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SUMMARY

X-Ray free-electron lasers (XFELs) provide very intense X-ray pulses suitable for macromolecular 

crystallography. Each X-ray pulse typically lasts for tens of femtoseconds and the interval between 

pulses is many orders of magnitude longer. Here we describe two novel acoustic injection systems 

that use focused sound waves to eject picoliter to nanoliter crystal-containing droplets out of 

micro-plates and into the X-ray pulse from which diffraction data are collected. The on-demand 

droplet delivery is synchronized to the XFEL pulse scheme, resulting in X-ray pulses intersecting 

up to 88% of the droplets. We tested several types of samples in a range of crystallization 

conditions, wherein the overall crystal hit ratio (e.g., fraction of images with observable diffraction 

patterns) is a function of the microcrystal slurry concentration. We report crystal structures from 

lysozyme, thermolysin, and stachydrine demethylase (Stc2). Additional samples were screened to 

demonstrate that these methods can be applied to rare samples.

Graphical abstract
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 INTRODUCTION

Serial femtosecond crystallography (SFX) strategies exploit X-ray pulses from a free-

electron laser (FEL) to obtain a macro-molecular structure from a slurry of nanocrystals or 

microcrystals (Chapman et al., 2014; Schlichting, 2015). The first sample delivery methods 

for SFX used liquid jets that flow a stream of microcrystalline slurry through the X-ray 

interaction region (Chapman et al., 2011; Sierra et al., 2012; Weierstall, 2014). More recent 

methods have included high viscosity extruders for lipidic cubic phase (LCP) samples 

(Conrad et al., 2015; Liu et al., 2013, 2014b; Sugahara et al., 2015; Weierstall et al., 2014). 

In these flowing-sample systems, diffraction patterns result each time a randomly oriented, 

diffraction quality crystal intersects an X-ray pulse (Aquila et al., 2012; Barends et al., 2014; 

Boutet et al., 2012; Chapman et al., 2011; Demirci et al., 2013; Johansson et al., 2013; 

Johansson et al., 2012; Kern et al., 2012, 2013; Liu et al., 2013; Lomb et al., 2011; Redecke 

et al., 2013; Sierra et al., 2012). Crystals are wasted when they pass through the interaction 

region when no X-rays are present. An alternative method uses fixed targets that raster 

and/or rotate samples through the X-ray beam (Cohen et al., 2014; Hirata et al., 2014; 

Hunter et al., 2014; Roedig et al., 2015; Suga et al., 2015). These latter approaches provide 

an opportunity to collect a series of related diffraction patterns from large, cryo-cooled 

crystals using a small X-ray beam and crystal translation/rotation movements between shots.

The Linac Coherent Light Source (LCLS) produces a hard X-ray pulse up to 120 times per 

second. If every pulse yielded usable data, then the total time to collect 50,000 images for a 

complete dataset would be less than 10 min. Thus, the goal of all sample delivery methods at 

the LCLS is to use the full 120-Hz pulse frequency such that each pulse yields usable 

diffraction data. To these ends, fixed target, goniometer-based approaches yield diffraction 

patterns on each shot. If there is a known orientation relationship between successive 

images, then their intensities can almost always be integrated and merged. This can result in 

high-quality structures from many fewer images than is typical for liquid jet-based SFX 
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methods, but does so at a reduced repetition rate of the instrument. For liquid jets, wherein a 

continuous stream of microcrystals passes at random times through the interaction region, 

most of the X-ray pulses do not yield suitable diffraction patterns. Under ideal conditions, 

about one out of 1,600 crystals in a microjet stream is exposed to an X-ray pulse and the rest 

are wasted (Weierstall, 2014). Therefore, increasing sample efficiency (i.e., the fraction of 

crystals in a sample which produce a diffraction pattern) would also extend SFX to systems 

that do not readily produce millions of crystals.

In this paper we present results from two injection systems based on acoustic droplet 

ejection (ADE) technology for delivering crystals into the LCLS X-ray beam. One acoustic 

injector provides optimal stability and control of the droplet, while the other is optimized for 

flexibility and different ejection geometries. We demonstrate drop-on-demand acoustic 

injection of eight protein samples into the X-ray laser in synchrony with pulses.

