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Abstract: Serial Synchrotron Crystallography (SSX) is rapidly emerging as a promising technique
for collecting data for time-resolved structural studies or for performing room temperature micro-
crystallography measurements using micro-focused beamlines. SSX is often performed using high
frame rate detectors in combination with continuous sample scanning or high-viscosity or liquid
jet injectors. When performed using ultra-bright X-ray Free Electron Laser (XFEL) sources serial
crystallography typically involves a process known as ’diffract-and-destroy’ where each crystal is
measured just once before it is destroyed by the intense XFEL pulse. In SSX, however, particularly
when using high-viscosity injectors (HVIs) such as Lipidico, the crystal can be intercepted multiple
times by the X-ray beam prior to exiting the interaction region. This has a number of important
consequences for SSX including whether these multiple-hits can be incorporated into the data analysis
or whether they need to be excluded due to the potential impact of radiation damage. Here, we
investigate the occurrence and characteristics of multiple hits on single crystals using SSX with
lipidico. SSX data are collected from crystals as they tumble within a high viscous stream of silicone
grease flowing through a micro-focused X-ray beam. We confirmed that, using the Eiger 16M, we
are able to collect up to 42 frames of data from the same single crystal prior to it leaving the X-ray
interaction region. The frequency and occurrence of multiple hits may be controlled by varying
the sample flow rate and X-ray beam size. Calculations of the absorbed dose confirm that these
crystals are likely to undergo radiation damage but that nonetheless incorporating multiple hits
into damage-free data should lead to a significant reduction in the number of crystals required for
structural analysis when compared to just looking at a single diffraction pattern from each crystal.

Keywords: high-viscosity injectors; serial crystallography; synchrotron; micro-crystallography; time
resolve crystallography

1. Introduction

Synchrotron-based crystallography is currently undergoing rapid development, in
part driven by advances in serial femtosecond crystallography (SFX) at the XFEL. Whilst
the conventional approach of measuring individual diffraction patterns from a single
cryo-frozen crystal is still the most common method of structure determination, the use of
SSX, particularly for time-resolved serial crystallography (TR-SX), is growing rapidly [1,2].
Whilst cryo-electron microscopy (cryo-EM) has been extremely successful for investigating
the structures of molecules, any dynamic information from cryo-EM must be extracted from
an analysis of dynamic unperturbed structures cryo-preserved in different conformations.
Since cryo-EM provides little information regarding the nature of the perturbation that in-
duced this polymorphism, it is of limited use in the context of studying dynamic behaviour.

Crystals 2021, 11, 49. https://doi.org/10.3390/cryst11010049 https://www.mdpi.com/journal/crystals

https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-1948-7491
https://orcid.org/0000-0003-2136-4105
https://orcid.org/0000-0001-6504-0503
https://orcid.org/0000-0002-4449-2233
https://doi.org/10.3390/cryst11010049
https://doi.org/10.3390/cryst11010049
https://doi.org/10.3390/cryst11010049
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cryst11010049
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/2073-4352/11/1/49?type=check_update&version=3


Crystals 2021, 11, 49 2 of 13

This has been one of the driving motivations behind the development of methods for study-
ing molecular dynamics in crystals at room temperature using synchrotron X-rays. Whilst
serial crystallography has largely been developed at XFELs [3–9], several synchrotron
facilities around the world are beginning to implement their own setups for performing
SSX [10–18] with some of them having successfully demonstrated time-resolved exper-
iments at synchrotrons [19–23]. This includes the Australian Synchrotron where serial
millisecond crystallography is currently being developed using the high-viscosity Lipidico
injector. For SSX to be successful, efficient sample delivery and rapid data collection are key.
The methods for sample delivery for SSX currently being developed at synchrotrons can be
broadly classed as either ’static’ delivery systems where the crystals are rapidly scanned
past the X-ray beam whilst mounted on a fixed holder or ’injector’ delivery systems which
involve a continuous stream of some carrier fluid or matrix past the X-ray interaction
region.

The static systems include substrates, where crystals are encapsulated and data can
be collected at either room temperature or under cryogenic conditions. These systems
comprise a number of different setups where a series of single snapshots is generated from
a large number of small crystals which are rastered through the X-ray beam [24–30].

