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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.
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Introduction

X-ray crystallography has enabled the determination of high-
resolution protein structures that are essential in predicting a pro-
tein’s function. With the development of serial femtosecond crys-
tallography (SFX) with an X-ray free electron laser (XFEL),
crystallographers now have a powerful tool to study proteins
and reactions, overcoming limitations of traditional crystallogra-
phy [1-3]. Due to the ultrafast, highly brilliant X-ray pulses, a
protein crystal exposed to a short XFEL pulse can yield a dif-
fraction pattern before the onset of destructive radiation damage,
a process termed “diffraction before destruction” [4]. 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 elec-
tron density map of the protein’s structure [2]. Several thousands
of diffraction patterns, each pattern obtained from one crystal, are
typically needed to obtain a full data set that enables the deter-
mination of electron density for a protein structure. Powerful data
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analysis techniques have been developed in the past years for this
purpose, [5—7] 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 nanocrystals [4]. There is even the potential to forgo
crystallization altogether and study single particles in solution
such as large viruses [8, 9] . Another benefit is that SFX can be
performed at ambient temperature and pressure which can more
closely model physiological conditions [10]. Furthermore, the
short exposure time coupled with the serial introduction of crys-
tals 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 [11].

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 [14, 15]. The current pulse structure
at the EuXFEL has a 1.1-MHz frequency with < 1 us spacing
between pulses [16] 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,
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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 de-
veloped [17], with two main categories: liquid injection or
fixed-target approaches, as schematically depicted in Fig.
1. Essentially, all approaches qualify as microfluidic tech-
niques 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 experi-
ments. 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 sam-
ple waste and reduce the time required to collect sufficient
data to fully characterize a protein structure. Here, we de-
scribe the advancements in sample delivery technology
and how they have been applied for SFX and TR-SFX.

Liquid injection devices
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 (Fig. la). Rayleigh jets
were first explored [18] 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 [18].
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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 [19]
(Fig. 2a, b). Pressurized water (frequently from high-pressure
liquid 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 [23]. 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 [2]. The first GDVNs were developed
using commercially available fused silica capillaries [19]. 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 wm) [20]. To decrease
the background scattering from the gas-focusing capillary, the
nozzle tip is polished into a rounded cone shape [20]. These
glass GDVNs were utilized for the early serial crystallography
experiments at LCLS [1] and continue as one of the most
common injection methods of protein crystals in low-
viscosity media, both in vacuum and in ambient pressure [24].

Construction of the outer portion of the GDVN with ce-
ramic materials instead of glass has been explored to increase
the nozzle’s uniformity and durability [25]. Here, the tip of the
nozzle is fabricated by micro-injection molding while the in-
ner 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 [26]. To further simplify
assembly, ceramic nozzles manufactured with powder injec-
tion molding [27] have been developed for increased repro-
ducibility of the liquid capillary alignment. Despite their suc-
cessful use in many XFEL experiments, GDVNs are still
mostly assembled manually and require skilled technicians
for reliable functioning.
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Fig. 1 a Overview of an SFX experiment with an XFEL delivering sample with a liquid jet. Reprinted by permission from Boutet et al. [12]. b Overview
of an SFX experiment with an XFEL employing a fixed-target. Reprinted with permission from Hunter et al. [13]
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Fig. 2 a Schematic and b optical microscopy image of a gas dynamic
virtual nozzle (GDVN). Adapted and reprinted from Weierstall et al. [20].
¢ Schematic and d radiograph of a double flow focusing nozzle (DFFN).
Adapted and reprinted with permission from Oberthuer et al. [21]. e
Schematic and f optical microscopy image with an overlaid

