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ABSTRACT  

Serial femtosecond crystallography (SFX) with X-ray free electron lasers (XFELs) has 

enabled the determination of damage-free protein structures at ambient 

temperatures and of reaction intermediate species with time resolution on the order 

of hundreds of femtoseconds. However, currently available XFEL facility X-ray pulse 

structures waste the majority of continuously injected crystal sample, requiring a 

large quantity (up to grams) of crystal sample to solve a protein structure. 

Furthermore, mix-and-inject serial crystallography (MISC) at XFEL facilities requires 

fast mixing for short (millisecond) reaction time points (𝑡"), and current sample 

delivery methods have complex fabrication and assembly requirements.  

To reduce sample consumption during SFX, a 3D printed T-junction for generating 

segmented aqueous-in-oil droplets was developed. The device surface properties 

were characterized both with and without a surface coating for improved droplet 

generation stability. Additionally, the droplet generation frequency was 

characterized. The 3D printed device interfaced with gas dynamic virtual nozzles 

(GDVNs) at the Linac Coherent Light Source (LCLS), and a relationship between the 

aqueous phase volume and the resulting crystal hit rate was developed. 

Furthermore, at the European XFEL (EuXFEL) a similar quantity and quality of 

diffraction data was collected for segmented sample delivery using ~60% less 

sample volume than continuous injection, and a structure of 3-deoxy-D-manno-

octulosonate 8-phosphate synthase (KDO8PS) delivered by segmented injection was 

solved that revealed new structural details to a resolution of 2.8 Å. 

For MISC, a 3D printed hydrodynamic focusing mixer for fast mixing by diffusion was 

developed to automate device fabrication and simplify device assembly. The mixer 

was characterized with numerical models and fluorescence microscopy. A variety of 

devices were developed to reach reaction intermediate time points, 𝑡", on the order 
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of 100 – 103 ms. These devices include 3D printed mixers coupled to glass or 3D 

printed GDVNs and two designs of mixers with GDVNs integrated into the one device. 

A 3D printed mixer coupled to a glass GDVN was utilized at LCLS to study the 

oxidation of cytochrome c oxidase (CcO), and a structure of the CcO Pr intermediate 

was determined at 𝑡" = 8 s.  
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CHAPTER 1  

INTRODUCTION 

1.1 Structural Biology 

In the past 80 years, groundbreaking understanding of how biology is affected by 

molecular structures has been achieved due to the advances in visualization 

techniques to study the structures of biological components such as DNA and 

proteins.1, 2 Advances such as X-ray crystallography have ushered in an era of 

structural biology to gain insight into the relationship between a protein’s structure 

and its function within biological organisms for applications such as rational drug 

design. In the field of structural biology, there are several different methods to 

determine a protein structure.  

The most common method to determine a protein structure is with X-ray 

crystallography. Indeed, by late 2019, of the >150,000 protein structures in the 

Protein Databank,3 >139,000 were determined by X-ray crystallography. In this 

method, a protein crystal is irradiated by X-rays, and, in accordance with Bragg’s 

law,4 the angle, phase, and intensity of the X-rays that diffract off the electrons in 

the protein crystal yields a diffraction pattern that provides information about the 

placement of the atoms within the protein. A protein crystal is comprised of unit cells 

which are many repeating protein molecules. Unit cells are composed of one or more 

asymmetric units: the building blocks of the protein crystal. The arrangement of the 

atoms within the asymmetric units and the overall symmetry of the crystal lattices 

allows the scattered X-rays to interfere either constructively or destructively. 

Constructively interfered diffraction is then amplified, increasing the signal-to-noise 

such that a reflection or “Bragg peak” is recorded on a detector in accordance with 
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Bragg’s law. 5 Irradiating a crystal will result in one set of reflections (a diffraction 

pattern) that contains structural information from one angle of the protein crystal. 

However, one diffraction pattern only samples a section of the protein crystal (a 

portion of the Ewald sphere6) and does not reveal the complete structure. To fully 

sample the Ewald sphere and construct a three-dimensional (3D) structure,7 the 

protein crystal is incrementally rotated and irradiated to obtain reflections at multiple 

angles. Due to symmetry within the crystal, it is often not necessary to scan a full 

360°.5, 6 After the collection of a rotating data set, the resulting diffraction patterns 

can be analyzed to solve the protein structure.6  

When irradiating a protein crystal with X-rays, two types of damage occur. Primary 

radiation damage is the ionization of an atom due to absorbing an X-ray photon (the 

photoelectric effect) or inelastic scattering (Compton scattering).8 Primary radiation 

damage can result several artifacts such as decreased diffraction intensity and 

increased unit cell size to name a few.8, 9 Each incident of primary radiation damage 

produces one photoelectron, but each photoelectron can produce up to 500 

secondary electrons that can diffuse through the crystal and create secondary 

radiation damage.8 The secondary electrons can produce radicals both in the protein 

molecules and the neighboring water or solvent molecules (hydroxy and oxygen 

radicals, for example), and the radicals can then diffuse through the crystal and can 

damage covalent bonds. Effects of secondary radiation damage include cleavage of 

disulfide bonds and decarboxylating carboxylic acids.5, 8, 10 To mitigate the effects of 

secondary radiation damage, traditional crystallography methods require a large 

protein crystal (>100 µm) to be cryo-cooled (~100 K) to prevent the spread of 

radicals through the crystal.5, 8 At cryo-temperatures, the majority of radicals are 

prevented from diffusing, but the secondary electrons can diffuse even at 77K.11 

Since secondary damage due to radical diffusion is mitigated at cryo-temperatures, 
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the crystal can be rotated to an area an unexposed area free of primary damage. At 

microfocus beamlines, smaller cryo-cooled crystals (on the order of 10 µm) can be 

studied without excessive secondary X-ray damage.12 However, the effects of 

primary X-ray damage are not avoided, thus placing limits on which proteins can be 

studied to those that crystallize into large crystals.13, 14  

Nuclear magnetic resonance (NMR) uses radio waves to determine the proximity of 

atoms in a protein to one another and is useful for determining protein structures of 

proteins in solution without the need for a crystallization step.15, 16 This method 

benefits from being able to study proteins that do not readily crystallize (with much 

success seen with intrinsically disordered proteins) and from studying protein-protein 

reactions in physiological conditions with time resolution on the picosecond-

millisecond scale.16 While this works well for small proteins, specifically for 

identifying the flexible and rigid regions of a protein, larger proteins can have a 

problem of overlapping signals, limiting the structure determination ability for NMR.16  

Another emerging method of protein structure determination is cryo-electron 

microscopy (Cryo-EM),17 which has made significant gains in recent years in its 

ability to determine protein structures at high resolution. In Cryo-EM, single proteins 

within vitreous ice are imaged by an electron beam. With advances in sample 

preparation, imaging components and detectors, and computational methods, Cryo-

EM has undergone a “resolution revolution” and can now reach near-atomic 

resolutions similar to crystallography.17  

Information from each of these three techniques can be viewed in conjunction with 

one another and with additional characterization methods to obtain a thorough view 

of the protein structure, composition, and dynamics. Additionally, there have been 

significant advancements in X-ray crystallography with the development of serial 

femtosecond crystallography with X-ray free electron lasers.  
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1.2 Serial Femtosecond Crystallography 

With the advent of the X-ray free electron laser (XFEL),18 crystallography using 

extremely bright femtosecond X-ray pulses became possible.19, 20 The X-ray pulses 

are intense enough to destroy an irradiated crystal, but are fast enough to outrun 

radiation damage and yield a diffraction pattern “snapshot” in a process termed 

“diffraction before destruction.”19, 21 In order to determine a 3D structure of the 

protein, this process must be done in serial, with a new crystal replenishing the 

destroyed sample between X-ray pulses.22 As such, it quickly becomes impractical to 

mount a single protein crystal one at a time, so crystals are frequently injected 

continuously into the path of the X-ray.23 From thousands to tens of thousands of 

randomly oriented snapshots, an electron density for the protein can be calculated.24 

This method, termed serial femtosecond crystallography (SFX), has allowed the use 

of micro- and nanocrystals in crystallography, further opening the way to study 

proteins that have difficulty yielding large crystals or are limited by X-ray damage. 

Specifically, membrane proteins account for a large portion of all proteins, yet 

traditionally have difficulty forming large crystals due to the complex membrane 

environment in which they are stable.25 Sample delivery methods to mimic a 

membrane environment such as an injector for lipidic cubic phase (LCP, detailed in 

Chapter 3.6) have been developed, resulting in a dramatic increase in the number of 

membrane protein structures determined.25-29 Additionally, SFX does not require 

cryogenically cooled conditions to mitigate X-ray damage. There is evidence that 

cryo-cooling crystals can impact their conformational heterogeneity,30, 31 so 

permitting the crystals to be present in a more biologically relevant ambient 

temperature can yield more accurate structures. 
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Figure 1.1 Illustrations of time-resolved serial femtosecond crystallography. (a) A 
fs-pump laser excites the photoactive nanocrystals just before they are probed by 
the X-ray beam, yielding a time-resolved diffraction pattern. Reprinted and adapted 
with permissions by Schmidt et al. 32. (b) A crystal suspension and a corresponding 
ligand meet at a T-junction mixer, mix and react while traveling the delay line, and 
are injected into the X-ray beam for MISC. Reprinted and adapted by permission 
from Stagno et al. 33. 
 

In addition to obtaining static protein structures, an exciting frontier for protein 

crystallography is the ability to determine the crystal structure of a reaction 

intermediate. Due to the ultrashort femtosecond pulses of the XFEL,18 femtosecond 

or greater time resolution can be achieved in a method termed time-resolved serial 

femtosecond crystallography (TR-SFX).34 By determining the structures of multiple 

reaction intermediates, one can piece together a “molecular movie” to essentially 

visualize the structure of a protein as it undergoes a reaction, providing further 

information relating to reaction mechanisms that have been hotly debated.35, 36 For 

instance, the spatial resolution for structure determination with SFX is potentially 

greater than with solution scattering.34 
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There are two main experimental methods for studying reaction intermediates by TR-

SFX. The first and most widely used method is a pump-probe photoactivation (Figure 

1.1a).37-39 In this method, an injected protein crystal is exposed to a short laser 

pulse before it is irradiated by the X-ray beam. The time between the laser flash 

“pump” and the X-ray irradiation “probe” determines the time point, and thus 

structure, of the photoactivated reaction intermediate. Several applications of this 

style of TR-SFX are detailed in Chapter 3. A second method for TR-SFX relies on 

mixing a protein crystal with a substrate that reacts with the aforementioned protein, 

and subsequently injecting the mixed crystal suspension into the X-ray beam (Figure 

1.1b).32, 33, 40 The time between completed mixing of the crystal and substrate and 

the X-ray irradiation determines the reaction intermediate time point probed. The 

time-resolution of mix-and-inject serial crystallography (MISC) is generally limited to 

millisecond or greater reaction intermediates, which is much slower than the 

hundreds of femtosecond resolution achievable by pump-probe. A drawback for 

pump-probe methods is that they are generally limited to photoactivated reactions, 

although there has been success utilizing photocaged compounds to, upon laser 

illumination, release a substrate the reacts with the protein.41, 42 There are some 

challenges when using photocages for TR-SFX. Design of the photocage can be 

resource intensive: each photocage must be tailored to a specific substrate such that 

the intermolecular forces (e.g. hydrogen bonds), covalent bonds, or steric forces of 

the cage-substrate complex prevent the substrate from reacting with the protein.43, 

44 This means a new photocage has to be designed and synthesized (frequently 

complex multistep synthesis) for new protein-substrate pairings, both of which are 

nontrivial processes. It is difficult to achieve 100% caging,43 which can lead to free 

substrate in solution and cause uncertainty in the probed intermediate. Additionally, 

the bond between the cage and the substrate must be weak enough so that the 
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substrate is sufficiently removed from the cage during photoactivation and also 

strong enough to prevent free dissociation, further complicating cage design and 

implementation. Because of the challenges involved with photocaged compounds, 

MISC is a more all-purpose method for mixing a protein and substrate for TR-SFX. 

 

 

Figure 1.2 Illustration of protein crystal sample wasted between X-ray pulses.  

 

As further detailed in Chapter 3, there are several notable drawbacks with SFX and 

MISC. One of the most common methods of introducing protein crystals into an XFEL 

is continuously injecting a stream of protein crystals by way of a liquid jet.45 Due to 

the pulsed nature of the XFEL, protein crystal injected between pulses or pulse trains 

(Figure 1.2, see Chapter 3.2 for details on XFEL facility pulse frequencies) is not 

probed by the X-ray, resulting in >95% of the injected sample being wasted.26 This 

requires milligrams to grams of protein to be crystallized in order to obtain enough 

diffraction patterns to construct a 3D structure of a protein; thus, protein 

crystallization can become a significant bottleneck to the SFX method. The current 

methods of sample delivery are detailed in Chapter 3, many of which strive to reduce 

the amount of protein crystal sample required to conduct an SFX experiment.23 While 

each has their advantages and drawbacks, most methods for reducing sample waste 

are incompatible with the current setup at the European XFEL (EuXFEL) due to its 
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unique pulse structure. While the other XFEL facilities operate at a constant X-ray 

pulse frequency, with maximum frequencies ranging from 30 – 120 Hz, the EuXFEL 

has 10 Hz pulse trains with intratrain MHz X-ray pulse repetition.46 Replenishing the 

protein crystal between intratrain pulses requires a high jet velocity,47 but 

continuously injected sample during the ~ 99 ms between pulse trains is wasted.46  

Thus, a method of sample delivery that permits the high jet velocities of a GDVN 

with minimal crystal sample waste between pulse trains is necessary. 

Separate from sample waste problems, current MISC sample delivery methods have 

a tradeoff. The first mixing methods employed for TR-SFX were simple to develop as 

they consisted of a commercial T-junction connector for introducing the protein 

crystal suspension to the substrate solution.33, 48 However, the mixing was slow and 

required a long distance and time in order for the two to completely mix which limits 

time resolution to seconds or greater. To facilitate faster mixing, a MISC injector was 

developed by Calvey, et al.49 that permits mixing on the order of micro- to 

milliseconds, thus allowing reaction intermediates to be determined on the 

millisecond time scale.50 A drawback to this method is the complex design and 

assembly requirements for the injector, requiring laser milling and technical precision 

with manual assembly.51 A MISC sample delivery method that has simpler 

construction and assembly is necessary to increase the availability of MISC.  

 

1.3 Dissertation Overview 

The main objectives of this thesis are as follows: 

1. Summarize the currently available sample delivery methods for SFX and TR-

SFX. 

2. Demonstrate a method for reducing sample waste by generating aqueous-in-

oil droplets for segmented injection during an SFX experiment. 
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3. Develop a method for fast mixing within a 3D printed device for TR-SFX.  

4. Illustrate instances in which these microfluidic technologies have been utilized 

at XFEL facilities to characterize protein crystal structures by SFX. 

The thesis is split into eight chapters. Chapter 1 gives an introduction to background 

and motivation for developing improved sample delivery methods for SFX, and 

Chapter 2 gives a more in-depth physical explanations of how these microfluidic 

devices operate. Chapter 3 gives a review of the sample delivery methods used for 

SFX at hard XFEL beamlines and the benefits of each method. In Chapter 4, the 

device for generating aqueous-in-oil droplets is detailed, and its surface properties 

and hydrophobic surface treatments are explored. Furthermore, initial diffraction 

data at a hard XFEL is reported. Chapter 5 describes the application of the 

segmented injection at the European XFEL to reduce the amount of protein crystal 

sample required for a complete dataset, and a structure for 3-deoxy-D-manno-

octulosonate 8-phosphate synthase (KDO8PS) is determined during segmented 

sample delivery. In Chapter 6, 3D printed mixers for MISC are described, with a 

focus on device characterization. Chapter 7 details additional experiments at which I 

utilized the developed microfluidic devices to assist with sample delivery at a hard 

XFEL beamtime, and a summary of the thesis, impact my work has had on the field, 

and future directions are the components within Chapter 8. 
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CHAPTER 2  

BACKGROUND THEORY 

2.1 Microfluidics  

The unique properties of microfluidic devices have many advantages compared to 

those of their macroscale counterparts.52, 53 One of the more obvious advantages is 

the reduction in sample volume consumed during an experiment: as microfluidic 

devices are defined by length scales from 100s of nanometers to less than 100 

micrometers, sample volumes on the order of nanoliters or less can be used.54 This 

minimal sample volume is ideal in the context of SFX; as mentioned in the previous 

section, obtaining enough crystal sample to collect a complete dataset is the major 

bottleneck, hence, techniques that reduce the amount of sample consumed are 

required for broader applications of this emerging crystallography method. Indeed, 

since the first developed injector for SFX, the gas dynamic virtual nozzle (GDVN, 

detailed in Chapter 3.3.1)55 utilized liquid delivery lines with inner diameters ≤ 100 

µm. Subsequent sample delivery methods, from viscous media injection to fixed-

target arrays, incorporate small crystal suspension volumes and microscale 

structures;23, 56 thus, all sample delivery methods for SFX can be thought of as 

microfluidic devices. Additionally, microfluidic technologies have seen use in the 

development of MISC methods for TR-SFX.40, 49, 57  

In a microfluidic environment, the surface and interfacial forces play a large role and 

the role of gravity, which dominates on the macroscale, is negligible.53 To take 

advantage of these microscale effects, microfluidic droplets have been an area of 

great interest as they can serve as a high-throughput production of individualized 

reaction or transportation vessels that can reduce sample volume requirements.58-61 
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An aqueous phase suspended in an oil phase will tend to form a sphere in order to 

minimize the free surface energy; and within a microfluidic device, an aqueous phase 

containing an analyte can be intersected by an oil carrier phase to generate discrete 

aqueous-in-oil droplets.60, 62 By controlling the flow parameters of the immiscible 

liquids and the geometry of the droplet generator, the droplets can be uniformly 

generated for discrete sample vessels.60 Each isolated droplet can serve as a reaction 

chamber to perform thousands of parallel experiments in minutes,63 for applications 

such as enzyme-kinetics,64, 65 synthesis of biomolecules and nanoparticles,66, 67 and 

individual crystal growth environments.68, 69 In relation to SFX, microfluidic droplets 

can be utilized to reduce the amount of sample wasted between X-ray pulses,70, 71 as 

is detailed in Chapter 2.3 and Chapter 3 through Chapter 5. Due to the tunability of 

microfluidic droplet generation parameters, this method has the potential to be 

useful at all currently available XFEL beamlines. 

Another characteristic of microfluidic devices is their propensity to operate at low 

Reynolds number. The Reynolds number72, 𝑅𝑒, is a relationship between the inertial 

forces and viscous forces in a system (Equation 2.1) 

𝑅𝑒 = 𝜌𝑢𝐿 ⁄ 𝜇      (2.1) 

where 𝜌 is the density, 𝑢 is the velocity, 𝐿 is a characteristic length, and 𝜇 is the 

viscosity. At 𝑅𝑒 < 2000, the flow is in a laminar regime where the flow profile is 

absent of perturbations such as vortices that occur in turbulent conditions (i.e. 𝑅𝑒 > 

2500).53, 73, 74 This allows for highly predictable and repeatable mixing scenarios that 

are dominated by diffusion. Due to their characteristically small length scales (𝐿 ~ 

10-5 µm), laminar flow is common for microfluidic devices, including those used for 

sample delivery at XFELs. Diffusion is governed by the root mean square (RMS) 

displacement (Equation 2.2):75, 76 

>〈𝜒A〉 = √2𝑛𝐷𝑡     (2.2) 
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In Equation 2.2, 𝜒 is the distance traveled by a particle, 𝑛 is the number of 

dimensions allowed for diffusion (i.e. 𝑛 = 1, 2, 3), 𝐷 is the diffusion coefficient, and 𝑡 

is the time required for a particle to diffuse the RMS distance. In order to decrease 

the amount of time required for mixing, it is clear that decreasing the mixing 

distance, here the RMS of 𝜒, must also decrease.  

There have been several methods suggested to increase the speed and efficiency of 

mixing on the microscale. Active methods include acoustic, electric, thermal, and 

magnetic perturbations of the mixing system, and passive methods include a wide 

variety of channel geometries meant to perturb the flow fields and decrease the 

mixing distance. 77-79 There are several considerations to take into account when 

selecting a method for fast mixing in TR-SFX, as will be discussed further in Chapter 

2.4. For instance, in passive mixers, the channel geometry is designed to decrease 

diffusion time for aqueous solutions instead of protein crystal suspensions. These 

geometries include serpentines,80 crossing layers,81 grooves,82 and variously shaped 

blocks.83 Each of these geometrical structures perturbs the flow field, allowing the 

two mixing liquids to effectively fold over one another. This phenomenon both 

increases the surface area for diffusion to occur and decreases the mixing distance; 

however, many of these structures are incompatible with SFX as the geometry can 

increase the likelihood of crystal clogging. Additionally, active mixing components 

present in magnetic, thermal, and electric active mixers have the potential to 

damage the crystals or interfere with the crystallography setup. Thus, passive 

diffusive mixing has been the most explored method for MISC as there are no active 

components and the channel geometry is free of obstacles to reduce crystal 

clogging.33, 49, 50 When mixing protein crystals with an aqueous substrate for MISC, 
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the crystals are rather large in comparison to the substrates which affects their 

diffusion coefficient.  

𝐷 = GHI
JKL"

    (2.3) 

A general equation for a particle’s diffusion coefficient due to Brownian motion, the 

Stokes Einstein equation (Equation 2.3),74 where 𝑘N is Boltzmann’s constant, 𝑇 is 

temperature, and 𝑟 is the radius of the particle, illustrates that the larger a particle’s 

size, the slower it diffuses. Fortunately, an aqueous substrate is typically a small 

molecules, thus will diffuse faster than the protein crystal. So, in order to enable fast 

mixing by diffusion, a microfluidic mixer must decrease the mixing distance between 

the quickly-diffusing substrate molecules and the slowly-diffusing protein crystals, as 

will be discussed in Chapter 2.4 and Chapter 6.  

 

2.2 Microfabrication 

There are a variety of methods used to fabricate microfluidic devices.74 In addition to 

etching methods,84 a common method for designing microfluidic devices is by using 

photolithography followed by soft lithography.53, 85, 86 For example, a photoresist that 

has been spin-coated onto a substrate (e.g. silicon) is exposed to UV light through a 

mask (either a glass plate with patterned chromium or a plastic sheet with printed 

patterns) containing the desired structure. The exposure light has enough energy to 

excite the photoiniator to generate radicals that trigger polymerization,87 resulting in 

all of the exposed photoresist being polymerized while the unexposed regions are 

not. In the case of a negative photoresist, the exposed portions of the photoresist 

remain after the non-exposed photoresist is washed away during a development 

step, while the reverse is applicable for positive photoresists.74 Photolithography is a 

two-dimensional (2D) process that works well for planar structures and can be used 

for multilayer devices, but designing the proper masks and exposure conditions for 
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more complex, nonplanar 3D geometry microfluidic devices is challenging. 

Additionally, the subsequent soft lithography step must be taken into consideration, 

adding additional complexity. 

To fabricate microfluidic 3D designs, there are several 3D printing methods available 

including inkjet 3D printing, stereolithography, extrusion printing, and two-photon 

polymerization (2PP).88 Except for 2PP which has a resolution on the order of 102 

nm, 3D printing methods are limited in resolution.88 In order to print the small 

features (≤ 100 µm) necessary for SFX liquid jet injectors (see Chapter 3.3), 3D 

printing using 2PP is utilized.87-90 The microfluidic devices described in this thesis are 

printed using a Photonic Professional GT (Nanoscribe, GmbH, Germany) 3D printer 

that operates with the principle of 2PP,91 as illustrated in Figure 2.1. 

 

 

Figure 2.1 Illustration of 2PP 3D printing. A laser is focused by an objective to a 
small voxel within the photoresist (here represented as a violet dot). In this focused 
volume, two photons at one wavelength (hvIR) are simultaneously absorbed by the 
photoinitiator in the photoresist. As seen in the pop-out, one photon will excite an 
electron’s ground state (S0) to a virtual state (dashed black line) and the second 
photon will excite from the virtual state to the excited state (S2). Thus, at this 
focused volume is where the photoresist becomes polymerized. 
 

In 2PP, an individual photon does not have enough energy to excite an electron. 

However, when a high photon density is present, two photons whose total energy is 

high enough to excite the electron can be absorbed simultaneously (Figure 2.1). One 

of the absorbed photons will excite the electron to a virtual state between the 

Objective

PhotoresistFocused 
IR Laser

hvIR

hvIR

S0

S2

2PP
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electron’s ground state and the excited state, and the other absorbed photon can 

then provide enough energy to reach the excitation band of the electron.87 To supply 

such a high photon density, femtosecond laser pulses can be utilized, which have an 

added benefit of increasing the precision of the exposed region.87  

For the Nanoscribe Photonic Professional GT, the laser (780 nm wavelength) is 

focused by an objective to a small point (approximately 200 nm3). At this focused 

voxel, there is a high probability of two photons being simultaneously absorbed by 

an electron in the photoresist’s photoiniator for 2PP at a wavelength of 390 nm. The 

excited photoinitatior will generate radicals that initiate monomer polymerization.88, 

91 The photoresist and photoiniator are chosen so that the lower energy photons 

cannot trigger the excited state for polymerization without a two-photon absorption 

process. Since two-photon absorption has a low probability of occurring outside of 

the focused voxel (where the probability of a two-photon absorption is high), 2PP 

permits complex 3D structure design in a space-selective manner.87 The desired 

structure can be designed in a 3D CAD program and imported into the printing 

software. Following the blueprints of the CAD file, the xy-stage on which the 

photoresist and substrate are mounted is translated during the femtosecond pulsed 

exposure, and the objective is mobile in the z-direction; thus, a complex nonplanar 

structure can be printed layer by layer from the bottom (attached to the substrate, a 

glass slide in Figure 2.1) to top. The printing mode shown in Figure 2.1 is dip-in laser 

lithography (DiLL) as the objective is immersed in the photoresist.92 Other printing 

modes have the photoresist on top the substrate and the objective below the 

substrate. In this mode of printing, the objective is immersed in either air or another 

liquid (e.g. oil) for refractive index matching. Designs that would be challenging or 

impossible to fabricate with one photon processes like photolithography are printed 
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with ease using 2PP 3D printing. Once the device has been printed, a development 

step is necessary to remove not polymerized resist.  

 

2.3 Droplet Generation 

Microfluidic droplets can be formed when two immiscible liquids intersect in a 

microchannel as a result of the instabilities between the two liquids.60 The aqueous 

phase (for SFX applications, the protein crystal suspension) is hydrophilic while the 

oil carrier phase is hydrophobic; thus, the two liquids are immiscible. Microfluidic 

droplets can be passively or actively generated. In passive generation, the channel 

geometry, liquid properties (e.g. viscosity and interfacial tension), and flow 

conditions determine the resulting droplet parameters such as droplet volume and 

frequency. Many geometries for passive droplet generation have been developed for 

various applications59, 60, 62, 93 with three main types of geometries62 (Figure 2.2): T-

junction (or cross-flow),58 flow-focusing,94, 95 and coaxial injection, 96 with the 

simplest being the T-junction or cross-flow geometry (Figure 2.3). The simplicity of 

T-junction geometries has led to a significant amount of characterization of droplet 

generation parameters and resulting droplets.60 Flow-focusing geometries have a 

more complex geometry that has been less characterized but have a higher 

maximum frequency and minimum droplet size in comparison to T-junctions. Coaxial 

injection geometry can have simple fabrication requirements (e.g. a cylindrical 

capillary aligned within a square capillary). Additional geometries such as step-

emulsification, microchannel emulsification, and membrane emulsification can 

passively produce droplets.60 This thesis focuses mainly on T-junction geometry 

whose benefits include simplicity for design, assembly, and quantification, and its 

propensity for monodispersed droplets. 
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Figure 2.2 Passive droplet generation geometries. The dispersed phase (blue) 
intersects the continuous phase (orange) to form droplets. The walls of the device 
are black. (a) T-junction, or cross-flow, (b) flow-focusing, and (c) coaxial injection, 
with the coaxial capillary in gray. 

 

In active generation, an external force triggers droplet generation and affects the 

resulting droplet volume and frequency. Active components can include, piezoelectric 

components (e.g. a piston), acoustic components to release a defined volume of 

aqueous sample into the oil phase, valves that pinch off droplets, or an electrical 

trigger to produce an aqueous droplet on-demand.60 From an SFX sample delivery 

perspective, active methods may have difficulty incorporating protein crystals in the 

aqueous phase due to either clogging effects or potential damage to the crystal, 

although as discussed in Chapter 3 this is not always the case.23  

A competition of forces, influenced by geometrical constraints and fluid properties, 

can lead to instabilities that generate droplets. The forces in consideration include 

the viscous drag force, interfacial forces (or capillary forces), pressure forces, inertial 

forces, and any external forces such as gravity.60 One can tune these forces by 

adjusting the channel geometry, the viscosity ratio between the two liquids, and the 

flow rate ratio between the two liquids.  

The interfacial force arises from the opposing intermolecular forces between the 

immiscible phases – the energy required for a polar molecule (e.g. the dispersed 

phase) to transfer from its homogenously polar environment into a volume of 

intermolecular forces that oppose it is thermodynamically unfavorable, and the same 

a) b) c)
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is true for a nonpolar molecule (e.g. the continuous phase) transferring into a polar 

environment. As such, at the phase boundary each phase will have a net force 

inward, minimizing the surface area and surface energy. 97  

The viscous forces describe the transfer of momentum through a liquid and are 

related to the liquid viscosities and velocities.97 A liquid with high viscosity has a high 

degree of internal friction and will better transfer momentum through its internal 

layers. For Newtonian fluids, increasing the velocity of one liquid (e.g. the continuous 

phase) will result in a greater shear force exerted on the other liquid.  

The inertial forces describe the ability of a flow to take on the momentum of an 

object or flow field without altering its original flow path. The Reynold’s Number 

(Equation 2.1) relates the inertial forces to the viscous forces, and frequently 

illustrates that inertial forces are small in microfluidic devices, although there are 

notable exceptions where inertia is a contributing force, as discussed below. Pressure 

forces arise from the fluid’s driving force, generally a syringe pump, high-pressure 

liquid chromatography (HPLC) pump, or constant pressure pump. There can also be 

increased pressure forces due to temporary blockages in the channels. For passive 

droplet generation, the external force is gravity, and it plays a negligible role in 

droplet formation.60  

When describing the competing forces, some dimensionless values are handy. As 

previously mentioned, the Reynold’s Number relates the contribution of inertial 

forces to viscous forces. The contribution of viscous forces to interfacial forces is 

described with the capillary number, 𝐶𝑎 . 