 RESULTS

 Acoustic Injectors Deliver Crystal-Containing Droplets

ADE uses the radiation pressure associated with focused sound energy to eject nanoliter to 

picoliter droplets with repeatable volume and velocity, typically from solutions contained in 

a reservoir (Ellson et al., 2003). The acoustic instrumentation does not come directly into 

contact with the sample, eliminating cleaning time between samples. While capillary and 

microfluidic devices can clog and damage crystals by subjecting them to shear force, in 

ADE the droplet emerges from the meniscus of the fluid without passing through an orifice. 

Some current applications of ADE in macromolecular crystallography (MX) include crystal 

growth (Villaseñor et al., 2012), microseeding (Villaseñor et al., 2010), ligand screening 

(Cole et al., 2014; Teplitsky et al., 2015; Yin et al., 2014), and discrete crystal deposition 

onto data collection media for synchrotron-based cryo-crystallography (Cuttitta et al., 2015; 

Heroux et al., 2014; Roessler et al., 2013; Soares et al., 2011).

We designed two acoustic injectors to deliver droplets on-demand and directly into an X-ray 

beam (Figure 1 and S1). One injector was based on a modified Labcyte Echo 555 instrument 

(Labcyte) (Aerni et al., 2005), in which the acoustic transducer assembly was moved outside 

the instrument case and directly beneath the X-ray beam. This modified Echo injector 

retained all of the capabilities of the commercial Labcyte system, including applying its 

Dynamic Fluid Analysis software to calibrate both the acoustic focus and acoustic toneburst 

power for consistent droplet volume and velocity (Supplemental Experimental Procedures). 

Crystal slurries were loaded into rows of wells within acoustically compatible 384-well 

format micro-plates. Each microplate was attached to a set of motorized translational stages 

with sufficient travel to position each well between the transducer and the X-ray beam. 

Droplets were ejected upward into the X-ray beam from the top surface of the slurry with a 

fixed droplet volume of 2.5 nl (~168 µm diameter for the droplet). After the sample was 

expended, translating the plate over to the next well was accomplished remotely in seconds 

and droplet ejection parameters were determined automatically for the next well.

A second injection system that used different control software and transducers was also 

tested (Figure 1 and Figure S1B–S1C). This system could produce several different-sized 
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droplets (57–168-µm diameter, corresponding to 0.1–2.5 nl, respectively) as a function of 

different acoustic transducers with center frequencies at 10, 15, or 25 MHz. It could also be 

configured to eject droplets downward into the X-ray beam, in contrast to the modified Echo 

system. Acoustic coupling between the transducer and the microplate was achieved through 

a 1% (w/v) agarose plug.

 Drop-On-Demand SFX Experiments at Ambient Conditions

Our experiments were performed in air at the X-ray Pump Probe (XPP) instrument at the 

LCLS (Chollet et al., 2015; Moeller et al., 2011) using a 9.1-keV X-ray beam (ΔE = 0.03 

keV full width at half maximum [FWHM]) with pulse durations nominally at 45 fs and up to 

1 mJ of power per pulse. Beryllium compound refractive lenses were used to focus the beam 

from 100 µm down to 30 µm (FWHM) at the interaction region. In some cases the beam was 

attenuated up to a factor of ten to prevent pixel overloads from high-intensity, low-angle 

Bragg reflections. Diffuse air-scattered X-rays were blocked by a pinhole aperture 

positioned 50 mm upstream of the interaction region. A Cornell-SLAC pixel array detector 

(CSPAD) (Hart et al., 2012) was installed 108 mm downstream of the interaction region and 

recorded Bragg reflections out to 1.62-Å resolution in the corners.

Drop-on-demand timing was achieved by triggering the acoustic injection pulse using the 

LCLS pulse clock. A tunable delay was added to account for droplet speed, distance to the 

X-ray interaction region from the meniscus, and deceleration due to air friction. Typical 

droplet speeds were on the order of 1 m s−1. The distance between the interaction point with 

the X-rays and the sample meniscus varied between 3 and 14 mm, though longer distances 

could be achieved at the expense of precision in droplet trajectory. Shot-to-shot calibration 

of the ejection event was controlled using the on-axis camera system and an image-analysis 

algorithm which took the droplet position and compared it with the position of the X-ray 

beam up to the maximal triggered pulse rate of 60 Hz.

