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Abstract: When X-rays pass through a material, radiation damage occurs, and heat is generated at the
X-ray interaction point, which can then be transferred around the X-ray irradiation site. This X-ray-
induced heat transfer can affect the temperature of the sample and consequently the experimental
environment in serial crystallography (SX) experiments. Here, we investigated radiation damage and
measured the level of heating in the vicinity of the X-ray interaction point. In our experimental setup,
when water, crystallization solution, and crystal suspension in a glass tube were exposed to X-rays, a
temperature increase of approximately 1.0 ◦C occurred in the vicinity of the X-ray interaction point,
with the heat generated by both the sample and the capillary. When Cu and Al/Zn plates were
exposed to X-rays, the temperature around the X-ray exposure point increased by approximately
0.3 and 0.4 ◦C, respectively. The range of temperature rise decreased as the distance from the X-ray
exposure point on the Al plate increased. The heat generated by the X-rays and the rise of the heat
could be reduced by discontinuously transmitting the X-rays using the shutter. Our results provide
useful information for obtaining more accurate experimental parameters.

Keywords: heating; radiation damage; temperature; X-ray; crystallography

1. Introduction

Intense X-ray sources can cause radiation damage to samples, creating undesirable
artifacts [1–4]. In macromolecular crystallography, radiation can cause specific chemical
and structural damage and errors in the interpretation of the resulting structure [2]. In
addition, the energy absorbed by the X-rays increases the temperature of the sample [5]. In
particular, dose-rate-dependent damage can have the effect of heating a crystal sample [6].
The X-ray-induced temperature increase of a sample can have a significant effect on the
structural data collection at room temperature [7].

Serial crystallography (SX) using X-ray free electron lasers (XFEL) or synchrotron X-
rays enables the determination of the room-temperature structure of macromolecules [8–10].
In serial femtosecond crystallography (SFX) using XFEL, crystal samples are exposed to
X-ray pulses for several tens of femtoseconds [9,11,12]. In serial synchrotron crystallogra-
phy (SSX) using synchrotron X-rays, crystals are exposed to X-rays for several picoseconds
to hundreds of milliseconds [13–15]. SX techniques have reduced X-ray radiation damage
compared to conventional macromolecular crystallography (MX) because the exposure time
to the crystal is shorter [15,16]. In addition, SX techniques with pump-probe experiments
using optical lasers or mix-and-inject experiments can visualize time-resolved molecular
reactions, providing a more detailed structure-based molecular mechanism [17,18]. There-
fore, SX provides structural information with higher biological accuracy than conventional
MX [19].

In SX experiments, a large number of crystals are continuously delivered to the X-ray
point using a sample delivery method, such as a liquid injector [20–22], injector/syringe

Appl. Sci. 2023, 13, 717. https://doi.org/10.3390/app13020717 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13020717
https://doi.org/10.3390/app13020717
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-8321-026X
https://orcid.org/0000-0003-3268-354X
https://doi.org/10.3390/app13020717
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13020717?type=check_update&version=2


Appl. Sci. 2023, 13, 717 2 of 12

with a viscous medium [23–27], fixed-target scanning method [28–32], and hybrid meth-
ods [33–37]. For liquid jet injection methods, such as a gas dynamic virtual nozzle (GDVN)
or liquid jet injectors, the crystal suspension is delivered at a high flow rate (0.1–10 µL/min)
to generate a stable injection stream [38]. For injector/syringes with a viscous medium,
crystals embedded in the viscous medium provide a stable injection stream at a low flow
rate, which is useful for applications in synchrotron or XFEL facilities with low repetition
rates [23–27]. When SX sample delivery method uses an injector or syringe, one location in
the injection stream is continuously exposed to X-rays.

In a fixed-target scanning method, diffraction data are collected when the sample
holder containing the crystal sample is raster-scanned [28–32]. Sample holders made of
silicon [39], silicon nitride [28,40], Mylar [41], nylon mesh [31], and polyimide [31,42] or
polymers [43,44] have been used previously. In a fixed-target SFX experiment, the sample
holder is exposed to X-rays according to the XFEL repetition rate [31,41,43]. In a fixed-target
SSX, the sample holder is continuously exposed to X-rays if the shutter is not used [45].