The second type of delivery system used for SSX are injectors. The advantage of
injector systems are that for room temperature measurements it is far easier to keep crystals
stable and hydrated whilst embedded in a suitable matrix (e.g., buffer solution or lipid).
High viscosity injectors offer the possibility to deliver crystals in a hydrated environment
with minimal background. The use of liquid or gel-like matrices [31–36] opens up the
possibility of performing mix-and-inject experiments where the crystal solution or slurry
can be combined with a reactant immediately prior to delivery to the X-ray beam. In
addition to chemical triggers, optical pulses have also proved to be enormously successful
for studying the dynamics of some light activated proteins [37]. When using a low viscous
carrier such as water, a liquid jet stream is formed and focussed, typically using a gas
dynamic virtual nozzle (GDVN) [38–40]. However, when the rate of sample delivery can
be slowed down, higher viscous media can be used to deliver crystals, such as monoolein
or agarose gels. Injectors which operate with these types of samples are known as high-
viscosity injectors (HVIs) and they are particularly useful for studying e.g., membrane
proteins, which are often crystallised in lipidic cubic phase matrices [41]. Whilst both
methods of injection have been used for serial crystallography, the slower flow rates for
HVIs make them an attractive option for synchrotrons where, typically, the sample does
not need to be replenished as often as for XFELs. HVIs will also normally involve lower
sample consumption rates than liquid jets and can therefore be preferable in cases where
the amount of crystal sample available is limited. It is for these reasons that HVIs were
chosen as the primary sample delivery method of choice when developing SSX at the
Australian synchrotron. However, whilst running and testing the Lipidico at the Australian
synchrotron, we observed that an unexpected consequence of the slower sample delivery
combined with the high frame rate using the Eiger 16M was that several single crystals
were measured multiple times; whilst this is not a unique observation and is common in
HVI [20], the present study specifically aids in the understanding and investigation of this
important topic. The focus of this paper is analysing these multiple hits and determine
their characteristics.

From our analysis, we are able to determine the maximum possible number of multiple
hits, given a particular crystal size and beam diameter. We also analyse the absorbed dose
per single crystal and discuss the implications for crystal consumption when performing
SSX, e.g. for time-resolved structural studies.

2. Materials and Methods
2.1. Sample Preparation and Data Collection

The general setup and data analysis pipeline developed for this experiment is de-
scribed in [10,42]. Briefly, lysozyme (250 mg/mL re-suspended in 50 mM sodium acetate



Crystals 2021, 11, 49 3 of 13

solution) crystals were grown using batch method in 1.5 M lithium chloride, 0.2 M sodium
acetate, 40% polyethylene glycol 6000, pH 4.8. These crystals were mixed with a carrier
consisting of silicone grease using a gas-tight glass syringe coupled system. The crystal
size distribution range was analysed from optical microscopy data based on ImageJ [43]
using particle analysis. The syringe was loaded directly on to the Lipidico injector sys-
tem at the MX2 beamline at the Australian Synchrotron. The beam size was 22 × 12 µm
(FWHM h × w) and the incident energy 13 keV, yielding a flux of 2.4 × 1012 photons/s.
The inner diameter of the injection needle was 108 µm and the flow rate of the stream was
∼1.0 nL/s (velocity ∼100 µm/s). SSX diffraction data was collected using an EIGER X 16
M detector (running at 100 Hz).