 Acoustic Injection of Crystalline Slurries

The primary goal of these experiments was to demonstrate feasibility of on-demand droplet 

injection with various sample conditions at the LCLS. To this end, several test samples were 

injected into the X-ray beam using the acoustic injectors. They included hen-egg-white 

lysozyme (HEWL), thermolysin from Bacillus stearothermophilus, stachydrine demethylase 

(Stc2) from Sinorhizobium meliloti (Daughtry et al., 2012), the diheme enzyme MauG in 

complex with methylamine dehydrogenase (MADH) from Paracoccus denitrificans (Yukl et 

al., 2013), giant extracellular hemoglobin (Glossoscol expaulistus) (Bachega et al., 2011; 

Ruggiero Bachega et al., 2015), and photosystem II (PS-II) from Thermosynechococcus 
elongatus (Hellmich et al., 2014; Kern et al., 2005). These samples represent a range of 

protein crystallization variables typically encountered in MX experiments including unit cell 

dimensions, crystal size, crystal morphology, space group, solvent content, and 

crystallization chemistry (Supplemental Information and Table S1). All crystal samples were 

either in their original mother liquor or, in a few cases, the mother liquor was supplemented 

with 0.08%-0.2% (w/v) agarose to counter crystal settling in mother liquor (Supplemental 

Information).
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From all of these samples a total of over 232,000 images were collected and analyzed with 

cctbx.xfel (Hattne et al., 2014), of which approximately 12,000 (5.2%) were considered 

crystal hits based on the presence of 15 or more Bragg peaks (Figure 2). By comparison, this 

is far fewer images than is typically collected for an SFX dataset with liquid jets or LCP 

injectors. For example, Kang et al. (2015) collected more than four million images over a 

12-hr period on coherent X-ray imaging operating at 120 Hz, with an LCP injector, from 

which they reported 22,262 crystal hits (~0.45%) and 18,874 indexed lattices (85%) that 

contributed to the 3.3-Å structure. However, our XPP beamtime included the unavoidable 

initial investment of time for ADE-related developments, which consumed about half of our 

total time, and an LCLS technical limitation during our experiments that only enabled us to 

trigger the pulses at 60 Hz or slower. Monitoring the presence of diffuse water scattering at 

3.1 Å, we observed droplet hit ratios with the acoustic injectors of up to 88% in some data 

collection runs (Supplemental Information, and Figure S2A and Table S1). This enabled us 

to achieve a crystal hit ratio up to 50% for some samples, and an index ratio up to 30.4%. 

The modified Echo system produced a greater fraction of droplet hits, despite fewer crystal 

hits, in part because its ability to automatically adjust its acoustic pulse for different fluid 

types results in more reproducible droplet formation and trajectory. In one thermolysin data 

collection run the modified Echo system yielded over 20,000 droplet hits during an 8.5-min 

period at 60 Hz.

Unlike previous experiments requiring uniform crystal sizes for microjet injection, none of 

the samples were filtered prior to injection. The acoustic injector allowed us to launch 

different size crystals from our crystallization experiments, including several aliquots of Stc2 

where crystals varied between 5 and 150 µm in diameter. Despite a 30-fold difference in 

sizes, Stc2 crystals produced diffraction in an average of 10% of X-ray pulses. Under ideal 

conditions both acoustic injectors were capable of launching crystal-containing droplets on 

demand at 500 Hz or more. However, during our beamtime the LCLS X-ray pulse triggering 

was disabled at 120 Hz for technical reasons at the facility; consequently, in order to time 

droplet delivery with the arrival of an X-ray pulse most of our runs were collected at 60 Hz 

or slower. Thermolysin, Stc2, and (less concentrated) lysozyme each diffracted beyond 1.9-

Å resolution (Figure 2 and Tables S2– S4). As each sample was contained in a single well of 

a microplate, substantial sample throughput was also possible since sample change-over 

occurs in about a second.

