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Serial femtosecond crystallography (SFX) enables the determination of room-

temperature crystal structures of macromolecules with minimized radiation

damage and provides time-resolved molecular dynamics by pump–probe or mix-

and-inject experiments. In SFX, a variety of sample delivery methods with

unique advantages have been developed and applied. The combination of

existing sample delivery methods can enable a new approach to SFX data

collection that combines the advantages of the individual methods. This study

introduces a combined inject-and-transfer system (BITS) method for sample

delivery in SFX experiments: a hybrid injection and fixed-target scanning

method. BITS allows for solution samples to be reliably deposited on ultraviolet

ozone (UVO)-treated polyimide films, at a minimum flow rate of 0.5 nl min�1, in

both vertical and horizontal scanning modes. To utilize BITS in SFX

experiments, lysozyme crystal samples were embedded in a viscous lard medium

and injected at flow rates of 50–100 nl min�1 through a syringe needle onto a

UVO-treated polyimide film, which was mounted on a fixed-target scan stage.

The crystal samples deposited on the film were raster scanned with an X-ray free

electron laser using a motion stage in both horizontal and vertical directions.

Using the BITS method, the room-temperature structure of lysozyme was

successfully determined at a resolution of 2.1 Å, and thus BITS could be utilized

in future SFX experiments.

1. Introduction

Serial femtosecond crystallography (SFX) enables determi-

nation of crystal structures at room temperature while mini-

mizing radiation damage (Chapman et al., 2011, 2014; Boutet

et al., 2012; Liu et al., 2013; Pan et al., 2022; Ohmer et al., 2022).

Moreover, SFX combined with pump–probe experiments

enables visualization of time-resolved molecular dynamics of

macromolecules (Kupitz et al., 2014; Tenboer et al., 2014;

Pandey et al., 2020; Skopintsev et al., 2020; Ibrahim et al., 2020;

Nass et al., 2020; Claesson et al., 2020). In serial crystallography

(SX) experiments using X-ray free electron laser (XFEL) or

synchrotron X-rays, many crystals are delivered to the X-ray

interaction point and exposed to X-rays only once. Various

sample delivery methods such as injectors (DePonte et al.,

2008; Weierstall et al., 2014; Vakili et al., 2020), syringes with

viscous media (Sugahara et al., 2015; Berntsen et al., 2019; Park

& Nam, 2019; Nam, 2019, 2020a), capillary methods (Stellato

et al., 2014; Nam, 2020c), fixed-target scanning (Hunter et al.,

2014; Cohen et al., 2014; Mueller et al., 2015; Lee et al., 2019;
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Tolstikova et al., 2019), electrospinning (Sierra et al., 2012) and

microfluidic devices (Monteiro et al., 2019, 2020; Echelmeier et

al., 2020; Nam & Cho, 2021) have been applied to deliver

microcrystals into X-ray interactions in a serial manner.

Among them, the liquid jet injector has the advantage of

maintaining the crystal hydrate environment and providing

fresh crystals from the injector to the X-ray beam with

reduced exposure to the atmosphere (DePonte et al., 2008).

However, since this method operates at a high flow rate to

provide a stable injection flow, large numbers of crystals are

not irradiated by X-rays due to the pulsed nature of the XFEL

source (Echelmeier et al., 2020). Thus, this method is not

suitable in XFELs with low repetition rates or synchrotrons in

terms of sample consumption. Recently, to reduce sample

consumption in the injector method, a segmented flow

generator method, wherein droplets containing crystals are

segmented with immiscible oil in a microfluidic device, has

been developed (Echelmeier et al., 2020).

