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Crystallography has made a notable contribution to our knowledge of
structural biology. For traditional crystallography experiments, the growth
of crystals with large size and high quality is crucial, and it remains one of
the bottlenecks. In recent years, the successful application of serial femtosecond crystallography (SFX) provides a new choice when only numerous microcrystals can be obtained. The intense pulsed radiation of X-ray
free-electron lasers (XFELs) enables the data collection of small-sized crystals, making the size of crystals no longer a limiting factor. The ultrafast
pulses of XFELs can achieve ‘diffraction before destruction’, which effectively avoids radiation damage and realizes diffraction near physiological
temperatures. More recently, the SFX has been expanded to serial crystallography (SX) that can additionally employ synchrotron radiation as the
light source. In addition to the traditional ones, these techniques provide
complementary opportunities for structural determination. The development of SX experiments strongly relies on the advancement of hardware
including the sample delivery system, the X-ray source, and the X-ray
detector. Here, in this review, we categorize the existing sample delivery
systems, summarize their progress, and propose their future prospectives.

doi:10.1111/febs.15099

Introduction
Approximately 100 years ago, a series of important
discoveries [in 1912, Max von Laue discovered X-ray
diffraction (XRD) in crystals [1]; from 1913 to 1914,
William Henry Bragg and William Lawrence Bragg

proposed diffraction theory and established Bragg’s
Law [2]] marked the beginning of analyzing material
structure through crystallography. Today, protein crystallography is undergoing a significant change with
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far-reaching influence. In particular, the practical
application of the X-ray free electron lasers (XFEL) in
determination of protein structure [3–7] has become a
landmark event in this field, announcing the arrival of
a new era.
The structure determination of biomacromolecules
and their complexes is a very important part of structural biology. The structural information of biomacromolecules and their complexes is very fundamental for
understanding the nature of life [8–10]. Therefore, it is
of great scientific significance and practical value to
study the structure and function of biomacromolecules
and their complexes, such as enzymes.
At present, XRD, NMR, and cryoelectron microscopy are the main approaches to obtain the structure information of biomacromolecules and their
complexes at the atomic scale. Each of the three
approaches has its own advantages and is very
important in the analysis of macromolecular structure. Among these techniques, XRD is still the most
widely used for structural determination [11,12].
According to the statistics in PDB database (http://
www.rcsb.org/stats/summary), more than 90% of the
total protein structures were obtained by XRD. In
the past, a successful diffraction experiment usually
required the crystal to be large enough [13]. With the
progress in X-ray light sources, X-ray detectors, and
data processing technology, the size of crystals in
diffraction experiments has been decreasing [14]. For
example, the synchrotron radiation (SR) source can
use micron-sized (as small as 10 lm) crystals for
diffraction experiments, and the XFEL can perform
diffraction experiments using crystals with a size of
nanometers [15]. In general, for the same sample, the
stronger the light source, the better the experimental
results. However, a stronger light source will lead to
an increase in the X-ray absorption dose, resulting in
serious radiation damage [16]. Currently, the radiation damage of the crystal is usually reduced by
flash-freezing the crystal in XRD experiments [17,18].
However, flash-freezing crystals can lead to some
other problems [19,20]. These problems typically
include: (a) More procedures are necessary to screen
cryoprotectants to avoid the damaging of crystals
during flash-freezing. (b) Flash-freezing of crystals
can cause them to deteriorate, resulting in nondiffracting crystals. (c) Some proteins undergo structural changes during flash-freezing, which is not
desirable for correct structure determination. (d)
Low-temperature diffraction may lead to a significant
increase in mosaicity [17,18,21]. (e) Though different
conformational states can be trapped by flash-freezing
to capture different conformational dynamics, it will
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be easier to study structural dynamics using crystals
at room temperature.
The emergence of SFX provides an alternative for
small protein crystal suspensions that do not require
flash-freezing. The advantages of this technique are
apparent: it not only avoids the procedures of flashfreezing crystals but also provides the structure information of proteins at physiological or near-physiological state. Besides, SFX can use micron and even
submicron samples to determine the structure of proteins. During the SFX experiment, crystals are continuously delivered to the X-ray beam, then the
diffraction data of thousands of single crystals are
obtained and merged for solving the molecular structure [22]. Theoretically, this technique can achieve
‘diffraction before destruction’ [23]. In addition, it
also enables time-resolved structural analysis, which
provides an alternative to carry out studies in the
structural dynamics of biological macromolecules [24–
27].
SFX pioneered a new era in the structural analysis
of the biological macromolecules. Moreover, the concept and method of SFX have been successfully validated on SR. The serial crystallography (SX)
experiment performed on the SR is called serial millisecond crystallography (SMX). The emergence of
SMX has made SFX expanded to SX that can additionally employ SR as the light source [28–32]. SMX
inherits many advantages of SFX. For example, the
complete structure of a molecule can be obtained by
merging the data of multiple crystals; the size of the
crystals used can be on the order of a few microns,
which is of great value for proteins that are difficult to
grow into large-size crystals; and the diffraction experiments can be carried out at room temperature, which
is of particular importance for protein crystals that are
not suitable to be frozen.
As a booming technology, the development of SX is
affected by various aspects including hardware systems, data processing software, and the standardization of experimental technologies. The development of
hardware systems is the basis of SX experiments which
mainly includes sample delivery system, X-ray light
source, and X-ray detector. The progress of SX experiments strongly relies on the development of X-ray
light sources and X-ray detectors. In addition to these
two hardware systems, the sample delivery system is
crucial hardware for SX experiments. To advance the
progress of SX, a series of sample delivery systems
have been developed internationally. This review is
focused mainly on existing sample delivery systems,
summarizing their development and proposing their
future prospectives.
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Instrumentation of sample delivery
systems
The major hardware equipment to complete SX data
collection includes the diffraction light source (X-ray
source), sample delivery system, and high-sensitivity
detector (X-ray detector), as shown in Fig. 1. Sample
delivery has always been a major focus for researchers
since the advent of SX. A variety of sample delivery
systems have already been developed for SX on XFEL
facility [33,34], some of which have also been proven
to be suitable for SR facility [35–37]. Sample delivery
devices provide an SX experiment with samples moving through the X-ray beam. An ideal sample delivery
system would enable fast data collection, with as low
as possible sample consumption, data collection time,
and diffraction background. It would be compatible
with both XFELs and SR sources and would enable
time-resolved measurements.
Existing sample delivery systems can be divided into
two major categories, one with the process of crystal
migration and the other without crystal migration relative to the delivery device. We name the first type as
the moving target system and the second as the fixedtarget system. For reference, we list the information
about sample delivery systems summarized in this
review in Table 1, including flow rate, sample delivery
speed, sample consumption, crystal sizes, operating
platforms (SR/XFEL), and examples of biological
sample examined in SX experiments.