 Redox-Sensitive Samples Benefit from Combined SFX and Drop-On-Demand Methods

Redox-active proteins have evolved to facilitate electron exchange from one moiety to 

another, making their metal centers or organic cofactors sensitive to oxidation or reduction 

upon irradiation (Garman, 2010; Holton, 2009; Neutze et al., 2000; Sanishvili et al., 2011; 

Thurmer et al., 2013; Xu and Chance, 2007). Consequently, it can be difficult to compare 

structures of different redox forms of a protein obtained from synchrotron or home sources 

without concurrent spectroscopic monitoring of the reaction cycle during diffraction data 

collection (Daughtry et al., 2012). Unlike synchrotrons, FELs provide extremely powerful 

pulses lasting tens of femtoseconds or less. It is believed that the short FEL pulses terminate 

before primary and secondary photoelectric effects occur (Alonso-Mori et al., 2012; Nass et 

al., 2015; Neutze et al., 2000).
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We studied four redox-active proteins at room temperature. PS-II contains a manganese 

cluster bound at its active site and represents a challenging case for SFX for two reasons. 

First, the multinuclear manganese complex is extremely sensitive to X-ray irradiation (Kern 

et al., 2013; Yano et al., 2005). Second, generating crystals small enough for microjet 

delivery can be incompatible with conditions needed to produce crystals that diffract to high 

resolution. This is particularly important for PS-II, but perhaps not as critical for many other 

systems that do produce microcrystal slurries and diffract well. Using the acoustic injector, 

crystals measuring 50–150 µm in diameter were delivered into the X-ray beam. Strong 

diffraction (I/σI > 2) to better than 3.9 Å was observed for crystals grown in polyethylene 

glycol (PEG) 2000, corresponding to a ~0.5-Å improvement over previous SFX experiments 

on crystals obtained from similar preparations (Kern et al., 2013, 2014). In addition 

diffraction out to 2.8 Å for a novel PS-II crystal form in PEG 5000 (Hellmich et al., 2014) 

was obtained, representing the highest-resolution room temperature diffraction from PS-II 

observed so far.

Protein-bound iron centers that cycle through high valent states have been difficult to 

structurally characterize because of the transient nature of the intermediate species and 

susceptibility to reduction. One such system is the enzyme complex involving MauG (a c-

type diheme enzyme) and its target protein MADH. MauG-MADH forms a high valence bis-

Fe(IV) species through reaction with H2O2 that is kinetically stable but highly susceptible to 

reduction in the X-ray beam (Jensen et al., 2010; Wilmot and Yukl, 2013). For our tests, only 

20–30 crystals were available, ranging in size from 10 to 50 µm along their longest edge. We 

observed settling of the crystals in their mother liquor within 1 min, making them ideal for 

the inverted system. Three diffraction patterns extending to 2.6 Å appeared within a minute 

of initiating injection (Figure 2).

We also tested three preparations of stachydrine demethylase (Stc2), a Rieske-type 

monooxygenase involved in converting strachydrine (N,N-dimethylproline) to N-

methylproline and proline (Daughtry et al., 2012). Electrons generated through kGray X-ray 

irradiation are proposed to catalyze enzyme turnover, making it difficult to observe the 

enzyme-substrate complex. We prepared anaerobically purified, substrate-bound Stc2-

stachydrine [ES] crystals as well as aerobically purified Stc2-stachydrine [E*S] and 

aerobically purified enzyme [E*] samples. Acoustically injected Stc2 crystals from these 

three batches yielded 26,365 crystal hits from which 13,002 were from the [ES] complex, 

6,667 from the [E*S] complex, and 6,696 from the [E*] enzyme. Of those crystal hits 2,796 

were indexed, integrated, and merged together to form one dataset (Table S2).

Although the microcrystal slurries for Stc2 were from three distinct types of samples, 

indexing the SFX runs from each type of sample confirmed that they were all isomorphous. 