The method of delivering the crystals embedded in a viscous

medium via a high-viscosity injector or syringe provides a

stable injection stream even at low flow rates and is therefore

widely applied in XFEL facilities with low repetition rates or

synchrotrons (Weierstall et al., 2014; Conrad et al., 2015;

Sugahara et al., 2015). Several types of viscous media, such as

lipidic cubic phase and hydrophobic and hydrophilic injection

matrices, have been developed and successfully applied to SX

experiments (Nam, 2019). However, depending on the crystal

characteristics and crystallization solution composition, the

viscosity of the viscous medium is subject to change, which

may produce an unstable injection stream (Nam, 2019). In

such cases, stable injection conditions must be found, which

lower the efficiency of data collection and increase sample

consumption during optimization of the injection stream. To

solve this problem, the delivery of crystals embedded in a

viscous medium via capillary or single-channel microfluidics

aligned to the X-ray interaction point was developed (Nam,

2020c; Nam & Cho, 2021). Since the inner channel of the

capillary or microfluidics is aligned to the X-ray beam path, all

crystals continuously pass through the inner channel of the

devices and are exposed to X-rays. Although these methods

have been successfully demonstrated in serial synchrotron

crystallography experiments, glass or polyimide channels may

be physically damaged when exposed to intense XFELs.

The fixed-target scanning method has advantages in that it

consumes fewer crystal samples compared with the sample

delivery method using an injector, minimizes physical damage

on the crystal during sample delivery, and can be programmed

so that the sample is delivered to the desired location (Hunter

et al., 2014; Mueller et al., 2015; Roedig et al., 2017; Lee et al.,

2019, 2020; Nam et al., 2021). Although significant radiation

damage has not yet been reported in crystal structures

determined by the fixed-target scanning method, theoretically,

radicals are generated after the X-rays have passed (Lee et al.,

2019); therefore, diffusion of these radicals may affect the

diffraction data of crystals collected later. In such cases,

application of this method may be limited to time-resolved

studies using an optical laser with caged molecules.

In addition, hybrid-type sample delivery methods that

combine injection and motion have been developed. In the

mix-and-diffuse (Beyerlein et al., 2017) or drop-on-drop

(Butryn et al., 2021) method, crystal samples are placed on a

polyimide tape by an injector, and these crystals are delivered

to the X-ray interaction point by driving a conveyor belt. This

method enables liquid-based time-resolved studies for various

time delays by controlling the mixing speed and conveyor belt

speed (Beyerlein et al., 2017; Butryn et al., 2021). In the liquid

application method for time-resolved analyses (LAMA)

(Mehrabi et al., 2019) approach, the crystals are dispensed,

deposited or pipetted onto a fixed-target chip, and these

crystals are delivered to the X-ray interaction point by

translation stage motion. This method enables time-resolved

SX experiments using the mix-and-inject approach at a

synchrotron source. Taken together, these hybrid sample

delivery systems are useful for application in time-resolved

SFX experiments at XFEL or synchrotron facilities.

The sample delivery system will be selected according to the

characteristics of each X-ray facility, the properties of the

X-rays, the crystal sample and the desired target experimental

setup. Different sample delivery methods have their own

advantages, and the combination of multiple sample delivery

methods enables creation of new experimental approaches.

In this study, we introduce a new sample delivery method

referred to as the ‘combination of inject-and-transfer system’

(BITS), which combines the advantages of delivering a fresh

sample every time (from the previously reported injection

method) and programmed crystal sample delivery to the

desired location in the XFEL (from the SFX fixed-target

scanning method). Lysozyme crystals were embedded in lard

and extruded on an ultraviolet ozone (UVO)-treated poly-

imide film through a syringe. The crystal samples were scanned

by moving a translation stage in the horizontal and vertical

directions. Using this method, we successfully determined the

room-temperature structure of lysozyme, demonstrating that

this sample delivery method can be applied to SFX data

collection.

2. Methods and materials

2.1. Crystallization

Chicken egg white lysozyme was purchased from Sigma–

Aldrich (catalogue No. L6876, St Louis, MO, USA). Crystal

samples were obtained using the batch method described

previously (Park et al., 2019). In brief, the lysozyme was

dissolved in a solution containing 10 mM Tris–HCl pH 8.0 and

200 mM NaCl. Then the lysozyme solution (50 mg ml�1) was

mixed with an equal volume of crystallization solution

containing 0.1 M sodium acetate pH 4.0, 5%(w/v) PEG 8000

and 3.5 M NaCl in a 1.5 ml tube. Incubation at room

temperature gave cube-shaped lysozyme crystals that grew to

�10 � 10 � 10 mm within 1 h.