𝐶𝑎 = LQ2Q
R

     (2.4) 

In Equation 2.4, 𝜇S is the viscosity of the continuous phase, 𝑢S is the velocity of the 

continuous phase, and 𝛾 is the interfacial tension.  
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There are three primary regimes of droplet generation in the T-junction geometry: 

squeezing, dripping, and jetting, as shown in Figure 2.2.  

 

 

Figure 2.3 Illustrations of droplet breakup regimes. (a) dripping, (b) squeezing, 
and (c) jetting. 
 

At mid-range 𝐶𝑎 (0.01 < 𝐶𝑎 < 0.3), droplets are generated in the dripping regime 

(Figure 2.3a).98, 99 In the dripping regime, the viscous shear forces overcome the 

dispersed phase interfacial forces before the dispersed phase can fill the outlet 

channel.60, 100 This regime creates spherical droplets that have a diameter smaller 

than the channel dimensions.  

At 𝐶𝑎 < 0.01 , droplets are generated in a squeezing regime (Figure 2.3b).98, 101-103 

In the squeezing regime, the dispersed phase fills the main channel as the shear 

forces are not sufficient to initiate breakup.60 A thin layer of oil can pass around the 

droplets when the channel walls are hydrophobic. The growing aqueous plug acts as 

a blockage for the continuous phase which then builds pressure as a result.60, 103 

Eventually the pressure in the continuous phase overcomes the pressure within the 

droplet and initiates breakup, with the dispersed phase forming a neck of decreasing 

width until pinching off into a droplet. Instead of being spherical, the droplets in the 

squeezing regime are plug-shaped, longer than the width of the channel, and have 

hemispherical end caps.  

At high Capillary Number, 𝐶𝑎 > 0.3, droplets are generated in the jetting regime 

(Figure 2.3c).102 In the jetting regime, the inertial forces are balanced with the 

interfacial forces and viscous shear forces. The dispersed phase extrudes along the 
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wall of the channel until the continuous phase viscous forces and dispersed phase 

inertial forces overcome the interfacial forces, and droplet break up occurs due to 

Rayleigh instability.97, 104 Jetting tends to produce small, spherical droplets, similar in 

diameter to the width of the jet.  

As discussed in Chapter 4, the surface properties of the channel walls in a 

microfluidic device can be crucial to the success of uniformly generated droplets.70 

For water-in-oil droplets, this may require the channel walls to be hydrophobic (i.e. 

have a contact angle >90°, Figure 4.1)74 such that oil wets the walls and has a 

constant thin layer present. In this way, the aqueous phase does not come in contact 

with the walls and does not have an opportunity to adsorb on the device channels. 

As discussed in Chapter 4, hydrophilic channel walls can cause non-uniformity in 

droplet generation due to adsorbed aqueous phase.  

There are several considerations for SFX when deciding on a method of droplet 

generation to reduce the amount of sample wasted between pulses or pulse trains.23, 

56 The first is the frequency of the X-ray laser: to reduce the greatest amount of 

sample wasted while maintaining a similar hit rate to continuous injection, droplets 

should be generated at a frequency matching the XFEL. In the same line of thought, 

the phase of the generated droplets needs to match the phase of the X-ray pulses. If 

droplet generation matches the frequency but is out of phase with respect to the X-

ray pulses, it is unlikely that droplets containing the crystal sample will be present 

during an X-ray pulse. Active droplet generation methods have the benefit of directly 

controlling the frequency and phase of the generated droplets;60 however, the added 

periphery required for active droplet generation may be incompatible with SFX 

setups. For instance, a piezoelectric piston may have difficulty with the high back 

pressures of the long capillary lengths (discussed in Chapter 5.4), and the force of 

the piston may damage the protein crystals. Furthermore, as discussed in Chapter 
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3.4,23 acoustically generated droplets can require significant adjustments to the 

sample delivery setup at a hard XFEL facility, and the generated droplets may have 

difficulty supporting high X-ray pulse frequencies or the pulse structure at the 

EuXFEL. As such, a passive droplet generation method has advantages due to its 

ease of use but faces challenges when it comes to synchronizing the phase of the 

droplet with the X-ray pulses. As described in Kim et al. 105, a combination of an 

active droplet generation technique, electrowetting, with a passive droplet 

generation setup can allow one to adjust the phase of droplet generation and 

maintain its frequency.  

Additional considerations for droplet generation at XFELs are the droplet size and 

liquid flow rates. At all beamlines, it is necessary to repopulate a crystal in the X-ray 

beam between pulses, and depending on the beamline this can require a high jet 

velocity. For instance, the EuXFEL requires a jet velocity ≥50 m/s 47 and thus 

frequently uses high total flow rates to accomplish this velocity. For droplet 

generation, this requires the use of high oil flow rates and an adjustment of the 

channel dimensions to reach the 10 Hz pulse train frequency as described in Chapter 

5. In contrast, beamlines such as LCLS and SACLA that function at lower X-ray pulse 

frequencies of 120 or 100 Hz respectively can utilize lower flow rates for sample 

refresh rates, and thus an adjusted channel geometry is ideal for reaching these 

higher droplet generation frequencies. 

The jetting regime also has use for SFX outside of droplet generation: if the parallel-

flowing oil and aqueous crystal sample (Figure 2.4) reach the end of the injection 

nozzle before the aqueous phase reaches the Rayleigh instability point, the two 

phases may be concurrently injected.106, 107 In this co-flow injection, a low flow rate 

aqueous crystal sample and a high flow rate oil phase are continuously injected, thus 

permitting less crystal sample to be utilized while maintaining a high jet velocity. 
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This is particularly useful at the EuXFEL as the high jet velocity can refresh the 

crystal sample between pulses while reducing the amount of sample injected 

between pulse trains without requiring synchronization that is necessary during 

droplet injection. 

 

 

Figure 2.4 Optical microscopy image of a 3D printed T-junction operating in the 
co-flow regime. The oil flow rate is 15 µL/min and the aqueous buffer flow rate is 5 
µL/min. The boundary between the aqueous and oil flor rate is highlighted by the 
pink arrow. Scale bar is 100 µm. 

 

2.4 Microscale Mixing 

As described in Chapter 2.1, the Reynolds number can be indicative of whether flow 

conditions are laminar or turbulent. In microfluidic devices, the small channel 

dimensions lend to 𝑅𝑒 ≪ 2000 characteristic of laminar flow.74 As such, species 

transport is governed by the laminar flow profile and diffusion.   

The flow within the microfluidic channels can be described with the Navier-Stokes 

equation for a Newtonian incompressible liquid (Equation 2.5)74, 108 

0 = −∇𝑝 + 𝜇∇A𝒖     (2.5) 

that satisfies conservation of momentum. In Equation 2.5, 𝑢 is velocity, 𝑝 is 

pressure, and µ is viscosity. As 𝑅𝑒 ≪ 1, the left-hand side of the equation that 

describes the inertial forces present is zero. On the right-hand side, the first term 

includes the pressure forces and the second term is the viscous forces. There is no 
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external force acting on the system (gravity is negligible) so no additional term is 

included. 

In addition to conservation of momentum, conservation of mass must be satisfied. 

This is described in the continuity equation for a Newtonian incompressible liquid 

(Equation 2.6).  

∇ ∙ 𝑢 = 0     (2.6) 

By solving Equation 2.5 and 2.6, the velocity within a microfluidic device, and thus 

the laminar flow profile, can be determined. In order to determine a particle’s motion 

due to diffusion, movement corresponding to Brownian motion must be described. 

Fick’s first law109 (Equation 2.7) describes the flux, 𝑱, of a particle due to diffusion.74, 

110 

𝑱 = −𝐷∇𝑐     (2.7) 

In Equation 2.7, 𝐷 is the diffusion coefficient (Equation 2.3) and 𝑐 is the 

concentration.  

A simple example of mixing by diffusion in a microfluidic channel can be illustrated 

by two miscible liquids flowing parallel to one another in a channel (Figure 2.5). 

When the solution containing species A (red) meets the solution containing species B 

(blue) at x0, the two species are completely separate. As the solutions proceed along 

the channel, the red species A diffuses into the blue species B. In Figure 2.5, line 

plots of the cut lines (dashed black lines) depict the concentration profile of species A 

along the channel at specified x-positions. At the end of the channel, x4, the solution 

is uniformly green across the channel width, and the concentration profile is 0.5 

across the channel length, both indicating a uniform concentration of species A 

throughout the channel due to diffusive mixing.  
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Figure 2.5 Illustration of mixing by diffusion within a microfluidic device. At point 
x0, the two liquids are completely separated (red and blue), and as they continue 
traveling down the channel the liquids begin to mix by diffusion (green), until the 
species concentration for both liquids is uniform throughout the channel width at the 
end of the channel, x4. Line plots of the cut lines (dashed black lines) illustrate the 
concentration profile perpendicular to the flow direction at defined positions (x) along 
the mixing channel. Concentration plot generated in COMSOL Multiphysics 5.3 based 
off the H-mixer application library file. 
 

The Peclet number, 𝑃𝑒, compares the relative importance of convection and diffusion 

in regard to species transport.97  

𝑃𝑒 = 𝑢𝐿 𝐷⁄      (2.8) 

In Equation 2.8, 𝐿 is the characteristic length. When 𝑃𝑒 < 1 diffusion is dominant, 

and when 𝑃𝑒 > 1 convection is dominant. Mixing by diffusion still occurs when 𝑃𝑒 > 

1, as can be the case with large liquid velocities in a microfluidic device; in that case, 

a long channel would be necessary to allow the particles enough time to diffuse and 

mix. For the microfluidic devices described in Chapter 6, 𝑃𝑒 > 1 and convection is the 

dominant means of species transport, resulting in negligible transport by diffusion in 

the direction of flow. The diffusion occurs in one dimension (i.e. normal to the 

direction of flow) due to Brownian motion. 

As discussed in Chapter 2.1, the time required for mixing to occur by diffusion is 

quadratically related to the distance over which a particle must diffuse (Equation 
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2.2). When flowing two miscible liquids parallel with one another as in Figure 2.5, the 

mixing distance is equivalent to the channel width. Thus, to decrease this mixing 

distance the channel width must be decreased. While this is relatively simple to 

accomplish with microfabrication methods, a small channel width can impose 

limitations such as high flow resistance, low sample throughput, and clogging effects. 

The latter is of particular concern when working with protein crystals as the channel 

needs to be at least as wide as the protein crystals. Furthermore, even when the 

channel is on the same length order as the crystal size, crystals can agglomerate and 

form blockages in the channel. Due to this potential for clogging, decreasing the 

channel width is not always a viable option for decreasing the mixing distance. 

 

 

Figure 2.6 Illustration of hydrodynamic focusing in a cross mixer. The crystal 
suspension (blue) is focused on two sides by a substrate solution (red) into a narrow 
stream for mixing by diffusion over a short distance. The two species are mixed at a 
point, 𝑥#$%, in the outlet, which corresponds to cmix (violet). Figures of merit, defined 
in Table 2.1, are displayed. The initial mixing point, d0, is represented as a dashed 
pink line. The yellow dashed line represents the center concentration line that is used 
for determining the mixing distance, 𝑑#$%, and the mixing time, 𝑡#$%. The delay 
distance, 𝑑'()*+, extends downstream until the mixture reaches the X-ray (not 
pictured). Flow direction indicated by white arrows. Not to scale. 
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To decrease the mixing distance without altering the channel size, the principle of 

hydrodynamic focusing can be exploited (Figure 2.6).111-116 By increasing the number 

of inlets in the mixing device from two (Figure 2.5) to three (Figure 2.6), flow from 

two side inlets can focus the liquid from the center inlet into a narrow stream. For 

instance, a solution containing a substrate that binds to a protein is introduced in the 

two side inlets, and a protein crystal suspension is introduced in the center inlet, as 

seen in Figure 2.6. Hydrodynamic focusing has the added benefit that, in a planar 

device like Figure 2.6 diffusion occurs on two interfaces of the center stream as 

opposed to just one interface in Figure 2.5, effectively decreasing the mixing 

distance by half the hydrodynamically focused stream width. 

The width of the center stream can be expressed by:110 

𝑤d 𝑤S⁄ = 𝑄S 𝑄fgf⁄      (2.9) 

where 𝑤d is the width of the focused stream (Figure 2.6), 𝑤S is the width of the 

outlet, 𝑄S is the average flow rate in the center inlet, and 𝑄fgf is the total flow rate in 

the outlet.110 It can be seen from Equation 2.9 that for a given outlet width, the flow 

rates are critical for determining the diffusion distance for mixing by diffusion. Since 

𝑄fgf is the sum of the flow rate from the side channels (𝑄h$'(h) and 𝑄S, the flow ratio, 

𝜑, can be defined as Equation 2.10. 

𝜑 = (𝑄fgf − 𝑄S) 𝑄S⁄ = 2𝑄h$'(h 𝑄S⁄     (2.10) 

As 𝜑 increases, 𝑤d decreases, thus resulting in a decreased diffusion distance, 𝜒, and, 

from Equation 2.2, a decreased mixing time, 𝑡.  

Aside from passive mixing methods, there are several notable active mixing methods 

within microfluidic devices,77, 110 such as electrokinetic control of the liquids, mixing 

within microfluidic droplets, controlling magnetic particles within the device to elicit a 

stirring effect, utilizing pressure control to create a type of segmented flow, and 

applying acoustic perturbations. Active mixing methods have not been explored for 
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MISC, although they may face challenges when using delicate protein crystals as 

damaging the crystals is a concern in addition to device clogging. 

 

Table 2.1 Figures of merit for a MISC experiment. 

Figure of Merit Symbol 

Mixing time 𝑡#$% 

Reaction time point 𝑡" 

Reaction time point uncertainty 𝑡",hm"(*' 

Time for diffusion into a crystal 𝑡S"+hf 

Mixed concentration 𝑐#$% 

Mixing distance 𝑑#$% 

Delay distance 𝑑'()*+ 

Channel width 𝑤S 

Focused stream width 𝑤d 

Total flow rate 𝑄fgf 

Flow ratio 𝜑 

Velocity in the center of the channel 𝑢#*% 

Diffusion coefficient 𝐷 

 

 

2.4.1 Mixing Time, 𝑡#$% 

In a MISC experiment, the main goal is to determine reaction intermediates for a 

protein-substrate reaction. In order to reach a reaction intermediate time point, 𝑡", 

there are several figures of merit (Table 2.1) for the sample, microfluidic mixer, and 

operating parameters (Figure 2.6). Before a reaction can begin, the protein crystal 

suspension and substrate solution need to mix. The crystal suspension is designated 
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as fully mixed with a substrate when there are enough substrate molecules to react 

with each protein molecule in the crystal. This is conveyed by the concentration of 

the substrate, 𝑐#$%, at which the crystal suspension stream is fully mixed. The time it 

takes for the entire crystal stream to reach 𝑐#$% is the mixing time, 𝑡#$%.  

The mixing time is influenced by several factors. First, as the hydrodynamic flow is in 

the laminar flow regime, mixing by diffusion is dominant. The substrate 𝐷 (Equation 

2.3) determines on average how quickly the substrate molecules will diffuse through 

the crystal stream. The distance (y-direction in Figure 2.6) over which the substrate 

must diffuse (𝜒 in Equation 2.2) is determined by 𝑤d, depicted in Figure 2.6. To 

determine 𝑤d, both the channel geometry and flow rate conditions are important 

(Equation 2.9). For short 𝑡#$%, 𝑤d should be minimized which can be accomplished by 

decreasing 𝑤S or increasing 𝜑. For MISC, 𝑤S is often several-fold larger than the 

crystal size as decreasing 𝑤S comes with a risk of crystal clogging (crystal size is 

rarely uniform117 and crystals can agglomerate). Thus, a large flow ratio, 𝜑, is used 

to focus the center crystal suspension into a narrow stream for a short 𝑤d. With 𝐷 

and 𝑤d, Equation 2.2 can be used to determine 𝑡#$%.  

Alternatively, numerical models can be solved to calculate the velocity and 

concentration profiles along the center line of Figure 2.6. After determining the 

mixing distance (Chapter 2.4.2), the time it takes to reach 𝑐#$% can be calculated 

using the velocity profile (further detailed in Chapter 6.4.2). 

 

2.4.2 Mixing distance, 𝑑#$% 

While the substrate is diffusing in the y-direction, the crystals and substrate are also 

transported in the x-direction (Figure 2.6) by convection. The x-direction distance 

from the initial mixing point, 𝑑n in Figure 2.6, to 𝑐#$% is the mixing distance, 𝑑#$%. The 

concentration profile in a mixing device (Chapter 6) can be solved using numerical 
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models, and 𝑑#$% can be determined from the center concentration line (Figure 2.6). 

Alternatively, to calculate 𝑑#$%	for the center crystal stream, the velocity along the 

center line (yellow dashed line in Figure 2.6) and 𝑡#$% can be utilized. In Figure 2.6, 

the center velocity profile relates to the yellow dashed line. In the outlet, the velocity 

in the center of the channel is 𝑢#*% (Equation 2.11). 

𝑢#*% = 1.5	𝑢fgf = 1.5(𝑄fgf 𝐴⁄ )    (2.11) 

In Equation 2.11, 𝐴 is the cross-sectional area of the channel and 𝑢fgf is the average 

velocity in the outlet channel. Due to the parabolic flow profile in the outlet, 𝑢#*% is 

1.5 time 𝑢fgf.118 Since the protein crystals are relatively large, 𝐷S"+hf*) will be small, 

on the order of 10-14 m2/s for 20 µm crystals, and the crystals will remain localized to 

the focused stream and experience 𝑢#*%. However, the velocity increases from 𝑑n to 

the outlet when 𝑢#*% is achieved. The velocity in this region can be roughly 

estimated49 as a linear increase from the velocity in the center inlet to 𝑢#*% or more 

accurately determined using numerical models, as is done in Chapter 6. With 𝑡#$% and 

a velocity profile, 𝑑#$% can be calculated.  

 

2.4.3 Delay distance, 𝑑'()*+  

An additional delay distance (x-direction), 𝑑'()*+, is required after 𝑑#$% to allow the 

substrate to diffuse into the protein crystal and to permit the protein-substrate 

reaction to proceed until the intermediate at 𝑡" is probed by the X-ray (Figure 2.6). 

Assuming a constant 𝐴 after 𝑐#$%, 𝑢#*% is constant in the outlet and 𝑑'()*+ can be 

calculated using Equation 2.12  

𝑑'()*+ = 𝑢#*%s𝑡S"+hf + 𝑡"t    (2.12) 

where 𝑡S"+hf is the time required for the substrate molecules to diffuse into the 

crystal. To determine 𝑡S"+hf, it is important to know the size of the crystal,32 and the 

availability of solvent channels in the crystal for substrate diffusion. Crystal size is 
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determined during crystallization. The solvent content of the protein crystal,119 Φ, 

and 𝐷 can be used to calculate the effective diffusion coefficient, 𝐷(dd, (Equation 

2.13)49 within the crystal.  

𝐷(dd = ΦA𝐷     (2.13) 

To calculate 𝑡S"+hf, Equation 2.2 can be utilized, with 𝐷(dd as the diffusion coefficient 

and the crystal size as the diffusion distance. For microcrystals, 𝑡S"+hf can range from 

microseconds to milliseconds depending on crystal size and solvent channel 

availability, with small crystals minimizing 𝑡S"+hf. After calculating 𝑡S"+hf and with a 

designated 𝑡" for a desired reaction intermediate, 𝑑'()*+ can be calculated with 

Equation 2.12. With 𝑑'()*+, one can determine the required outlet dimensions (i.e. 

length and 𝐴) for the connection between the mixer and the injection nozzle. Several 

designs of 3D printed mixers with variable outlet dimensions are discussed in 

Chapter 6.  
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CHAPTER 3  

MICROFLUIDIC SAMPLE DELIVERY FOR SERIAL CRYSTALLOGRAPHY USING XFELS 

3.1. Abstract 

Serial femtosecond crystallography (SFX) with X-ray free electron lasers (XFELs) is 

an emerging field for structural biology. One of its major impacts lies in the ability to 

reveal the structure of complex proteins previously inaccessible with synchrotron-

based crystallography techniques and allowing time-resolved studies from 

femtoseconds to seconds. The nature of this serial technique requires new 

approaches for crystallization, data analysis, and sample delivery. With continued 

advancements in microfabrication techniques, various developments have been 

reported in the past decade for innovative and efficient microfluidic sample delivery 

for crystallography experiments using XFELs. This article summarizes the recent 

developments in microfluidic sample delivery with liquid injection and fixed-target 

approaches, which allow exciting new research with XFELs.  

 

 

Figure 3.1 (a) Overview of an SFX experiment with an XFEL delivering sample 
with a liquid jet. Reprinted by permission from Boutet et al.120. (b) Overview of an 
SFX experiment with an XFEL employing a fixed-target. Reprinted with permission 
from Hunter et al. 121. 
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3.2. Introduction 

X-ray crystallography has enabled the determination of high-resolution protein 

structures that are essential in predicting a protein’s function. With the development 

of serial femtosecond crystallography (SFX) with an X-ray free electron laser (XFEL), 

crystallographers now have a powerful tool to study proteins and reactions, 

overcoming limitations of traditional crystallography19, 20, 22. Due to the ultrafast, 

highly brilliant X-ray pulses, a protein crystal exposed to a short XFEL pulse can yield 

a diffraction pattern before the onset of destructive radiation damage, a process 

termed “diffraction before destruction”21. However, since the crystal experiences 

extensive damage or destruction after a single X-ray exposure, new crystals must be 

introduced into the path of the XFEL in order to construct a complete electron density 

map of the protein’s structure22. Several thousands of diffraction patterns, each 

pattern obtained from one crystal, are typically needed to obtain a full data set that 

enables the determination of electron density for a protein structure. Powerful data 

analysis techniques have been developed in the past years for this purpose,122-124 to 

cope with the requirement of SFX with XFELs. This new field has opened the door to 

studying proteins that do not readily crystallize into large crystals but can crystallize 

as micro- and nanocrystals21. There is even the potential to forgo crystallization 

altogether and study single particles in solution such as large viruses 125, 126. Another 

benefit is that SFX can be performed at ambient temperature and pressure which can 

more closely model physiological conditions 36. Furthermore, the short exposure time 

coupled with the serial introduction of crystals makes SFX a prime target for time-

resolved (TR-) studies that elucidate previously unresolved reaction intermediates 

with the ultimate goal of putting together a “molecular movie” that tracks a reaction 

as it progresses in time 127.  
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Currently, there are five operational hard XFEL beamlines: Spring 8-Angstrom 

Compact free electron Laser (SACLA), Linac Coherent Light Source (LCLS), Pohang 

Accelerator Laboratory XFEL (PAL-XFEL), European XFEL (EuXFEL), and SwissFEL. 

The femtosecond X-ray pulse structure varies between beamlines: SACLA, PAL-XFEL, 

and SwissFEL operate at a maximum of 100 Hz, LCLS operates at up to 120 Hz, and 

EuXFEL has a 10-Hz bunch train structure, with a projected maximum 4.5-MHz 

frequency within each 0.6-ms bunch 128, 129. The current pulse structure at the 

EuXFEL has a 1.1-MHz frequency with < 1 µs spacing between pulses 47 with about 

300 pulses per bunch (which is constantly being improved to meet the final specs of 

the instrument). As each pulse will destroy the irradiated crystal, new crystals must 

be delivered at or exceeding the frequency of the XFEL pulses, which makes the 

traditional setup of a single looped crystal mounted on a goniometer impractical. To 

this end, many sample delivery methods have been developed 130, with two main 

categories: liquid injection or fixed-target approaches, as schematically depicted in 

Figure 3.1. Essentially, all approaches qualify as microfluidic techniques as the 

critical dimensions of sample delivery are adapted to the size of the crystals used in 

SFX with XFEL experiments, which ranges from a few micrometers to a few tens of 

micrometers for most reported experiments. Additionally, since many protein crystals 

are injected into the path of the XFEL, there is a significant effort to optimize sample 

delivery methods to reduce sample waste and reduce the time required to collect 

sufficient data to fully characterize a protein structure. Here, we describe the 

advancements in sample delivery technology and how they have been applied for 

SFX and TR-SFX.  
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3.3. Liquid injection devices  

 

Figure 3.2 (a) Schematic and (b) optical microscopy image of a gas dynamic 
virtual nozzle (GDVN). Adapted and reprinted from Weierstall et al. 45. (c) Schematic 
and (d) radiograph of a double flow focusing nozzle (DFFN). Adapted and reprinted 
with permission from Oberthuer et al. 131. (e) Schematic and (f) optical microscopy 
image with an overlaid fluorescence microscopy image of the hydrodynamic focusing 
region of the mix-and-inject serial crystallography (MISC) injector. Adapted and 
reprinted from Calvey et al. 49 under a Creative Commons Attribution (CC BY) 
License. Scale bar for (b) and (d) is 100 µm, and (f) is 50 µm.  

 

3.3.1. Gas dynamic virtual nozzle  

Due to the high-intensity X-ray pulses, microcrystals are largely damaged or 

destroyed when exposed to the X-ray, and a new crystal must be delivered into the 

X-ray beam by the next pulse. One way to accomplish this high crystal replenish rate 

is to inject a continuous stream of protein crystal suspension into the X-ray (Figure 

3.1a). Rayleigh jets were first explored 132 but encountered difficulties: high flow 

rates (mL/min) and small nozzle orifices are required to create stable jets with a 

small jet diameter to reduce background scattering from the carrier buffer. The 

result is an easily clogged nozzle. Furthermore, the Rayleigh jets have a high 

propensity for ice formation in vacuum, and the intense diffraction from the ice 

crystals can damage the detector 132.  

To overcome the drawbacks, a gas dynamic virtual nozzle (GDVN) was developed 

that utilizes a coaxially flowing gas to accelerate and focus a liquid stream into a 

liquid jet 55 (Figure 3.2a, b). Pressurized water (frequently from high-pressure liquid 
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chromatography (HPLC) pumps) is used to apply a constant flow rate on a piston 

within a steel sample reservoir such that the loaded crystal suspension on the 

opposite side of the piston travels into a fused silica capillary that is interfaced to the 

GDVN 133. While nitrogen can be used as a focusing gas, helium is frequently used as 

it has fewer issues with ice formation in vacuum and results in more stable jet 

formation, and the lower molecular weight results in less background scattering from 

X-rays 22. The first GDVNs were developed using commercially available fused silica 

capillaries 55. The smaller liquid capillary is aligned in the center of the larger gas 

capillary. The end of the gas-focusing capillary is flame polished to decrease the 

diameter of the gas aperture in order to focus the liquid into a thin jet (< 10 µm) 45. 

To decrease the background scattering from the gas-focusing capillary, the nozzle tip 

is polished into a rounded cone shape 45. These glass GDVNs were utilized for the 

early serial crystallography experiments at LCLS 19 and continue as one of the most 

common injection methods of protein crystals in low-viscosity media, both in vacuum 

and in ambient pressure 134.  

Construction of the outer portion of the GDVN with ceramic materials instead of glass 

has been explored to increase the nozzle’s uniformity and durability 135. Here, the tip 

of the nozzle is fabricated by micro-injection molding while the inner capillaries for 

the gas and liquid lines are polished as in the fused silica GDVNs. The minimum flow 

rate for stable jetting with ceramic nozzles is similar to that of a glass GDVN, and 

ceramic nozzles have recently been used for the injection of crystallized fibrils into an 

XFEL 136. To further simplify assembly, ceramic nozzles manufactured with powder 

injection molding 137 have been developed for increased reproducibility of the liquid 

capillary alignment. Despite their successful use in many XFEL experiments, GDVNs 

are still mostly assembled manually and require skilled technicians for reliable 

functioning.  
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3.3.2. Microfabricated injectors  

In an effort to simplify and automate fabrication, several microfabrication methods 

for GDVN construction have emerged. For instance, soft lithography was utilized to 

construct a multilayer polydimethylsiloxane (PDMS) nozzle138. The device operates 

both in vacuum and in ambient pressure, and liquid flow rates are similar to the 

glass GDVNs, operating between 2 and 8 µL/min, with jet diameters that can extend 

into the sub-micrometer range. Microfluidics with PDMS has been extensively 

explored 139, 140, and this fabrication technique has the potential to be coupled to a 

myriad of microfluidic techniques such as hydrodynamic mixing. However, the 

elastomer material PDMS may break down or show leaking effects at the high 

pressures required for GDVN injections at XFEL facilities.  

For further fabrication automation, 3D-printed nozzles have been developed 47, 90. 

The first custom nozzle designs were realized by computer-aided design (CAD) 

software in combination with 3D-printing based on the process of two-photon 

polymerization of a specific resin. Additionally, the nozzles have been utilized at the 

EuXFEL as the high jet velocities (50–100 m/s) permit sample to be refreshed in the 

0.9 µs between pulses within a pulse train (10 Hz) 47. Even at these velocities, 

sample consumption can be as low as 13 µL/min depending on nozzle geometry and 

gas flow rates 47, although between the pulse trains much sample is wasted. Further 

development was reported by Bohne et al. where 3D-printed nozzles were printed 

onto a silicon-glass microfluidic device for reduced complexity during assembly, 

increased repeatability, and interfacing well to the existing on-chip microfluidic 

applications such as microfluidic mixers and microfilters 141. This 3D-printing 

approach eases the layered construction and planar constraints of photolithography; 

however, the requirements of the printed device geometry require high-resolution 
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3D-printers, which can currently only be accomplished through two-photon 

polymerization.  

 

3.3.3. Mix and react injectors  

Mixing for time-resolved mix and inject serial crystallography (MISC) is of great 

interest as the focus of crystallography with XFELs shifts from static structures to 

dynamic structures of reaction intermediates. MISC experiments have been explored 

with fused silica GDVNs and an upstream commercial T-junction for mixing and 

studying reactions on the minute 33 to second time scale 48. In the former, a ligand 

binding to a riboswitch RNA is observed with four different structures over the course 

of the reaction points, including a reaction intermediate, and in the latter studies, the 

conformational changes that occur when ß-lactamase reacts with the antibiotic 

ceftriaxone. To reach shorter time points in the millisecond range, MISC injectors 

with a microfluidic hydrodynamic focusing mixer built into the nozzle have been 

developed 40. Here, an inner capillary is aligned coaxially within another liquid 

capillary. The most central capillary contains the crystal suspension, the outer liquid 

capillary contains a solution to react with the protein crystals, and a final outermost 

capillary supplies the focusing gas. More recently, a MISC device with the 

hydrodynamic focusing mixer at a short distance before the injection nozzle was 

developed 49 (Figure 3.2e, f). The construction of these MISC devices requires access 

to laser cutting hardware for crafting the device components as well as technical skill 

for precise manual assembly. Based on the flow rates of the central and focusing 

liquid as well as the distance from the mixing region to the nozzle aperture, which is 

tunable during device construction, the reaction time can be adjusted from 

milliseconds to seconds. This MISC device was utilized at SLAC to mix ß-lactamase 

with ceftriaxone to study reaction intermediates from 30 ms–2 s 50.  
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Recently, a MISC method was described that utilized an upstream 3D-printed 

hydrodynamic mixer coupled to a glass GDVN by a fused silica capillary to study the 

PR-intermediate during the catalytic oxidation of cytochrome c oxidase 57. A time 

point of 8 s was achieved with a long delay line between the mixer and nozzle. The 

automation of 3D-printing decreases the variability between devices, and a 

decreased length between the mixer and nozzle will enable reaction time points on 

the millisecond time scale.  