During an SX experiment, crystal samples are exposed only once as they continuously
pass through the X-ray interaction point; however, because one point is continuously
exposed to the X-rays, it is expected that energy absorption by the sample or its container
would affect the temperature around the sample when the speed of the sample delivery
is low. Several investigations have been conducted on radiation damage and the effect of
heating at sample locations exposed to X-rays [5,7], but little is known about the heating
effect in the vicinity of the X-ray interaction point.

Here, we investigated the temperature change near the X-ray interaction point. An
increase in temperature was observed in the solutions in the capillary or on metal plates
when in the vicinity of the X-ray-exposed area. Additionally, the effect of distance to the
X-ray exposure point on heat transfer and the reduction in the rise of the temperature using
the shutter were investigated. Our results provide useful insights into the heat-related
optimization of the sample environment that is crucial for efficient data collection using
serial crystallography and other X-ray sciences.

2. Materials and Methods
2.1. Sample Preparation

Capillary tubes (inner diameter: 1.1–1.2 mm, outer diameter: 1.5–1.6 mm) were pur-
chased from Marienfeld (Germany). A quartz capillary (HR6-146, wall thickness: 10 µm)
was purchased from Hampton Research (Aliso Viejo, CA, USA). Cu, Al, and Zn plates (thick-
ness: 300 µm) were purchased from KM Science (Republic of Korea). White chicken egg
lysozyme (L0036) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The lysozyme
was crystallized using the batch crystallization method as previously reported [12]. Briefly,
the lysozyme solution (50 mg/mL) was mixed with a crystallization solution containing
0.1 M sodium acetate, pH 4.0–4.4, 3.5 M NaCl, and 5% (w/v) polyethylene glycol 8000
in a 1.5 mL microtube. The mixture was immediately vortexed for 30 sec and incubated
at 20 ◦C for over 30 min. The dimensions of the lysozyme crystals were approximately
5 × 5 × 5 µm3 (at pH 4.0) or 20 × 20 × 20 µm3 (at pH 4.4).

2.2. X-ray Data Collection

X-ray experiments were performed at the 7A beamline of the Pohang Light Source II (PLS-
II, Republic of Korea). The X-ray energy and photon flux were 12,660 eV and 3 × 1011 phs/s,
respectively. The vertical and horizontal beam sizes of the X-rays were 100 and 300 µm (full
width at half maximum, FWHM), respectively. The temperature was measured using the
Pt 100 Ohm RTD (Resistance Temperature Detector: 2 mm × 2 mm × 0.8 mm) temperature
sensors acquired from OMEGA Engineering (Norwalk, CT, USA). The X-ray transmission
was calculated using the CRXO site (https://cxro.lbl.gov/, accessed on 12 December 2022).

https://cxro.lbl.gov/
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2.2.1. Radiation Damage on Capillary Tubes

The crystallization solution [0.1 M sodium acetate, pH 4.4, 3.5 M NaCl, and 5% (w/v)
polyethylene glycol 8000] or lysozyme crystal suspension (20 µL, crystal size: 20 × 20 × 20 µm3)
was loaded into a capillary tube using a pipette. A capillary tube containing crystallization
solution or lysozyme crystals was mounted using a magnetic base on the goniometer. The
center of the capillary tube was aligned to the X-ray beam path. The X-rays were exposed
to center of the capillary tube for 5 min.

2.2.2. Temperature Measurement with Capillary Tubes

A quartz capillary containing the water, crystallization solution [0.1 M sodium acetate,
pH 4.0, 3.5 M NaCl, and 5% (w/v) polyethylene glycol 8000], crystal suspension (crystal
size: 5 × 5 × 5 µm3), or an empty quartz capillary was mounted using a magnetic base on
the goniometer. The RTD was soaked in the solution in the quartz capillary, and the X-rays
were aligned 250 µm from the tip of the RTD installed in the oblique direction of the X-ray.
A continuous X-ray exposure of 3 min was provided, and the temperature was measured.
The temperature inside the experimental hutch was 24.5 ± 0.1 ◦C.