2.2. Ultraviolet ozone treatment

Polyimide film (50 mm) was purchased from Suzhou Kying

Industrial Materials Co. Ltd (Suzhou, China). The UVO
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treatment was conducted on a 70� 70 mm polyimide film with

a UVO Cleaner (Ahtech LTS Co. Ltd, Anyang, Republic of

Korea) for >10 min. The UVO-treated polyimide film was

immediately packed under vacuum sealing to avoid the

recovery of the polyimide film surface.

2.3. Injection experiment

The injection experiment was performed offline without the

XFEL beam. The experiment used a crystallization solution,

and the film was mounted on a translation stage and moved at

a speed of 1.5 mm s�1 at 50 mm intervals in raster scan mode.

For sample injection, a blunt-type syringe needle (length:

100 mm; inner diameter: 150 mm) was purchased from Solu-

tion Korea (Osan, Republic of Korea). In vertical scan mode

for BITS, the crystallization solution was injected on a poly-

imide film at flow rates of 10 and 100 nl min�1, or on a UVO-

treated polyimide film at flow rates of 0.5, 1, 2, 5, 10, 50, 100,

200, 500, 1000, 2000, 5000 and 10 000 nl min�1. The translation

stage system consisted of a piezoelectric SLLV42 (SamartAct,

dimension: 60� 16 mm) and an SLL12 (SmartAct, dimension:

27� 10 mm) actuator for motion in the horizontal and vertical

directions, respectively. The translation pattern was imple-

mented by user definition, according to the purpose of the

experiment, and the translation code used in this experiment is

given in Table S1 of the supporting information. In the

combined vertical and horizontal scan mode for BITS, the

crystallization solution was injected onto a UVO-treated

polyimide film at flow rates of 0.5, 1, 5, 10, 50, 100, 200, 500 and

1000 nl min�1. Using the motion stage, the film was moved

three times at 50 mm intervals from the bottom to the top, then

moved 50 mm to the right, then moved three times at 50 mm

intervals from the top to the bottom and then again to the

right. By repeating this scan method, both horizontal and

vertical measurements were made.

2.4. Crystal embedding in lard

The lard viscous medium was prepared as previously

reported (Nam, 2020b). In brief, lard was obtained from pork

giblets and purified by heat-treatment and phase-separation

methods. The lysozyme crystals and lard were mechanically

mixed in a dual syringe setup, as previously reported (Nam,

2019, 2020b). The lysozyme crystal suspension was transferred

into a syringe. Then, the lard was dissolved by immersion in

hot water (approximately 80�C) for 10 min, transferred into a

syringe and left to stand until it solidified. The syringes

containing the lysozyme crystals (200 ml) and lard (200 ml)

were connected using a coupler and mixed by moving the

plunger back and forth more than 30 times. Finally, the crystals

embedded in the lard were transferred to a syringe connected

to a needle with an inner diameter of 150 mm.