 

3.3.4. Other approaches  

To maintain a stable jet with lower flow rates, a double flow focusing nozzle (DFFN) 

has been developed that uses a coaxially flowing liquid to accelerate the flow of the 

inner crystal-containing liquid, both of which are subsequently accelerated by gas 

focusing to create a jet 131 (Figure 3.2c, d). Since the flow rate of the central liquid 

can be lower than the outer sheath liquid, a thin crystal-containing jet forms within 

the sheath jet. Due to the reduced volume of the crystal suspension matrix, 

background scattering can be reduced. Furthermore, the outer sheath liquid has a 

lower surface tension than the protein crystal suspension; this injection method has 

increased stability in comparison to injecting the crystal suspension only. Perhaps 

the greatest benefit of this injection method is the reduced crystal sample flow rate 

as one of the major drawbacks for GDVNs is the continuous sample injection 

between X-ray pulses which leads to a majority of the injected sample being wasted. 

The central sample stream of the DFFN can operate at ~ 5 µL/min, effectively 

reducing the sample waste by about half.  
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3.4. Pulsed injection  

 

Figure 3.3 (a) Schematic of droplet generation and (b) 3D layout of the geometry 
for the electrically triggered microfluidic droplet generator. Adapted from Kim et al. 
105. (c, d) Schematics of the piezoelectrically actuated droplet injector. Adapted and 
reproduced from Mafune et al. 142 with permission of the International Union of 
Crystallography. e Schematics of an acoustic droplet ejection (ADE) injector. (f) 
Schematic illustrating ADE injection from below and above the sample well. Adapted 
and reprinted from Roessler et al. 143. (g, h) Schematics of ADE combined with 
droplets on tape (DOT) for sample delivery. Adapted and reprinted by permission 
from Fuller et al. 144.  

 

3.4.1. Segment flow droplet injection  

The five currently active hard XFEL beamlines—SLAC, SACLA, PAL-XFEL, SwissFEL, 

and EuXFEL—utilize a pulsed structure to deliver X-rays. As mentioned above, for 

continuously flowing sample from GDVNs, there is considerable sample waste 

between X-ray pulses. Depending on the pulse structure of the beamline and the 

flow rate of the liquid, this can result in > 99% of protein crystals being unseen by 

the X-rays and therefore not provide diffraction information. Indeed, it has been 

estimated that 1 out of 10,000 crystals injected using a traditional GDVN results in a 

diffraction pattern 26. Given the complexity of protein purification and crystallization, 
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this leads to one of the most severe limitations of SFX with XFELs and has therefore 

been addressed by several groups. Thus, a way to pulse the injection method such 

that a sample is present during an X-ray pulse and absent when the laser is “off” is 

highly desirable.  

One method of pulsed injection utilizes a microfluidic droplet generator upstream of 

the GDVN to segment the aqueous crystal suspension with an oil carrier phase 71. By 

varying the liquid flow rates, the frequency of the generated water-in-oil style 

droplets can be controlled to match the frequency of the XFEL to reduce the amount 

of sample between droplets (Figure 3.3a). The main challenge moving forward will 

be synchronizing the phase of the droplets with that of the X-ray pulses or pulse 

trains. To this aim, a 3D-printed droplet generator with built-in electrodes has been 

developed 105, see Figure 3.3b. This device allows droplet generation which can be 

electrically triggered in a drop-on-demand mode (one trigger pulse yields one droplet 

generated), a phase shift mode (to shift the phase of the droplet generation while 

maintaining the frequency), or an acceleration mode (to increase the frequency of 

the droplet generation). The first and second modes can be used to synchronize 

sample droplets with the phase of the XFEL pulses to further optimize sample 

introduction.  

 

3.4.2. Piezoelectric droplet ejection  

Instead of continuously injected segmented flow, approaches including piezoelectric 

elements have demonstrated drop-on-demand ejection into the X-ray beam 142. The 

crystal suspension is pressure driven such that a meniscus of the sample is primed to 

be ejected when agitated by the piezoelectric element that is triggered by an electric 

pulse generator at the frequency and phase of the XFEL (Figure 3.3c, d). This has 

been demonstrated with a repetition rate of 30 Hz and a crystal suspension of 
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lysozyme crystals in a helium environment 142. Considerable savings in sample 

amount (1–2 orders of magnitude) can be accomplished using this droplet injection 

method and it has been applied for crystallographic studies on lysozyme 142 and 

bacteriorhodopsin 145. The droplet diameter of ~ 80 µm is large in comparison to 

typical GDVN jet diameters (< 10 µm), which can result in higher background 

scattering, and this method may have difficulties with ice formation in vacuum. 

However, a study comparing the piezo-electrically pulsed droplet injection to GDVN 

injection found that there was no significant difference in the limiting diffraction 

resolution when studying a photochromic fluorescent protein 134.  

 

3.4.3. Acoustic droplet ejection (ADE)  

Similar to the previous method, crystal suspension in ambient pressure conditions 

can be acoustically ejected as a droplet from a well plate into the path of the X-ray 

143 (Figure 3.3e, f). The acoustic pulse is synchronized to the X-ray frequency, 

resulting in a high droplet hit rate (here defined as the number of droplets hit divided 

by the total number of X-ray pulses) of up to 88% and up to two orders of 

magnitude less volume of protein crystal suspension required to solve a complete 

electron density structure. The main benefit is the reduction in protein crystal 

consumption: on average, for every two crystals injected, one diffraction pattern is 

recorded which corresponds to a crystal hit ratio up to 50% (defined as the number 

of images containing Bragg peaks from crystals per droplet probed). In ADE, the 

crystal hit ratio is still determined by the crystal density, although the concentration 

can be increased by allowing the crystals to settle in the meniscus of a droplet and 

ejecting the droplets downward. However, if the crystal density is too high, clogging 

can occur caused by insufficient acoustic forces to eject a droplet, therefore care 

must be taken to balance high crystal hit ratios with effective droplet ejection. 
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Additionally, by adjusting the acoustic frequency, the droplet size can be tuned, and 

this method works for crystal suspensions in a range of buffer compositions and 

viscosities 143. While ADE works for crystals as small as 5 µm, it is optimized for 

larger crystals (>50 µm) as the ejected droplet has a large diameter (~60–170 µm) 

that yields higher background scattering than the thin jets of a GDVN.  

 

3.4.4. Droplet on tape  

An X-ray transparent conveyor belt can be coupled with ADE to make a DOT method 

of delivering crystals to the XFEL 144. The droplets are deposited onto the conveyor 

belt tape on which they are transported into the path of the X-ray (Figure 3.3g). 

Droplet synchronization with the XFEL and any upstream time-resolved excitation 

periphery is accomplished with a complex combination of the conveyor belt tape 

speed, the ADE trigger (attained from the XFEL master clock), and 

micromanipulation of upstream optical fibers aided by inline cameras (Supplemental 

Information of Fuller, F. D. et al. 144). Indeed, the setup of the DOT method is non-

trivial and required three experts to devote 5 days toward DOT assembly and 

optimization (Supplemental Information of Fuller, F. D. et al. 144). The X-ray beam 

itself is parallel to the tape, thereby intersecting the crystal-containing droplet 

without damaging the tape (Figure 3.3h). After a cleaning step, the tape is recycled 

allowing this method to work continuously for long periods of time. With an X-ray 

frequency of 10 Hz, DOT has demonstrated up to 100% droplet hit rate 144, with the 

crystal hit ratio still dependent on crystal concentration in the droplet. Droplet 

delivery of up to 60 Hz has been demonstrated for X-ray emission spectroscopy 

(XES) at an XFEL 144 and can extend up to 120 Hz. On the way to the beam, the 

droplets can be photoactivated by a series of optical pump probe lasers, and based 

on the tape velocity, a TR-SFX experiment can be performed. For example, the 
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structural changes for the various intermediate states of photosystem II (PSII) after 

photoexcitation were observed 146. Instead of a pump probe setup, a gas chamber 

can be installed for chemically triggered reactions such as oxygen reacting with 

ribonucleotide reductase R2. The reaction time points capable of being probed with 

this method range from hundreds of milliseconds to seconds 144; however, the time 

resolution may not be suitable for fast reactions and is currently limited to gaseous 

reactants.  

 

3.5. Electrospinning  

 

 

Figure 3.4 (a) Schematic of the CoMESH injector and (b) an optical microscopy 
image of injected PSII crystals. Adapted and reprinted by permission from Sierra et 
al. 147. Scale bar is 360 µm. 

 

3.5.1. Microfluidic electrokinetic sample holder  

By applying a potential between a liquid and an electrode, a liquid stream can 

become a liquid jet in a process called electrospinning 148. The neck of the jet is 

similar to the jet produced by the GDVN and can be used as a continuous injection 

method for SFX 149. The microfluidic electrokinetic sample holder (MESH) injector 149 

is gentle on the crystals as there is no traditional Rayleigh nozzle, and the capillary 

delivering the crystals can be larger than those found in a GDVN which sidesteps the 
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need for crystal filtering. The original design for the MESH injector required the 

crystal suspension to include glycerol in order to extend the neck of the jet and 

decrease the likelihood of dehydration and freezing after the liquid has exited the 

orifice. While a benefit is that glycerol would decrease the speed at which crystals 

settled in a reservoir, the drawback is that not all crystals remain stable when mixed 

with glycerol.  

 

3.5.2. Concentric MESH  

In order to solve this problem, a concentric MESH (CoMESH) injector was developed 

147. Operating off the same principle as the MESH injector, the CoMESH has a 

capillary containing a sheath liquid that concentrically surrounds the capillary 

containing the crystal suspension (Figure 3.4). This sheath liquid contains 

components such as 2-methyl-2,4-pentanediol to prevent dehydration and freezing 

due to the vacuum environment. In this way, the crystals can stay in the preferred 

mother liquor while a jet is maintained due to the stability of the sheath liquid. 

Additionally, since the sheath liquid only comes in contact with the crystal 

suspension immediately before jetting, not enough time is present for the sheath 

liquid to destabilize the crystals. A potential of up to 5000 V is applied to generate a 

jet, and the flow rates required for jetting (0.8–3.0 µL/min) are about an order of 

magnitude smaller than jetting with a GDVN.  

The CoMESH has been used to study both static structures and time-resolved 

structures at XFEL facilities. The structure of a bacterial 30S ribosomal subunit was 

determined with SFX with electrospinning injection and subsequently compared to 

the structure obtained by cryo-crystallography 150, 151. In the same study 151, the 

structures of several aminoglycosides bound to the ribosome were determined, and 

the effect of temperature on the protein structures was revealed. For photoactivated 
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TR-SFX with MESH injection, the Mn4CaO5 cluster in PSII was studied by 

simultaneous X-ray diffraction with an XFEL and XES with an optical laser 152. 

Photoactivated TR-SFX of PSII injected by electrospinning (this time using the 

CoMESH) was later revisited to further study the production of oxygen 146. High-

resolution structures for the dark state and one of the photoexcited states were 

obtained.  

 

3.6. Viscous media injection  

 

 

Figure 3.5 (a) Schematic of the LCP injector and (b) optical microscopy image of 
a jet of 9.9 MAG LCP in vacuum. Both (a) and (b) are adapted and reprinted by 
permission from Weierstall et al. 26. Scale bar is 100 µm. 

 

3.6.1. Lipidic cubic phase  

For a typical GDVN, the vast majority of the injected sample volume is unseen by the 

X-ray and is wasted 26. Therefore, another route for reducing sample consumption is 

to decrease the flow rate of the jet, and consequently the jet velocity, so that less 

sample is injected between pulses. To reduce the liquid flow rate below what has 

been demonstrated with a DFFN and electrospinning, high-viscosity crystal-

containing media that maintain a jet-like extrusion even at sub-µL/min flow rates 

have been explored. One of the most widely applied high-viscosity crystal media is 

lipidic cubic phase (LCP), which is especially useful for membrane proteins: LCP can 

mimic the lipid bilayer in which the proteins are natively embedded, and some 
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proteins can also be crystallized in LCP and remain in their natural crystallization 

environment during X-ray diffraction as successfully demonstrated by Cherezov and 

coworkers for various membrane proteins 153, 154. Furthermore, the crystals grown in 

LCP are typically microcrystals that are well suited for SFX with XFELs, and the high 

viscosity prevents crystal settling in the reservoir, avoiding the need for an anti-

settling device. One of the most noteworthy successes of SFX using LCP has been 

the structure determination of G protein-coupled receptors (GPCRs), proteins that 

are vital for regulating many biological processes in humans, which were challenging 

to study with third-generation synchrotron sources due to their dynamic nature that 

leads to complex crystallization and stabilization conditions 155, 156. Of particular note, 

SFX with LCP has been used to obtain higher resolution structures than previous 

synchrotron diffraction experiments, and novel GPCR structures have been solved 

with de novo phasing methods 155, 156. It should be noted that the composition of the 

LCP is crucial as the transition to any other phase, such as to the lamellar phase 

must be avoided to protect the detector from too strong diffraction 26. In addition, 

the high viscosity of the LCP will typically rapidly clog the GDVN and thus requires 

specialized injectors.  

To overcome this limitation, Weierstall et al. 26 developed an injector which extrudes 

the viscous LCP at a pressure between 2000 and 10,000 psi, therefore requiring a 

modification to the sample reservoir. Water pressurized through an HPLC pump 

exerts a force on a large steel plunger that is connected by a narrow rod to two 

Teflon balls present before the LCP in the reservoir (Figure 3.5). In this way, the 

applied pressure is amplified by a factor of 34, so lower upstream pressures can be 

utilized to extrude the LCP. The sample reservoir is built into the LCP injector and is 

located immediately before the nozzle. The extruded LCP is stabilized by a focusing 

gas, typically nitrogen or helium, and the flow rate of the LCP is chosen to match the 
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frequency of the XFEL so that new sample is refreshed between X-ray pulses and 

excess sample injected is minimized. Ultimately, LCP injection can result in up to two 

orders of magnitude less protein used than with typical GDVN injection to acquire the 

same amount of data. A drawback of using this method is the large jet diameter (~ 

50 µm) in comparison to the GDVN (< 10 µm) which increases the background 

scattering and complicates data analysis.  

 

3.6.2. Alternative high viscosity media  

As not all proteins grow into crystals in LCP, other viscous media have been 

explored. By mixing crystals in their mother liquor with a grease matrix, the crystals 

stay within media sustaining their integrity while being suspended in the highly 

viscous grease. The grease mixture can be extruded from a narrow-bore tip (e.g., 

110-µm inner diameter) into the XFEL at flow rates as low as 120 nL/min for a 30-Hz 

X-ray frequency 157. Using this same method of mixing and extrusion, hyaluronic acid 

has been used as a water-based viscous medium for protein crystals that are grease-

sensitive 158. Additionally, hyaluronic acid has demonstrated weaker background 

scattering in comparison to grease methods.  

Other media, such as agarose, can also be used with the LCP injector 159. While 

grease methods have only been demonstrated in ambient pressure, agarose can be 

employed as a medium for crystals that are not compatible with LCP and, when 

mixed with a cryoprotectant like glycerol, can be used to extrude a high viscosity jet 

at low flow rates in vacuum. An additional benefit is the reduced background 

scattering with agarose in comparison to LCP or a grease matrix; working in vacuo 

further reduces background. Conrad et al. obtained a structure of phycocyanin at 2.5 

Å with agarose as the viscous medium combined with an LCP injector.159  
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Recently, polyacrylamide has been studied for use as a high-viscosity carrier matrix 

for protein crystals 160. When compared to the monoolein in LCP, polyacrylamide 

shows less maximum background scattering. Both lysozyme and thermolysin crystals 

were injected using a carrier matrix delivery injector (similar to the LCP injector) at 

PAL-XFEL, and structures were solved to 1.7 Å and 1.8 Å, respectively 160.  

 

3.6.3. TR-SFX applications for viscous media  

The LCP injector has been successfully employed for TR-SFX, with photoactivated 

proteins as a prime target. The protein crystals extruded in the LCP jet are irradiated 

by an optical laser just before being intersected by the X-ray beam. For instance, 

bacteriorhodopsin (bR) can act as a proton pump when triggered by light and has 

been a key target for TR-SFX in LCP 161, 162. The time delay between the optical laser 

pump probe and the X-ray determines the intermediate species of the protein. The 

time delays can be from the millisecond 161 over nanosecond 162 down to picosecond 

time range 163, although the sample flow rate must be increased above 5 µL/min for 

the shorter time delays. The ultimate goal of such time-resolved studies is a 

“molecular movie,” that allows researchers to follow the structural changes upon 

light excitation.  

Similar to LCP, grease has been used for TR-SFX studies at SACLA. Structural 

changes for PSII on the millisecond time scale were observed out to 2.35 Å using a 

grease jet extruded from a syringe 164. Another avenue for pump probe style TR-SFX 

is using photocaged compounds. Photocaged nitric oxide (NO) was injected in a 

hydroxyethyl cellulose matrix by an LCP injector, and upon irradiation with UV light, 

it was released to react with the P450, a protein that catalyzes NO to nitrous oxide, 

for 20 ms before X-ray exposure 42. From this, an ambient temperature 2.1 Å 

structure of the P450nor intermediate was determined.  
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3.7. Aerosol injection  

3.7.1. Aerodynamic Lens stack  

As a result of the ultrashort pulses and high brightness of XFELs, another frontier is 

the ability to obtain diffraction from large single particles, for instance, viruses 125, 

165. A benefit of using non-crystalline samples is that protein samples do not need to 

be crystallized which eliminates much of the sample preparation required in 

crystallography with the previously mentioned methods. However, since single 

particles have very weak diffraction intensity in comparison to crystals, background 

from a liquid jet would dwarf any signal obtained from the analyte 166. As such, 

aerosolized samples are a promising method of sample introduction for non-

crystalline samples at XFELs. An aerodynamic lens stack that focuses an aerosol into 

a thin particle beam has been developed and employed to obtain diffraction at a 

synchrotron 126. The diameter of these particle beams can range from hundreds to 

tens of micrometers. The aerodynamic lens stack was utilized at the atomic, 

molecular and optics (AMO) end station at LCLS to study carboxysomes 167, 168. Hit 

rates (here defined as the number of images containing Bragg peaks per total 

number of X-ray pulses) were about 79%, and the sample volume used was only 

36 µL.  

 

3.7.2. Convergent nozzle aerosol injector  

In an effort to minimize both the setup and the diameter of the focused aerosol, a 

single orifice convergent nozzle aerosol injector (CNAI) was developed 169. In this 

case, a GDVN upstream of the convergent nozzle generates an aerosol at ambient 

pressures, and the geometry of the nozzle accelerates the aerosol particles along 

convergent gas streamlines as they transverse the orifice into the vacuum chamber. 
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The result is an aerosol with a sub-ten-micrometer diameter focal point that is 

several hundred micrometers from the nozzle orifice. This CNAI was utilized at the 

coherent X-ray imaging (CXI) beamline at LCLS to image granulovirus (200 × 200 × 

370 nm3) surrounded by a crystalline shell 170. In comparison to liquid jets such as 

the GDVN, one would expect a decreased hit rate since the particles injected by the 

CNAI have a velocity ~ 25× greater and have a reduced liquid flow rate. The 

predicted particle hit rate for the CNAI was 0.04– 0.4%; however, the experimental 

particle hit rate was substantially lower at 0.006%. Currently, the very low hit rate is 

a bottleneck for single particle imaging work at XFELs with CNAIs.  

 

3.7.3. Aerosolization by desorption  

An innovative method that combines fixed-target with aerosolized injection is 

desorption by impulsive vibrational excitation (DIVE) with a picosecond IR laser 

(PIRL) 171. In this method, crystal sample in solution deposited on a substrate is 

irradiated by a PIRL and the contents are ejected in a plume upwards into the path 

of the X-ray. The PIRL is relatively gentle on the crystals, with the crystal diffraction 

quality essentially unaffected by this injection method. The authors also mention that 

the sample does not need to have crystals, opening the door for single-particle 

diffraction if the aerosol has sufficiently low background signal intensity to 

differentiate the analyte signal.  

 

3.8. Sample delivery for fixed-target experiments  

While liquid delivery at XFEL experiments has been the method of choice in the early 

years, delivery of crystals on a solid support or so-called fixed-target has also been 

explored recently. Typically, fixed-target crystallographic experiments refer to the 

case where crystals are loaded on a solid matrix in the path of an X-ray source to 
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obtain the diffraction data, as shown in Figure 3.1b 21, 56. These matrices are often 

microfabricated and micropatterned chips that allow fast and reproducible loading of 

thousands of crystals in a reproducible manner. This highly efficient method of 

crystal delivery not only significantly decreases the amount of required sample in 

comparison with liquid injection methods discussed above (typically a few µL) but 

can also be readily modified for crystals ranging from sub-micrometer to 100 µm in 

size. These chips can also be developed to support room and cryo temperature 

conditions. Furthermore, such microfabricated devices offer spatial control over 

crystal location and orientation on-chip, and they can be exploited for high-

throughput automated serial crystallographic applications using high-speed 

translation stages at various XFEL and synchrotron beamlines 56, 172. In the case of 

XFELs, fixed-target applications offer further potential as high energy femtosecond 

X-ray pulses can be used to gather diffraction data prior to onset of radiation 

damage on the crystal 19, 21. Other than holding crystals, microfluidic devices have 

also gained immense interest recently for integrated on-chip crystallization and 

fixed-target applications, eliminating the cumbersome and error-prone process of 

harvesting crystals from conventional crystallization methods prior to X-ray 

diffraction. Recently, a number of such microfluidic fixed-target devices have 

surfaced for both on-chip crystallization and diffraction studies at XFEL sources and 

are discussed below. 
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Figure 3.6 Sample delivery for fixed-target diffraction experiments. (a) A 
schematic of the three-layer microchip crystal holder device fabricated from a silicon 
wafer, photoresist, and Kapton. Adapted and reprinted with permission from Murray 
et al. 173. (b) A Silicon chip with an array of tapered holes for holding crystals to 
conduct time-resolved crystallographic experiments. Reprinted from Mueller et al. 174 
under a CC BY License. (c) A silicon chip with micropores for holding crystals (right) 
mounted on a “Roadrunner” Goniometer (left) along with crystal scanning strategy 
for high-speed fixed-target viral crystallography (bottom). Adapted and reprinted 
with permission from Roedig et al. 175. (d) A schematic of a PDMS-PMMA microfluidic 
device with Trap-and-Bypass array for crystal capture with a micrograph of trapped 
HEWL microcrystals. Adapted and reprinted with permission from Lyubimov et al. 176. 
(e) An overview of a fixed-target serial crystallography experiment using a nylon 
mesh-based crystal extractor positioned through translation stages. Reprinted with 
permission from Mathews et al. 177. 

 

3.8.1. Silicon micropatterned chips  

Silicon-based micropatterned chips and trap arrays, offering low background 

scattering, have been widely exploited for fixed-target X-ray diffraction studies. 

Hunter et al. 121 reported an etched silicon nitride membrane chip as a fixed-target 

solid support for microcrystals of rapid encystment protein (24 kDa, REP24) 

embedded in Paratone-N for crystallographic studies at LCLS. The device was used to 

perform SFX at a high resolution of ~ 2.5 Å with an acquisition rate of 10 Hz and a 

hit rate of ~ 38% (Figure 3.1b). Murray et al. 173 also reported a three-layer 

microdiffraction device made from silicon nitride, photoresist and polyimide film for 

studying Hen egg-white lysozyme (HEWL) microcrystals, as shown in Figure 3.6a. 
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HEWL microcrystals (~ 10–15 µm in size) were used for room temperature X-ray 

diffraction experiments at the LCLS X-ray Pump Probe (XPP) end station and other 

synchrotron beamlines. Diffraction experiments were performed using a 3–30 µm 

unattenuated beam with 40-fs pulses, and microcrystal images were taken manually 

by focusing on the silicon nitride window present on the chip. Using this chip, a high-

resolution (~ 1.5 Å) diffraction data set was reported from 324 diffraction images.  

Mueller et al. 174 reported another silicon-based crystal holder chip as a fixed-target 

matrix for room temperature serial crystallographic applications at XFEL and 

synchrotron sources. The crystal holder chip was microfabricated from a silicon wafer 

using photolithographic, plasma etching, and wet etching techniques to create a 

matrix of tapered through holes to filter crystals of 30–60-µm size from their mother 

liquor prior to fixed-target experiments, as shown in Figure 3.6b. Using this device, 

crystals of sperm whale myoglobin bound with carbon monoxide (SWMb-CO) were 

used to conduct time-resolved crystallographic experiments at LCLS. Recently, the 

same group reported additional improvements to the first-generation chip by 

combining spectroscopic mapping of crystals prior to X-ray diffraction to achieve an 

overall hit rate up to 85%, further decreasing the required sample volume 178. Using 

this device, SWMb-CO crystals were used to obtain an X-ray diffraction data set with 

a resolution of ~ 1.3 Å at the XPP end station. Nam et al. 179 reported a silicon nitride 

membrane-based fixed-target diffraction chip for single-shot imaging of biological 

and non-biological specimen. The chip was composed of an array of 200 µm × 200 

µm windows of 100-nm-thick negatively charged silicon nitride membrane, and 

monodisperse metallic nanoparticles were either air dried or spin coated on the chip. 

Employing the same device, RNAi microsponges could be sandwiched between two 

silicon nitride membranes. These fixed-target diffraction experiments were conducted 

at SACLA with a 1.5-µm focused beam (10-fs pulses) at 30 Hz.  
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Recently, Roedig et al. 175 reported a micropatterned silicon chip mounted on a high-

speed goniometer—termed the “Roadrunner”—for serial X-ray crystallography at XPP 

end station. As shown in Figure 3.6c, the silicon chip contained a grid of micropores 

(size 4–8 µm) to accommodate crystals of picornavirus bovine enterovirus 2 (BEV2) 

and cytoplasmic polyhedrosis virus type 18 polyhedrin (CPV18). The chip was 

mounted on the Roadrunner goniometer for high-speed raster scanning at a 

repetition rate of 120 Hz. Using this high-speed setup, a maximum hit rate of ~10 

and ~70% and resolution of 2.3Å and 2.4Å was reported for BEV2 and CPV18 

crystals, respectively.  

 

3.8.2. Alternative materials for micropatterned fixed-target chips  

Due to the nature of fixed-target X-ray diffraction experiments, there is constant 

need for microfabrication materials exhibiting high X-ray permeability and low 

background scattering. Thus, numerous new device fabrication materials (other than 

micropatterned silicon chips) like PDMS, poly (methyl methacrylate) (PMMA), and 

cyclic olefin copolymer (COC) have also been explored. Lyubimov et al. 176 reported a 

microfluidic trap array chip fabricated from PDMS on a PMMA substrate for trapping 

microcrystals for X-ray diffraction studies. Two types of crystal trapping array 

designs were explored (weir-type and trap-and-bypass designs). After initial testing, 

the trap-and-bypass design was chosen for crystal trapping due to its comparatively 

high trapping efficiency, shown in Figure 3.6d. Using this microcrystal trapping 

device, HEWL microcrystals were trapped and used for room temperature X-ray 

diffraction studies at XPP and synchrotron beamlines with resolutions up to 1.8 Å. 

Mathew et al. 177 recently reported a nylon mesh-based crystal extractor for serial 

crystallography experiments also at XPP end station. The nylon mesh extractor 

contained diamond-shaped holes and was dipped in solution of trans-acyltransferase 
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crystals to extract the crystals prior to X-ray exposure using translation stages, as 

shown in Figure 3.6e. Out of ~ 23,000 images collected in ~ 40 min, about 2000 

images contained sufficient diffraction information (a hit rate of ~ 10%) to obtain a 

full data set with a resolution of 2.5 Å. Very recently, Górzny et al. 180 proposed a 

hybrid microfluidic device capable of forming on-chip lipid bilayers to perform fixed-

target experiments on membrane proteins in their native state using XFELs. The 

device integrated etched silicon nitride windows sandwiched between two channels 

formed by PDMS layers for introducing electrolyte solution and lipids resulting in the 

formation of a lipid bilayer at silicon nitride windows. The presence of the lipid bilayer 

was verified using impedance spectroscopy as the measured impedance increased 

from kΩ to GΩ for empty chip and chip containing lipid bilayer, respectively. Such a 

conceptual microfluidic device may offer great potential for diffraction experiments 

on membrane proteins in the future. Additionally, a number of hybrid COC-PDMS 

devices have been recently reported by several research groups for fixed-target X-

ray diffraction experiments at Synchrotron beamlines that may also be modified for 

XFEL-based diffraction experiments 56, 130, 181, 182.  

 

3.8.3. Chip-less fixed-target  

Despite low sample requirements for the aforementioned fixed-target chips, 

microfabrication of such platforms and crystal loading may still pose some 

challenges. Thus, some researchers are working on thin film adaptation of fixed-

target chips. Very recently, Doak et al. 183 reported a “chip-less” approach for fixed-

target crystallization experiments using crystal solution sandwiched between two 

Mylar sheets (2.5-µm thickness). Microcrystals of carboxyhemoglobin and lysozyme 

were used for SFX data collection at SACLA using this sheet-on-sheet setup with a 

hit rate of 10–30% and resolutions down to ~ 2.1 Å. Such “sheet-on-sheet” 



  56 

platforms may require larger sample volumes as compared to micropatterned chips 

but are comparatively inexpensive and may eliminate cumbersome microfabrication 

processes requiring a cleanroom facility as well as challenges with on-chip crystal 

loading.  

 

3.9. Conclusion and outlook  

Due to the many variations in beamline parameters, crystal stability, and 

experimental design, there has yet to be a catch-all sample delivery method for the 

exciting field of SFX and TR-SFX with XFELs. Optimization continues for methods 

such as the GDVN and viscous media injectors that see widespread use and have 

shown to support exciting new insight into protein structure. Previously inaccessible 

crystal samples are also being explored with methods such as electrospinning and 

ADE, and efforts are being conducted in the community to even explore TR-mixing 

experiments with viscous LCP injectors. With the increased resolution of 3D printers, 

microfluidics coupled to various injection methods is a rapidly developing frontier. 

This may eventually allow integration of various functionalities, such as mixers, 

injectors, and droplet generators, to name a few and greatly facilitate sample 

delivery for challenging experiments such as TR studies. Advancements in fixed-

target devices, requiring low sample volumes and eliminating the crystal harvesting 

processes, have also paved the path for high-efficiency X-ray diffraction experiments 

for proteins that are difficult to crystallize in suitable concentrations and volumes. 

