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free-electron lasers
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Serial femtosecond crystallography (SFX) is a powerful technique that exploits
X-ray free-electron lasers to determine the structure of macromolecules at room
temperature. Despite the impressive exposition of structural details with this
novel crystallographic approach, the methods currently available to introduce
crystals into the path of the X-ray beam sometimes exhibit serious drawbacks.
Samples requiring liquid injection of crystal slurries consume large quantities of
crystals (at times up to a gram of protein per data set), may not be compatible
with vacuum configurations on beamlines or provide a high background due to
additional sheathing liquids present during the injection. Proposed and
characterized here is the use of an immiscible inert oil phase to supplement
the flow of sample in a hybrid microfluidic 3D-printed co-flow device. Co-flow
generation is reported with sample and oil phases flowing in parallel, resulting in
stable injection conditions for two different resin materials experimentally. A
numerical model is presented that adequately predicts these flow-rate
conditions. The co-flow generating devices reduce crystal clogging effects, have
the potential to conserve protein crystal samples up to 95% and will allow
degradation-free light-induced time-resolved SFX.

1. Introduction

Serial femtosecond crystallography (SFX) with X-ray free-
electron lasers (XFELs) has shown impressive advances in the
field of macromolecular structure determination in the past
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decade (Martin-Garcia et al., 2016; Chapman et al, 2011;
Boutet et al., 2012; Orville, 2020). Examples include revealing
structural details of membrane proteins with unprecedented
resolution, such as G-protein coupled receptors (Zhang et al.,
2015; Kang et al., 2015; Stauch & Cherezov, 2018; Gusach et al.,
2020) or photosystems (Kupitz et al., 2014; Gisriel et al., 2019).
The recent demonstration of time-resolved (TR) imaging of
enzyme catalysis under near-physiological conditions (Stagno
et al., 2016; Olmos et al., 2018; Calvey et al., 2016; Pandey et al.,
2021), made possible by XFEL crystallography using mixing
injectors, further provides a tantalizing glimpse of the dawn of
the new field of structural enzymology and its likely impact.
This relates to all aspects of life controlled by enzymes and will
improve our knowledge for the design of inhibitors to
common diseases threatening our health.

Pump-probe TR-SFX with XFELs involves laser pulses
triggering a reaction mechanism in light-activated proteins
shortly before they are probed by an XFEL beam. This allows
time resolution in the range of femtoseconds to microseconds
(Neutze et al., 2000; Chapman et al., 2011). However, most
biologically relevant processes, such as enzymatic reactions,
are not light induced and instead require rapid mixing of the
protein crystals with a ligand (e.g. a substrate or an antibiotic).
Methods facilitating these mix-and-inject experiments are
limited by the diffusion of the ligand into the crystals and this
typically leads to time scales of the order of milliseconds to
seconds, such as demonstrated with BlaC (Olmos et al., 2018;
Kupitz et al., 2017), cytochrome c¢ oxidase (Ishigami et al.,
2018) and the riboswitch (Stagno et al., 2016).

Sample wastage remains a critical issue for SFX and TR-
SFX studies with XFELs (Martin-Garcia et al., 2016; Conrad et
al., 2015). Protein crystals are cumbersome to obtain in
suspensions of adequate concentration in a sufficiently large
volume (>10 ml with hundreds of milligrams of protein) for
full data sets. Current XFELs operate at pulse frequencies up
to 120 Hz at the LCLS (USA), 60 Hz at SACLA (Japan),
30 Hz at PAL-XFEL (South Korea), 100 Hz at SwissFEL
(Switzerland) or megahertz pulse trains repeating at 10 Hz
frequency at the EuXFEL (Germany). Thus, for all XFEL
instruments, the vast majority of the sample is wasted if sample
injection is carried out with any continuous liquid injection
technique, such as delivery with a gas dynamic virtual nozzle
(GDVN) (DePonte et al., 2008). While this method is robust
and has demonstrated great success in the past, it has several
key limitations: (i) high flow rates in the tens of microlitres per
minute are typically required, and (ii) clogging issues arise
very often due to viscous samples, adsorption of crystals to the
capillary and tubing during delivery, or agglomeration of
larger protein crystals within the nozzles and delivery lines.

Several approaches to reduce sample consumption have
been proposed. Viscous jet injectors slowly extruding crystals
suspended in a viscous medium, such as lipidic cubic phase or
agarose, have been successfully used to deliver samples into
the path of the XFEL (Conrad et al., 2015; Weierstall et al.,
2014). However, many proteins resist crystallization in viscous
media, and the large diameter of the extrusion increases
background scatter. Furthermore, these slowly focusing jets

are not compatible with the higher-repetition-rate facilities in
operation (Griinbein et al, 2018) or under construction
(LCLS-II, Menlo Park, California, USA).

Double flow-focusing injectors have been successful at
injecting higher-viscosity samples at lower sample flow rates,
but the samples may be significantly diluted by the sheath
liquid required to achieve high enough flow rates to create a
stable jet for data collection (Oberthuer et al., 2017). Drop-on-
demand systems have also been developed to synchronize the
liquid droplets with the XFEL frequency (Mafuné et al., 2016).
Alternatively, pulsing the liquid jet of the GDVN by switching
the liquid flow on and off has been proposed, but it produces
large droplets and does not function in vacuo (James, 2015).