2.2.3. Temperature Measurement on Metal Plates

The RTD was closely attached to the Cu, Al, or Zn plate using tape and clips. The
metal plate attached to RTD was mounted using magnets on the goniometer. The center of
the X-rays were aligned 250 µm from the tip of the RTD installed in the horizontal direction
of the X-ray. A continuous X-ray exposure of 3 min was provided, and the temperature
was measured. The temperature inside the experimental hutch was 24.7 ± 0.1 ◦C.

2.2.4. Temperature Measurement on Metal Plates at Different Distances

The center of the X-rays was aligned at distances of 500, 750, 1000, 1250, 1500, and
1750 µm from the RTD installed in the horizontal direction of the X-ray when attached to the
Al plate. The X-ray exposure point was moved through the sample viewer program using
a goniometer. A continuous X-ray exposure of 3 min was provided, and the temperature
was measured.

2.2.5. Temperature Measurement on Metal Plates Depends on X-ray Shutter Use

The center of the X-rays was aligned 250 µm from the RTD installed in the horizontal
direction of the X-ray when attached to the Al plate. A continuous X-ray exposure of 3 min
was provided, with the shutter opening and closing at intervals of 5 and 10 s, respectively.

3. Results
3.1. Observation of Radiation Damage on Crystal Suspension

Radiation damage caused by the X-rays may vary depending on the number of
photons or the photon density provided by the beamline in an X-ray facility. In order to
confirm that the PLS-II 7A beamline used in this experiment provided enough photons
to study radiation damage and heating, X-ray radiation damage to the material was first
investigated. The capillary tube containing the crystallization solution was exposed to
X-rays at room temperature (Figure 1A). When the shutter was opened, the brightness
changes on the capillary along the X-ray beam path were observed clearly (Figure 1A).
Approximately 10 s after X-ray exposure, gas bubbles with a size of 20 µm were observed
in the crystallization solution due to radiation damage. As the X-rays continued to beam,
gas bubbles were generated at different locations along the X-ray path after approximately
20–30 s (Figure 1A). The size of the gas bubbles started to increase gradually, with those
gas bubbles in the initial X-ray path expanding to a size wider than the X-ray path itself
after 120 s (Figure 1A).
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Figure 1. Observation of X-ray-induced radiation damage at the beamline 7A at PLS-II. Time-lapse
view of the radiation damage of (A) crystal suspension and (B) crystallization solution. The X-ray
beam path and the gas bubbles are indicated by blue and yellow arrows, respectively. Scale bar
indicates 250 µm.

The lysozyme crystal suspension in the capillary tube was then exposed to X-rays at
room temperature. When the shutter was opened, the brightness changed along the X-ray
transmission path, as in the previous experiment (Figure 1B). After 5 s had elapsed after
X-ray exposure, three gas bubbles, regarded as radiation damage, were clearly observed.
Gas bubbles appeared faster in the capillary tube than the crystallization solution. As
the X-rays continued to beam, the gas bubbles gradually grew larger, and after 10 s they
occupied a wider space than the beam path.

Overall, faster and more intense radiation damage occurred in the crystal suspension
than in the crystallization solution. However, repeated experiments confirmed that the
formation time and size of gas bubbles in the same sample were not always the same.
Therefore, based on this phenomenon of radiation damage, we confirm that future studies
on radiation damage and the measurement of X-ray-induced heating can be performed
using the synchrotron X-ray source at the 7A beamline at PLS-II.