Since there was insufficient data from each type of Stc2 to solve a structure on its own, we 

decided to merge the data from all the Stc2 runs (Figure 2). This yielded merging statistics 

and 3-Å resolution Fo − Fc difference electron density maps from which the Rieske cluster 

was omitted (Figure 3) and a 2.2-Å partially refined structure (Table S2). The Rieske cluster, 

which was expected to be unchanged in all samples, exhibits well-resolved electron density. 

As anticipated, the electron density for the mononuclear iron site was ambiguous since some 

of the crystal slurry samples included substrate and others did not. Omit Fo − Fc maps 
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confirmed the presence of the mononuclear iron and the three protein ligands, but the 

identity of exogenous ligands was not clear from the merged dataset.

The data collection and refinement statics, as well as an example of the electron density for a 

merged dataset of lysozyme, are presented in Table S3 and Figure S3. The statistics for a 

merged dataset of thermolysin are shown in Table S4. In all three cases the structures are not 

particularly well refined, which is consistent with the large R factor and R-free values. This 

is probably a result of relatively low redundancy of observed reflections, especially in the 

high-resolution shells.

 Sample Considerations for Acoustic Injection

Maximizing droplet hit frequencies depends in part on reliably forming droplets with 

consistent trajectories. This requires optimization of the acoustic pulse structure, but is also 

affected by sample characteristics. Samples containing mainly salt-based reagents formed 

droplets with stable trajectories up to 14 mm away from the meniscus with both injectors. In 

contrast, solutions that are viscous or viscoelastic (wherein relaxation time is long relative to 

the other hydrodynamic timescales) typically yield less stable droplets because the 

hydrodynamics for these systems are not well behaved. Thus, samples containing polymers 

such as PEG exhibited delayed droplet pinch off compared with salts (see Supplemental 

Information and Table S1), but did form droplets readily at typical crystallization 

concentrations (0–30%, w/v). At the extreme, MauG-MADH samples in mother liquor 

containing 26% PEG 8,000 formed a fully connected liquid column up to 5–6-mm long from 

which droplets would pinch off from the column. Stc2 samples in about 10% or less PEG 

3350 were more typical and ejected well without forming extended columns.

Similar to SFX experiments using microjets, the crystal hit frequency is proportional to the 

density of crystals in the sample. Acoustic injection of denser slurries, for example with a 

total crystal volume exceeding 75% of the sample volume, yielded crystal hits in up to 34% 

of recorded images. Samples with less than 10% relative crystal volume produced very 

infrequent crystal hits. With the modified Echo system and injecting upwards, we observed 

more frequent crystal hits in samples supplemented with agarose to keep them suspended. 

Most protein crystals are denser than their mother liquor, and tend to settle over time due to 

gravity. In our tests, the inverted system produced more frequent crystal hits from these 

samples. Crystal settling in the inverted configuration can be an advantage, since even 

samples with only a handful of crystals will concentrate at the meniscus. This was noted in 

the case of MauG-MADH, where relatively few droplets were injected before diffraction 

was observed. However, a disadvantage of the inverted system is that very dense crystal 

slurries can attenuate the acoustic energy and prevent droplet ejection.

 Acoustic Injectors Complement Microjets

FELs with a photon energy in the hard X-ray regime (~9 keV) (Emma et al., 2010) make it 

possible to record diffraction from protein samples to atomic resolution (Schlichting, 2015). 

Most often, crystals are injected into the FEL beam in a continuous stream using either a gas 

dynamic virtual nozzle (GDVN), an electrospun liquid microjet (DePonte et al., 2008; Sierra 

et al., 2012; Weierstall, 2014), or a microextrusion injector for use with LCP (Caffrey et al., 
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2014; Liu et al., 2013, 2014a, 2014b; Weierstall et al., 2014). Typically high-resolution 

diffraction data that are free of radiation-induced modifications are recorded from crystals 

roughly 100 nm up to 30 µm in diameter.

Acoustic injectors offer another method to deliver protein crystals into the pulsed FEL beam 

(Table 1). Microjets replenish microcrystals in the X-ray beam using a continuous stream of 

material, whereas each acoustic system delivers crystals in discrete droplets. To prevent 

clogging, continuous flow systems generally filter out crystals larger than 30 µm in diameter. 