Acoustic injection of protein crystal suspensions can expose
a high percentage of the crystals injected and exhibits a high
hit rate, though it also suffers from a large background and
requires large microcrystals (Roessler et al., 2016). Fixed-
target methods that raster an array of immobilized crystals
with respect to the XFEL beam have been shown to give a vast
reduction in sample consumption and improve hit rates
(Hunter et al., 2014). However, problems with preferential
orientation of the crystal may prevent full sampling of reci-
procal space, limitations arise with high-repetition XFELSs and
time-consuming array changing is often problematic with
short beamtime allocations. Similar issues also apply for the
recently developed methods that position droplets of a mixing
reagent in a timed manner on fixed targets for TR studies
(Mehrabi et al., 2019). Furthermore, an approach combining
acoustic droplet generation with a conveyor belt delivery has
been shown to be suitable for SFX, but is limited by slow
reaction time points for TR-SFX delivery in aqueous solutions
(Fuller et al., 2017). As for low-flow-rate viscous jet injectors,
issues arise for the microfluidic electrokinetic sample holder
(MESH) (Sierra et al., 2012) and its updated version, the
concentric MESH injector (coMESH) (Sierra et al., 2016), for
short millisecond time points as desired in mix-and-inject
experiments and due to multiple crystal hits.

We have recently reported a new approach that encapsu-
lates protein crystals in small droplets of mother liquor in an
immiscible phase coupled with GDVN injection (Echelmeier
et al., 2019, 2020). The device has been successfully used at the
LCLS (Echelmeier et al., 2019), where diffraction from
photosystem I was recorded, and more recently at the
EuXFEL to determine the structure of the enzyme KDOS8PS
to 2.8 A resolution at room temperature (Echelmeier et al.,
2020). This method has additional potential to synchronize the
arrival of the droplet with the XFEL beam and further mini-
mize sample loss, as demonstrated by the electrical triggering
of the droplet release (Kim et al., 2019). To synchronize the
droplet generation with the XFEL, a feedback mechanism is
required, which is linked to optical detection of the generated
droplets. An advantage of this droplet approach to reduce
sample waste lies in the small footprint of all necessary
components and the fabrication of all elements through 3D-
printing technology (Echelmeier et al., 2019, 2020).

Apart from sample consumption issues, liquid jet injection
for SFX with XFEL experiments also suffers from issues with



very high viscosity samples. Many proteins, including complex
membrane proteins, require crystallization conditions in very
high viscosity polyethylene glycol (PEG) solutions which
often need to be maintained for injection to ensure crystal
quality (Durbin & Feher, 2017; Middaugh et al., 1979; Atha &
Ingham, 1981; Conrad et al., 2015; Pandey et al., 2020). Over-
coming this limitation could be a major breakthrough to allow
more elaborate SFX studies of a larger variety of biologically
important proteins.

Our development of the above-mentioned injection scheme
based on interleaved immiscible phases, together with the
issues arising for high-viscosity injection media, led us to the
alternative scheme that we present here. During the char-
acterization of droplet generation in our devices, we found
regimes in which the sample and oil phases flowed in parallel
towards the GDVN and then formed exceptionally long and
stable liquid jets which are important for nozzle lifetime. This
‘co-flow’ phenomenon was characterized in this work both
experimentally and with a theoretical model at various flow
rates for the aqueous (Q,) and oil (Q,) phases. We further
characterized two different materials for the 3D-printed co-
flow generators, coupled in a hybrid fashion to a GDVN in one
device. We also demonstrate the application of this injection
method at the EuXFEL for a viscous sample of photosystem II
(PSII) crystals embedded in mother liquor and the compat-
ibility of the employed 3D-printed devices with light-induced
TR-SFX.
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2. Materials and methods
2.1. Materials

Pentaerythritol triacrylate (PETA), phenylbis(2,4,6-tri-
methylbenzoyl)phosphine oxide (BAPO), 2-morpholino-
ethanesulfonic acid (MES), sodium chloride (NaCl), calcium
dichloride (CaCl,), magnesium sulfate (MgSQ,), polyethylene
glycol (PEG, MW 1450), polyethylene glycol methyl ether
(MW 5000), perfluorodecalin (PFD) and 1H,1H,2H,2H-per-
fluoro-1-octanol (perfluorooctanol, PFO) were purchased
from Sigma-Aldrich, USA. The detergents n-dodecyl S-mal-
toside and n-heptyl-B-p-thioglucopyranoside were purchased
in crystallization grade from Glycon Biochemicals GmbH
(Luckenwalde, Germany). SU-8 developer was obtained from
Microchem, USA. The photoresist IP-S was purchased from
Nanoscribe GmbH, Germany. Deionized water (18 M) was
supplied from an LA755 Elga purification system (Elga
LabWater, USA), and propan-2-ol (isopropyl alcohol, TPA)
and ethanol were obtained from VWR Analytical (USA) and
Decon Labs (USA), respectively. Fused silica capillaries
[360 um outer diameter (OD), 100 um inner diameter (ID)]
were purchased from Molex, USA. Hardman extra-fast-
setting epoxy was purchased from All-Spec, USA.