3.2. Temperature Measurement in Glass Capillary

During X-ray exposure, the change in temperature around the X-ray exposure point
was investigated. The tip of the RTD was aligned at a distance of approximately 250–300 µm
from the point where the X-rays were exposed to the quartz capillary filled with water,
crystallization solution, or lysozyme crystal suspension (Figure 2). The X-rays were beamed
continuously, and temperature changes were observed for 5 min. For water, an X-ray beam
path was clearly observed; however, gas bubbles corresponding to radiation damage were
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not observed (Figure 2A). The temperature baseline was approximately 23.5 ◦C, and began
to increase when exposed to X-rays, increasing to 24.0 ◦C in approximately 20 s. The rate
of increase then slowed as temperature gradually rose by 1 ◦C every 100 s (Figure 2A).
Afterwards, the temperature remained stable with a deviation in the range of approximately
0.15 ◦C (Figure 2A). When the X-ray shutter was closed, the water temperature gradually
decreased and approached the initial temperature after approximately 100 s (Figure 2A).
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Figure 2. X-ray-induced radiation damage and temperature increase. (A) Time-lapse of the radiation
damage for water, crystallization solution, and crystal suspension. (B) Two-dimensional profile of the
temperature rising due to X-ray exposure. The gas bubbles corresponding to the radiation damage
are indicated by yellow arrows. Scale bar indicates 250 µm.

In the crystallization solution, a number of gas bubbles were clearly observed after 10 s,
and the size of the gas bubbles increased with X-ray exposure time (Figure 2A). Although
the formation of gas bubbles by radiation damage was a phenomenon that did not occur in
water, in terms of temperature change, the crystallization solution showed a trend similar
to that of water (Figure 2B).
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For the lysozyme crystal suspension, the formation of gas bubbles corresponding to
radiation damage was also observed on the X-ray beam path, with the gas bubble size
increasing as X-ray exposure time increased (Figure 2A). The increase in temperature
of the crystal suspension was similar to that of water or crystallization solution, but
the temperature remained approximately 0.15 ◦C lower after the maximum temperature
increase (Figure 2B).

These results were tentatively attributed to the temperature increase during the X-
ray absorption and emission processes as X-rays penetrated the materials. This indicates
that the temperature change according to X-ray transmission can be affected by the X-ray
absorption of the solutions, as well as the quartz capillary. The thickness of the capillary we
used was 10 µm, indicating that when X-rays pass through both walls of the capillary, the
X-ray transmission of a 20 µm thick quartz capillary was approximately 0.96 at 12.66 keV.
Consequently, approximately 4% of the photons (and 1.2 × 1010 phs/s) were absorbed
by a quartz capillary with a thickness of 20 µm. This figure potentially indicates that
the capillary may contain the heat generated from the absorption of X-rays. Accordingly,
an RTD was inserted into the capillary without solution. When X-rays were transmitted
through the capillary, the temperature of the RTD rose to a maximum of 24.3 ◦C and
then showed a change of 24 ◦C ± 0.1 ◦C. This indicates that the temperature change of
approximately 0.6 ◦C in the capillary includes both the heat generated from the capillary
and the material inside.

3.3. Temperature Measurement on Metal Plate

Based on the previous literature, we assumed that X-ray-induced heat transfer to the
surrounding environment would be material-dependent [5,7]. To verify this assumption,
the temperature change in the vicinity of the X-ray interaction was measured while exposing
Cu, Al, or Zn plates to X-rays, as these have a higher thermal conductivity than the
solutions used. In this experiment, 300 µm thick Cu, Zn, and Al plates were used, and
the calculated X-ray transmittances at 12.66 keV were 1.87 × 10−14, 9.67 × 10−13, and 0.36,
respectively. Accordingly, Cu and Zn can absorb most of the X-rays, while Al absorbs
approximately 63%.

The temperature was measured 250 µm from the tip of the RTD. We accurately showed
a temperature increase for all metal plates the moment the X-ray shutter was opened and
a decrease when the shutter was closed (Figure 3). There was a difference among metal
plates in temperature increase. The temperature of all metals before X-ray exposure was
approximately 25.25 ± 0.01 ◦C. For Cu, the temperature rose to 25.5–25.6 ◦C after 100 s of X-
ray exposure, with a range of approximately 0.3 ◦C (Figure 3 and Supplementary Figure S1).
For Zn, the data were relatively consistent, showing a temperature rise to 25.7 ◦C after
100 s of X-ray exposure, with a range of 0.4 ◦C (Figure 3 and Supplementary Figure S1).
For Al, the maximum ranged from approximately 25.5 to 25.7 ◦C, with a corresponding
increase of 0.3–0.7 ◦C (Figure 3 and Supplementary Figure S1).