Moving target system
Moving target systems refer to a number of delivery
systems containing a crystal migration process, which
forms a stream of samples that can be continuously
hit by X-rays. The sample stream is usually formed by

using X-ray transparent glass capillary, nozzle jetting,
etc. Typical moving target systems include the gas-focused dynamic virtual nozzle (GDVN), high-viscosity
extrusion (HVE) injector, microfluidic electrokinetic
sample holder (MESH), etc.
Gas-focused dynamic virtual nozzle
Gas-focused dynamic virtual nozzle is the first sample
delivery system to deliver crystals in a flowing liquid
suspension across an XFEL beam at the linear accelerator coherent light source (LCLS) [38]. Currently, the
GDVN is one of the most commonly used technologies for sample delivery, and it is widely used in timeresolved studies such as mix and injections experiments
[39,40]. GDVN is usually composed of two capillaries;
one capillary is centered in the interior of the other,
thus forming two channels. When the liquid is ejected,
a high-pressure gas flow coaxial with the sample flow
is ejected from the external chamber to form a ‘virtual
nozzle’. The ‘virtual nozzle’ focuses the jet down from
a 50-lm capillary to a few microns jet so that the
background can be reduced effectively, and at the
same time, it can reduce the vacuum evaporation effect
[22,41,42]. In addition, the sheath gas keeps the jet
from freezing so that the detector does not get damaged by high-intensity ice diffraction. In order to keep
the sample focused into a microjet during GDVN
operation, a relatively fast liquid flow rate is required,
typically at a speed of 10–20 ms 1 [43]. After the
European XFEL facility was put into operation, the
requirements for a sample delivery system capable of
matching its MHz pulse rate were put forward. Several
SX experiments based on GDVN technology have
been successfully carried out at the European XFEL
facility [44–46]. Research shows that it is feasible to
achieve SX sample delivery at MHz pulses by

Fig. 1. Schematic representation of SX experiments, including X-ray source, sample delivery system, X-ray detector, and data processing.
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Table 1. Sample delivery system and relevant information for SX experiments.