2.2. Co-flow device design and fabrication

Hybrid devices containing a co-flow junction prior to a
GDVN (Fig. 1) were designed and fabricated as described
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(a) The experimental setup of the co-flow generator at the EuXFEL (not to scale). (1) Flow-rate sensors, (2) crystal suspension reservoir mounted in the
rotating anti-settler device, (3) oil reservoir, (4) nozzle rod and (5) hybrid device (3D-printed device with integrated co-flow generator and GDVN)
mounted on the end of the nozzle rod. Black lines indicate capillary tubing or fused silica capillaries for fluid and gas transport. (b) The assembled hybrid
device mounted in the nozzle rod. The co-flow/nozzle hybrid is located at the very end of the one gas and two fluidic lines connected to the fused silica
capillaries through epoxy. (c) An image of the assembled Y-junction device. Co-flow is generated as indicated by the interface between the two phases
(see yellow arrow). (d) A schematic drawing of the Y-junction device for co-flow formation designed in Fusion 360. (e) An image of the T-junction hybrid
device, showing the oil-sample co-flow running (marked with a white arrow) and the jet leaving the nozzle. (f) A schematic drawing of the T-junction
device for co-flow formation designed in Fusion 360. The scale bars represent 200 pm in panels (¢)—-(f).



previously (Echelmeier ef al, 2019). Briefly, devices were
drawn in Fusion 360 (AutoDesk, USA) and then 3D-printed
with a Photonic Professional GT 3D printer (Nanoscribe
GmbH, Germany) using either IP-S photoresist (Nanoscribe
GmbH, Germany) or PETA with BAPO (1.2% w/w BAPO),
termed PETA-B. Printing was accomplished in solid mode
using dip-in laser lithography (Bilickmann et al., 2012) with
two-photon polymerization. Once printed, devices were
developed in SU-8 developer, or ethanol for PETA-B resin,
and rinsed in IPA. Fused silica capillaries were inserted and
fixed into the device inlets using epoxy. Their length depended
on the experimental setup. At the EuXFEL, 2 m of capillary
was attached to each inlet to traverse the length of the nozzle
rod, and during preliminary testing in the home laboratory
60 cm of the capillary was used per inlet. The hybrid devices
comprised a T-junction or a Y-junction for co-flow formation.
The Y-junction is formed by an intersection of a rectangular
channel section (100 x100 um) and a 75 pum diameter
cylindrical channel at a 45° angle. The T-junction is, likewise,
formed by a rectangular channel (75 x100 pm) and a 75 pm
diameter cylindrical channel at a 90° angle. These junctions
can be seen in the computer-aided designs in Figs. 1(d) and
1(f). Two iterations of these devices were used for preliminary
experiments and injection at the EuXFEL SPB/SFX instru-
ment (Mancuso et al., 2019). Devices containing only capillary
inlets and junctions were used for preliminary experiments;
experiments performed at the EuXFEL used junctions
coupled to GDVNs (Nazari et al., 2020).

2.3. Fluidic operation and setup

High-performance liquid chromatography (HPLC) pumps
(LC20AD, Shimadzu Co., Japan) were connected to a custom
or commercial stainless steel reservoir containing a plunger
through which either crystal suspensions or the oil phase were
dispensed (Oberthuer et al., 2017; Wang et al., 2014). Liquid-
flow sensors SLI-0430 (Sensirion, Switzerland, accuracy of 5%
of measured value, based on the flow rates used in this study
up to 1.25 ul min~") and SLG-0075 (Sensirion, Switzerland,
accuracy of 20% of measured flow velocity, based on the flow
rates used in this study up to 3.8 ul min~') were used to
monitor the flow rates before the reservoirs. Poly ethyl ether
ketone tubing (Zeus, USA, 250 pm ID and 1/16 inch OD) with
fittings and ferrules from IDEX Health & Science LLC (USA)
was used to connect the HPLC pumps to the sensors and
reservoirs. Fused silica capillaries were used to connect the
reservoirs to the co-flow devices. During preliminary testing at
the ASU laboratory, the device was mounted onto an
Olympus IX71 microscope equipped with a Photron Fastcam
Mini AX (Photron, USA). Helium gas pressures in the range
of 150-600 psi (1 psi >~ 6893 Pa) were used to operate the
GDVNs and controlled manually via a gas regulator. For any
flow-rate condition, the system was allowed to equilibrate for
5-10 min until the liquid pressures had stabilized. A schematic
diagram of the experimental setup is provided in Fig. 1(a). The
images obtained from microscopic observation of the co-flow
generation were analysed by measuring the width of the

aqueous flow using ImageJ (Abramoff et al., 2004). The co-
flow thickness was assessed at 150 um from the junction as the
width of the aqueous stream in replicates of three.

During experiments at the EuXFEL, the device was
mounted in the nozzle rod and inserted through a load-lock
system into the vacuum chamber at 1 mPa with the nozzle
running (Mancuso et al., 2019; Schulz et al., 2019). Addition-
ally, the reservoir containing the PSII crystals was mounted on
a rotating anti-settling device (Lomb et al., 2012) and a GP1
electronic pressure regulator (Equilibar, USA) was used to
regulate the helium gas applied to the gas dynamic virtual
nozzle. For imaging during the experiments, a Zyla 5.5 sCMOS
(Andor, Northern Ireland) equipped with a Mitutoyo
MY10X-80310x objective (Thorlabs, USA) was used, and the
EuXFEL femtosecond pump-probe laser (800 nm) was
employed as the illumination source (Palmer et al., 2019).