Furthermore, recently explored novel device fabrication materials offering low 

background scattering and high X-ray transparency may offer high-resolution 

diffraction data. Such devices can also offer crystal mapping prior to diffraction 

experiments ensuring high crystal hit rate which is crucial considering the scarcity of 

protein crystal samples and beamtime availability. While the lack of access to XFEL 
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facilities remains one of the major bottlenecks, such advancements in sample 

delivery technology may allow researchers to collect more data with less sample 

volume in a shorter time in the future. 
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CHAPTER 4  

3D PRINTED DROPLET GENERATION DEVICES FOR SFX ENABLED BY SURFACE 

COATING 

 

4.1 Abstract 

The role of surface wetting properties and their impact on the performance of 3D 

printed microfluidic droplet generation devices for serial femtosecond crystallography 

(SFX) are reported. SFX is a novel crystallography method enabling structure 

determination of proteins at room temperature with atomic resolution using X-ray 

free-electron lasers (XFELs). In SFX, protein crystals in their mother liquor are 

delivered and intersected with a pulsed X-ray beam using a liquid jet injector. Owing 

to the pulsed nature of the X-ray beam, liquid jets tend to waste the vast majority of 

injected crystals, which this work aims to overcome with the delivery of aqueous 

protein crystal suspension droplets segmented by an oil phase. For this purpose, 3D 

printed droplet generators that can be easily customized for a variety of XFEL 

measurements have been developed. The surface properties, in particular the 

wetting properties of the resist materials compatible with the employed two-photon 

printing technology, have so far not been characterized extensively, but are crucial 

for stable droplet generation. This work investigates experimentally the effectiveness 

and the long-term stability of three different surface treatments on photoresist films 

and glass as models for our 3D printed droplet generator and the fused silica 

capillaries employed in the other fluidic components of an SFX experiment. Finally, 

the droplet generation performance of an assembly consisting of the 3D printed 

device and fused silica capillaries is examined. Stable and reproducible droplet 



  59 

generation was achieved with a fluorinated surface coating which also allowed for 

robust downstream droplet delivery. Experimental XFEL diffraction data of crystals 

formed from the large membrane protein complex photosystem I demonstrate the 

full compatibility of the new injection method with very fragile membrane protein 

crystals and show that successful droplet generation of crystal-laden aqueous 

droplets intersected by an oil phase correlates with increased crystal hit rates.  

 

4.2 Introduction 

X-ray crystallography is one of the most powerful tools to elucidate protein 

structures. High-intensity femtosecond X-ray free-electron lasers (XFELs) allow for 

the investigation of protein structure and dynamics with atomic resolution. Unlike 

traditional X-ray crystallography where a single protein crystal is rotated and 

irradiated with X-rays, in serial femtosecond crystallography (SFX) a protein 

structure is determined by merging thousands of diffraction patterns from individual 

micro- and nanometer-sized crystals being ‘hit’ by the XFEL pulses in random 

orientations19. The crystals need to be rapidly replenished because they are 

destroyed by the XFEL beam in less than a picosecond. A major method to 

accomplish crystal delivery is by jetting an aqueous suspension of protein crystals 

across the beam path using a gas dynamic virtual nozzle (GDVN) 138, 184. Although 

the femtosecond X-ray pulses of XFELs either have varying repetition rates from 30 

Hz up to 120 Hz or arrive in 10 Hz bunch trains with each bunch containing up to 

2700 X-ray pulses 166, 185, every XFEL beamline has a common problem: crystals 

injected between pulses or bunch trains are not irradiated and are therefore wasted. 

The sample cannot be recycled as the radicals formed by the XFEL beam exposure 

spread the damage in the solution. Large protein amounts, up to milliliters of protein 

crystal suspension, or tens of milligrams to grams of protein, are then required to 
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obtain a complete data set 14. Methods for producing and crystallizing proteins in 

such large amounts are highly resource and time intensive and can be a serious 

limiting factor for protein crystallography with XFELs. Thus, methods for reducing 

protein crystal waste in serial femtosecond crystallography are of the utmost 

importance. Examples of sample-introduction methods with reduced sample 

consumption 14, 130 are viscous media injection 132, 157-159, electrospinning with a 

microfluidic electrokinetic sample holder injector 147, double flow-focusing nozzles 131, 

acoustic droplet ejection 142, 143, droplet on tape 144 and fixed target 121, 173-177, 186. In 

addition, recirculating jets that recycle the injected sample have been developed and 

employed at the Linac Coherent Light Source (LCLS) 187 and the SPring-8 Ångstrom 

Compact Free Electron Laser (SACLA) 188, 189. However, the recirculating jet setup at 

LCLS is not designed for experiments under vacuum, and jet diameters are typically 

≥20 µm, both contributing to higher background scattering than non-recirculating 

jets under vacuum. Furthermore, SACLA requires a minimum sample volume of 5 mL 

in order to use the recirculating jet, a volume which can be prohibitive for samples 

that are difficult to crystallize in large volumes. The exposure to the XFEL beam also 

leads to ionization and radical formation, inducing damage in the recycled sample 

even if the protein crystals have not been exposed to a laser pulse. Such radiation 

damage defers the goal of SFX for near-damage-free X-ray diffraction collection from 

protein crystals at room temperature such as metal proteins like photosystem I 

(PSI), but recycling jets may still be applied for radiation-hard samples. 

Microfluidic devices have been explored in traditional crystallography applications 

typically coupled with synchrotron irradiation 69, 172, 190, and also in crystallography 

with XFELs including microfabricated liquid jet injectors 135, 138, crystal sorters 191 and 

time-resolved crystallography with microfluidic mixers 49. We have recently proposed 

using water-in-oil microfluidic droplets to reduce the protein crystal suspension 
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volume for SFX with XFELs 71. For droplet generation we fabricated a device using 

two-photon polymerization 3D printing. This approach involves a polymerization 

reaction initiated by near-infrared femtosecond laser pulses focused into a 

photosensitive material volume, followed by the removal of non-photopolymerized 

material, with advantages including micrometer resolution, availability of transparent 

photoresists and fast design modification 88, 192. This 3D printing approach has been 

utilized to develop nozzles for SFX sample delivery 47, 90, 141. Although droplets can be 

generated using devices with different geometries, we have focused on a T-junction 

geometry because of its simplicity and well characterized droplet formation physical 

parameters 58, 60, 68, 103, 193-197. In T-junction droplet generators, the continuous-phase 

channel orthogonally intersects the dispersed-phase channel, and the resulting 

droplets proceed down the continuous-phase channel outlet 197.  

Generation of multiphase flows in XFEL experiments poses unique challenges unlike 

those in droplet generation in microfluidic devices at low pressure. Firstly, the 

sample is placed in a reservoir which frequently requires a few meters of liquid lines 

to connect to the GDVN. This connection is established through fused silica capillaries 

with small inner diameters (50–100 µm) and is required for accommodating protein 

crystal suspension anti-settling devices necessary to avoid clogging. Therefore, 

fluidic resistance is high, and pressures comparable to those typical in high 

performance liquid chromatography (HPLC) are usually required for the crystal 

suspension injection. Polyether ether ketone (PEEK) devices withstand high operating 

pressures and have been used for droplet generation with controlled droplet 

frequency by adjusting the flow rate ratios of the two phases employed for droplet 

generation, from hundreds of microliters to milliliters per minute 102, 198. However, 

because of their relatively large internal diameters they do not allow for adjustment 

of droplet volumes and frequencies within the much lower flow rates typical for SFX 
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(tens of microliters down to hundreds of nanoliters per minute), as we noted in 

preliminary tests. In addition, PEEK devices are not transparent and do not allow 

visual monitoring of the droplet generation.  

Second, wetting properties are crucial for reproducible and long-term droplet 

generation in an SFX experiment and have not been fully investigated. An ideal 

coating should render hydrophobic both the 3D printed photoresist droplet generator 

and the upstream and downstream fused silica capillary surfaces. Also, it is highly 

desirable to collect diffraction data uninterruptedly for typically 6–12 h over the 

course of one shift at the XFEL beamline. Surface coatings should therefore be stable 

over long periods at flow rates of tens of microliters per minute.  

A huge variety of coating methods on photoresists and glass have been developed, 

addressing surface composition, chemical functionality, wettability, charge, 

porosity/roughness and coating durability, including coating methods to impart 

specific wetting properties in microfluidic droplet generation devices 88, 199. Droplet 

formation occurs when the drag force, with a minor contribution from inertia, 

overcomes the interfacial tension. However, coating the inner surface of an SFX 

device assembly consisting of a 3D printed droplet generator with internal 

dimensions of a few tens of micrometers connected to several meters-long fused 

silica capillaries with internal diameters between 50 and 100 µm can be extremely 

challenging and time consuming. Chemical approaches for surface modification such 

as self-assembled monolayers 200 and gas-phase silanization methods 200, 201 typically 

require an activation step 200, 201, e.g. acid or plasma treatment, for rendering desired 

surface chemical functionality prior to the linking reaction. Silanization under a vapor 

environment in addition involves a relatively complicated setup 201 (e.g. vacuum and 

ventilation system) and protocol. Fluorophilic surface coatings in cyclic olefin 

copolymer microfluidic devices for fixed-target crystallography were achieved using a 
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simple protocol 202. All these surface coating methods, while effective for microfluidic 

devices with dimensions of a few millimeters, would be highly impractical to use with 

our device assemblies, which include a glass nozzle, meters of silica capillaries and 

the 3D printed droplet generator device, and too cumbersome to perform if needed 

during beamtime experiments. Therefore, we explored simpler physical adsorptive 

coatings and tested them on various surfaces, including photoresists used in two-

photon polymerization 3D printing approaches as well as on glass surfaces 47, 90, 203-

205.  

We have addressed challenges in droplet generation for SFX by developing a 3D 

printed microfluidic droplet generator with a size <2 mm in every dimension, which 

can withstand high pressures (up to approximately 2500 psi; 1 psi = 6.89 kPa), is 

transparent and can be rapidly prototyped. In addition, our device is compatible with 

both low and high X-ray pulse frequencies (from 10 to 120 Hz), supports micro- to 

nano-sized crystals, does not ionize the protein crystal, and is suitable for time-

resolved serial crystallography. Here we investigate different adsorptive surface 

coatings that can produce and maintain stable droplet streams for several hours 

under high pressure in device assemblies for droplet generation in SFX experiments 

and assess the ability to collect XFEL diffraction data from droplets of PSI protein 

crystal suspensions.  

 

4.3. Materials and methods  

4.3.1. Reagents and materials  

Silicon wafers (p-type 〈100〉, 4 inches) were obtained from University Wafer, USA. 

Glass slides (76 x 25 x 1 mm) were purchased from Fisher Scientific, USA. The 

negative photoresist SU-8 2007 for surface coating and SU-8 developer were 

purchased from Microchem, USA. The ultraviolet sensitive photoresist (IP-S) was 
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purchased from Nanoscribe GmbH, Germany. (Tridecafluoro-1,1,2,2-tetrahydrooctyl) 

dimethylchlorosilane (TDTS) was purchased from Gelest Corp., USA. Novec 1720 

electronic grade was a generous gift from 3M, USA. Aculon AL-B was purchased from 

Aculon Inc., USA. Ethanol, acetone, potassium chloride, magnesium sulfate, Tris 

base, 2-(N-morpholino)ethanesulfonic acid (MES), β-mercaptoethanol, poly(ethylene 

glycol) methyl ether (mPEG, MW = 5000 amu), perfluorodecalin (PFD) and 

1H,1H,2H,2H-perfluoro-1-octanol (perfluorooctanol, PFO) were purchased from 

Sigma–Aldrich, USA. n-Dodecyl-β-maltopyranoside was purchased from Glycon, 

Germany. Deionized water (18 MΩ) was supplied from a Synergy purification system 

(Millipore, USA). Fused silica capillaries (360 µm outer diameter, 100 µm inner 

diameter and 50 µm inner diameter) were purchased from Molex, USA. Hardman 

extra-fast setting epoxy was purchased from All-Spec, USA.  

 

4.3.2. Preparation of photoresist film model surfaces  

Silicon wafers and glass slides were sonicated in isopropanol and acetone for 5 min 

and immediately rinsed thoroughly with deionized water and dried with a stream of 

nitrogen gas before the surface coating. A previously described SU-8 coating method 

was used 206. In brief, an Si wafer was spin-coated at 1000 r min-1 with a Laurell 

spinner (WS-650–8, Laurell, USA) for 30 s by dispensing 3 mL of negative 

photoresist SU-8, UV-exposed for 30 s (350 W, 10.32 mW cm-2, HTG Mask Aligner, 

JM Industries, USA) and developed in a developer bath. The thickness of the SU-8 

film was 12 µm as measured by a profilometer (Dektak II, USA). The IP-S 

photoresist was spin-coated at 1000 r min-1 for 60 s on a silicon wafer and then 

cured by a high-power UV (365 nm) curing LED system (CS2010, Thorlabs, USA) 

under an inert N2 atmosphere. The thickness of the IP-S layer on the Si wafer was 

62 µm as measured by the Dektak profilometer.  
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4.3.3. Hydrophobic coatings on photoresists and glass  

SU-8 or IP-S films on silicon wafers and bare glass slides were coated with 

hydrophobic agents as follows. The surfaces were rinsed with deionized water and 

dried with a stream of nitrogen gas and placed in glass Petri dishes. A volume of 200 

µL of either Novec 1720 or Aculon AL-B was placed on the substrate and allowed to 

evaporate at room temperature. Subsequently, the substrates were baked in an oven 

at 423 K for 30 min. For the surface coating with a fluorinated silane, gas-phase 

deposition of TDTS was performed in a desiccator connected to a vacuum source by 

evaporating 40 µL of TDTS in an incubator with SU-8 and IP-S substrates. A vacuum 

was applied for 1 min then turned off and the TDTS was allowed to deposit for 30 

min.  

 

4.3.4. Contact angle measurement  

All substrates were rinsed with deionized water and dried with compressed air or 

nitrogen gas before measurement. Contact angles were measured with a goniometer 

(drop shape analyzer DSA25, Kruss, Germany) under ambient conditions. To 

measure the static water contact angle, a sessile drop (2 µL) of deionized water was 

dispensed onto bare and treated photoresist films and glass slides, and a side image 

was captured with the camera when the droplet was stabilized on the substrate. 

Three different samples for each material and surface treatment were measured.  

 

4.3.5. Stability of hydrophobic coatings  

To explore the long-term coating stability we measured the contact angles on Novec 

1720-treated SU-8, IP-S and glass slides before and after immersion in either a 

mixture of PFD:PFO (10:1 v:v%) oil for up to 24 h or ethanol or deionized water for 
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up to 16 h. In addition, the contact angles of the Novec-treated samples were 

measured before and after immersion in deionized water in an ultrasonic bath (JP-

031B 180W, 40KHz, 6.5L, USA) for 3, 10 and 30min at room temperature followed 

by drying under pressurized N2 gas.  

 

4.3.6. 3D printed devices for droplet generation  

Devices were designed in AutoCAD (AutoDesk, USA) and imported into the DeScribe 

software of the Nanoscribe GT instrument (Nanoscribe GmbH, Germany). A drop of 

IP-S was deposited onto a clean indium tin oxide-coated boroaluminosilicate glass 

slide. The 3D structure was printed on the glass slide upon the two-photon 

polymerization of IP-S. The structure was printed using the standard Meso Scale 

protocol: IP-S 25x solid (ITO) recipe, with 100 000 µm s-1 scan speed, 100% laser 

power, 0.9 power scaling, 1 µm slice distance and 0.5 µm hatch distance. Printing 

was complete after 4–7 h depending on the device version. After printing, the device 

was developed by one or more cycles of a 40 min sonication in SU-8 developer 

followed by an isopropyl alcohol rinse until development completion was determined 

by visual inspection using an optical microscope. After development, the dry 3D 

printed device was immobilized on a glass slide with tape, and 360 µm outer 

diameter fused silica capillaries with polished flat ends were inserted into the two 

inlets and the outlet of the device. The diameters of the two inlet and the outlet 

ports were 370 µm. Fused silica capillaries were permanently affixed to the device 

with fast-curing epoxy for high-pressure operation.  

 

4.3.7. T-junction and capillary coating with Novec 1720  

For hydrophobic surface treatment, Novec 1720, as provided by the manufacturer, 

was slowly injected into one of the T-junction assembled capillaries using a 



  67 

disposable syringe and fittings (P-629, F-300, F-142N and F-262) (IDEX-HS, USA) 

until it could be seen exiting the other two fused silica capillary ends. The entire 

Novec-filled assembled device was placed in a ventilated oven at 423 K overnight to 

allow for vaporization of any excess solvent.  

 

4.3.8. Droplet generation and monitoring  

The oil-phase mixture was PFD:PFO (10:1 v:v%). The aqueous phase was either 

water, mPEG buffer (82 mM potassium chloride, 14 mM Tris base pH = 7.3, 1.4 mM 

β-mercaptoethanol and 7% mPEG, used as mother liquor for the protein of interest 

for SFX studies) or low ionic strength PSI buffer [5 mM MES pH = 6.4 and 

0.02%(w/v) n-dodecyl-β-maltopyranoside] for delivery of PSI crystals. In the X-ray 

diffraction experiments the aqueous phase was a suspension of 1–5 µm PSI protein 

microcrystals prepared as described previously 19, 117, 207, and the aqueous phase 

reservoir was mounted on a custom-made device that slowly oscillates to prevent 

microcrystals from settling while keeping the crystal suspension at 277 K 133. The 

aqueous and oil phases were each driven by an HPLC pump (LC-20AD, Shimadzu, 

Japan) operating in constant-flow-rate mode into a custom-made stainless-steel 

syringe-like reservoir133. The reservoirs were connected to the 3D printed T-junction 

microfluidic droplet generator by fused silica capillaries. Oil-phase flow rates (𝑄g$)) 

ranged from 6 to 45 µL min-1, and aqueous-phase flow rates (𝑄*v2(g2h) from 0.5 to 20 

µL min-1. The outlet capillary was mounted in a droplet detector about 30 cm 

downstream of the droplet generator, and about 20 cm further downstream was 

connected to the GDVN inlet liquid capillary. For preliminary studies at the 

laboratories at Arizona State University prior to the first experiments at the Linac 

Coherent Light Source (LCLS) at SLAC National Accelerator Laboratory, the T-

junction droplet generation was imaged by immobilizing the 3D printed device onto a 
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glass slide with tape and using an inverted microscope (IX71, Olympus, USA) in 

bright-field imaging mode in conjunction with a high-speed camera (FASTCAM SA4, 

Photron, Japan). The droplet detector was used to monitor the frequency of the 

droplets in real time in the fused silica capillary and consisted of a 1550 nm laser 

diode and a photodetector connected to an oscilloscope, which detected a signal 

based on the difference in transmittance between the oil and the aqueous phase.  

 

4.3.9. X-ray diffraction  

The SFX experiments were carried out at the macromolecular femtosecond 

crystallography (MFX) instrument at LCLS (proposal ID: LQ70) at an X-ray energy of 

9.5 keV with 40 fs pulse duration at a pulse rate of 120 Hz 208. The X-ray diffraction 

experiments were carried out at ambient pressure in a helium atmosphere to reduce 

background scattering from air. The X-ray diffraction data were recorded using a 

Rayonix MX170-HS detector in the 2 x 2 binning mode, leading to 1920 x 1920 

pixels, each 89 x 89 µm. In this mode, the rate of data collection was detector-

limited to 10 Hz. For online data collection monitoring and live real-time crystal hit 

rates, we used OnDA 209. Further analysis was performed on a single experimental 

run where we observed droplet generation as detected by the above-mentioned 

droplet detector during beamtime. The images were preprocessed to detect the 

crystal hits using Cheetah 122. To identify when aqueous-phase droplets formed, 

based on the X-ray scattering, we used radial profiles calculated from each 2D image 

to distinguish the aqueous-phase scattering from the largely different oil-phase 

scattering. The radial profiles from oil-only and water/aqueous-buffer-only data were 

calculated and used for estimating volume fractions of oil and water in each PSI 

diffraction image (where volume fraction of water + volume fraction of oil = 1.0). 

Volume fractions 210 were estimated using a linear combination of oil and water 
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scattering profiles with custom Python scripts. Images were sorted by increasing 

fractions of water and the crystal hit rate was calculated by binning the sorted 

images into groups of 100 images.  

 

4.4. Results and discussion  

The wetting properties of the channels are crucial for the quality and reproducibility 

of droplet generation. For producing water-in-oil droplets, the device walls need to 

be hydrophobic, whereas oil-in-water droplets require hydrophilic channels 59, 93, 211. 

Since the wetting properties of the employed Nanoscribe proprietary photoresist 

have not been studied in detail, we investigated the effect of different hydrophobic 

surface treatments on 3D printed device assemblies with regards to droplet 

generation performance in SFX.  
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Figure 4.1 (a) Schematic of ideal water-in-oil droplet generation in a T-junction 
device with hydrophobic walls. Inset: image of a water droplet sitting on glass 
treated with a hydrophobic coating agent. (b) Schematic of a hydrophilic T-junction 
droplet generation device. The aqueous phase adheres to the walls and oil flows 
beside it; no droplets are generated. Inset: image of a water droplet on a hydrophilic 
glass slide. Panels (a) and (b) are not to scale. (c) CAD drawing of the 3D printed 
droplet generator. The black arrows indicate the various inlets and outlet. (d) Bright-
field microscopy image of a 3D printed droplet generator (red dotted outline), epoxy-
bonded and connected to fused silica capillaries. White arrows indicate capillaries and 
orange arrows indicate epoxy bonding material. The gray speckled background is due 
to tape used to attach the device onto a glass slide for microscopy. Scale bars in (c) 
and (d) are 200 µm.  

 

4.4.1. Device fabrication and characteristics  

A schematic of droplet generation in a microfluidic T-junction is shown in Figure 4.1. 

In a hydrophobic channel Figure 4.1a the oil coats the walls of the T-junction and 

prevents aqueous-phase adherence and, as the aqueous phase extends into the oil 

channel, droplets pinch off the bulk and proceed downstream to the outlet. In 



  71 

contrast, in a hydrophilic channel Figure 4.1b the aqueous phase adheres to the 

walls and co-flows with the oil without breaking into droplets. These effects can also 

be seen in a fused silica capillary (as demonstrated below in Figure 4.5d). A 

computer-aided design (CAD) drawing and an optical microscopy bright-field image 

of the 3D printed droplet generator are shown in Figure 4.1c and Figure 4.1d, 

respectively. The oil enters through the left side of the device into the large 

rectangular channel of the T-junction (width = 100 µm, height = 75 µm), while the 

aqueous phase enters through a circular channel (radius = 25 µm) orthogonal to the 

oil channel. Flow proceeds down the large channel toward the outlet port (right). All 

three ports are connected to 360 µm fused silica capillaries and are sealed with 

epoxy to withstand high pressures. This seal can typically withstand sustained 

pressure of several hundred psi over a time period of 12 h, with short-durations of 

increased pressure up to 2500 psi, as demonstrated during an SFX shift.  

 

 

Figure 4.2 Static water contact angle (θ) measurements on SU-8, IP-S and glass 
substrates before and after treatment with three fluorinated chemicals. Error bars 
represent the standard deviations of the mean contact angle measurements.  
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4.4.2. Glass and photoresist treatment with different fluorinated agents  

Fluorinated agents for treatment of microfluidic droplet generators include 

perfluorinated polymers 212-214, long fluorinated hydrocarbon compounds such as 

polyfluoropolyethers 215, 216 and commercialized adsorptive fluoropolymer surfactants 

217-219. Our goal was to investigate the stability of the droplet streams in a serial 

crystallography setup using a 3D printed droplet generator with three different 

adsorptive surface coatings. Owing to their geometry and small dimensions, it is not 

possible to measure contact angles inside fused silica capillaries and 3D printed 

devices using a sessile droplet. Instead, we investigated static water contact angles 

on borosilicate glass slides as well as on SU-8 and IP-S films spin-coated on silicon 

wafers before and after applying three different fluorinated hydrophobic surface 

treatments to mimic the coating effect within fused silica capillaries and 3D printed 

T-junction channels, respectively.  

Novec and Aculon are two commercially available long-chain fluorinated 

hydrocarbons, both dissolved in methyl nonafluorobutyl ether and methyl 

nonafluoroisobutyl ether. Aside from solvent composition, they presumably also 

differ in the fluorinated compound content, which is a trade secret. Both are specified 

for water repellent treatment and can be flowed through microfluidic channels and 

capillaries for easy application (Novec 1720 EGC Technical Data Sheet and Aculon 

AL-B Technical Data Sheet; available at https:// www.3m.com). The third agent, 

TDTS, was applied through chemical vapor deposition. All treatment agents produced 

an increase in contact angle on the three surfaces tested, but to a different extent. 

The contact angle measurements and corresponding droplet images are shown and 

listed in Figure 4.2a and the supporting information.  

For our application, Novec was the most advantageous treatment. It was easiest to 

handle – specifically as simply flushing it through the device treats the inner surfaces 
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of the 3D printed droplet generator assembled with silica capillaries. Furthermore, it 

produced the largest contact angles θ ≥ 110° for all three substrates and 

demonstrated good long-term stability, as detailed in the following section. 

Silanization with TDTS produced contact angles almost as large as Novec, although 

for our particular application this method presented several disadvantages. 

Introducing TDTS in the gas phase into 3D printed devices with a few hundred 

micrometer-sized inner diameters coupled to long fused silica capillaries is 

cumbersome to accomplish. In addition, for optimum results silanization requires an 

activation step with plasma 220 or acid 201 to increase the number of hydroxyl groups 

on the surface before surface modification. Since activation of the inner surface of 

our assembled devices with plasma is not feasible, and activation with acid would be 

cumbersome and could damage our devices, we did not further consider this 

method. Finally, the Aculon treatment did not produce hydrophobic (θ > 90°) 

surfaces on any of the substrates.  

Compared with smooth spin-coated films, the walls of the IP-S 3D printed device 

may present a higher surface roughness depending on printing parameters such as 

the objective magnification, slicing distance and hatching distance. For the described 

3D printed T-junctions, the root-mean-square roughness amplitude is estimated to 

be on the order of 100 nm 221. The effect of roughness on the wetting properties in 

the meso-scale (several hundreds of micrometers to millimeters) typically amplifies 

the hydrophilic or hydrophobic character of the corresponding smooth surface 222. For 

two-phase flows in hydrophilic microfluidic channels, such as the 3D printed devices 

without surface treatment or with Aculon coating, the effect of the contact line 

pinning at surface irregularities can decrease its intrinsic hydrophilicity 223. In a 

hydrophobic channel, such as Novec-coated IP-S devices (Figure 4.2), the effect of 
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the surface roughness is always further increased by the surface hydrophobicity 224 

and thus is advantageous for the generation of water-in-oil droplets.  

 

 

Figure 4.3 Stability of Novec coating on SU-8, IPS and glass substrates subject to 
various conditions. The measurements were obtained by immersing the Novec-
coated substrates in (a) PFD:PFO (10:1 v:v%) for up to 24 h, (b) deionized water for 
up to 16 h and (c) ethanol (EtOH) for up to 16 h and (d) ultrasonication in deionized 
water for up to 30 min.  

 

4.4.3. Long-term hydrophobic coating stability tests  

In SFX experiments with XFELs, protein crystal suspensions are delivered to the X-

ray beam for several hours, and thus the surface coating stability is critical for 

sustained droplet generation. To determine whether the Novec-modified surfaces can 
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retain their hydrophobicity, we investigated the treatment stability under various 

conditions. We mimicked the flow conditions in a droplet generator by immersing 

Novec-coated SU-8, IP-S and glass surfaces in various solvents, and also by 

sonicating the samples for 3–30 min in water. Figure 4.3 shows contact angle 

measurements on Novec-treated SU-8, IP-S and glass surfaces before and after 

various immersion times in oil, deionized water and ethanol, and after sonication in 

water. The measured contact angles did not exhibit noticeable changes, which 

indicates that the Novec treatment is effective in rendering SU-8, IP-S and glass 

surfaces hydrophobic, with excellent long-term stability. The excellent stability of the 

surface coating with Novec was also observed during droplet generation in an SFX 

experiment, as discussed below.  

 

 

Figure 4.4 Experimental setup for droplet generation. Two HPLC pumps were 
used to drive two stainless steel reservoirs containing the oil and aqueous phases. 
The aqueous phase reservoir was mounted in a slowly oscillating holder (represented 
by curved arrows) to prevent the crystals from settling. The reservoirs were 
connected to the T-junction droplet generator using fused silica capillaries. Droplet 
generation at the T-junction was imaged using bright-field microscopy coupled to a 
fast camera. The outlet of the droplet generator was connected to a droplet detector 
and subsequently to the GDVN using a fused silica capillary. Helium gas was used in 
the GDVN to form a stable jet. The droplet detector consisted of a 1550nm laser 
diode and a photodetector connected to an oscilloscope. Based on the differences in 
transmittance between oil and water at this wavelength, the droplet frequency was 
monitored.  



  76 

 

4.4.4. Effects of surface treatment on droplet generation  

Next, we compared the effects of the hydrophobic surface treatment on the droplet 

generation behavior of T-junction devices assembled with fused silica capillaries. The 

experimental setup used at the MFX instrument is described in detail in the 

experimental section and schematically shown in Figure 4.4. This setup was 

mimicked in laboratory experiments, with similar flow rates, pressures, tubing and 

capillary lengths, and coupling the droplet generator and GDVN. In this setup, 

droplets of protein crystal suspensions could be generated reproducibly using a 

single T-junction device for periods of ~8 h under applied pressures from ~200 psi 

up to 2500 psi (for short periods of pressure spikes), with protein crystal suspension 

flow rates of 1–5 µL min-1 and total flow rates of 20–40 µL min-1. The high pressure 

arises from the long lengths of small-inner-diameter capillaries and the viscosity of 

the oil phase; for example, for a conservative length of 1 m, an inner diameter of 50 

µm and viscosity of 5.1 cP for PFD, the pressure drop required is approximately 1500 

psi. The frequency of the droplets ranged from 30 to 150 Hz depending on the flow 

rates of the aqueous and oil phases.  
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Figure 4.5 Effect of surface treatment on IP-S (a)–(c) and fused silica (d)–(f) 
capillaries on water-in-oil droplet generation. For IP-S: (a) no surface treatment (θ < 
90°) results in the aqueous phase forming streamlines instead of droplets (𝑄g$) = 10 
µL min-1; 𝑄*v2(g2h = 5 µL min-1), (b) surface treatment with oil aqueous Aculon (θ < 
90°) results in adherence of the aqueous phase to IP-S until it pinches off into a 
droplet at the T-junction capillary joint (𝑄g$) = 12 µL min-1; 𝑄#wxy	N2dd(" = 5 µL min-1), 
and (c) surface treatment with Novec (θ > 90°) results in droplet formation at the T-
junction with no aqueous phase adherence to the IP-S surface (𝑄g$) = 6 µL min-1; 
𝑄wz{	N2dd(" = 0.5 µL min-1). For fused silica capillaries: (d) Right panel: the aqueous 
phase co-flows next to the oil (red arrow indicates phase boundary) when flowing 
both oil and water. The faded line below the red arrow is the same phase boundary 
from an out-of- focus wall of the capillary (𝑄g$) = 45 µL min-1; 𝑄wz{	N2dd(" = 5 µL min-

1). (d) Left panel: an untreated fused silica capillary surface (θ < 90°) with only the 
aqueous phase which fully wets the walls, provided for comparison. (e) After coating 
a fused silica capillary with Aculon (θ < 90°), aqueous drops adhere to the capillary 
wall (red arrows indicate adhered drops) (𝑄g$) = 35 µL min-1; 𝑄wz{	N2dd(" = 5 µL min-1). 
(f) Surface treatment with Novec (θ > 90°) prevents droplets from adhering to the 
fused silica surface (𝑄g$) = 12 µL min-1; 𝑄#wxy	N2dd(" = 5 µL min-1). The blue arrow 
indicates debris on the outside of the capillary. Dashed white lines indicate the 
cylindrical fused silica capillary walls. The scale bars are 50 µm in all images.  