Systems
Moving
target
system

Technique
name
GDVN

~ 0.001–
0.3 lLmin

Dozens of
milligrams or
more

~ 5 lm

XFEL

1

250 mg

SR

Up to several
millimeters per
second

< 1 mg

Smaller than
the inner
diameter of
the capillary
~ 1–30 lm

Adjusted by
applied voltage

Hundreds of
micrograms

Up to 40 lm

XFEL

A few hundred
meters per
second
N/A

–a

Nanoscale

XFEL

Hundreds of
micrograms

~ 5–400 lm

XFEL

N/A

Dozens of large
crystals
Several
micrograms

＞50 lm

SR and
XFEL
SR and
XFEL

5 9 10

1

1

1

Aerosol
injector

~ 2.7–
3.5 lLmin

ADE

Drop on
demand

Nylon loop

Defined by
steps
Defined by
motors

Defined by
motors

SR/XFEL

~ 10–20 ms

HVE injector

Conveyor belt

Crystal sizes

1

1

2.5 lLmin

Microfluidic
chip

a

~ 10–
20 lLmin

~ 1–
3 lLmin

Sample
consumption

Delivery speed

Capillary

MESH

Fixed-target
system

Flow rate

1

3

ms

N/A

N/A

Hundreds of
micrograms

Depending on
the chip

Depending on
the nozzles
or syringes

SR and
XFEL

SR and
XFEL

Examples of
biological samples
Lysozyme; blactamase; RNA
polymerase II; CcO;
photosystem I;
photosystem II;
Lysozyme

Lysozyme; bR; CA II;
thermolysin;
crystalline GI;
phycocyanin;
thaumatin;
proteinase K;
sindbis virus
Thermolysin; 30S
ribosomal subunit;
photosystem II
GV

Thermolysin;
lysozyme;
photosystem II;
phytochrome
photoreceptor; RNR
TbCatB; CcO; CuNiR;
Cpl hydrogenase
Lysozyme; BeV2;
CPV18; hexagonal
(P6) myoglobin;
thaumatin;
crystalline GI;
thioredoxin
Photosystem II;
phytochrome
photoreceptor

No successful example yet.

designing and manufacturing nozzles that generate a
small-diameter and high-speed jet [47].
The traditional GDVN is manufactured by manual
flame polishing, limiting the resolution, repeatability,
and yield of nozzles. To address this issue, technologies such as microfluidic chips based on soft lithography [48,49], ceramic microinjection molding [43], and
three-dimensional printing based on two-photon polymerization [50] have been applied in nozzle manufacturing.
The high sample consumption of GDVN technology
limits its application in the structural analysis of some

difficultly crystallized proteins and valuable proteins.
In 2017, Oberthuer [51] proposed the double-flow
focusing nozzle (DFFN), and the structure of RNA
polymerase II was obtained for the first time at room
temperature using the DFFN device. The internal liquid flow of the DFFN is focused by a coaxially faster
external liquid flow, and the external liquid flow is
focused by a gas. In Fig. 2A, we show the constructions of the GDVN and DFFN. Compared with the
GDVN, the DFFN significantly reduces the sample
consumption because the liquid flow of the DFFN is
mainly formed by the sheath fluid.
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Fig. 2. Schematic representation of moving target system. (A) Diagram of the GDVN and DFFN system. (B) Diagram of MESH and
CoMESH system. (C) Diagram of an HVE injector. (D) Diagrammatic representation of the cross-section of the aerodynamic lens. (E)
Diagram of the nozzle of ADE technology.

Capillary delivery
The capillary delivery technique enables sample delivery by pushing the sample liquor in the capillary
through an injection pump. In 2014, Chapman’s team
[30] carried out the proof-of-principle measurement.
 at
They analyzed the structure of lysozyme 2.1 A
room temperature for the first time through the capillary delivery technology on SR, which verified the feasibility of synchrotron SX. A glass capillary, having an
inner diameter of 100 lm and a wall thickness of
10 lm, was used in their experiments. The experimental process was run at a flow rate of 5 lmms 1
(2.5 lLmin 1), which effectively reduced sample consumption, but the slower sample delivery speed
increased the run time of the crystal in the pipeline,
which brought serious crystal settlement. Therefore,
during the measurement, the capillary was simultaneously scanned to avoid accumulation of the sample on
the wall of the capillary. In this device, the influence
of diffraction background comes from the solution in
the pipeline and the material of capillary. Selecting a
capillary with a smaller diameter and lower diffraction
background can make a significant contribution to
reducing the diffraction background.
Recently, another device belonged to capillary delivery has been reported. In their research, a metal-polyimide microfluidic flow-focusing device was designed
4406

