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Abstract

This paper provides a review on sample injectors which are provided at SPring-8 Angstrom Compact free electron LAser
(SACLA) for conducting serial measurement in a ‘diffract-before-destroy’ scheme using an x-ray free electron laser
(XFEL). Versatile experimental platforms at SACLA are able to accept various types of injectors, among which liquid-
jet, droplet and viscous carrier injectors are frequently utilized. These injectors produce different forms of fluid targets
such as a liquid filament with a diameter in the order of micrometer, micro-droplet synchronized to XFEL pulses, and
slowly flowing column of highly viscous fluid with a rate below 1 puL min~!. Characteristics and applications of the

injectors are described.
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1. Introduction

An x-ray free electron laser (XFEL) is a high power x-
ray source which produces laser light with a wavelength
of the order of angstrom. The first two XFEL facilities in
the world, the Linac Coherent Light Source (LCLS) and
SPring-8 Angstrom Compact free electron LAser (SACLA),
provide femtosecond x-ray pulses with peak powers of the
order of tens of GW!!-2l. By focusing the XFEL pulse to
~1 wm (~0.05 wm), the intensity reaches as high as ~10'8
(~10%%) W cm 234, These characteristics offer research
opportunities in various fields of science such as structural
biology®=!, nonlinear x-ray optics!!® !, ultrafast physics
and chemistry!!>~15] and high energy density sciencel'®.

One of the most important targets of XFEL applications is
damage-free structure analysis in a ‘diffract-before-destroy’
schemel'”> 1831 in which diffraction events in the sample can
be terminated before structural change is initiated!'”]. A
diffraction pattern of the sample can be recorded even under
the irradiation of an XFEL pulse with an intensity higher
than the damage threshold. However, as the sample is to
be destroyed after the irradiation, a new sample has to be
delivered before the next x-ray pulse comes to the interaction
point. For this purpose, fluid sample injectors have been
developed.
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In the early experiments with XFEL, liquid-jet injectors
using a gas dynamic virtual nozzle (GDVN) were applied
to protein crystallography!> 7-20-231 This type of injector
produced a continuous stream of liquid containing 108—
10° cm™3 of protein microcrystals? 211, A series of diffrac-
tion patterns from the crystal suspension were recorded with
femtosecond x-ray pulses in a pulse by pulse manner. This
method is called serial femtosecond crystallography (SFX).
Because the liquid-jet injectors worked at a typical flow
rate of the order 10 wL min~', the early SFX experiments
consumed protein crystals in the order of 10-100 mg.

To reduce the sample consumption, different injectors
have been developed primarily for the application to SFX. A
lipidic-cubic-phase (LCP) injector produces a slow flow of
highly viscous lipid containing microcrystals at a flow rate
of 1073-107! WL min~'?4-261 " A typical sample amount
required for collecting a full dataset can be as small as
1 mg. Alternative crystal carriers have been utilized not
only for insoluble proteins but also for soluble ones!>> 27-291,
An electrospun injector produces a liquid jet in an elec-
tric field to deliver a crystal suspension at a low flow
rate of 0.14-3.1 pL min~'13%1 Recently drop-on-demand
injectors have been applied to SFX experiments under the
atmospheric pressure*'-3%]. This type of injector delivers
crystal-containing droplets in synchronization with XFEL
pulses. In contrast to the continuous-flow injectors, the
pulsed operation of the injector can help to reduce the sample
consumption.
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The success of SFX in the initial stage has led to devel-
opments of injection methods for chemically activated time-
resolved SFX. A mix-and-jet injector enables rapid mixing
of a reactant solution and a crystal suspension in a timescale
of millisecond for capturing protein motion initiated by
chemicals33 341,