2.5. Data collection

SFX data collection was performed at the nano-crystal-

lography and coherent imaging (NCI) experimental hutch in

the Pohang Accelerator Laboratory X-ray Free Electron

Laser (PAL-XFEL) (Ko et al., 2017; Kang et al., 2017). The

photon energy and flux used in this experiment were 9500 eV

and 2–5 � 1011 photons per pulse, respectively. The X-ray

beam size was 2 � 3 mm (V � H FWHM) focused using a

Kirkpatrick–Baez mirror (Kim et al., 2018). A 1000 ml syringe

(BD Plastics Ltd, Sunderland, United Kingdom) containing

the crystals embedded in the lard injection matrix (500 ml) was

mounted on a Fusion 200 Touch syringe pump (Chemyx Inc.,

Houston, TX, USA; see Fig. S1 of the supporting informa-

tion). The sample was transferred from the syringe to a needle

with an inner diameter of 790 mm along polytetrafluoro-

ethylene tubing (Precigenome LLC, San Jose, CA, USA). The

position of the needle was adjusted using an XY manual

motion stage, and the needle tip was tilted at an angle of 30–

60� to contact the lower-left corner of the UVO-treated

polyimide film (Fig. S2). Crystal samples were extruded at a

50–100 nl min�1 flow rate with a Fusion 200 Touch syringe

pump (Chemyx Inc., Houston, TX, USA). The scanning stage

was moved from left to right without synchronization with the

arrival of an XFEL pulse, and then moved again to the left and

then the right in a zigzag manner in the scanning direction. For

the vertical mode, it was moved from the bottom to the top in

three intervals, then to the right in one interval, then from the

top to the bottom in three intervals and again to the right, and

each interval was 50 mm. This type of raster scanning motion

was repeatedly performed to obtain complete three-dimen-

sional structural data. Diffraction data were collected in a

helium atmosphere at 23–25�C using an MX225-HS detector

(Rayonix, LLC, Evanston, IL, USA) with a 30 Hz readout.

2.6. Structure determination

The images containing the Bragg peaks were filtered using

the Cheetah program (Barty et al., 2014) and were indexed and

scaled using CrystFEL (White et al., 2016). The phasing was

obtained by molecular replacement with the MOLREP

program (Vagin & Teplyakov, 2010), with the lysozyme crystal

structure (PDB entry 7wkr) as the search model. The model

structure was built using Coot (Emsley & Cowtan, 2004) and

refined using phenix.refine in PHENIX (Afonine et al., 2012).

The geometries of the final model structures were verified

using MolProbity (Williams et al., 2018). Structural figures

were generated using PyMOL (https://pymol.org/). Data

collection and refinement statistics are summarized in Table 1.

Coordinates and structure factors have been deposited (PDB

entry 7wuc) in the Protein Data Bank (https://www.rcsb.org/).

Diffraction images were deposited (CIDB entry ID197;

https://cxidb.org/id-197.html) in the Coherent X-ray Imaging

Data Bank (Maia, 2012).

3. Results and discussion

3.1. Combination of inject-and-transfer system

We developed BITS from two perspectives: (i) It was

intended to be used immediately with minimal effort to create

a stable injection stream when the provided injection stream,

including crystals delivered from the injector or syringe, is

unstable. (ii) When the sample is delivered through an injector
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or syringe, since the XFEL beam impinges only at one location

of the injection stream, unnecessary sample consumption

occurs when the width of the injection stream is large. It was

intended to scan the injection stream to reduce sample

consumption.

We benchmarked a hybrid sample delivery method in which

samples are transferred into the XFEL beam after being

delivered to a specific location by an injector, as in the

conveyor belt and LAMA approaches, and developed a new

sample delivery system for SX data collection.

BITS is composed of injection and motion systems, and the

sample chamber and motion stage utilized a previously

developed fixed-target SFX chamber system (Lee et al., 2019,

2020). The main components of BITS can be divided into the

injector, which delivers the crystal sample from the syringe

and tube to the film via a syringe needle; and a motion stage,

which moves the crystal sample that has been deposited on the

film to the X-ray interaction point (Fig. 1). The position of the

syringe needle tip was adjusted with a manual stage such that

the needle contacts the film at the point where the crystals are

deposited. The crystal sample forms a small drop at the needle

tip and, when in contact with the film, is deposited on the film

according to the flow rate (Fig. S3). However, when the needle

tip does not directly contact the polyimide film, a larger

sample drop is formed at the end of the needle tip by surface

tension, and data collection cannot be performed until the

drop has grown large enough to reach the polyimide film

(Fig. S3). This causes an increase in the amount of unnecessary

sample consumption and impairs data collection efficiency.

Accordingly, the needle tip must make contact with the

polyimide film during device installation and data acquisition.

Therefore, it is important that the polyimide film is installed

flat on the frame and that the translation stage is accurately

aligned horizontally and vertically with the needle (Fig. S4).