and manufactured. This research achieved SMX data
collection in the microfluidic flow-focusing device, and
it has the advantages of low sample consumption and
short time consumption [52]. Polyimide (Kapton) is an
ideal material for delivery devices because it is widely
used in X-ray scattering and diffraction experiments.
To use the Kapton as a material for capillary delivery
devices has the advantage of reduced cost and background scattering.
High-viscosity extrusion (HVE) injector
High-viscosity-extrusion is also known as lipid cubic
phase (LCP) extrusion. This is a method developed
from the liquid jet technique. Figure 2C shows a diagram of an HVE injector. The constructions of the
HVE injector and GDVN nozzle are similar. Since the
medium used in an HVE injector is relatively viscous,
the sample flow rate is slow when extruded (0.001–
0.3 lLmin 1); therefore, the utilization of crystals can
be significantly increased, and the sample consumption
can be reduced effectively [53–55].
Initially, LCP technology was mainly used for membrane protein crystals [56]. The progress of structure
research in membrane proteins is far behind that of
soluble proteins because membrane proteins are not
easily crystallized and they are relatively unstable once
they are separated from their natural lipid bilayer
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environment [57]. The development of membrane protein structure analysis benefits from the LCP crystallization method. In 1996, Landau [58] first crystallized
the bacterial rhodopsin protein by the LCP technique.
Subsequently, a variety of membrane protein structures, including G protein-coupled receptors (GPCRs),
was obtained by LCP technology [59–65]. GPCRs
mediate signaling pathways and participate in the regulation of a variety of physiological processes and are
important drug targets.
Recently, the successful application of LCP-SFX
[57,66–68] in the structure determination of membrane
proteins has shown that the structural analysis of
membrane proteins can be achieved with tiny crystals.
This step is of great importance to the structure determination of membrane proteins, which typically form
small-sized crystals in the LCP. In LCP-SFX technology, the LCP acts as a medium both for the growth of
membrane protein microcrystals and for the delivery
of membrane protein microcrystals. It has been shown
that viscous injectors are unrestricted by the medium,
and the range of media has been successfully extended
to grease-matrix [69], agarose [70,71], vaseline [36],
poly(ethylene oxide) (PEO) [72], hyaluronic acid (HA)
[73], polyacrylamide (PAM) [74], and hydrogels [hydroxyethyl cellulose (HEC), sodium carboxymethyl cellulose, and Pluronic F-127] [75,76], etc.
Lipid cubic phase-SFX technology is also suitable
for soluble proteins. In 2015, Fromme [77] successfully
used the LCP as a medium for soluble proteins to collect high-quality LCP-SFX datasets of lysozyme and
phycocyanin, reducing the consumption of each protein to < 0.1 mg. In 2018, the structural data of carbonic anhydrase II (CA II) crystallites were collected
by LCP-SFX technology, which laid the foundation
for the time-resolved study of CA II catalysis by SX
experiment [78]. The serial diffraction experiment can
be achieved by the same method when soluble protein
crystals are dispersed in other relatively viscous media.
In 2015, Conrad [70] explored and developed a novel
delivery medium based on agarose. The agarose medium is available for both soluble proteins and membrane proteins. Compared with the LCP and other
viscous delivery matrices, the agarose delivery can produce a low X-ray scattering background. In 2016,
Sugahara [73] reported the water-based HA matrix
crystal carrier which is suitable for oil-sensitive protein
crystals, and it was successfully used for proteinase K
and lysozyme. The HA matrix can achieve low sample
consumption and significantly reduce background scattering. However, because of the strong adhesion of
HA, the nozzle is easily clogged. In 2017, Sugahara
[75] used an HEC matrix as the crystal carrier to
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obtain structures of soluble proteins at a resolution
 at room temperature. The HEC carrier
beyond 1.8 A
can produce a stable and small-diameter sample flow,
and it is helpful to reduce sample consumption and
background scatter. More recently, the application of
PAM in sample delivery as a viscous matrix has been
reported. The outstanding advantage of PAM as a
sample delivery matrix is that it will not have a binding reaction with protein samples [74].
Currently, the HVE injector can perform on both
SR and XFEL facilities. In 2015, Nogly et al. [79]
implemented an LCP-SMX experiment on the ESRF
microfocus beamline and obtained the structure of the
light-driven proton pump bacteriorhodopsin (bR) with
 The authors also carried out
a resolution of 2.4 A.
LCP-SFX experiments on a LCLS using the same
sample [80]. In 2017, Martin-Garcia [72] carried out an
SMX experiment based on HVE technology at the
Advanced Photon Source. In this research, crystals
with a size of 5–20 lm suspended in the LCP or PEO
were delivered to the SR beam by a high-viscosity
injector. The successful validation of LCP-SMX
extends LCP-SFX technology to LCP-SX technology,
which will promote progress in the structural analysis
of membrane proteins as well as soluble proteins.
Microfluidic electrokinetic sample holder
The MESH is also known as an electrospin injector.
The MESH uses a high-voltage electric field to focus
the liquid flow for sample delivery and primarily
works in SFX experiments, which usually perform
under a vacuum environment. This technology reduces
sample consumption by adding an additive with moderate viscosity to the sample suspension.
In 2012, Sierra [81] used a MESH device for nanoflow electrospinning under a vacuum environment. To
reduce sample consumption, glycerol was added to the
sample suspension and successfully achieved a low sample consumption of 0.14–3.1 lLmin 1; however, its
background interference was high. In addition, since
the experiment was performed under vacuum conditions, the evaporation of the sample liquid was rapid.
The rapid evaporation of the sample liquid led to the
dehydration of crystals, and the evaporation of the
sample liquid absorbed heat from its surroundings
causing the sample to freeze. The evaporation of the
sample liquid also resulted in the precipitation of the
solvent, which seriously affected the sample ejection.
Then, Sierra [82] developed the concentric-flow electrokinetic injector (CoMESH) to solve these problems.
In Fig. 2B, we show diagrams of the MESH and
CoMESH. Compared with the MESH, the CoMESH
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uses a concentric capillary design. The inner capillary
introduces crystals suspended in the mother liquor to
the XFEL beam. The sheath flow in the outer capillary
protects the sample from vacuum-induced evaporation,
preventing the sample from dehydrating and freezing as
it is introduced into the vacuum chamber while reducing the background interference. Sierra used CoMESH
to collect the first complete data of the 30S subunit
bound to the antibiotic paromomycin at ambient temperature [82]. This achievement is of great importance
for the structural-based drug design of a new generation of antibiotics against bacterial ribosomes.
Microfluidic electrokinetic sample holder technology
typically maintains a flow rate of 1–3 lLmin 1, which
allows sample consumption of 10–100 times lower than
that of the aerosol injectors and GDVN. The MESH
is an ideal sample delivery technology for SX experiments, whether it is a simple protein or a complex
membrane protein. In the future, the prospect of
developing MESH devices for sample delivery used in
both SR and XFEL facilities is attractive.
Aerosol injector
The aerosol injector is a device utilizing a nozzle to jet
aerosol particles under high pressure at a high velocity,
including electrically driven aerosol injectors and gas
driven aerosol injectors [83]. Atomized droplets containing sample generated by aerosol injectors pass
through a series of separators, apertures, and graded
pumps, eventually entering the vacuum environment to
deliver the sample to the X-ray beam. The aerosol
injector reduces the amount of liquid around the sample during sample delivery, thereby the background
scanning can be reduced effectively. However, the disadvantage of aerosol injectors is the low hit rate,
which is a feature that needs to be optimized [84].
A typical aerosol injector is atomized by a GDVN
and then focused by an aerodynamic lens and delivered to an XFEL beam [85–87]. An aerodynamic lens
is also known as a coaxial lens and consists of a series
of concentric axis-symmetric apertures (see Fig. 2D).
The aerodynamic lens migrates the particles toward
the central streamline by adjusting the interaction
between the inertial forces of the particles and the gas
resistance. The aerodynamic lens can be designed by
formulas and software for producing different diameters of particles. The aerosol injector can emit particles
at a high speed, and it is the only technology currently
developed in which the sample flow rate can be
matched with the European XFEL facility [88].
In 2008, Bogan [89] demonstrated the diffraction
imaging of a nanoscale sample in free flight by
4408