The temperature measured near the X-ray position on the metal plate not only showed
a different temperature increase range depending on the metal plate, but was also smaller
than that in the capillary containing the solution.

3.4. Temperature Measurement at Different Distances on Al Plate

The highest amount of heat was generated at the point where X-rays penetrate, and
this heat is transferred to the surrounding material or air. Accordingly, it is expected that the
temperature increase would be lower as the RTD moves farther away from the X-ray beam.
To prove this, temperature measurements were performed while varying the distance
between the X-ray and the RTD. Temperature changes were investigated while exposing
the Al plate to X-rays at intervals of 500, 750, 1000, 1250, 1500, and 1750 µm between the
X-ray interaction point and the RTD. The results showed that changes in temperature on
the Al plate when the X-ray shutter was opened and closed did not vary significantly.
However, the range of temperature change decreased as the distance between the X-ray
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interaction point and the RTD increased, as expected. In all experiments, the temperature
increased with the highest slope in the initial 10 s, then gradually increased and reached
the maximum temperature after approximately 70–100 s.
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Figure 3. Temperature measurement in the vicinity of the X-ray interaction point on Zn, Cu and
Al plates.

When the distance interval between the X-ray interaction point and the RTD was
500, 750, 1000, 1250, 1500, and 1750 µm, the temperatures at the initial 50 s point were
approximately 25.67, 25.62, 25.53, 25.47, 25.47, and 25.41, respectively (Figure 4). When the
distances between the X-ray interaction point and the RTD were 500, 750, 1000, 1250, 1500,
and 1750 µm, the maximum temperature increases were 25.82, 25.75, 25.64, 25.59, 25.54,
and 25.48 ◦C, respectively. Consequently, we experimentally confirmed that temperature
decreased as the distance from the point exposed to X-rays increased.
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3.5. X-ray Shutter on/off Control

As the X-ray beam was continuous, the temperature near the X-ray interaction point
gradually increased. For temperature-sensitive samples or experiments that must be
performed at a fixed temperature, a method to minimize or eliminate the temperature
increase induced by X-rays is therefore required. Our experimental results clearly indicate
that the temperature gradually increased over time at the point of continuous exposure to
X-rays and decreased when the X-ray shutter was closed. Accordingly, we expected that
the increase in temperature could be reduced by repeatedly opening and closing the shutter
for a certain period of time.

To verify this, the X-ray shutter was repeatedly opened and closed for intervals of 5
or 10 s. When X-rays were continuously exposed to the Al plate, the temperature reached
25.5 ◦C after approximately 100 s, which was 0.35 ◦C higher than before exposure to X-rays.
As a result of repeatedly opening and closing the X-ray shutter for 5 s, the temperature
measured on the Al plate also repeatedly rose and fell at 5 s intervals. The temperatures
reached at the high and low points after 100 s were approximately 25.6 and 25.4 ◦C,
respectively (Figure 5A).
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This experiment was repeated using a 10 s interval, and similarly the temperature rose
and fell repeatedly at 5 s intervals. The temperatures reached at the high and low points
after 100 s were 25.5 and 25.3 ◦C, respectively (Figure 5B). Accordingly, it was confirmed
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that it was possible to minimize the temperature change by shortening the shutter opening
time and lengthening the closing time, while continuing to collect data.

4. Discussion

Herein, we investigated X-ray-induced heating in the vicinity of the X-ray interaction
point. When a solution or metal plate was exposed to X-rays, the temperature increased
around the X-ray-exposed site.

No appreciable radiation damage, such as gas bubbles, was observed in the water in
the capillary tube. However, the generation of gas bubbles was observed in crystallization
solutions and crystal suspensions. This large difference is considered to be due to the
generation of gases after the ionization of a crystallization solution or protein crystals.
Despite the distinct compositional differences of the water, crystallization solution, and
crystal suspension in the capillary, they all showed similar trends of temperature increase.