2.4. Jet speed characterization

The jet produced by the hybrid co-flow device was illumi-
nated with a double-pulsed fibre-coupled 633 nm 100 ns laser,
as previously described (Nazari et al., 2020). A Fastcam SAS
(Photron, USA) camera equipped with a Mitutoyo MY10X-
80310x objective (Thorlabs, USA) and a 12x UltraZoom
magnifying lens (Navitar, USA) was used to acquire the video
needed for the speed analysis. When analysing the acquired
video, the translation of the droplets created downstream of
the jet where it breaks up is compared with the speed of
acquisition. The speed of the jet can be deduced via particle-
tracking velocimetry analysis procedures described previously
(Adrian, 1991).

2.5. Photoresist laser testing

The 3D-printed structures made of the different photo-
resists were irradiated using a 532 nm Continuum Surelite
Nd:YAG laser (Amplitude Technologies, France). The laser
power used ranged from 50 to 360 mJ cm > at 10 Hz (pulse
duration of 5 ns) with a circular (Gaussian profile) laser beam
of 1 mm diameter for 10-15 min. The structure was then
visually inspected and imaged under a stereomicroscope for
damage.

2.6. Crystal sample preparation

The PSII samples were crystallized as described previously
(Koua et al., 2013) in the XBI laboratories of the EuXFEL
facility (Han et al., 2021). In brief, for homogenous micro-
crystal preparations, a detergent exchange from n-dodecyl
B-maltoside to n-heptyl-B-p-thioglucopyranoside was con-
ducted by precipitation of the PSII with PEG 1450 at a final
concentration of 12%(w/v). The supernatant was discarded
and the pellet resuspended in a buffer containing final
concentrations of 20 mM MES pH 6.0, 20 mM NaCl, 5 mM
CaCl, and 0.85%(w/v) n-heptyl-B-p-thioglucopyranoside.
Crystallization was accomplished using 6-7% PEG 1450 as the
precipitant at a chlorophyll concentration of 2-4 mM. The
crystal growth was stopped by adding 2-3%(w/v) PEG 1450.
Microcrystals grew within 1-2h at 293 K to a range of



10-30 pm. The microcrystals were dehydrated by exchanging
the mother liquor with stepwise increasing concentrations of a
dehydration buffer to reach final concentrations of 20 mM
MES pH 6.0, 20 mM NaCl, S mM CaCl,, 22% dimethyl sulf-
oxide (DMSO), 9% (w/v) PEG 5000 and 9% (w/v) PEG 1450.
All crystallization steps were performed under dim green
light. The microcrystals were loaded in 3 ml aliquots into
reservoirs for the injection.

2.7. Diffraction experiments

XFEL experiments were conducted on the SPB/SFX
instrument at the EuXFEL (Schenefeld, Germany) (Mancuso
et al., 2019; Decking et al., 2020) during beamtime P2326
(September 2019). The pulse structure of the XFEL was
composed of 10 Hz bunch trains, with 125 pulses at 564 kHz
per bunch train. The pulse duration as estimated from the
electron bunch length was 50 fs with a photon energy of
9.31 keV. The beam was focused with Kirkpatrick—-Baez
mirrors to a beam diameter of about 2.8 x 4.2 pm (Bean et al.,
2016). The average pulse energy was ~600 pJ. Diffraction data
were collected using the AGIPD 1 Mpixel detector (Allah-
gholi et al., 2019; Boukhelef et al., 2013).

2.8. Numerical modelling

Numerical modelling was carried out with the finite-
element software COMSOL Multiphysics (version 5.4a,
COMSOL, Stockholm, Sweden) using the laminar two-phase
flow and level set interface in the Microfluidics module. The
laminar two-phase flow interface considers the Stokes equa-
tion in the steady state (Finlayson, 2006),

0=—Vp+puViu, 1

where p is the pressure, u is the velocity vector and pu is the
dynamic viscosity. The density is assumed to be constant,
representing an incompressible Newtonian fluid (V - u = 0).
The fluid velocity is specified at the inlet, and at the outlet the
pressure is set as zero.

The level set method (LSM) applies a level set function
@(x, ) to the space occupied by the interface, where x is the
coordinate of a location within that space at a specific time ¢
(Bashir et al., 2011). In COMSOL Multiphysics, ¢ is a step
function which is zero in one domain and one in the other. The
function is initialized at time ¢, and then a numerical scheme
defines the value of ¢(x, f) over time. Thus, the propagation of
the interface can be traced in time. The fluid interface uses the
following equation:

¢ Vo

ru Vo= [vo-pu-a gt @
where y is the reinitialization parameter and ¢ is the thickness
of the interface. The terms on the right-hand side of equation
(2) are necessary for numerical stability, while the terms on the
left-hand side define the interface’s correct motion. The
thickness of the interface ¢ was adjusted to the largest value of
the mesh size. The reinitialization parameter y was adjusted to
the maximum magnitude of the velocity field. Equation (1)

was solved to obtain u, which was then used in equation (2)
(Deshpande & Zimmerman, 2006).