2.2. Identification of Single Crystals Hit Multiple Times

Bragg reflections were detected using the robust peak finding method (RPF) of Hadian
Jazi et al. [44] . Indexing (Mosflm and Dirax), scaling and merging of the data were carried
out using CrystFel version 0.8.0 [45]. Following SSX data collection, multiple hits on a
single crystal were identified via an initial screening process performed using Whirligig, a
program within the CrystFel suite. The stream file used to solve the lysozyme structure [10]
contained all the hits from the data. We used this file to identify which images belonged
to the same crystal. This program generated a list of diffraction images where the change
in crystal rotation angle between consecutive frames was less than 2 degrees, which was
our estimate for the maximum value of the crystal rotation through the high-viscosity
silicone grease. These images were assumed to originate from the same single crystal. As
further validation, we constructed an idealised model of the beam assuming a 2D Gaussian
profile of 22 µm × 12 µm (H × V). For simplicity, we assumed that the crystal was a perfect
square of 12 µm ×12 µm to be consistent with the most common crystal size observed
from optical characterisation data. Since the crystal can arrive in a random orientation
we looked at the case of when the crystal was oriented at 0◦and at 45◦ with respect to the
horizontal beam axis. From experimental observations, to measure a diffraction signal from
the crystal on the timescale of a single frame the X-ray beam needs to intersect with around
10 µm2 of crystal. Setting this as a lower limit on the crystal size in the beam and using the
convolution of the crystal and X-ray beam to determine the total possible interaction region,
we find that the expected number of multiple hits varies between 6.3 and 6.5 hits/crystal
for 0◦ and at 45◦ crystal tilts, respectively. This is only slightly higher than the observed
multi-hit average of 6.2 hits/crystal. In addition, applying the same simple model, for the
largest crystal size (35 µm) the maximum number of expected multiple hits varies between
42 and 56 for 0◦ and at 45◦ crystal tilts. Whilst this idealised model ignores factors such as
background due to the LCP jet, it demonstrates that the numbers of multi-hits determined
in this experiment are plausible. Finally, the time stamps of the image files were used to
independently confirm that the frames were collected consecutively. These images, which
were a subset of the full dataset and confirmed as originating from single crystals measured
multiple times in the X-ray beam, were extracted and used to form a separate set of data
we term the ‘multi-hit’ dataset.

2.3. Radiation Dose Calculation

The radiation dose absorbed by the crystal was calculated using the online version of
RADDOSE 3D (version 3) [46] and following Marman et al. [47]; both of these calculations
take into account the effects of photoelectron escape which can become noticeable as
the crystal size approaches the micron scale. The absorbed dose calculations assumed a
Gaussian beam profile and an angular rotation of 2 degrees. The dose calculations started
from when the crystal would enter the tail of the beam and then the 2 degree rotation
would occur during the total time for which the crystal interacted with the X-ray beam.
The exposure time was adjusted to match this interaction time. We used a cuboid shaped
crystal for the calculations and 0.42 s as the longest exposure time from our multi-hit
sequence analysis on one crystal. The exposure time for three most common crystal sizes
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was varied between 0 and 0.42 s with the crystal composition and surrounding solutions
also incorporated into the dose calculations. We note that these calculations could be used
to ensure that the multi-hit crystals remained below the radiation damage thresholds in
future experiments.

3. Results
3.1. Crystal Size Distribution

The crystal size distribution (Figure 1) was generated based on analysis of optical
micrographs. The size analysis showed that the cuboid lysozyme crystals ranged in their
longest length 10–35 µm by 5–10 µm. However, a few outlier crystals of much larger
diameter, up to 35 µm, were observed.

Figure 1. Size distribution of crystals in silicone grease. A small amount of sample was deposited
under a cover slip and optical microscopy images of the drop were taken. The crystal size was
calculated based on a single particle analysis carried out in ImageJ [43]. The insert in the upper right
hand corner shows a photo of the lysozyme crystals embedded in the silicone grease.

3.2. Radiation Dose

Since these SSX measurements were conducted at room temperature, particular consid-
eration had to be given to the effects of radiation damage. Based on calculations performed
using RADDOSE 3D [46], a plot of the absorbed dose for a single crystal travelling through
the X-ray beam with the maximum possible exposure time and for varying crystal sizes is
shown in Figure 2. Since larger crystals can be expected to be more radiation tolerant, the
number of ‘damage-free’ multi-hits rises in proportion with the crystal size (Figure 2A).
Considering the fact that the majority of crystals measured in this experiment were between
10 and 15 µm in diameter, we do not expect that these crystals will pass through the X-ray
beam without undergoing some radiation damage; this is evidenced by the high dose
estimates for these crystals (Figure 2B). The amount of time that a crystal can spend in the
X-ray beam prior to experiencing radiation damage was calculated to be 0.08 s for a 10 µm
diameter crystal, increasing to 0.15 s for a 20 µm crystal. This was calculated based on the
results in Figure 2B, where the dose threshold for lysozyme (0.38 MGy) [48] is displayed as
a horizontal dotted line. Given that the detector used for these measurements was running
at a frame rate of 100 Hz, this means typically between 8 and 15 diffraction images could
be collected from a single crystal prior to reaching the damage threshold. Since we observe
experimentally up to 42 consecutive diffraction images recorded from the same single
crystal it is almost certain that, on average, a crystal will experience significant radiation
damage prior to exiting the beam interaction area. This has implications when using and
merging multi-hit SSX data.
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Figure 2. (A) Average dose received by the whole crystal (grey markers) and the average dose received by the volume of
crystal interacting with the X-ray beam (black markers). The corresponding dashed lines are lines of best fit to guide the
eye. (B) Average dose received by a whole crystal of 20 µm (black solid line), 15 µm (grey dashed line) and 10 µm (black
dotted line) diameter as a function of the exposure time [40] The room temperature radiation damage limit for lysozyme is
0.38 MGy and is indicated by the horizontal black dashed line [48].