When the injected crystal sample was placed on the film, the

movement of the translation stage transferred the sample to

the X-ray interaction point and exposed it to the XFEL. In this

experiment, we manually aligned the UVO-treated polyimide

film and syringe needle in the plane. To make the system more

efficient, it would be useful to apply the previously reported

plane-levelling via xyz-centering (Sherrell et al., 2015).

Collectively, the BITS method is a combination of the

conventional injection method and the fixed-target scanning

research papers

816 Keondo Lee et al. � Inject-and-transfer system for SFX J. Appl. Cryst. (2022). 55, 813–822

Figure 1
Schematics of the experimental setup of BITS. (a) BITS is composed of an injection and translation system. (b) The protein crystal sample (yellow) is
injected from the needle and deposited on the UVO-treated polyimide film; the needle position is fixed and the sample position is moved to the XFEL
path (red line) by the motion stage. (c) Photograph of the BITS experimental setup.

Table 1
Data collection and processing.

Data collection
Diffraction source NCI beamline, PAL-XFEL
Wavelength (Å) 1.305
Temperature (K) 296.15–298.15
Photons per pulse �5 � 1011

Detector MX225-HS
Crystal-to-detector distance (mm) 123
No. of collected images 85901
No. of hits 27413
No. of indexed images 17411
No. of indexed patterns 22302
Space group P43212
a, b, c (Å) 79.48, 79.48, 38.48
�, �, � (�) 90, 90, 90
Resolution range (Å) 80.0–2.10 (2.17–2.10)
No. of unique reflections 7521 (724)
Completeness (%) 100 (100)
Redundancy 590.7 (377.5)
SNR 7.38 (1.57)
CC 0.9866 (0.4766)
CC* 0.9966 (0.8034)
Rsplit (%)† 10.44 (71.03)
Overall B factor from Wilson plot (Å2) 46.9

Refinement
Resolution (Å) 39.74–2.10 (2.26–2.10)
� cutoff F > 1.35�(F )
Final Rwork‡ 0.220 (0.3563)
Final Rfree§ 0.249 (0.3833)
B factor (averaged)
Protein 43.87
Water 46.45
R.m.s. deviations
Bond lengths (Å) 0.003
Bond angles (�) 0.664
Ramachandran plot (%)
Favoured 97.64
Allowed 2.36

† Rsplit ¼ ð1=21=2Þfð
P

hkl jI
even
hkl � Iodd

hkl jÞ=½ð1=2ÞjIeven
hkl � Iodd

hkl j�g ‡ Rwork¼
P

||Fobs|� |Fcalc||/P
|Fobs|, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes,

respectively. § Rfree was calculated as Rwork using a randomly selected subset (9.47%) of
unique reflections not used for structure refinement.



method. It has the advantages of both an injector that always

delivers a fresh crystal sample and fixed-target scanning that

allows the sample to be freely delivered to the desired loca-

tion. In addition, because the stability of the injection flow is

not critical, it can be delivered at very low flow rates to reduce

sample consumption.

3.2. Sample loading

To demonstrate the stable sample loading to the film, an

injection experiment on a polyimide film was performed using

a crystallization solution containing 0.1 M sodium acetate pH

4.0, 5%(w/v) PEG 8000 and 3.5 M NaCl, without crystal

samples. The results show that, rather than the crystal solution

being uniformly deposited on the polyimide film, a drop was

formed at the syringe needle tip, and it often settled on the

polyimide film with a random size [Fig. 2(a) and Movies S1 and

S2 of the supporting information]. Droplet formation at the

needle tip is favoured over deposition of the crystallization

solution on the film because the polyimide film surface is very

hydrophobic (Damaceanu et al., 2014). Moreover, it was

considered that the crystallization solution will preferentially

maintain the form of the drop on the polyimide film because

the crystallization solution has no affinity for the polyimide

film hydrophobic surface, even if the droplet becomes large

and settles on the film.