Similar to the solution inside the quartz capillary, the temperature increase showed
a similar trend for all metals exposed to X-rays. However, the increase in temperature
around the X-ray-exposed area in the metal was lower than that in the solution in capillary,
while the temperature increase and decrease for X-ray exposure and non-exposure showed
similar trends for Cu, Al, and Zn metal plates, the temperature increase was different.
In particular, the temperature increase of Cu was lower than that of Al or Zn. Factors
that may be involved in the measurement of temperature include X-ray transmittance,
thermal conductivity (368, 239, and 113 W/(m·K) for Cu, Al, and Zn, respectively, at 20 ◦C
and 1 bar [46]), and X-ray absorptivity. We conclude that X-rays can cause a temperature
increase in the surroundings of a material, with differences in temperature depending on the
type of material. Although, in our experiment, we observed a similar trend in temperature
change between the capillary solutions and metal plates, the precise temperature difference
between the solutions in capillaries or on the Al and Zn plate could not be distinguished
experimentally. To measure the temperature more precisely in future, it will be necessary
to conduct measurements in a controlled environment, such as a thermal enclosure.

Meanwhile, we were unable to measure the temperature at the X-ray interaction point
in this experiment because the RTD could not be directly exposed to the X-rays. Instead,
based on the result that the temperature increased as the temperature sensor was closer to
the X-ray exposed area, we estimate that the temperature at the X-ray exposed location is
higher than the temperature we measured.

Based on our results, the structures previously determined at room temperature using
capillaries in MX have the potential to be determined at temperatures higher than the
actual room temperature [47]. Similarly, in previous SSX studies, diffraction data were
collected at room temperature by delivering crystals at a low flow rate via a capillary [48]
or through a viscous medium [49–52]. During SSX data collection at room temperature,
if X-ray exposure raises the temperature around the X-ray beam point on the capillary or
viscous material, the crystal itself will increase in temperature before the X-ray interaction.
Accordingly, as the crystal at the X-ray interaction point reached elevated temperatures,
the actual structure is likely to have an even higher temperature. The possibility of such a
temperature increase during these SSX experiments needs to be investigated experimentally
in the future.

Furthermore, temperature is an important factor for the stability of macromolecule
crystals [53,54]. In previous SSX experiments using capillaries, a lysozyme solution was
used as a model sample, due to its high crystal stability and excellent diffraction inten-
sity [48–52]. Accordingly, it is presumed that the crystal stabilizes even when the tem-
perature increases. If a temperature-sensitive sample is used, the diffraction quality of
the crystal is affected by an increase in temperature. Here, we conducted an experiment
to reduce the extent of the temperature increase during exposure and non-exposure to
X-rays by using an X-ray shutter. Future experiments will be able to lower the effect of
temperature by adjusting the on/off ratio of the shutter.
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Meanwhile, in the case of the injector or fixed-target scan method among the SSX
sample delivery methods, the heating effect on the sample is expected to be negligible
because the X-rays pass through the sample quickly. In contrast, in the case of the sample
delivery method using a viscous material in which the sample is delivered at a very low
flow rate, it is expected that the sample can be exposed to the X-rays for a long time, and
thereby significantly affected by the head.

In this experiment, we observed the X-ray radiation damage and demonstrated that
the temperature increases during X-ray exposure at the 7A beamline at PLS-II. The radiation
damage and temperature increase caused by these X-rays vary depending on the flux and
density of the beam used. In addition, there will be a difference in the phenomenon of
radiation damage and temperature change depending on the medium of the material and
the type of solution that is exposed to the X-rays [55,56]. Hence, it is expected that if the
experiment that we conducted at the 7A beamline of PLS-II is conducted at a beamline
with different X-ray properties such as photon flux, photon density, and the X-ray pulse,
the range of temperature rise around the X-ray exposed area may be different. Therefore,
to obtain a more accurate temperature parameter of the sample environment during SX
data collection, it will be necessary to measure the temperature of the X-ray-exposed area
using a sample delivery device used in the beamline. Our results provide novel insight
into the sample configuration of MX and SX experiments, as well as other X-ray studies
where temperature is an important experimental parameter.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app13020717/s1, Figure S1: Temperature measurement in the
vicinity of the X-ray interaction point on (A) Cu, (B) Zn and (C) Al plates. All experiments were
performed in triplicate (#1-3) at room temperature.
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