The acoustic injectors do not clog, and can eject crystals larger than 400 µm. The greatest 

potential advantage of the acoustic injectors is their high crystal efficiency. In this study we 

were able to expose almost every other crystal to an X-ray pulse when conditions were 

optimized so that sufficient crystals are at the meniscus, but not so densely packed that they 

attenuated the acoustic energy. Consequently, about every other drop contained one or more 

crystals and over 80% of the drops were probed by the X-ray pulse. By comparison, 

continuous flow microjets typically expose one crystal for every 1,600 that pass through the 

interaction region during the time between X-ray pulses (Weierstall, 2014).

Diffraction from samples at ambient temperature and pressure at XPP typically produce 

Bragg reflections with lower mosaic spread than similar samples collected atcryogenic 

temperatures (Lovelace et al., 2006). Consequently, some of our samples gave diffraction 

where many of the peaks were recorded on single 110-µm square pixels of the CSPAD (see 

Supplemental Information and Figure S2B). An additional complication is the presence of 

multiple overlapping diffraction patterns when more than one crystal is in a single droplet. 

Deconvolution of more than one lattice is challenging for current data-processing programs 

designed for handling diffraction data from FELs (Sauter, 2015; Sauter and Poon, 2010).

 DISCUSSION

Two acoustic injectors were deployed at the XPP instrument of the LCLS with the goal of 

demonstrating drop-on-demand sample delivery into the pulsed X-ray beam. Acoustic 

injectors efficiently use crystals with dimensions greater than 5 µm and are compatible with 

most standard crystallization conditions. Furthermore, the method is gentle on the crystal 

lattice (Soares et al., 2011; Villaseñor et al., 2010; Yin et al., 2014). The modified Echo 

system offers high automation and speed, along with repeatable droplet volumes and 

velocities. The inverted system features selectable droplet sizes and an upside-down 

configuration to counteract crystal settling. Both acoustic injectors can change from one 

sample to another by ejecting from wells within standard crystallization plates, and with 

minimal impact on experiment time.

Future applications of acoustic-based, drop-on-demand, serial crystallography are 

envisioned for synchrotron and XFEL sources. An acoustic injector can deposit samples 

onto a conveyor belt system, which translates crystal-containing droplets into a synchrotron 

X-ray beam (Heroux et al., 2014; Roessler et al., 2013). We are extending this concept to 

ongoing XFEL experiments in support of time-resolved SFX with complementary X-ray 

spectroscopic measurements.
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We used different transducer frequencies in our acoustic injectors to produce droplets with 

diameters that ranged from ~50 to 200 µm. This is considerably larger than jets that can 

produce streams of only ~5 µm diameter. Because acoustic injectors place more solvent in 

the X-ray beam, they also yield more background scattering. Consequently, acoustic 

injectors are best suited to slurries made up of larger microcrystals that yield stronger 

diffraction patterns. Indeed, we anticipate that submicrometer-sized crystals are not well 

matched for acoustic injectors since the weaker diffraction patterns are likely to be swamped 

by background scatter from the droplet.

An advantage of the acoustic injector is that it only delivers a sample to the interaction 

region when an X-ray pulse is present. Since every 50-fs pulse is followed by over 8.3 ms of 

dark time at the LCLS, this alone potentiates many orders of magnitude increase in 

efficiency as no sample is consumed during the dark period. Continued refinement of our 

methods will ensure that each droplet is probed by X-rays and that it contains one crystal on 

average. Meeting these goals will reduce the time needed to collect a complete high-

resolution dataset to just a few minutes at the LCLS.