Also frequently used are injectors which are appropri-
ate for gas-phase samples and homogeneous solutions. An
aerosol injector has been employed to deliver isolated par-
ticles into a vacuum for coherent diffraction imaging (CDI)
with extremely low background signals!® 331, Solution sam-
ples for x-ray spectroscopy and wide-angle x-ray scattering
are often provided by a liquid-jet injector which creates a
sheet of liquid!'> 14,

This paper provides a review on fluid sample injectors
at SACLA. The XFEL beamline (BL3) of SACLA pro-
duces hard x-ray pulses with peak powers of 6-60 GW,
durations shorter than 10 fs (full width at half maximum)
and photon energies of 4-20 keV!> 36-38]_ The fluid sample
injectors have been playing central roles in experiments
using the ‘diffract-before-destroy’ approach, especially in
SEX[?7- 39421 The next section gives short descriptions on
experimental instruments to which the fluid injectors are
often installed. The specifications and applications of four
kinds of injectors are described in the third section. The final
section is devoted to summary and future perspectives.

2. Experimental platforms with fluid injectors

2.1. DAPHNIS for SFX

Fluid injectors are installed to experimental systems at the
end stations of XFEL beamlines (BL2 and BL3). Diverse
Application Platform for Hard x-ray Diffraction in SACLA
(DAPHNIS) is a system for serial diffraction/scattering ex-
periments under atmospheric pressure. Its detailed descrip-
tion is found in Ref. [43]. Figure 1 shows a standard
setup of DAPHNIS, which consists of a sample cham-
ber, microscopes for sample monitoring, and a multi-port
charge-coupled-device (MPCCD) detector with eight sensor
modules*Y. The chamber is filled with He gas, a partial
pressure of which is kept higher than 0.9 atm during mea-
surement. The atmospheric-pressure operation helps stable
fluid injection, rapid sample exchange, and temperature con-
trol of the sample. The injectors are mounted on motorized
stages to be positioned properly to the interaction point.
The four kinds of standard injectors at SACLA are fully
compatible with DAPHNIS (see Section 3). In addition,
DAPHNIS can be easily customized to accept other injection
methods such as electrospun liquid microjet and fast mixing
liquid jet. This flexibility is useful to users who bring their
own injectors into SACLA.
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Figure 1. Standard setup of DAPHNIS for serial diffraction/scattering

experiments[43]. The DAPHNIS system consists of a sample chamber,
microscopes for sample monitoring, a sample injector, and an MPCCD
detector with eight sensor modules. These key components are built
on a single table. The sample chamber is filled with a He gas during
measurement. The red arrow indicates the XFEL beam direction.

2.2. MAXIC for CDI

Figure 2 shows Multiple Application X-ray Imaging Cham-
ber (MAXIC) which is mostly utilized for CDI in vacuum
environment. Detailed descriptions on MAXIC are given in
Ref. [45]. In a standard configuration for CDI, the cham-
ber is combined with a focusing system which provides a
1 wm spot of x-rays at the sample position*]. The XFEL
beam from the focusing system is collimated with a pair
of slits on the path to the sample. Diffraction patterns
are recorded with the MPCCD detectors. The in-vacuum
operation helps to suppress background signals. The liquid-
jet injector with GDVN and aerosol injector are compatible
with MAXIC, although they are not frequently employed in
CDI at SACLA. In most cases, specimens are fixed on a thin
SizN4 membrane, which is mounted on motorized stages and
raster-scanned.

3. Sample injectors

3.1. Liquid-jet injector with GDVN

The liquid-jet injector with GDVN produces a thin and fast
stream of solution or suspension. The basic structure and
working principle of GDVN are found in Refs. [46-48].
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Figure 2. The MAXIC system for in-vacuum diffraction/scattering

experirnents[45]. The vacuum chamber contains a pair of four-jaw slits
and motorized stages for injector or fixed targets. In most experiments, a
focusing system and MPCCD detectors are employed as well. The red arrow
indicates the XFEL beam direction.

300 pm

Figure 3. A microscope image of the tip of GDVN at SACLA. The liquid
beam from the inner capillary is squeezed by the gas flow in the outer
capillary.