To confirm the predictions of RADDOSE 3D, the quality of diffraction patterns col-
lected during the multi-hit SSX measurements for the 315 multi-hit crystals were analysed.
Three crystals were selected as being representative of the complete multi-hit dataset. SSX
diffraction patterns collected from a single crystal as it tumbles through the X-ray beam
within the Lipidico sample stream are presented in Figure 3 and Movie S1 in Supplemen-
tary Materials. Visual inspection of the intensities of the Bragg peaks over Frames 1–19,
for Crystal 3, does not reveal any significant decrease in diffraction quality (Movie S1);
however, an examination of the peak intensities within the higher resolution shell reveals a
decrease in intensity and peak number. A second crystal, Crystal 2, was also investigated
with a total of 42 frames collected (Figure S1 and Movie S2). Comparison of Frames 1, 20
and 42 revealed a small but systematic decrease in the measured intensity. A similar trend
was observed for a third crystal, Crystal 1, where 19 consecutive images were collected
(Figure S2 and Movie S3). A closer examination of the intensities of Bragg peaks within the
highest resolution shell also revealed the number of outer shell reflections decrease as well
as the average intensity (Table S1). Overall, the results of the three representative crystals
(out of 312 crystals which comprise the multi-hit dataset) whose consecutive frames we
analysed in detail consistently indicate a fading of diffraction spots over similar timescales
predicted by the dose measurements.

3.3. Model of Crystal Tumbling in the Sample Stream

Experimentally, the maximum number of consecutive multiple hits observed for a
single crystal was 42. This is consistent with an X-ray beam size of 22 × 12 µm and a crystal
size of 20 × 20 µm, with a flow rate of 100 µm/s, which matches the known experimental
parameters. If the crystal diameter is reduced to 10 µm, the maximum possible number of
achievable multiple hits for a single crystal decreases to 32. We note that the corresponding
time the leading edge of the crystal enters the X-ray beam to the point at which the trailing
edge of the crystal exits the X-ray beam ranges from 0.32 to 0.42 s for a crystal diameter
from 10 to 20 µm. Figure 4 shows an illustration of the experimental setup and how the
crystals tumble within the high viscous stream before exiting the X-ray interaction region.
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Figure 3. Diffraction images from a single crystal (Crystal 3) as it tumbles through the X-ray beam:
(A) the first diffraction image collected, Frame 1; and (B) the last image collection in the series, Frame
18. The large red ring indicates the outer resolution limit of the diffraction pattern.

Figure 4. A schematic showing a crystal tumbling in the high viscous stream (shaded grey) as it
passes through the X-ray interaction region (shaded red).

3.4. Generation of Multiple Hits on a Single Crystals

In this investigation, we created a subset of data and identified as crystals that were
hit more than once as they passed through the X-ray interaction region and defined this
as a ‘multi-hit’ dataset. Figure 5 shows the number of crystals that have been hit multiple
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times. Whilst the maximum number of multi-hits on a single crystal was found to be 42,
the average number of multiple hits was much lower than this, at 6.2 hits/crystal.

Figure 5. Multi-crystal sequence of events. (A) This plot shows the total number of images collected per single crystal for
each of the 315 crystals that were hit multiple times as they passed through the X-ray beam. We found that the maximum
number of images collected for a single multi-hit crystal was 42. (B) This plot shows the upper limit on the resolution of
Bragg peaks indexed by the CrystFel suite in each series of frames from 1 of 42 for the 315 crystals in (A). The vertical lines
reflect the standard deviation in the values for each data point. Above 37 mutli-hits, there are fewer than three data points;
these points are coloured solid black.