aerodynamic lens for the first time, and laid the foundation for single-particle coherent diffraction imaging
(SPI) of biomolecules. SPI benefits from the superbright X-ray pulses generated by an XFEL, and SPI
technology can image nanoscale samples effectively
without the need for crystallization [90]. As a successful technique for SPI research, aerosol injector has
been successfully used in the study of viruses [86–
88,91], soot [92], cells [93], cell components [94], and
so on.
Preliminary studies have suggested that the aerosol
injector is not suitable for biological macromolecular
crystals, which need to be kept in a liquid or semi-liquid medium. In 2018, Chapman and colleagues conducted SFX studies on natural Cydia pomonella
granulovirus (GV) nanocrystals by an aerosol injector.
The author also proposed that when using other protein crystals that are not stable enough in pure water,
a suitable strategy should be adopted to control the
relative humidity of the crystals [95]. These results also
indicate that the aerosol injector is a potential technology for delivering crystal samples into X-ray beams
[96].
Acoustic droplet ejection
Acoustic droplet ejection (ADE) uses sound pulses to
deliver samples from a source location to a variable
destination through a short air column, as shown in
Fig. 2E. ADE can jet nanoliter or picoliter droplets
with high positional precision and repeatability. The
size and velocity of the droplet are governed by the
frequency and amplitude of the emitted sound.
ADE technology was originally used for protein
crystal growth, improvements in crystal quality, highthroughput screening, dose–response experiments, and
so on. In 2015, Wu [97] researched the application of
ADE technology in crystallization experiments at the
low-nanoliter scale. The researcher also described an
automation system that combines an acoustic liquid
processor with a robot arm and other related auxiliary
devices to achieve unattended high-throughput crystallization experiments. In 2016, Ericson [98] described a
method for detecting protein crystals and monitoring
crystal growth using the ADE system. Currently, the
ADE system can detect crystals < 50 lm in size, and
experimentalists expect using this system to detect and
monitor the growth of 3-lm single crystals.
Now, ADE technology is gradually being developed
for sample delivery. ADE delivery systems use focused
acoustic waves to jet droplets containing crystals into
an X-ray beam for diffraction experiments and data
collection. In 2016, Roessler [99] proposed two kinds
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of ADE systems for sample delivery, one is a positive
system and the other is an inverted system. Both of
them enabled drop-on-demand with a high hit rate.
The inverted system provided repeatable size and
velocity of the droplet and effectively counteracted the
settlement of crystals. In 2017, Fuller [100] combined
ADE with a Kapton conveyor belt achieving drop-ondemand sample delivery. The samples were deposited
on the Kapton belt by an acoustic injector and then
delivered to the X-ray beam through the Kapton conveyor belt. This system is not only suitable for the
structural determination of proteins but also for the
in situ determination of many enzymatic intermediates
[101].
Acoustic droplet ejection technology can be used to
deliver large-size samples without the clogging problem
characteristic of GDVN technology. Successful application of the ADE delivery system at the XFEL facility has been verified. Since the ADE delivery system
enables drop-on-demand, the development of an ADE
system for an SR facility is achievable by adjusting the
ejection frequency of the ADE system.
Fixed-target system
Fixed-target systems refer to those without crystal
migration during diffraction. In other words, the crystals are fixed in a sample holder. Serial crystallographic diffraction is realized by moving the sample
holder so that different crystals can be hit. When using
the fixed target for a diffraction experiment, a prescan
is often performed to determine the position of the
crystals, and later, the entire fixed target is moved to
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perform the diffraction experiment right on the crystals. In 2016, Oghbaey [102] used a fixed target in
combination with spectroscopic mapping providing a
versatile and efficient system that achieved a hit rate
approaching 100%. Compared with the moving target
systems, the fixed-target systems can usually reduce the
sample consumption. Typical fixed-target systems
include nylon loops, microfluidic chips, and so on.
Nylon loop
Sample delivery by nylon loops is achieved by suspending single or multiple crystals in a nylon loop and
then performing a click-and-shoot, raster, or helical
scan of the crystals for data collection. Unlike other
techniques, data collection through a nylon loop
allows multiple-exposure data for the same crystal,
and the experiment can be conducted at both cryogenic and ambient temperatures [103].
Figure 3A shows a diagram of an experimental
setup for helical data collection with a nylon loop. Different horizontal, vertical, and rotational steps can be
set according to the experimental needs. The helical
data collection is very suitable for long crystals. In
2014, Hirata [104] collected the structural data of cyto resolution
chrome c oxidase (CcO) with up to 1.9 A
through the helical scanning method at the SPring-8
angstrom compact free-electron laser facility. This
method is not only suitable for XFELs but also compatible with many existing synchrotron beamlines. In
2014, Gati [28] obtained a complete dataset of Try
panosoma brucei procathepsin B (TbCatB) at a 3 A
resolution by serial SR crystallography. In their study,