On the basis of this LSM method, the numerical simulation
of the flow behaviour between two immiscible fluids, oil and
aqueous buffer, was investigated in the T- and Y-junctions with
a 2D (see example images in Fig. S1 in the supporting infor-
mation) and a 3D model to display the curved interface
between the immiscible phases (see example images in Fig. S2).
Parameters (Tables S1 and S2) and further details are listed in
the supporting information.

3. Results and discussion

Delivering samples in parallel co-flowing streams within a
continuous sample-delivery device has the potential to reduce
the amount of sample required for SFX experiments. A
lubricant oil phase achieves an additional advantage by
reducing clogging effects, since the aqueous sample experi-
ences fewer interactions with the capillary walls, and it also
facilitates the delivery of crystals in higher-viscosity buffer
media. High-viscosity buffers are often encountered in protein
crystallization, most frequently in membrane proteins such as
PSII (Gisriel et al., 2019; Nazari et al., 2020) or in the case of
photoactive yellow protein (Ananyev et al., 2019; Gisriel et al.,
2019; Tenboer et al., 2014). Here, we characterized a 3D-
printed injection system that allows for co-flow to be gener-
ated and subsequently to deliver the sample through a coupled
GDVN to the XFEL beam. The associated fluidic line sche-
matic for sample delivery is shown in Fig. 1(a), and a photo-
graph of a co-flow nozzle with capillaries attached to deliver
liquids and gas is shown in Fig. 1(b). The co-flow generator
exhibits an oil-phase inlet and an aqueous-phase inlet (for
sample), meeting at a Y- or T-shaped intersection as shown in
Figs. 1(c)-1(d) and 1(e)-1(f), respectively. The two liquids
filling the reservoirs are pressurized through HPLC pumps
and delivered through fused silica capillaries to the co-flow
generator. The oil phase, a 10:1 mixture of PFD and PFO, was
chosen because of its immiscibility with PEG-based and
DMSO-containing aqueous buffers, as well as its chemical
inertness with the protein crystals in the aqueous phase
(Echelmeier et al., 2019). The aqueous and oil phases meet at
the intersection in the 3D-printed device, where interfacial
and shear forces cause them to flow immiscibly in parallel
streams. Figs. 1(c) and 1(d) show, respectively, a microscopic
image of the assembled 3D-printed device generating a
sample jet and a schematic of the hybrid device with a
Y-intersection coupled to a 3D-printed GDVN injector, as
recently described by Nazari et al. (2020). Figs. 1(e) and 1(f)
show microscopic images of the fabricated 3D-printed device
with the T-intersection. The co-flow in each of the two designs
is generated shortly after the intersection of the two immis-
cible fluids and can be observed as a boundary in both
Figs. 1(¢) and 1(e).

The establishment of co-flow in these devices was investi-
gated by varying the oil flow (Q,) and the aqueous flow (Q,)
rates while maintaining a total flow rate Q,, of 20 pl min~.
These conditions were chosen because a total flow rate of



20 ul min~"' generated a fast enough jet for the X-ray repeti-
tion rate of 564 kHz used during the experiment (see more
detail below on jet velocities) and since we found stable co-
flow generation at sample flow rates below 10 pl min~—'. We
explored two different types of resin for 3D-printing the high-
resolution co-flow injectors. Figs. 2(a) and 2(b), respectively,
show microscopy images of the T-junction and Y-junction
geometries printed with IP-S photoresist. We further investi-
gated two different configurations for generating co-flow with
the sample and oil phases. In mode 1, the aqueous sample is
delivered from the side channel (i.e. the channel connecting to
the straight channel), and in mode 2, the aqueous sample is
delivered from the continuous channel.

Fig. 2(c) shows a microscopy image of a Y-junction device
printed in PETA-B. As the aqueous phase, we used either the
mother liquor alone or the mother liquor containing PSII
crystals. In these three images [Figs. 2(a)-2(c)], the interface
between the two immiscible fluids can be clearly observed. To
characterize the co-flow, the width of the aqueous stream (the
distance measured from the 3D-printed capillary wall to the
interface of the two co-flowing liquids) was determined at a
defined position after the intersection, as outlined in the
Methods section. Generally, the thickness of the aqueous flow
stream decreases with increasing flow-rate ratio (Q,/Q.,) for
each of the geometries and resins, as one would expect from
the corresponding volume fractions.

In Fig. 2(d), the thickness within the T-junction was inves-
tigated with PSII crystals, ranging from 5 to 25 um, suspended
in dehydration buffer (mother liquor) at varying flow-rate

(@)

ratios. The same experiment was performed with just the
dehydration buffer to identify any effects originating from the
crystals in the solution. The two experiments show comparable
results, indicating that the co-flow thickness is not disturbed by
the presence of crystals in the crystal size range explored.

In addition, a numerical model was established (see
Methods section) in which the parameters of the oil and
aqueous phases were adapted to the liquids used and the
properties of the device resin, as outlined in the supporting
information, Table S1. The two phases were introduced from
the inlets defined in the model with matching geometry of the
T-junction and formed a well defined co-flow, as illustrated in
Fig. S1, similarly to Figs. 2(a)-2(c). Variations in the co-flow
widths were measured using the ImageJ software (Schneider et
al.,2012), similarly to the experimental case, and are plotted in
Fig. 2(d) for the T-geometry and PSII dehydration buffer. The
simulations are in excellent agreement with the experimental
results obtained for the co-flow thickness.