Once the crystals with multiple hits were identified, the dataset was further analysed
to generate crystallography data collection statistics (Table 1). Analysis of the complete
dataset collected revealed 7.6% of the crystals used to generate the lysozyme structure
(which comprised 4794 crystals) contained consecutive frames belonging to the same
crystal and therefore were assigned ’multi-hit’. The number of reflections assigned just
within the multi-hit dataset resulted in a completeness of 8.3% (Table 1). Due to the low
completeness of the multi-hit data, complete structure determination was not possible.
Therefore, a direct comparison of the electron density maps could not be carried out in the
present case. An analysis of the resolution of the diffraction data associated with the 315
multi-hit crystals is presented in Figure 5B. This plot represents an analysis of the average
intensity as a function of multi-hit image number from 1 to a maximum of 42 multi-hit
images. The plot indicates that on average Frames 1–15 consistently contain diffraction
out to a maximum resolution of ∼1.8 Å. After Frame 15, the resolution of the diffraction
data declines, dropping to ∼2.1 Å by Frame 42. This clearly indicates that the decrease in
resolution for the multi-hit crystals is most probably a result of sustained radiation-induced
damage. Based on our analysis, we estimate that the inclusion of multiple hits in the
structure analysis results in an approximately 20% decrease in the total number of crystals
required for structure solution. We note that in the case of this experiment the multi-hits
formed a relatively small percentage of the whole dataset and hence their inclusion or
exclusion was not found to have a measurable impact on the overall quality of the data.
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Table 1. Data collection statistics. Statistics for the whole dataset are compared to a subset of the data
which we classified as ’multi-hit dataset’; single crystals hit multiple times. Values for the outer shell
are given in parentheses.

Data Parameters Lysozyme * Multi-Hit Dataset

Diffraction source Australian Synchrotron Australian Synchrotron
Photon Energy (mean

value, eV) 13,000 13,000

Flux (photons/s) 2.4 × 1012 2.4 × 1012

Wavelength (Å) 1.05 1.05
Temperature (◦K) 300 300

Detector Dectris EIGER X 16M Dectris EIGER X 16M
Beam size (W,H µm) 12 × 22 12 × 22

Space group P43212 P43212
a, b, c (Å) 76.68, 76.68, 38.48 76.68, 76.68, 38.48
α, β, γ, (◦) 90, 90, 90 90, 90, 90

Resolution range (Å) 78.68–1.83 (2.05–1.83) 34–2.2 (7.96–2.2)
Total number frames 224,200 4389

No. of crystals 4794 315
No. total reflections 1,394,451 18,191 (2267)

No. of unique reflections 6614 1294 (159)
Completeness (%) 99.44 (99.15) 8.30 (7.9)

Redundancy 73.97 (51.34) 14.06 (11.0)
I/ σ (I) 5.08 (1.30) 3.30 (1.54)
CC1/2 0.96 (0.47) 0.90 (0.68)
CC * 0.99 (0.81) 0.99 (0.8)
Rsplit 14.09 (93.57) 14.52 (63.71)

* These results are reproduced from Berntsen et.al. [10] with permission of AIP Publishing.

4. Discussion

Serial synchrotron crystallography provides an efficient means of generating room
temperature structures using large numbers of single crystals. Whilst the technique is now
routine at XFEL facilities, there is still significant development yet to be undertaken at syn-
chrotrons. Although still at a comparatively early stage in development, SSX has already
been demonstrated at a number of synchrotron facilities worldwide [10–13,15,16,19,20,49].
One of the primary motivations behind the development of injector-based SSX at syn-
chrotrons is the possibility of conducting room temperature studies of structural dynamics—
experiments which are inaccessible to cryo-EM.