Fig. 3. Schematic representation of fixedtarget systems. (A) Diagram of an
experimental setup for helical data
collection of nylon loop [104]. (B)
Diagram of a microfluidic chip device. (C)
Conveyor belt combined with ADE for
sample delivery. (D) Conveyor belt
combined with syringes for sample delivery.
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the TbCatB microcrystalline suspension grown in vivo
was mounted on a nylon loop, and the loop was spirally scanned. Recently, the X-ray damage-free struc
ture of copper nitrite reductase (CuNiR) at a 1.6 A
resolution was obtained by the helical scanning of
large crystals in nylon loops [105].
Microfluidic chip
Microfluidic chips used in SX experiments are usually
composed of thin films or silicon wafers with micropores. The SX is realized by loading single microcrystals
in the micropores and then conducting raster scanning.
Figure 3B shows an example of a typical microfluidic
chip.
In 2014, Hunter [106] successfully verified the sample delivery strategy of a fixed-target device with low
sample consumption by loading protein microcrystals
onto an ultra-thin silicon nitride membrane. In 2015,
Coquelle [107] designed a sandwich-like silicon nitride
device, and lysozyme crystals in two silicon nitride
wafers were presented to the X-ray beam for the
diffraction experiment, obtaining a high-resolution
 In 2015, Roedig
structure of lysozyme up to 1.7 A.
[108] developed a micropatterned silicon chip as the
sample holder to load up to thousands of crystals. The
micropatterned silicon chip can fix crystals suspended
in mother liquor effectively. Additionally, the chip
allows removing the mother liquor efficiently. Therefore, the background interference can be reduced. In
addition, the micropatterned silicon chip is appropriate
for a wide size range of crystals from very small to
medium, but the crystals are prone to dehydration
during the longer data collection. To solve this problem, Roedig [109] suggested exposing crystals to a
humidified air or helium chamber during the experiment. The strategy of sealing chips with a polyimide
film or graphene can also protect crystals from dehydration [110,111]. In 2017, Roedig [112] combined the
micropatterned silicon chip with a high-speed roadrunner goniometer for sample delivery in an SX experiment, and for the first time, they obtained the
complete structure of bovine enterovirus 2 (BeV2) at
the atomic level through XRD methods. In their
research, a micropatterned silicon chip containing
thousands of pores was used to hold samples, and then
the X-ray beam scanned the chip line by line. This
technology achieved a high hit rate in the diffraction
experiment, and complete dataset of BeV2 was
obtained within 14 min. Moreover, only 0.23 nL of
the sample was consumed. The authors also used the
method to collect the dataset of cytoplasmic polyhedrosis virus type 18 polyhedrin (CPV18), and the
4410

