212 P43212 

a, b, c (Å) 79.27, 79.63, 
38.57 

79.31, 79.65, 
38.46 

79.39, 79.74, 
38.44 

79.38, 79.73, 
38.42 

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 

Resolution (Å) 56.18 – 1.48 
(1.51 – 1.48) 

56.20 – 1.48 
(1.51 – 1.48) 

56.26 – 1.48 
(1.51 – 1.48) 

56.25 – 1.45 
(1.48 – 1.45) 

No. of unique 
reflections 21,187 (1018) 21,140 (1018) 21,168 (1016) 22,478 (1099) 

Completeness (%) 100.00 (100.00) 100.00 (100.00) 100.00 (100.00) 100.00 (100.00) 

Multiplicity 1644.81 
(372.10) 

1929.97 
(438.17) 

1964.76 
(446.06) 

2103.34 
(377.18) 

SNR 16.4 (0.3) 17.9 (0.5) 18.5 (0.5) 18.5 (0.4) 

CC1/2 0.99 (0.41) 0.99 (0.47) 0.99 (0.48) 0.99 (0.44) 

CC* 1.00 (0.76) 1.00 (0.80) 1.00 (0.80) 1.00 (0.78) 

Rsplit 3.3 (309.7) 3.1 (190.8) 3.1 (184.6) 3.0 (244.4) 

Wilson B-factor (Å2) 24.26 24.29 23.26 23.71 

Refinement     

Resolution (Å) 56.24 – 1.48 56.26 – 1.48 56.32 – 1.48 56.32 – 1.45 
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 1 mg/mL 
GlcNac 

5 mg/mL 
GlcNac 

10 mg/mL 
GlcNac 

20 mg/mL 
GlcNac 

No. of reflections 21,133 21,083 21,111 22,422 

Reflections used for 
Rfree 1039 1031 1033 1112 

Rwork 0.190 0.188 0.166 0.168 

Rfree 0.198 0.198 0.196 0.209 

Ramachandran 
favoured 119 (93%) 120 (94%) 120 (94%) 122 (95%) 

Ramachandran 
allowed 8 (7%) 7 (6%) 7 (6%) 5 (5%) 

Ramachandran outliers 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Bond lengths (Å) 0.0087 0.0094 0.0084 0.0081 

Bond angles (°) 1.781 1.844 1.673 1.659 

 

Table 21. Data collection and initial refinement statistics for static equilibrium soaks of 
lysozyme microcrystals with 30 to 50 mg/mL GlcNac on SOSOS chips at ESRF.  Values in 
parentheses are for highest-resolution shell. 
 30 mg/mL GlcNac 40 mg/mL GlcNac 50 mg/mL GlcNac 

Data Collection    

No. of collected 
images 240,000 240,000 240,000 

No. of hits 73,817 78,502 75,005 

Hit rate (%) 30.7 32.7 31.2 

No. of indexed images  70,685 75,404 71,489 

Indexing rate (%) 95.7 96.0 95.3 

No. of integrated 
lattices 114,185 129,765 119,687 

Space group P43212 P43212 P43212 

a, b, c (Å) 79.44, 79.79, 38.40 79.44, 79.79, 38.38 79.45, 79.80, 38.35 

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 

Resolution (Å) 
56.30 – 1.48  
(1.51 – 1.48) 

56.30 – 1.45  
(1.48 – 1.45) 

56.30 – 1.48  
(1.51 – 1.48) 

No. of unique 
reflections 21,178 (1020) 22,486 (1104) 21,166 (1032) 

Completeness (%) 100.00 (100.00) 100.00 (100.00) 100.00 (100.00) 

Multiplicity 1692.08 (382.86) 1844.84 (331.14) 1783.76 (405.42) 

SNR 17.2 (0.4) 17.5 (0.4) 17.7 (0.5) 
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 30 mg/mL GlcNac 40 mg/mL GlcNac 50 mg/mL GlcNac 

CC1/2 0.99 (0.42) 0.99 (0.39) 0.99 (0.44) 

CC* 1.00 (0.77) 1.00 (0.75) 1.00 (0.78) 

Rsplit 3.3 (219.3) 3.1 (227.9) 3.3 (171.2) 

Wilson B-factor (Å2) 22.95 23.15 23.16 

Refinement    

Resolution (Å) 56.36 – 1.48 56.36 – 1.45 56.37 – 1.48 

No. of reflections 21,127 22,430 21,115 

Reflections used for 
Rfree 1031 1113 1033 

Rwork 0.168 0.166 0.165 

Rfree 0.200 0.208 0.194 

Ramachandran 
favoured 118 (93%) 119 (94%) 119 (94%) 

Ramachandran 
allowed 9 (7%) 8 (6%) 8 (6%) 

Ramachandran outliers 0 (0%) 0 (0%) 0 (0%) 

Bond lengths (Å) 0.0082 0.0079 0.0078 

Bond angles (°) 1.675 1.672 1.665 

 

Table 22. Data collection and initial refinement statistics for single crystal lysozyme GlcNac 
soaking experiments from 0 to 10 mg/mL. Values in parentheses are for highest-resolution 
shell. 