 

We first characterized the fluid-flow behavior on the IP-S and fused silica capillary 

portions of the fully assembled device, as summarized in Figure 4.5. When the 

droplet generator assembly was left untreated, no droplets could be generated. The 

aqueous phase streamlines along the surfaces, randomly making contact with the 
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device walls, and varying the flow rate 𝑄 did not disrupt the stability of the 

streamlines. This situation is depicted in Figure 4.5a for 𝑄g$) = 10 µL min-1 and 

𝑄*v2(g2h = 5 µL min-1. When the droplet generator assembly was treated with Aculon, 

droplets usually appeared in the 3D printed device initially; however, after a few 

minutes under flow, the aqueous phase began adhering to the wall, streamlining and 

producing droplets that occasionally pinch off approximately at the T-junction and 

capillary joint, thus preventing control over the droplet generation, as shown in 

Figure 4.5b for 𝑄g$) = 12 µL min-1 and 𝑄*v2(g2h = 5 µL min-1. This limitation can be 

ascribed to the contact angle on the Aculon coating, which does not reach the 

hydrophobic regime, and to incomplete coverage, low stability of the coating or a 

combination of these. Lastly, when the surface was treated with Novec, as shown in 

Figure 4.5c (see Supplementary Video D.1), the aqueous phase did not stream along 

the wall and instead pinched off into droplets in the device itself (𝑄g$) = 6 µL min-1; 

𝑄*v2(g2h = 0.5 µL min-1). This situation was only achieved with a surface treatment 

capable of rendering the IP-S surface hydrophobic.  

Similar effects were observed on fused silica capillary surfaces. When flowing both 

water and oil phases in untreated surfaces (Figure 4.5d, right), the hydrophilic fused 

silica walls resulted in the aqueous phase flowing as a stream next to the oil phase 

(𝑄g$) = 45 µL min-1; 𝑄*v2(g2h = 5 µL min-1). When only flowing an aqueous phase, the 

inner fused silica capillary was fully wetted (Figure 4.5d, left). For cases of contact 

angles <90° after the surface treatment, or for cases of inhomogeneous surface 

treatment (Figure 4.5e), a similar situation to that shown in Figure 4.5b is observed 

in the fused silica capillary (𝑄g$) = 35 µL min-1; 𝑄*v2(g2h = 5 µL min-1). The aqueous 

phase interacts with the hydrophilic regions and may adhere to the surface. 

Eventually, a large droplet pinches off from this hydrophilic spot and the droplet 

progresses until it is captured by the next hydrophilic region. Ultimately, this results 
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in unstable non-uniform droplet generation. Lastly, when the surface is coated with 

Novec and uniformly hydrophobic (Figure 4.5f),  

the aqueous droplets do not interact with the walls and maintain their shape, size 

and spacing (𝑄g$) = 12 µL min-1; 𝑄*v2(g2h = 5 µL min-1). With flow rates in the range 

0.5–20 µL min-1 for the aqueous phase and 5–40 µL min-1 for the oil phase, droplets 

could be generated for periods of up to 8 h with no observable degradation of the 

Novec surface coating. Furthermore, droplets containing PSI crystal suspension were 

generated in a Novec-coated device under similar flow rate conditions (Figure 4.6c). 

In this example, <1 nL droplets were generated at a frequency of ~90 Hz (𝑄g$) = 14 

µL min-1; 𝑄*v2(g2h = 3 µL min-1). In addition, the droplets could be transported 

through capillaries of up to 2 m in length, and the droplet generator was tested at an 

XFEL as shown in the next section.  

 

 

Figure 4.6 XFEL diffraction from PSI microcrystals injected with a 3D printed 
microfluidic droplet generation device. (a) Single XFEL diffraction pattern showing 
Bragg diffraction and diffuse scattering from oil (inner ring) and water. Diffraction 
peaks were observed to ~3.5 Å. (b) Volume fraction of water calculated per pattern, 
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sorted by increasing fraction of water (blue). An effective crystal hit rate calculated 
from binning the sorted patterns into groups of 100 shows a clear correlation 
between crystal hit rate and water volume fraction. Water fraction values below the 
dashed line cannot be distinguished from pure oil. (c) Droplets containing PSI 
crystals in an outlet capillary. The capillary was imaged ‘free standing’ at an angle 
through the image plane resulting in the right droplet being out of focus. (d) Still 
image of a Novec-coated GDVN jetting oil. Flow rates were 10 µL min-1 for PSI buffer 
solution and 20 µL min-1 for oil. Scale bars in (c) and (d) are 100 µm.  

 

4.4.5. Experimental diffraction from XFELs  

To assess the ability to collect XFEL diffraction data using the droplet generator, we 

performed SFX experiments at the MFX instrument at LCLS (see also Figure 4.4 for 

the entire fluidic setup and the discussion above). The droplet generator was 

configured for a 120 Hz operation, which is the maximum X-ray pulse repetition rate 

at LCLS. In these initial tests, droplet synchronization with the XFEL was not realized, 

although it is the focus of ongoing work. Also, diffraction images were collected at 

the lower rate of 10 Hz, which is the X-ray detector maximum frequency in 2 x 2 

binning mode with an effective pixel size of 89 µm suitable for Bragg peak 

identification at a detector-to-sample distance of 160 mm.  

Microcrystals (0.2–1 µm in size) of the large membrane protein complex PSI were 

prepared as described previously 19, 207 and delivered using the droplet generator as 

described above. During the run where we observed droplet generation at the 

beamline with the droplet detector, we were able to collect 10124 images, of which 

94 (1%) were identified as hits by Cheetah (see Figure 4.6a for an example 

diffraction pattern). Of these 94 images, CrystFEL 225 was able to index 46 (50%). 

The average resolution of these patterns was 6.3 Å , with some patterns showing 

diffraction peaks to 3.5 Å as estimated by CrystFEL. There were not enough higher-

resolution images collected to generate a complete data set for structure 

determination. Initial data analysis showed that the proportion of oil and water in the 

X-ray-illuminated volume varies from image to image, and correspondingly, the 
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likelihood of hitting a crystal in the water droplet fluctuates as well. This may be 

attributed to small instabilities in the position of the liquid jet (~5 µm diameter) 

when aqueous droplets in oil are injected with reference to the position of the X-ray 

beam (~3 µm diameter), resulting in the X-ray beam intersecting the liquid jet in 

different locations with each XFEL pulse.  

In the GDVN, a water droplet carried by the oil stream is focused by a sheath of He 

gas, leading to droplet stretching. For example, a 0.8 nL droplet could be stretched 

to a length of 40 mm in a 5 µm diameter jet. This may result in a thin column of 

water (~3 µm thick) of finite length enveloped by an oil sheath (~1 µm thick), 

additionally contributing to the fluctuation in water content. The likelihood of hitting 

a crystal in the water droplet also fluctuated, as is commonly observed in SFX 

experiments with GDVN sample delivery, and as expected for randomly distributed 

crystals.  

In addition, the angle of the liquid jet can flicker between two positions when jetting 

alternates between only oil or an aqueous droplet, further contributing to varied hit 

proportions of oil and water. This was observed in laboratory tests and to some 

extent at the MFX instrument. However, good jet stability when the fluorinated oil 

was present as shown in Figure 4.6d was observed in the laboratory experiments. 

Additional detailed characterization of micrometer-scale jets of water in oil 

suspensions is beyond the scope of this chapter.  

Oil and water scattering patterns are distinguishable by their diffuse rings. As can be 

seen in Figure 4.6a, oil has a relatively narrow diffuse ring with a peak at q ≃ 8.0 Å, 

whereas water has a very broad diffuse ring with a peak at q ≃ 3.3 Å. Exposures 

containing both oil and water may arise when the X-ray pulse hits the spheroidal end 

of a droplet. Furthermore, as described above, a thin layer of oil around the droplets 

prevents wetting of the capillary walls (hence the hydrophobic surface treatment) 
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which may extend into the liquid jet and interaction region causing simultaneous 

exposure of oil and water. Several example images of diffraction patterns in varying 

fractions of oil/water are shown in Figure A.2. A correlation between the diffraction 

resolution limit and volume fraction of water was not observed. To assess the 

correlation between the likelihood of hitting a crystal and the volume fraction of 

water illuminated by the X-ray beam (and thus successful droplet generation), we 

analyzed the one-dimensional radial scattering profiles calculated for each image. 

Using oil-only and water-only scattering profiles, the volume fractions of oil and 

water in each image were estimated using a simple linear combination fitting 

procedure (Figure 4.6b). Owing to the diffuse nature of the oil and water rings, low 

volume fractions of water below ~20% (dashed line in Figure 4.6b) cannot be 

distinguished from pure oil. This probably refers to the regime where synchronization 

between the droplet generator and the XFEL pulse sequence is not achieved. After 

sorting the images by increasing the volume fraction of water, crystal hit rates were 

calculated by binning the images into groups of 100 and calculating the average hit 

rate within each group. The results show a clear correlation between the effective 

crystal hit rate and the increasing volume fraction of water (Figure 4.6b), and 

correspondingly successful droplet generation. This demonstrates that, despite the 

lack of synchronization of droplets with the X-ray pulses in this prototype, the 3D 

printed droplet generation device successfully injected crystal-containing aqueous 

droplets into the oil stream, and delivered the resulting liquid jet into the X-ray beam 

path for serial micro-crystallography data collection.  

 

4.5. Conclusions  

Current liquid injection methods for SFX typically waste the majority of injected 

crystals as a result of the mismatch between XFEL pulse repetition rate and jet 
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speed. Because of this mismatch, most of the sample flows into waste without 

interacting with the X-ray beam. We address this problem with a microfluidic droplet 

generator that effectively stops the flow of sample between X-ray pulses by 

interleaving crystal-laden aqueous droplets within an oil jet. Our device consists of a 

3D printed T-junction droplet generator coupled to fused silica capillaries interfacing 

with liquid handling periphery and sample injectors. The wetting properties of bare 

3D printed devices did not allow reproducible droplet generation. We therefore 

investigated the effect of the two commercially available coatings Novec and Aculon 

as well as gas phase silanization with TDTS in the performance of the droplet in oil 

generation. While the two commercially available coatings can be applied by simple 

filling methods, the gas phase silanization method was impractical for this application 

because of the intricate geometry and small dimensions of the surfaces that need to 

be coated. Of the three surface treatments investigated under conditions mimicking 

the flow in an XFEL experiment, Novec provided the most hydrophobic surface and 

most stable coating on both photoresist films and glass. Importantly, we 

demonstrated that Novec-treated droplet generation devices produce stable droplets 

of aqueous buffers employed in an SFX experiment over several hours, suitable for 

use in an entire shift at an XFEL facility. In contrast, coatings rendering lower 

hydrophobicity resulted in flow conditions unsuitable for robust droplet generation 

such as co-flowing of the oil and aqueous phases, intermittent surface attachment of 

the aqueous phase or random droplet generation. We also demonstrated the 

successful application of the novel droplet generator at an SFX experiment at LCLS 

and showed a correlation between crystal hit rate and volume fraction of water 

during droplet generation. Robust droplet generation with a 3D printed device and 

Novec surface coatings will be utilized for the synchronization of crystal suspension 

droplets with the frequency and phase of XFELs in the future. 
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CHAPTER 5  

SEGMENTED FLOW GENERATOR FOR SFX AT THE EUROPEAN XFEL 

5.1. Abstract  

Serial femtosecond crystallography with X-ray free electron lasers (XFELs) has made 

great advancements in recent years, including the structure determination of 

complex membrane proteins as well as time-resolved serial protein crystallography. 

When conducted with common liquid sample delivery, which continuously jets the 

crystal suspension into the path of the XFEL beam, a vast amount of sample is 

wasted due to the pulsed nature of all current XFEL sources. The European XFEL 

(EuXFEL) currently requires very large sample amounts as it delivers femtosecond 

(fs) X-ray pulses in pulse trains separated by 100 ms, but with pulses within trains 

currently separated by only 1 microsecond. Therefore, in continuous liquid delivery, 

fast jet speeds are required to replenish the sample between pulses, but more than 

99% of sample flows to waste in between pulse trains without interaction with the 

XFEL beam. Here, we introduce a microfluidic device to deliver aqueous protein 

crystal laden droplets segmented with an immiscible oil that reduces sample waste 

significantly. We demonstrate droplet injection at the EuXFEL during the first 

commissioning experiments, showing that this approach is compatible with the high-

pressure liquid delivery of a serial crystallography experiment including sample 

jetting for more efficient data collection. While achieving ~ 60% reduction in sample 

waste, we determined the structure of the enzyme 3-deoxy-D-manno-octulosonate 

8-phosphate synthase from microcrystals delivered in segmented droplets revealing 

distinct structural features not previously reported. 
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5.2. Introduction 

The emergence of X-ray free electron lasers (XFELs) has significantly advanced X-ray 

crystallography in the past decade by circumventing many of the limitations of 

traditional goniometer-based synchrotron X-ray crystallography. Traditional 

macromolecular X-ray crystallography collects full data sets from irradiation of a 

single crystal as it is rotated during X-ray exposure to obtain a structure. Radiation-

induced structural damage19, 226 can be mitigated, but not eliminated, by data 

collection under cryogenic conditions, using relatively large crystals or spreading the 

dose over a few crystals.227 While decreasingly small protein crystals can be used for 

high-resolution structure determination at modern microfocus synchrotron 

beamlines, protein crystallography is typically achieved for static structures that are 

not highly prone to radiation damage.226 Furthermore, time-resolved synchrotron 

macromolecular crystallography is currently limited to 100 ps time resolution and 

almost exclusively carried out on reversible, light-initiated reactions in large crystals. 

In serial femtosecond crystallography (SFX) with XFELs, each diffraction pattern is 

obtained before the crystal is destroyed by the intense XFEL pulse, enabling high-

resolution structure determination at room temperature from radiation-sensitive 

samples (such as metalloproteins),19, 226, 227 and reaction intermediates with 

unprecedented time resolution.19, 164, 228-230 SFX datasets consist of thousands of 

single snapshot diffraction patterns collected from microcrystals in random 

orientations interacting with single femtosecond-scale XFEL pulses.36  

The European XFEL (EuXFEL) is designed to deliver trains of fs X-ray pulses with MHz 

repetition rates within such trains. The trains repeat at 10 Hz effectively switching off 

the beam >99% of the time, causing a tremendous sample waste problem if sample 

is delivered continuously (even if the EuXFEL runs at the full capacity of 4.5 MHz 

pulse repetition rate within trains in the future). Thus, a large amount of protein 
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needs to be produced and crystallized for structure determination, creating a 

bottleneck where hundreds of milligrams to grams of protein are required for a 

complete data set.14  

The EuXFEL MHz pulse repetition rate requires fast sample replenishing which can 

only be accomplished with high jet velocities ≥ 50 m/s.47, 231 Suitable injectors for 

crystal suspension sample injection are the gas dynamic virtual nozzle (GDVN)45 or 

liquid focusing with a double-flow focusing nozzle (DFFN).131 The GDVN has been 

demonstrated to generate high velocity jets able to replenish the sample jet between 

MHz pulses at the EuXFEL,47 and the DFFN also utilizes a GDVN. Sample delivery with 

viscous media injectors159 such as the lipidic cubic phase injector26 or fixed target 

approaches23 cannot keep up with the MHz repetition rate of the EuXFEL despite their 

advantages in reducing sample waste. Similar issues arise for the microfluidic 

electrokinetic sample holder (MESH)149 and its updated version, the concentric MESH 

injector (coMESH).147  

Droplet injection methods have the potential to overcome the limitations due to 

sample waste, but in order to be compatible with MHz repetition rates of the EuXFEL 

they must be compatible with the fast replenishing requirements. Additionally, any 

method for reducing sample waste, should also be compatible with time-resolved 

(TR) crystallography with the ultimate goal of constructing molecular movies.232 TR-

SFX is relatively straightforward to be combined with droplet injection for 

photoactivated reactions. However, biomolecular reactions with ligands or substrates 

require crystals to be mixed with reactants in solution prior to injection into the path 

of an XFEL. Acoustic droplet ejectors (ADEs) have demonstrated delivery of drops-

on-demand for SFX with a high hit fraction143, 144 usually in conjunction with a 

conveyor belt that transfers the droplets into the X-ray beam. However, the ADE 

technique is incompatible with the short spacing of pulses at the EuXFEL, so this 
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technique could only use one pulse in the pulse train thereby reducing the repetition 

rate to effectively 10 Hz. In addition, this approach is limited to photoinitiated TR-

SFX studies and reactions involving gas-phase substrates delivered to aqueous 

media on millisecond time scales or above, excluding a large class of enzyme-

substrate reactions. Similarly, piezoelectric droplet injectors142 suffer from large 

droplet volumes increasing background scattering and are not compatible with the 

MHz repetition rates required by the EuXFEL. 

Here, we introduce a novel approach to reduce sample waste in SFX experiments at 

the EuXFEL. It is based on the generation of sub-nL crystal suspension droplets 

embedded in an immiscible oil, allowing injection with a traditional GDVN. We 

demonstrate droplet generation of 3-deoxy-D-manno-octulosonate 8-phosphate 

synthase (KDO8PS) crystal suspensions with a microfluidic droplet generator and 

show that the droplet generation frequency can be controlled by the flow rates of the 

aqueous and oil streams. The diffraction quality of crystals of KDO8PS is similar both 

when injected in aqueous droplets surrounded by oil or by continuous injection with 

a GDVN, with ~ 60% reduction in sample consumption achieved with droplet 

injection. The determined structure revealed new detail in a previously undefined 

loop region of KDO8PS, an important target for antibiotic studies.  

These results from commissioning the EuXFEL advocate for future routine integration 

of droplet generation by segmented oil flow at other XFELs around the world. This 

includes the Linac Coherent Light Source at SLAC National Accelerator Laboratory 

(SLAC) operating from 30-120 Hz18 and other XFELs such as the Spring-8 Angstrom 

Compact Free Electron Laser (SACLA) pulsed at 30-60 Hz,233 the Pohang Accelerator 

Laboratory (PAL) at 60 Hz 234 and the SwissFEL at up to 100 Hz.235 All these 

instruments waste the majority of sample during continuous liquid injection132 which 

could be significantly reduced with the here presented approach.  
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5.3. Materials and Methods 

5.3.1. Chemicals and Materials 

IP-S photoresist was purchased from Nanoscribe GmbH (Germany); SU-8 developer, 

from Microchem (USA); Novec 1720, from 3M (USA); isopropyl alcohol, from VWR 

Analytical (USA); epoxy (#04001) from Hardman Inc. (USA); perfluorodecalin (PFD), 

from Sigma-Aldrich (USA); 1H,1H,2H,2H-perfluorooctanol (PFO), from Alfa Aesar Co. 

Inc. (USA); KDO8PS genes, from GenScript Inc. (USA); E. Coli, from New England 

Biolabs (USA); Sigma Fast tablets, β-mercaptoethanol, Tris, HCl, 

ethylenediaminetetraacetic acid (EDTA), protamine sulfate, KCl, and protease 

inhibitor cocktail, from Sigma-Aldrich (USA); and poly(ethylene glycol) 5000 methyl 

ether (PEG5000 MME), from Hampton Research (USA). Fused silica capillaries were 

obtained from Molex LLC (USA); tubing and capillary union connectors, from IDEX 

Health & Science LLC (USA); PicoClear unions, from New Objective, Inc. (USA); PEEK 

tubing, from Zeus (USA); double sided tape, from 3M (USA); and 10 kDa cutoff 

filters, from Centricon, Millipore (USA). 

 

5.3.2. Sample Preparation 

The wild-type KDO8PS gene was cloned into a pET-23d plasmid and subsequently 

transformed into LEMO23(DE3) competent E. coli cells and expressed as described 

previously236, 237. Cells were harvested by centrifugation and lysed by sonication after 

resuspension in 300 mM Tris-HCl pH 7.3, 75 mM KCl, 5 mM EDTA, 2 mM β-

mercaptoethanol, SigmaFast protease inhibitor cocktail and 2 mg/mL of hen egg 

white lysozyme in the lysis buffer. The lysate was centrifuged to separate the lysate 

from intact cells and debris and subsequently stirred with dropwise addition of 2.2% 

w/v protamine sulfate, 20 mM Tris pH=5, 300 mM KCl, 2 mM β-mercaptoethanol, 
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and SigmaFast protease inhibitor cocktail until precipitation of the genetic material, 

followed by centrifugation. The supernatant was dialyzed through a 3 kDa cutoff 

dialysis membrane overnight into 20 mM Tris-HCl pH=7.3, 75 mM KCl, and 2 mM β-

mercaptoethanol. After centrifugation, the supernatant was filtered using a 0.22 µm 

syringe filter. Aliquots were injected into an anion exchange column (900 mm x 16 

mm, DEAE-sepharose) equilibrated with 20 mM Tris-HCl pH=7.3, 75 mM KCl, and 2 

mM β-mercaptoethanol. The salt concentration was increased to 125 mM KCl to elute 

KDO8PS fractions. Purity was determinded by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) and a thiobarbituric acid assay was used to confirm 

KDO8PS functional activity. Additionally, mass spectrometry by MALDI-TOF/TOF and 

dynamic light scattering (DLS) were used to confirm the identity of KDO8PS and to 

characterize the monodispersity of the sample prior to crystallization. Pure fractions 

of KDO8PS were pooled and concentrated with a 10 kDa cutoff centrifugal filter until 

an absorbance value of A205 = 0.645 was achieved. The concentrated solution was 

frozen and stored at -80°C until crystallization. KDO8PS microcrystals were grown 

using a stirred batch method238 where the concentration of KDO8PS was adjusted to 

8.75-12 mg/mL. Crystallization was induced by dropwise addition of 16-20% w/v 

PEG 5000 MME. Crystal batches were monitored and inspected under a stereo 

microscope and characterized by dynamic light scattering to select the most uniform 

batches for desired size and size homogeneity. Crystal batches used for this 

experiment consisted of uniform crystals of the size range between 8 and 10 µm. 

 

5.3.3. Droplet generator fabrication  

The continuous oil phase was prepared by mixing PFD and PFO in a 10:1 v/v ratio. 

Droplet generator devices were fabricated as described previously.70 Briefly, models 

were designed in AutoCAD (AutoDesk, USA) and 3D printed using IP-S photoresist 
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and the Photonic Professional GT 3D printer (Nanoscribe GmbH, Germany). Printing 

was accomplished in solid mode using dip-in laser lithography two-photon 

polymerization. Once printed, devices were developed in SU-8 developer and rinsed 

in isopropyl alcohol. Each device was then immobilized on a glass slide with tape, 

and fused silica capillaries with polished ends were inserted and glued into the device 

inlets and outlet with epoxy. Lastly, the device, GDVN, and capillaries were surface 

treated using Novec 1720 as described previously.70 The fused silica capillary outer 

diameter (OD) was 360 µm and the inner diameter (ID) varied (either 50, 75, or 100 

µm). The T-junction was defined by the intersection of a 100 µm x 75 µm x 650 µm 

rectangular channel and a 50 µm diameter cylindrical channel (see Figure 5.1c).  

 

5.3.4. Fluidic set-up 

Positive pressure was applied using HPLC pumps (LC-20AD from Shimadzu Co., 

Japan) to initiate and control the fluid flow. Each HPLC pump delivered water to a 

custom made or commercial reservoir containing a piston from which either crystal 

suspension or oil phase was dispensed.133 For XFEL experiments, the crystal 

suspension reservoir was mounted on a rotating anti-settling device with 

temperature control at 4°C.133 PEEK tubing and fluidic connections were used to 

connect components upstream of the droplet generator device, while fused silica 

capillaries and PicoClear unions were used to connect the droplet generator to the 

downstream GDVN. Liquid flow meters SLI-0430 and SLG-0075 (Sensirion, 

Switzerland) were used to monitor the flow rates after the reservoirs (see Figure 

5.1a,b for a schematic).  
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5.3.5. Droplet detection 

All components were purchased from Thorlabs, USA, unless stated otherwise. Briefly, 

a 1550 nm 5 mW laser beam (a L1550P5DFB laser diode and a LTC56B Controller 

Kit) was transmitted across the fused silica capillary connecting the T-junction 

droplet generator with the GDVN, and the transmitted light was detected with an 

amplified photodetector (PDA20CS). A collimating lens (C230TMD-C) on kinematic 

mount (KC1-T), a fused silica capillary custom built holder, and a 200 µm pinhole 

were aligned between the laser diode and the detector using x-y translators 

(SCPO5T) within a 30 mm cage system. The signal (Figure 5.1f) was displayed and 

recorded on an oscilloscope (TDS 2024, Tektronix). Droplet experiments outside of 

an XFEL facility were additionally monitored with brightfield optical microscopy (IX71, 

Olympus, USA) and a Photron high speed camera (FASTCAM SA4, Japan). 

MicroManager (ver 1.4.22, UCSF, USA) and ImageJ (ver 1.48v, NIH, USA) software 

were used for image acquisition, processing, and analysis, and Origin (OriginLab 

Corp., USA) was used to generate plots. 

 

5.3.6. XFEL Instrument Setup 

Experiments were conducted at the EuXFEL (Schenefeld, Germany) upstream 

interaction region of the SPB/SFX instrument46 during the beamtime P2042. The 

pulse structure of the XFEL was composed of 10 Hz trains, with 32 pulses per bunch 

train. The pulse duration was ≤100 fs239 with a photon energy of 9.31 keV. The 

beam was focused with compound refractive lenses to a beam diameter of 15 x 20 

µm2. The average pulse energy was 280 µJ. Diffraction data was collected using an 

AGIPD 1 Mpx detector240 at a detector distance of 173.5 mm.241, 242 The GDVN was 

attached to the end of a nozzle rod (~ 1 m in length) that was inserted through an 

airlock system into the 10-5 mbar vacuum chamber. Helium gas pressure of 150 psi 
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was used to operate the GDVN and was controlled by GP1 electronic pressure 

regulators (Equilibar, USA). 

 

5.3.7. Data Processing 

The KDO8PS diffraction patterns collected were identified and calibrated using 

Cheetah.122 For hit-finding, a minimum of 2 pixels with a count above a threshold of 

500 with a minimum signal-to-noise ratio of 8 was considered a peak, and an image 

containing at least 10 such peaks was classified as a hit. From the ~ 4,100,000 

images collected, 37,000 were classified as hits, which corresponds to an average hit 

rate of 0.9%. 

Approximately 46 % of the identified hits could be indexed and the Bragg reflections 

integrated using the software package CrystFEL (version 0.8.0),123 based on the 

peak locations found by Cheetah. Indexing was performed by CrystFEL’s indexamajig 

sequentially trying XGANDALF,243 DirAx,244 MOSFLM245 and XDS246 requiring a cubic 

body-centered lattice and unit cell parameters of a=b=c=118 Å and a=b=g=90° 

(Figure B.3). The indexamajig integration radii were set to 2, 3, 4 pixels and 

indexing solutions were checked by ensuring that they accounted for at least 50% of 

the observed peaks (option “check-peaks”).  

The indexed patterns were further processed with ambigator225 to resolve the 

indexing ambiguity inherent to the cubic space group for serially collected data. The 

number of correlation coefficients per crystal was limited to 1000 for speed, and 10 

passes of ambiguity resolution were made over all crystals. This resulted in 8315 

indexing assignments being changed, corresponding to roughly 50 % of the data as 

expected. The indexed reflections were subsequently scaled and merged using 

partialator,124 applying the unity model (without partiality modeling) over 3 

iterations. The intensities were converted to structure factor moduli using the 
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truncate program of the CCP4 suite247, and a fraction of 0.1 reflections were included 

in the generated Rfree set. The L-test implemented in truncate was used to ascertain 

successful de-twinning of the data (Figure B.4).  

 

5.3.8. Structure Solution and Refinement 

Phasing was done using molecular replacement with Phaser248 of the CCP4i program 

suite247 using the PDB code 1X8F 249 as search model. The obtained model was 

refined using alternate cycles of automated refinement with REFMAC250 and manual 

inspection was performed with COOT.251 The final refined structure was assessed 

using the web server PDB-REDO,252 which indicated that the Rfree value is biased. 

The Rfree value reported in the results is therefore the unbiased Rfree value, as 

defined by PDB-REDO.253 All Figures of the protein structure presented in this 

manuscript were generated in PYMOL.254 The final refined structure was validated 

using the wwwPDB Validation Service and submitted to the Protein Data Bank for 

deposition. (PDB ID 6U57). 

 

5.4. Results and Discussion  

5.4.1. Droplet Generator Setup at XFEL 

We present a droplet generator providing sub-nL sized droplets of crystal 

suspensions intersected by a continuous oil phase for experiments at the EuXFEL, 

which is depicted in Figure 5.1. To integrate it in a typical SFX liquid injection setup 

employing a GDVN to deliver the sample in a vacuum chamber, we employed a 3D 

printed microfluidic droplet generator, as previously described.70 Here, we adapted 

this approach for a workflow compatible with the early user experiments at the 

EuXFEL as depicted in Figure 5.1a. Positive pressure was applied to drive water at a 

constant flow rate from the HPLC pumps to the fluidic reservoirs. The HPLC pumps 
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and flow rate sensors were remotely accessible to allow real-time adjustment of the 

flow rate conditions for the oil phase and crystal suspension during the experiment. 

The reservoir containing the crystal suspension was mounted in an anti-settling 

device to prevent crystal settling and was maintained at 4°C to minimize crystal 

degradation.255 Teflon pistons in the reservoirs displaced the sample or oil, and the 

flow rates were monitored with flow rate sensors mounted shortly after the reservoir. 