In the context of molecular movies generated using TR-SX, the multi-hits we observe
with our HVI could be exploited to aid in tracking structural changes from the same crystal
over time. For example, if a reaction takes place over a time-period of 10–100 ms (e.g.,
protein folding and unfolding), then data points from the same crystal could be collected
10 ms apart (full frame, 100 Hz) or even quicker if using a region of interest (ROI) on the
detector. In terms of the number of crystals required, to generate a molecular movie of
just 10 frames would necessitate a 10-fold increase in the crystal volume assuming each
crystal only generates one diffraction pattern. Based on the current dataset for lysozyme,
this could mean that >40,000 individual crystals would need to be measured in order to
generate 6000 unique reflections per time point. Either by calculation of the absorbed
dose using a suitable program, e.g., RADDOSE 3D, or by performing a short calibration
experiment, the threshold for radiation damage could be determined for the sample a
priori and hence the flow rate of the injector could be optimised to collect the most number
of hits per crystal whilst remaining below the radiation damage threshold.

The first challenge with performing SSX experiments to exploit or avoid multiple
hits is to determine a method of rapidly identifying single crystals which have been
measured more than once. Whilst we focus on multi-hit serial crystallography in the
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context of SSX in this paper, we note that there are also potential benefits to applying
this approach at XFELs. For example, multiple hits at XFEL sources have been observed
in both goniometer-based SFX [50] as well as with acoustic injectors used for drop-on-
demand experiments [51]. Whilst there are some key differences between SFX and SSX,
particularly in terms of the pulse structure and radiation-induced damage, there are clear
benefits to developing some of the concepts outlined in this paper for SSX in the context
of XFELs. However, multiple hits, on the same crystal, are generally not observed in
serial femtosecond crystallography (SFX) conducted at XFELs due to the destruction of
the sample with each X-ray pulse [7] and have thus not previously been investigated in
detail. In the present case, although Whirligig [45] provided a simple means of identifying
crystal diffraction patterns having similar (<2 degree rotational difference) orientation, it
does not distinguish between different crystals, therefore two consecutive crystals close
together in the stream could potentially have a similar enough orientation that they could
be mistaken for the same crystal. To eliminate this possibility, a second filtering step was
introduced, using both the consecutive frame numbers and data collection time-stamps to
confirm the images identified as ’multi-hits’ are in fact from the same single crystal. As a
final check, the analysis also took into account the transit time for each crystal to make sure
that this was consistent with the HVI flow rate and X-ray beam size. Further examination
of the multi-hit diffraction images isolated from a single crystal revealed that the Bragg
reflections exhibit small rotational changes as the crystal moves through the beam which
is what you would expect to see as a result of the crystal slowly tumbling as it moves
with the sample stream (Movies S1–S3). The protocol we established to identify multi-hits
could be used to either exclude frames which belong to the same single crystal for proteins
which are highly sensitive to radiation damage in order to improve the data quality—in
which case the stream speed could potentially be increased or the data simply ignored.
Conversely, it could be used to optimise the number of multi-hits per crystal to help reduce
crystal consumption for proteins which have a limited source or to perform time-resolved
experiments on the same single crystal. Another promising application for this technique
is that it could be used to study samples that are usefully perturbed via interaction with
the X-ray beam. For example, single crystal spectroscopy could benefit from an optimised
multi-hit SSX arrangement in order to study processes such as enzyme kinetics [52]. Based
on the results from this experiment, it was estimated that it is possible to reduce the number
of crystals required for a dataset by 20% via optimisation of the experimental conditions,
which would enable us to collect multiple hits for every crystal. For TR-SSX studies, this
increase in data volume for the same number of crystals could be critical, significantly
reducing the time and cost of experiments. We also note that the protocols established
for multi-hit crystallography in this paper could be particularly useful in the context of
laboratory-based laser-driven ultrafast X-ray sources. In this case, the kilohertz repetition
rate combined with the comparatively low flux of these sources, recently demonstrated
using the EIGER detector [53], are optimal for observing and exploiting multiple hits on
single crystals.