 
Apo 

1 mg/mL  
GlcNac 

5 mg/mL  
GlcNac 

10 mg/mL  
GlcNac 

Data Collection     

Space group P43212 P43212 P43212 P43212 

a, b, c (Å) 78.7, 78.7, 37.3 77.3, 77.3, 37.6 76.9, 76.9, 37.3 77.3, 77.3, 38.1 

α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

Resolution (Å) 
39.3 – 1.10  

(1.13 – 1.10) 
38.6 – 1.20  

(1.23 – 1.20) 
38.5 – 1.10  

(1.13 – 1.10) 
77.3 – 1.30  

(1.33 – 1.30) 

Completeness 
(%) 99.5 (96.8) 91.3 (75.8) 100.0 (100.0) 99.5 (94.8) 

Multiplicity 12.2 (11.5) 7.6 (5.3) 11.7 (11.2) 12.1 (12.1) 

SNR 22.2 (1.2) 6.9 (0.3) 21.5 (1.8) 14.0 (1.1) 

CC1/2 1.00 (0.50) 1.00 (0.40) 1.00 (0.80) 1.00 (0.80) 

Rmerge 4.3 (143.9) 9.4 (158.7) 5.1 (94.4) 8.3 (122.5) 

Refinement     
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Apo 

1 mg/mL  
GlcNac 

5 mg/mL  
GlcNac 

10 mg/mL  
GlcNac 

Resolution (Å) 35.21 – 1.05 34.59 – 1.17 38.48 – 1.15 54.72 – 1.29 

No. of 
reflections 54,427 30,795 39,946 29,472 

Rwork 0.183 0.243 0.195 0.195 

Rfree 0.196 0.266 0.215 0.218 

Ramachandran 
favoured 120 (94%) 120 (94%) 120 (94%) 120 (94%) 

Ramachandran 
allowed 7 (6%) 7 (6%) 7 (6%) 7 (6%) 

Ramachandran 
outliers 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Bond lengths (Å) 0.0127 0.0078 0.0102 0.0106 

Bond angles (°) 2.018 1.725 1.881 1.864 

 

Table 23. Data collection and initial refinement statistics for single crystal lysozyme GlcNac 
soaking experiments from 20 to 50 mg/mL.  Values in parentheses are for highest-resolution 
shell. 

 20 mg/mL 
GlcNac 

30 mg/mL 
 GlcNac 

40 mg/mL  
GlcNac 

50 mg/mL  
GlcNac 

Data Collection     

Space group P43212 P43212 P43212 P43212 

a, b, c (Å) 77.4, 77.4, 38.0 77.0, 77.0, 37.9 76.8, 76.8, 37.4 76.3, 76.3, 27.0 

α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

Resolution (Å) 
38.70 – 1.10  
(1.13 – 1.10) 

77.00 – 1.00  
(1.03 – 1.00) 

38.40 – 1.10  
(1.13 – 1.10) 

76.30 – 1.20  
(1.23 – 1.20) 

Completeness 
(%) 100.0 (100.0) 97.6 (97.3) 99.7 (99.0) 98.4 (93.5) 

Multiplicity 12.2 (11.3) 6.0 (5.1) 11.5 (10.6) 10.6 (7.8) 

SNR 19.4 (1.2) 15.6 (0.9) 13.0 (1.1) 17.2 (1.0) 

CC1/2 1.00 (0.60) 1.00 (0.40) 1.00 (0.50) 1.00 (0.80) 

Rmerge 5.1 (174.2) 4.3 (95.3) 8.2 (120.4) 5.6 (85.2) 

Refinement     

Resolution (Å) 38.71 – 1.15 34.47 – 0.99 38.44 – 1.08 34.14 – 1.17 

No. of 
reflections 41,159 61,587 47,924 36,075 

Rwork 0.200 0.193 0.190 0.195 

Rfree 0.218 0.208 0.209 0.221 
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 20 mg/mL 
GlcNac 

30 mg/mL 
 GlcNac 

40 mg/mL  
GlcNac 

50 mg/mL  
GlcNac 

Ramachandran 
favoured 120 (94%) 120 (94%) 119 (93%) 121 (95%) 

Ramachandran 
allowed 7 (6%) 7 (6%) 8 (7%) 6 (5%) 

Ramachandran 
outliers 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

Bond lengths (Å) 0.0113 0.0155 0.0094 0.0095 

Bond angles (°) 1.967 2.051 1.853 1.915 
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Appendix B Publication 1 

Stubbs, J., Hornsey, T., Hanrahan, N., Esteban, L.B., Bolton, R., Malý, M., Basu, S., Orlans, J., De 

Sanctis, D., Shim, J., Shaw Stewart, P.D., Orville, A.M., Tews, I., West, J., 2024. Droplet 

microfluidics for time-resolved serial crystallography. IUCrJ 11, 237–248. 

https://doi.org/10.1107/S2052252524001799  

Publication is included overleaf for reference: 

 

https://doi.org/10.1107/S2052252524001799
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Appendix C Publication 2 

Tremlett, C.J.‡, Stubbs, J. ‡, Stuart, W.S., Stewart, P.D.S., West, J., Orville, A.M., Tews, I. and 

Harmer, N.J., 2025. Small but mighty: the power of microcrystals in structural biology. IUCrJ, 

12(3), 262-279. https://doi.org/10.1107/S2052252525001484  

Publication is included overleaf for reference: 
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