The crystal suspension leaving the sample reservoir flowed into the droplet generator 

inlet for the aqueous phase with flow rates, 𝑄*v, ranging from 3 – 15 µL/min. The oil 

leaving the respective reservoir entered the droplet generator at the continuous 

phase inlet (Figure 5.1c), with oil flow rates, 𝑄g$), ranging from 5 – 50 µL/min. Thus, 

the total flow rate, 𝑄fgf, varied from 8 – 65 µL/min, with various combinations of flow 

rate ratios of 𝑄g$) to 𝑄*v utilized for droplet generation. Droplets exited the droplet 

generator through the outlet and associated capillary. Figure B.1 shows a 

representative image of droplets containing crystals generated at 𝑄*v = 4.5 µL/min 

and 𝑄g$) = 12 µL/min imaged in the capillary after the droplet generator. The 

capillary was connected to the GDVN by a union.  

The capillary leaving the droplet generator was connected to another capillary 

passing through the droplet detector which was located about 30 cm downstream 

from the droplet generator. The droplet detector was crucial for this experiment as it 

allowed real-time feedback of the droplet generation frequency. The photodetector 

delivered a scalable voltage signal that allowed recording of the droplet frequency 

with an oscilloscope. Figure 5.1d shows the functioning principle of the droplet 

detector, taking advantage of the transmission differences between oil and aqueous 

solutions upon excitation at 1550 nm. Droplets were continuously observed with the 

droplet detector as shown in Figure 5.1e. The same capillary directly served as the 

inlet capillary of the GDVN to inject the segmented flow into the X-ray beam. The 
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total capillary length after the droplet generator was ~ 2 m to accommodate the 

droplet detector mounted near the top of the vacuum chamber and the full length of 

the nozzle rod required to insert the GDVN into the SPB/SFX vacuum chamber 

(Figure 5.1b). At total flow rates larger than 8 µL/min, we observed a stable and 

robust jet with a jet diameter of about 5-10 µm (see Figure B.2). The sample was hit 

by the X-rays in the vacuum chamber and diffraction data was collected with the 

AGIPD detector240 (see Methods Section for details).  

 

 

Figure 5.1 (a) Schematic of the workflow used at the EuXFEL SPB/SFX end 
station. The components are: 1. HPLC pumps, 2. flow rate sensors, 3. crystal 
suspension reservoir in an anti-settling device, 4. oil reservoir, 5. droplet generator, 
6. droplet detector, 7. GDVN. (b) Representative images of the fluidic setup on top of 
the SPB/SFX sample chamber at the EuXFEL, with numbers matching those in (a). 
(c) Brightfield optical microscopy image of an assembled droplet generator. (d) 
Schematic of the droplet detector and representative components: laser diode (LD), 
collimating lens (CL), pinhole (PH), and photodetector (PD). (e) Representative 
voltage plot of aqueous-in-oil droplets. Scale bar is 100 µm in (c). 
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5.4.2. Droplet Generation Frequency 

The droplet generator was tested prior to the experiment using a fluorinated oil as 

continuous phase (10:1 PFD:PFO) and the KDO8PS mother liquor as dispersed phase 

to characterize the achievable droplet generation frequencies. Many factors may 

affect droplet generation, including the channel dimensions, liquid flow rates and 

velocities, liquid viscosities, and interfacial tension between the two immiscible 

liquids. A comprehensive equation that takes into account the aforementioned 

physical parameters to characterize the droplet generation frequency, 𝑓', was given 

by Zhang et al.102:  

𝑓' =
~	×	�*

�
�0

�
× 23

2454
     (5.1) 

where 𝑢' is the velocity of the dispersed (aqueous) phase, 𝑢fgf is the total velocity, 

𝐶𝑎 is the capillary number, 𝑊 is the width of the continuous phase channel, and 𝐾 is 

a pre-factor characteristic for the system. The capillary number describes the 

relationship between viscous shear and interfacial forces, and equals the product of 

the viscosity (𝜂 = 13.3 mPa s) and velocity of the continuous phase divided by the 

interfacial tension (𝜎 = 12 mN/m) between the two immiscible liquids. Note that the 

only variable term in 𝐶𝑎 is the continuous phase velocity.  

The velocities of both continuous and dispersed phases were varied by changing their 

flow rates, while maintaining the channel geometry, fluid viscosity, and interfacial 

tension constant, with the total flow rate, 𝑢fgf, between 10 – 20 mm/s. As illustrated 

in Figure 5.2, the obtained droplet frequencies follow the relationship described in eq 

5.1 in excellent agreement. For the flow rates tested, 𝐶𝑎 ~ 10-2, which closely 

corresponds to both the transient droplet generation regime between dripping and 

squeezing as reported by Xu et al.98 and Christopher et al.,99 for which the 

relationship of eq 5.1 holds.102 The best fit to the experimental data was obtained 

with 𝐾 = 3.7 ± 0.2 m/s, which differs from the pre-factor described by Zhang et 
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al.102 We attribute this to the differences in geometry of the T-junction, which was 

reported by Gupta and Kumar256 and Wehking et al.101 to affect the droplet 

generation frequency. We further note that the target 10 Hz droplet generation 

frequency to match the EuXFEL pulse train frequency is achievable at 𝐶𝑎. /0 × 23
2454

 = 

3×10-4. 

 

Figure 5.2 Droplet frequency vs. 𝐶𝑎. /0 × 23
2454

 . The black circles represent 
experimentally determined data by varying Q��� and Q�� while maintaining a constant 
channel geometry. The curve is a fit of the data with eq 5.1 where K = 3.7 ± 0.2 
m/s. 

 

5.4.3. Correlations between Flow Rates, Crystal Hit Fraction and Diffraction Quality 

During the beam time experiment, we investigated the influence of the aqueous and 

oil flow rates on the crystal hit fraction, defined here as the number of diffraction 

patterns from crystals divided by the total number of X-ray pulses. In these 

experiments, the droplet generation was not synchronized with the EuXFEL pulse 

trains. If we assume a plug-flow model for the liquid jet, measurement conditions in 

which the droplets are unsynchronized with respect to the X-ray pulses, a constant 

nozzle sheath gas pressure, and an X-ray beam larger than the segmented jet 
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diameter, we expect the hit fraction to be proportional to the ratio 𝑝*v =
���
�454

, which 

represents the probability that an aqueous segment is illuminated by the X-rays in a 

randomly selected X-ray pulse. Moreover, we expect the hit fraction to be 

proportional to the total X-ray-illuminated volume of liquid, which is proportional to 

the square of the jet diameter, 𝑑�(f. The jet diameter in turn is proportional to >𝑄fgf 

because the jet speed is nearly fixed by the sheath gas pressure drop.257 The 

probability of hitting a crystal, 𝑝%f*), is proportional to the X-ray beam diameter 

and	𝑑�(fA . Multiplying the two probabilities, we expect the hit fraction to simply be 

proportional to 𝑄*v. 

 

 

Figure 5.3 Comparison of the number of crystals hit per run at different oil and 
crystal suspension flow rate ratios. The oil flow rate is fixed at 15 µL/min, and crystal 
suspension flow rate is varied. The box plots show the number of crystals hit per run 
at each condition: the box contains 50% of the data, whiskers include 5-95% of the 
data, and the red line in the box shows the median value. An average 5 runs per 
data point are included. 

 

In Figure 5.3, several flow rate conditions are summarized underlining this behavior 

with the oil flow rate fixed at 𝑄g$) = 15 µL/min whereas 𝑄*v is varied. The number of 
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hits is increased as ���
�454

 increases, indicative of more crystal suspension present in the 

segmented jet, and thus an increased hit fraction as discussed above. Our 

observations were thus in agreement with expected dependencies for aqueous and 

oil flow rates when synchronization with the EuXFEL was not achieved. 

KDO8PS diffraction data quality was further compared for crystals suspended in 

droplets of a segmented jet with the same sample suspended in a continuous jet (no 

oil present). A subset of data containing 13 runs for continuous injection and 67 runs 

for droplet injection was selected for this analysis obtained from the same 

crystallization batch (1 run = 2 min). The crystal suspension was continuously 

injected with a flow rate of 10 µL/min for a total of 26 min (13 runs), generating an 

injected volume of 260 µL and resulting in 577 crystal hits. This continuously injected 

sample was compared to segmented flow injection of the same sample batch over 

the same amount of time. In the segmented case, droplets were generated at 

different flow rate conditions, varying from 5 µL/min to 3 µL/min for 𝑄*v, summing 

up to a total volume of 110 µL of crystal suspension injected over 13 runs. The 

average 𝑄*v during this time was 4.2 µL/min, resulting in 735 crystal hits. During 

continuous crystal suspension injection, 2.2 hits/µL were collected while 6.6 hits/µL 

were collected during segmented flow injection (see also Table 5.1). 

Despite the observed hit fraction being small compared to previous SFX experiments 

at the LCLS,26, 258 it is similar to that observed in other SFX experiments conducted 

during the early user beam times at the EuXFEL.47, 259 This decreased hit fraction is 

caused by the large beam diameter of ~20 µm (compared to 2 µm at LCLS and 1 µm 

at SACLA for example) combined with the low pulse energy of 0.25 mJ (compared to 

the higher pulse energy of up to 4 mJ at LCLS). In order to measure higher 

resolution data, much larger crystals would be required for these experiments 

compared with other XFELs. These larger crystals are more prone to clogging and 
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thereby much less crystal density can be reached. However, we also note that in 

comparison to continuously injected sample, the number of crystal hits per sample 

volume is increased by 3-fold and the sample consumption is reduced by ~ 60% 

during the segmented flow injection. Concomitantly, the diffraction quality is 

comparable for both cases with regard to average resolution, highest resolution, 

average number of peaks per pattern for all hits, and average number of peaks per 

indexed pattern, as listed in Table 5.1. Overall, KDO8PS crystal suspension was 

injected using segmented flow for a total of 134 minutes summed over the entire 

beam time, where data collection was possible. Within this time, the crystal 

suspension flow rate ranged between 3 and 12 µL/min injecting a total volume of 

962 µL of suspension. An average of 6.0 hits per µL of sample was obtained with an 

average resolution of 4 Å. This clearly indicates that the surrounding oil did not 

impact crystal quality and did not affect the data quality for structure determination. 

A representative diffraction pattern for KDO8PS is shown in Figure B.5.  
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Table 5.1 Data collected from continuous crystal suspension injection and 
crystal suspension injected with segmented flow 

Condition Continuous Flow Segmented Flow Injection 

Collection total time 
(min) 26 26 (out of 134) 134 

Volume injected (µL) 260 110 962 

Total hits 577 735 5770 

Average number of hits 
per µL 2.2 6.6 6.0 

% indexed 53.6% 44.8% 51.9% 

Average number of peaks 
per pattern 16.6 21.0 38.3 

Average number of peaks 
per indexed pattern 23.1 ± 10.4 25.5 ± 17.5 35.5 ± 23.9 

Average resolution (Å) 4.12 4.40 4.00 

Note: Crystals were from the same crystallization batch for both continuous and 
segmented flow. 
 

5.4.4. SFX structure of KDO8PS  

The SFX structure of KDO8PS was solved based on all collected data where droplet 

formation was confirmed via the in-line droplet detector. The mean of unit cell 

constant distributions (Figure B.3) were calculated to be a=b=c=118.4 Å and 

a=b=g=90° by cell_explorer, part of the CrystFEL package.123 Of the 37,000 patterns 

classified as hits, 16,777 could be indexed and 15,777 patterns were included in the 

final set of merged reflections (1000 crystals were rejected by partialator during the 

merging) and used for structure determination. Detected diffraction peaks reached a 

resolution of 2.8 Å (Figure B.5). An overview of the data collection and processing 

parameters and statistics is presented in Table B.1 and Table B.2.  

It has been reported previously249, 260 that refinement of the KDO8PS structure is 

particularly difficult due to the inherent heterogeneity of the arrangement of 
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monomers in the KDO8PS tetramer, and three 2-fold symmetry axes intersecting in 

the center of the tetramer. This was observed for the data presented here, with the 

structure refining to a final Rwork/Rfree of 18.8/26.1. This is in good agreement with 

the structure published previously by Vainer et al.249 which was also solved by 

applying molecular replacement, but at cryogenic temperatures using conventional 

data collection methods. Furthermore, the structures reported by both Radaev et 

al.260 and Vainer et al.249 have a missing, unstructured loop region ranging from 

residues 205 to 218. In our case residue CYS-206 showed clear electron density and 

was therefore included in the model (Figure 5.4a,b). A further deviation to the 

previously published model by Vainer249 was found in the loop region ranging from 

residue 246 through to 251, which was modified from the 1X8F search model in 

accordance with the clear deviation present in the electron density (Figure 5.4c). 

This loop is completely omitted from the structure published by Radaev et al.,260 

indicating that it is a highly flexible loop. Radaev further reports that each 

monomeric unit making up the tetramer binds up to 3 sulfate ions with varying 

occupancies. We could however not reliably place any sulfate ions in our model, and 

only 2 potential solvent molecules were visible in the calculated electron density. 
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Figure 5.4 Structural differences between our refined model and the pdb entry 
1X8F used as the search model. (a,b) 2Fo-Fc electron density map contoured at 1.0 
σ in the undefined loop region ranging from amino acids 205 through 218 missing in 
the search model 1X8F. Residule electron density can clearly be seen extending 
beyond GLN-205 (b) and a cysteine was built into position 206 and refined (a). (c) 
Cartoon plot of the refined model superimposed on pdb entry 1X8F. The different 
loop placement (residue range 246-251) is highlighted in cyan (refined model) and 
magenta (pdb entry 1X8F). 

 

5.5. Conclusion 

We have presented an effective way to mitigate the sample waste inherent to 

continuous liquid sample injection for SFX at pulsed XFEL sources, a challenge 

exacerbated by the unique pulse structure of the EuXFEL. We demonstrated that a 

3D printed microfluidic droplet generator can be integrated into the workflow of an 

SFX experiment at the SPB/SFX instrument at the EuXFEL and have successfully 

injected droplets containing protein crystals into the MHz repetition rate X-ray beam. 

In comparison to continuous injection from a GDVN, segmented flow injection 

resulted in a higher number of crystal hits per volume, while maintaining the same 

quality of SFX data.  

a)

b) c)
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A room temperature structure of KDO8PS was determined from microcrystals 

delivered with the segmented flow generator. The electron density revealed 

additional detail compared to previously-reported KDO8PS structures determined at 

cryogenic temperatures,249, 260 such as the CYS-206 residue as well as a different 

loop placement in the residue range 246-251 (Figure 5.4c). The results outlined in 

this article paint a promising future for segmented flow sample delivery mitigating 

the sample waste problem of the unique pulse structure of the EuXFEL. With droplets 

synchronized with the frequency and phase of the X-ray pulses, we expect a further 

reduction in the volume of sample consumed, allowing one to explore new crystal 

samples that do not crystallize readily in large volumes. Such efforts to synchronize 

droplets in a 3D printed droplet generator via electrical triggering are currently being 

explored.105 Furthermore, the droplet generation frequency is tunable, presenting a 

promising future for segmented flow sample delivery of scarce, hard-to-crystallize 

samples and more efficient data collection for studying macromolecular dynamics at 

other current and future XFELs. 
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CHAPTER 6  

3D PRINTED MIXERS FOR MIX-AND-INJECT SERIAL CRYSTALLOGRAPHY 

6.1 Introduction 

One of the exciting avenues exploitable by serial femtosecond crystallography (SFX) 

with an X-ray free electron laser (XFEL) is the potential to obtain crystal structures of 

reaction intermediates with time-resolved (TR-) SFX.20, 36 As detailed in Chapter 1.2, 

there are two main methods for TR-SFX: the pump-probe method that utilizes an 

excitation laser pulse to trigger a photoactivated reaction before the protein crystal is 

probed by the X-ray, and mix-and-inject serial crystallography (MISC) that mixes a 

protein crystal suspension with an aqueous substrate before injection into the X-ray 

beam.70 While pump-probe TR-SFX has been pivotal in structure determination for 

reaction intermediates on time scales of hundreds of femtoseconds or greater,228 the 

method is typically limited to photoactive proteins. There are many protein reactions 

that are not triggered by light, but instead occur when a substrate interacts with the 

protein such as the antibiotic ceftriaxone binding to a β-lactamase protein50, or the 

3-deoxy-D-manno-octulosonate 8-phosphate synthase (KDO8PS) protein catalyzing 

a condensation reaction of phosphoenolpyruvate and D-arabinose 5-phosphate.261 

For these non-photoactivated reactions, MISC is an ideal TR-SFX method.  

One simple way to accomplish MISC is by using a commercial T-junction to intersect 

a protein crystal suspension with a substrate solution. This method permits reaction 

intermediate time points, 𝑡", on the order of seconds or greater.33, 48 To reach smaller 

𝑡", a MISC injector has been developed by Calvey et al.49, 51 This injector uses the 

principle of hydrodynamic focusing for fast mixing by diffusion as detailed in Chapter 

2.4. It then becomes feasible to reach 𝑡" ~ 101 ms or greater with a short mixing 
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time, 𝑡#$%, in this example, 𝑡#$%	≤ 3.3 ms.50, 51 A drawback to this MISC injector is its 

complex fabrication and assembly (>100 steps), as it requires specialized setups that 

include a custom-built UV-curing station and a laser cutting setup, and technical skill 

in microassembly and nozzle polishing.51 Additionally, since the mixer and nozzle are 

handmade, there is likely interdevice performance variation. 

To address these drawbacks, a 3D printed mixing device that utilizes hydrodynamic 

focusing for mixing by diffusion on the millisecond timescale has been proposed. 

With advances in 3D printing technology from the Photonic Professional GT 

(Nanoscribe) printer that permit printing resolution of > 500 nm, it is possible to 

design and fabricate a custom microfluidic mixing device based on the requirements 

of the protein crystal suspension and substrate solution. It has also been 

demonstrated that nozzles can be 3D printed,47, 90, 141 and the automated 

construction of critical components like the mixing region and nozzle can decrease 

variations in device performance.  

In order to determine the appropriate operating parameters (e.g. flow rate, channel 

geometry, delay length, etc.) to achieve a specific 𝑡#$% and 𝑡", numerical models can 

be used to solve the Navier-Stokes and convection-diffusion equations. The Navier-

Stokes equation is solved to determine the velocity flow profile within the device, and 

the convection-diffusion equation is solved to determine the concentration profile 

within the device. With the results from this model, 𝑡#$% can be calculated without the 

need to experimentally use precious protein crystal suspension or substrate solution. 

By varying the flow rates of the center, 𝑄S, and side inlets, 𝑄h$'(h, and flow ratios 

(Equation 2.10), 𝜑, 𝑡#$% and 𝑡" can be varied in real time to probe multiple reaction 

intermediates. In this way, progress can be made towards assembling a molecular 

movie of a protein reaction.  
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Fluorescence microscopy experiments can be performed to verify that the numerical 

models reflect experimental conditions. In these experiments, a fluorescent solution 

hydrodynamically focuses a non-fluorescent solution. The fluorescence intensity 

profile along the center focused stream (Figure 2.6) in the microscopy experiment 

can be compared to the numerical model for verification. There are still challenges 

regarding the fluorescence microscopy experiments, as will be discussed in Chapter 

6.4.3, and thus far the fluorescence experiments have not agreed with the numerical 

models. To this extent, potential explanations for the discrepancies are provided and 

potential solutions are proposed. 

In addition to device characterization with numerical modeling and fluorescence 

microscopy, four main types of mixers have been developed for a variety of 𝑡" 

ranging from 100 – 103 ms. These devices include 3D printed mixers connected to a 

nozzle by a fused silica capillary and a 3D printed mixer with an integrated nozzle. 

The long capillary-coupled mixer (CCM) device was utilized at the MFX end station at 

LCLS to determine a structure for the Pr intermediate of the oxidation of cytochrome 

c oxidase (𝑡" = 8 s).57 

 

6.2 Materials and Methods 

6.2.1 Chemicals and Materials 

IP-S photoresist and ITO-coated glass slides were purchased from Nanoscribe GmbH 

(Germany); SU-8 Developer from Microchem (USA); isopropyl alcohol, rhodamine B, 

pentaerythritol triacrylate (PETA), Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide 

(BAPO), fluorescein sodium salt, potassium phosphate monobasic, and sodium 

phosphate dibasic from Sigma (USA); polydimethylsiloxane (PDMS) from Dow 

Corning (USA). Alexa Fluor 488 dye was purchased from Fisher Scientific Company 

(USA). Fused silica capillaries were purchased from Polymicro (Molex, USA); 
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Double/Bubble® red extra fast drying epoxy adhesive from Hardman (USA); 3 µm 

aluminum oxide lapping film from Allied High tech products, Inc. (USA); 

Polyetherether ketone (PEEK) tubing from Zeus (USA); 5 mL plastic syringes from 

BD (USA); syringe filters (0.2 µm) from Thermo Scientific (USA). Ultrapure water 

from Millipore (USA) and Elga (UK) water purification systems. Fluidic connections 

were from IDEX Health & Science (USA).  

 

6.2.2 3D Printing 

A 3D CAD drawing was created using AutoCAD (Autodesk Inc., USA) and SolidWorks 

(Dassault Systèmes, France), which was then imported into DeScribe (Nanoscribe 

GmbH, Germany) to create a printing file. The file was composed in solid mode for 

structural integrity. Since the device was too large to print in one continuous piece, 

the solid was split into blocks (240x240x150 µm3) such that each block has a slight 

overlap (3 µm) with adjacent blocks to stitch together a complete solid device. The 

range of the piezo motor is 300 µm, so any design larger than that must be split into 

blocks to ensure accurate printing. Each block is set to print individually, and each 

subsequently printed block progresses such that one plane of the full device is 

printed before the z-drive of the Nanoscribe lowers the objective and begins printing 

the next plane of blocks. During the block splitting process, the position of the blocks 

was modified to ensure blocks edges did not overlap any critical portions of the mixer 

such as the cross intersection. The device was printed using a Photonic Professional 

GT (Nanoscribe GmbH, Germany) two-photon 3D printer using a 25x objective 

(numerical aperture (NA) 1.4), with photoresist on an ITO-coated glass slide 

operating in dip-in laser lithography mode. The photoresist was either IP-S or PETA 

with 1.2% (w/w) BAPO as the photoinitiator (PETA photoresist).262-264 A detailed 

printing description is provided in Appendix C. 
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After printing, the non-polymerized photoresist was removed using SU-8 Developer 

followed by rinsing with isopropyl alcohol. When using the PETA photoresist, ethanol 

was used instead of SU-8 developer. Wetted with isopropyl alcohol, the device was 

imaged under a stereomicroscope (Olympus, USA) to visualize the channels. Since 

the material is transparent, the meniscus of the vaporizing alcohol in the channels 

was monitored to ensure that the channels were free of debris and defects. The 

device was allowed to dry before assembly. 

 

6.2.3 Device Assembly 

For handling, the mixing device was temporarily immobilized between two pieces of 

polydimethylsiloxane (PDMS) with the inlets exposed and accessible. With the aid of 

a stereomicroscope, fused silica capillaries were manually inserted into the inlets of 

the mixing device and permanently affixed with epoxy. Once the epoxy was set (~10 

min), the device and PDMS were adjusted to expose the outlet, and a capillary was 

inserted and affixed with epoxy.  

For devices utilized in SFX experiments, a nozzle was coupled to the outlet capillary. 

For a short CCM, the liquid line capillary of a 3D printed GDVN was attached to the 

mixer’s outlet through the same insert-and-affix procedure with an additional step of 

inserting and affixing the capillary for the helium gas in the 3D printed nozzle. For a 

long CCM, the liquid line of a traditional glass GDVN was connected by a union to the 

mixer’s outlet capillary. When assembling a hybrid device, the capillaries for the 

liquid lines and gas line are inserted and affixed at the same time, and there is no 

outlet capillary as the nozzle is integrated with the mixer. 
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6.2.4 Fluorescence Detection 

For experiments using Rhodamine B, a 110 µM solution of aqueous Rhodamine B in 

50 mM pH 7.4 phosphate buffer was used to visualize hydrodynamic focusing within 

the device. Water from an HPLC pump (LC-20AD, Shimadzu, Japan) was driven 

through PEEK tubing at a constant flow rate and applied positive pressure to a Teflon 

piston within a steel reservoir133 that contained a solution of phosphate buffer. The 

displaced liquid was then driven through the fused silica capillary and into the center 

inlet of the mixing device. Plastic 5 mL syringes containing the rhodamine B solution 

were driven by a dual syringe pump (Pump 11 Pico Plus Elite, Harvard Apparatus, 

USA). The center flow rate was monitored using an in-line flow rate sensor 

(SLG0075, Sensirion, Switzerland) between the HPLC pump and the steel reservoir. 

Fluidic connections were made with IDEX fittings, Zeus tubing, and fused silica 

capillaries. For experiments that used Alexa Fluor 488, 10 µL aliquots of 10 mM 

Alexa Fluor 488 in 50 mM pH 7.4 phosphate buffer were prepared and frozen. Before 

each experiment, a single aliquot was thawed, diluted to the working concentration, 

and loaded into the plastic 5 mL syringes. The remaining fluidic setup was identical 

to Rhodamine B experiments. For fluorescein experiments, the setup was the same 

as Alexa Fluor 488 experiments, but with 1 µM fluorescein in 50 mM pH 7.4 

phosphate buffer. All solutions were filtered with 0.2 µm surfactant-free cellulose 

acetate membrane filters (Thermo Scientific, USA) before use. 

Optical brightfield and fluorescence microscopy of the hydrodynamic focusing were 

accomplished with an Olympus IX71 microscope (Olympus, Japan) using a 20x 

objective (NA 0.45) (Olympus, Japan) for Rhodamine B experiments and a 40x 

objective (NA 0.6)(Olympus, Japan) for Alexa Fluor 488 experiments. Light from a 

mercury lamp (U-LH100HG, Olympus, Japan) passed through a filter cube to excite 

the fluorescent dye and the resulting emission was detected with an EMCCD camera 
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(iXon X3, Andor, Ireland). For Rhodamine B experiments, the filter cube setup was 

as follows: excitation filter: 531/40 nm (FF01-531/40-25, Semrock, USA), emission 

filter: 607/36 nm (FF01-607/36, Semrock, USA), dichroic mirror: 593 nm (FF01-

593/40-25, Semrock, USA). For Alexa Fluor 488 and fluorescein experiments, the 

filter cube setup was as follows: excitation filter: 470/40 nm (ET470/40 X 204556, 

Chroma, USA), emission filter: 525/50 nm (ET525/50 M 204808, Chroma, USA), 

dichroic mirror: 495 nm (U-N49002, Chroma, USA). Images were acquired with 

MicroManager (Fiji, USA) and processed with Fiji (Fiji, USA) and Matlab (MathWorks, 

USA). 

Mixers designated for fluorescence microscopy experiments were immobilized on a 1 

mm glass slide with epoxy applied between the capillaries and the glass slide. The 

mixing device was flat on the glass slide. Before imaging IP-S mixing devices, they 

were photobleached for ≥ 2 hours by exposure to the excitation light.  

 

6.3 Numerical Modeling  

Using COMSOL Multiphysics 5.3 (COMSOL Inc., Sweden), the flow profile and 

concentration profile within a microfluidic device were modeled. The following is a 

detailed description of the modules and components within the module.  

Two-dimensional and three-dimensional stationary studies using the laminar flow 

and transport of diluted species modules were developed in COMSOL Multiphysics 

5.3. The 2D study was used to model mixing devices with square channels. As the 

channels and flow profile are symmetric in the square channels, a 2D study is 

representative of the center xy-plane of the device and was used to reduce the 

computational power and time. Three-dimensional studies were used to model 

mixing devices with cylindrical channels as the curvature is not necessarily well 

modeled in a 2D study. Additionally, three-dimensional studies were also used to 
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model square channels (Figure 6.6) for comparison with the 2D models. As the 

hydrodynamic focusing profile operates at steady state in a laminar flow regime, a 

stationary study is useful for reducing computational power while maintaining results 

representative of experimental conditions. In a MISC experiment, the profile would 

not be steady state due to the protein crystals that pass through. This discrepancy 

between model and experiment can be reconciled in two ways depending on crystal 

size. If the crystals are smaller than 𝑤d, then the impact the crystals have on the 

shape of the hydrodynamic focusing profile should be minimal. If the crystals are 

larger than 𝑤d, then the presence of a crystal will cause a disturbance in the flow 

profile. Since crystals tend to stay in the center of 𝑤d,49 the flow profile will be similar 

to the modeled hydrodynamic focusing profile on average. 

In the parameters tab, the following parameters were defined: initial concentration 

(1×10-3 mol/m3, equivalent to 1 µM), density (1000 kg/m3 for water at room 

temperature), viscosity (8.0×10-4 Pa s for water at room temperature), the 

hydrodynamic radius of the dye (for Alexa Fluor 488, 5.8×10-10 m),265 and the flow 

rate for each inlet. The temperature defined in the Common Model Inputs tab was 

293.15 K for room temperature. The diffusion coefficient of the dye was calculated 

using Equation 2.3 with the previously defined radius, viscosity, and temperature as 

inputs for the equation and was found to be 4.2x10-10 m2/s, in good agreement with 

the literature.265 

The geometry node was used to create a blank 2D geometry plane. A rectangular 

cross intersection of the device was constructed with channel widths of 120 µm using 

built-in geometry functions. The corners of the intersection were filleted by 5 µm to 

avoid any corner effects. The inlets were 150 µm in length, with a 120 x 120 µm 

cross intersection, and the outlet was 1 mm in length. 
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In the materials node, a material was created that used the same density and 

viscosity as defined in the parameters section. This was representative of the 

phosphate buffer solution as the ions of the phosphate buffer do not significantly 

affect the viscosity and density of the aqueous solution. 

The laminar flow module solves the Navier-Stokes equation for a Newtonian 

incompressible fluid (Equation 2.5)74 within the device as detailed in Chapter 2.4. In 

addition to the conservation of momentum represented in the Navier-Stokes 

equation, conservation of mass must also be satisfied, so Equation 2.6 was solved as 

well in this module. The discretization of fluids was set to P2 + P1, and the density 

and dynamic viscosity were as defined in the parameters node. Initial values for 

velocity and pressure throughout the geometry were zero, and the walls were no slip 

boundaries. Inlet boundaries were set as fully developed flow, with the flow rate 

being defined as listed in the parameters section. An entrance thickness of 120 µm 

was defined to model the flow profile within a 3D printed device. The outlet boundary 

was set to a pressure of zero and suppressed backflow. 

The transport of diluted species (TDS) module solves the convection-diffusion 

equation (Equation 6.1) to determine the concentration profile within the mixer as 

detailed in Chapter 2.4.  