structure of the CPV18 crystals was solved with only
~ 4 lg of protein. Such a requirement is of great significance for the structural analysis of some samples
that are difficult to obtain in large quantities. More
importantly, the success of this research opened up a
new approach for the structural analysis of viruses,
and it has been much helpful to the structural analysis
of more viruses. For microfluidic chip technology,
sample loading is a challenging process. In 2018, a
sheet-on-sheet sandwich device was designed to
address this challenge and has proven effective [113].
The sheet-on-sheet sandwich is made up of two nonmicromachined Mylar films and crystal samples between
them.
Recently, the microfluidic chip technology has been
applied to dynamic study in an SX experiment; Schulz
[114] designed the ‘hit and return’ (HARE) method of
serial synchronous radiation crystallography for timeresolution research based on the silicon wafer technology of a fixed target, realizing dynamic study with a
time resolution from milliseconds to seconds or even
longer. The ‘HARE’ method expands the fixed-target
technology from sample delivery technology to time-resolution research technology. Moreover, the approach’s
high flexibility in time resolution makes it very ideal for
the detection of multiple biological reactions.
Microgrids or micromeshes, similar to microfluidic
chips, have also been developed for sample delivery. In
2014, Cohen [103] investigated the feasibility of a grid
as a data collection strategy for SX experiments, and
then Cohen et al. undertook an SX experiment with the
grid [115]. In their study, hexagonal (P6) myoglobin
crystals were loaded into the grid manually, and finally,
 was obtained from 932
a complete data set at 1.36 A
crystals in 32 grids. The researchers also described a
technology for growing crystals in the grid incubation
chamber and loading crystals into grids by liquid-handling robots. In 2017, a sample extractor was designed
for sample delivery. This device captures crystals from
their mother liquor using a mesh or a film as the substrate, and then the substrate with sample are encapsulated in a small vial. The vial has openings on both
sides, which are covered with a thin X-ray transparent
film to ensure the X-rays pass through, and reduces
dehydration of the crystals during diffraction [116].
Transferring crystals to microfluidic chips, grids, or
other sample delivery systems increases the risk of
damage and loss of crystals, but this problem can be
avoided effectively by combining sample delivery systems with crystal growth devices [117]. This technique
of directly collecting the crystal diffraction data in the
growing environment without transferring crystals is
often termed as in situ diffraction technology. In 2018,
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Gicquel [118] proposed a microfluidic device with a
soft lithography-patterned epoxy resin as filler and a
polyimide foil as a window, revealing that the
microfluidic device is suitable for in situ protein crystallization and diffraction data collection. Other in situ
devices, such as the crystal-on-crystal chip, have been
developed for more in situ research [119]. In situ
diffraction technology can not only avoid the damage
and loss of crystals but also obtain the molecular
structure in the growth environment of crystals. The
development of in situ diffraction technology deserves
the attention of researchers.