To solve this problem, the hydrophilicity of the polyimide

film surface was increased by UVO surface pre-treatment. The

results showed that the crystallization solution was deposited

more evenly onto the UVO-treated polyimide film [Fig. 2(b)].

Therefore, the hydrophilic surface helped the sample settle on

the film and was suitable for application in the BITS.

However, the hydrophilic surface of the UVO-treated poly-

imide film can revert to its original hydrophobic form over

time. Therefore, using the polyimide film immediately after

UVO treatment is ideal.

The stability of the injected sample and the sample

consumption vary depending on the injection flow rate and

translation stage speed. Therefore, the target scanning was

performed at 30 Hz at 50 mm intervals in the horizontal

direction, and the crystallization solution was injected while

moving the translation stage at a speed of 1.5 mm s�1. Then,

the sample pattern on the UVO-treated polyimide film was

analyzed according to various injection flow rates [Fig. 2(b)

and Movies S3–S15]. The crystallization solution could be

stably mounted on the UVO-treated polyimide film at an

injection rate of 1–100 nl min�1. At 500 pl min�1, the sample

was continuously deposited on the UVO polyimide film;

however, in this case, it was expected that a dehydration

problem could occur. The sample was uniformly deposited on

the film, even at a flow rate of >200 nl min�1, but the deposit

was unnecessarily wide and thick, and the solution not

deposited formed droplets on the needle tip. This is an

excessive injection flow rate, which temporarily causes unne-

cessary crystal consumption.

We also used a nylon mesh as the crystal settling plane

material, and stably and uniformly mounted the crystal solu-

tion. However, the needle tip position was often changed

slightly while the translation stage was moving. This is caused

by a physical effect that occurs when the needle tip is in

contact with a nylon mesh that has an uneven surface and

moves. Although it is possible to collect data by injecting

crystal samples onto nylon mesh, a UVO-treated polyimide

film was used here to deliver samples in an optimized state.

3.3. XFEL data collection

To demonstrate the BITS application, we performed an

SFX experiment using lysozyme crystals as a model sample. In

the initial XFEL data collection, the lysozyme crystal

suspension was loaded onto a UVO-treated polyimide film

through a syringe needle for XFEL exposure. During SFX

data collection, lysozyme diffraction data could be collected

for several minutes; however, we observed a reduction in

crystal diffraction as injection progressed. When the sample

tubing and syringe needle were disassembled, we confirmed

that the crystal sample was clogged at the needle inlet. We

considered that, when the crystal suspension was delivered at

a low flow rate, the crystals sank in the tubing and needle

under gravity, and a large number of crystals clogged the

needle inlet, with only the crystallization solution flowing after
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Figure 2
Sample injection experiment on polyimide film. (a) Snapshots of sample
injection on the polyimide film at flow rates of 10 and 100 nl min�1 during
vertical scanning. (b) Snapshots of sample injection on the UVO-treated
polyimide film at flow rates of 0.5, 1, 2, 5, 10, 50, 100, 200, 500, 1000, 2000
and 5000 nl min�1 during vertical scanning. The injection needle and
deposited sample are indicated by blue and red arrows, respectively. Scale
bar indicates 500 mm.



clogging. It may be possible to reduce the crystal clogging by

gentle shaking using an anti-settler where the crystals are

stored, or by minimizing the distance of the tubing through

which the crystals pass.

On the other hand, our previous study investigated how the

delivery of crystals mixed with viscous media such as agarose,

gelatin or shortening prevented the crystals from sinking

under gravity without clogging in quartz capillary and single-

channel microfluidics (Nam, 2020c; Nam & Cho, 2021).