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 con-
struct a multilayer polydimethylsiloxane (PDMS) nozzle [28].
The device operates both in vacuum and in ambient pressure,
and liquid flow rates are similar to the glass GDVNs, operat-
ing between 2 and 8 pL/min, with jet diameters that can ex-
tend into the sub-micrometer range. Microfluidics with PDMS
has been extensively explored [29, 30], 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 [16, 31]. 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 us between pulses within a pulse train (10 Hz) [16]. Even
at these velocities, sample consumption can be as low as
13 puL/min depending on nozzle geometry and gas flow rates
[16], 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 [32]. This 3D-printing approach eases the layered
construction and planar constraints of photolithography; how-
ever, the requirements of the printed device geometry require
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fluorescence microscopy image of the hydrodynamic focusing region of
the mix-and-inject serial crystallography (MISC) injector. Adapted and
reprinted from Calvey et al. [22] under a Creative Commons Attribution
(CC BY) License. Scale bar for (b) and (d) is 100 um, and (f) is 50 um

high-resolution 3D-printers, which can currently only be ac-
complished through two-photon polymerization.

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 [34]. 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 B-lactamase reacts with the antibiotic
ceftriaxone. To reach shorter time points in the millisecond
range, MISC injectors with a microfluidic hydrodynamic fo-
cusing mixer built into the nozzle have been developed [35].
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 [22] (Fig. 2e, f). The con-
struction of these MISC devices requires access to laser cut-
ting 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 tun-
able during device construction, the reaction time can be ad-
justed from milliseconds to seconds. This MISC device was
utilized at SLAC to mix B-lactamase with ceftriaxone to study
reaction intermediates from 30 ms—2 s [36].
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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 ¢ oxidase [37]. A
time point of 8 s was achieved with a long delay line between
the mixer and nozzle. The automation of 3D-printing de-
creases the variability between devices, and a decreased length
between the mixer and nozzle will enable reaction time points
on the millisecond time scale.

Other approaches

To maintain a stable jet with lower flow rates, a double flow
focusing nozzle (DFFN) has been developed that uses a coax-
ially 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 [21] (Fig. 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 crys-
tal 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
GDVNEs 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 uL/min, effectively reducing the sample waste by about
half.

Pulsed injection
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 consider-
able 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 pat-
tern [42]. Given the complexity of protein purification and
crystallization, 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.

@ Springer

One method of pulsed injection utilizes a microfluidic
droplet generator upstream of the GDVN to segment the aque-
ous crystal suspension with an oil carrier phase [43]. By vary-
ing 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
(Fig. 3a). The main challenge moving forward will be syn-
chronizing the phase of the droplets with that of the X-ray
pulses or pulse trains. To this aim, a 3D-printed droplet gen-
erator with built-in electrodes has been developed [38], see
Fig. 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 fre-
quency 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.

Piezoelectric droplet ejection

Instead of continuously injected segmented flow, approaches
including piezoelectric elements have demonstrated drop-on-
demand ejection into the X-ray beam [39]. The crystal sus-
pension 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 (Fig. 3c, d). This has been
demonstrated with a repetition rate of 30 Hz and a crystal
suspension of lysozyme crystals in a helium environment
[39]. 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 [39] and bacteriorhodopsin [44]. The droplet diam-
eter of ~80 wm is large in comparison to typical GDVN jet
diameters (< 10 wm), which can result in higher background
scattering, and this method may have difficulties with ice for-
mation 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 diffrac-
tion resolution when studying a photochromic fluorescent pro-
tein [24].

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 [40] (Fig. 3e, ).
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
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Fig.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. [38]. ¢, d Schematics of the piezoelectrically actuated droplet
injector. Adapted and reproduced from Mafune et al. [39] with permission
of'the International Union of Crystallography. e Schematics of an acoustic
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electron density structure. The main benefit is the reduction in
protein crystal consumption: on average, for every two crys-
tals injected, one diffraction pattern is recorded which corre-
sponds 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 den-
sity 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 ejec-
tion. 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
[40]. While ADE works for crystals as small as 5 pm, it is
optimized for larger crystals (>50 um) as the ejected droplet
has a large diameter (~60—170 wm) that yields higher back-
ground scattering than the thin jets of a GDVN.