∇ ∙ 𝑱 + 𝒖 ∙ ∇𝑐 = 0     (6.1) 

In Equation 6.1, 𝒖 is the velocity vector, 𝑱 is the molar flux (Equation 2.7), and 𝑐 is 

the concentration. Since there is no reaction modeled, the right-hand side of the 

equation is zero. As the flow is laminar and with a high 𝑃𝑒 (see Equation 2.8), the 

species transport in the x-direction of Figure 2.6 (i.e. the direction of the bulk flow) 

is dominated by convection, but in the y- and z-directions convection is negligible; 

thus, in the y- and z-direction, the species transport is dominated by diffusion (Fick’s 

first law, Equation 2.7). The discretization in the TDS module was set to quadratic, 
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and the velocity profile was the result of the laminar flow module. The diffusion 

coefficient used was as defined in the parameters node. The wall boundaries were 

set to no flux and the initial concentration was zero throughout the geometry. Inlet 

boundaries for the side inlets were set to the initial concentration defined in the 

parameters node, while the center inlet boundary was set to zero, and an outflow 

boundary was set for the outlet.  

The free triangular mesh was segmented into several parts. The base mesh 

throughout the geometry and the wall boundaries were defined with the preset 

extremely fine fluid dynamics mesh. In the intersection of the cross, extending 20 

µm into each inlet and the outlet, the mesh was preset to the same extremely fine 

mesh, but the maximum and minimum element size were reduced to 0.5 and 0.001 

µm, respectively. This altered extremely fine mesh was also used for the wall 

boundaries on the filleted corners of the intersection. 

The study was split into two steps: first, the laminar flow module was solved, then, 

using the velocity results from the first step, the TDS module was solved. Breaking 

the study into two steps reduces computation time while maintaining the same 

results as computing the laminar flow and TDS modules simultaneously.  

By varying the inlet flow rate magnitudes and flow rate ratios, 𝜑 (Equation 2.10), the 

mixing time, 𝑡#$%, was studied. The resulting velocity profile yields 𝑢#*% in the outlet, 

and can thus be used when calculating 𝑑'()*+ (Equation 2.12) for a specified 𝑡". 

Center flow rates were varied from 1 – 10 µL/min, with 𝜑 from 2 – 80. 

In addition to 2D models, stationary 3D models were investigated. The parameters 

for the 3D model were identical to the 2D model with the exception of the geometry 

and the mesh settings. In the geometry node, two intersecting cylinders (120 µm 

diameter) were constructed using the built-in geometry functions. As with the 2D 

model, the Navier-Stokes equation was first solved to determine the velocity flow 
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profile and then the convection-diffusion equation was solved to determine the 

concentration profile within the device. To compute the results in a reasonable 

amount of time, a coarser mesh than the 2D model was used: instead of extremely 

fine, the mesh was set to normal. 

 

6.4 Results 

6.4.1 3D Printed Mixer  

Mixing devices (Figure 6.1) were designed to couple with existing SFX sample 

delivery setups, as well as to optimize print time and structural stability. First, the 

channel dimensions were selected to prevent clogging of microcrystals within the 

device. A large inner diameter relative to the average crystal size reduces the 

likelihood that a crystal will get stuck and clog the device, which then would require 

time-consuming cleaning or device replacement. At a time-sensitive XFEL 

experiment, device robustness is of great importance. For working with protein 

crystals with an average size of 20 x 20 x 4 µm3, such as the cytochrome c oxidase 

crystals used in Ishigami, et al.,57 a channel width, 𝑤S, of 120 µm was selected to 

minimize clogging risk. The outlet length (400 µm) within the 3D printed device was 

not crucial as the capillary connecting the mixing device with the GDVN was three 

orders of magnitude longer, and thus would be the main factor in determining the 

reaction intermediate time point, 𝑡". The fluidic channels were cylindrical for the 

majority of printed devices, although devices with square channels to eliminate 

lensing effects during fluorescence microscopy were developed later. The square 

devices maintained the same 𝑤S. 

Next, the device must interface to sample reservoirs and injection nozzles. These 

connections are commonly accomplished with PEEK tubing and fused silica 

capillaries. Since the PEEK tubing (1/16” outer diameter (OD)) is too large for a 
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Nanoscribe 3D printed device, the inlets and outlet were designed to interface with 

360 µm OD fused silica capillary instead. In earlier designs, the transition from 

capillary to 3D printed fluidic channels used a cone that decreased from 360 µm OD 

of the capillary down to 𝑤S (Figure 6.1a). Later iterations instead had an increasing 

cone with the base positioned flush with the 100 µm fluidic hole in the capillary and 

transitioning to the larger 𝑤S (Figure 6.1).  

Some iterations of the CCM omitted much of the unused space in the device (i.e. no 

fluidic channels or capillary ports) to reduce printing time. The walls of the device 

were all connected and thick enough (≥100 µm) to maintain structural stability 

during handling.  

 

 

Figure 6.1 Design of the mixing device. (a-b) CAD drawings of a horizontal slice 
halfway through the mixing device for visualization of the channels. The channels are 
(a) cylindrical or (b) square. (c) A brightfield microscopy image of an empty, 
assembled device surrounded by epoxy. The device outline is highlighted with yellow 
dashes, and the inlets are labeled with their corresponding liquid. The channel 
geometry is identical to (a) without the holes cut out to reduce printing time. Scale 
bars are 0.5 mm. 
 

6.4.2 Numerical Models 

Numerical models were performed to calculate the flow velocity profile and the 

concentration profile within the cross intersection of the mixing device (Figure 6.2). A 

detailed description of the model was described in Chapter 6.3.1. The parameters of 

Qc and 𝜑 were varied to study the effects on 𝑡#$%, 𝑑#$%, and 𝑢#*%. 𝑄S ranged from 1 – 

10 µL/min and 𝜑 ranged from 2 – 80. The side inlet species is representative of 
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Alexa Fluor 488 dye, Rhodamine B, or fluorescein as all have essentially the same 

𝐷.265-267 

As can be seen in Figure 6.2, as 𝜑 is increases, the focus stream width, 𝑤d, 

decreases. In these models, 𝑐#$% is defined as the concentration that is half the initial 

normalized concentration. The numerical model is defined as fully mixed once the 

concentration in the center of the outlet has reached 𝑐#$%, as the center is the 

furthest distance for the side solution to diffuse to (the yellow dashed line in Figure 

2.6). In Figure 6.2a, the center of the focused stream does not reach 𝑐#$% at 𝜑 = 4 

within the modeled outlet distance (1000 µm, extending past the viewing region of 

Figure 6.2a). In Figure 6.2b, 𝜑 = 16, and the center line is approaching 𝑐#$% at the 

end of the outlet, but only reaches a normalized concentration of ~0.3 at the end of 

the 1000 µm outlet (which extends past the viewing region in Figure 6.2b). In Figure 

6.2c, 𝜑 = 40, and 𝑐#$% is reached at 160 µm after the center and sides solutions meet 

at the end of the center inlet.  

 

 

Figure 6.2 Concentration surface plots calculated from the transport of diluted 
species module in COMSOL Multiphysics 5.3. The plots are ordered by increasing 𝜑. 
(a) 𝑄S = 8 µL/min, 𝑄h$'(h = 16 µL/min, 𝑄fgf = 40 µL/min, (b) 𝑄S = 4 µL/min, 𝑄h$'(h = 
32 µL/min, 𝑄fgf = 68 µL/min, (c) 𝑄S = 1 µL/min, 𝑄h$'(h = 20 µL/min, 𝑄fgf = 41 
µL/min. Larger 𝜑 results in a smaller 𝑤d. Channel widths are 120 µm. 
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The velocity at the center of the outlet, 𝑢#*%, is determined from the result of the 

velocity profile, and is used when calculating 𝑡#$% (Equation 6.2) and 𝑑'()*+ (Equation 

2.12). 

𝑡#$% = ∑ [(𝑑��� − 𝑑�)/𝑢�]
'���
��n     (6.2) 

In Equation 6.2, 𝑑� is the distance along the center velocity profile (white dashed line 

in Figure C.1) with corresponding velocity, 𝑢�. Equation 6.2 is the sum of discrete 

time steps between 𝑑n and 𝑑#$% that are calculated using the velocity at each step. A 

cut line that proceeds from the center of the 𝑑n until the end of the modeled outlet 

(Figure 2.6) can be dictated in the Results node of COMSOL. From this cut line, the 

concentration and velocity profiles at discrete points along the line can be extracted. 

Using Equation 6.2, 𝑡#$% is calculated using the velocity and distance values from the 

extracted velocity line plot. Some examples of modeled mixing times are illustrated 

in Figure 6.3. 

 

 

Figure 6.3 Projected mixing times, 𝑡#$%, for flow rate ratios, 𝜑, at various center 
flow rates, 𝑄S. 
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For every 𝑄S, as 𝜑 increases, 𝑡#$% decreases (Figure 6.3). This relationship is 

expected as Equation 2.9 and 2.10 illustrate that 𝑤d decreases with 𝜑, and with 

Equation 2.10 the relationship between 𝜑 and 𝑡#$% can be seen. 𝑄S and 𝑄fgf also 

contribute to the 𝑡#$%. As the flow rate increases, so does the velocity, and thus it 

takes less time to get from 𝑑n to 𝑑#$%. This relationship can be seen in the decreasing 

𝑡#$% for increasing 𝑄S at a constant 𝜑.  

 

6.4.3 Experimental mixing time determinations 

Mixing with a fluorescent dye was performed experimentally with an inverted 

fluorescence microscope in order to validate the accuracy of the numerical modeling. 

A mixing device made from IP-S photoresist was used for the first mixing tests. The 

assembled device affixed to a glass slide was inverted when mounted on the 

microscope’s xy-stage such that only air was present between the objective and the 

3D printed mixing device. This setup allowed the inlet and outlet capillaries to extend 

past the microscope stage and connect to the liquid reservoirs. The 110 µM 

Rhodamine B fluorophore solution entered from the side inlets and focused the 

phosphate buffer solution from the center inlet (Figure 6.4a). The device was 

visualized using a 20x objective.  
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Figure 6.4 Fluorescence microscopy images of the intersection of a mixing device. 
Flow rates in each condition are 𝑄S = 4 µL/min, 𝑄h$'(h = 32 µL/min, 𝑄fgf = 68 µL/min. 
(a) IP-S mixing device with the 110 µM Rhodamine B solution in the side inlets and 
phosphate buffer in the center inlet. (b) PETA photoresist mixing device with the 
same solutions as (a). Magnification for (a-b) is 20x and channels are cylindrical. (c) 
PETA photoresist mixing device with 0.1 µM Alexa Fluor 488 in the side inlets and 
phosphate buffer in the center inlet. Magnification is 40x and the channels are 
square. The black corners in (a,c) are due to rotation during image processing. Scale 
bar is 50 µm. 
 

While the hydrodynamic focusing profile can be seen in Figure 6.4a, the device 

material contributed a significant amount of background fluorescence. This is most 

notable in Figure 6.4a at the edges of the device where the holes are cut out to 

reduce printing time (see Figure 6.1a). To address this background, the images were 

normalized with Equation 6.3. 

𝐼�g"#*)$�(' = (𝐼 − 𝐼#$�) (𝐼#*% − 𝐼#$�)⁄    (6.3) 

In Equation 6.3, the minimum intensity, 𝐼#$�, was an image of the channel filled with 

buffer (absent of fluorophore) and the maximum intensity, 𝐼#*%, was an image of the 

channel filled with the fluorophore solution. Even after each pixel was normalized, 

the resulting center intensity curve (Figure 6.5) did not align with the results from 

the numerical model. The experimental intensity curve began increasing at 𝑑n, which 

is earlier than the model and earlier than when one would predict with Equation 2.2. 

A potential explanation for the early fluorescence increase and shorter 𝑑#$% was that 

the emitted light from the fluorescing Rhodamine B molecules was acting as an 

a) b) c)
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excitation light source for the photoinitiator within the IP-S photoresist of the 3D 

printed mixing device. The resulting autofluorescence from the device would result in 

an increased 𝐼 (Equation 6.3) where no fluorophore is present and 𝐼#$� would be 

insufficient for the background correction. Furthermore, the photoinitiator within IP-S 

has a high autofluorescence which contributes to a large 𝐼#$�. 

 

 

Figure 6.5 Plot of the normalized fluorescence intensity along the center of the 
device from 𝑑n to the end of the outlet for the flow conditions in Figure 6.4a. 

 

To address the background fluorescence and autofluorescence from the IP-S device, 

an alternative photoresist was utilized. The device was printed in the PETA 

photoresist, which has been shown to have low autofluorescence with common 

fluorescence microscopy filter cube setups.264 The experiment was repeated in the 

PETA photoresist device with the same fluorophore solution and buffer solution 

(Figure 6.4b), and the background fluorescence was two orders of magnitude lower 

than with IP-S. However, the issues of early fluorescence intensity increase and 

short 𝑑#$% persisted. A potential explanation was that the cylindrical channels were 

causing a lensing effect or reflecting the fluorophore light such that the focused 

stream appeared to have intensity where there was no fluorophore present. An 

additional concern was that the concentration of Rhodamine B was too high, and that 
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fluorophores were forming dimers and quenching which could affect the mixing 

profile.268 

To eliminate the potential sources of error associated with cylindrical channels, a 

device with square channels was developed. Additionally, the dye in the fluorophore 

solution was changed to Alexa Fluor 488 or fluorescein to address the dimerization 

concern.269 With the PETA photoresist device with square channels and 1 µM 

fluorescein dye, the experiment was repeated using a 40x objective for visualization 

(Figure 6.4c). While the shape of the focusing profile matches well with the 

numerical model, the center normalized intensity profile does not match with the 

models (Figure 6.6).  

 

 

Figure 6.6 Plot of the center normalized concentration curves from (a) 2D and (b) 
3D numerical models (dashed lines) and the corresponding normalized intensity 
curves from fluorescence microscopy data. Both the numerically modeled channels 
and the channels used experimentally are rectangular. In all conditions, 𝑄S = 10 
µL/min. 
 

There are three main mismatches between the normalized experimental results and 

the 2D model (Figure 6.6a). First, the experimental results start at a higher 
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fluorescence intensity than the model even after normalization. This suggests that 

the fluorescence emission is affecting a region where the fluorophore is not present. 

A potential explanation could be related to the point spread function (PSF) of the 

fluorophores. The focal plane is centered on the middle of the device, but since the 

channel is relatively large (120 µm channel height) there is likely a contribution of 

light from fluorophores above and below this central focal plane. For in-focus 

fluorophores, the PSF radius in the x and y directions is ~0.5 µm (using a 40x 

objective and 470 nm excitation). For fluorophores that are out of focus, their PSF 

would increase, and thus the fluorophores at the focusing profile boundary may 

potentially contribute fluorescence intensity to regions where no fluorophore is 

present.  

Second, the fluorescence intensity increase (indicative of mixing) begins ~75 µm 

before the concentration begins increasing in the numerical model. The PSF of the 

out of focus fluorophores could also be responsible for this early fluorescence 

increase. As the hydrodynamic focusing profile narrows, more fluorophores get closer 

to the center. The increased number of out of focus fluorophores may then 

contribute to a higher fluorescence intensity. An alternate explanation could be due 

to the concentration of fluorophore being too low. If the background fluorescence is 

of a similar magnitude to the fluorescence of diffusing fluorophores, then the small 

number of fluorophores that do reach the center of the focus stream may appear to 

contribute more to the intensity profile.  

Third, the magnitude of the intensity is greater than the 2D model. The PSF may also 

be an explanation for this observation as the out of focus fluorophores could 

contribute fluorescence intensity to the center of the focus stream even though 

fluorophores are not present.  
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In the 3D model (Figure 6.6b), there are further discrepancies between the 

experimental results. For 𝜑 = 10, 20, and 30, the numerical model has a higher 

maximum normalized concentration than the experimental maximum normalized 

fluorescence intensity. Additionally, the slope of the numerical model curve appears 

to be steeper than the experimental curve for these values of 𝜑. However, for  𝜑 = 2 

and 5, the opposite trend is observed for the maximum concentration and intensity, 

as well as the steepness of the slope. The PSF could be an issue for the lower values 

of 𝜑 as described in the 2D model discussion, but the higher values require a 

separate explanation. One possible explanation is due to the coarseness of the 3D 

mesh. As seen in Figure 6.7, the coarseness of the mesh plays a role in 𝑑#$%, with 

coarser meshes (e.g. the black dashed line) reaching 𝑑#$% sooner than finer meshes 

(e.g. the green dashed line), and the maximum normalized concentration also 

decreases with increasing mesh quality. A finer mesh takes smaller steps when 

calculating the convection-diffusion equation (Equation 6.1), and thus yields a result 

that should be in better agreement with experimental results. However, the 

computational power and time required to calculate an increasingly fine 3D mesh 

places practical limits on the mesh quality that can be studied. Thus, the coarseness 

of the mesh used for the 3D numerical studies may partially explain the discrepancy 

between the numerical model and the experimental results.  

A second explanation to explain the decreased maximum normalized fluorescence 

intensity could be related to how the channel is visualized. As mentioned previously, 

the entire height of the channel is visualized during fluorescence microscopy data 

acquisition. For normalizing the fluorescence intensity (Equation 6.3), 𝐼#*% is taken 

with the entire channel filled with fluorophore. Since the hydrodynamic focusing is 

only from the sides of the center stream (no focusing occurs on the ceiling and 

floor), the vertical cross section of the outlet channel concentration profile has an 
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hourglass-like shape, with a higher concentration at the center of the hourglass. As 

less fluorescence intensity would be present above and below the center region, the 

normalized fluorescence intensity along the center line may be less than the 

numerical model. 

 

 
Figure 6.7 Plot of the center normalized concentration curves from a 3D 
numerical model (dashed lines) and the normalized fluorescence intensity curve from 
a corresponding experimental condition. For both numerical model and experimental 
conditions, the channels were square (120 x 120 µm2) and the flow conditions were 
𝑄S = 10 µL/min and 𝜑 = 20. The black curve was solved using a relatively coarse 
mesh: the fluid dynamics preset “normal” mesh. The blue curve was solved with an 
incrementally finer mesh (the fluid dynamics preset “fine” mesh), the orange curve 
was solved with a finer mesh than the blue curve (the fluid dynamics preset “finer” 
mesh), and the green curve was solved with a finer mesh than the orange curve (the 
fluid dynamics preset “extra fine”).  

 

The 3D model is also different than the 2D model, with higher maximum 

fluorescence intensities and earlier increased fluorescence intensity. The differences 

between the models can likely be attributed to the coarser mesh required for the 3D 

model to compute in a reasonable amount of time, as mentioned previously. While 

one would expect the finer mesh of the 2D model to be more accurate, the 3D model 

may be more reflective of experimental conditions due to the added dimension for 
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diffusion. Additionally, the 3D model appears to have a wider 𝑤d (Figure 6.8), 

possibly due to the coarser mesh with the 3D model. Differences in the concentration 

profile between 3D models using square and cylindrical channels (Figure 6.8), likely 

attributed to the flow profile differences in the two geometries. 

 

 
Figure 6.8 Comparison of (a) 2D and (b,c) 3D concentration surface plots 
calculated with the numerical model. (a) The 2D channels are square and the mesh 
is set to extremely fine. (b) The 3D channels are square and the mesh is set to 
normal. (c) The channels are cylindrical, and the mesh is set to normal. (d) Plot of 
the normalized concentration extracted from the horizontal cut lines in (a-c). The 
black dashed curve, red solid curve, and blue solid curve correspond to the similarly 
colored horizontal cut lines in (a), (b), and (c), respectively. The flow rate conditions 
for (a-c) are: 𝑄S = 4 µL/min, 𝑄h$'(h = 32 µL/min, 𝑄fgf = 68 µL/min. Channel widths 
are 120 µm. 

 

In order to solve these problems and achieve a concentration profile that better 

agrees with the numerical models, there are adjustments that can be made. First, 

the concentration of fluorophore could be increased. As Alexa Fluor 488 does not 

form dimers like Rhodamine B does and the detector is not saturated, a higher 

concentration could reduce the early increase in fluorescence intensity. Next, 

confocal fluorescence microscopy could alleviate some of the PSF error as confocal 

setups visualize one plane at a time, reducing the influence that out of focus 

fluorophores will contribute. A turn-on fluorescence experiment could be performed 

where a non-fluorescing solution from the center inlet is focused by a solution from 
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the side inlets that triggers the fluorescence from the center species. As there would 

be much less fluorescence except where the two solutions have mixed, the 

contributions from PSF of out of focus fluorophores would also be decreased. Lastly, 

the influence the lack of hydrodynamic focusing on the ceiling and floor of the mixer 

(i.e. the aforementioned hourglass concentration profile) has on the numerical model 

and how this relates to the experimental fluorescence profile can be assessed. For 

instance, at a specified x-position in the mixer outlet (Figure 2.6) of the numerical 

model, a z-axis cut line of the concentration profile can be extracted. The average 

concentration from this cut line can be determined and compared with the 

experimental fluorescence intensity at a corresponding downstream x-position. The 

determined average concentration from the numerical may be lower than extracted 

concentration from the center x-axis cut line (Figure 2.6) at the same downstream x-

position, and thus the 3D numerical model may be in better agreement with the 

fluorescence experiment. 

 

6.4.4 Additional Mixer Designs 

There are four main 3D printed designs for MISC. The first was a CCM designed for 

long 𝑡" on the order of seconds and consists of a 3D printed mixer (Figure 6.1c) 

coupled to an injector by a long (>20 cm) fused silica capillary. This long CCM device 

was utilized to identify the Pr intermediate of the cytochrome c oxidase oxidation 

reaction at 𝑡" = 8 s.57   
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Figure 6.9 Mixing devices for various reaction time points. An (a) unassembled 
and (b) assembled first-generation hybrid mixing device. In (b) the device is epoxied 
onto a glass tube that supplies the GDVN focusing gas. (c) Assembled second-
generation hybrid mixing device. (d) Second-generation capillary-coupled mixer 
connected by a short fused-silica capillary to a 3D printed GDVN. Scale bars in (a,b) 
are 200 µm, and (b,c) are 0.5 mm. 
 

Another design aimed to reach shorter 𝑡" on the order of 100s of ms. To accomplish 

this, the injector was built into the 3D printed mixer for the first-generation hybrid 

device (Figure 6.9a,b) At the required flow rates, the protein crystal and substrate 

solution were fully mixed after the first couple hundred micrometers. However, 𝑑'()*+ 

for the necessary flow rates was too long for printing with the Nanoscribe. In order 

to reach 𝑡" ~ 101 - 102 ms a portion of the outlet had an increased diameter to 

facilitate a decreased 𝑢#*% and thus decrease 𝑑'()*+. The diameter then decreased at 

the transition from the mixer outlet to the nozzle geometry to enable jetting 

injection.  

There were a few challenging aspects to the assembly of the first-generation hybrid 

mixer device. Removing the unexposed photoresist in the large portion of the outlet 

during the development step was difficult as the small inner diameter channels 

prevented much of the developing solution from reaching the delay region of the 

outlet. This frequently resulted in a blocked outlet, and thus an unusable device. To 

allow more developer solution to reach the channel, a hole was built into the delay 

region of the outlet. After development was complete, the hole was sealed with a 

thin layer of epoxy during assembly. Sealing the hole with epoxy was a challenging 
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step as too much epoxy would result in epoxy filling the outlet, yielding an unusable 

device, and too little epoxy would result in a leaking device which would also be 

unusable. Assembly was further complicated by the nonplanar arrangement of the 

inlets and the cylindrical shape of the device. Furthermore, due to the nozzle 

design,90 the hybrid device required a delicate assembly with an additional steel rod 

for the focusing gas.  

The second-generation hybrid device aimed to address the shortcomings of the first-

generation hybrid device and study shorter reaction intermediates, 𝑡" ~ 100 - 101 ms. 

As seen in Figure 6.9c, the arrangement of the three liquid inlets is planar. The 

nozzle geometry was updated (designed by Reza Nazari, results unpublished), and 

the gas inlet was integrated into the hybrid device directly above the liquid inlets, 

simplifying the capillary assembly. Additionally, with a shorter 𝑡" in mind, the outlet 

was a uniform diameter throughout the device, and the unexposed photoresist could 

be removed by the developer solution without the need for holes. This design was 

utilized in a solution scattering experiment at the CXI end station of LCLS to study 

guanosine 5'-O-[gamma-thio]triphosphate (GTP𝛾S) binding to resistance to inhibitors 

of cholinesterase A (Ric-8A) proteins complexed with G-protein alpha subunits (Gai).  

In order to reach 𝑡" ~ 101 - 102 ms without the challenging device construction 

associated with the first-generation hybrid device, a second-iteration of the CCM with 

a shorter outlet capillary was developed (Figure 6.9d). This design requires a 3D 

printed GDVN with updated geometry from the second-generation hybrid device in 

order to connect a short capillary (≥ 1 mm) directly from the outlet of the mixer to 

the inlet of the nozzle. Difficulty of assembly increases with decreasing connecting 

capillary length, but the variability in the capillary length, and even capillary inner 

diameter, permit a wide range of 𝑡" to be achievable with this short CCM design. 
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6.5 Conclusions 

The sample delivery requirements are a key component for MISC experiments at an 

XFEL. Here is described the efforts towards designing 3D printed mixing devices for 

millisecond mixing by diffusion. Numerical models were developed to calculate 𝑡#$% of 

the mixing device, and fluorescence microscopy experiments were performed to 

verify the models. Although the models and fluorescence experiments have not 

agreed, explanations for the discrepancies were suggested. These include the PSF of 

the out of focus fluorophores and low fluorophore concentration. Additionally, some 

solutions to these problems were proposed, such as working with higher fluorophore 

concentrations, using confocal microscopy, and performing turn-on fluorescence 

experiments. Four mixing designs, two CCM and two hybrid devices, were illustrated 

for achieving a wide range of 𝑡" from 100 – 103 ms. Moving forward, the proposed 

solutions to the fluorescence mixing experiments will be performed. Additionally, the 

mixing devices have been proposed to be used during MISC experiments at an XFEL 

to study shorter 𝑡" for the oxidation of cytochrome c oxidase.  
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CHAPTER 7  

FURTHER APPLICATIONS OF REDUCED SAMPLE CONSUMPTION FOR SFX 

7.1 Introduction 

In addition to the works in the previous chapters, additional experiments that involve 

sample delivery for SFX have been accomplished. The results of these experiments 

have either been published as conference proceedings or are accepted for publication 

in journal articles. This chapter details the abstracts of which are listed in Chapter 

7.2-7.5.  

 

7.2 Biphasic Droplet-Based Sample Delivery of Protein Crystals for Serial 

Femtosecond Crystallography with an X-ray Free Electron Laser71 

7.2.1 Abstract 

Serial femtosecond crystallography (SFX) laser pulses facilitate the structure 

determination of smaller crystals than can generally be studied by traditional 

synchrotron crystallographic methods. One limiting factor of SFX is the large volume 

of crystal suspension needed to obtain a full data set allowing structure 

determination. The current method of continuous sample stream injection into an X-

ray free electron laser (XFEL) requires milliliters of sample and wastes the majority 

of the protein crystals grown under time consuming conditions. We propose the 

utilization of aqueous droplets as an efficient method for protein crystal delivery into 

an XFEL for structure determination by SFX. 
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7.2.2 Introduction 

Traditionally, protein structure has been determined by X-ray crystallography 

performed at a synchrotron. Membrane proteins have been difficult to analyze by 

traditional crystallographic methods for several reasons: growing large enough 

crystals to withstand long, high-intensity X-ray pulses is time consuming, if not 

impossible for certain proteins, and smaller crystals that are easier to grow are 

destroyed before diffraction patterns can be collected.19 Serial femtosecond X-ray 

crystallography (SFX) utilizes a high-intensity X-ray free electron laser (XFEL) with 

extremely short pulses to obtain diffraction patterns of small protein crystals before 

they are destroyed.19  

Currently, a continuous stream of crystal suspension is injected into the XFEL.132 

Since the femtosecond laser operates at a frequency of 120 Hz, the time between 

the pulses results in unused sample injected. The unused sample cannot be 

recovered and therefore becomes waste. The process to crystallize even a small 

amount of large protein complexes is resource intensive, so a suitable method of 

sample conservation is necessary. To accomplish this goal, we aim to generate 

aqueous sample-containing droplets in an oil carrier phase and synchronize these 

droplets to the pulses of the laser. This method would effectively replace the wasted 

crystals with non-precious oil when the laser is off, and we show the first 

experimental evidence of coupling a microfluidic device to the injector used in an SFX 

experiment. 

 

7.2.3 Experimental 

Microchips made from polydimethylsiloxane (PDMS) with a flow-focusing channel 

geometry94 were fabricated using traditional photolithography and soft lithography 

methods.270 A 2 cm piece of fused silica capillary (100 µm inner diameter) was 



  133 

inserted into the outlet channel between two oxygen plasma treated PDMS pieces. A 

PEEK cross-connection fitting (150 µm inner diameter) (IDEX, USA) was used as 

another method of droplet generation. Reservoirs and GP1 pressure regulators 

(Proportion-Air, USA) were used to supply liquids and pressure, respectively. The 

droplet generator was connected to a gas dynamic virtual nozzle (GDVN)132 by a 

fused silica capillary (100 µm inner diameter). The GDVN was connected to a helium 

gas tank by a separate fused silica capillary and was sealed into a vacuum chamber 

during the experiments. Imaging was accomplished via a high-speed camera 

(Fastcam SA4, Photron, USA). An Elveflow pressure pump was used to control the 

applied pressure, and flow-check valves were installed on the oil lines to prevent 

backflow for experiments at the LCLS beam line. 

 

 

Figure 7.1 Schematic of droplet generation on-chip (inside the blue dotted 
rectangle) and off-chip interfaced with the XFEL instrument. Left: droplet generation 
in the PDMS microfluidic device. Middle: Transfer of crystal suspension droplets to a 
silica capillary (orange indicates the coupled silica capillary). Right: The silica 
capillary is used as the inner portion of the GDVN injecting a liquid stream into the 
XFEL chamber. (Figure not to scale.) 
 

7.2.4. Results and Discussion 

The droplet generator has two oil-phase inlets and one aqueous-phase inlet meeting 

at a cross-shaped intersection by pressure-driven flow (Figure 7.1). Due to opposing 

intermolecular forces, the aqueous dispersed phase does not mix with the oil carrier 

phase at the intersection and, under certain parameters, will form spherical droplets 
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of dispersed phase in carrier phase. The droplets and carrier oil are then pushed 

along by the bulk flow through the outlet and into an interfaced injector. The 

currently employed SFX injector, a GDVN, uses a fast-flowing sheath gas to jet the 

liquid stream at the nozzle tip.132 From there, the liquid stream travels a few 

micrometers before the X-rays strike the stream.  