Therefore, lysozyme crystals were embedded in lard in the

present experiment to prevent clogging of the crystals in the

needle and tubing. Lard was used to produce a stable injection

stream, at a low flow rate, in the previous SX experiment, and

a stable stream was produced when the lard content was >80%

in the mixture of lard and protein suspension (Nam, 2020b). In

the present experiment, the crystal suspension and lard ratio

was 1:1; therefore, a directly measurable injection stream was

not created, and the lard was used only to prevent the crystals

from sinking. As a result, crystals embedded in lard could be

stably delivered to UVO-treated polyimide films, without

clogging the tubing or syringe needle. The lard used in this

study showed background scattering at about 15 Å (Fig. S5),

which had no effect on the structural determination; however,

if the diffraction intensity of the target crystal is weak or it is

necessary to minimize background noise, viscous materials

with low background scattering should be used. In this

experiment, a mixture of viscous material and crystals which

cannot create a directly measurable injection stream was

injected onto a film. Data collection was possible by utilizing

the injection stream on the film, similarly to general sample

delivery using a viscous medium in an SX experiment. When

using a viscous material to prevent the crystals from sinking

under gravity, it is necessary to select a viscous material that

does not have a physical and chemical effect during the mixing

and storage of the crystal and the viscous material. Lard was

used in this experiment, but if lard is not an appropriate

material for target crystals in terms of crystal stability, it may

be possible to prevent or delay the sinking of the crystal

sample by employing other viscous materials with different

physical and chemical characteristics. On the other hand, there

is no need to use a viscous material if the crystal suspension is

used and there is no clogging problem.

The width of the injected sample on the UVO-treated

polyimide film was approximately 300 mm [Fig. 3(a)]. Since the

size of the beam was within 5 mm (FWHM), most crystal

samples were not exposed to X-rays when the translation stage

solely moved in the horizontal direction during data collection

[Fig. 3(b)]. Alternatively, BITS can be programmed to move

the sample to the desired location. Therefore, the width of the

injected sample is not an important factor in terms of sample

consumption. In this experiment, to avoid radiation damage to

the surrounding sample when the XFEL beam is transmitted,

crystals were scanned at 50 mm intervals. During data collec-

tion, the process of scanning the injected sample vertically at

50 mm intervals for three scan points and moving it 50 mm to

the right was repeated (Movie S16). The applied injection

sample shows various injection sample widths on the film

depending on the inner needle (or nozzle) diameter used and

the crystallization solution viscosity when applying BITS.

However, the injected sample width is not critical, as data

collection can be accomplished by simply programming the

scan interval according to the injected sample width. In the

existing injector/syringe, X-rays can only irradiate one point of

the injection stream, whereas in BITS, adjacent regions of the

sample, both vertically and horizontally, can be exposed to

X-rays at a lower flow rate, so that sample consumption can be

significantly reduced. For example, if a viscous medium

containing crystals is extruded – by an injector or syringe –

into an injection stream with a 150 mm width, the XFEL beam

impinges at one location regardless of the width of the injec-

tion stream. On the other hand, in BITS, when the sample is

deposited on the UVO-treated polyimide film, the actual

width becomes wider than 150 mm. In this case, when the

deposited sample is scanned with an XFEL beam in the

vertical direction at 50 mm intervals using a motion stage, the

sample is exposed three times in the vertical direction of the

injected sample, so the sample consumption in BITS can be

reduced 3� compared with the injector/syringe-based sample

delivery. In this experiment, scans were performed at 50 mm
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Figure 3
Injection and data collection strategies in the BITS approach. (a)
Snapshot of injection of the crystallization solution on UVO-treated
polyimide film for data collection using BITS. (b) Data collection strategy
in BITS. (Top) When the motion stage moves in one direction, only one
position along the injected sample is exposed to X-rays, and most of the
crystal sample is not. (Bottom) In BITS, more data can be collected from
the injected sample because the motion stage moves both horizontally
and vertically. (c) Snapshots of the sample injections on the UVO-treated
polyimide film at flow rates of 0.5, 1, 5, 10, 50, 100, 200 and 500 nl min�1

during vertical and horizontal scanning. The injection needle and
deposited sample are indicated by blue and red arrows, respectively.
Scale bar indicates 500 mm.



intervals to prevent radiation damage from XFEL exposure,

but with a smaller XFEL, scanning at shorter intervals for

distances where there is no radiation damage problem can

further reduce sample consumption.