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
[41]. The droplets are deposited onto the conveyor belt tape on
which they are transported into the path of the X-ray (Fig. 3g).
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droplet ejection (ADE) injector. f Schematic illustrating ADE injection
from below and above the sample well. Adapted and reprinted from
Roessler et al. [40]. g, h Schematics of ADE combined with droplets on
tape (DOT) for sample delivery. Adapted and reprinted by permission
from Fuller et al. [41]

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 mi-
cromanipulation of upstream optical fibers aided by inline
cameras (Supplemental Information of Fuller, F. D. et al.
[41]). Indeed, the setup of the DOT method is non-trivial
and required three experts to devote 5 days toward DOT as-
sembly and optimization (Supplemental Information of Fuller,
F. D. et al. [41]). The X-ray beam itself is parallel to the tape,
thereby intersecting the crystal-containing droplet without
damaging the tape (Fig. 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 [41], with
the crystal hit ratio still dependent on crystal concentration in
the droplet. Droplet delivery of up to 60 Hz has been demon-
strated for X-ray emission spectroscopy (XES) at an XFEL
[41] 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 exper-
iment can be performed. For example, the structural changes
for the various intermediate states of photosystem II (PSII)
after photoexcitation were observed [46]. Instead of a pump
probe setup, a gas chamber can be installed for chemically
triggered reactions such as oxygen reacting with
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Fig. 4 a Schematic of the a
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ribonucleotide reductase R2. The reaction time points capable
of being probed with this method range from hundreds of
milliseconds to seconds [41]; however, the time resolution
may not be suitable for fast reactions and is currently limited
to gaseous reactants.

Electrospinning
Microfuidic 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 [47]. 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 [48]. The microfluidic electrokinet-
ic sample holder (MESH) injector [48] 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 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.

Concentric MESH

In order to solve this problem, a concentric MESH
(CoMESH) injector was developed [45]. Operating off the
same principle as the MESH injector, the COMESH has a
capillary containing a sheath liquid that concentrically sur-
rounds the capillary containing the crystal suspension (Fig.
4). This sheath liquid contains components such as 2-meth-
yl-2,4-pentanediol to prevent dehydration and freezing due to
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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 im-
mediately 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 uL/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 com-
pared to the structure obtained by cryo-crystallography [49,
50]. In the same study [50], the structures of several amino-
glycosides bound to the ribosome were determined, and the
effect of temperature on the protein structures was revealed.
For photoactivated TR-SFX with MESH injection, the
MnyCaOs cluster in PSII was studied by simultaneous X-ray
diffraction with an XFEL and XES with an optical laser [51].
Photoactivated TR-SFX of PSII injected by electrospinning
(this time using the COMESH) was later revisited to further
study the production of oxygen [46]. High-resolution struc-
tures for the dark state and one of the photoexcited states were
obtained.

Viscous media injection
Lipidic cubic phase

For a typical GDVN, the vast majority of the injected sample
volume is unseen by the X-ray and is wasted [42]. 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
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DFFN and electrospinning, high-viscosity crystal-containing
media that maintain a jet-like extrusion even at sub-pL/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 em-
bedded, and some 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 [52, 53].
Furthermore, the crystals grown in LCP are typically micro-
crystals 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 determi-
nation 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 syn-
chrotron sources due to their dynamic nature that leads to
complex crystallization and stabilization conditions [54, 55].
Of particular note, SFX with LCP has been used to obtain
higher resolution structures than previous synchrotron diffrac-
tion experiments, and novel GPCR structures have been
solved with de novo phasing methods [54, 55]. It should be
noted that the composition of the LCP is crucial as the transi-
tion to any other phase, such as to the lamellar phase must be
avoided to protect the detector from too strong diffraction
[42]. 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. [42] devel-
oped an injector which extrudes the viscous LCP at a pressure
between 2000 and 10,000 psi, therefore requiring a modifica-
tion 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 (Fig. 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 res-
ervoir is built into the LCP injector and is located immediately

before the nozzle. The extruded LCP is stabilized by a focus-
ing gas, typically nitrogen or helium, and the flow rate of the
LCP is chosen to match the 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 pum) in comparison to the GDVN (< 10 um) which
increases the background scattering and complicates data
analysis.