Sample delivery for serial crystallography

accumulation on the tube inner wall by scanning the
capillary during sample delivery has also proven effective [30]. In 2017, Beyerlein [120] prevented crystal settling by connecting a sample reservoir containing a
microcrystalline suspension to the motor and programming the motor to rotate 180° back and forth. The
above measures are based on the principle of mechanical motion to achieve antisettling. In the development
of new and more efficient sample delivery technologies,
finding new solutions that are simpler and easier to use
to avoid crystal settling remains of great importance.
Delivery speed

Conveyor belt system
Conveyor belt systems are commonly used as part of a
sample delivery system to connect with other devices,
such as nozzles or syringes (Fig. 3C,D), for sample
delivery. It has been proven feasible to deposit a crystal suspension on the conveyor belt by spray or injection. Kapton film is a preferred material for conveyor
belts due to its excellent X-ray transmission properties.
In 2017, Chapman et al. [120] combined a new Kapton
belt drive with a microfluidic mixer to determine the
structure of the chitosan-lysozyme binding with a mixing time from 2 to 50 s, indicating that serial SR crystallography is available for studying the mixing and
diffusion of ligand binding. In their study, the suspension containing the protein crystals was mixed with the
ligand and then deposited onto the Kapton belt to
achieve sample delivery and time-resolved studies with
SX by continuous pulling of the Kapton belt. The new
combination of Kapton belt driver and microfluidic
mixer is expected to be used in the study of structural
enzymology. The conveyor belt has also been combined with ADE equipment for sample delivery and
time-resolved research [100,101].

Practical considerations for more
efficient sample delivery
Antisettling of crystals
For liquid flow technologies such as liquid jet technology, the settlement of crystals caused by gravity is
inevitable. In 2012, Lomb [121] developed an antisettling sample delivery instrument based on a rotary syringe pump, which has been successfully used for
different protein crystals. The technique can effectively
resist the settlement of crystals smaller than 20 lm in
size. Until recently, this method was still a commonly
used antisettling measure [44]. In capillary sample delivery technology studies, the strategy to avoid crystal

X-ray free electron lasers and SR sources have different requirements for sample delivery speeds, and
XFEL requires faster speeds. XFEL devices with
megahertz repetition rates place high demands on sample delivery speeds. The sample delivery rate required
for a SR source is very slow compared to that of an
XFEL. Developing a sample delivery technology that
is compatible with both types of light sources presents
significant challenges. In addition, the value of SX is
reflected in its alternative methods for not only traditional crystallography but also the fields of structural
dynamics and phase transitions, which have increasingly attracted researchers’ attention in recent years.
The sample delivery speed in SX should be matched
with the light source on the one hand, and the application of the study to time resolution should be considered on the other hand. Therefore, it is worthwhile to
further develop a sample delivery device that is adjustable in speed over a wider range.
In situ data collection
In situ diffraction data collection techniques have
become a trend because sample transfer processes
prior to sample data collection and during data collection can cause some loss of crystal in mass and quality, reducing crystal availability. It is of great
significance to seek a completely in situ solution from
crystal growth to diffraction data collection for the
consumption of experimental samples and the physiological state of biological samples.

Concluding remarks
Serial crystallography has demonstrated advantages
that were not easy to achieve in the past. For SX, the
size of crystals is no longer a limiting factor, and the
radiation damage can be avoided by ‘diffraction before
destruction’. Furthermore, the unique merits of SX,
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such as spatial and temporal structure studies and
room-temperature diffraction, have greatly promoted
the development of structural biology. The development of SX has also inspired progress in X-ray light
sources and X-ray detectors.
In this article, we reviewed the latest progress of
sample delivery systems for SX. As an indispensable
part of SX, sample delivery has become a research
focus in many laboratories. As long as fresh crystals
can be continuously provided for diffraction, a complete dataset can be obtained by merging these diffraction data. However, existing sample delivery systems
still need to be further optimized with careful consideration to the sample consumption, cost, and compatibility of samples and equipment. Developing a simple,
efficient, and compatible sample delivery system
remains a major trend. In addition, the time needed
for obtaining the structure of biomolecules by SX
technology still needs to be further shortened; it is
hoped that the structure of biomolecules can eventually be obtained in a few minutes or even shorter by
SX technology. Moreover, the requirements (such as
the cost) to the construction of SR and XFEL facilities
may limit the popularity of SX experiments. Therefore,
developing laboratory-level X-ray light sources may
become a new direction.
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