The 90° angle in the T-junction geometry [Figs. 2(a) and
2(d)] proved to be challenging, with crystals building up
during hours-long XFEL experiments and eventually leading
to clogging. Therefore, a smoother transition design was
created with a 45° angle between the two channels forming the
intersection, termed a Y-junction. To alleviate clogging chal-
lenges further, the two different sample configuration modes
were investigated. Figs. 2(e) and 2(f) show the comparison of
these two modes in the Y-junction device. Note that data
presented in Fig. 2(e) correspond to 3D-printed Y-junctions
fabricated with IP-S photoresist and data in Fig. 2(f) were
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(a) Bright-field microscopy image of the T-junction geometry 3D-printed with IP-S photoresist in mode 1 with a flow-rate ratio of 1. (b) Bright-field
microscopy image of the Y-junction geometry 3D-printed with IP-S photoresist in mode 2 with a flow-rate ratio of 4. (c) Bright-field microscopy image of
the Y-junction geometry 3D-printed with PETA-B photoresist in mode 2 with a flow-rate ratio of 1. (d) Co-flow thickness of the T-junction device with
PSII crystal in the buffer (filled green circles), PSII buffer only (filled blue triangles) and simulation (open blue triangles). The error bars indicate the
standard deviation of the co-flow thickness. The devices used to test these conditions were made of IP-S photoresist. (e) The co-flow thickness of the
Y-junction with PSII buffer in mode 1 (filled black circles) and mode 2 (filled red triangles) compared with the numerical simulation in mode 1 (open
black circles) and simulation mode 2 (open red triangles). The error bars indicate the standard deviation of the co-flow thickness. The devices used to test
these conditions were made of IP-S photoresist. (f) The co-flow thickness of the Y-junction with PSII buffer in mode 1 (filled black circles) and mode 2
(filled red triangles) compared with simulation mode 1 (open black circles) and simulation mode 2 (open red triangles). The error bars indicate the
standard deviation of the co-flow thickness. The devices used to test these conditions were made of PETA-B photoresist.



obtained with a device made of PETA-B. As for the T-junction
geometry, the thickness of the aqueous flow decreases with
increasing flow-rate ratio for both device resins.

The co-flow thickness in the IP-S device differs considerably
in the two modes, as a smaller co-flow thickness (width of the
aqueous phase) is apparent over all probed flow-rate ratios.
This trend was also confirmed in the numerical model data.
This phenomenon could be caused by the aqueous sample
entering the continuous channel at a larger diameter (100 pm)
in mode 2 than in mode 1 (75 pm). Overall, a similar trend to
the IP-S co-flow characterization was observed by the
Y-junction fabricated with PETA-B photoresist. No significant
differences were observed between the two design modes,
either experimentally or in the simulation.

Since co-flow conditions were observed up to a flow-rate
ratio of 19, for the devices tested in Fig. 3 we conclude that the
sample consumption can be reduced by about 95% with this
method.

While the crystals employed in this work, with sizes of the
order of tens of micrometres, required flow-rate ratios of 3 or
lower to be fully encapsulated in their mother liquor, it is
hypothesized that nanocrystalline slurries and such with
crystal sizes up to 5 pm would be comfortably suspended in
their injection solution when the ratios meet the explored limit
of 19 as this ratio leads to a co-flow thickness of 10 pum [see
Figs. 2(d)-2(f)]- However, limitations for SFX experiments
need to be taken into account, such as clogging, which is
enhanced at very low sample flow rates, and decreased hit
rates, which may occur given high dilution with the oil phase in
the extreme-flow-rate-ratio cases. In addition, the viscosity of
the sample medium poses further limitations in jetting samples
with GDVNs, although these can be overcome with co-flow
injection, as indicated below.
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Figure 3

Co-flow thickness in the T-junction with PSII buffer in mode 1 at different
flow rates and contact angles. Co-flow thickness was estimated for contact
angles of 143, 71 and 54°. The co-flow thickness decreases with decreasing
contact angle. For a flow-rate ratio of 3, instead of co-flow, droplet
generation was observed for a hydrophobic condition (contact angle of
143°). The error bars indicate the standard deviation of the co-flow
thickness.

The co-flow thickness depends not only on the device
geometry and mode but also on the surface properties of the
devices, most notably the wetting properties. When two
immiscible fluids and a solid interface are in contact with each
other, there is an inward-directed force that attempts to
minimize the contact with the surface by pulling one of the
liquids into the shape of a sphere. The resultant angle between
the interface of the two fluids and the solid layer is a function
of the specific free energy of the interface, where the inter-
facial tension forces between all three phases can be related to
the contact angle (0) of the surface (Tiab & Donaldson, 2012;
Rowlinson & Windom, 1982). This contact angle depends on
the two liquids used and the characteristics of the surface of
the solid.