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-um inner diameter) into the XFEL
at flow rates as low as 120 nL/min for a 30-Hz X-ray frequen-
cy [56]. Using this same method of mixing and extrusion,
hyaluronic acid has been used as a water-based viscous medi-
um for protein crystals that are grease-sensitive [57].
Additionally, hyaluronic acid has demonstrated weaker back-
ground scattering in comparison to grease methods.

Other media, such as agarose, can also be used with the
LCP injector [58]. While grease methods have only been dem-
onstrated 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 A with agarose as the viscous
medium combined with an LCP injector. [58]

Recently, polyacrylamide has been studied for use as a
high-viscosity carrier matrix for protein crystals [59]. When
compared to the monoolein in LCP, polyacrylamide shows

Plunger éﬂon CPﬁs_érvoir
balls

Fig.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. [42]. Scale bar is 100 um
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less maximum background scattering. Both lysozyme and
thermolysin crystals were injected using a carrier matrix de-
livery injector (similar to the LCP injector) at PAL-XFEL, and
structures were solved to 1.7 A and 1.8 A, respectively [59].

TR-SFX applications for viscous media

The LCP injector has been successfully employed for TR-
SFX, with photoactivated proteins as a prime target. The pro-
tein crystals extruded in the LCP jet are irradiated by an opti-
cal 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 [60, 61]. 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
[60] over nanosecond [61] down to picosecond time range
[62], although the sample flow rate must be increased above
5 uL/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 A using a grease jet extruded
from a syringe [63]. 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 re-
leased to react with the P450, a protein that catalyzes NO to
nitrous oxide, for 20 ms before X-ray exposure [64]. From
this, an ambient temperature 2.1 A structure of the P450nor
intermediate was determined.

Aerosol injection
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 [8, 65]. A
benefit of using non-crystalline samples is that protein sam-
ples do not need to be crystallized which eliminates much of
the sample preparation required in crystallography with the
previously mentioned methods. However, since single parti-
cles have very weak diffraction intensity in comparison to
crystals, background from a liquid jet would dwarf any signal
obtained from the analyte [66]. 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 devel-
oped and employed to obtain diffraction at a synchrotron [9].
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The diameter of these particle beams can range from hundreds
to tens of micrometers. The aerodynamic lens stack was uti-
lized at the atomic, molecular and optics (AMO) end station at
LCLS to study carboxysomes [67, 68]. 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 puL.

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 [69]. 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. The result is
an aerosol with a sub-ten-micrometer diameter focal point that
is several hundred micrometers from the nozzle orifice. This
CNALI was utilized at the coherent X-ray imaging (CXI)
beamline at LCLS to image granulovirus (200 x 200 x
370 nm’) surrounded by a crystalline shell [70]. In compari-
son 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 substan-
tially lower at 0.006%. Currently, the very low hit rate is a
bottleneck for single particle imaging work at XFELs with
CNAIs.

Aerosolization by desorption

An innovative method that combines fixed-target with aero-
solized injection is desorption by impulsive vibrational exci-
tation (DIVE) with a picosecond IR laser (PIRL) [71]. 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 es-
sentially unaffected by this injection method. The authors also
mention that the sample does not need to have crystals, open-
ing the door for single-particle diffraction if the aerosol has
sufficiently low background signal intensity to differentiate
the analyte signal.