We note that our acoustic methods have potential for applications at synchrotron X-ray 

sources. For example, the Frontier Macromolecular Crystallography (FMX) beamline at 

NSLS-II anticipates delivering ~1013 photons s−1 at 1-Å wavelength in a 1-µm2 focused X-

ray beam, and the MicroMax beamline at Max-IV may be 100-fold brighter in 

polychromatic (pink beam) mode. We have shown that a ~10-kGy dose yields high-

resolution diffraction patterns and very often spectroscopic changes to, for example, the 

heme moiety from myoglobin crystals (Yi et al., 2010) or the bilin chromophore within 

phytochrome crystals (Li et al., 2015). Using RADDOSE (Paithankar and Garman, 2010) we 

estimate that a 10-kGy dose can be delivered to a 1-µm3 myoglobin microcrystal at FMX in 

about 1 µs. This is the same time required for such a crystal within an ADE-launched droplet 

traveling at 1 m s−1 to traverse the focused FMX X-ray beam. Larger crystals will take 

proportionally longer to pass through small X-ray beams, but from which only 1 µm2 is 

exposed for each microsecond. Similarly, larger X-ray beams can expose larger crystals for 

longer times. Eventually the room temperature dose limit will be reached (estimated without 

regard to dose rate at about 100-fold less than 20 MGy cryogenic limit, or approximately 

200 kGy), which could be as quick as 20 µs at FMX with a stationary crystal. Of course this 

will be even faster with pink beam and, thus, it is possible that an acoustically launched 20-

µm3 crystal could be taken to nearly the dose limit as it traverses the X-ray beam.

 EXPERIMENTAL PROCEDURES

Cloning, expression, purification, and/or crystallization of the proteins are detailed in 

Supplemental Information and references therein. Briefly, thermolysin, HEWL, and PS-II 

were crystallized using a batch method. HEWL (70 mg/ml) in 20 mM Na acetate (pH 4.6) 

was mixed with precipitant (20 mM Na acetate [pH 4.6], 8%, w/v, NaCl, 10%, v/v, ethylene 

glycol). Thermolysin (30 mg/ml) in 50 mM NaOH was mixed with 15% (w/v) ammonium 

sulfate. PS-II (40 mg/ml in 100 mM piperazine-N,N’-bis(ethanesulfonic acid) [PIPES; pH 

7.0], 5 mM CaCl2, 0.03% β-dodecyl maltoside) was mixed with 8% (w/v) PEG 2000 in 100 

mM PIPES (pH 7.0), 5 mM CaCl2 and were harvested with 10% (w/v) PEG 2000 in 100 
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mM PIPES (pH 7.0), 5 mM CaCl2. Alternatively, PS-II (20 mg/ml in 0.02 M 2-(N-

morpholino)ethanesulfonic acid [MES; pH 6.0], 0.01 M CaCl2, and 0.013% C12E8) in 

octaethyleneglycolmonododecylether (C12E8) detergent was mixed with the precipitant (0.1 

M Tris [pH 7.5], 0.1 M (NH4)2SO4, 15%–18% PEG 5000 mono methylether [MME]), 

harvested with 0.1 M Tris (pH 7.5), 0.1 M (NH4)2SO4, 10% PEG 5000 MME, and then 

stepwise transferred into the same buffer containing 40% PEG 5000 MME.

Crystals of extracellular hemoglobin from G. paulistus (oxy-HbGp), diferrous Fe(II)-MauG-

MADH, and Stc2 were grown by hanging drop vapor diffusion. Oxy-HbGp (18 mg/ml in 

100 mM Tris-HCl [pH 7.5]) was mixed with precipitant (1.6 M K2HPO4 [pH 9.0]) and 

equilibrated at room temperature. For the MauG-MADH complex, the protein sample 

contained 100 µM MauG, 50 µM MADH, and 2 mM Na dithionite in 10 mM potassium 

phosphate (pH 7.5) over a reservoir of 22%–26% (w/v) PEG 8000, 100 mM Na acetate, 100 

mM MES [pH 6.4]). Just prior to data collection, H2O2 in crystal mother liquor was added 

to a final concentration of 2 mM to generate the bis-Fe(IV) state of the MauG in the MauG-

MADH crystals. Stc2 (35 mg/ml in 10 mM Tris buffer [pH 7.5], 2.5 mM biotin) was 

crystallized over a reservoir containing 15% PEG 3350, 20% glycerol, 100 mM succinic 

acid (pH 7.0), and 10 mM hexamine cobalt.