In our case, we observed that surfaces printed with IP-S
photoresist showed significant changes in the contact angle
and thus in the wetting properties over time. A shift from
hydrophobic to hydrophilic surface properties over time was
observed for both the IP-S and PETA-B surfaces. As
demonstrated in Fig. S5, the contact angle drops significantly
for IP-S surfaces over a period of two weeks from hydrophobic
(~140°) to hydrophilic (below 80°), as assessed with the sessile
drop method. Over a similar time scale, the PETA-B surfaces
showed a comparable trend, although the contact angle
change due to to wetting properties is less pronounced. Since
devices are usually fabricated days or weeks in advance of
XFEL experiments, we therefore repeated the numerical
simulations with three different resin contact angles for three
O, and Q, while maintaining Q,, at 20 pl min~ L. Fig. 3
displays the obtained co-flow width for mode 1 in a T-junction
device. For each tested flow-rate ratio, the thickness of the
aqueous flow stream decreases when the contact angle
decreases (i.e. when the material becomes increasingly
hydrophilic). For a flow-rate ratio of 3 (Q, of 15 ul min~' and
Q. of Sulmin~") on the most hydrophilic surface with a
contact angle of 54°, the co-flow began to break up into
droplets. Fig. S3 demonstrates the co-flow formation for the
lower flow-rate ratios and droplet breakup at the largest flow-
rate ratio as obtained from the numerical model. Thus, the
variation in surface properties of the co-flow device material
determines to a great extent when stable co-flow conditions
prevail. In addition, we note that the experiments carried out
at the EuXFEL were performed with devices that were
produced and assembled several weeks in advance of the
experiment, thus exhibiting hydrophilic surface properties,
which generated stable co-flow in the SPB/SFX chamber, as
shown next. The most extreme case with a contact angle of 54°
may be avoided when devices are prepared less than two
weeks in advance.

The co-flow devices were utilized at the EuXFEL during
beamtime P2326. Fig. 4(a) shows the T-junction hybrid device
coupled with a GDVN in the vacuum chamber of the SPB/
SFX instrument with co-flow established (yellow arrow) and a
jet that was approximately 600 pm in length, which is twice the
length of a water jet at the same flow rate (Nazari et al., 2020).
Having a sufficiently fast jet is imperative because the sample
must be replenished after being vaporized by the destructive
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(a) Animage of an IP-S co-flow device installed in the SPB/SFX chamber at the EuXFEL. The enlarged image shows the boundary of the two immiscible
phases indicated by the yellow arrow. (b) Jet speed versus flow rate of He gas as investigated for PSII buffer obtained from a PETA-B co-flow hybrid. (c)
Optical microscopy image of a jet containing protein crystals recorded in the SPB/SFX chamber (Q, of 15 ul min~", Q, of 5 pl min~' and He flow rate of
20 mg min ). Jet imaging was performed by optical laser illumination after the second X-ray pulse in the bunch train to achieve this image. Highlighted
with red arrows are the positions of where consecutive XFEL pulses impact the jet.

femtosecond X-ray pulses delivered at a megahertz repetition
rate. Prior to the XFEL experiments, the jet speed was
measured using methods published previously (Nazari et al.,
2020), based on the He mass flow applied to the GDVN, as
shown in Fig. 4(b). The jet speed was analysed while exhibiting
co-flow at a total liquid flow rate of 20 plmin~" (Q, =
15ul min~' and Q, = 5 ul min~'), which was the flow rate
typically used when injecting with a GDVN-style nozzle.

In the SPB/SFX chamber, Q. = 20pulmin~' and
20 mg min~"' of He were employed, and thus the jet speed was
approximately 25.5ms~'. At this gas flow rate, two jet
dissections caused by two X-ray pulses can be observed
[Fig. 4(c)], indicating that the jet is fast enough to replenish the
sample between X-ray pulses (spaced by 1.77 ps). This image
relates to a co-flowing sample originating from a Y-junction
device extruding a stable jet of the sample from the nozzle tip
of the hybrid device. The upper red arrow in the image points
to the location where the X-rays dissect the jet; the bottom
arrow points to a spot just downstream where the ‘hole’ from
the previous X-ray interaction point is clearly visible. This
result is significant because a previous report (Wiedorn et al.,
2018) suggested that a minimum jet speed of 50 ms~' was
needed to replenish the sample between X-ray pulses at
1.1 MHz. With a repetition rate of 564 kHz, our results indi-
cate that sample replenishing was achieved at about half that
speed under co-flow injection conditions.

Due to the tremendous success in elucidating light-driven
reactions with serial crystallography (Orville, 2020) it is also
important to investigate whether new injection devices are
compatible with the laser power and the typical wavelength
ranges used for these experiments. We therefore tested both
3D-printed device materials for stability with a 532 nm
nanosecond pump laser, which corresponds to the wavelength
used to excite PSII to initiate the light-induced water oxida-
tion reaction in the photosynthesis process (Kupitz et al.,
2014). To mimic the laser intensities used on the SPB/SFX
instrument at the EuXFEL for TR experiments with PSII
crystals, we subjected the 3D-printed devices to various laser
powers and illumination times at a frequency of 10 Hz,
corresponding to the pump laser frequency employed at the

EuXFEL. As an example, Fig. 5 compares PETA-B devices
before and after laser illumination in air at the highest power
tested. No visible damage has occurred after 10 min of expo-
sure at 360 mJ cm™2. In contrast, the IP-S device showed