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
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refer to the case where crystals are loaded on a solid matrix in
the path of an X-ray source to obtain the diffraction data, as
shown in Fig. 1b [4, 72]. 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 puL) but can also be readily modified for
crystals ranging from sub-micrometer to 100 um 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 orienta-
tion 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 [72, 73]. In the case of XFELs, fixed-target appli-
cations 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 [1, 4]. Other than holding
crystals, microfluidic devices have also gained immense inter-
est recently for integrated on-chip crystallization and fixed-
target applications, eliminating the cumbersome and error-
prone process of harvesting crystals from conventional crys-
tallization methods prior to X-ray diffraction. Recently, a
number of such microfluidic fixed-target devices have sur-
faced for both on-chip crystallization and diffraction studies
at XFEL sources and are discussed below.
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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. [13] report-
ed 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 crystallograph-
ic studies at LCLS. The device was used to perform SFX ata
high resolution of ~2.5 A with an acquisition rate of 10 Hz
and a hit rate of ~38% (Fig. 1b). Murray et al. [74] also
reported a three-layer microdiffraction device made from sil-
icon nitride, photoresist and polyimide film for studying Hen
egg-white lysozyme (HEWL) microcrystals, as shown in Fig.
6a. HEWL microcrystals (~ 10-15 um 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 um unattenuated beam with 40-fs pulses, and microcrys-
tal images were taken manually by focusing on the silicon
nitride window present on the chip. Using this chip, a high-
resolution (~ 1.5 A) diffraction data set was reported from 324
diffraction images.

Mueller et al. [75] reported another silicon-based crystal hold-
er chip as a fixed-target matrix for room temperature serial crys-
tallographic applications at XFEL and synchrotron sources. The
crystal holder chip was microfabricated from a silicon wafer
using photolithographic, plasma etching, and wet etching
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(bottom). Adapted and reprinted with permission from Roedig et al.
[76]. 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. [77]. 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
etal. [78]
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techniques to create a matrix of tapered through holes to filter
crystals of 30—60-um size from their mother liquor prior to fixed-
target experiments, as shown in Fig. 6b. Using this device, crys-
tals of sperm whale myoglobin bound with carbon monoxide
(SWMb-CO) were used to conduct time-resolved crystallograph-
ic experiments at LCLS. Recently, the same group reported ad-
ditional 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 [79]. Using this device, SWMb-CO
crystals were used to obtain an X-ray diffraction data set with a
resolution of ~1.3 A at the XPP end station. Nam et al. [80]
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 pm x
200 pum 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 experi-
ments were conducted at SACLA with a 1.5-um focused beam
(10-fs pulses) at 30 Hz.

Recently, Roedig et al. [76] reported a micropatterned silicon
chip mounted on a high-speed goniometer—termed the
“Roadrunner”—for serial X-ray crystallography at XPP end sta-
tion. As shown in Fig. 6c, the silicon chip contained a grid of
micropores (size 4-8 pum) to accommodate crystals of picorna-
virus 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 rep-
etition rate of 120 Hz. Using this high-speed setup, a maximum
hit rate of ~ 10 and ~ 70% and resolution of 2.3 A and 2.4 A was
reported for BEV2 and CPV18 crystals, respectively.

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 methac-
rylate) (PMMA), and cyclic olefin copolymer (COC) have also
been explored. Lyubimov et al. [77] 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 compar-
atively high trapping efficiency, shown in Fig. 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 A. Mathew
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et al. [78] 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 crystals to extract
the crystals prior to X-ray exposure using translation stages, as
shown in Fig. 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 A. Very recently, Gorzny et al. [81] 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 k<2 to G2 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 [17, 72, 82, 83].

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. [84] reported a “chip-less”
approach for fixed-target crystallization experiments using
crystal solution sandwiched between two Mylar sheets
(2.5-um 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 A. Such “sheet-on-sheet” platforms
may require larger sample volumes as compared to
micropatterned chips but are comparatively inexpensive and
may eliminate cumbersome microfabrication processes re-
quiring a cleanroom facility as well as challenges with on-
chip crystal loading.

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
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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, injec-
tors, and droplet generators, to name a few and greatly facil-
itate sample delivery for challenging experiments such as TR
studies. Advancements in fixed-target devices, requiring low
sample volumes and eliminating the crystal harvesting pro-
cesses, have also paved the path for high-efficiency X-ray
diffraction experiments for proteins that are difficult to crys-
tallize 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 facilities remains one of the major
bottlenecks, such advancements in sample delivery technolo-
gy may allow researchers to collect more data with less sample
volume in a shorter time in the future.
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