Figure 3 shows a microscope image of the tip of GDVN
at SACLA. The nozzle has a double capillary structure,
in which sample liquid and gas are supplied through the
inner and outer capillaries, respectively. The sample liquid is
delivered with a hydraulic pump for high performance liquid
chromatography (HPLC) pump. The concentric gas flow
squeezes the liquid beam to make a thin sample filament,
a diameter of which is varied with a flow rate of liquid and a
stagnation pressure of He. Table 1 gives diameters of water
beam produced by using a center capillary with an inner
diameter of 50 wm. The size of inner capillary should be
chosen to match sample properties such as viscosity, and
particle size and density in suspension. The standard inner
diameters are 50, 75, 100 and 150 pwm.

In SFX experiments, the GDVN injector delivers micro-
crystals dispersed in a buffer solution. Diffraction measure-
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Figure 4. One of the diffraction patterns of 1 um lysozyme crystals
delivered by using the liquid-jet injector with GDVN. The image was
recorded with the MPCCD detector which was placed 50 mm apart from
the interaction point. Each of the eight sensor modules of the detector has
an effective area of 25 mm x 50 mm.

Table 1. Diameter of a water beam from GDVN? at SACLAI43],

Water flow rate

Liquid-beam diameter (jum)

(wL min~1) He 0.06 MPaP He 0.10 MPaP He 0.16 MPaP
60 Unstable Unstable 8
80 Unstable Unstable 10

100 Unstable Unstable 11

120 Unstable 20 13

160 32 24 16

200 34 28 22

240 36 28 22

280 38 31 21

320 40 32 23

4 An inner diameter of the center capillary is 50 pm.
b Gauge pressure.

ment is usually performed by using DAPHNIS. Figure 4
shows an x-ray diffraction pattern from a lysozyme micro-
crystal supplied from a suspension with a crystal density of
~10° cm™3 and an average crystal size of ~1 pm. A dataset
with 3226 diffraction patterns gave a crystal structure at a
resolution of 0.24 nm!*3!. The GDVN injector has also been
applied to in-vacuum serial diffraction experiment using
MAXIC.

3.2. Liquid-jet injector with sample circulator

Another type of liquid-jet injector is utilized to keep sample
injection with circulating a sample liquid. Figure 5 shows
a schematic drawing of the injector system. The liquid
is circulated by using a peristaltic pump. The standard
nozzle apertures are 100 and 200 pm in diameter. A liquid-
beam diameter is almost the same as the aperture size.
A typical flow rate is 1.5 mL min~! (2.5 mL min~!) with
the 100 pm (200 wm) nozzle. A minimum liquid volume
of ~5 mL is required for the circulator to keep injection.
As in the case of GDVN, a microcrystal suspension is
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Figure 5. A schematic drawing of the liquid-jet injector with a sample
circulator. The sample liquid in the reservoir is discharged and circulated
by the peristaltic pump.

delivered in SFX. Although the 100 pm (200 pm) liquid
beam generally produces high background signals, relatively
large crystals can make Bragg-signal intensities high enough
for solving crystal structures. For example, a crystal structure
of lysozyme was determined at a resolution of 0.24 nm by
using ~5 pm crystals ejected from the 200 wm nozzle!*3!,

3.3. Viscous carrier injectors

The liquid-jet injectors generally consume a large amount
of sample because of the high flow rate. This issue is
especially serious for SFX users who measure precious
protein samples. To reduce the sample consumption, viscous
carrier injectors have been developed for the application to
SFX. Two types are now available at SACLA. The one is
basically a syringe pump (Figure 6), which slowly extrudes
a viscous fluid containing microcrystals. The plunger is
driven with a linear actuator. A standard syringe needle
has an inner diameter of 110 wm. A typical flow rate is
as low as 0.5 uL min~!. A thinner needle with a 50 um
inner diameter can be employed to further suppress the
flow rate. Temperature of the syringe is kept constant with
a thermoelectric device. The combination of this injector
with the grease matrix method can lead to a wide range
of application'?’!. Sugahara et al. determined the crystal
structures of lysozyme, glucose isomerase, thaumatin and
fatty-acid-binding protein type 3 at resolutions of 0.2 nm or
better by using less than 1 mg of the proteins.