IP-S

Figure 5

(a), (b) An exposure test of a 3D-printed PETA-B device (for
demonstration purposes, a microfluidic mixer with similar device
thickness and channel cross section to the co-flow hybrid devices) with
a nanosecond 532 nm laser at 360 mJ cm ™2 fluence in air for 10 min. The
beam diameter was 1 mm and it was aligned over the device, as indicated
by the red dashed circle corresponding approximately to the overlap spot
in the EuXFEL experiment (with a distance of 800 pm from the nozzle tip
into the device overlapping with the circular laser spot). (b) No visible
damage was observed after laser illumination. (c), (d) A 3D-printed IP-S
injection device (for demonstration purposes, a microfluidic droplet
generator with similar device thickness and channel cross section to the
co-flow hybrid devices) was employed for testing. Representative images
are shown of IP-S devices (c) before and (d) after laser exposure
(200 mJ cm™ for 15 min). The IP-S devices show bubble formation at the
nozzle exit of the device, indicating damage after laser illumination. Scale
bars represent 200 pm in panels (a)—(d).



considerable degradation after 200 mJ cm ™2 for 15 min, which
could be attributed to heating effects and/or photochemical
effects.

The robustness of the 3D-printed PETA-B co-flow hybrid
devices was further substantiated through their use at the
EuXFEL. They could be used for hours of operation in the
SPB/SFX chamber in vacuum with the pump laser illuminating
them for TR-SFX studies. Furthermore, diffraction was
recorded for PSII crystals injected in co-flow mode at Q, of
15 ul min~" and Q, of 5 ul min~"'. A representative diffraction
pattern of PSII to a resolution above 5 A is shown in Fig. 6.

Finally, we discuss the injection of highly viscous samples
using the co-flow/GDVN hybrid devices during XFEL serial
crystallography experiments in comparison with traditional
GDVNs, which are still a highly attractive injection method in
serial crystallography. Traditional nozzle life is strongly
dependent on the samples injected, since highly viscous or
concentrated samples tend to clog them within hours. This was
also observed in our experiments. Employing 3D-printed
GDVNs injecting crystals in dehydration buffer, jets could be
run on average for 1h before clogging effects became
apparent (data not shown). In contrast, the 3D-printed hybrid
co-flow devices lasted about 3.5 h (on average), which can be
attributed to the addition of fluorinated oils to the system. The
oil phase serves as a lubricant inside the microfluidic device,
preventing crystals from agglomerating on the channel walls
and clogging, and preventing the formation of irregularly

Figure 6

A representative diffraction pattern of PSII crystals delivered with the
3D-printed PETA-B co-flow hybrid device with a resolution better than
SA.

shaped deposits of salt or polymer precipitations at the nozzle
tip. Creating co-flow, however, dilutes the total volume of
sample for injection, reducing the crystal concentration in the
jet. This disadvantage is counteracted by the above-discussed
improvements in injector lifetime, reducing the need to change
injectors during beamtime and thus saving valuable experi-
mentation time at XFEL instruments. Diluted crystal
concentrations due to co-flow injection can also be counter-
acted with higher crystal densities.

An additional advantage of injection using co-flow is the
ability to inject very high viscosity buffers, which would
otherwise require extremely high pressures during the injec-
tion. For the PSII dehydration buffer employed in this study, a
viscosity of 16.4 cP was determined (as a comparison, room-
temperature water has a viscosity of 1 cP). At this viscosity,
and with 2 m capillaries connecting from the reservoir to the
nozzle, the pressure required to drive the sample to the nozzle
within our devices ranged from 100 to 600 psi, dependent on
the set flow rate. This is much lower than viscous injection with
GDVNs without a co-flow injector, where typically pressures
above 1000 psi are required.

4. Conclusions

We have developed and characterized novel 3D-printed co-
flow injection devices for serial crystallography experiments at
XFELs. These devices are robust and can be readily fabricated
as hybrid devices coupled to GDVNs with high-resolution 3D-
printing technology. Both the commercial resin IP-S and the
triacrylate resin PETA-B reliably generated co-flow, allowing
a reduction in sample flow rates of a highly viscous sample
buffer for SFX experiments at XFELs to 1 pl min~', which
translates to about 95% less sample slurry injected. The
devices can jet highly viscous buffers and co-flowing oil phase,
generating long jets which are advantageous for positioning
the XFEL interaction region far from the nozzle tip to reduce
degradation. The devices also show lubricating effects, similar
to droplet devices using the same oils (Echelmeier et al., 2019,
2020; Pandey et al., 2020), and could be operated on average
three to four times longer than regular GDVNs with the same
buffers, sometimes lasting full shifts (12 h) at the EuXFEL
without severe clogging. This leads to a more effective use of
available beamtime, as nozzle exchange times where no data
can be collected are avoided. This advantage can offset
potential disadvantages due to dilution effects with the co-
flowing oil. In addition, the PETA-B devices exhibit minimal
light absorbance in the visible wavelength range and are
therefore suited for TR-SFX when light-induced reactions are
studied at XFELs. This was verified in device fatigue
measurements with conditions mimicking laser illumination
during SFX experiments and during TR-SFX at the EuXFEL
with PSII crystals. Finally, the co-flow injectors presented here
were fabricated with high-resolution 3D-printing technology,
which will further allow the integration of microfluidic mixers
upstream from the co-flow generation region through fairly
simple design adaptations similar to the 3D-printed mixers
used in TR-SFX experiments in the past (Ishigami et al., 2018).



These co-flow injectors could therefore play an important role
in TR-SFX experiments with XFELs in the future.
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