Whilst it is desirable to maximise the amount of data collected per crystal in SSX, the
potential effects of radiation damage are of concern. Many factors determine whether or
not radiation damage to the crystal will be noticeable in the measured diffraction data.
These include the size of the crystal and the flow rate (and hence the amount of time
the crystal spends in the beam), as well as the flux and beam size. In addition to this,
the specific protein being investigated can also substantially alter a crystals tolerance to
radiation damage, particularly if the structure has ’damage hot spots’, e.g., metal centres
or disulphide bonds. Generally, the literature suggests that the recommended global
dose limits for proteins crystals at room temperature is around two orders of magnitude
lower than that for crystals measured under cryogenic conditions. For lysozyme, the
radiation dose limit is specified as 0.38 MGy [48] for room temperature versus 30 MGy
for cryo-cooled crystals [54,55]. The literature also states that there is possibly no way to
distinguish between the effects of global and specific radiation damage effects at room
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temperature [56]. However, it is important to note that radiation dose limits are related
to the specific resolution of the structure retrieval and size of the crystal. Based on the
published radiation dose limits and the RADDOSE-3D calculations (Figure 2), under the
conditions used in our experiment, for a crystal to maintain an absorbed dose below the
radiation damage threshold and survive undamaged as it passes through the X-ray beam,
it would need to have a diameter of 30 µm or greater. Given that the majority of crystals
measured in this experiment fall within the 10–20 µm size range, the crystals are expected to
show signs of radiation damage after 8–15 consecutive frames. This behaviour is confirmed
by the observed loss in diffraction intensity which occurs in the higher resolution shells
once this threshold in the number of multi-hit images is reached. Comparing the first and
last images in the crystal series (Figures S1 and S2 and Table S1), there are clear signs of a
loss of high resolution diffraction consistent with radiation damage occurring. However,
we did find an exception to this in Crystal 1 (Figure 3 and Movie S1). This particular dataset
showed no obvious reduction in Bragg peak intensities as the crystal moved through the
beam likely indicating these diffraction data were collected from an outlier larger diameter
crystal and hence able to tolerate a larger dose. Whilst additional experiments would be
required to experimentally confirm the radiation damage limit for lysozyme using Lipidico,
the results are an indication that high-resolution structural data can be generated from
multiple hits whilst remaining below the radiation damage threshold. For much smaller,
micron-sized, crystals using more tightly focussed X-ray beams, the number of multiple
hits that are possible whilst remaining below the damage threshold are likely to be far
fewer than in the present experiment. In addition, for crystals within this small size range,
the effects of photoelectron escape will have an even larger impact on the radiation damage
behaviour.

5. Conclusions

The occurrence of multi-hits in SSX was explored in the context of the Australian
Synchrotron Lipidico injector. For high-viscosity injectors at synchrotron sources using
high-frame rate detectors, the appearance of multiple hit crystals in any given dataset is
highly likely. Whilst some experimentalists may want to optimise the set up to minimise
the number of multi-hit diffraction patterns in their data, due to the possibility of radiation
damage impacting the data quality, there is also an opportunity to exploit these multi-hit
crystals, both to reduce the amount of sample required for structure retrieval and to study
structural dynamics occurring on timescales on the order of 10–100 ms (depending on
the frame rate of the detector). In the current experiment using crystals with a diameter
primarily between 10 and 20 µm, the maximum number of measurements that could occur
prior to radiation damage occurring was 8–15. Depending on the crystal size, desired
resolution and beam intensity, this number could be readily increased or decreased simply
by changing the flow rate.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1:
Tracking the number of a Bragg peaks in higher resolution shells for three different crystals. The first
frame, middle frame and last frame of the crystal diffraction are compared. Figure S1: Diffraction
images collected from Crystal 2 over a duration of 42 consecutive images. Three images are isolated
from this series: (A) Image 1, first image; (B) Image 20, middle image; and (C) Image 42, last image
in the series. The red ring indicates the diffraction limit of the data. Figure S2: Diffraction images
collected from Crystal 3 over a duration of 18 consecutive images. Two images were isolated from this
series: (A) Image 1, first image; and (B) Image 18, last image in the series. The red ring indicates the
outer resolution limit of diffraction pattern. Movie S1: Diffraction images from Crystal 1 collected over
a duration of 19 consecutive images. The movie shows the diffraction pattern consistently present to
high resolution limit of the data as it tumbles through the X-ray beam. Movie S2: Diffraction images
collected from Crystal 2 over a duration of 42 consecutive images. Three images are isolated from
this series: (A) Image 1, first image; (B) Image 20, middle image; and (C) Image 42, last image in the
series. The red ring indicates the diffraction limit of the data. Movie S3: Diffraction images from
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Crystal 3 collected over a duration of 18 consecutive images. The movie shows the diffraction pattern
gradually changing as it tumbles through the X-ray beam.
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