We performed an injection experiment to investigate BITS,

in which the vertical and horizontal directions were driven at

various injection flow rates using a crystallization solution

[Fig. 3(c) and Movies S17–S25]. When scanning a sample

deposited on the film in both directions, the horizontal

movement speed was found to be lower than when scanning

only in the vertical direction in which the translation stage

moves (Fig. 2). Therefore, even at the same injection flow rate,

the bidirectional scan method in BITS increases the relative

size of the droplets on the needle tip, and since they also move

in the vertical direction, the width of the deposited sample is

increased. It was consequently determined that with BITS,

even if the injected sample was deposited on the film at a flow

rate of 0.5 nl min�1, data could still be collected by scanning in

both directions. Meanwhile, at a flow rate >100 nl min�1, more

sample was found to be hanging from the needle tip than

deposited on the film, indicating unnecessary sample

consumption.

Our injection test showed that the sample injected was

stably mounted on the film, even at 0.5 nl min�1 with both

vertical and horizontal scanning [Fig. 3(b)]. However, the

crystallization solution of lysozyme contains a 3.5 M NaCl

concentration, and prolonged exposure to the atmosphere

during data collection may cause salt crystal growth and

changes in the crystal structure by dehydration (Lobley et al.,

2016; Lee et al., 2019). Therefore, to prevent this in advance,

crystals embedded in the lard were injected at 50–100 nl min�1

in the actual experiment. In BITS, if there were no dehydra-

tion issues of the crystallization solution, the crystal sample

would be ejected at a lower flow rate. In previous studies, to

avoid evaporation of the sample solution, a sample delivery

system combined with a humidity stream (Mehrabi et al., 2019)

or an environmental control box (Mehrabi et al., 2021) has

been developed and successfully applied in SFX experiments.

The combination of these systems with BITS will provide

better sample environments to avoid sample evaporation.

Finally, for the structure determination, XFEL data were

collected using BITS with lysozyme crystals embedded in lard

material (Movie S26). SFX data were collected for about

50 min using an XFEL beam of �1 � 1011 photons per pulse,

and the amount of lysozyme crystal solution consumed was

<1.88 ml. A total of 85 901 images were collected, and the

number of hit images containing Bragg peaks and indexed

images was 27 413 (hit rate: 31.91%) and 22 302 (indexing rate:

81.35%), respectively. The data were processed up to 2.1 Å.

Relevant parameters are given in Table 1. Lysozyme showed a

clear electron density map for Lys19–Leu147 (Fig. 4). The

room-temperature structure of lysozyme obtained by BITS

showed high similarity to the previously reported room-

temperature structures of lysozyme delivered in polyacryl-

amide (PDB entry 6ig6; Park et al., 2019), shortening (PDB

entry 6kcb; Nam, 2020d), lard (PDB entry 7cjz; Nam, 2020b)

and beef tallow (PDB entry 7e02; Nam, 2022), with an RMSD

of 0.111–0.128 Å.

4. Conclusions

In this study, we introduced BITS, a hybrid method in which

viscous injection is coupled with a fixed-target matrix. Using

this approach, we successfully collected XFEL diffraction data

and determined the room-temperature structure of lysozyme.

This method does not require any effort to create a stable

injection stream in the existing injector/syringe-based sample

delivery method, and can thus deliver samples at very low flow

rates. In addition, even if the width of the injection sample

applied to the experiment varied, most of the injected samples

could be scanned by programming the motion stage. As a

result, compared with the sample delivery method using the

existing injector/syringe, this requires less effort for sample

injection and has the advantage of significantly reducing

sample consumption. However, since the types of crystal

solution or viscous medium used with BITS can be varied, the

width of the sample deposited on the film and the character-

istics of evaporation can be varied too. In addition, the data

collection strategy may change depending on the size and

repetition rate of the XFEL beam. Accordingly, depending on

the sample injected and its environment, optimization may be

required to minimize sample consumption. Overall, the BITS

method was found to be suitable for SFX data collection.
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