The other type of injector is driven by an HPLC pump.
Its details will be described in a separate paper!*’l. Currently
this injector is routinely used in SFX with a variety of crystal
carriers such as LCP, greases!?’], and hyaluronic acid!*!.
The working principle is essentially the same as that of the
LCP injector developed by Weierstall ez al. (241,

3.4. Droplet injector

The viscous carrier injector has facilitated the delivery of
lipophilic samples in lipidic carriers.Although the grease
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Figure 6. (a) The syringe-pump type of injector for a viscous carrier. The
plunger of the syringe is pushed down by the push rod mounted on a linear
actuator. (b) Enlarged view of the syringe part. Temperature of the syringe
is kept constant by using the cooling jacket with a thermoelectric device.
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Figure 7. A schematic diagram of the system of droplet injector. The nozzle
with a piezoelectric element is driven by the electric pulse generator. The
timing of ejection is adjusted by the delay generator which is synchronized
with the XFEL source. The pressure controller keeps an optimum pressure
of the sample.

matrix method extended the applicability to soluble-protein
crystals, it is more or less an invasive method; i.e., a grease
carrier can deteriorate sample quality. Pulsed sample injec-
tion is a direct method to deliver non-viscous samples with a
reasonably small consumption.

The pulsed droplet injector at SACLA produces a drop
of sample liquid at a timing synchronized with the XFEL
sourcel3!l. Figure 7 shows a schematic diagram of the
injector system, which basically consists of a nozzle with
a piezoelectric element, a sample reservoir, a pressure con-
troller, a delay generator and an electric pulse generator.
The piezoelectric element is driven by the electric pulse
generator, to which the delay generator provides a timing
signal synchronized with the XFEL source. The pressure
controller maintains the sample pressure at which the liquid
keeps the meniscus at an optimum position of the nozzle tip.
The standard nozzle has an aperture of 80 wm in diameter. A
typical sample flow rate is 0.5 wL min~" at 30 Hz.
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The droplet method was successfully applied to SFX.
Mafuné et al. determined the structure of lysozyme at a
resolution of 0.23 nm from crystals with an average size of
~5 pm. A complete dataset was obtained in ~30 min with a
sample amount less than 0.3 mg.

4. Summary and outlook

The fluid sample injectors at SACLA have facilitated experi-
ments in the way of ‘diffract before destroy’ by working with
the diverse experimental platforms such as DAPHNIS and
MAXIC. They are especially playing a key role in protein
SFX using the DAPHNIS system. After the successful
demonstrations of the liquid-jet injectors, the viscous carrier
injector and the droplet injector expanded the opportunity of
SFX to a wide variety of proteins. Now both lipophilic and
hydrophilic crystals can be measured with a reasonably small
amount.

The increasing demands for SFX lead to the further devel-
opment of sample delivery methods which will enable data
acquisition in a short time with a reduced sample amount.
A fixed target method is now capable of delivering crystals
at the repetition rates of the existing XFEL sources>"l.
Microfluidic flow cells would be useful for precious protein
samplesl!> 92! Sample injection with a coaxial sheath liquid
can help to suppress a sample amount even in the case of
continuous-flow liquid jet!>*).

The developments in sample delivery methods add new ca-
pabilities to the experimental systems. Time-resolved SFX,
for example, is becoming a common technique for studying
dynamics of proteins®>> 3*!_ In this technique, delivery tools
should be compatible with sample activation techniques such
as optical pulse irradiation and fast mixing of reactant and
sample solutions(3 341,
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