 Acoustic Injector Designs

The two acoustic injectors are described more fully in Supplemental Information. Briefly, in 

the modified Echo 555 the acoustic transducer assembly and water bubbling column were 

placed external to the systems controls. The inverted injector is based on an acoustic reagent 

multispotter (Aerni et al., 2005). This device consists of an arbitrary waveform generator 

(Tabor Electronics), a 150-W broadband radiofrequency (rf) amplifier (Amplifier Research), 

and several spot-focused piezoelectric transducers (Olympus NDT) with center frequencies 

at 10, 15, and 25 MHz. Each transducer was excited at its peak frequency by a sine wave 

pulse of 60–400 µs duration. Signal amplitude was controlled through the waveform 

generator and the rf amplifier, and was varied along with the sine pulse duration to produce 

20 mW root mean square per burst. Acoustic coupling was accomplished using either a 20-

mm (for the 10- and 15-MHz transducers) or a 6-mm tall column of boiled and cooled 0.5% 

(w/v) agarose. Control of the modified Echo 555 and the inverted injector was accomplished 

by providing a transistor-transistor logic trigger signal from the LCLS to the respective 

software controllers. During the experiment the waveform characteristics were monitored 

with a digital oscilloscope using an inline 30-dB dual directional coupler (Werlatone) placed 

between the amplifier and the transducer.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Acoustic methods inject crystal-containing droplets directly from 

microplate wells

• On-demand acoustic injection uses crystals efficiently without orifices or 

clogging

• Diffraction patterns from crystals measuring several tens of µm are of high 

quality

• Complete datasets can be obtained from fewer than 50,000 crystals
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In Brief

Acoustic droplet ejection provides an automated tool for efficient use of protein crystals 

in SFX experiments. Roessler et al. used this method to deliver crystal-containing 

droplets into the XFEL beam to coincide with each X-ray pulse.
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Figure 1. Acoustic Injection for SFC
(A) Schematic overview image shows incoming X-ray pulses passing first through a bent 

transmissive silicon crystal, deflecting a portion of each pulse for spectrographic recording. 

The pulses arrive at the interaction region concurrent with a crystal-containing droplet. In 

the inverted system, the droplet is ejected downward out of a multiwell microplate. The 

modified Echo system is configured to eject droplets upwards out of a multiwell microplate. 

Diffraction patterns were recorded 108 mm downstream of the interaction point by a 
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Cornell-SLAC pixel array detector. The three drops are meant to illustrate the repeatable 

nature of the ejection process and are not to scale.

(B) Detail for the modified Echo system in which the acoustic injector (photo, left) was 

controlled through an “umbilical cord” with electrical and water connections to the Echo 

instrument.

(C) Detail for the inverted system wherein an agarose plug maintained the acoustic 

connection between the transducer and the inverted microplate well (photo, left). Illustration 

courtesy Tiffany Bowman, BNL. See also Figure S1.
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Figure 2. An Overlay, Composite, or Virtual Powder Pattern of the Diffraction Hits Observed for 
Acoustically Injected Samples
(A–G) Images show the maximum pixel values over selected runs merged by sample type. 

(A) Lysozyme (7,613 images), (B) Thermolysin (18,172 images), (C) Stc2 (26,365 images), 

(D) giant extracellular hemoglobin (554 images), (E) MauG-MADH (17,217 images), (F) 

PS-II in PEG 2000 (42,046 images), and (G) PS-II in PEG 5000 (18,197 images). Insets 

highlighted in cyan show individual application-specific integrated circuit tiles containing 

the highest-resolution reflections for each sample. Shadows appear on the top of the detector 
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in some cases from positioning the sample holder within the cone of X-ray scatter. Some 

diffraction images contained multiple patterns per image. See also Figure S2.
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Figure 3. An Example of the Quality of the Electron Density Maps around the Rieske Cluster in 
the Structure of Stachydrine Demethylase
(A) The 2Fe-2S Rieske cluster within Stc2 revealed by the 3-Å resolution Fo − Fc omit 

electron density maps contoured at +3 σ.

(B) The 2 Fo − Fc map to 2.2-Å resolution is contoured at 1.5 σ and displayed as mesh with 

semitransparent surfaces. Atoms are colored gray, red, blue, yellow, and orange for C, O, N, 

S, and Fe, respectively. See also Figure S3.
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