Initial proof of concept experiments used a PDMS microchip in which aqueous 

droplets in an oil carrier phase were generated and successfully sent into a fused 

silica capillary. Figure 7.2 shows (a) droplet generation, (b) transfer to the capillary, 

and (c) successful droplet generation with crystals of the membrane protein 

photosystem I. 

 

 

Figure 7.2 (a) Fluorescein droplets generated on-chip. (b) Fluorescein droplets 
entering a capillary (orange) for downstream injector coupling. The entering droplet 
is outlined in green. (c) Droplets generated with a photosystem I crystal suspension. 
The arrow indicates a crystal within the droplet. All images were captured using 
fluorescence microscopy, and dashed white lines outline the microchannels. 
 

Furthermore, using a PEEK cross connected to a GDVN, droplets were generated at a 

frequency of 9 Hz and injected (Figure 7.3a) using pressures of 69.6 psi for a 

representative protein crystal buffer and 70.3 psi for the oil phase, resulting in a 

a) c) b) 
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sample flow rate of 21 µL min-1. A pressure of 100 psi was applied to the GDVN to 

facilitate sheath gas flow, and the liquid was jetted into a vacuum chamber (Figure 

7.3b,c).  

At the LCLS beam line, droplets containing granulo virus were also generated using 

the PEEK microfluidic cross fitting. Droplets were generated (Figure 7.3d,e) and 

injected into the beam line chamber via a GDVN. Pressures of 35.9 psi for the crystal 

buffer, 58.0 psi for the oil phase, and 100 psi for the sheath gas were applied. The 

droplet frequency was 9 Hz and the sample flow rate was 5.5 µL min-1, a notable 

reduction compared to the typical 10-15 µL min-1 of the GDVN alone. 

 

 

Figure 7.3 (a) In PEEK tubing, droplets of crystal buffer in an oil carrier phase. 
Crystal suspension and oil are indicated by blue and yellow, respectively. (b-c) High-
speed brightfield images of droplets injected through a GDVN. Droplets of crystal 
suspension jetting (b), shown by the darker line leaving the nozzle, and oil 
sputtering (c), shown by the blurry line. (d-e) Hydrophobically-treated fused silica 
capillary (100 µm inner diameter) containing aqueous droplets of granulo virus in an 
oil carrier phase. A single droplet (d) and the oil between two droplets (e) are shown. 
(f) Diffraction pattern of granulo virus recorded during droplet generation. Red circles 
mark peaks determined by Cheetah analysis software. Hit rate was ~ 1 % with a 
resolution up to 2.6 Å. 
 

7.2.5 Conclusion 

In summary, we show that droplets of crystal suspension can be jetted into the XFEL 

with a 45% decreased sample flow rate and can yield high resolution diffraction 

patterns (Figure 7.3f). Further optimizations of droplet generation flow rate and 

200 µm 

a) 
100 µm 

d) 

e) 

100 µm 
b) 

c) 

f) 
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synchronization with XFEL pulses will further reduce sample consumption. Overall, 

microfluidic droplets are a promising method of sample reduction for SFX. 
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7.3 Sample Consumption Reduction for Serial Crystallography Using Water-In-Oil 

Droplets271 

7.3.1 Abstract 

Serial femtosecond crystallography with an X-ray free electron laser (XFEL) wastes 

up to 99% of the continuously injected sample due to the XFEL pulse structure. To 

reduce sample waste, we utilize a 3D printed microfluidic droplet generator coupled 

to an injection nozzle to deliver a segmented flow containing droplets of aqueous 

crystal suspension within an oil carrier. The structure of 3-deoxy-D-manno-

octulosonate 8-phosphate synthase (KDO8PS) was determined and sample waste 

reduced significantly. 
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7.3.2 Introduction 

Serial femtosecond crystallography (SFX) has enabled protein structure 

determination from small crystals at ambient temperatures including time-resolved 

studies of their reaction dynamics.20 In SFX, randomly-oriented crystals are 

continuously injected into the path of a pulsed XFEL beam. Each crystal hit yields one 

diffraction pattern before destruction by the extremely intense pulse, and thousands 

of patterns are merged to solve a structure.  

The European XFEL (EuXFEL) pulse structure is unique, as trains of MHz X-ray pulses 

repeat at 10 Hz.47 The fast repetition rates within a pulse train require large jet 

velocities (> 50 m/s) for liquid injection methods to replenish the sample, which can 

be achieved with gas dynamic virtual nozzles (GDVNs). However, > 99% of the 

sample injected between pulse trains is wasted.20 Previously used methods for 

sample conservation such as viscous media injection, electrospinning, acoustic 

droplet ejection, and fixed-target approaches23 either cannot achieve suitable jet 

velocities for MHz pulses or require large alterations to the sample delivery setup.  

To significantly reduce sample waste, we have proposed water-in-oil droplets for 

crystal sample delivery when the X-ray is “on” and oil delivery between pulses.71 

Here, we present the application of this approach for sample delivery at the EuXFEL, 

report on ~ 50% sample waste reduction during the first run of the EuXFEL user-

commissioning experiments, and compare diffraction quality of the water-in-oil 

droplets to continuous injection. 

 

7.3.3 Experimental 

Aqueous sample and fluorinated oil (perfluorodecalin/1H,1H,2H,2H-perfluorooctanol, 

10:1 v/v) are delivered into a 3D printed T-junction where they form pL-sized 

droplets (Figure 7.4b,c). The T-junction is interfaced via capillaries to a downstream 
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GDVN71 for droplet delivery to the X-ray beam (Figure 7.4a). Droplets containing 

KDO8PS crystals were generated and injected at the EuXFEL with aqueous flow rates 

between 3 – 12 µL/min. Droplet frequency was monitored in real time using an inline 

optical droplet detector (Figure 7.5a,b). 

 

 

Figure 7.4 (a) Schematic of droplet injection set-up: 1) HPLC pump, 2) protein 
crystal suspension reservoir on anti-settler, 3) oil reservoir, droplet generator (4), 
detector (5) and 6) GDVN. (b) Image of 3D printed T-junction with assembled 
capillaries. (c) Micrograph of droplets in the outlet capillary. Arrows denote crystals 
in a droplet. Scale bars are 100 µm in (b) & (c). 
 

7.3.4 Results and Discussion 

We compared the quality of KDO8PS crystals delivered via droplets and continuous 

sample injection (no oil present). Both droplet and continuous injections were 

performed for 26 min with 110 µL injected for droplets and 260 µL in continuous 

mode. The total number of hits was determined as 735 (droplets) and 577 

(continuous), resulting in an average of 6.6 and 2.2 hits per µL, respectively. Thus, 

droplets reduced sample consumption by a factor of two. The diffraction quality was 

similar for the two methods, with 45% and 54% of hits indexed, an average of 21 ± 

14 and 17 ± 10 peaks per pattern, and an average resolution of 4.4 and 4.1 Å for 

droplet and continuous injection, respectfully. A structure for KDO8PS was solved 

from all data collected during droplet injection with an average resolution of 4.0 Å 

(Figure 7.5c). 

 



  139 

 

Figure 7.5 (a) Schematic of the droplet detector system. (b) Droplet detector 
output illustrating the transmittance of the oil and aqueous phases. (c) Preliminary 
KDO8PS electron density map obtained from the data collected with droplet injection. 
 

7.3.5 Conclusion 

We have demonstrated crystal-laden water-in-oil droplets with real-time droplet 

monitoring for ~ 50% reduced sample waste between pulse trains at the EuXFEL. 

This approach is compatible with current EuXFEL sample delivery setups and can be 

employed at any XFEL facility by tuning the droplet frequency accordingly. 
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7.4 Membrane Protein Megahertz Crystallography at the European XFEL106 

The world's first superconducting megahertz repetition rate hard X-ray free-electron 

laser (XFEL), the European XFEL, began operation in 2017, featuring a unique pulse 

train structure with 886 ns between pulses. With its rapid pulse rate, the European 

XFEL may alleviate some of the increasing demand for XFEL beamtime, particularly 

for membrane protein serial femtosecond crystallography (SFX), leveraging orders-

of-magnitude faster data collection. Here, we report the first membrane protein 

megahertz SFX experiment, where we determined a 2.9 Å-resolution SFX structure 
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of the large membrane protein complex, Photosystem I, a >1 MDa complex 

containing 36 protein subunits and 381 cofactors. We address challenges to 

megahertz SFX for membrane protein complexes, including growth of large 

quantities of crystals and the large molecular and unit cell size that influence data 

collection and analysis. The results imply that megahertz crystallography could have 

an important impact on structure determination of large protein complexes with 

XFELs. 

 

7.5 Time-Resolved Serial Femtosecond Crystallography at the European XFEL107 

The European XFEL (EuXFEL) is a 3.4 km long X-ray source, which produces 

femtosecond, ultra-brilliant and spatially coherent X-ray pulses at megahertz 

repetition rates. This X-ray source has been designed to enable the observation of 

ultrafast processes with near-atomic spatial resolution. Time-resolved 

crystallographic investigations on biological reactions constitute a particularly 

important class of experiments with biomedical and health related implications. Due 

to the unusual X-ray pulse structure, such an experiment is challenging. Here we 

demonstrate how a biological reaction can be followed on ultrafast time scales at the 

EuXFEL. We investigate the picosecond time range in the photocycle of photoactive 

yellow protein (PYP) with MHz X-ray pulse rates. We show that difference electron 

density maps of excellent quality can be obtained. Results connect the previously 

explored femtosecond PYP dynamics to time scales accessible at synchrotrons. This 

opens the door to a wide range of time resolved studies at the EuXFEL. 
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CHAPTER 8  

CONCLUDING REMARKS 

8.1 Dissertation Summary 

As new XFEL facilities like the EuXFEL are emerging, new sample delivery methods 

that meet their unique requirements must also be developed. For instance, the 

EuXFEL currently requires a high velocity jet to replenish crystal sample between 

MHz X-ray pulses, but the 10 Hz pulse train structure results in ~99% of the injected 

sample being wasted. To overcome this challenge, a 3D printed T-junction droplet 

generator has been developed. The principle is based on droplets of crystal sample 

being segmented by immiscible oil such that crystal sample is in the path of the X-

ray during the “on” time of a pulse train and oil is present during the “off” time.  

In the development of this 3D printed droplet generator, the surface properties of 

the IP-S device were characterized. In order to generate aqueous-in-oil droplets, 

hydrophobic channel walls were required, but the IP-S device was hydrophilic. To 

create uniformly hydrophobic walls, Novec 1720 was used to coat the walls which 

remained stable for extended periods of time (hours). To further characterize the 3D 

printed droplet generator, a relationship between device parameters (e.g. channel 

width), operating parameters (e.g. aqueous, oil, and total velocities), and the 

resulting droplet frequency was developed (Figure 5.2). With the frequency 

characterization and the real time inline droplet detector developed in the Ros lab 

(Figure 4.4 and Figure 5.1d,e), droplet generation frequency can be adjusted in real 

time during an SFX experiment as both the droplet detector readout and the pumps 

that control the aqueous and oil flow rate can be viewed and operated remotely. 

To verify that segmented sample delivery is viable for SFX, the 3D printed droplet 

generators (connected to a glass GDVN) were then utilized for sample delivery of PSI 
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protein crystals at the MFX chamber of LCLS. While a structure for PSI was not 

determined, crystal diffraction was observed within the injected aqueous-in-oil 

droplets, and a relationship between hit rate and water volume fraction was 

observed, with higher volume fraction resulting in a higher crystal hit rate. 

The 3D printed droplet generator coupled to a glass GDVN was utilized at EuXFEL to 

reduce the amount of sample required to determine a structure of KDO8PS. To this 

end, a comparison between the volume of sample injected during continuous (no 

droplets) and segmented sample (with droplets) injection was made. During an 

equivalent data collection time, the segmented sample required ~60% less sample 

volume to collect the same quantity and quality of data as continuous injection. 

Additionally, a crystal structure for KDO8PS was determined up to 2.8 Å using data 

from only the segmented sample injection, revealing structural details in an 

unstructured loop region between residues 246 through 251. As the droplet 

generation was not synchronized with the EuXFEL pulses, the results from this study 

are promising that further sample consumption reduction can be achieved when the 

droplets are synchronized.105  

The 3D printed droplet generator was also employed during another SFX project to 

reduce sample consumption. However, instead of generating unsynchronized 

droplets, the two-phase flow was operated in the jetting regime (Chapter 2). By 

simultaneously flowing aqueous and oil phases, a co-flow was generated. At the 

EuXFEL, this co-flow reduced the crystal sample flow rate while maintaining the high 

total flow rate necessary for replenishing crystal sample between X-ray pulses. Using 

this sample delivery method, a TR-SFX study of PYP at the EuXFEL was 

accomplished, and intermediate structures of PYP were determined. 

Time-resolved SFX is one of the most exciting applications for XFELs as crystal 

structures of protein reaction intermediates at time scales of hundreds of 
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femtoseconds or greater can be determined. To date, most TR-SFX has solved 

structures of photoactivated proteins; however, as detailed in Chapter 1, many 

protein reactions are not triggered by light. For these non-photoactivated reactions, 

MISC is used to determine structures of reaction intermediates with time resolution 

of milliseconds or greater. Current sample delivery methods for MISC either have a 

simple design (T-junction) with slow time resolution (seconds) or complex fabrication 

and assembly49 with fast time resolution (milliseconds). To ease device fabrication 

and assembly complexity while maintaining the potential for fast time resolution, 3D 

printed hydrodynamic focusing mixers have been developed. These mixers function 

by shortening the mixing distance required for a substrate molecule to diffuse 

through in order to meet and interact with the protein crystal.  

During the design of the mixing devices, 2D and 3D numerical models were used to 

characterize the concentration and velocity profiles within the device. The resulting 

profiles were then utilized to calculate 𝑡#$%, and the outlet velocity was used to 

determine the distance between the mixer and the injection nozzle for a desired 𝑡". 

The results from the 2D and 3D models varied significantly, which may be due to the 

fineness of the mesh and the differences in diffusion properties of the 3D model 

compared to the 2D model. Future 3D modeling with improved mesh should permit a 

better understanding of the concentration profile within the device. 

In order to verify that the models reflect experimental conditions, fluorescence 

microscopy mixing experiments were conducted. Device fabrication was automated 

with 3D printing, and assembly requires insertion of capillaries and permanent 

affixing of the capillaries with epoxy. The IP-S photoresist that was initially used 

suffered from high autofluorescence, so the devices were then made from a custom-

designed PETA photoresist which has about two orders of magnitude less 

autofluorescence. As of yet the concentration profiles of the numerical model (both 
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2D and 3D) have not agreed with the experimental normalized fluorescence intensity 

curves (Figure 6.6). Furthermore, there are discrepancies between the 2D model and 

3D model (e.g. the maximum normalized concentration is greater in the 3D model 

compared to the 2D model at the same 𝜑). A detailed explanation of what may be 

causing the discrepancies between experiment and models, as well as the variation 

between 2D and 3D models, is explained in Chapter 6. 

To verify that the mixing device is suitable for MISC, the first iteration of the CCM 

device (~80 cm capillary between the mixer and nozzle) was utilized at the MFX end 

station of LCLS to mix an anaerobic suspension of CcO crystals with a CcO buffer 

solution saturated with oxygen. With 𝑑'()*+ ~ 80 cm connecting the mixer to the 

injection nozzle, 𝑡" = 8 s. At this 𝑡", the structure for the Pr intermediate of CcO 

during oxidation was determined.  

As mentioned earlier, the ideal 𝑡" for MISC is on the millisecond time scale. To 

achieve these short 𝑡", a short 𝑡#$% (on the order of <10 ms) is required. Additional 

iterations of the mixing device were subsequently developed in order to reach 𝑡" on 

time scales of 100 – 103 ms. These devices included the second iteration of the CCM 

(≥ 1 mm capillary between the mixer and 3D printed nozzle) and two generations of 

hybrid devices. Benefits of this 3D printed mixer method include automated 

fabrication of the mixer (and the nozzle for hybrid devices) and a simpler device 

construction than previous methods.51 With a lower fabrication and assembly barrier 

while maintaining short 𝑡#$%, these 3D printed MISC sample delivery devices with 

variable 𝑡" may open the door for additional proteins to be characterized by SFX.  

 

8.2 Future Directions 

Looking towards the future, there are several areas of continued study. There are a 

few limitations of the droplet generator from Chapters 4 and 5. First, the T-junction 
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geometry was designed with the LCLS X-ray pulse frequency of 120 Hz in mind. 

However, this geometry is not ideal for achieving the 10 Hz frequency required for 

the pulse trains structure at the EuXEFL – it requires either working at a low 𝑄fgf 

incompatible with jetting or a high 𝑄g$) that is compatible with jetting conditions and 

a low 𝑄*v (on the order of 10-1 µL/min) that can cause crystal settling within the 

capillary between the sample reservoir and the droplet generator. A larger 

continuous phase channel geometry would be advantageous for achieving 10 Hz 

droplet generation frequency with 𝑄*v that avoid crystal settling and 𝑄g$) that is 

compatible with jetting. Second, the aqueous inlet had a diameter of 50 µm which 

sometimes resulted in crystal clogging when working with large crystals or crystals 

that have a propensity for forming agglomerates. An increased aqueous phase 

channel diameter would thus alleviate this clogging concern. For simplification, a 

square continuous phase channel with a width of 200 µm and a dispersed phase 

channel with equal width and height to the continuous phase can be employed. Using 

the same oil and aqueous crystal suspension as in Chapter 5, from Equation 5.1 the 

necessary 𝑄*v for jetting conditions can be estimated to be ~4 µL/min. This 

consumes less sample than current continuous injection methods,47 avoids settling in 

the capillary between the reservoir and the droplet generator, and decreases the 

likelihood of crystals clogging in the aqueous channel.  

The main drawback of the droplet generator in Chapters 4 and 5 is its inability to 

control the phase of the droplets. This means crystal-containing droplets generated 

at the same frequency as the XFEL pulses or pulse trains could be out of phase, 

resulting in fewer or no crystals being probed by the X-ray beam. In these cases, the 

droplets were generated with a frequency that did not match the XFEL, so droplets 

would intersect with X-ray pulses in an unsynchronized manner. To address this 

deficiency, electrodes have been added to the droplet generator to facilitate electrical 
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control of droplet generation.105 The inline droplet detector that has been developed 

(Chapter 5) can provide information in real time on the phase and frequency of the 

droplets, and a feedback loop can be established with the appropriate software 

connecting the droplet detector and the electrode’s power supply. The next steps 

would be to integrate the electrode approach with the larger channel geometry 

suggested above and to apply this synchronization approach at an SFX experiment. 

This synchronization work is being spearheaded by Daihyun Kim, Diandra Doppler, 

and Sahir Gandhi in the Alexandra Ros group.  

As discussed in Chapter 6, there is room for improvement in the fluorescence mixing 

experiments for the mixing device. First, the concentration of the Alexa Fluor 488 

dye can be increased in order to rule out low concentration as a cause for the early 

fluorescence intensity increase. Next, instead of simply mixing a fluorescent solution 

with non-fluorescent solution, a reaction where fluorescence is triggered could be 

performed. In this  fluorescence reaction, a solution containing a non-fluorescing 

fluorophore would be mixed together with a solution containing a trigger for the 

fluorophore. The trigger molecules would react with the fluorophore and initiate 

fluorescence. With this kind of fluorescence reaction there would be fewer out of 

focus fluorescing fluorophores for errors related to the PSF. Lastly, a confocal 

microscopy setup could be utilized to visualize only one plane of the channel, 

eliminating any PSF errors. If the resulting fluorescence intensity profile from these 

experiments matches the numerical model’s concentration profile, then the model, as 

well as the calculated mixing times, can be verified.  

Another area for improvement in regard to the 3D printed MISC devices is the 

hydrodynamic focusing. Currently, the device focuses in one-dimension; the ceiling 

and floor of the device are not focused, thus increasing the uncertainty in 𝑡". By 

designing a coaxial device, the substrate solution can focus the crystal suspension in 
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360°, extending the focusing to two-dimensions (Figure 8.1). Since the device 

operates in a laminar flow proceeding to the outlet, it is not feasible to focus in 

three-dimensions. I have performed 3D numerical models with this coaxial design, 

and focusing in two-dimensions decreases 𝑡#$% by ~2x and reduces the uncertainty in 

𝑡" to < 10%. What remains is to experimentally verify the numerical models, which 

faces the same challenges described in Chapter 6 and can thus be overcome in the 

ways listed above. With this updated coaxial design, achieving a shorter tr to obtain 

reaction intermediates for the oxidation of cytochrome c oxidase should be feasible. 

For instance, an A intermediate is present between the reduced state (R) and the Pr 

state of cytochrome c oxidase during its oxidation, and this A state can be a target 

for MISC. 

 

 

Figure 8.1 CAD drawings of a proposed 3D printed coaxial mixer. In both images 
the device is sliced in half to view the channel geometry. (a) XZ-plane slice, and (b) 
YZ-plane slice. The solution from the side inlets can fully surround the center inlet 
before interacting with the center solution. 

 

Finally, a device that integrates the droplet generator with the mixer would permit 

reduced sample consumption with MISC. This can be with either a CCM or a hybrid 

device. The question then becomes should the droplet generator be upstream of the 

a) b)
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mixer, or vice versa? To take advantage of the hydrodynamic focusing, the mixer 

would need to be present upstream of the droplet generator. A challenge for a 

downstream droplet generator would be the high dispersed phase flow rate required 

as 𝑄fgf for the mixer would become 𝑄*v for the droplet generator. Thus, an adjusted 

droplet generator geometry would be necessary. Alternatively, the droplet generator 

could be in the jetting regime as a co-flow device. For a mixer downstream of a 

droplet generator, an alternative mixing method would be required. There are 

methods for mixing within a droplet63, 272 that utilize the flow fields within a droplet 

and channel geometry for chaotic advection to achieve 𝑡#$% on the order of 

milliseconds or sub-milliseconds. With this mixing in a droplet approach, one would 

need to take ensure the channel geometry does not result in crystals clogging the 

device. 

Printing all three components in one device would be a challenge due to the limited 

z-axis range of the Nanoscribe. Current iterations of the hybrid device are printed 

vertically: the fluidic and gas inlets flush with the ITO-coated glass substrate and 

printing layer-by-layer until ending with the nozzle tip. This is due to the liquid line of 

the nozzle needing to be free-standing for coaxial gas focusing but also connected to 

the device during printing. Inserting a droplet generator between the mixer and 

nozzle may be outside of the height that the Nanoscribe can print in its current 

setup. As such, a capillary connecting either a mixer to a hybrid droplet generator 

with an integrated nozzle or a mixer with an integrated droplet generator to a 3D 

printed nozzle could be employed.  

Serial crystallography with XFELs has enabled great strides for structural biology, 

with more promise on the horizon. To facilitate these future breakthroughs, 

improvements with sample delivery methods are key. By using 3D printed devices 

for droplet generation, the amount of sample required to solve a protein structure 
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can be reduced, easing the crystallization bottleneck. Additionally, the automation 

and simple fabrication of 3D printed hydrodynamic focusing mixers has the potential 

to lower the barrier of entry for MISC. As such, the 3D printed sample delivery 

methods presented here will serve as the building blocks for the structural 

discoveries of tomorrow. 
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This Appendix contains Figure A.1, referring to contact angle measurements for the 

studied surfaces and coatings, and Figure A.2, showing additional diffraction images 

for PSI crystals.  

 
 

 
Figure A.1 Static water contact angle (θ) measurements. Images of a 2 µL water-
in-air droplet on SU-8, IP-S and glass, before and after treatment with the three 
fluorinated chemicals. 
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Figure A.2 PSI Diffraction Images. Examples of diffraction images with a high 
volume fraction of oil, noted by the intense oil ring at low resolution, are shown on 
the top (a,b). Diffraction images with higher volume fraction of water are shown in 
(c-f), noted by the more intense water ring at higher resolution.  
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This Appendix contains Table B.1, listing the data collection statistics, and Table B.2, 

detailing the structure solution and refinement. It also contains: Figure B.1, showing 

aqueous-in-oil droplets containing photosystem I (PSI) crystals; Figure B.2, 

illustrating an oil injection jet; Figure B.3, depicting the unit cell size distribution for 

KDO8PS; Figure B.4, showing the L-test result; and Figure B.5, illustrating a 

representative diffraction pattern of one KDO8PS microcrystal. 
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Table B.1 Data Collection Statistics 

Diffraction source European XFEL, SPB/SFX 

Wavelength (Å) 1.33316 

Temperature (K) 293 K 

Detector AGIPD 

Crystal-detector distance (mm)  173.5 

No. of indexed crystal patterns  
 15 

777 

Exposure time per image (fs)  100 

Space group I23 

a, b, c (Å)  118.4, 118.4, 118.4 

α, β, γ (°)  90.0, 90.0, 90.0 

Resolution range (Å) 48.0-2.80 (2.90-2.80) 

Total No. of reflections 1 268 974 (99319) 

No. of unique reflections 6 888 (674) 

Completeness (%) 100 (100) 

Multiplicity 184.2 (147.4) 

〈 I/σ(I)〉 # 4.61 (0.95) # 

CC* 0.9953 (0.7003) 

Rsplit 14.3 (121.2) 

Overall B factor from Wilson plot 

(Å2)  
84.6 

Values for the outer shell are given in parentheses. 
# It is common practice in serially collected diffraction data to include data down to a 
CC* of 0.5, which commonly gives an I/s(I)<2.0 in the highest resolution shell. Due 
to the partiality of reflections in serially collected data, I/s(I) is understood to be 
severely underestimated. 
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Table B.2 Structure solution and refinement 

Resolution range (Å) 48.0-2.8 

Completeness (%) 100 

No. of reflections, working set 6384 

No. of reflections, test set 494 

Final Rcryst  19.3 

Final Rfree  26.1 

No. of non-H atoms   

 Protein 2100 

 Ion 0 

 Ligand  0 

 Water 2 

 Total 2102 

R.m.s. deviations    

 Bonds (Å) 0.002 

 Angles (°) 0.94 

Average B factors (Å2)    

 Protein 90.8 

 Water 67.1 

Ramachandran plot    

 Most favored (%)  92.6 

 Allowed (%)  6.0 
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Figure B.1 Representative image of PSI crystals within droplets of mother liquor 
segmented by the oil phase. Droplets were generated at Q�� = 4.5 µL/min and Q��� = 
12 µL/min and imaged in the capillary after the droplet generator. Dark dots in 
droplets, emphasized by red arrows, indicate crystals. For demonstration purposes, 
PSI crystals were used as they provide a high contrast for imaging. PSI crystals were 
prepared and grown as described previously.191 Scale bar is 100 µm. 

 

 

Figure B.2 False color image of a jet from a surface treated GDVN in the SPB/SFX 
vacuum chamber during oil injection. Scale bar is 300 µm. The laser illumination is 
in-line with the camera as seen by the high intensity rings. 
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Figure B.3 Unit cell size distribution for the 15,777 indexed and integrated 
diffraction patterns. A Gaussian function was fit to each distribution and the mean 
calculated using cell_explorer from the CrystFEL software package. 

 

 

Figure B.4 L-test result showing that the data is de-twinned and the indexing 
ambiguity associated with the cubic I23 spacegroup has been resolved. 
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Figure B.5 Representative diffraction pattern of a single KDO8PS microcrystal with 
resolution up to 2.80 Å. Found peaks are highlighted with black circles as determined 
by Cheetah. Larger black regions and spots are masked out areas on the detector. 
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This Appendix contains the detailed printing parameters for Chapter 6 and Figure 

C.1, showing a velocity profile from a 2D numerical model. 

 

Detailed 3D Printing Settings 

The 3D printed mixer (printed in the PETA photoresist, Figure 6.4b,c) was designed 

in AutoCAD (AutoDesk, USA) and the resulting .stl file was imported into DeScribe 

(version 2.5.1, Nanoscribe, Germany) to build a printing file usable with the Photonic 

Professional GT (Nanoscribe, Germany). The structure was printed in solid mode. The 

slicing distance was fixed at 1 µm with a base slice count of 2. The hatching distance 

was 0.5 µm. The contour count was set to 12 with a distance of 0.2 µm. A 

rectangular block size of 285x285x100 µm3 was chosen, although the z-direction can 

increase to 150 µm without problem. The block shear angle was set to 20° with a 

block and layer overlap of 5 µm and 1 µm, respectively. Blocks were printed in 

lexical mode, with flying blocks avoided, neighboring blocks grouped, and backlash 

corrected. The galvo scanner stage was used for fast translation in the x- and y-

axes, and the z-axis was controlled by the piezo scanner for fine translation. Blocks 

were offset to minimize the number of stitching lines within a channel, specifically 

the mixing cross intersection. The piezo settling time and galvo acceleration were 

adjusted to 20 ms and 5 µm/s, respectively. The stage correction function in 

DeScribe was utilized to correct for uneven stitching. The contour laser power and 

scan speed were set to 85% and 100,000 µm/s, respectively. The solid laser power 

and scan speed were set to 100% and 80,000 µm/s, respectively. These laser power 

and scan speeds were used to avoid overexposure of the photoresist (which causes 

bubbling during exposure) and to maximize printing speed.  

Before each print job, the microscope objective was cleaned with isopropyl alcohol 

and allowed to dry. A small drop of the PETA photoresist was deposited onto the 
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conductive side of a clean ITO-coated glass slide and loaded into the Photonic 

Professional GT. The print file developed in DeScribe was loaded into the NanoWrite 

software (Nanoscribe, Germany). Using a 25x objective with the magnification ring 

on the DiLL setting, the objective automatically approached the photoresist and 

autofocused on the refractive index change between the ITO-coated glass slide and 

the photoresist. Printing proceeded as stated in the printing file. Printing time took 

approximately 16 hours with the above printing conditions. For printing in IP-S, the 

default IP-S solid recipe in DeScribe provides suitable conditions and was utilized to 

print the device in Figure 6.4a without adjustment. 

 

 

Figure C.1 (a) Velocity surface plot for the 2D numerical model of the following 
flow rate condition: 𝑄S = 4 µL/min, 𝑄h$'(h = 32 µL/min, 𝑄fgf = 68 µL/min. (b) 
Corresponding line plot of the velocity profile taken from the center white dashed cut 
line in (a). With Equation 6.2, this velocity profile, used in conjunction with a 
corresponding concentration profile (Figure 6.2) obtained from the same cut line, can 
be used to determine 𝑡#$%. Channel widths in (a) are 120 µm.  
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This Appendix contains the descriptions of the supplementary video for Chapter 4. 

 

Supplementary Video D.1 Droplet formation in a 3D printed droplet generator  

Droplets of PSI buffer (QPSI buffer = 0.5 µL min-1) generated in oil (Qoil = 6 µL min-1) 

with a 3D printed droplet generator that has been surface treated with Novec. The 

video is slowed by 100x. This video corresponds to Chapter 4. 
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